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ABSTRACT

Cropirrigation is a major consumer of energy. Only a few countries are self-sufficient in conventional non-
renewable energy sources. Fortunately, there are renewable ones, such as wind, which has experienced
recent developments in the area of power generation. Wind pumps can play a vital role in irrigation
projects in remote farms.

Amethodology based on daily estimation balance between water needs and water availability was used
to evaluate the feasibility of the most economic windmill irrigation system. For this purpose, several
factors were included: three-hourly wind velocity (W5, m/s), flow supplied by the wind pump as a
function of the elevation height (H, m) and daily greenhouse evapotranspiration as a function of crop
planting date. Monthly volumes of water required for irrigation (Dr, m?/ha) and in the water tank (Vd,
m?3), as well as the monthly irrigable area (Ar, ha), were estimated by cumulative deficit water budgeting
taking in account these factors.

An example is given illustrating the use of this methodology on tomato crop (Lycopersicon esculentum
Mill.) under greenhouse at Ciego de Avila, Cuba. In this case two different W5y, series (average and low
wind year), three different H values and five tomato crop planting dates were considered. The results
show that the optimum period of wind-pump driven irrigation is with crop plating in November, recom-
mending a 5m? volume tank for cultivated areas around 0.2 ha when using wind pumps operating at

15 m of height elevation.

1. Introduction

The energy supply is a growing concern to both governments
and researchers. The indiscriminate use of oil by modern society
has led to energetic, economic and ecological instability world-
wide (Baracca, 2007; Corp, 2003). In addition to this energy crisis,
the world also faces a food crisis (Vazquez and Montesinos, 2007);
therefore, it is of great importance that policies designed to achieve
sustainable development take into account both energy and food
supply needs. In some countries with a well-known economic iso-
lation situation, such as Cuba, both of these problems have grown.
Over 50% of Cuba’s oil imports are destined to provide energy for
production processes (Nova, 2007). Indeed, 94% of the nation’s elec-
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tricity production depends on oil (Torres, 2007). The only viable
alternative is to make use of renewable energy resources.

In recent years, Cuba’s economy has demanded ever larger food
imports. In 2007, approximately US$1.7 billion was spent on such
imports, which represented 18% of all imported goods. However, a
significant proportion of these imported foods could be produced
domestically under competitive conditions, especially given the
current high price of food in the international market (Nova, 2012).

This situation has led to an interest in developing energy con-
version devices to take advantage of renewable energy resources
that can reduce dependency on fossil fuels. In this respect, wind
energy has been shown to be an economically viable and sustain-
able energy resource after its energy use footprint was assessed
(Proenza et al., 2007).

Knowledge of regional wind availability and behaviour over the
course of the year allows users to take advantage of it in a sys-
tematic way and aids them in planning use-related activities. Such
knowledge also allows the use of wind power to be considered
as a means of guaranteeing the energy that is required by drip
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Fig. 1. Installation proposed for the supply of water by wind- pumps,

irrigationprocesses in greenhouses. A greenhouse is a production
system that allows crops to be grown inside in circumstances when
it would be impossible or uneconomical outdoors. The aim of a
greenhouse production system s to keep the most relevant climatic
variables between the limits that are demanded by crop physiclogy
in such a way that the final system is profitable (Garcia et al., 1999).

Outdooar vegetable production in Cuba is seasonal and is there-
fore limited by climatic and agronomic factors. Consequently,
current domestic production efforts cannot guarantee that the
required quantity and quality of vegetables will be met with-
out imports, The demand for vegetables has already surpassed
6700tfyear (Minagri, 2000) and continues to grow owing to an
increase in tourism. Given Cuba’s limited financial resources, the
scarcity of water on the island, the instability of the diesel supply,
and an accelerated deterioration of the nation’s irrigation systems,
the future of irrigation and drainage seems complicated. However,
the country goes to extraordinary lengths to maintain the area that
is under irrigation to make better use of water and energy and to
increase its agricultural production (Gonzalez and Mendez, 2004),

Given this scenario, the development of a technology that com-
bines wind pumping and drip irrigation that could allow the
sustainable production of greens and vegetables is an attractive
option. The energy cost would be decreased and such technology
should cause no environmental problems.

