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Evaluation of the Safe Yield of Groundwater Production
Derived from Wind Energy

Hilda Keshtkar1; Omid Bozorg-Haddad2; Mohammad-Reza Jalali3; and Hugo A. Loáiciga4

Abstract: Groundwater aquifers are key sources of water in arid and semiarid regions. Fossil fuels are commonly used to power water-well
pumps. The adverse effects of greenhouse gas emissions from fossil fuel use have led to the search for alternative clean energy sources to
extract groundwater. A key factor in assessing the viability of wind energy use in groundwater extraction is the safe yield of groundwater
production that can be derived by using windmills to power water wells. This paper presents and tests simulation and optimization models
developed to estimate the safe yield of groundwater production derivable from the joint application of wind energy to water extraction and
water storage for irrigation. DOI: 10.1061/(ASCE)EY.1943-7897.0000240. © 2014 American Society of Civil Engineers.

Author keywords: Windmill; Safe yield; Groundwater; Water storage.

Introduction

Extraction of groundwater by powering water-well pumps with
fossil-fuel energy is perhaps the most common method used to sup-
ply groundwater in many regions (Sterret 2007). Using fossil fuels
leads to air pollution by the emission of greenhouse gases (Inter-
governmental Panel on Climate Change 2014). Desire to avoid
such pollution has focused attention on alternative clean energy
sources (Loáiciga 2011). Wind energy is a clean, renewable energy
source that has few adverse environmental effects and is available
in many places. Although wind energy has been used for small-
scale hydrologic applications, it is gaining popularity as a clean
source of electricity generation to supply water for agricultural
and other water-resource uses.

There have been a few studies conducted on the feasibility of
using wind energy for water resources applications. Al Suleimani
and Rao (2000), for example, investigated the amount of ground-
water that can be extracted using wind turbines operating at various
speeds. These authors claimed that existing wind resources were
enough for groundwater extraction in several rural places in Oman.
Valdés and Raniriharinosy (2001) designed three different simple
wind pumps for use in Madagascar. Bakos (2002) investigated the
feasibility of using a wind-driven water plant system for inexpen-
sive electricity generation. The author concluded that using such
system would be feasible and could reduce electrical energy
consumption in several Greek islands. Bueno and Carta (2006)
recommended wind-powered hydro storage systems in the Canary

Islands. Garcia-González et al. (2008) suggested using wind energy
in conjunction with hydro pumped-storage units in order to solve
the problem of variable wind speed. Vieira and Ramos (2008) re-
ported an optimization model that determines the best operation
times of the day for a wind-energy system with pumped storage
and defined water inflow and consumption. Vieira and Ramos
(2009) reported an optimization model to optimize water supply
efficiency. Their results indicate that using wind turbines to provide
pumping energy needs would reduce costs significantly. Ramos
et al. (2011) proposed three solutions to improve energy manage-
ment and the efficiency of water supply systems, namely: (1) using
water turbines in gravity pipes to control the pressure and electricity
generation, (2) optimizing pumping operation rules giving consid-
eration to electricity tariffs and water demand patterns, and (3) using
renewable energy tools such as wind turbines in water pumping
stations. According to their results, optimization of the operating
rules of water supply and electricity production in renewable hybrid
systems can minimize water-pumping costs and reduce CO2 emis-
sions. Sun et al. (2011) found out that wind-wheel and water-pump
operations can be matched out at different wind speeds, and that the
maximum water discharge can be achieved at different wind speeds
if the torque specifications and wind-wheel power generation are
matched out correctly and optimized. Notton et al. (2011) investi-
gated the joint application of renewable energy with water storage.
Protopapas and Papathanassiou (2012) reported that using hybrid
(wind energy and diesel power) stations to provide dispatchable
power leads to significant increase in wind energy production.
Bekele and Tadesse (2012) studied the feasibility of a small-scale
hydropower/photovoltaic/wind-based hybrid electric supply sys-
tem for six sites. After optimizing the hybrid system, the cost of
energy was determined to be less than $0.16 per kWh.

