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Ocean thermal energy conversion (OTEC) is a power generation method that utilizes small temperature
difference between the warm surface water and cold deep water of the ocean. This paper describes the
performance simulation results of an OTEC plant that utilizes not only ocean thermal energy but also
solar thermal energy as a heat source. This power generation system was termed SOTEC (solar-boosted
ocean thermal energy conversion). In SOTEC, the temperature of warm sea water was boosted by using
a typical low-cost solar thermal collector. In order to estimate the potential thermal efficiency and
required effective area of a solar collector for a 100-kWe SOTEC plant, first-order modeling and simu-
lation were carried out under the ambient conditions at Kumejima Island in southern part of Japan. The
results show that the proposed SOTEC plant can potentially enhance the annual mean net thermal
efficiency up to a value that is approximately 1.5 times higher than that of the conventional OTEC plant if
a single-glazed flat-plate solar collector of 5000-m? effective area is installed to boost the temperature of
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warm sea water by 20 K.
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1. Introduction

Ocean thermal energy conversion (OTEC) is a power generation
method wherein the heat energy associated with the temperature
difference between the warm surface water and cold deep water of
the ocean is converted into electricity [1-4]. Considerable research
effort has been directed to the development of OTEC. Uehara [5-8]
conducted numerous theoretical and experimental studies on the
major components of an OTEC plant. The results of these studies
revealed that ammonia is one of the suitable working fluids for
a closed-Rankine-cycle OTEC plant. However, due to a small
temperature difference (approximately 15-25K) between the
surface water and deep water of the ocean, the Rankine-cycle
efficiency is limited to be only 3-5%. This results in a high cost of
the electricity generated by an OTEC plant. In order to improve the
cycle efficiency, other thermodynamic cycles such as Kalina cycle
and Uehara cycle that use an ammonia-water mixture as the
working fluid have been developed and reported to have better
thermal efficiency than the Rankine cycle at the same temperature
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difference. However, it is evident that increasing the temperature
difference between the hot and cold heat sources is the most
effective solution to improve the thermal efficiency of a thermo-
dynamic power generation cycle. Saitoh and Yamada [9] have
described a conceptual design of the multiple Rankine-cycle system
using both solar-thermal energy and ocean thermal energy in order
to improve the cycle efficiency. This concept is quite reasonable
because good seasonal solar radiation would be expected at many
OTEC candidate sites. Further, in order to reduce material cost and
attain low electricity cost, Straatman and Van Sark [10] have
reported the conceptual description of a unique OTEC system
combined with an offshore solar pond called the OTEC-OSP hybrid
system. We consider that the combination of OTEC and typical low-
cost solar collectors could be another possible way to improve the
cycle efficiency and to attain low-electricity cost.

In this study, we describe a first-order simulation model of the
OTEC system that utilizes not only ocean thermal energy but also
solar-thermal energy; the latter is used as a secondary heat source.
A solar collector used in a residential application is simply installed
to the conventional OTEC component. This power generation
system is termed as SOTEC (Solar-boosted Ocean Thermal Energy
Conversion). The performance simulation of a 100-kWe SOTEC
plant with three typical low-cost solar-thermal collectors, which
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increase the turbine inlet temperature of the working fluid, is
carried out under the actual weather and sea-water conditions at
Kumejima Island in the southern part of Japan. The simulation
results of the SOTEC plant are discussed and compared with that of
the conventional OTEC plant.