The aim of the present work was to design a methodology for
analysing the possible use of wind energy for the irrigation of green-
house tomato (Lycopersicon esculentum Mill cv, FL-5) crops in Cuba
that could be applied to other situations, Additional objectives were
the investigation of the necessary capacity of water storage tanks
to meet the demand for irrigation under different wind conditions
and to determine, with respect to wind availability, the optimum
production dates that would allow the maximum possible area to
beirrigated in addition to possible irrigation needs at varying levels
of risk. The planting date is a factor that was not previously studied
in other works that assessed the use of wind energy for irrigation.

The following factors were studied over the course of this
investigation: wind velocity (W, m/s), elevation height (H, m), flow
supplied by the wind pump (Q, l/min), daily greenhouse evapotran-
spiration (ETr, mm), irrigation efficiency (Ef), monthly volume of
water required for irrigation (Dr, m® /ha), monthly volume of water
pumped into the tank (Vd, m*), and monthly irrigable area (Ar, ha).

2. Materials and methods
2.1. Installation elements

The water supply system that is considered in this study is one
of the simplest (Fig. 1):

2.1.1. Wind pump model
The wind pump was designed as a 6 m-high conical tower with a
triangular section. Its rotor was 2.2 m in diameter with eight blades,

and it required a wind velocity of 2.77 m/s to start. These char-
acteristics are typical of many commercial models. In the present
work, only starting wind velocities higher than 2.77 m/s to start up
and lower than recommended for security reason (10.8 m/s) were
considered for the flow extracted by the wind pump for security
reasons.

2.1.2. Water storage tank

The volume of the water storage tank should guarantee that
the water requirements of the crop are met. At the same time,
the tank should have an elevation that is high enough to provide
enough pressure for local irrigation, and it should be covered to
eliminate evaporation. Therefore, the water tank serves as a regu-
latory element so that irrigation is not affected by changes in wind
velocity.

2.1.3. Greenhouses

The greenhouses that were selected for this study were the types
that are most commonly used in the area. These greenhouses are
multi-tunnels with a length of 40 m, a width of 20m and a height,
at the highest point, of 5 m. The covered area was 800 m”.

2.2. Wind in the study area

2.2.1. Data

Weather data were collected from weather station 78346
(21°47'N, 78°47"W), which is located in the town of Venezuela,
Province de Ciego de Avila, Cuba. This weather station automati-
cally recorded the pulses emitted by an anemometer (set at a height
of 11 m) every minute to determine the mean wind velocity foreach
minute (Wq min).

Mean wind velocities for each 3-h period (W5}, ) from 1970 until
2008 were recorded monthly and tabulated in wind frequency
tables that were classified into 12 wind velocity ranges and 8 time
periods. Therefore, each month of each year’s data was shown as
a table formed by 12 columns, from 0-1 through 54-66 km/h, and
eight rows, from 00:00-03:00 through 21:00-24:00 h. Only the last
year, 2008, shows the original W, data as a time series.

Wind velocities from 1970 through 2007 were statistically
processed to obtain average monthly Wiy values, along with
monthly W+, frequencies and the average monthly frequencies of
W5y, during the 8 time intervals, The wind velocity data from 2008
were retained to test the simulation algorithm.

2.2.2. Wind velocity monthly distribution

Attempts have been made to fit the field results to the Pearson IV,
exponential and gamma distributions (Panda et al., 1990), as well
as the logistic distribution (Scerri and Farrugia, 1996). However,
the Weibull distribution and its modification the Rayleigh distribu-
tion have also been used to study wind data (Stevens and Smulders,
1979; Lunand Lan, 2000), and they are commonly used in modelling
studies involving wind energy (Celik, 2003). Sathyajith et al. (2002)



