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Development study of Automatic Control System for
Demonstration Plant of OTEC(Ocean Thermal Energy
Conversion) Using PID and Sequence Controller

Lim, Seung Taek

Division of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Through this study, we design closed cycles for the demonstration
and commercialization of OTEC using seawater temperature difference,
and design the scale of OTEC using PID and sequence for autonomous and
unmanned distribution of plants. The performance characteristics were

analyzed.

Selection of working fluid for designing the basic cycle, analysis
of heat source, and evaluation of temperature difference potential
were carried out, and the control range for automation of the working
fluid pump RPM control was selected through the operating
characteristic fertilizer of the 20kW pilot plant.

R32, an environmentally friendly and low-risk refrigerant, was
designed through the selection of the optimum working fluid, and the
seawater heat source of the final selected site(Kiribati) was applied

at an average of 30 C per year, and the heat sink was also applied at

- Xiii -
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5 T.

Through static simulation of MW-grade seawater temperature
differential power generation, the heat source temperature was reduced
and the decrease amount according to the temperature change of
evaporator pressure and turbine output was 45 kPa/C and 101.7 kW/C,
respectively. And 84.3 kW/C change were predicted.

In addition, PID control and sequence control algorithms and control
elements were selected to build a closed seawater temperature
differential control system for practical use of seawater temperature
differential generation. By applying the selected control values, we
implemented dynamic simulation of seawater temperature differential
power generation, reviewed the accuracy of control and system
stability, and confirmed the start and stop operation characteristics

according to the sequence change.

At this time, the power reduction of the maximum 997.6kW occurred in
the turbine according to the temperature change of the surface
seawater, and i1t was confirmed that the power reduction rate increased
at the point of dryness below 1(at 28.0 C).

In order to construct a control system by optimally applying the
proportional value, integral value, and derivative value, the RPM
control accuracy of the refrigerant pump and the reaction rate value
were compared. Integral value 0.09min and derivative, which are
control values with a low RPM accuracy of 2.45, were compared. The
value 0.06min is 39S which 1s below average in terms of control
responsiveness. Applying the integrated value 0.06min showing the
responsiveness below average and the derivative value 0.08min applying
the control system of OTEC with 33°C reaction speed and accuracy of

2.73RPM The system safety was derived through.

The start of the OTEC shows a rapid increase in flow rate up to 110
kg/s, the maximum RPM flow rate of the pump at 600RPM as the initial

refrigerant pump is started, and then decreases to the full flow rate

- Xiv —
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after the valve at the turbine inlet i1s 100% open.

The shutdown process is stopped by a 30% reduction in flow rate and
50% output at the 10% point where the bypass valve 1s first opened,
with the turbine inlet closure and the full opening of the bypass

valve at 25% of the rated output.

Finally, the performance characteristics and economic feasibility of
each region were compared for the commercialization of seawater

temperature differential power generation.

Regional electricity sales generated approximately 8,487 thousand
dollar in Kiribati, which had a high power cost of 0.327 $/kWh, and
approximately 1,278 thousand dollar in lakes, generating 0.29 $/kWh.

With the supply of 50MWV commercial plants, Australia and Kiribati
have high net present values of $ 108,000 and $ 580,000, respectively,

and their internal returns are more than 8.5% and 19.6%, respectively.

In this paper, we designed static and dynamic cycles for the
construction of unmanned facilities and control system facilities of
OTEC plants. In the future, a guideline for establishing a control
system for a seawater thermal power plant was presented. In addition,
it 1s expected to be used as basic data for the dissemination through

economic analysis.

KEY WORDS: Ocean Thermal Energy Convesion 3l25x#7; Working Fluid
Pump Z&-F* H3Z; Proportional-Integral-Differential controller H|#-Z}&-1]&

A ©17]; Sequence controller A2 A©17]; Dynamic Simulation &2 47|

- XV -
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Fig. 1.6 OTEC developments in the world(1 : USA, 2 : Japan, 3 : Nederland, 4

