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In this paper, a new methodology to obtain the optimal characteristic and efficiency curves

(Q–H and Q–h) at pumping stations is presented. The design flow, the design pressure head,

and the discharge distribution throughout the irrigation season are the three main

parameters to design pumping stations. The purpose of this study is to develop a decision

support tool to obtain the theoretical characteristic and efficiency curves of the pumps, the

number of pumps, and the number of frequency speed drives that minimize the total cost

(investment and operation costs) for a specific pumping station demand (design flow,

pressure head, and frequency of the discharges). The results obtained in this paper make

evident that the optimal shape (slope) of the Q–H curve varies depending on the discharge

distribution throughout the irrigation season, mainly when there are few pumps installed

at the pumping station. When there is a high frequency of low discharges, the desired slope

of the Q–H curve is higher. In cases when the discharge distribution is unknown, increasing

the number of pumps ensures high energy efficiency. When installing a pump with an

optimal characteristic curve, it is not necessary to increase the number of frequency speed

drives.

ª 2008 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The design of a collective pressurized on-demand irrigation

network can be summarized in five stages (Labye et al., 1988):

optimum network layout in order to minimize the total cost of

the network (Bhave and Lam, 1983; Awumah et al., 1989;

Granados, 1990); calculation of the hydrant discharge

according to plot sizes (Planells et al., 2001); determination of

design flow per pipeline (associated with a determined supply

guarantee) (Clément and Galand, 1979; Pulido-Calvo et al.,

2003a; Moreno et al., 2007a); calculation of the optimum pipe

size diameters, minimizing the investment and energy cost

(Labye et al., 1988; Lansey and Mays, 1989; Pérez et al., 1996;

DIOPRAM, 2003); and analysis of the network performance

under different operating conditions (Aliod et al., 1997; Ross-

man, 1997) to determine the possible supply failure situations

of the network or of the pumping plant (Lamaddalena and

Sagardoy, 2000).

One of the main problems in the design of water distribu-

tion networks is obtaining the type of pump that best fits the

water demand under specific pressure head requirements.

Different algorithms for minimizing the total cost of pumping

stations (investment and operation costs) have been devel-

oped (Moradi-Jalal et al., 2003; Pulido-Calvo et al., 2003a;

Moradi-Jalal et al., 2004; Planells et al., 2005). These algorithms

consider characteristic curves of existing pumps. However,
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none of them proposes an algorithm to obtain the desirable

types of the characteristic and efficiency curves.

Several methodologies have been developed to obtain the

design flow in each pipe of a network. The Clément method-

ology (Clément, 1966) is the most commonly used model

because it is easy to implement. Recent studies have shown

that this methodology does not fit properly with the real

network behaviour. Thus, a new methodology, named

Random Daily Demand Curves (RDDC) Method, was developed

to obtain the flow rate in each pipe, and therefore in the main

pipe (Moreno et al., 2007a). RDDC was shown to have a better

fit with the measured data than the Clément methodology,

which underestimated the design flow by 35–40% in some of

the studied networks.

The main required parameters to design pumping stations

are the design flow and the pressure head. In addition, the

discharge distribution throughout the irrigation season is an

essential parameter for carrying out a proper energy study of

pumping stations. The determination of the discharge distri-

bution throughout the irrigation season has been the subject of

several studies, from simple soil moisture balance (Lamadda-

lena, 1997; Khadra, 2004) to the utilization of complex fore-

casting tools such as neural networks (Pulido-Calvo et al.,

2003b). Moreno et al., 2007b obtained the discharge distribution

of a pumping station by measuring the electrical parameters,

which resulted in a better approximation than other method-

ologies. Usually, only the design flow and the pressure heads

are considered when designing pumping stations, without

taking into account remaining discharges. However, it has

been found that the majority of pumping stations supply

mostly low or medium discharges and not maximum

discharges (Moreno et al., 2007b). Thus, it is necessary to

improve the efficiency for low and medium discharges, and not

only for high discharges (design flow). Different standard

distributions can be used to simulate the effect on the pumping

station efficiency of different types of flow demand. A model

called ENE was developed, which utilizes the discharge

distribution at the pumping station in order to obtain the

average absorbed power and the average efficiency.