2. Simulation model of SOTEC plant

Figs. 1 and 2 show schematics of the conventional closed-
Rankine-cycle OTEC operation and the proposed SOTEC operation,
respectively; these figures show the general arrangement of the
heat exchangers, pumps, piping, turbine generator, and solar
collector. In SOTEC, we present two probable ways to install solar
collector into the cycle, as shown in Fig. 2(a) and (b). In Fig. 2(a), the
warm sea water is pumped from the ocean surface and is heated by
a solar collector; then, the working fluid is indirectly heated and
evaporated through the evaporator. On the other hand, in Fig. 2(b),
the working fluid is directly heated and evaporated by a solar
collector after the working fluid is pre-heated by the warm sea
water through the heat exchanger. In this study, the former ‘indi-
rect’ SOTEC in Fig. 2(a) was selected for the performance simulation
because of some advantages in feasibility over the latter ‘direct’
SOTEC shown in Fig. 2(b). The solar collector in Fig. 2(b) must be
prepared to have corrosion resistance and high-pressure tightness
to directly heat the ammonia, the working fluid. A large amount of
ammonia would be necessary to fill up the entire solar-collector
piping in operation. This might increase the operational cost.
Moreover, in the case of this direct SOTEC plant, there are safety and
security concerns: due care must be exercised in order to prevent
the ammonia from leaking into the environment during long-term
operation. In addition, for faithful simulation of this plant, we must
know the characteristics of the solar collector when it functions as
an evaporator and/or a superheating device. For these reasons, in
this study, we modeled and simulated the indirect SOTEC. Further,
the OTEC of this SOTEC plant is selectively operated in night-time,
i.e. in the absence of solar radiation, and even in those times during
a day when the solar radiation is insufficient for the SOTEC
operation.

In the simulation, an ideal saturated Rankine cycle was assumed
in order to determine the theoretical thermal efficiency of the
Rankine-cycle n,. Fig. 3 shows the corresponding temperature-ent
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Fig. 1. Schematics of conventional closed-Rankine-cycle OTEC operation.
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Fig. 2. Schematics of SOTEC operation: (a) Solar collector installed in warm-sea-water
line (b) Solar collector installed in working-fluid line.

ropy (T-s) diagram. Here, Tg, Tc, and Tsco are the evaporation
temperature, condensation temperature, and the outlet tempera-
ture of the solar collector, respectively; Tws; and Twso, the inlet and
outlet temperatures of the warm sea water, respectively; Tcs; and
Tcso, the inlet and outlet temperatures of the cold sea water,
respectively; and Qg and Qc, the heat-flow rate at the evaporator
and condenser, respectively.

Fig. 4 shows the relationship between the theoretical thermal
efficiency of the Rankine-cycle ny, and the temperature difference
AT = Tg — Tc. The conventional OTEC has AT between 15 K and 25 K;
as a result, the maximum theoretical thermal efficiency is
approximately 7y, = 8%. If a solar collector can additionally boost Tg
by 20 K, the theoretical thermal efficiency of the SOTEC can be
improved up to 7, = 13%. Pumping power was not considered in
the calculation of n¢,. According to Rafferty [11] and Vega [12], AT is
the key factor that determines the cost of a solar-thermal energy
(STE) plant in the range of low AT values due to a logarithmic
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Fig. 3. T-s diagram of the closed-Rankine-cycle; the numbers and variables corre-
spond to Figs. 1 and 2(a).

decrease in the cost with an increase in AT. In general, the cost of an
STE plant can be significantly reduced by increasing AT by 50-80 K
from the low-temperature range (AT=20K) to a lower-middle
temperature range (AT=70-100K). However, for SOTEC, we
believe that the solar boost of 20-40 K would be preferable because
it is difficult to maintain high-thermal efficiency simultaneously in
two very different temperature ranges that are associated with
daytime SOTEC operation and night-time OTEC operation. Further,
using a single working fluid that is reasonably matched with the
temperature range associated with OTEC operation would be
a cost-effective way.

Fig. 5 shows the collector efficiency curves of a typical single-
glazed flat-plate solar collector, evacuated-tube solar collector, and
compound-parabolic-concentrator (CPC) solar collector. The effi-
ciency curves were measured by each manufacturer. These collec-
tors are frequently used for residential water-heating applications.
Since these collectors are mass-produced, they are cheaper than
high-temperature solar concentrating collectors. Therefore, we
expect that the installation of these collectors would be cost-
effective if the temperature range is less than 60 °C (333.15 K) and
the effective collector area is within a certain limit. As shown in
Fig. 5, the annual mean collector efficiencies of these solar collec-
tors were estimated to be as high as approximately 65-75% for the
weather condition in Kumejima Island (Lat. 26-20N, Lng. 126-48E)
near Okinawa Island in Japan, which is the planned construction
site of the OTEC plant. Fig. 6 shows the monthly variation of the
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Fig. 5. Collector efficiency of flat-plate, evacuated-tube, and CPC solar collectors.

ambient temperature, the temperatures of the warm sea surface
water and cold sea water, and the mean daytime solar radiation to
a tilted solar-collector aperture at Kumejima Island [13]. Tilt angle
of solar collector is 30° facing the equator. During daytime, from
June to October, approximately more than 450 W/m? of solar
radiation is available to boost the warm sea-water temperature. In
this study, first, for each solar collector, we simulated its effective
area that is required for boosting the temperature of warm
sea water by 20K or 40K in order to achieve a 100-kWe of
turbine generator power under the conditions shown for monthly
daytime weather and sea-water temperature. Next, we simulated
annual hourly performance using these effective areas of the solar
collectors.

