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Ocean Thermal Energy Conversion (OTEC) is widely expected to be highly practical technology, largely for
the reasons of using inexhaustible renewable energy and continuous electricity generation under any weather
conditions. One point to be considered in OTEC is the cost of electricity generation, of which a large portion
is found to be accounted for the cost of water intake facilities by the analyses of the report for demonstration
plant at Kumejima. In this paper, we examined the cost in various settings, including water intake facilities
optimization.

Against the power generation cost 120.5 ¥/kWh at 1,250 kW scale of Kumejima demonstration plant
(the intake facilities in business, without the grant), is reduced to 50.5 ¥/kWh by optimization of individual
components including water intake facilities, and is further reduced to 434 ¥/kWh by integrating water intake
pipes to one pipe. The present findings indicate that an optimized OTEC system will be sufficiently cost
competitive against a small scale diesel generator in a small island. Though it is required to further reduce the
cost of power generation for the full-scale dissemination of OTEC, there is a limit in the current state of the
water intake and power generation technologies under the constraint of the surface water temperature. There is
a need to consider economies of scale and the form and effect of the high-temperature side heat source auxiliary
equipment.
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Table 1 Detail condition of demonstration plant at Kumejima and comparison with the results of the optimization
.. . . Optimization
Unit Kumejima Kumejima Optimization after
Report ? (modified) with 2 pipes . .
Integration
Generator kW 1,250 1,250 1,250 1,250
Operating % 97% 97% 97% 97%
(1) Output -
Amount of generation 10* kWh/y 1,060 1,060 1,060 1,060
power Total O + @ + @ % (6.8%) 60.3% 216% 22.8%
Station output 10* kWh/ y 988 421 831 818
Entrance temperature T 25.7 257 257 257
Exit temperature 2 217 217 18.5 18.5
©) Surface Cycle ATy ” -1.0 -1.0 -1.0 -1.0
(higher T) Intake 10* m*/d 30 299 15.0 15.0
Pipe diameter mm 1,400 X 2 1,400 X 2 1,400 X 2 1,900 X 1
Water head m 5.0 50 15 12
Station use @ % Another business 11.2% 3.9% 3.9%
Entrance temperature T 7.0 70 70 70
Exit temperature s 12.0 12.0 119 119
Cycle AT ” 1.0 1.0 10 1.0
(3) Deep T
(lower T) Ir.ltakeA 10* m*/d 24.0 24.0 24.0 24.0
Pipe diameter mm 1,200 x 2 1,200 x 2 1,600 x 2 2,000 x 1
Water head m 7.0 91 34 3.6
Station use @ % Another business 42.2% 13.9% 15.1%
Efficiency (m1 X n2) % 2.2% 2.2% 2.2% 2.2%
i (Carnot)* ” 3.9% 3.9% 4.0% 4.0%
@) Generator Nz (Mechanical) s 55% 55% 55% 55%
Heat exchange High |ratio 1.00 1.00 1.32 1.32
area(output ratio) |Low |~ 0.61 0.61 0.60 0.60
Station use @ % 6.8% 6.8% 3.8% 3.8%
Surface 108 ¥ (18.2) 182 14.6 94
5) Deep ” (83.7) 83.7 495 5.3
Construction |Drainage s Included in multistage use of deep seawater 13.8 13.8
cost Generator ” 30.8 30.8 35.9 35.9
Total ” 30.8 132.6 113.8 94.5
Surface 108 ¥/y 0.77 0.61 0.49 0.31
Deep ” 0.61 279 1.65 118
(6) Annual Drainage ” Included in multistage use of deep seawater 0.46 046
cost Generator % 1.03 1.03 1.20 1.20
Running ” 0.15 0.65 0.40 040
Total ” 2.56 507 419 355
Surface ¥/kWh 7.3 144 59 3.8
Deep ” 5.8 66.2 19.8 14.4
(7) Unit cost Drainage s Included in multistage use of deep seawater 5.6 56
Generator ” 104 244 146 146
Running s 15 154 4.8 49
Total ” 25.0 120.5 50.5 434

Note) * Carnot efficiency is based on heat cycle temperature in Fig. 2 (Incl. latent heat)
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Table 2 Calculation target items, configuration of conditions