The main goal of this study is to develop a decision support

tool to obtain the theoretical characteristic and efficiency

curves of the pumps, the number of pumps, and the number

of frequency speed drives that minimize the total cost for

a specific pumping station requirement (design flow, pressure

head, and frequency of the discharges).

2. Materials and methods

2.1. The case study

This methodology was applied to the irrigable area of La

Pinada (Cuenca, Spain). This irrigation society covers an irri-

gable area of 170 ha. The primary irrigation system is drip

irrigation for vineyards and olive tree crops. The pumping

station is composed of four pumps (36 kW each), two of which

have frequency speed drives and the remainder have elec-

tronic starters. A manometric regulation is carried out with

51 m pressure head, which was obtained by using the

hydraulic model implemented in EPANET 2.0 (Fig. 1).

In order to achieve manometric regulation of the pumping

station, a pressure transducer is installed in the pumping

collector. This pressure transducer sends a current of between

4 and 20 mA, corresponding to a pressure of 0–10 bar. This

signal is received by a programmable logic controller (PLC)

that activates the different pumps to keep a pressure head of

51 m (in this case). In this on-demand network, a pressure of

25 m at hydrant level is required. Several demand scenarios

were studied to determine the pressure head that warrants

25 m at hydrant, in most of the cases. The utilized hydraulic

network was calibrated by using the methodology developed

by Moreno et al., 2008.

2.2. Calculation of the design parameters of the
pumping station

To properly design a pumping station it is necessary to carry

out an exhaustive analysis of the network behaviour and its

Fig. 1 – Irrigation network implemented in EPANET 2.0.

Nomenclature

CRF capital recovery factor (–)

fi frequency of the discharge Qi (fraction)

Hd design pressure head (m)

hi average pumping station efficiency for each

flow Qi (%)

Hi pressure head (m)

hj efficiency of the pump j that supplies a flow Qj

(%)

hmax maximum efficiency of the pump (%)

n number of pumps of the pumping station (–)

Nabs average absorbed power (kW)

PLC programmable logic controller (–)

Qd design discharge (m3 s�1)

Qi average flow for the flow interval i (m3 s�1)

Qmax maximum discharge of the pump (m3 s�1)

r interest rate (%)

RDDC Random Daily Demand Curve Methodology (–)

t useful life of the project (year)

a relative speed of the pump (fraction)
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management. The three main parameters to design pumping

stations are design flow, pressure head, and discharge distri-

bution throughout the irrigation season.

Different statistical distributions will be used to deter-

mine the effect of the discharge distribution on the final

result. In addition, the real discharge distribution in the

studied network will be compared with the standard

distributions. The discharge distributions considered in this

study were four types of Poisson distributions [Eq. (1)] and

the discharge distribution measured at the pumping station

in the 2007 irrigation season (Figs. 2 and 3, respectively).

Each type of Poisson distribution (A, B, C, and D) corre-

sponds with the following lambda values of Eq. (1): 2.5, 3.0,

4.0, and 7.5.

p ¼ FðxjlÞ ¼ e�l
Xx

i¼0

li

i!
(1)

Fig. 3 shows a higher frequency of low and medium

discharges, and an absence of high discharges. Thus, the

pumping station must operate with a proper efficiency for

low and medium discharges.

2.3. Development of the model for analysis of energy
efficiency at pumping stations (ENE)

Once all of the design parameters were obtained, it was then

necessary to simulate the behaviour of the pumping station. A

simulation model was required to analyze the energy effi-

ciency of the pumping station. The developed model simu-

lates the pumping station behaviour when a variable demand

of flow and pressure head is required by the network.