Recently, many techniques have been developed and applied in
all aspects of water resources systems such as reservoir operation
(Bozorg Haddad et al. 2011a; Fallah-Mehdipour et al. 2011a,
2012a, 2013a), hydrology (Orouji et al. 2013), project management
(Bozorg Haddad et al. 2010b; Fallah-Mehdipour et al. 2012b),
cultivation rules (Bozorg Haddad et al. 2009; Noory et al. 2012;
Fallah-Mehdipour et al. 2013b), pumping scheduling (Bozorg
Haddad et al. 2011b), hydraulic structures (Bozorg Haddad et al.
2010a), water distribution networks (Bozorg Haddad et al. 2008;
Fallah-Mehdipour et al. 2011b; Seifollahi-Aghmiuni et al. 2011,
2013), operation of aquifer systems (Bozorg Haddad and Mariño
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2011), site selection of infrastructures (Karimi-Hosseini et al.
2011), and algorithmic developments (Shokri et al. 2013). Only
a few of these works dealt with the use of wind energy in deriving
the safe yield of groundwater production.

As implied by the previously cited studies, using wind energy
for extracting groundwater has been assessed to have an economic
potential, Yet, recent studies have rarely addressed the safe yield of
water production that can achieved by using wind energy to extract
groundwater. To ascertain the feasibility of replacing fossil fuel en-
ergy with wind energy for groundwater extraction in a specific re-
gion, it is necessary to determine the safe yield of groundwater
production that can be achieved by using wind energy. The deter-
mination of the safe yield of groundwater production depends
on several factors, such as the local groundwater conditions, wind
conditions at deployment sites, the type and size of windmills de-
ployed, the number of windmills needed to meet water use, and the
availability of storage reservoirs for extracted groundwater. This
study develops a simulation/optimization model used to determine
(1) the safe yield of groundwater production derived from wind
energy to drive windmills, and (2) the effect that water storage used
in conjunction with wind energy has on the safe yield of ground-
water production. The model optimizes the amount of water dis-
charging from a water reservoir so as to maximize safe yield in
daily and 10-day periods.

The use of wind energy to extract groundwater takes two forms.
The first form relies on wind turbines to produce electricity that
powers water-well pumps. The second form of wind energy appli-
cation relies on simple windmills, which apply wind energy directly
to extract groundwater. Electricity generation with wind turbines is
relatively expensive. It requires relatively high operation and main-
tenance costs. In many countries, farms are located in rural areas
that are far from urban metropolises, areas where the availability of
labor skilled in the repair and service of wind turbines is frequently
limited. Therefore, wind energy application by turbines is relatively
complex and expensive. In contrast, windmills require neither high
operation and maintenance expenditures nor highly skilled person-
nel. For these reasons, this paper is devoted to assessing the fea-
sibility of using windmills for extracting groundwater. A schematic
of a windmill and its components is shown in Fig. 1.

Methods

The performance of wind energy in groundwater extraction can be
measured by the amount of water that can be produced over a

period of analysis. The maximum discharge that is obtainable from
a reservoir (connected to a groundwater extraction system) at all
times within each period of analysis is herein defined as the safe
yield of groundwater production, and the average excess discharge
from the reservoir over the safe yield is called the secondary yield.
The first step in determination of the safe yield is to calculate the
amount of power, and, thus, the amount of water that can be
pumped using wind energy in a region. Thereafter, the safe yield
of water in different periods is estimable. If the obtained water is
used for agriculture, then a 10-day period seems appropriate for the
analysis of supply of irrigation water.

The equations developed in this study are classified in three
categories: (1) those for calculation of the extractable power from
wind energy, (2) those for converting output of wind power to en-
ergy required for pumping groundwater, and (3) those expressing
reservoir continuity equations. The simulation model is as follows.

