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Electricity generated by solar batteries has many merits. Especially in a small island where there are
not enough water resources, adequate and cheap electricity is prerequisite for agriculture. First, trials to
estimate electricity generation by solar battery were conducted using the limited data on solar radiation
energy. Second, operation times were estimated for various pumps placed in the pumping station in
Ishigaki Island. It was clarified that there was a tendency that operation times calculated by estimated
curves showed somewhat longer hours that of observed curves, for the smaller pumps. On the other hand,
for the larger pumps, there was a tendency that operation times derived from observed curves exceeded
the times derived from estimated curves. Third, a simulation was conducted for finding the suitable irri-
gation area supported by a self electricity generating system. It was concluded that a 15 kW pump was suit-
able as this was operated longer hours than other pumps and irrigated area slightly increased if rotation of
irrigation was applied for the 200 kWp system. But for the 1000 kWp system, irrigated area increased

effectively.

INTRODUCTION

Electricity is used for agriculture not only to deliver
irrigation water but also to control valves, heater, cooler
and so on. To lessen the expenses for electricity, it is
required to develop new energy for supporting the farm-
ers. Electricity generated by solar batteries has many
merits. First, the solar energy resource is enormous.
Second, electricity is generated by a solar battery which
has no mechanical parts with noisy sound. Third, no
substances are generated which pollutes the environ-
ment. Fourth, the power generation system can be con-
trolled automatically. Fifth, the system can be placed in
anywhere there is open area suitable for construction.
Sixth, amount of electricity generation can be increased
easily with installing additional modules. Seventh, price
of modules will become cheaper by mass production.
Eighth, not only direct solar radiation but also diffused
radiation is effective for generating electricity. On the
other hand, some demerits are existing. First, amount
of generation is affected by climate conditions and
season. Second, intensity of solar energy is 1.0 kW/m® in
maximum. Third, the system to convert direct current
to alternating current is necessary. Fourth, a buttery as
an electricity pond is expensive. Fifth, the wide open
space for constructing of the system is required if the
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facility become larger.

For supply to a pumping station, it is necessary to
place the generation system close to the pumping
station. If it is far from the pumping station, additional
expenses are required to construct the deliver line for
the generated electricity. If it is possible to connect
with the lines of commercial electricity company, the
system can be placed somewhat far from the pumping
station.

In this study, some trials were conducted numeri-
cally for use of the electricity generated by solar batter-
ies to operate the pumping station in Ishigaki Island.

MATERIALS AND METHODS

Estimating the diurnal change of solar radiation

In Ishigaki Island, weather station is providing daily
solar radiation data which is prerequisite for evaluating
electricity generation. It is required at least hourly
changes of solar radiation as the solar radiation changes
abruptly affected by the clouds, vapor and dust. In this
study, following equation was used for calculating the
hourly changes of solar radiation.

Q
2T,

7-12 )

0

0T cos(n D
where [, is solar radiation for one hour (kWh/m?*), @ is
daily total solar radiation (kWh/m®), T, is potential
length daytime of a day (hour), and 7' is arbitrary time of
a day (solar hour).

Figure 1 shows the comparison between observed
and calculated amount of diurnal changes of solar radia-
tion on a fine day, cloudy day and rainy day. Though,
the height of amplitude of calculated solar radiation was
a little lower than the observation on a fine day August
28, estimation of diurnal change of solar radiation by eq.
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Fig. 1. Comparison of solar radiation between observation and
calculation.

(1) was reasonable.

Estimation of electricity generation
The daily amount of electricity generation can be
calculated using following equations.

POQAKK, 2

POP.Pn 3)

where, P, is daily amount of electricity generation per
unit module (kWh/kWp), A is parameter which indicates
the area for peak electricity (O 1.0m*kWp), K, is coeffi-
cient of temperature adjustment (0.85), K, is coefficient
of direct current adjustment (0.85), P, is capacity of
solar electricity generation module (kWp) and n is
average coefficient of inverter (0.85).