. japan(saga univ’ ), 5 : France, 6 : Korea)
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Fig. 1.7 World OTEC developing map
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Fig. 1.12 Block diagram of warm and cold seawater flow rate regulation
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Fig. 2.1 Schematics of 1st stage open cycle OTEC
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Fig. 2.2 Schematics of 2nd stage open cycle OTEC
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Fig. 2.3 Schematics of closed cycle OTEC
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Fig. 2.4 Experimental equipment of Fig. 2.5 4.5kW Experimental
OTEC using Kalina Cycle equipment of OTEC using Uehare
(Bluerise) Cycle (Saga Univ)
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Fig. 2.6 3D graphic and picture of 200kW HOTEC plant using 80°C heat
source (KRISO)
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Fig. 2.7 Schematic of novel OTEC cycle{(a) using heat collector, (b) using reheater, (c)

using generator}
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Fig. 2.8 Schematic of Two-phase ejector OTEC cycle[44]
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Fig. 2.9 P-h diagram of the EP-OTEC cycle[44]
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Table 3.1 Working fluids 1

Collection @ kmou

Chemical Safety
Name GWP ODP
symbol group
R134A CF3CH2F Al 1430 0
R717 NH3 B2 0 0
R141B C2H3CI2F A2 725 0.11
R245CA C3H3F5 A2 693 0
R245FA C3H3F5 Al 1030 0
R236EA C3H2F6 N/A 1200 0
R1234YF C3H2F4 A2 4 0
R1234ZE CF3CH A2 7 0
R22 CHCIF2 Al 1810 0.05
isobutane C4H10 A3 0 0
R32 CH2F2 A2 675 0
Table 3.2 Working fluids 2
Molar Critical
Chemical Density NBP
Name bol [kg/] mass C] Temp.
‘S [ke/kmol] [C]
R134A CF3CH2F 511.9 102.03 -26.16 101.0
R717 NH3 233.25 17.03 -33.3 133
R141B C2H3CI2F 458.5 116.9 32 194
R245CA C3H3F5 525.46 134 25.13 174.4
R245FA C3H3F5 519.4 134 15.1 154
R236EA C3H2F6 564.9 152 6.19 139.3
R1234YF C3H2F4 475.55 114.04 -29 95
R1234ZE CF3CH 456.17 114.04 -19 109
R22 CHCIF2 523.8 86.4 —40.7 96
isobutane C4H10 225.5 58.12 -11.7 135
R32 CH2F2 424.0 52.02 -51.65 78.10
— 37 —




Carbon Chain Based Refrigerants (HCs, HFCs, HCFCs)

< 4000 R404A
R22
R410A
<2500 R407A; R407C; RA07F
< <1500 R134a R32; HFC; HFO Blends
3
-}
[a W
5
R32
700
< HFC; HFO Blends R32; HFO Blends S
HFO; 1234 Series
<150 R1336mzz(2) .
R1270 . R290
R1233zd . R600a

R134a Like

R404A &R22 Like

Pressure or Capacity

R410A Like

A1 - Non Flammable
A2 - Lower Flammable
A3 - Flammable

. B2L - Toxic, Lower Flammable

NOTE:

Non Carbon Chain Based
Refrigerants NH, & CO,:

« GWP 0-1

« High capacity

« Special components

Fig. 3.1 GWP Characteristics according to pressure and capacity of working fluid
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Fig. 3.2 Comparison of required power and pure power of 1,043kW
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Fig. 3.3 System efficiency by refrigerant of 1,043kW OTEC
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Fig. 3.5 Distribution of world surface sea temperature (source : www.seatemperature.org)
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Fig. 3.6 East sea temperature by depth
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Fig. 3.7 Temperature and velocity change with seawater depth in Kiribati
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£ = 85%

TURBINE _:] GENERATOR
(2.93 MW)

21.25°C 11.25°C
Superheated vapor Net OTEC Power High-quality vapor
2.05 MW
PUMP
(power = 0) Liquid
EVAPORATOR 1 CONDENSER
(102.5 MW) L]
25°C 22.5°C ‘ s°C 10"0’
PUMP PUMP
Surface seawater Deep seawater
(10 m’/s) S— 7 5m'%)

Pumping power
0.88 MW

Fig. 3.8 Illustration of standard OTEC process when 7 =0.5 and Qww=10

m®/s; work ratio is 1.0 (feed pump power negligible)

1250

1000

EQ

60°S

180°W 90°W 0° 90°E 180°E

Fig. 3.9 Annual OTEC net power density if no change of the ocean’ s

thermal structure occurred when Wcw = 60m year-1. (source : Ocean Thermal

Energy Conversion)
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Z3 4o UE 58 pEsle] o222 AAEe AAFPon, A XY 2
WS HehE wstel Aud AATL AR, HAFHOE Axdel §
&3 EFEYe sy Ved AAEFe =SS