Gup = Ae /Aet (1)
——>Ae=Cd+Cr -+(2)
———»Cd =Cc / Dupe -+(3)
> Cc = Cc,, + Ce,, + Ceg, +Cc4 +(4)
——>Cc = Ceyey + Clgap --+(5)
Ceyp -+-Reference ?
Cegp -+-Calculated assuming a 0.82 power law of heat exchange plates area <
O -++Optimized by schematic design to given conditions flow rate - ———————————— )
——>Ccyy +-+Optimized by schematic design to given conditions flow rate and temperature st
L——Ccy --+Optimized As a condition that the flow of the entire water intake to coast =iy
L——— Dupe --*Weighted average value using construction costs: upper limit was 30 y. :
L——»Cr=Cm+ Cop+Lr -++(6) i
——>Cm=Cm,, + Cm,, + Cmy, + Cmy ~ ++(7) |
——>Cm,, -+-Reference ? i
——>Cm,, -Reference ? !
——»Cmy, ---Reference ? ‘
——>Cm, ---Reference ? :
- Cop ---Reference ? |
L——1Ir -+-Land rent of the building is included in the above i
Aet = Aep X (1~ Rsu) -+(8) P
L—» [ »Aep= OgeX24 hours X 365 days X Ro -++(9) i
———>0Oge = Hc X 7 -+(10) |
s Hey = (T = T X Q= o(11) 4 J
Tien ~ Tiex -~~Calcu1ated material balance from the following heat cycle i
> =N XN -+(12) i
LTI, +273) / (Th, +273)---(13) i
L T—lm O -+-Independert variable in Table 3 !
Thex --*Dependent variable (By minimization of generation cost) }7 i
[ Qg ] --+Independent variable in Table 3 i
I Ty, ! --Independent variable in Table 3 1 L » Rheh
| T, | --Dependent variable (By minimization of generation cost) J i
| Quw | --Independent variable in Table 3 : i~
| Thy | "'Dependent variable (By Generation efficiency) }
[ Th,, i --*Independent variable in Table 3 ‘ —> Rhel i
Tl ---Dependent variable (By Generation efficiency) i
! Tl I ++*Independent variable in Table 3 } |
s, l—— I ---Reference ¥ ; i
L—>»Ro - *Reference I
———Rsu= (Pc,,+Pc,+Pc,+Pe,)/ Oge -+(14) b
> Pc,, =HL,XQ, OB B iy
L= HI, = HIf,, + Hlv,, + Hle,, + Hit,,-(16) 1
——HIf, ---The total of all losses (friction etc.), density difference, head and tide level i
——Hlv,, "'Given condition (Changed within the range in Table 3) :
—> Hle, --Reference? |
——>Pcy,=H (17 <« —— —— —— —— e
L»le I—HI;‘tw + Hlvy, + Hldds” + Hley,, + Hity,--(18) i
——>Fly, -+-The total of all losses (fiiction, widening and curve), head and tide level i
—— Vi, -+-Calculated from the outline design and optimization |
— HLkw -+-Calculated from the outline design !
—>Pcy = H, X Qq --+(19) i
i:: Hl, -+-Given condition H
Qq -++Given condition e e CoTmTmoI Y
> Pe, = Pegy, + Pegy +++(20) 1
Cetp ---Reference? :
Pcgtrp -++Assumed to be proportional to (heat exchange area X cubed flow rate) R
——> Oge +++Given condition
Table 3 Independent variables (with standard values) - -
_nﬁx;,l Set of independent variables
Unit Surface Deep sea [ Output 1,250kW |_,
Temperature QC 20 ~ 30 (257) 51 ~ 88 (70) ................................................ v
Water intake 104 t/d 5.0 ~ 50 (30.0) 5.0 ~ 50 (24.0) | Design of water mtake facilities | | Design of heat exchanger
n . o A 4 H H
Heat cycle AT in Fig. 3 |C 05~30(10) ]05~30(0) [ Diameter (every 10cm) —Head loss | :
A T ¥
i | stationuse ®,@ || Station use ® |
2 : :
| Water intake cost |
------------------------- l---------?-------ﬁ---------------------
I Unit cost |