If the adequate values of coefficient in above equa-
tions are substituted, daily amount of electricity gener-
ated by the modular capacity of P, (kWp) can be calcu-
lated as,

PO 0.85°QP, 4

Then the amount of hourly electricity generation P,
(kWh) can be calculated as,

Q

3
PO OSSP o
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cos(T[
T,

Estimation of operation duration

Operation duration of a specified pump can be esti-
mated as shown in Figure 2. First, diurnal change of
electricity generation is estimated with eq. (5). Second,
the starting point (7,) and ending point (7)) of opera-
tion are estimated from the intersection of pump capac-
ity line and electricity generation curve. Third, opera-
tion duration can be estimated by 7,00 7'-T,, as shown in
Figure 2.
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Fig. 2. Operation times of pumps, 7',.

If a capacity of a pump is assumed as P,, starting
point and ending point are derived with next equations.

T, L[ 2T, P,

N = co (Q 085 P, Joi2 ©)
T, 2T, P,

T(_,D* P COs (T W)D 12 (7)

Subtracting eq. (7) from eq. (6), operation hours can be
estimated as,

2T, o 71( 2T, P )

TOT-T.0— - ®

@ 085mP,
If actually observed curves are used, operation dura-
tion is limited to the times above the line of capacity of a
pump. Referring to the Figure 2, actual operation time
was considered as about 80% of the estimation.

Comparison between the actual and estimated
operation duration times

The validity of estimated operation duration times
were evaluated comparing the data derived from actual
curve and estimated curve. The capacity of a pump was
selected as 15kW, 37kW, 95kW, 260kW, 295kW,
360kW and 550 kW, considering the varieties in Ishigaki
Island. Solar radiation data observed at every minute
were used on the selected 9 days.

Operation duration times calculated from one pump



Solar Battery for Irrigation 425

Table 1. Operation times of one pump system

(unit: Hours)

Dat Weath c N Capacity of pumps
ate eather apacity
15kW 37KW 95 kW 260 kW 285 kW 360 kW 550 kW
Obs. 11.56 9.84 3.86 0 0 0 0
Aug. Clear 200KWD () 10.35 8.95 485 0 0 0 0
28 Lo00xwn ObS 12.47 12.14 11.26 8.59 8.16 6.73 0.00
P cal. 11.95 11.12 9.93 8.32 7.97 6.82 2.60
Obs. 1151 9.71 3.11 0 0 0 0
Aug. Clear 200kWp ) 10.52 8.85 415 0 0 0 0
29 Lo00xwn OPS 12.46 12.12 11.19 8.40 7.93 6.40 0.00
P Cal. 12.13 11.38 9.97 8.03 7.80 6.48 1.65
Obs. 11.38 9.35 0 0 0 0 0
200 kW
Aug. Cloar 00KWD () 10.38 8.20 3.05 0 0 0 0
30 L000 kW 0P 12.44 12.05 11.02 7.84 7.30 5.43 0.00
P cal. 11.58 10.75 9.93 6.78 6.35 5.18 1.47
Obs. 10.46 6.70 0 0 0 0 0
Partl 200KWD () 8.57 497 0.85 0 0 0 0
sth. ramy L0001k OPS: 12.96 11.60 9.84 258 0 0 0
3 v P cal 10.95 9.77 7.63 2.63 23.00 1.90 0.42
Obs. 0 0 0 0 0 0 0
Setp. _— 200KWp ) 2,50 0 0 0 0 0 0
24 v Lo00xwn OPS 11.01 8.35 0 0 0 0 0
P Cal. 9.95 7.37 0.80 0 0 0 0
Obs. 0 0 0 0 0 0 0
Sgtp o 200KWD () 137 0 0 0 0 0 0
5 v L000 kW 0P 10.96 8.21 0 0 0 0 0
P cal. 9.90 7.45 0.52 0 0 0 0
Obs. 9.82 433 0 0 0 0 0
Setp. Cloud 200KWD () 8.43 353 0.07 0 0 0 0
26 v L000kwn 0P 12.14 11.30 9.00 0 0 0 0
P cal 10.98 9.47 7.40 175 153 0.90 0
Obs. 11.26 9.03 0 0 0 0 0
Setp. Clear 200kWp ) 10.80 10.30 8.95 6.98 6.60 5.07 0
27 Lo00xwn OPS 12.41 11.99 10.86 7.33 6.70 444 0
P Cal. 9.23 8.12 2.38 0 0 0 0
Obs. 6.50 0 0 0 0 0 0
Sgtp Rain 200KWD () 4.85 0.40 0 0 0 0 0
8 v L000 kW 0P 1157 9.87 401 0 0 0 0
P cal. 9.45 8.35 410 0 0 0 0

Obs.: Obsevation, Cal.: Calculated

system was listed in Table 1. Operation duration times
calculated for two pumps system was listed in Table 2.
Second pump was operated in addition to the first pump
when there was some residual electricity.