The model, which was implemented in MatLab 7.4,

requires the following input data: head and efficiency curves

of the pumps, Q–H and Q–h (theoretical or measured if they are

available), number of pumps, pressure head, and the

discharge distribution throughout the irrigation season

(measured, if it is available, or following different standard

distributions). The model simulates the behaviour of the

variable-speed pumps by using affinity laws and the working

points for the fixed pumps. Thus, the model calculates the

discharge–efficiency relation for the entire discharge range of

the pumping station.

The average efficiency of the pumping station can be

calculated by Eq. (2).

hi ¼
Pn

j¼1 hjQi;j

Qi
for j ¼ 1; ::;n and for all i (2)

where hi is the average pumping station efficiency for each

flow Qi, m3 s�1; Qi is the average flow for the flow interval i in

which the flow range has been divided into, m3 s�1; hj is the

efficiency of the pump j that supplies a flow Qj; and n is the

number of pumps in the station.

The sum of the discharges of each pump (Qj) is equal to Qi

[Eq. (3)].

Qi ¼
Xn

j¼1

Qi;j for j ¼ 1; ::;n and for all i (3)

When measured discharges throughout an irrigation season

are available, ENE calculates the frequency of discharges by

introducing the discharge data as a text file. If measured data

are not available, ENE permits the user to select different

standard distributions (Poisson A, B, C, and D; random

uniform; or others). The user should select the standard

distribution that best fits the real discharge distribution based

on previous experience or based on different algorithms that

can be found in the literature (Lamaddalena, 1997; Pulido-

Calvo et al., 2003a; Khadra, 2004). In order to evaluate the

effect of the discharge distribution on the final result, different

standard distributions can be studied. Thus, the most appro-

priate distribution, considering the available information, can

be applied.

Based on the results obtained in previous studies (Planells

et al., 2005; Moreno et al., 2007b) three regulation types of the

pumping station were implemented in ENE, although any

other type of regulation can be also implemented: one vari-

able-speed pump with the remainder as fixed pumps; two

variable-speed pumps activated simultaneously and with the

remainder as fixed pumps; two variable-speed pumps acti-

vated sequentially and with the remainder as fixed pumps. In

Fig. 2 – Utilized standard distribution ( Poisson A,

Poisson B, Poisson C, d Poisson D).

Fig. 3 – Discharge distribution of La Pinada for the 2007

irrigation season.
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this study the first and third options were considered because

the first option is the most commonly used and the third has

been shown to improve the energy efficiency in some cases

(Moreno et al., 2007b).

The average absorbed power (Nabs) was calculated by

considering the discharge distribution and the corresponding

pumping station efficiency. To obtain the most efficient

regulation type, ENE calculates the value of the average

absorbed power [Eq. (4)].

Nabs ¼
Xn

i¼1

9:81QiHi

hi

fi ¼
Xn

i¼1

�
NQi

fi

�
(4)

where fi is the frequency of the discharge Qi, fraction, Hi is the

pressure head, m corresponding to the flow interval i (constant

for manometric regulation), and hi is the total average

pumping station efficiency for the discharge Qi, fraction.

2.4. Optimization of the pump characteristic curves

The optimization process of the characteristic and efficiency

curves will be applied to fixed speed pumps. Once the optimal

characteristic and efficiency curves are known, the study of

the efficiency for variable-speed pumps can be done by

utilizing the affinity laws.

The characteristic and efficiency curves of the pumps (Q–H

and Q–h) are approximated by Eqs. (5) and (6) for fixed pumps

and by Eqs. (7) and (8) for variable-speed pumps, by using

affinity laws.

H ¼ aþ bQ þ cQ2 (5)

h ¼ eQ þ fQ2 (6)

H ¼ a2aþ abQ þ cQ2 (7)

h ¼ e
a

Q þ f
a2

Q2 (8)

where a is the relative speed of the pump and the coefficients

a, b, c, e, and f determine the shape of the curves. In this study,

the coefficient b was considered to be zero, which means that

the maximum head of the Q–H curve is obtained when Q is

zero. This is a desirable characteristic in order to avoid double

working points. Jeppson (1977) proposed a variable change [Eq.