used the Rayleigh distribution to characterise the wind potential at
eight sites in the Kerala area of India to determine the available
energy over a period of time, along with the most common wind
velocities, and the wind velocity with the maximum usable energy,
Corotis et al. (1978) suggested that the Rayleigh distribution might
be more useful than the Weibull distribution, but Henneessy (1977)
determined that the energy production calculated from wind veloc-
ity using the Rayleigh distribution was 10% of that returned by the
Weibull distribution. Rehman et al. (1994) used the Weibull dis-
tribution to study wind data from 10 sites in Saudi Arabia and
concluded that this approach was adequate. Finally, Atsu (2002)
modelled wind data for four seasons in Oman using the Weibull
distribution variables. These variables were estimated using the
moments, regression and chi-squared methods. The latter provided
the best estimates according to the results of Kolmogorov-Smirnov
tests.

Histograms of monthly frequencies of Wy, based on 1970 till
2007, were then constructed, adjusting the wind velocity values to
the Weibull II distribution function;
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where;

WS, Is three hourly wind velocity (m/s)

« is the shape parameter (adimensional)

pis the scale parameter (which has wind velocity units)

[fisthe relative frequency at the specified three hourly wind veloc-

ity

Both parameters were estimated (« and f) once each month, and
their averages and standard deviations were calculated using the
x* test.The probability of Wy, for each month with respect to the
time of the day (P(W5p, t)) was calculated with the average values
from 1970 through 2007. In this way, we obtained a probability
matrix for each month:

P10 P18
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P12 P12
being Z;;—]P!\'J =1; pg; is the probability of Wy, range k at time
interval j.

2.2.3. Wind simulation

A monthly Wy, series must be generated to compute an accurate
value for the water that will be pumped into the tank. We applied a
monthly Weibull probability distribution in which the functions are
used to generate independent and identically distributed random
numbers, Once the W4y, is generated, it is classified within one of
12 ranges, and then the original data is divided. Lastly, the interval
time Wy, is classified within a range. It should be located on the
basis of the P(W3y,, t) from that month because we cannot use any
autoregressive models due to lack of pertinent information from
the original data,

Fifty simulations were performed for the data for each month
to obtain a mean W5y, series and the frequencies for the 12 ranges.
To validate the simulation algorithm, the volume of water that was
pumped between the simulated frequencies and the real frequen-
cies that were pumped at six wind velocities ranges (between 2.5
and 10.8 m/s) were compared with a x” test using the 2008 data,

The average values of the Weibull distributions (« and §) were
used forasimulation of an ‘average wind year’, and for the ‘low wind
year,’ we used parameters (« — o) and (8 — g 2). This scenario was

simulated to assess specific situations in which the supply of water
was expected to be sufficient, even under less than ideal conditions.

2.3. Calculation of the flow extracted by the wind-pumps

The flow data for different wind velocities and different eleva-
tion heights were taken from the manufacturer's literature for the
wind pump, These values were plotted to empirically estimate the
relationship between flow and wind velocity for each given ele-
vation height with a determination coefficient error of +0,01, The
flow that was extracted by the chosen wind pump was calculated
with the following equations (H: elevation height, m; Q: water flow,
I/min; W: wind velocity, m/s):

Q(H=15m,W)=16.00-1n W — 13.47 (3)
Q(H=20m,W)=9.13-In W — 7.34 (4)
QH=25m,W)=7.31.In W — 6.08 (5)

H is defined as the difference in height between the free level of
water in the well and the end of the tube that is depositing water
into the tank,

In the present work, the empirical equations that are described
above were used to calculate the flow that was extracted by
the pumps for each Wsy,. These values belong to a certain range
(2.77-10.8 m/s) and were used to estimate Q, which was recorded
to obtain the daily and monthly flow that was extracted for each
type of wind year (i.e., with low wind velocities or average wind
velocities).

2.4. Determination of crop water needs

Greenhouse plants are subjected to partially controlled environ-
mental conditions that are different from the outside conditions.
Therefore, their water requirements are also different. Under
greenhouse conditions, evapotranspiration (ETr) is significantly
reduced; greenhouse agriculture therefore offers a way to reduce
crop water consumption and, as a consequence, decreases the
energy needed for pressure irrigation. The ETr has been determined
from the direct evaporation of water in Piche evaporimeters and
modified evaporation trays (Kirda et al., 1988; Yuan et al.,, 2001)
and by using models such as the Penman Monteith or Priestley Tay-
lor, both of which are widely accepted (Zhang and Lemeur, 1992;
Ortega-Farias et al., 2004).