Table 3.3 Distribution of domestic seawater temperature difference
Annual .
Facility Annual power
average Survey area . .
Local > capacity generation
heat load [km?] (GW] [TWhy]
[MW/km’] Y
Theoretical
) 8.4 57,408 452 3,978
potential

Geographic

& p 8.4 57,408 340 2,995
potential
Technical

. 0.1 13,594 2.7 234
potential

£, Table 34% T SR b 4 A7 Bk WD 5 v

YU BEE WA 2o, 10T o4 1eE Bols AATE A2

23 B8 Pl B A0R YL &5F AreErde vaEss

WAL IS BEH A J1E wastel 700 LE FYe ANT £
o
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Table 3.4 Domestic seawater and unused heat source type and amount

Unused heat type Shape Temperature Amount(Domestic)
145,695,882MWh/y
Steam, hot . ) ) )
Geothermal . Over 80°C *Calculating Technical Potential
water
**2014 Renewable Energy
Ship wasted heat Exhaust heat 230~260°C
Offshore plant wasted heat Exhaust heat 380~560°C
High ressure
, gop 120~150°C , ,
Industrial process waste heat | hot water, *After using gas turbine
Exhaust heat
. . 77,028Tcal/y
Power plant warm drainage hot water 20~40°C .
*Thermal power generation standards
27,160Tcal/y
p *7 regions (Incheon, Busan, Ulsan, Gangneung, Gunsan, Mokpo,
Seawater hot water 10~30°C ;
Seogwipo)
**Temperature difference energy as renewable energy
Power plant transformer .
hot water 35~65°C
heat
. . . 3872tGeally
Incineration heat Exhaust heat 250~300°C ) . . .
**Domestic Waste Incineration Heat Utilization Status
Fuel cell waste heat hot water 80°C
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331 A2H 4 HE e

N 2-d"l s 8" w2 (property package)S WE A 2~Ho] dy] o] &5
£ Peng-Robinson ZEf®HA 2/(PR EOS)S # &3l om, Aetg2]e L 4
(3.4)3% (352 AHo=HT}

_ RT a
S S TN YRR g7y G

Z3—~(1—-B)Z*+(A—2B—3B*Z— (AB— B>~ B% =0 (3.5)
o 7] A,
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(RT)
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b il
=0.077796 P

c

(RT,)?
a=0.457235 PC [1+mA— /T2

m = 0.37464 + 1.54226w — 0.26992w°
Zk31, acentric factor > 0.49 & oj,
0.379642 + (1.48503 — (0.164423 — 1.016666w )w )w

Pressure

m
P
R

Ideal gas constant

T'= Temperature

Z= Compressibility factor

w= Acentric facter

% ZHsubscript)

.= Variable at the critical point

. = Variable at the reduced point

PR EQSolA d&3el AEZF S ks A7] 3] AHe&d AMIHES s
21 (3.6) ¥ (3.1} 2.

i

H—g™? 1 da V+(V2+1)b
= =7 1———(a—T)] 36
RT 2\/§bRT<a dt>n[V+(\/§—1)b] 36
E-E/" P A Tda. V+(/2+1)b
=In(Z—B)—1 - (=) 3.7
R niZ=b) "pe 2\/§bRT(a dt>n[V+(\/§—1)b] 4D
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A 71A,
H=Enthalpy
E'= Entropy
% ZH(subscript) :
= Ideal gas

, = Reference state

332 &4 N&d 7484 FEEAY

(1) ¥x%7](Heat Exchanger)

dugr)e] Aske 12 AL fFA9 duyA] WHXo| 7]xEH, REFo
2 329 FAZF AL fAdd dudr] §FUNF dFES
& A 4Hheat balance)2] 2 o= 2] (3.8)3 Zth

ftllo
of
|l
QL
X
o)
o

Balance Error = [Mpld <Hout n >cold Qle’ak] [ hot (Hout - ‘H;n >hot - Qloss] (38)

o 71 A,
M= Fluid mass flow rate
H = Enthalpy

Q... = Heat leak
Q,.. = Heat loss

dudrE S AEH+= = dADFEH(heat exchange duty)e F=LHAEA
F, Ao AEHz, g5HFL=xHlog Mean Temperature Difference,
LMTD)ell oJ3 thg 2 G.9OZ verd 5 At
—_ 52 —_
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Q= UAAT\F,