(9)] to remove the coefficient b.

Q 0 ¼ Q þ b
2c

(9)

With Eqs. (5) and (9) the characteristic curve of the pump is

the following:

H ¼ a0 þ cQ 02 (10)

and the coefficient a0 is:

a0 ¼ a� b2

4c
(11)

Fig. 4 shows the effect of this variable transformation that

permits coefficient b to be removed.

The objective function to minimize is the average absorbed

power by the pumping station during an irrigation season [Eq.

(4)]. The coefficients e and f can be written as functions of the

coefficients a and c. Fig. 5 shows the relation between the head

and efficiency curve.

The operating point (Qd, Hd) is defined by the intersection of

the pump characteristic curve and the system curve. With the

discharge Qd and the efficiency curve, the efficiency hd can be

calculated. However, when the commercial pumps are

selected, the head curve of all the pumps of the pumping

station can intersect the system curve above the operating

point (Qd, Hd), causing small pressure excess if the pumps are

properly selected.

When H and h are equal to zero and considering Eqs. (5) and

(6) with b¼ 0:

Qmax ¼
�
�a
c

�0:5

(12)

eQmax ¼ �fQ2
max (13)

Thus, the coefficient e is defined in the next equation as:

e ¼ �f
�
�a

c

�0:5

(14)

In addition, the relation between the coefficient f and the

coefficients a and c is obtained, considering the maximum

efficiency as follows:

dh

dQ
¼ 2fQ þ e ¼ 0 (15)

Q ¼ � e
2f

(16)

Fig. 4 – Variable transformation to remove coefficient

b from characteristic curve.

Fig. 5 – Scheme of the characteristic curves of the pumps.
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With Eqs. (6) and (15) the following equation can be

obtained:

hmax ¼ f

�
� e

2f

�2

þe

�
� e

2f

�
¼ �e2

4f
(17)

Considering Eq. (14) and (16):

f ¼ 4hmax

ða=cÞ (18)

With all pumps being equal, the most common case in this

type of pumping station in which the variable-speed and fixed

pumps can be switched to have the same level of wear, from

Eq. (5), with b¼ 0, the following relation can be established:

a ¼ Hd � c

�
Qd

n

�2

(19)

where Hd¼ design pressure head, Qd¼ design discharge, and

n¼number of pumps installed at the pumping station.

When Eq. (19) could not be used because of, for example,

having different pump sizes in the pumping station, the

optimization process would be more complex because of

having the coefficients a and c as variables. In this case,

convergence problems in the optimization process have been

found.

The maximum efficiency can be determined from manu-

facturer information. In this study, a theoretical maximum

pump efficiency of 80% was considered. Thus, the optimiza-

tion variable is only c. The optimization was carried out by

using the Downhill Simplex Method (Nelder & Mead, 1965). For

each number of pumps considered, the optimal characteristic

and efficiency curves for the design condition were obtained.

Once the optimal characteristic curve and the optimal

number of pumps were obtained for the design condition,

a cost analysis was developed considering the energy and

investment costs. Thus, the proper number of pumps is

selected from an economic point of view. In the application,

the annual cost is calculated by multiplying the initial cost by

the capital recovery factor (CRF):

Fig. 6 – Design flow by utilizing RDDC methodology.

Fig. 7 – Generation of the maximum and minimum demand curve (left) and generation of the demand curve for the 96% of

warranty of supply (right).
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CRF ¼ rð1þ rÞt

ð1þ rÞt�1
(20)

where t¼ useful life of the project, year; and r¼ interest rate

considered, %.

