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ABSTRACT

Okinawa Island is located in the southern region of Japan and has a population of 1.22 million.
Okinawa Prefectural Enterprise Bureau (OPEB) supplies 410,000m3/d of water to 24 munici-
palities. Although OPEB uses multiple water resources including dam reservoirs and ground-
water, increased water demand resulted in occasional water shortages until a seawater
desalination plant (40,000m3/d) started operations in 1997. In this study, a model was devel-
oped to simulate the water supply system of Okinawa Island using precipitation and OPEB
operational data from 2009 to evaluate the role of the desalination plant in reducing risks asso-
ciated with drought and power consumption of the plant. The simulation results indicate that
without the desalination plant, the dam reservoir storage falls below 50% for 70 days, whereas
with the desalination plant, storage remains above 50%. If the plant was operated at full capac-
ity, the dam reservoir storage increased by 17.2% after 1 year of simulation time. However, the
desalination plant consumes 4.5–14.7 times more electricity per unit volume of water than other
water resources. Although the desalination plant plays an important role in avoiding water
shortage in Okinawa Island, operational protocols to minimize power consumption need to be
developed further using simulation models such as the one developed in this study.
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1. Introduction

Because of the increasing water demand from pop-
ulation growth, securing safe drinking water has
become a difficult task in many countries, especially
in arid and semiarid regions and on small islands [1].
Seawater desalination is expected to be one of the
solutions to worldwide water shortage and has been

implemented in many countries. Seawater desalination
has been used in arid countries as a major water
resource, but a growing number of countries, includ-
ing Australia and China, employ seawater desalina-
tion to augment other water resources. Although
seawater desalination can be a reliable water resource,
one of the drawbacks is the high energy cost. The
reported electricity consumption of desalination plants
is 4–7 kWh/m3 of fresh water produced [2]. The state-
of-the-art reverse osmosis processes were reported to*Corresponding author.
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be able to produce water at ca. 2.0 kWh/m3 based on
laboratory-scale experiments [3,4]. To mitigate the
environmental impact of desalination, it was proposed
to lower the energy consumption of desalination to
3.0 kWh/m3 [5].

In cases where there are alternative water
resources other than seawater, the evaluation of the
reliability and the cost of the whole water supply sys-
tems, including all the water resources, is necessary to
determine the effect of operating a desalination plant
or to develop an optimum operational protocol. Mer-
abtene et al. [6] assessed the drought risks of the
municipal water supply system of Fukuoka City,
Japan, which has a desalination plant. Jenkins et al.
[7] evaluated the economy of California’s water sup-
ply system to minimize the drought risks. Most of the
previous researches focused on the reduction of
drought risks, but the energy consumption of the
water supply system was not fully considered in these
studies. When desalination is integrated into other
water resources such as surface and ground waters, it
is necessary to take energy consumption of the total
water supply systems into consideration in order to
balance water supply stability and the carbon foot-
print of the water supply systems.

Okinawa Prefectural Enterprise Bureau (OPEB),
which is a bulk supply company in Okinawa Island,
Japan, had experienced serious water shortages and the
prolonged supply outages. In 1997, a seawater desalina-
tion plant with a production capacity of 40,000m3/d
started operation [8]. Since then, there have been no
water supply outages. Due to the increased electricity
consumption of the desalination plant, OPEB is facing
the need to operate the total water supply system more
efficiently, optimizing the costs, carbon footprint, and
the stability of the water supply system.

In this study, the current operational method of
the desalination plant by OPEB was evaluated in
terms of the reduction of drought risk and the power
consumption. A model was developed to simulate the
OPEB water supply system from precipitation data,
and the effectiveness of the desalination plant was
assessed for different scenarios in terms of the stabil-
ity of the water supply and the electricity consump-
tion.

2. Water sources and water supply system in
Okinawa Island

2.1. Water resources

Okinawa Island is located in the southwestern
region of Japan between the East China Sea and the
Pacific Ocean. It has an area of 1,207 km2 and a

population of 1.22 million. Since the 1970s, water
demand has increased considerably because of urban
population growth and an increase in the number of
tourists. To meet the increasing water demand, vari-
ous water resources, including surface water and
desalination, have been developed during the last few
decades.

OPEB uses multiple water resources throughout
the island (Fig. 1). There are four different kinds of
water sources, they are: 10 reservoirs, 20 rivers,
groundwater wells, and a seawater desalination plant.
The reservoirs are located in mountainous northern
and middle part of the island, but water demand is
higher in the southern region where urban areas are
concentrated. Therefore, a 40-km aqueduct was con-
structed to bring the water from the northern region
to the south.