Simulation Model

1. Calculation of the extractable power from wind energy:
The general equation which is used to calculate the power

which can be obtained from wind is defined below (Jain
2011):

Pt ¼
1

2
ρaArv3t ð1Þ

where Pt = power derived from wind energy at time t (watt);
ρa = air density (kg=m3), which is considered to be 1.2 kg=m3;
Ar = rotor area (m2); and vt = wind speed in a specified lo-
cation at time t (m=s). The cut-in and cut-off speed of the
windmills are 2.5 and 15 m=s, respectively. Therefore, no
power will be extracted in speeds lower than 2.5 m=s or higher
than 15 m=s.

2. Converting output power to energy required for pumping
groundwater:

The energy Et (J) required to lift a rate of water Qtðm3=sÞ
with unit weight γwð¼ 9,810 N=m3Þ a vertical distance
HTt (m) over a period of time Δt (s) when the total ef-
ficiency of the powering system is ηt, is given by the following
expression:

Et ¼ γw ×Qt ×HTt × ηt ×Δt ð2Þ

in which γw ×Qt ×HTt denotes the theoretical power re-
quirement, and the vertical distance is the sum of the depth
to groundwater in a well (HG) and the water height in a water
reservoir (HRt), or

HTt ¼ HGþHRt ð3Þ

The total efficiency ηt is composed of two items: (1) the
efficiency of converting wind energy to mechanical energy,
and (2) the mechanical efficiency. According to the Betz
law, the maximum power that can be achieved by wind tur-
bines in an ideal condition is 59% of the theoretical value. This
quantity has been considered to be the windmills’ energy con-
version efficiency. The mechanical efficiency is calculated by
multiplying the windmills components efficiency and it varies
with wind speed. Therefore

ηt ¼ ηðMÞt × ηðEÞ ð4Þ

ηðMÞt ¼ ηwt × ηbt × ηgt × ηpt × ηrt ð5Þ

Rotor

Gerabox

Reservoir
Tower

Tail

Water pipe

Pump

Fig. 1. Schematic of a windmill and its components
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ηðMÞt ¼

8>><
>>:

0.25 if 2.5 ≤ vt < 4.5

0.50 if 4.5 ≤ vt < 8

1.00 if 8 ≤ vt < 15

9>>=
>>;

ð6Þ

where in Eq. (4), ηt = windmill efficiency at time t; ηðMÞt =
the mechanical efficiency at t; and ηðEÞ = energy conversion
efficiency. In Eq. (5), ηwt = rotor efficiency at t; ηbt = bearing
efficiency at t; ηgt = gear efficiency at t; ηpt = water
pump efficiency at t; and ηrt = water pipe efficiency at
t. vt is Eq. (6) denotes the wind speed in m=s.

3. Reservoir continuity equations:
The time steps in the reservoir equations of water balance are

periodic. The indexes used in the equations of this section are de-
noted by p. The equations of water balance used in this section are
as follows:

Spþ1 ¼ Sp þQ 0
p þ Prp − Lossp − TRp − Spp ð7Þ

Q 0
p ¼ Qt × pl × 86,400 ð8Þ

where in Eq. (7), Sp = water volume in a reservoir at the beginning
of period pðm3Þ; Spþ1 = water volume in reservoir at the beginning
of period pþ 1ðm3Þ; Q 0

p = pumped water volume in period pðm3Þ
into the reservoir [calculated with Eq. (8)]; Prp = volume of rainfall
one reservoir in period pðm3Þ; Lossp = volume of evaporation
from the reservoir surface in period pðm3Þ; TRp = outflow volume
(outlet) from the reservoir in period pðm3Þ; and Spp = overflow
volume of the reservoir in period pðm3Þ. In Eq. (8), Qt = pumped
water discharge rate in period tðm3=sÞ; and pl = the period
length (day). Due to small reservoir surface, the amount of
Prp and Lossp are negligible. Therefore Eq. (7) is simplified to
Eq. (9) as follows:

Spþ1 ¼ Sp þQ 0
p − TRp − Spp for all p ð9Þ

The reservoir is considered to be cube- shaped or cylindrical,
and its capacity is defined as follows:

Smax ¼ AR ×Hmax ð10Þ
where Smax = reservoir capacity (m3); AR = reservoir surface area
(m2); and Hmax = reservoir height (m).