The following assumptions were applied to the present
simulation.

1. The solar-collector efficiency 7. is calculated from the collector
efficiency curve shown in Fig. 5. Here, average sea-water
temperature inside a solar collector is defined as (Tws;+
Tsco)/2.

2. The thermodynamic cycle of both OTEC and SOTEC is an
ideal saturated Rankine cycle using pure ammonia as the
working fluid. Turbine efficiency and pump efficiency are given
explicitly.

3. The heat losses from piping and other auxiliary components are
negligible.

The net power Py of the OTEC or SOTEC operation is defined as

35 700
Warm-sea-water temperature

w
o

600

N
(6]

N
o

500

ZW/M ‘@2ejng 10303]|09 Je
uolnjeipey Jejos awnAeq

i /
15T f\mb|ent Daytime Solar radiatior\
emperature L ~ atcollector surface \
\
10 | - — - Cold-sea-water temperature A 400
/ at 1000-m depth - |
5 d \ =3

Temperature, °C (+273.15 K)

l —

0 300
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 6. Monthly variation of ambient temperature, the temperatures of the warm sea
surface water and cold sea water, and mean solar-radiation incident on a tilted solar-
collector surface at Kumejima island in Japan.
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Py = Pg — (Pws + Pcs + Pwr) (1)

where Pg is the turbine generator power and Pyws, Pcs, and Py are
the pumping powers required for warm sea water, cold sea water,
and the working fluid, respectively. Generally, a power generation
cycle that employs a low-temperature difference tends to consume
larger pumping electricity than the one that employs a high-
temperature difference. Therefore, it is important to simulate net
power and net thermal efficiency in OTEC and SOTEC. The value of
Pg is calculated as follows from the product of the mass flow rate of
the working-fluid mwr and the adiabatic enthalpy difference
between the evaporator and the condenser:

Pg = mwenrng(ht — hy) (2)

where 77 and 7g are the turbine and generator efficiencies,
respectively. The values of enthalpies h and h; are calculated using
PROPATH [14] (Stewart et al. [15]), software for calculating
thermodynamic properties. The values of Pws, Pcs, and Pwg are
calculated as follows:

Pys = mwsAHwsg/Mwsp (3)
Pcs = mcsAHcsg/Mesp (4)
Pwr = mwrAHwWEZ/Mwrp (5)

where g is the acceleration due to gravity and mws, mcs, mwr, 4Hws,
AHcs, A4Hwr, nwsp, 1csp, and nwep are mass flow rate, total pressure
difference(i.e. head), and pump efficiency of the piping used for
warm sea water, cold sea water, and working fluid, respectively. The
pressure difference of each piping was calculated using the equa-
tions derived by Uehara and Ikegami [6]. They have performed
a detailed optimization of a closed-Rankine-cycle 1-MWe OTEC
plant with plate-type heat exchangers using ammonia as the
working fluid. Fig. 7 shows a piping diagram of the proposed SOTEC
plant. Its operation was alternatively switched from OTEC to SOTEC
by controlling valves. The heat transfer areas of the evaporator and
condenser were also ideally controlled to the optimal heat
exchange efficiency by controlling valves. Table 1 shows the piping
condition of the 100-kWe SOTEC plant. The specification of the
plate-type heat exchanger was the same as that reported by Uehara

Solar-collector Array

A 4

and Ikegami [6]. The total pressure head of the solar-collector array
including piping and auxiliary was assumed to be 15 m.