o 71 A,

U = Overall heat transfer coefficient

A = Surface area available for heat transfer

ATy, = Log mean temperature difference

F, = LMTD correction factor

]\4:9 ui,m - Hout >shell - Cgloss gt Q =p

5 H(tube) &2,

d(VH

out )shell
dt

d( VHout >tube

M <‘Z¥m - Hout >tube - Q =p dt

71 A,
M, = Shell fluid flow rate
M, = Tube fluid flow rate
p = Density
H = Enthalpy

Q,.. = Heat loss
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Q@ = Heat transfer from the tube side to the shell side

V = Volume shell or tube holdup

2 (Pump)

HEe JF F A dEEs S7HAA olFstr] el AHgET Bz %
T2 4719 A H FAREY AFE FAIZE HIkSAd A&HT Hizo o
&21Q1 59(deal power, PWR, )& HW& 4 (3129 ZFHZ YA <A
stod AlLkg ot

<‘Pout ‘Pm>><F
PWR, = (3.12)
Pliq
o 7] A,

P, = Pump outlet pressure
P, = Pump inlet pressure
F= Flow rate

P, = Liquid density

PWR,
PWR

a

n(%) =

% 100%

Hxo] 4F9(actual power, PWR)E Hxol &84 (3.13)4 BTt

(3.13)

21 3128 B13elA Pz Ho] Hagh 458 toF 4 QlHE vepd

T ATk
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1 — Py ) X F<100% 310

Pm

(P

PWR, =

AE5Ee =3 AT FAY EfFheat flow)e] =

100 % Rt} e A 2Fq YA = 79 FA =

(3) E¥1(Turbine)

BHlol a8 2 (31959 o] Al #F =AM 2oA sk Power

TG Ao A LAY EE Powere] HIEE FojZith

(3.15)

o2 7149 7153 Processe] €& e 2] (31602 FH

o
fu
N
i)
2

W= / VdP (3.16)
o 71 A,

W= Work

V= Volume

AP = Pressure difference

A 2] Heat flow (enthalpy)x}o] <}
ol Heo At}

Jo

H
(SHEPN|

E}¥l(Expander)®] Actual power: /&
dattt. wepA] AA 292 o5 4 G17)

5
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Wa(;tual = Qinlet - Qoutlet - M/;mmp (317)

Expander®] Isentropic ¥+ Polytropic power &= thg&9] 2] (3.18)0.2 =¥

At o] o

rf

n—1 %1

W= Fl(MW)( r )C’F(i

o 71 A,
n = Volume exponent
CF = Correction factor

P, = Pressure of the inlet stream

P, = Pressure of the exit stream

p; = Density of the inlet stream

p, = Density of the exit stream

F, = Molar flow rate of the inlet stream

MW = Molecular weight of the gas
o] 714 Volume exponent n& o3} 7t}

In

Correction factore= T2 2o 2 A4k o}
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hy—=hy

TR
n—=1)\py p

h; = Enthalpy of the exit stream

CF =

h, = Enthalpy of the inlet stream
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Table 3.5 Simulated condition according to east sea situation

Parameter Value
OTEC Gross power (kW) 20
Heat source inlet temperature (°C) 21 to 29
Heat source delta temperature ("C) 3
Heat sink inlet temperature ("C) 5
Heat sink delta temperature (°C) 5
Pinch point temperature (°C) 1.5
Over heat temperature (°C) 1.5
Warm water mass Flow (kg/s) 47.8
Cold water mass Flow (kg/s) open
Heat source inlet pressure (kPa) 150
Heat sink inlet pressure (kPa) 150
Isentropic turbine efficiency (%) 85
Isentropic pump efficiency (%) 75
Refrigerants mass flow rate (kg/s) open

1Ce 49 ezt wat 2uew =3 1T A7 dAsty, £&4
32 0.06kg/se] F7MES HolH, F fFFol 0.2%2] AolZ2 WHIHFS H
7] O
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Table 3.6 Operating range according to surface water temperature (Cold water

temperature : 5C)