Optimization Model

The objective of this paper’s model is to optimize (maximize) the
amount of water that is available in all periods of water use (safe
yield). By considering a reservoir with specified capacity of water
storage, the safe yield of groundwater is affected by the reservoir
capacity. To cope with these conditions, the following objective
function of the optimization model is proposed:

Maximize SY ð11Þ
where SY = safe yield of groundwater (decision variable). Based on
the definitions of safe yield and secondary yield, the resulting con-
tinuity equation for the reservoir becomes

Spþ1 ¼ Sp þQ 0
p − Ysecp − SY for all p ð12Þ

where Ysecp = secondary yield in each period of the optimization
model and is equal to the water released from the reservoir in each
period. The state variables are: the inflow water quantity to the res-
ervoir (Qp), the change of water volume in the reservoir, and the
secondary yield of water.

The model constraints are as follows:
The water volume in the reservoir must be less than reservoir

capacity

Sp ≤ Smax for all p ð13Þ

The water volume in the reservoir in the last period must be
equal to or larger than the water volume in the first period

Sfinal ≥ S1 ð14Þ

The capacity of the reservoir is a fixed quantity. A schematic of
the variables used in the optimization model is shown in Fig. 2.

Case Study

Iran has several wind-rich regions. Some of these regions have high
and steady wind speed that makes them suitable for energy produc-
tion. In other regions of Iran, adequate wind speed is available only
during certain periods. It seems reasonable to choose regions with
frequent high wind speed for energy production. However the suit-
ability of such places for wind farms construction has been proven
earlier and many projects have been allocated within them. This
paper investigates the feasibility of using wind energy in places
with average wind potential. Eghlid city in the Fars province of
Iran is such a place and has been chosen as a case study in this
research.

Case Study Characteristics

Eghlid city has an area of 5; 956 km2, which comprises about
5.83% of the Fars province. The city has a population of 96‚109.
This city is located in a mountainous region and its elevations
above sea level at its lowest and highest places are about
2,000 m and 3‚943 m, respectively. According to reports from
the Fars agricultural agency (2014), the average annual rainfall
depth in Eghlid City is about 290 mm. Mean minimum and maxi-
mum temperature in this city are 6.3 and 20°C, respectively. Eghlid
city is one of the windy places of Fars province, and its wind speed
has reached 160 km=h.

Prp Lossp

2r

Spp

TRp

HRtQp

HTtHGt

Fig. 2. Schematic of the optimization model
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The 10-min wind speed data for Eghlid city was obtained from
the Iranian meteorological agency The wind data was converted to
average daily wind power, so that all calculations would be based
on a daily time step. The daily average wind speed of Eghlid city is
shown in Fig. 3.

In this study, the extractable wind energy is used for pumping
groundwater. Therefore the groundwater depth in Eghlid is impor-
tant. According to the available data, the ground water depth in
Eghlid varies between 50 and 70 m (Fars Water Organization
2014). Since the water discharge rates are low in this case study,
the groundwater depth changes due to water discharge are negli-
gible. In this research, an average depth of 60 m is assigned to
the groundwater level.

Windmill Characteristics

The characteristics of the research’s windmills were obtained from
the Iranian Isfahan-Talash company (Isfahan, Iran). These wind-
mills are available in different rotor sizes. Windmill specifications
are shown in Table 1 for various windmill heights. The extractable
power of each turbine is shown in Fig. 4.