In the present work, the ETr of the greenhouse tomato crop was
determined by using the methodology of Le6n et al. (2005). These
authors examined greenhouse-raised tomatoes on two planting
dates (April 1996 and January 1997) in Cuba in the Province of
Havana (220°27.6'N, 820°22.2'W; altitude 6 m). In this methodol-
ogy, ETr was calculated from the water balance in a compensation
lysimeter that was located at the centre of the greenhouse, The
crop coefficient for each growth stage was calculating following a
similar approach to that of Doorembos and Pruitt (1977):

ETr =K - ETa (6)

where ETr is the real evapotranspiration of the studied crop
(mmyjday), ET, is the evapotranspiration of the lysimeter (mm/day)
and K is the proportionality crop coefficient (adimensional). A class
A evaporimeter was used for the calculation of the ETj.

Ledn et al. (2005) showed that the partial isolation of a tomato
crop inside a tunnel alters the crop environment. This effect is
reflected by the evaporation behaviour, which was reduced by 43%
in comparison to the outdoors in April and was further reduced
by 45% in January. These results are similar to those reported by
Castilla and Fereres (1990) and Fernandez et al. (1994). Leén et al.
(2005) recommended that ETr and K values shown in Table 1 should



Table 1

Real evapotranspiration (ETr) and proportionality constant (K) values as described by Leén et al. (2005).

Growth phase Planting April- June 1996

Tomato variety - Lignon

Planting JanuaryMay 1997
Tomato variety FL-5

Phase time (days) ETr (mmjday) K Phase time (days) ETr (mmj{day) K
Vegetative development 28 1.12 0.41 33 1,77 0.54
Flowering 24 247 0.90 25 2.82 0.98
Fruiting 21 261 0.99 23 330 1.08
Crop ripening 18 191 0.55 i 17 2.80 0.78
Cycle mean 91 1.98 0.71 113 2.60 0.85
Table 2

be used to estimate the irrigation needs of tomato crops that were
grown in greenhouses with similar soil and climatic environments
to those from their work.

2.5. Maximum irrigable area

The maximum area that can be irrigated by each type of wind
pump in each type of wind year and for different elevation heights,
tank volumes and planting dates was calculated by analysing the
cumulative daily water balance, assuming that the water storage
tank (WSTy) is full at the beginning of the season (WSTy =tank vol-
ume):

WST; = WST,_ — Dr; + Vd; (7

where Dr; is the required water for irrigation (m?) at day i, Vd; is
the volume of water pumped (m?) at day i, and WST;_; is the water
storage in the tank from the previous day.

Dr; =10-A- ETr; (8)
8

Vd; = > "0.18 - Q;(H, Wap ) (9)
=1

where A is the area to irrigate (ha), ETr; is the real evapotranspi-
ration (mmy/day) at day i, Q;;, is the volume pumped into the tank
(1/min) at day i for every 3 h (j), H is elevation height (m) and W5,
is the simulated wind velocity (m/s) at day i for every 3h (j).

The bulk irrigation dose (Hb) was obtained from the irrigation
efficiency (Ef) and the deficit coefficient (Cd), assuming a value of
0.85 for the drip irrigation system and its mode of management
(Ef/(1 - Cd)).

Todetermine the irrigable area, the following factors were taken
into account:

¢ The annual wind characteristics.
The 3-h series were simulated for both an ‘average wind year’
and a ‘low wind year'.
¢ Tank volume
The maximum irrigated area was determined with respect to
the tank volume for a given reliability level to meet the ETr
requirements.
¢ Planting date

Five different planting date variants were taken into account
(Table 2) to assess the interactions between periods of high wind
supply and low irrigation needs, The duration of the growth cycle
and each of its phases remained constant given the scant variation
intemperature and the hours of daylight during the analysis period.