There was a tendency that operation times calcu-
lated by estimated curves were somewhat longer than
that by actual curves for pumps of smaller capacity. On
the other hand, for larger pumps, there was a tendency
that operation times derived from observed curves
exceeded the operation times derived from estimated
curves. Obviously the operation times of two pumps
system increased doubly comparing to the one pump
system for smaller pumps in the larger electricity gen-
eration module. In the smaller electricity generation
module, the operation times did not increase even if two
pumps system was adopted for larger pumps.

Study site

Ishigaki Island locates in latitude N24° 20” and in
longitude E124° 10” and belongs to the subtropical
oceanic climate area. Annual rainfall is 2,072 mm, aver-
age air temperature is 23.8°C and average relative

humidity is 79%.

Main crop productions are sugar cane, pineapple,
paddy rice and livestock. There is an irrigation reservoir
into which water is mainly supplied by pumping from
the lower river. Irrigation water is delivered through a
pipe line system to the command area 2,310 ha. Thus
electricity is prerequisite for pumping up and pres-
surizing water to deliver water first to many farm ponds
and then to each field.

The price of electricity supplied by an electricity
company to a pump station is 40% cheaper than the city
use. Only 16 hours in a day during the night, however, is
allowed to use. The pump station have 7 different types
of pumps with capacity of 15kW, 37kW, 95kW, 260 kW,
285 kW, 360 kW and 550 kW.

RESULTS AND DISCUSSION

Annual days of operating pumps

Two solar energy electricity generation systems dif-
ferent in P,, i.e. 200 kWp and 1000 kWp, were considered
to operate irrigation pumps in Ishigaki Island. Climatic
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Table 2. Operation times of two pump system

A. HAO et al.

(unit: Hours)

Dat Weath G N Capacity of pumps
ate eather apacity
15KW 37KW 95 kW 260 kW 285 kW 360 kW 550 kW
Obs. 21.96 16.37 3.86 0 0 0 0
Aug. Clear 200KWD () 19.80 15.57 485 0 0 0 0
28 Lo00xwn ObS 24.72, 23.72 21.02 10.50 8.16 6.73 0.00
P Gal. 93.48 21.52 18.81 11.84 9.75 6.82 2.60
Obs. 21.81 15.89 3.11 0 0 0 0
Aug. Clear 200kWp ) 19.65 15.12 415 0 0 0 0
29 L000kwe 0P 24.69 93.64 20.82 8.40 7.93 6.40 0.00
P Gal. 23.70 21.90 18.77 10.81 7.80 6.48 1.65
Obs. 21.39 14.49 0 0 0 0 0
200 kW
Aug. Cloar 00KWD () 19.08 13.13 3.03 0 0 0 0
30 1000 kW 0P 24.61 23.44 20.27 7.84 7.30 5.43 0.00
P Gal. 92.45 21.13 18.03 9.05 7.53 5.18 147
Obs. 18.47 6.70 0 0 0 0 0
Part] 200KWD () 14.80 6.79 0.85 0 0 0 0
Sth. rainy L0001k OPS: 24.07 22.09 16.34 258 0 0 0
3 Y P cal 20.93 18.40 2.41 3.26 2.65 1.90 0.42
Obs. 0 0 0 0 0 0 0
Setp. _— 200kWp ) 2.50 0 0 0 0 0 0
24 v L000 kW 0P 20.24 8.35 0 0 0 0 0
P Gal. 18.63 9.95 0.80 0 0 0 0
Obs. 0 0 0 0 0 0 0
Setp. o 200KWD () 1.37 0 0 0 0 0 0
25 v L000 kW 0P 20.09 8.21 0 0 0 0 0
P Gal. 18.65 9.03 0.52 0 0 0 0
Obs. 16.28 433 0 0 0 0 0
Setp. Cloud 200KWD () 13.16 436 0.07 0 0 0 0
26 Y 000k Obs. 23.70 21.16 12.95 0 0 0 0
P Gal. 20.91 18.00 10.83 1.78 153 0 0
Obs. 21.02 13.08 0 0 0 0 0
Setp. Clear 200kWp ) 17.71 13.09 2.38 0 0 0 0
27 L000kwe 0P 24,54 23.26 19.79 7.33 0 0 0
P Cal. 21.18 19.63 16.97 7.15 6.60 5.07 0
Obs. 6.50 0 0 0 0 0 0
Sgtp Rain 200kWD () 5.98 0.40 0 0 0 0 0
8 v 1000 kW 0P 22.00 16.47 401 0 0 0 0
P Gal. 18.02 13.35 4.37 0 0 0 0
Obs.: Obsevation, Cal.: Calculated
80 -~ —o—ISkW  —o—37kW
—a—95kW  —%—260 kW
70 F —o—285kW  —x—360kW
) O
w w
g g
3 =
e e