Table 2 shows the other conditions for the simulation. The
overall heat transfer coefficients of the evaporator Ug and the
condenser Uc were assumed to be 4000 W/m?K and 3500 W/m?K,
respectively. These values have been experimentally obtained by
Uehara and Nakaoka [5]. The heat transfer areas of the evaporator
Ag and the condenser Ac are defined as

Ag = Qg/(Ug(ATm)g) = mwsCpws(Twsi — Twso)/ (Ug(ATm)g)
(6)

Ac = Qc/(Uc(ATm)c) = mescpes(Teso — Test)/ (Uc(ATm)e)  (7)

where, (ATy)g and (ATy)c are the logarithmic mean temperature
differences of the evaporator and the condenser, respectively. Qg
and Qc are the heat flow rate of the evaporator and the condenser,
respectively, defined as

Qr = mwg(hy — hy) (8)

Qc = mwg(hy — h3) (9)

The Rankine-cycle efficiency ng and the net Rankine-cycle effi-
ciency npet are given as follows:

MR = Pc/Qe (10)

nnet:PN/QE (11)

3. Results and discussion

First, the conventional 100-kWe OTEC operation was simulated
and the heat transfer areas of the evaporator and condenser were
determined in advance, the SOTEC daytime operation was then
simulated by optimizing the flow rates of warm and cold sea water
in order to avoid the required heat transfer capacities of the
evaporator and condenser from exceeding the determined values
for the OTEC operation: Ag =514 m? and Ac =478 m?. In SOTEC,
the increase in the turbine inlet temperature, i.e. the increase in the
evaporation temperature caused by the solar boost is assumed to be
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Fig. 7. Piping diagram of the SOTEC plant.
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Table 1
Piping conditions for the simulation.

Warm-sea-water pipe

Length m 50

Diameter m 0.7
Cold-sea-water pipe

Length m 1000

Diameter m 0.7

Plate-type heat exchanger (as evaporator and condenser)
Plate length m
Plate width m
Plate thickness mm 1.0
Clearance on sea water side m|
Clearance on working-fluid side m|

Total pressure head of solar-collector array and piping m 15

20 K, and the solar-collector areas required for achieving the 20-K
solar boost were estimated.

Fig. 8 shows the monthly variation of the daytime net Rankine-
cycle efficiency npet of SOTEC operation compared with that of
OTEC operation. npet of SOTEC is approximately three times higher
than that of OTEC in every month. This improvement was better
than we expected in the preliminary consideration of the theoret-
ical thermal efficiency 7, as shown in Fig. 4. npet of SOTEC was
significantly affected by pumping powers.

Fig. 9 shows the monthly variations of the net power Py and the
pumping powers required for warm-sea-water Pys, cold-sea-water
Pcs, and the working-fluid Pwg: Fig. 9(a) and (b) is for OTEC and
SOTEC operations, respectively. These figures show a breakdown of
turbine-generated power Pc =100 kW. In SOTEC operation, the
pumping power required for cold sea water was reduced to
approximately 30% of that in OTEC operation because the mass flow
rate of cold sea water was reduced in SOTEC operation due to an
increase in the Rankine-cycle efficiency nr by solar boosting.
Consequently, the net power of SOTEC was larger than that of OTEC.
The pumping powers required for warm sea water and the working
fluid were also slightly reduced in SOTEC. These resulted in the
above-mentioned increase in the net efficiency of SOTEC. We
should note that the night-time performance of OTEC is almost the

Table 2
Conditions for monthly simulation.

Turbine generator power P  kWe 100

Turbine efficiency o - 0.80

Generator efficiency N - 0.90

Efficiency of sea water pump nwsp — 0.80
Nesp = 0.80

Efficiency of working-fluid pump NWEP — 0.75

Evaporator (plate-type heat exchanger)

Overall heat transfer coefficient Ug  W/m?K 4000

Twsi — Te (OTEC) and Tsco — T (SOTEC) K 3.0

Condenser (plate-type heat exchanger)

Overall heat transfer coefficient Uc W/m?K 3500

Tc —Tesi K 3.0

Solar collector

Tilt angle ° 30

Azimuth angle ° 0 (facing South)

Weather condition (Annual mean value in

Kumejima, Japan)

Ambient temperature Ta °C 22.6

Solar radiation on collector surface I W/m? 457

Sea water temperature (Annual mean value in

Kumejima, Japan)
Warm-sea-water temperature at a depth of 0 m °C 25.7
Cold-sea-water temperature at a depth of 1000 m °C 44
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Fig. 8. Monthly variation of daytime net Rankine-cycle efficiency #net of OTEC and
SOTEC operation at Kumejima island.

same as the daytime performance since the temperature difference
between the warm and cold sea water almost remains the same.