Y
| Optimized pipe diameter and head loss |

Fig. 1 Outline of optimization procedure
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High temperature side Output Cold side
1.000 m®/h 0.263 °C 1.596 m®/h
7.800 Mcal/h 0.172 Mcal/h 7.628 Mcal/h
0.200 kW
Inflow 25.7 T
1.0% :
25.0- ﬂ\ 0.26
D!/ i 2
2 1/ I {1'\ 4.4
/. i .atent heat
,7.8/‘./ .-' :'.:
/ —————————————-—
‘/ .:. e
o I
Rl
5
=
[5)
1=
=
[}
=
12.8 $ 1.0%2
Outflow 11.8
10.0+= r \e,
48 '\\
InflowN/7.0

Note : 31 CycleAT,, %2 CycleAT,

Fig. 2 Temperature profile in the cycle determined from heat
and material balance
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X Heat exchanger

Estimated from slope 0.82
100.0 Total

—+—+  Turbine

Ref. data
—*— ORC(KOBELCO MB-70H)3%2
— Turbine

Heat exchanger

Price (108 ¥)
S
(]

= Heat exchanger
—4— ORC(Turboden Co. Ltd.)}K"Sl ;

10 L~ — Turbine ///
—+— Heatexchanger” ~
.///
0.1 ' ' ' !
1 10 100 1,000 10,000
Output (kW)

Note : 1% OTEC High efficient ORC : 25. 7-7.0°C, n,=55%
27, 39 Standard ORC : 95-5°C, 7 ,=3%

Fig. 3 Cost estimation of turbine and heat exchanger
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Water intake pit s
& pump chamber —

ML \Vi Water head

u Q differential

Primary &
secondary
strainer P&

THDD*<2 Tunnel pipe &

water intake pipe

Note ¢1 MSL: Mean Sea Level
%2 HDD: Horizontal Directional Drilling

Fig. 4 Outline of water intake facilities

Table 4 Change in deep sea water temperature with depth
and estimated temperature increase

Depth Plpe. Deep sea .RISE: Rise outlet
Extension T in sea on land B
(m) g (T)
(m) (C) transport | transport
600 2,500 8.50 012 0.16 8.8
700 3,700 6.65 019 0.16 7.0
800 4,700 5.50 0.22 0.16 59
900 5,700 470 0.27 0.16 51
(3) 7k i

Table 4 |[ZAKEBIZ BT 2 EBEARKILOGE S FH AL,
BKELE, HARPBLOHE EToORE LR, BIUHEXK
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bHe—H 0.16CEIEL T,
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ﬁb’io“(%£t€o“(<7@7)‘ REQITTLEE, mE, #HKHh

WARAE L, Wil o> 25 B A o sl AL I BE 23 W7 A2 52 2 52 28
/J\éb‘o
(5) WAL FE

WK R D FEIE O I BALFNE % Fig. 512783 HEK,
RKEKOMEREOT, ZNEN10 cm HATERILIC
WHEE R BKEEEE, FRfitoc, L4, Eimtiicke, 2
NENIZOWTHEEIANILEL, EHEIROSN 5,
(6) BT, F&E, Jvy=rv7axk

FEAK, EEKOLKENL, LldKEAEZGEL, K

Given condition (Table 3)

________________________________ ]
Water temperature | | Water intake rate

|

| v

I Seabed topography,
: Pipe length,
|

|

and Environment

I )l Assumed pipe dlameter — Water head difference |

L H
|C0nstructlon plannmg| | Operation planmng |I
|

¥ A :
| Construction cost™! | Iﬁunmnq cost’™? | l

K
K
|
K
|
I : :
|= : | Station use®,® |
|
|
|
|

%3 |
Electricity”™ | :
7 |

Unit cost for a diameter

L .

| Total cost | I

Generation cost o !
and station use® | ¢ !
|

i

Note:

21 Construction costs include materials, their transportation,
connection, pipe protection, pit construction, labors,
management and overhead.

92 Running costs include labor, maintenance, repair and
administration.

%3 Electric power is decided from flow rate, water head
difference and operating plan of (Dsurface and @deep sea water.