Warm R32 . . . Cold water .
Evaporating | Condensing | Evaporating | Pump Turbine
water mass mass flow
pressure pressure temperature | power power
temperat | flow rate . rate
. (kPa) (kPa) (©) (kW) (kW)
ure('C) | (kg/s) (kg/s)
29 1690 26.07 1.395 27.84 20.0
28 1645 25.07 1.276 27.90 18.54
27 1601 24.07 1.161 27.96 17.07
26 1558 23.07 1.048 28.02 15.59
25 1.99 1515 1180 22.07 0.934 28.09 14.05
24 1473 21.07 0.824 28.16 12.5
23 1432 20.07 0.716 28.23 10.94
22 1392 19.07 0.611 28.3 9.36
21 1353 18.07 0.509 28.37 7.77

3.4.2 1,000kWgF sis2=x4d ZH AlEH oA

A7) 206WF AH ARl o] LOKWH slFe=aide] A4 A
Bl e AR LKW 38 ABdolde A% HAgstud she
AeikA 5 2AL At FAEE 1T o HoR FAHEE AEd ol
A3hE =ERA AGuAE 53 5250 A 31CAH F5d0, B3

3T ol >
26Co) g3t w4 1,000me AFF 5 FoGET

HAA 2=
05C7HE =& 55T e &3t 20kW AA dolE e te H2 1
o S AU Ity st ST s 2EWEE ST &3}
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Table 3.7 Simulated condition according to Kiribati sea situation

Parameter Value
OTEC Gross power (kW) 1000
Heat source inlet temperature (°C) 31 to 26
Heat source delta temperature ("C) 5
Heat sink inlet temperature ("C) 5.5
Heat sink delta temperature (°C) 5
Pinch point temperature (°C) 1.5
Over heat temperature (°C) 1.5
Warm water mass Flow (kg/s) 1864
Cold water mass Flow (kg/s) open
Heat source inlet pressure (kPa) 150
Heat sink inlet pressure (kPa) 150
Pressure drop in heat exchanger (kPa) 10
Isentropic turbine efficiency (%) 85
Isentropic pump efficiency (%) 75
Refrigerants mass flow rate (kg/s) open

1,000kWg s==xpdde] %
< Table 3.87 Zom, Fallda o] S ¢4go] HAF st4 st B
26.24C oA HAF aste] 26CEH

go| ZasHA Ho F
o A 21.07C ol o] &t}

A g

=~ 2] A~
ST 2

AR Bag Be

darzh TA s,

1Co 49 exgad we ST ®
T FEFe dkglsel STHEE

2 WsEs YeERdth

WA G257 4AstHA 37 e Wt 45 kPa/T Y Taws

o, Bn 2o 1017 kW/C 9 Hi dass 3l 39

Holm, 20kW 2A et Zo] F FFel 0.2%9

OP

)
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Table 3.8 Operating range according to surface water temperature (Cold water

Collection @ kmou

temperature : 5.5C)
Warm R32 . . . Cold water .
Evaporating | Condensing | Evaporating | Pump Turbine
water mass mass flow
pressure pressure temperature | power power
temperat | flow rate . rate
. (kPa) (kPa) (©) (kW) (kW)
ure(C) | (kg/s) (kgfs)
31 1698 26.24 89.38 1809 1267
30 1651 252 81.31 1813 1168
29 1605 24.16 73.42 1817 1068
129.6 1187
28 1560 23.12 65.7 1821 966.6
27 1515 22.07 57.99 1826 862
26 1473 21.03 50.61 1830 758.5
- 62 -
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Fig. 4.3 20kW OTEC plant in Go-seung(KRISO)
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Table 4.1 Major equipment and specifications of 20kW OTEC system

Major Manufacturer . .
) Type No Model Specification
equipment (Country)
- Rated Speed: 21,000rpm
- Number of Stator Blade: 20
- Number of Rotor Blade: 14
Radial .
) ) Jinsol Turbo | - Number of Pole: 2
Turbine Inflow 1 | Radial type
. (Korea) - Rated Voltage:
Turbine . .
380V(rpm) line-to-line
- Phase: 3
- Rated Power: 22.5kW
Plate LWC 100X GEA .
Condenser 1 Semi-Welded
type (B-16) (Germeny)
Plate LWC 150L GEA .
Evaporator 1 Semi-Welded
type (B-16) (Germeny)
Axial 1. CRN 15-1 Grundfos
Ref. Pump 2 3phase, 380V, 60HZ
type 2. CRNE15-3 | (Denmark)