3. Results and discussion

3.1. Wind velocity study

Fig. 2 shows the mean monthly wind velocities (W) and their
standard deviations (o) for the time period from 1970 to 2008,

Different planting dates and the duration of the different tomato growth phases
(variety FL-5).

Planting dates Growth phase

1 10 October-11 November
: 12 November- 6 December
1/ December- 29 December
: 30 December-30 January
:10 November-12 December
: 13 December-6 January

: 7 January-29 January

: 30 January-2 March

10 December—11 January

: 12 January-5 February

: 6 February- 28 February

: 1 March-1 April

: 10 January- 11 February

: 12 February-8 March

: 9 March-31 March

11 April-2 May

: 10 February-14 March

- 15 March-8 April

29 April-1 May

: 2 May-2 June

Variant 1
10th October

Variant 2
10th November

Variant 3
10th December

Variant 4
10th January

Variant 5
10th February

B e el e

as well as the mean monthly values for 2008. The results show
the irregularity of wind velocities over the course of the year. Over
these 39 years, March was the month with the highest W (3.41 m/s).
The period with the highest wind velocities lasts from November
to April, i.e., the dry season in Cuba (when only approximately 20%
of the annual rainfall is received). The mean wind velocity for this
period was 3.19 m/s. Therefore, the dry season was determined to
be the best time to take advantage of wind energy for pumping
water to guarantee that the water needs of the tomato crop in Cuba
are met.

Table 3 shows that the values for & and 8 were obtained by
applying the Weibull II function for each month of the year based
on a38-year database with each month’s respective standard devia-
tions. We observed that some months (March, April and May) show
a variation in their wind behaviour because some years can have
a«>1 while others can have « < 1, indicating in the former case an
exponential shape and a reduction in the W5y mean in the case of
the former. The variation that was found for years that fell within
the 8 parameter was much lower and the behaviour of the Weibull
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Fig. 2. Mean monthly wind velocity (mys) for 2008 and mean mont hly wind velocity
and standard deviation for the period 1970-2008.



Table 3

Shape () and scale ( £) factors mean values, with their standard deviations, for the
construction of the monthly Weibull-II distribution for the months involved in the
different planting date variants.

Month atoy B+ag(m/s)
October 1.16 +£ 0,10 335 + 0.27
November 1.20 + 0.08 337 + 0.10
December 1.33 + 0.10 341 + 0.17
January 1.33 + 0.05 340 + 0.20
February 1.15 + 0.08 395 + 021
March 1.09 + 0.14 434 1+ 0.26
April 0.96 + 0.17 446 + 0.25
May 0.88 £ 0.12 399 + 023
June 0,89 + 0,10 3.65 + 0,17

function was less affected than with the shape factor. Based on this
result, we decided to simulate a ‘low wind year’ with a shape factor
of (@ — gy} and a scale factor of (f —ap).

An example of the frequency distribution that was obtained as
a mean of 50 simulations for December in an ‘average wind year’ is
shown in Fig. 3, We can observe that the P(Wy,, t) presents partial
evidence thatthe highest velocities are more probable inthe middle
of the day rather than at the beginning or the end of the day.

Finally, the W5}, data were simulated for 2008, and the wind
frequency distribution (Fs) was shown within the range of wind
velocities over which the functional pumps are compared with the
real ones (see Table 4) in case of an ‘average wind year'. A good
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Fig. 3. Mean of 50 simulations of three-hourly wind velocities in December (A).
Part of the probability matrix (P(Wsy,, {)) at different times of the day applied in the
simulations (B).
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Fig-4. Three-hourly wind velocity frequencies simulated and recorded in 2008 year:
(A) all the time intervals, (B) at 6-9 hinterval and (C) at 12-15h.

convergence was noted between the simulated and recorded val-
ues, with a mean square error less than 3.5%.

At the same time, Fig. 4 shows the distribution function of 3-h
wind velocities that were measured during 2008, and the cor-
responding simulated values showed a patent similarity., These
results highlight that the methodology described here can generate
W4, values with an acceptable error and a density function similar
to that which was actually recorded.