Fig. 5 Cost evaluation of water intake
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Legend ——O—— Kumejima case (n ;=55%, current generator price) - - Higher efficient (7 ,=60.5%, current generator price) ~—--—<{—--— Lower generator price (7 ,=55%, 2/3 price)

—————————— Lower power generation capacity --------- Lower power generation capacity

- Lower power generation capacity

Fig. 6 Effects of parameters and turbine cost reduction/efficiency improvement on unit power generation cost (1,250 kW except
lower power generation shown in figures)

2.0 4

N
o

(a)

()

N
o

S
L
—_
o

Relative HA areas and total station use rate [-]
o
%

=
S

Relative HA areas and total station use rate [-]
o
!

Relative HA areas and total station use rate [-]

..... 0.5 - 0.5
........... o — o L -
< - & —0 —0 <
0.0 . . )
0.0 T T T T ] 0.0 : r T T 1
20 22 24 26 28 30 0 10 20 30 40 50 0.0 1.0 2.0 3.0
Surface water temperature (°C) Flow rate of surface water(104m?/d) Heat cycle temperature ofhigh side, AT,(°C)
20 (d) 2.0 G 00 ®
a4 T : -
2 e =
- @
E = g ﬂ
415 815 N\ 215 |
[=] a . =
RS} S \ =
E £ : £
@ & ’ g
E e 2
510 210+ T L
e H .‘3 gL0 S S
< S <
5 g g
g 3 2
< 5 g
§0.5’ ;0.5’ §0_5 L
I -
2 S = 2
E | e o —= ‘% S ———— - —— O
: : :
0.0 - - - - 0.0 - - T T 1 0.0 . - !
5.0 6.0 7.0 8.0 9.0 0 10 20 30 40 50 0.0 1.0 2.0 3.0
Deep sea water temperature (°C) Flow rate of deep sea water(104m3/d) Heat cycle temperature of low side, AT,(°C)
Legend ——@—— Heat exchanger area (ratio, high side) —-—-/A\-—-- Heat exchanger area (ratio, low side) = = =~ = - Station use rate
"""""""" Lower power generation capacity — "~ Lower power generation capacity sesssssssnesness | ower power generation capacity
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41 REKKBDFE

Fig. 6 a l3RBKILEOEEIAMNDOEE Fig 7 ald
B RE GRiRg, EME, DTRL), BITHNEAD
WHETHL, KD 24CTUTELDEFEORIINE SN
¥ (Fig. 6 a B, IS #scR 7 L — M2 KL (Fig
7arif), BEIZAINLKE AT,

FIGKKIRA TS LB A 7V NSRBI IR S TAYY,
BENEPIRT T 5. MOMTEE (FRERIUKE, HE
AOKIR, TUKE, BH A7 VElEOREZE) E—ELLTw
B7:%, PIEDFKBET T L7290, BIRMEASHET L —
MEREAZER L, MIOKIRE T, REKRA BOREEE
T B VBN AT B, FEAKE KR IZEA A 7 VN
TR B (R R AR ) K0 EWILE NS b, Thbb,
IR AR LB RAEDH 5

—J5, 257CLUL LTl WUKREIZHEPET L0 (Fig.
7 a), MO I E LT 57280, RGBT L —
MEROHMENMIFTETON, BEIAMIR/MECR 5T
Vo WAL O B A B T VDD B

ST, 5T7CRAKREDERMIPHKIETHY, AFIEH
20CITET 5, O, EEmIZEKD 1,250 kW IZF L,
24°CC 1,150 kW, 22C T 918 kW, 20T T 660 kW & i§ 4
T 5o OTEC (& %252 LC 24 e Ll @i 1T jE & 5 b 525,
FRKKIICHT T2 5 ER, EEIANDBKEF M
TV, FHHEMICIZEMZ @B L 30T R E Hg I [ v
HZENbNb,

4.2 REKKE (A-HOBEE) OFE

Fig. 6 b I3 RBKMEDOFHEIAIDOKE, Fig 7 b
BOCIIERE, BITNEANOEETH L, MEILERERD 2.5
FZWBIL, TEHIBBIZERICEATL-D, UK
ML A7 — 0V 21) » MK &V, FREICH LBE# T 2540
i b T AL, HEITHK, KEZTEML, FrN=Eo
BNz on s, oM ER—EOT, HiEoIiz
BWERBAKREIA LOREZLEXIEHTE. THEED
WET LY, ZZTIRIKE 15 T m3/ HTHEBEIAMIRK
IMEE7 Do