412 AHE sHrF2=2EA HY
olHol ¥ w3t Aol

—_—

‘

%

225 Radial RIS AEERI)ANA A2stE L

o, A} 21,000RPMe. 2 A=, 207) ¢ stator Blade?} 147) 2] Rotor BladeZ
TR =5, A FAAE ERAAERE 3 380Ve Mt 60Hze| T3t
TE HolW, FHo 225kW7tA| @Ho] 7lestth Fig. 44= A L= 1A
of 59 20kWg sis2=xpdze] Rl A xet 4 Azlolth
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Fig. 4.4 20kW OTEC actual Turbine and blueprint in Go-seung(KRISO)
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Fig. 4.5 Monitoring system of 20kW OTEC Plant

Fig. 4.6 Automatic control in monitoring system of 20kW OTEC plant
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2 A5 gston, 28ColA 14C7HA 255 255 4stAA gl
=9 A Adx WE skt Table 4.20049F o] 20kWw =
ST A2l HY F%F 2 25 A= oF 20.3kWe] 83 2.1%9
ANzE 885 Bt

Table 4.2 Maximum output value of 20kW pilot OTEC plant

Parameter Value
Heat source inlet temperature (°C) 30.1
Heat source outlet temperature ("C) 26.9
Warm water mass flow (kg/s) 70.63
Heat sink inlet temperature (°C) 3.94
Heat sink outlet temperature (°C) 9.88
Cold water mass flow (kg/s) 38.55
OTEC gross power (kW) 19.7
System efficiency (%) 2.09
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OTEC experiment
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Fig. 4.8 Changes in output and turbine outlet temperature through
20kW OTEC experiment
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Table 5.1 Parameter of dynamic cycle of OTEC

Parameter Value Unit
Refrigerant mass flow rate 119 kg/s
Mass flow rate of surface seawater 1,948.5 kg/s
Mass flow rate of deep seawater 1,805.0 kg/s
Separator volume 1.0 m’
Hot water in temperature 29 ~ 25 T
Cold water in temperature 5 T
Working time 1,800 second
Reaction time 1,200 second
— 78 —
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Fig. 5.3 Performance characteristics of the turbine generator without

liquid inflow according to the surface seawater temperature changes
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Fig. 5.27 Figures of actual turbine(Jinsol Turbo) and working fluid

pump(Lowara)
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Fig. 5.28 Characteristics of power and head variation with flow rate and
efficiency of applied turbine and working fluid pump (Up : 3,000RPM Turbine, Down

: 345RPM refrigerant Pump)
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Fig. 5.29 Characteristics of power and head variation with flow rate and
efficiency of applied turbine and working fluid pump (Up : 690RPM refrigerant Pump,

Down : 1,150RPM refrigerant Pump)
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Table 5.2 Specifications for CC-OTEC cycle

Design conditions

Working fluid

R32, Seawater

Warm water temperature 31C
Cold water temperature 55T
Warm water head loss 5.5m
Cold water head loss 8.2m
Seawater pump efficiency 75%
HDPE pipe diameter 1,085.6mm
Cold water pipe length 2,870m
warm water pipe length 500m

Refrigerant Pump efficiency

Actual data accepted

Turbine efficiency

Actual data accepted

Turbine inlet pressure 1,658.7 kPa
Turbine outlet pressure 1,239.1 kPa
Pump inlet pressure 1,174.6 kPa
Warm water flow rate 1,864.6 kg/s
Cold water flow rate 1,503.3 kg/s
Refrigerant water flow rate 117.7 kg/s
Turbine inlet temperature 282 T

Condenser heat transfer coefficient

2,084 kJ/C-s

Condenser heat transfer area

761.6 m?

Evaporator heat transfer coefficient

1,082 kJ/C-s

Evaporator heat transfer area

897.6 m’
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Table 5.3 Material streams in OTEC simulation 1

Name 3.00 5.00 6.00 7.00 8.00 10.00 11.00 1.00 9.00 12.00
Vapour fraction 0.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00
Temperature [C] 13.28 12.65 26.60 31.01 12.30 10.76 5.51 11.55 12.30 11.34