conditions were referred to the data in 1969 which was
used for designing the irrigation project in this area.
Figures 3 and 4 show the annual days for daily operation
times of each pump capacity in one pump system and
two pumps system, respectively.

2 3 45 6 7 8 910111213 14

Operation times (h)
(a)200kWp

Operation times (h)
(b) 1000 kWp

Fig. 3. Annual total days of operation times for pumps (One pump system).

In the 200 kWp solar battery systems, pumps of
15kW and 37kW pump capacity were operated fre-
quently. For a 15kW pump, annual total days of opera-
tion times of 11.5hours was 55 days (Fig. 3a), and for
two 15 kW pumps, operation times of 20.5 hours was 44
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Fig. 4. Annual total days of operation times for pumps (Two pumps system).
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Fig. 5. Annual operation times of pumps.
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Fig. 6. Annual volume of pumped up water.

days (Fig. 4a). On the other hand, pumps whose capac-
ity was larger than 95 kW were not operated in this solar
battery system.

In the 1000 kWp solar battery systems, most pumps
except for a 5560 kW pump were operated as shown in
Figures 3b and 4b. Annual days of operation times of
8hours was 40 days for one 285kW pump, and that of
operation times of 6.5 hours was 33 days for one 360 kW
pump. When two pumps were used, larger than 95 kW

pumps did not show the activation.

Comparison of actual and estimated operation
times

Average annual operation hours of each pump was
calculated using 11 years data, 1969 and form 1979 to
1988, for the 200kWp and 1000 kWp solar battery sys-
tems. The annual operation hours for one pump system
and two pumps system were shown in Figures 5a and
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5b, respectively. As actual pumps were operated only
one set, 1000 kWh is enough to operate 95kW pump, but
larger than this pumps need supplemental electricity to
enough operation.

Comparison of actual and estimated of pump up
water

Average annual amount of pumped up water for 11
years is shown in Figure 6. If a 1000 kWp solar battery
was used, amount of water pumped up by pumps whose
capacity was smaller than 95kW were completely
satisfied. To cover the water pumped up by 285 kW
pump, it is necessary to prepare over 3000 kWp system.
Economically, it is recommendable to set a 1000 kWp
battery for operating with self supplying electricity for
the smaller pump system. For pumps whose capacity
was lager than 260 kW, it would be better to supply com-
mercial electricity in addition to the electricity gener-
ated by solar batteries.

Potential irrigation area by self generated elec-
tricity
Water consumption

Potential water consumption of crop field was
estimated by the Penman method expressed as
following equation.

A
ETO ( ATy )(R,,,D &)
o 5 Ey )15.36(1.00 0.006201,,) (e.'~ €.) (9)

where, ET, is potential evapotranspiration (J/cm?day),
A is slope of saturation vapor pressure vs. temperature,
y is psychometric constant, R, is net radiation
(J/em?day), G is soil hear flux (J/cm®day), u,,: is wind
speed at the height of 200 cm (km/day), e, is saturated
vapor pressure at air temperature (mb) and e, is vapor
pressure of air (mb).