4.3 REKASYIIIVBEEDTE

Fig. 6 c IR ERMBA A 7 VIREEDIEEIA PN
2 Fig 7 c 3R, BRATNENORETHL, &
AR, AR B GR O BR S A R EE 25 & B A 2 VN T LT
GoZLilny, KRMOAEEZKELALIET L — M
AT D E, S OIREED/ NS ) BSZHmT L — b
MR Z LK T2, f#ifl 0.5 ~ 15T T T L —
MEFE O AFHEOEBIZ/NE v, XY FE (Fig 2) @
BROEEIZINSL, BIA I VET VG —EOREYE T
HrEbh s,

4.4 REKKEDFE
Fig. 6 d IZIEBAKIRDOFEEIAPNDOFE, Fig 7 d1d

B, BITNRANORBETH L. FEAKREZ T
TIEFEER L A H2%, BUREERISMY, THE
WEREITRE D, —77, BUKIRE Z BT UXBUK i %
THEBIIMEM T 27, BLREREAILAL, EEIZA ML
LA L. WAKETHEBEIZTA POKRE~KIR, W
WARAE L, TS, BRIRER 2 EDNT Y Aps, 22T
12 7.0C OKEE 700 m, WUKELEE 3,700 m) P HR#EE%5,

45 FREKDMKEDZE

Fig. 6 e ZIRBAKINKEDOEEIANNDZE, Fig 7 e
BT, BTN EANOEETH L, UKEZHS L
A W A AR L7z e &, AR AR 2 5 A T R 1) s i 1A
PO AN OB RN E V. TAE, w0
RANZ RO (2> 7o —okH) LEbh
o WREAKIZRERIZHRTURKEEEP R GL720, [
UBUKETIREEI»/NELC, KEZE, NI REE 2,
R RE R UK = (X B R T FE AT ESHL K 3 4 B AT £ TN
AHENAEFT, I TIE 24 md/ HOSREEE %25,

46 FEKABVAIIVBEEDTE

Fig. 6 f I3 EEKMEBAG A7 VIREEDIEEIAPNDE
2 Fig 7 (BRI RE, BRITHAENOLETHL, &
T 2 A 2 VIR B 7R A LK L BB T L — MR & AT
B &, B A 7OV AR B S B YY) S B S R T L —
AR AKEILRLT WS, 72720, 05 ~1.5CTREL
TED RV, TTTIHEEME LOCEATE $ICAW,

i

47 mEMEHLBEREIXb

Table 1 12 78 ¥ Kumejima (modified) i & % & 2 X b
120.5 M /kWh 2% L, MIZZH&ELOMAEDE D5
7 I A M Optimization with 2 pipes #1275 3 50.5 H /kWh
Elrofzs WUKLTHEZGEL, FaxoMalng, 4@y
fLafroTH, ALABEHIHII TELHEEIAMIEES R
W,

SEF TS, ERFKIRPERFY 30CI2 42 MR o
HWCHEBED wBILEIT) &, FEEI AN 38.0 M /kWh &
%boe 50.5 M /kWh (ZAF L 25% IR 3575, A& Y% T 12
BNt 3 TH b,

5. OTEC #&E1 X MEFEDBRF
BOK Tz L, Mo, SEmkEitTid, %
A MIEAPRE 2 AU LA IS LA T iE % £ TICEDS
Bhrolze ZITRAREBHES YOEMEILTHEEIA
MR & AR R DT RE R A 3 5.

5.1 REREDHMES (R, (M)

HiT B > &9 I HOR f 5 (X BUIR 0 i T RE ) Tl ST
BY, LHEREORERHEHRITED 2D, FEEEEITE
BRIZHD, 4tk FEEMBOM L EELIS LS MHE O
ETIHIFETE 5,



J. Jpn. Inst. Energy, Vol. 95, No. 8, 2016 661

ZZ T, Fig 6 IZHWA=D 10%M LG EA, BE
PR A 2/3 IR L 725 A QD RBIANEHERL
720 WM HEE 60.5%, HHVIIEE 2/3EF5HE, %
BIAMIIZIFLATIZATA L, 50.5 1 /kWh 25 47.0 [1
/kWh, 45.8 F1 /kWh IZf&F L7z