Pressure [kPa] 1,218.63 1,661.19 193.42 224.12 1,184.4 261.30 262.00 1,191.63 1,184.4 1,150.0
368,865. 368,865. 8,096.8 301,186. 301,186.
Molar flow [kgmole/h] 8,096.94 8,096.88 8,096.94 0.00 0.00
04 27 8 24 24
Mass flow [kg/s] 117.01 117.01 1,845.87 1,845.87 117.01 1,507.19 1,507.19 117.01 0.00 0.00
Liquid volume flow
[ 3/h] 439.00 439.00 6,658.55 6,658.56 439.00 5,436.85 5,436.85 439.00 0.00 0.00
m
(1,023,0 | (1,057,0 | (29,313, | (29,278, | (1,057, | (24,038, | (24,072, | (1,057,2
Heat flow [kW] (0.00) (0.00)
75.3) 50.88) 973.86) | 876.75) | 119.90) | 387.66) | 600.37) 88.11)
Table 5.4 Material streams in OTEC simulation 2
Name 12.00 2.00 14.00 15.00 16.00 17.00 13.00 4.00
Vapour fraction 1.00 0.00 0.00 1.00 1.00 1.00 0.00 1.00
Temperature [C] 11.34 5.50 31.00 28.02 28.02 16.13 11.55 28.02
Pressure [kPa] 1,150.00 150.00 160.00 1,654.13 1,654.13 1,184.40 1,184.40 1,654.13
Molar flow [kgmole/h] 0.00 301,186.24 368,865.27 0.00 8,096.94 0.00 8,096.94 8,096.88
Mass flow [kg/s] 0.00 1,507.19 1,845.87 0.00 117.01 0.00 117.01 117.01
Liquid volume flow [m3/h] 0.00 5,436.85 6,658.56 0.00 439.00 0.00 439.00 439.00
(24,072,82 (29,279,03 (1,021,96 (1,057,288. (1,021,953.
Heat flow [kW] (0.00) (0.00) (0.00)
0.63) 4.12) 2.46) 11) 79)
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Table 5.5 Energy streams in OTEC simulation

Refrigerant PP.

Cold water PP.

Hot water PP.

Name Turbine power
Heat flow [kW] 1,112.91 69.76 220.26 157.36
Table 5.6 Pump & Turbine dynamic specification in OTEC simulation

Hot water PP Cold water PP Refrigerant PP Turbine

Head [m] 6.52 11.18 48.08 11.12
Fluid head [kJ/kg] 0.06 0.11 0.47 1,133.71
Speed [rpm] 60.00 60.00 1,167.77 3,000.00
Efficiency [%] 75.00 75.00 79.95 86.04
Pressure rise [kPa] 64.12 112.00 476.79 435.51
Power [kW] 157.36 220.26 69.76 1,113.06
Capacity [m’/h] 6,626.40 5,309.94 416.60 9,418.96
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Table 5.7 Heat exchanger dynamic specification in OTEC simulation

Evaporator Condenser
Duty [kW] 35,098.32 34,212.48
Heat L\loss [kW] 0.00 0.00
UA [kJ/C-h] 27,970,000.00 34,282,967.00
Mean temperature driving force [C] 4.52 3.59
Effective UA [kJ/C-h] 17,753,689.90 30,636,663.10
Flow scale Factor 1.00 1.00
Ft Factor 0.63 0.89
Uncorrected Lmtd [C] 7.12 4.02

Table 5.8 Tank & Separator specification in OTEC simulation

Receiver tank Separator
Vessel volume [m3] 56.55 2.36
Vessel diameter [m] 3.00 1.00
Height [m] 8.00 3.00
Liq volume percent [%] 50.05 0.00
Liq percent level [%] 50.05 0.00
Feed delta pressure [kPa] 0.00 0.00
Vessel pressure [kPa] 1,184.28 1,654.01
Table 5.9 Bypass valve size results in OTEC simulation