Defined Scenarios

The scenarios considered in this study are divided into two general
categories as follows:
1. Safe yield of windmills in daily and 10 day periods without

water storage.
In this category, the only factor affecting the safe yield is

the windmill capacity to extract wind energy. Therefore there
is no optimization model, and a simulation model was imple-
mented to determine the safe yield of groundwater for wind-
mills with different rotor sizes. In this case, the safe yield was
determined in two different time periods including: (1) daily
periods and (2) 10-day periods. Each 10-day period has 10
possible starting days. Therefore, results differ depending
on the starting day of the simulation in each 10-day period,
each of which has 10 possible initial states. To determine
the safe yield, one must calculate the maximum water dis-
charge that can be maintained within the period of analysis.
The overall 10-day safe yield equals the minimum quantity
that was calculated among the l0 initial states. This simulation
model was implemented in an Excel spreadsheet.

2. Water safe yield determination in daily and 10-day periods
considering a reservoir with specified capacity to store water.

The wind speed variability within a day and from day to day
introduces restrictions for wind energy applications. Therefore it
is rational to store the pumped water in a reservoir and use it at
proper times. Without storage a reservoir, the safe yield depends
on the wind speed. The water cannot be pumped if the wind speed
is lower than the minimum speed needed for windmill operation. In
this situation, the daily safe yield equals zero. The use of a reservoir
permits saving extracted groundwater and using it for water supply
while the wind speed is not sufficient for windmill operation. In this
case, the safe yield depends on the water release from the reservoir
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Fig. 3. Average daily wind speed in Eghlid city
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Fig. 4. Achievable power of (a) 2.44 m (8 ft); (b) 4.27 m (14 ft); (c) 6.10 m (20 ft) windmills in Eghlid city

Table 1. Average and Maximum Discharge from Wind-Water Pumping
Using Different Windmills

Windmill (rotor
diameter)

Average discharge Maximum discharge

(m3=h) (m3=day) (m3=h) (m3=day)

2.44 m (8 ft) 3 72 28 662
4.27 m (14 ft) 8 185 71 1,695
610 m (20 ft) 17 416 159 3,815
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in each period of analysis. Therefore, the reservoir release should
be determined in a way that maximizes the safe yield. An optimi-
zation model was implemented for the purpose of safe yield maxi-
mization in which the decision variables are the water releases from
the reservoir in each period of analysis. The optimization model is
described by Eqs. (11)–(14). The model was applied to three wind-
mill diameters considering three different reservoir capacities. The
optimization model calculated the optimized safe yield for daily

and 10-day periods. The optimization model was solved with
the LINGO 11 software.

Results and Discussion

The model has been run for the scenarios described in the previous
section. Results are as follows.

Daily Safe Yield Determination (without Storage
Reservoir)

The simulation model was run in an Excel spreadsheet and the
minimum, average, and maximum safe yield of groundwater in
one year were calculated for the three considered windmill sizes
(Table 1). Since there is no storage reservoir, the available water
is determined by the instant wind speed and thus at low wind
speeds (less than 2.5 m=s), no groundwater is pumped. Thus the
daily safe yield equals zero. The average and maximum water safe
yield are shown in Table 1.

The daily groundwater discharge obtainable with 6.10 m (20 ft)
windmills given average windiness in the study region is shown in
Fig. 5. From the graph shown in Fig. 5 and the data in Table 2, it is
evident that, in spite of the positive calculated discharges for aver-
age windiness in the study region, given the fact that wind speed
falls below minimum thresholds frequently, a practically meaning-
ful safe yield cannot be realized without water storage capacity on
the surface.

Daily Water Safe Yield Determination (with Reservoir)

In this case, the daily safe yield of groundwater production
was determined and compared for the three windmill sizes
and reservoir capacities considered in this study. The reservoir
capacities were 300, 3‚000 and 30,000 m3. The results are shown
in Table 2.