In the case study, t¼ 10 years and r¼ 5%, and therefore

CRF¼ 0.13. Operating cost is determined for an energy rate of

0.08 V kW h�1.

2.5. Determination of the design flow and pressure head

RDDC methodology was used to obtain the design flow at the

pumping station. To obtain the demand curve, different

methodologies can be utilized (Lamaddalena and Sagardoy,

2000; Moreno, 2005; Planells et al., 2005). In this study, the

methodology proposed by Lamaddalena and Sagardoy (2000)

was implemented. Software in MatLab 7.4 environment was

developed that uses the EPANET calculation engine by using

the EPANET toolkit. This software calculates the required

pressure head for each demanded discharge, taking into

account different scenarios of open hydrants and a minimum

pressure at hydrant level (25 m in the case study). Thus, for

each demanded discharge, there are different values of

required pressure head depending on the location of the open

hydrants. A maximum and a minimum curve of demand can

be obtained as well as a curve considering a specific guarantee

Fig. 8 – Efficiency curve for varied number of pumps, taking into account the measured discharge distribution (A 2 pumps,

- 3 pumps, : 4 pumps, 3 5 pumps, 6 pumps, C 7 pumps).
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of supply (96% in the case study). Once the demand curve is

obtained, the pressure head can be calculated with an

understanding of the design flow. To obtain an accurate

demand curve, the hydraulic model of the network should be

calibrated with pressure measurements (Moreno et al., 2008).

3. Results

The design flow obtained by the RDDC methodology was

178 l s�1, for a 96% of guarantee of supply (Fig. 6).

The discharge distribution throughout the 2007 irrigation

season was measured and it validated the RDDC methodology

because the measured discharge for a 96% rate of guarantee of

supply was 173 l s�1, which is very close to that obtained with

the RDDC methodology.

The pressure head corresponding to a design flow of

178 l s�1 was 51 m (Fig. 7).

The optimal characteristic and efficiency curves, which

fulfil the discharge and pressure head requirements and take

into account the measured discharge distribution, for

a different number of pumps, are presented in Fig. 8.

When the number of pumps increases, the steepness of the

curve also increases. In addition, when the number of pumps

is high, the working point is closer to the zone of maximum

efficiency than when the number of pumps is low.

The discharge distribution throughout the irrigation

season has an important effect on the shape of the optimal

Fig. 9 – Q–H and efficiency curves when 2 pumps are installed and different discharge distributions are considered

(A measured, - Poisson A, : Poisson B, 3 Poisson C, Poisson D).
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characteristic and efficiency curves of the pumps. Fig. 9

shows the Q–H and efficiency curves, respectively, consid-

ering two pumps and different Poisson discharge distribu-

tions together with the measured distribution during the

irrigation season.

When there are few pumps at the pumping station, the

optimal characteristic curves are different depending on the

discharge distribution that is considered (Fig. 9). When there is

a higher frequency of low discharges (Poisson A and B), the

optimal Q–H curve is steeper than when the discharges are

more uniform (Poisson C, D, and the measured distribution).

When the Q–H pump is steeper, the working point (defined by

a pressure head of 51 m and the characteristic curves) is in the

descendent zone of the efficiency curve. If the curve Q–H is

flatter, which corresponds with more uniform discharge

distributions in the range of discharges, the working point is

in the zone of maximum efficiency. In none of the cases is the

working point in the ascending zone of the efficiency curve.

Therefore, when selecting the pumps, the working point

should be in the zone of maximum efficiency or in the

descendent zone of the efficiency curve, but never in the

ascending zone of the efficiency curve.

If the number of pumps increases, these differences are

minimal, the optimal characteristic and efficiency curves

having the same shape for all the discharge distributions

(Fig. 10). Thus, if the discharge distribution throughout the

irrigation season is not known, increasing the number of

pumps and optimizing the characteristic curves can ensure

Fig 10 – Efficiency curves when 7 pumps are installed and different discharge distributions are considered (A measured,

- Poisson A, : Poisson B, 3 Poisson C, Poisson D).
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proper energy efficiency. In addition, the working point of the

pumps is in the zone of maximum efficiency.

In order to determine the optimal number of pumps, it is

necessary to carry out energy and cost analyses. From

the energy point of view, Fig. 11 shows the relation between

the number of pumps and the average absorbed power for the

four standard distributions studied, and that measured in the

irrigation season 2007. The effect of installing a second vari-

able-speed pump (2VSP) is also shown in Fig. 11.