3.2. Water flow produced by the pumps

Water was assumed to come directly from the ground aquifer
via a well. Such an assumption is acceptable given the depth of
the water table in the study area. Fig. 5 shows the mean, absolute
minimum and absolute maximum water table depths for the area
from 1990 to 2005.



Table 4

Simulated frequency three-hourly wind velocities (Fs) for 2008 and those actually recorded (Fr) for each month and each range of three hourly wind velocity considered. The

%2 test has been evaluated for each month.

Wind velocity (m/s) Ocotober November December Jlanuary February March April May
Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs
39 36 42 11 44 12 11 39 39 38 13 39 34 32 33 32
24 25 21 21 26 26 27 27 25 25 26 24 26 24 26 24
18 17 17 17 18 17 21 20 19 19 25 25 22 22 20 22
8 8 8 8 11 11 10 10 11 11 12 12 11 11 9 10
74 6 4 4 4 5 5 5 6 G 9 8 7 6 7 6
2 2 1 1 2 2 3 3 2 2 4 4 2 3 3 3
98 94 93 92 105 103 107 104 102 101 119 112 102 98 98 97
0.99 1.00 1.00 1.00 1.00 0,99 0.97 0.99

Table 5

Monthly volumes pumped (Vd) by the studied wind-pump, for an elevation height (H) of 15 m, using the simulated (Fs) and recorded (Fr) three hourly wind frequency values

showed in Table 4. Monthly error (Error) is evaluated.

Wind velocity ~ Ocotober November December January February March April May

Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs Fr Fs
2.5-39 36.1 33.3 389 379 40.7 389 379 36.1 36.1 352 398 36.1 315 29.6 30.5 29.6
39-53 47.3 493 41.4 41.4 51.2 51.2 53.2 53.2 49.3 493 51.2 473 51.2 47.3 51.2 47.3
53-6.7 49.2 46.5 46.5 46.5 49.2 46.5 57.4 54.7 52.0 52.0 68.4 68.4 60.2 60.2 54.7 60.2
6.7-8.1 26.7 26.7 26.7 26.7 36.7 36.7 33.4 334 36.7 36.7 40.1 40.1 36.7 36.7 30.1 33.4
8.1-94 26,8 229 15.3 15.3 15.3 19.1 19.1 19.1 22.9 229 344 306 26,8 22.9 26,8 229
9.4-10.8 8.5 8.5 4.2 4.2 8.5 8.5 127 124 8.5 8.5 169 16,9 8.5 12,7 12,7 12.7
Vd (m?) 194.6 187.2 173.0 173.01 201.7 2009 213.8 209,52 2055 2045 2508 2394 214.8 2095 2060 206.1
Error 3.8% 0.5% 0.4% 2.1% 0.5% 4.6% 2.5% 0.1%

Table 5 shows the volumes that were pumped by the study wind
pump, where H=15 m using the simulated and recorded W4, val-
ues, The monthly volumes of water that were extracted by the wind
pump (Vd) were then compared, giving a maximum sub-estimation
error of approximately 4% in March and October,

3.3. Crop water requirements

The daily evapotranspiration values for each phase of the growth
cycle of greenhouse-raised tomatoes (variety FL-5) accounted for
the planting date, and these values are shown in Table 6.

Planting date variants 1 and 2 were associated with the lowest
daily ETr; and these planting dates are associated with less crop
water consumption,

3.4. Maximum irrigable area

Fig. 6 and Table 7 show the area that can be irrigated (Ar) with
respect to the planting date and the monthly volume of water that
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Fig. 5. Water table depths recorded, from 1990 till 1995, for hydrological sector
CA-1I-2 (wells 814 and 9795), Province of Ciego de Avila (Cuba),

Source: Instituto Nacional de Recursos Hidraulicos de Cuba (INRH).

is available (Vd) for a year of average wind velocities that were
determined using 3-h data. It is assumed at this step that the water
tank can accept all the water that is pumped into it during a period
of one month; the influence of the tank volume will be studied later.