Fig. 10 shows the effective area of a solar-collector Asc required
for achieving the 20-K solar boost in monthly 100-kWe SOTEC
operation. Asc of the flat-plate collector varied from 4200 m? to
5000 m?, while those of the evacuated-tube and CPC collectors
varied from 3500 m? to 4500 m?. In the summer months, the
effective area of the flat-plate collector was more by a maximum of
800 m? than that of the other collectors because the efficiency of
this collector decreased with the increase in the temperature
of warm sea water, i.e. with the increase in the inlet temperature
of this collector in summer months.
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Fig. 9. Monthly variation of net power Py, warm-sea-water pumping power Pys, cold-
sea-water pumping power Pcs and working-fluid pumping power Pwr in daytime
operation at Kumejima island: (a) OTEC operation (b) SOTEC operation.
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Fig. 10. Required effective area Asc of solar collector for achieving temperature
increase of 20 K in 100-kWe SOTEC operation at Kumejima island.

Table 3 lists important simulated values of 100-kWe OTEC and
SOTEC operations under the annual mean daytime condition at
Kumejima Island. In this table, the result obtained for the case
of 40-K solar boost is added for comparison. 7pet of OTEC
daytime operation was 2.3%, while that of SOTEC was 6.3% and

Table 3

Simulation results of 100-kWe OTEC and SOTEC operation under the conditions of
annual mean daytime ambient temperature, solar radiation, and sea-water
temperature at Kumejima island in Japan.

OTEC SOTEC SOTEC
Tsco —Twsi=20 Tsco — Twsi =40
K K
Warm sea water: Twst °C 25.7 25.7 25.7
inlet temperature
Outlet temperature Twso °C 22,6 228 31.5
Cold sea water: Tess °C 44 44 44
inlet temperature
Outlet temperature Teso °C 74 85 8.5
Solar collector: Tsa °C - 25.7 25.7
inlet temperature
Outlet temperature Tsco °C - 45.7 65.7
Evaporation temperature Te °C 217 417 61.7
Condensate temperature Tc °C 84 84 84
Net power Pn kW 725 884 91.3
Pumping power for: Pws kW 71 34 1.5
warm sea water
Cold sea water Pcs kW 186 5.7 3.7
Working fluid Py kW 1.8 25 3.5
Flow rate: warm sea water  mws kg/s 260 16.0 7.3
Cold sea water mes  kgfs 260 812 524
Working fluid mwr kgfs 2.6 11 0.76
Rankine-cycle efficiency R % 32 72 10.4
Net Rankine-cycle-efficiency mnet % 23 63 9.5
Heat transfer area of Ag m? 514 237 166
evaporator
Heat transfer area of Ac m? 478 299 207
condenser
Flat-plate solar collector
Collector efficiency Ne - - 0.63 0.48
Required collector Asc m? - 4440 5333
effective area
Evacuated-tube collector
Collector efficiency Ne - - 0.73 0.68
Required collector effective Asc m? - 3874 3760
area
CPC solar collector
Collector efficiency Ne - - 0.74 0.65
Required collector effective Asc m? - 3798 3945

area

Note: Temperature unit °C is converted into K by adding 273.15 to its value.

9.5% corresponding to 20-K and 40-K solar boost, respectively. The
effective area Asc of the flat-plate solar collector for the 40-K solar
boost is 5333 m?, which is 893 m? larger than that of the 20-K solar
boost because of the collector efficiency drop from 7. = 63% to 48%.
In contrast, Asc of the evacuated-tube collector for the 40-K solar
boost is approximately 100 m? less than that for the 20-K solar
boost because the collector efficiency was retained at 7. = 68% even
for the 40-K boost.