AR RANNEIE 2 5 I A MR L ETH L05, FEEI
AFEL0%IET XE272121F, BT 15% D L,
HBHVIIZEEIEFEMAET 6% DIAN T YV ZHDLEND
D, ZOFMTRENE R WEFET20XBEMITIERL
Vo

5.2 BUKE#HE

AKBHESE D CIRERBKOESMHERRE L, Mk
NOKIKDBIEE D ES R EBFWIRRE LT 05,
BARBEIZ2H5RELTVD, —F, BEOLEIITANEE)
EEZDLEEHGZBEREBLENLTHA) b A7IED
ELEGHENT WD, 22T, BUKEZL1KICHRE LY
& % Table 1 @ Optimization after integration i 12 78 97 5§
BWIAMIA34 M /kWh & 7% 505, RIEIELAIIEA 15
Tho7zo

5.3 OTEC #ZEIX MEHDEER

REEEZ TR T EIETHUKRES 20%Hi /T
ELLOWEY LB DY, WOKEOHM/ME THEEIZKEL
FREEY, BEEEOME, FTAEHNSLED, BE
TJANDRGFIEIREN TH Do A ba it FIIRke, KK
K% 30CICLTH, SEEIAME 380 M /kWh & RKEH
TN ES H 0,

EAR OTEC 2 T AKIA MK T B2 HEDLH 595,
BUK THEA 1/2 1K L TH# 36 1 /kWh TH 5,

6. & B

BOK Tk L, BOUKMZ, SSEEEOMBIN, 4
REy R #ELEITV, OTECHEBIA N AEZEFTRBTES
MR L7, THETA2%, FTNEE 36% IR T4 2L
NTE, FEEIANEA434 1 /kWh (1,250 kW) &7 o7z,
L, BEE OB T — VIR E RSB S
ARD, B, BUKEDBEAHEM CEIHTESL 2 L3RI
9%,

OTEC OARM MG R IZIIFHBEIA N2 S5 IR T2 05
W BN, RO, FBEHMOEZEZSNLHEL, FHTO
Holfl, VHOBRETEBERENSHLILLbhr oz, KD
FEEIA MR E LTIE, A7 —)b AU v bR i s
MEY LIFRBENELUBFTLIENEZLN, B, #
RIZOWT, SHIIHMETALENH S,

Nomenclature
Ae Annual expense [ ¥/y]
Aet Annual electric transmission [kWh/y]

Cc Construction costs [ ¥]

Cd Depreciation costs [ ¥/y]
Cm Maintenance costs [ ¥/y]
Cop Operation costs [ %/y]
Cr Running costs [ ¥/y]
Dupe  Durable period [v]
Gup Generation unit price [ ¥/kWh]
He Heat capacity [kWh]
HI Head loss [m]
Hld Head loss of density [m]
Hle Head loss of elevation [m]
HIf Head loss of friction [m]
Hit Head loss of tide level [m]
Hlv Head loss of velocity [m]
Lr Land rent [ ¥/y]
Og Output of generator [kW]
Oge Generating end output [kW]
Pc Power consumption [kW]
Pea Annual energy production [kWh/y]
Q Flow rate [m?3/s]

Rheh  High-temp.-side heat exchanger plate area ratio [-]

Rhel Low-temp.-side heat exchanger plate area ratio |[-]

Ro Operating ratio [-]

Rsu Station use rate [-]

Then High temperature side entrance temperature [T ]

Thex High temperature side exit temperature [C]

Toen Low temperature side entrance temperature [C ]

Toex Low temperature side exit temperature [C]

Then High side entrance temperature in heat cycle [T ]

Thex Low side entrance temperature in heat cycle [T ]

Then High side exit temperature in heat cycle [C]

Thex Low side exit temperature in heat cycle [C]

MNear Carnot efficiency [-]

Nee Generation efficiency [-]

Mm Mechanical efficiency [-]
(Subscripts)

d Drainage

dsw Deep seawater

en Entrance

ex Exit

ge Generation

hep Heat exchanger peripherals

SW Surface water

tp Turbine peripherals
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