The results shown here are from the month in which flowering
occurred, i.e,, when water needs were at their greatest(see Table 6).
For all planting date variants, the mean wind velocity at the time
of greatest water need was above the starting wind velocities that
were required by the different pumps.

Analysis of the data presented in the above-mentioned table and
figure reveals that planting date variants 1 and 2 are the best with
respect to irrigable area, Variant 2 is associated with the greatest

Table 6
Real crop evapotranspiration (E17) values in mm/month and mm/day for each plant
ing date variant and growth phase cycle,

Planting date Growth phase ETr

(mm{month) (mmjday)

1 30.49 092
2 38.74 155
1 3 19,71 173
1 11,44 1.30
1 98,24 0.86
7 39,56 158
2 3 4134 1.80
4 53.52 167
1 28,88 088
; 2 4316 173
3 3 53.42 237
4 63.77 1.99
1 1255 099
) 55,76 2.3
4 3 63.17 275
4 7265 227
1 4129 125
2 64.92 260
2 3 72.40 115
4 67.25 2.10




Table 7

Monthly volume of water (Vd) that can be pumped by the studied wind-pump, for each planting date variant and elevation height (H), in average wind velocity year. Monthly
volume of water required for irrigation () for each planting date variant. We assume that the water tank can take all the water pumped into it over one month. Dr and Vd
are calculated in the most unfavourable month of the planting date variant: the month with higher irrigation needs in relationship with the volume that can be pumped.

Planting date variant Month ETr (mm/day) Dr (m?/ha month) Vd (m?/month)

H

15m 20m 25m
1 December 1.67 609.1 184.89 112.97 86.25
2 January 1.75 638.2 208.45 126.68 97.06
3 February 2.17 7148 206.81 125.33 96.24
4 March 262 9555 251.89 151.99 117.06
o April 3.00 1058.8 200,02 121.31 93,10

inter-annual mean wind velocities (1970-2008 data), with a mean
of 3.18 m/s for the growing cycle in comparison to just 2.90 m/s for
variant 1, Thus, variant 2 is associated with fewer wind velocity
values below the starting velocity of the pumps and is therefore
the best planting date variant.

During the month of maximum water demand for the planting
date of variant 2, the wind pump could irrigate 0.33 ha, 0.20 ha and
0.15 ha for elevation heights of 15 m, 20 m and 25 m, respectively.
Compared to planting date variant 2, variant 5 was associated with
a reduction in the irrigable area by 40-45% for the wind pump in
this study. With respect to the elevation height, when comparing
H=15m with H=25mm, the taller height was associated with a
reduction in irrigable area of 52-55% for the wind pump (Fig. 6).
Higher tank elevations are related to lower costs for the pipes
and fittings in the water distribution network that feeds the drip
irrigation units, Therefore, determining the tank elevation is a min-
imisation problem regarding the investment needed for irrigating
the greenhouse area,

3.5. Storage tank volume

With respect to the water tank volume, Fig. 7 shows the maxi-
mum irrigable areas for planting date variant 2 for a year of average
mean wind velocities and a year of low mean wind velocities,
assuming an elevation height of 15m, These data were obtained
from the cumulative water demand and accumulated volume of
water for the entire irrigation period, assuming that the water tank
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Fig. 6. Maximum irrigable area, by wind pump, estimated for each planting date
variant in an ‘average wind year’, Three elevation heights (H) have been considered:
15, 20 and 25 m, We assume that the watertank can take all the water pumped into
it over one month,

could store all the water that was pumped into it from April 1st to
November 9th.

The figure shows that the area that can be irrigated will vary
depending on the volume of the water tank. If the tank was very
small, the irrigable area would be smaller than that which is shown
in Table 7 because windy periods are interspersed with periods of
calm, and the water in the tank could not meet the water require-
ments of the crop on calm days. In contrast, if the tank was large,
water collected in one month could be used to cover the deficits of
another month, and the irrigable area would be higher than that
shown in the previous tables.