Fig. 1. Location of water resources (2010).

Fig. 2. Percentage of intake in Okinawa Island.
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The percentages of water resources used between
2005 and 2011 are shown in Fig. 2. The dam reservoirs
account for 63.2% of the total intake from all water
resources, the rivers provide 27.8%, wells provide
5.9%, and the desalination plant provides 3.1% of the
source water.

There are differences in the stabilities of various
water resources. The dam reservoirs and rivers have a
large available volume of water and account for the
majority (91.0%) of the water resources. However,
they are not stable resources because the availability
depends on annual precipitation. The wells and the
desalination plant are more stable than reservoirs and
rivers, but they only account for less than 10%. There-
fore, in Okinawa Island, it is necessary to combine sta-
ble and fluctuating water resources to meet the two
goals: reduction of drought risk and minimization of
electricity consumption.

2.2. Reservoirs

Among the 10 reservoirs being utilized for the
water supply, the Ministry of Land, Infrastructure,
Transport and Tourism (MLIT), Government of Japan

manages seven reservoirs located in the northeast
region. The refectural government manages one of the
10 reservoirs (Kurashiki dam), which is located in the
middle region. The OPEB manages two reservoirs
with relatively small storage capacity. However, these
reservoirs are very important because they are used
exclusively for water supply and can be managed at
OPEB’s discretion.

2.3. Rivers

There are 20 small rivers that are used as water
resources by OPEB. These rivers are categorized into
three groups geographically and by the developed peri-
ods, namely: 12 western rivers, 5 northern rivers, and 3
middle rivers. The western rivers are relatively small
and provide good water quality. The raw water taken
from them is pumped to the Kurashiki Dam Reservoir.
The northern rivers also have good water quality and
most of the water taken from them is transmitted to the
south-central area with the remaining fraction con-
sumed in the northern area. The middle rivers are rela-
tively large and thus, provide a steady raw water
supply. However, the water in these rivers has high
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Fig. 3. Diagram of water flow from intake to distribution (Data in 2008).
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hardness arising from the Ryukyu Limestone, which
covers this area, and is also affected by urban activities.

2.4. Groundwater

The groundwater pumping wells are located in
Kadena-Cho, which lies in the middle area of the
island. This well water represents a stable source of
water, but, similar to the middle rivers, the ground-
water contains high hardness. Therefore, the water is
pretreated to decrease hardness prior to it being sup-
plied to the Chatan water treatment plant (WTP).

2.5. Seawater desalination

Although the seawater desalination plant has a
total capacity of 40,000m3/d, it is operated at full
capacity only when the water level in the reservoirs is
less than a designated level. Regularly, the plant is
operated at 5,000m3/d, one-eighths of the full capac-
ity, to reduce costs and power consumption. The pro-
duction of fresh water by the desalination plant is
gradually increased as needed.

2.6. Water supply systems

Water supply in Okinawa is managed by OPEB.
OPEB is a bulk supply company that takes raw water
from the various resources mentioned above and
treats and supplies the water to the 24 municipalities
of Okinawa Island. Each municipality is responsible
for supplying tap water to the customers.

The flow diagram of the water supply systems
managed by OPEB is shown in Fig. 3. The numbers in
Fig. 3 indicate the volumes of water (103m3/y) trans-
mitted or distributed in 2008. Surface water resources,
including the northern and western rivers, and the

Fukuji and Haneji Dams are transmitted to the Kushi
WTP, where raw water undergoes primary treatment,
i.e. chemical coagulation and gravity settling. The pri-
mary-treated water is further transmitted to Ishikawa,
Nishihara, and Chatan WTPs, where the water under-
goes further treatment. A small volume of surface
water from the northern and the western rivers is
transmitted to Nago WTP and then distributed to
municipalities. Chatan WTP is the largest WTP in Oki-
nawa Island and has multiple water treatment pro-
cesses including an advanced treatment process of
ozonation and granular activated carbon adsorption
for surface water treatment, groundwater softening,
and seawater desalination.

3. Estimation of electric power consumption by
water supply

The power consumption in 2008 is shown in
Fig. 4. WTPs accounted for more than a half of the
total power consumption. This is because the reported
power consumption by each WTP contains not only
power consumption for water treatment, but also for
distribution to the municipalities. The second largest
power consuming facility is the desalination plant, fol-
lowed by the intake pumps, and the transmission
pumps. The desalination plant consumed approxi-
mately 3.0� 107 kWh/year, which accounted for 17.5%
of the total power consumption, whereas the desali-
nated water volume accounted only for 3.1% of the
total water supply (Fig. 2). As a result, power con-
sumption per unit volume of the desalination plant is
much higher than other water sources. The intake and

Fig. 4. Percentage of electricity consumption of OPEB
(2008) [9].