According to Table 2, having a storage reservoir and regulating
the reservoir release of water leads to significant increase in water
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Fig. 5. Average water pumping discharge in m3=h using a 6.10 m
(20 ft) windmill

Table 2. Daily Safe Yield of Groundwater Considering Three Different
Reservoir Sizes

Windmill (rotor
diameter)

Daily safe yield (m3)

Reservoir
capacity =
300 m3

Reservoir
capacity =
3,000 m3

Reservoir
capacity =
30,000 m3

2.44 m (8 ft) 17 36 72
4.27 m (14 ft) 29 64 181
610 m (20 ft) 47 114 273
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Fig. 6. Daily safe yield and secondary yield considering a (a) 300; (b) 3,000; (c) 30,000 m3 reservoir, using a 2.44 m (8 ft) windmill
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safe yield. In this case, the water safe yield varies from 17 m3=day
for an 8-ft (2.44 m) windmill with a 300 m3 reservoir to
273 m3=day achieved with a 20-ft (6.10 m) windmill and a
3000 m3 reservoir.

Figs. 6–11 show the safe yield, secondary yield, and
water storage achieved with different windmills and reservoir
sizes.

According to Figs. 6–11, having a larger reservoir leads to an
increase in the safe yield and a decrease in the secondary yield. This
is so because having a larger reservoir permits saving more pumped
water. When wind speed is high water is stored to meet water use

when wind speed is low. The safe yield and secondary yield
comparison shows that when the reservoir capacity equals
300 m3, most of the time the reservoir is full, and a small fraction
of the pumped water is allocated to the safe yield. Therefore most of
the pumped water does not become available as secondary yield.
Using a 300 m3 reservoir and 8, 14, and 20 ft (2.44, 4.27, and
6.10 m) windmills, the maximum secondary yield equals 589,
1‚548 and 3,501 m3=day, respectively. Evidently the increase in
reservoir storage increases the secondary yield.

According to the parts (c) in Figs. 6–11, all of the pumped water
will be assigned to the safe yield for the 8, and 14-ft (2.44 and
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Fig. 7. Daily water storage considering a (a) 300; (b) 3,000; (c) 30,000 m3 reservoir, using a 2.44 m (8 ft) windmill
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4.27 m) windmills when using a 30,000 m3 reservoir. Thus, the
reservoir capacity in these cases is equal or greater than the
capacity to store water in each period of study. Figs. 6–11 also
show that the maximum water storage in a reservoir using 8
and 14 ft (3.44 and 4.27 m) windmills are 10‚000 and
25,000 m3, respectively. In fact, the storage capacity of
30,000 m3 exceeds the storage capacity needed for water release
regulation for these windmills. A smaller reservoir with storage
capacity equal to the cited maximum storages (10,000 and
25,000 m3) is enough to store and regulate water optimally.
But when using a 20 ft (6.10 m) windmill, the 30,000 m3 reser-
voir is not enough for regulating all the available water. Therefore

the safe yield could still be increased by increasing the reservoir
capacity.

Water Safe Yield Determination in 10- Day Period (with
No Reservoir)

In this case, the safe yield depends on the initial state in each period.
Therefore, the safe yield was estimated for 10 different states. The
minimum safe yield obtained over the 10 states was called the
10-day safe yield. This process was applied to the three sizes of
windmills and the 10-day safe yield was determined for them.
Results are shown in Table 3.
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Fig. 9. Daily water storage considering a (a) 300; (b) 3,000; (c) 30,000 m3 reservoir, using a 4.27 m (14 ft) windmill
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Fig. 10. Daily safe yield and secondary yield considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using a 6.10 m (20 ft) windmill
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The 10-day safe yields for different initial states and turbines
are shown in Fig. 9. According to the graphs in the Figure, it is
realized that although the wind speed, and the water pumping
rate, may become nil in some days, the total pumped water
can be a significant amount in any period. It is observed in Fig. 12
and Table 3 that increasing the windmill size leads to a higher
safe yield.
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Fig. 11. Daily water storage considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using a 6.10 m (20 ft) windmill

Table 3. 10-Day Safe Yield of Groundwater Obtained from Pumping by
Different Windmills without Storage Reservoir

Windmill (rotor diameter) Safe yield (m3)

2.44 m (8 ft) 38
4.27 m (14 ft) 97
610 m (20 ft) 218
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Fig. 12. Smallest discharge among different states (the safe yield for each 10 days) and the 10-day safe yield for (a) 2.44 m (8 ft); (b) 4.27 m (14 ft);
(c) 6.10 m (20 ft) windmills

© ASCE 04014045-8 J. Energy Eng.