The storage volume is related to the reliability level of the
water supply. In the worst case scenario (a low wind velocity year,
irrigation guarantee of 84% and H=15m), a storage tank of 25 m?
could irrigate 0.27 ha (data in Fig. 6). Under the same conditions
with the exception of a 5 m? storage tank, 0,21 ha could be irrigated
with the wind pump (a 22% reduction from when a 25 m? tank is
available), It is worth highlighting that the first 5m? storage tank
allows the irrigation of 0.21 ha; an addition of 20m? only allows
for the irrigation of 0,06 ha, Therefore, this factor causes smaller
variations in the irrigation area than the planting date or elevation
height, as shown in Fig. 6, once a minimal storage volume value is
reached.

The optimum water tank size could be determined via an eco-
nomic analysis, taking into account the income generated and the
total costs associated with each size option. The total costs would
include the fixed costs of investment in the wind pump and well, as
well as the variable (size-dependent) costs of the water tank. The
income would be calculated from production, the market price of
the product, and the irrigated area.

The methodology described in the present work can determine
the water reservoir size for a typical number of days of calm periods
to use as basic data. A preliminary step includes the determination
ofthe irrigable area, which considers the wind pump model and the
elevation height on a monthly basis, as performed in the present
studyin Section 3.4. Afterwards, the number of days of calm periods
multiplied by the mean daily water flow supplied by the wind pump
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Fig. 7. Maximum irrigable area with the wind-pump for an *average wind year’ and
‘low wind year’. Planting date is variant #2 and elevation height () is 15 m.



in this period (considering the real elevation height of the period)
determines the water volume that is lost during the calm periods,
Assuming a scenario of a “low wind velocity year”, this storage tank
volume will supply an irrigation guarantee of 84%,

Additionally, the calculated value of storage volume can
be verified via economic analysis. In western Kansas, Hagen
and Sharif (1981) undertook a long-term study on the rela-
tionships between monthly run-off, pumped monthly run-off,
the pumping capacity of the wind pump, and the storage
tank capacity. These authors concluded that different combina-
tions of wind pump sizes and storage tank capacities could be
used to pump a given volume, and the selection of the best
combination for each site would be decided via an economic anal-
ysis.

In comparing the different factors, the planting date has been a
key factor in maximising the irrigable area as well as maximising
the potential of the water pumping system. A planting delay of
three months can approximately double the irrigable area. When
energy is not a limiting factor, the planting date should be decided
depending on market factors, including the price the product can
bring, However, because Cuba has severe restrictions in terms of
both energy and food availability, the advantages that might be
obtained from the choice of planting date may be important when
deciding on the growing calendar.

According to the present results, the elevation height has also
a decisive influence on the irrigable area. Decreasing the elevation
height from 25 m to 15 m can approximately double the irrigable
area. Finally, the influence of the storage tank volume has been
shown here; the methodology described in this article permits a
reservoir volume recommendation. From a quantitative point of
view, this factor has a smaller influence on the irrigation area than
the planting date or elevation height.

4. Conclusions

1. A relatively simple methodology that seeks to balance the
water needs with water availability was used to determine
the potential of the wind to pump water, taking into account
the characteristics of the wind pump and the local wind
statistics. The planting date was studied as a factor in this
work,

2. A method for generating 3-h wind velocities from monthly data

was validated, with a mean square error that was lower than

3.5%.

The results show that the factors that most influence the irriga-

ble area of greenhouse tomato crops are the planting date and

the tank elevation height. These factors can double the irrigation
area through the delay of the planting date by three months or

with reductions of the elevation height from 25 m to 15 m.

4, The optimum period of wind pump-driven irrigation in Cuba
for the cultivation of greenhouse tomatoes is from November
to March, when the winds are stronger. [t is recommended that
a storage tank volume of 5m> be used for cultivated areas of
approximately 0.2 ha when using wind pumps for elevations
of 15m with an irrigation water level reliability level of 84%
for these specific areas in Cuba. The methodology could be
extended to other situations and wind pump models as long
as the head/flow curves are known with respect to the wind
velocity.
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