Fig. 11 shows the simulation results for the annual hourly vari-
ation of the net Rankine-cycle efficiency npet of the SOTEC plant and
the conventional OTEC plant at Kumejima Island for the 20-K solar
boost. In this simulation, we used a transient system simulation
program TRNSYS ver. 15. We selected a flat-plate single-glazed solar
collector, called TYPE1 collector, with an effective area of 5000 m?.
We originally developed closed-Rankine-cycle module, which
switches OTEC and SOTEC operation and controls mass flow rates to
maintain the optimal Rankine-cycle efficiency. The evaporation and
condensation temperatures were calculated from energy balances
in accordance with the manner described by Morrison [16]. The
piping and other conditions were the same as those listed in Tables
1 and 2, respectively. The annual mean values of hourly solar
radiation and ambient temperature were inputted, while the
monthly mean values of sea water temperatures were inputted
since the daily variation in the sea water temperature is insignifi-
cant. The SOTEC plant was selectively operated in the SOTEC mode
during daytime only if the thermal efficiency of SOTEC operation
exceeded that of OTEC operation. In Fig. 11, npet of the SOTEC plant
fluctuated up to 9% due to the change in solar gain, while 7pe¢ of
OTEC was within the range between approximately 1% and 3%.
Further, the net power of SOTEC fluctuated within the range
between approximately 70 kWe and 150 kWe; this is not shown in
Fig. 11. The annual total SOTEC operation time at Kumejima Island
was estimated to be 2867 h (approximately 120 days), so that the
annual mean net Rankine-cycle efficiency of the SOTEC plant was
finally estimated to be approximately 3%. This value is equivalent to
145% of that of the conventional OTEC plant.

The present simulation results indicate that the SOTEC opera-
tion can potentially increase the efficiency of OTEC by means of
a combination of low-cost solar collectors. 40-K boost by the solar
collector enhances net thermal efficiency up to several times higher
than the conventional OTEC in daytime. This performance
enhancement is a comparable level to that of OTEC-OSP (a hybrid
OTEC combined with offshore solar pond) estimated by Straatman
and Van Sark [10]. We expect that SOTEC can be one of the designs
such that has an economically optimal efficiency as well as OTEC-
OSP. However, in terms of cost estimation for the SOTEC, more

OTEC SOTEC
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Fig. 11. Hourly variation of net Rankine-cycle efficiency 7ner of SOTEC plant and
conventional OTEC plant at Kumejima island in case of temperature increase of 20 K by
flat-plate solar collector with effective area of 5000 m?.
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careful consideration and analysis of electricity cost is necessary
along with practical construction planning. At this moment, we
would like to emphasize that the cost of a flat-plate solar collector
would be lower than that of other solar collectors if we aim to
achieve a solar boost of within 20 K and that the evacuated-tube
collector would be cost-effective for the SOTEC with 40-K solar
boost. The price of evacuated-tube collectors is being dramatically
reduced due to market expansion and the development of mass-
production technology. The development of a mass-production
technology for large-area solar collectors will help reduce the cost
of SOTEC. For collector-mounting cost, in tropical sunny-island
nations around the equator where OTEC potentially works most
efficiently, it is obvious that the solar collectors need not be tilted
for receiving the best solar-radiation gain. This implies that one can
construct a solar-collector array on the sea surface with a floating
raft or on the flat beach with less mounting materials. However,
particular plumbing piping and sealing might be required for the
collector and auxiliaries in order to prevent the damage from salt
water and waves. These costs should be carefully estimated in order
to judge the practical feasibility and reliability of an SOTEC plant.
Furthermore, we should consider that there are other thermody-
namic cycles that are more efficient and advanced than the closed-
Rankine-cycle used in the present simulation. More precise
performance simulation based on these other efficient cycles is
necessary.

4. Conclusion

A solar-boosted ocean thermal energy conversion (SOTEC)
system was proposed and first-order performance simulation was
carried out. The results reveal that the installation of a solar
collector enhances the thermal efficiency of an OTEC plant,
particularly in daytime operation. Net thermal efficiency of SOTEC
operation with 20-K solar boost is 2.7 times higher than that of
OTEC operation under the daytime conditions at Kumejima Island.
This results in approximately 1.5-times higher annual net thermal
efficiency than the conventional OTEC plant. For future studies, the
authors intend to perform more precise simulation including other
thermodynamic cycles and estimate the practical cost of SOTEC
plant. We believe that the direct SOTEC system shown in Fig. 2(b)
would be worth considering in addition to the indirect SOTEC
system focused in this paper. We will experimentally verify the
efficiency enhancement by installing a solar collector into the
30-kW OTEC test plant which has already been constructed and
operated at Institute of Ocean Energy, Saga University [17,18]. The
development of an advanced OTEC system will become increasingly
important and promising with a long-term upward trend in the
prices of oil and fossil fuels.
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