60
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g
g 40
- 30 | |
L ..
kS 20 g o
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69 78 79 80 81 8 83 84 85 8 87 88
Year
(a) 200 kWp

Daily data for 11 years provided by weather station
in Ishigaki Island were used for the calculation. As the
wind speed sensor was placed at 22m above ground
level, conversion to the 200 cm above ground level was
conducted by using the following equation.

“Z-d

where, Z is height of wind speed sensor, d is enhanced
ground level (O 0.63 H, H: crop height), Z, is roughness
length (O 0.13H), wu, is friction velocity and k£ is Von
Karman constant.

Actual evapotranspiration was calculated with fol-
lowing equation.

70 ey
’LL() Tn

ETOK.ET, 11

where ET is actual evapotranspiration and k, is crop
coefficient. Crop coefficient of sugarcane ranges from
0.8 to 0.9 depending on the growth stage.
Potential 1rrigation area

For estimating the potential irrigation area, area of
field supported by pumps was simulated using 11 years
meteorological data in 1968 and from 1979 to 1988.
There was an assumption that electricity of all pumps
was supplied by the 200 kWp or 1000 kWp solar battery
system. Total readily available soil moisture (TRAM)
was specified as 8.75mm referring to the field observa-
tion. Irrigation was conducted when soil moisture
become less than TRAM. Input water in the field was
composed of rainfall and irrigation, and output water
was composed of evapotranspiration and infiltration into
the deep soil. In the case of rotation of irrigation, two
blocks were assumed.

Some cases were considered as follows.

Case 1: One pump system. [Fig. 7 (1)]

Case 2: One pump system with rotation block com-

posed of two blocks. [Fig. 7 (2)]
Case 3: Two pumps system. [Fig. 7 (3)]
Case 4: Two pumps system with rotation block com-
posed of two blocks. [Fig. 7 (4)]
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180 :
T 160
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§ 10}
T 100 |
5 80 r -
E e No- e O
40 | °I"°\°’_°\0-"5<""Q\o———-°"‘°/°
P X, X
20 + X xS X T
i T H
69 78 79 80 81 8 83 84 85 8 87 88
Year
(b) 1000 kWp

(1) Case 1: One pump system, no rotation of irrigation.
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(4) Case 4: Two pumps system, rotation of irrigation.

Fig. 7. Potential irrigation area supported by electricity generation system with solar battery.
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In Case 1 with a 200 kWp solar battery, more than
30 ha field were irrigated every year by a 15kW pump. A
15 kW pump was proper for this case as it was operated
longer than other pumps as shown in Figure 5. In the
Case 1 with a 1000 kWp solar battery, constant area of
field was irrigated by pumps of 15 and 37 kW capacity.

In Case 2 with a 200 kWp battery, about 40 ha field
were irrigated every year by a 15kW pump and about
42 ha field were irrigated every year by a 37kW pump.
In the Case 2 with a 1000 kWp solar battery, about
130 ha were irrigated every year constantly with a 95 kW
pump.

In Case 3 with a 200 kWp battery, about 60 ha field
were irrigated every year by two 15 kW pumps. The use
of 35 kW pumps, however, did not show the effect on the
increasing the area. In the Case 2 with a 1000 kWp
battery, about 150 ha were irrigated every year con-
stantly with two 37 kW pumps.

In Case 4 with a 200 kWp battery, about 70 and
50 ha field were irrigated every year in the 15 kW and 37
kW pump systems, respectively. The 15kW pump was
proper as this was operated longer hours than others. In
the Case 4 with a 1000 kWp battery, about 220 ha were
irrigated every year constantly with two 95 kW pumps.

CONCLUSIONS

There was a tendency that operation times of pumps
calculated by estimated curves of solar radiation was
somewhat longer than that calculated by observed
curves for pumps of smaller capacity. On the other
hand, for larger pumps, there was a tendency that
operation times derived from observed curves exceeded
the operation times derived from estimated curves.
Obviously the operation times of two pumps system
increased doubly comparing to the one pump system for
smaller pumps with a larger electricity generation mod-
ule. In the smaller electricity generation module, the
operation times did not increase even if two pumps sys-
tem was adopted for larger pumps. Irrigation area was
slightly increased by applying rotation of irrigation.
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