Fig. 5. Electricity consumption of OPEB [10].
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transmission pumps, which transmit raw water over
long distances, are also power consuming facilities,
accounting for 19.3% of the total power consumption.

Based on the power consumption data and the
water volumes are shown in Fig. 3, the power con-
sumption per unit volume (1m3) of water produced
from each water resource was calculated (Fig. 5). The
variation between different water resources is high
and ranges over two orders of magnitude. The unit
power consumption by the desalination plant was by
far the highest among all the water resources.

Comparison of the unit power consumption
between different processes showed that the electricity
consumption associated with water transmission is
high. The western rivers, the northern rivers, the
dams managed by Central Government, and the dams
managed by OPEB are located far from the WTPs.
These locations relative to the WTPs result in higher
energy consumption per unit volume of water for
transmission. The difference in the unit power con-
sumption in water treatment processes was small for
surface and ground waters because of electricity
required for groundwater pumping and softening.

4. Simulation of desalination plant operation

4.1. Modeling the dam reservoirs

A model was developed to simulate the water flow
diagram shown in Fig. 3. This model was used to
evaluate the effectiveness of the seawater desalination
plant in reducing the risk of a water shortage. The
power consumption required to operate the desalina-
tion plant was estimated as well. The simulation
model employs a tank-in-series model to predict the
water stored in the reservoirs. The model parameters
were estimated from a best fit to the dam storage data
by the least-squares method (Fig. 6) using the rainfall
data and the dam storage data from 1 April 2005 to 31

May 2010. The mean precipitation data of the Nago
(26˚-35.60´N, 127˚-57.90´E) and Oku (26˚-50.10´N, 128˚-
16.30´E) weather monitoring stations [11], located in
the middle and in the north of Okinawa Island, were
used in the simulation of the dams managed by the
MLIT. The precipitation data of Yomitan (26˚-24.31´N,
27˚-44.50´E) were used in the simulations of the dams
managed by the OPEB and the Kurashiki dam.

The monitored and simulated data of the total
dam storage between 2005 and 2010 are shown in
Fig. 6. The simulated storage of the total dam reser-
voirs is in good agreement with the monitored water
storage in these reservoirs. A small difference between
the simulated dam storage and the monitored data
might arise from intense precipitation in some small,
localized areas that is not reflected in the rainfall data
of the monitored weather stations. However, because
of the excellent qualitative agreement between the
monitored and simulated results, these model parame-
ters were deemed sufficient for use in our evaluation
of the desalination plant.

4.2. Scenario-based simulation

In order to quantitatively estimate the reduction of
the drought risk by the desalination plant, three sce-
narios for operation of the desalination plant were
compared (Table 1).

Scenario Des09 is the water management scenario
exactly the same as the operations by OPEB in 2009.
Scenario NoDes simulates conditions when there was
no desalination plant and the water volume that was
produced by the desalination plant in 2009 is aug-
mented from the dam reservoirs. Scenario FuDes
assumes full-capacity operation of the desalination
plant throughout the year to maximize the water stor-
age in the dam reservoirs.

The data for water intake from rivers, groundwater
wells, and dam reservoirs and the data for water pro-
duction by the desalination plant and precipitation in
2009 were used as inputs to the simulation model

Fig. 6. Monitored and simulated data of dam storage.

Table 1
Scenarios of desalination plant operation

Name Scenarios

Des09 Following the existing data of the intake and
desalinated water

NoDes Assuming that there is not the desalination plant
and complements the lack water with the water
of the dam reservoirs

FuDes Assuming that the desalination plant is operated
at its full capacity to save the water of the dam
reservoirs
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under the three operational scenarios of the desalina-
tion plant. The 2009 data were selected because 2009
was the latest year with very small precipitation.

The simulated dam storage under the three scenar-
ios is shown in Fig. 7. In Des09, though the dam stor-
age in January was 71.9%, it ended the year in
December at 67.4%. This simulation scenario predicted
a decrease in the dam storage by 4.5% in 2009. In
NoDes, the dam storage in December was only 57.0%.
This result shows that the operation of the desalina-
tion plant in 2009 raised the dam storage in December
by 10.4%. Finally, in FuDes, the dam storage increased
to 74.2% in December. This increase represents a 2.3%
rise from January and is 17.2% higher than that of
NoDes (Fig. 7).