Fig. 11 illustrates that the number of pumps that makes

Nabs the minimum is seven, in the studied irrigation network.

However, the slight differences indicate that the range of

reasonable number of pumps is between 3 and 10. When the

pump selection is performed correctly, there are not signifi-

cant differences in the average absorbed power when using

one variable or two variable-speed pumps activated sequen-

tially. However, when the pumps are not properly selected or

when the variables on which the selection of the pumps was

based are changed, the installation of a second frequency

speed drive usually improves the energy efficiency (Moreno

et al., 2007b).

In the case study, the average absorbed power in 2007 was

69.14 kW, and the pumping station had 4 pumps. If the pumps

had been selected by using the proposed methodology, the

average absorbed power would have been 46.8 kW (Fig. 11,

considering 4 pumps and the measured discharge distribu-

tion). Therefore, an energy saving in the pumping station of

32.3% would have been obtained.

A cost analysis was carried out to determine the number of

pumps that minimized the total cost at the pumping station

(investment and operation costs). Results of the energy cost

analysis, when the actual operation time (315 hours year�1)

was considered, are shown in Fig. 12.

In the case in which the pumping station is working for

a few hours a year, the minimum cost is obtained with the use

of only two pumps. This is due to the higher price of installing

a greater number of pumps (more valves, pipes, and other

elements), which is not compensated by higher energy effi-

ciency. However, the actual operation time of this irrigation

network is low and not representative of the rest of the irri-

gable areas. Therefore, Fig. 13 shows the relation between the

number of hours of operation and the number of pumps that

Fig. 11 – Relation between the number of pumps and the average absorbed power for different discharge distributions using

1 variable-speed pump (1VSP) (A Poisson A, : Poisson B, Poisson C, and D Poisson D, and d the measured) or 2 variable-

speed pumps (- PoissonA, 3 Poisson B, C Poisson C, and d Poisson D, and > the measured).

Fig. 12 – Relation between number of pumps and the total cost for different discharge distributions (A Poisson A,

: Poisson B, Poisson C, and D Poisson D, and d the measured), considering 1 variable-speed pump (1VSP).
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minimizes the total cost. When the operation time of the

pumping station in the irrigation season is long, the number of

pumps that minimizes the total cost is higher. This is due to

the higher energy cost when the number of operating hours is

higher, and due to the improvement of the energy efficiency

when there is a high number of pumps in the pumping station

(Figs. 8 and 11). To obtain the minimum total cost with seven

pumps, which is the number of pumps that best minimizes

energy consumption (Fig. 11), the operation time should be

2390 h. This operation time is too long for the actual operation

condition in the majority of the irrigable areas.

4. Conclusions

In this paper, a new methodology to obtain the optimal

characteristic and efficiency curves (Q–H and Q–h) at pumping

stations is presented. It considers the design flow, the design

pressure head, and the discharge distribution throughout the

irrigation season.

The optimal shape (slope) of the Q–H curve varies

depending on the discharge distribution throughout the irri-

gation season, mainly when there are few pumps installed at

the pumping station. For high frequency of low discharges,

the recommended Q–H curve is steeper than for high

frequency of medium and high discharges. These differences

are negligible when a large number of pumps are installed.

Therefore, when the discharge distribution is not known,

increasing the number of pumps can improve the energy

efficiency. Because the discharge distribution is not usually

known, increasing the number of pumps can help to decrease

the negative effect of choosing an inappropriate pump.

However, when the operation time is lower, the number of

pumps that minimizes the total cost (investmentþ
exploitation) is also lower.

If the pumps are properly chosen, no improvement of the

energy efficiency is found by installing a second variable-

speed pump. This and the price of this equipment make its

installation unprofitable. However, if the pumps have not

been adequately chosen, a second variable-speed pump can

help to improve the energy efficiency at the pumping station,

if it is correctly operated.
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