 J. Energy Eng., 2015, 141(4): 04014045 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

H
ug

o 
L

oa
ic

ig
a 

on
 0

9/
28

/2
4.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
 



Safe Yield Determination in 10-Day Periods (with
Reservoir)

The objective of this study is to investigate the feasibility of pump-
ing groundwater water using wind energy for agricultural con-
sumption. According to the results of the previous scenario, the
safe yield is equal to the least discharge among all 10-day period
states, which is the eighth 10-day period state. In this scenario the
pumped water in a 10-day period can be stored in a reservoir to
supply the water demand in nonwindy days or in periods with high

Table 4. 10-Day Safe Yield of Groundwater Considering Three Different
Reservoir Sizes

Windmill (rotor
diameter)

Safe yield in a 10 day period (m3)

Reservoir
capacity =
300 m3

Reservoir
capacity =
3,000 m3

Reservoir
capacity =
30,000 m3

2.44 m (8 ft) 173 359 722
4.27 m (14 ft) 289 632 1‚828
610 m (20 ft) 438 1‚131 2‚781
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Fig. 13. 10-day safe yield and secondary yield considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using 2.44 m (8 ft) windmill
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Fig. 14. 10-day water storage considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using 2.44 m (8 ft) windmill
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water demand, or both. Also, during high wind speed and high
pumping rate, water can be stored, or, if the reservoir capacity
is exceeded, water can be diverted to nonagricultural functions
if possible. Three reservoir capacities were considered under the
10-day scenario for the three windmill sizes. Results are shown
in Table 4.

Comparing Tables 2 and 4 reveals that increasing the
period length from 1 to 10 days increases the available water.
It is clear that using larger reservoirs increases the safe
yield.

Curves showing the water safe yield and secondary yield in this
scenario are shown in Figs. 13–18.

According to Figs. 13–18, having a 30,000 m3 reservoir for
water storage to regulate storage over 10-day periods provides suf-
ficient storage capacity for all windmill sizes except the 20-ft
(9.10 m) windmill.

The optimal reservoir capacity could be deduced by introducing
economic criteria involving the cost of groundwater extraction, the
cost of reservoir construction, and the benefits from water use. This
constitutes a topic for future research.
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Fig. 15. 10-day safe yield and secondary yield considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using 4.27 m (14 ft)
windmill
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Fig. 16. 10-day water storage considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using 4.27 m (14 ft) windmill
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Concluding Remark

The capacity of extracting groundwater with windmills was inves-
tigated in this work. The safe yield of groundwater production
using windmills was calculated for different scenarios with and
without a storage reservoir. For this purpose, two simulation and
optimization models were developed and run using the LINGO
11 software.

Our results have shown that, due to the high variability of wind
speed, considering daily time intervals as planning horizons leads
to zero safe yield. The reason for this finding is that the minimum
wind speed is not enough for pumping groundwater with windmills

in many days of the year. Consequently, increasing the length of
the simulation period based on the project’s objectives improves
the water safe yield that can be achieved during the irrigation
season. Since the average duration of irrigation in agriculture
is 7 to 10 days in the study area, 10-day periods were considered
in this research.

It was determined that including a reservoir to store pumped
water during periods of high wind speed and using the water during
appropriate times increases the safe yield of groundwater produc-
tion significantly. Our results show that increasing the reservoir
capacity would increase the safe yield for as long as there is suffi-
cient groundwater to be stored in the reservoir.
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Fig. 17. 10-day safe yield and secondary yield considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using 6.10 m (20 ft) windmill
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Fig. 18. 10-day water storage considering a (a) 300; (b) 3‚000; (c) 30,000 m3 reservoir, using 6.10 m (20 ft) windmill
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