The OPEB operational rules require that, when the
dam storage falls below 50%, water rationing is imple-
mented. In the NoDes scenario, there would be
70days of water rationing in 2009. In other words, the
desalination plant was effective in avoiding 70days of
water rationing in 2009. The power consumption by
each facility was estimated and compared for the
three scenarios shown in Fig. 8. The difference
between NoDes and FuDes was 75.5� 106 kWh/year.
The dam storage of FuDes at the end of December
was 17.2% larger than that of NoDes (Fig. 7). There-
fore, the desalination plant consumed 75.5� 106 kWh/
year to increase dam storage by 17.2%. The compari-
son between NoDes and Des09 shows that by con-
suming 46.2� 106 kWh/y, the desalination operations
reduced water rationing by 70days and preserved the
dam storage at the end of the year by 10.4%.

4.3. Drought risk reduction by the desalination plant

In order to estimate the effectiveness of the desali-
nation plant operation in preventing water rationing,

the annual precipitation necessary to maintain the
dam storage level was calculated and plotted against
the annual precipitation percentile (Fig. 9). The mean
annual precipitation for the past 34 years from 1977 to
2010 at the Oku and Nago Weather Stations ranged
between 1,500 and 4,000mm. The model year, 2009,
had the 10th smallest annual precipitation during this
time period.

From the simulation result in the NoDes scenario,
2,099mm of annual precipitation (shown as a dotted
line in Fig. 9) is needed to maintain the dam storage
level unchanged at the end of the year without operat-
ing the desalination plant. The simulation results show

Fig. 7. Simulated dam storage under three scenarios.

Fig. 8. Electricity consumption by scenarios.

Fig. 9. Annual precipitation percentile (1977–2010) and the
evaluation f desalination operation in maintaining dam
storage. (A) The dam storage will decrease even with the
desalination plant opening at the full capacity throughout
the year. (B) Desalination operation is necessary to prevent
a net loss in the dam storage. (C) Enough precipitation to
maintain the dam storage with desalination operation.
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that the dam storage level will not decrease without
desalination for approximately 62% of the years. The
FuDes scenario corresponds to 333mm of annual pre-
cipitation, thus the minimum annual precipitation of
1,766mm (= 2,099–333, also shown as a dotted line in
Fig. 9) is necessary to prevent a net loss in the dam
water storage with desalination. The operation of the
desalination plant is necessary to maintain the dam
storage level for 26% of the years when the annual pre-
cipitation falls between the two dotted lines. In approx-
imately 12% of the years, the annual precipitation is
below 1,766mm. In these years, even with the desalina-
tion plant operating at the full capacity throughout the
year, the dam storage level will decrease.

5. Conclusion

To estimate the effectiveness of the desalination
plant in reducing the drought risk in OPEB, a simula-
tion model to estimate the dam storage using the pre-
cipitation and water intake data as inputs was
developed. The simulated dam storage was in good
agreement with the monitored storage data. The
developed model was used to estimate the dam stor-
age in three different scenarios of desalination plant
operation. The simulation result estimated that, in
2009, 70 days of water rationing was avoided by the
operation of the desalination plant. The simulation
result also showed that the desalination plant con-
sumes 4.5–14.7 times more electricity per unit volume
than other water resources. From the simulation, the
actual electricity consumption in 2009 was calculated
to be 142.5� 106 kWh/year to maintain the dam stor-
age level above 50% throughout the year.

In the case of OPEB, the simulation results suggest
that the desalination plant is critical in maintaining a
steady water supply. In only 62% of the years is there
enough precipitation to maintain the dam storage lev-
els without desalination. In 26% of the years, desalina-
tion is necessary to avoid the loss of the dam storage
water level, and in 12% of the years, the precipitation
is not enough to keep the dam storage level even with
the desalination plant operating at the full capacity
throughout the year.

The desalination plant is critical in meeting water
demand, but supplemental in terms of the quantity of

water produced in the OPEB water supply systems.
The operation level depends on many factors includ-
ing dam storage, seasons of the year, past precipita-
tion history, and energy consumption. A simulation
model of the water supply systems like the one devel-
oped in this study is an effective tool in balancing the
stability of water supply and the energy consumption,
especially when energy consuming desalination is
used to augment other water resources with varying
energy demand as in the case of OPEB.
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