Bypass Valve

Valve opening [%] 0.00
Conductance (Cv) [USGPM(60F,1psi)] 1,800.00

Mass flow [kg/s] 0.00

Friction delta pressure [kPa] 469.73

K value damp factor 0.95
Cg 60,239.52

Fp 1.00

Xt 0.70

F1 0.90
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Fig. 5.30 Flow chart of dynamic OTEC controller
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Table 5.10 Operating fluid pump RPM control range according to surface water temperature(Cold water
temperature : 5.5C)
Saturating .
Warm . . . . Saturating
Evaporating | Condensing | Evaporating | temperature Super Condensing Sub
water . temperature .
RPM pressure pressure temperature in heat temperature | cooling
temperature ] ) ) in condenser 5
. (kPa) (kPa) (0) evaporator (C) (C) . (C)
(C) \ (©)
(©)
31 1,150 1,687 1,237 28.2 24.9 3.3 10.47 13.9 -3.43
30.5 1,150 1,685 1,237 27.7 24.9 2.8 10.5 13.9 3.4
30 1,150 1,684 1,236 27.05 24.9 2.15 10.5 13.8 -3.3
29.5 1,130 1,665 1,231 26.75 24.5 2.25 10.3 13.7 3.4
29 1,110 1,650 1,225 26.3 24.1 2.2 10.1 13.5 -3.4
28.5 1,090 1,630 1,223 26 23.7 2.3 9.8 13.5 3.7
28 1,070 1,610 1,220 25.6 23.2 2.4 9.65 134 -3.75
27.5 1,050 1,600 1,217 25.1 23 2.1 9.5 13.3 -3.8
27 1,030 1,585 1,213 24.7 22.6 2.1 9.25 13.2 -3.95
26.5 1,010 1,570 1,211 243 223 2 9.1 13.1 -4
26 990 1,550 1,210 23.8 22 1.8 9 13.1 4.1
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Table 5.11 Operating fluid pump RPM

control range according to surface water temperature(Cold water

Collection @ kmou

temperature : 6.5C)
Saturating .
Warm . . . . Saturating
Evaporating | Condensing | Evaporating | temperature Super Condensing Sub
water . temperature .
RPM pressure pressure temperature n heat temperature | cooling
temperature 1 ) ) in condenser 5
. (kPa) (kPa) (0) evaporator () (C) . (0)
(©) . (C)
(C)
31 1,150 1,717 1,272 28.2 25.6 2.6 11.46 14.8 -3.34
30.5 1,150 1,717 1,271 27.6 25.6 2 11.45 14.8 -3.35
30 1,130 1,698 1,265 27.2 25.2 2 11.24 14.6 -3.36
29.5 1,110 1,680 1,262 26.8 24.8 2 11 14.5 -3.5
29 1,090 1,663 1,258 26.4 24.4 2 10.8 14.4 -3.6
28.5 1,070 1,647 1,255 26 24.1 1.9 10.6 14.4 -3.8
28 1,050 1,630 1,251 2583 23.7 1.85 10.4 14.2 -3.8
27.5 1,030 1,616 1,247 25.15 23.4 1.75 10.24 14.1 -3.86
27 1,010 1,602 1,246 24.72 23 1.72 10.08 14.1 -4.02
26.5 990 1,588 1,244 243 22.7 1.6 9.93 14 -4.07
26 970 1,575 1,243 23.9 22.4 1.5 9.74 14 -4.26
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Table 5.12 Operating fluid pump RPM control range according to surface water temperature(Cold water

temperature : 7.5C)

Saturating .
Warm . . . . Saturating
Evaporating | Condensing | Evaporating | temperature Super Condensing Sub
water . temperature .
RPM pressure pressure temperature n heat temperature | cooling
temperature 1 ) ) in condenser 5
. (kPa) (kPa) (©) evaporator (C) (C) . (C)
(C) . (C)
(C)
31 1,130 1,735 1,277 28.2 26 2.2 12.15 15 -2.85
30.5 1,110 1,705 1,292 27.29 25.3 1.99 11.85 15.4 -3.55
30 1,090 1,685 1,287 26.85 24.9 1.95 11.6 15.2 -3.6
29.5 1,070 1,665 1,285 26.45 24.5 1.95 11.4 15.2 -3.8
29 1,050 1,652 1,282 26 24.2 1.8 11.25 15.1 -3.85
28.5 1,030 1,635 1,280 25.55 23.8 1.75 11.05 15.1 -4.05
28 1,010 1,620 1,276 25.1 234 1.7 10.9 14.9 -4
27.5 990 1,608 1,274 24.7 23.2 1.5 10.72 14.9 -4.18
27 970 1,595 1,273 24.25 229 1.35 10.55 14.8 -4.25
26.5 950 1,582 1,271 23.8 22.6 1.2 10.4 14.8 -4.4
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Table 5.13 Operating fluid pump RPM control range according to surface water temperature(Cold water

temperature : 8.5C)

Saturating .
Warm . . . . Saturating
Evaporating | Condensing | Evaporating | temperature Super Condensing Sub
water . temperature .
RPM pressure pressure temperature in heat temperature | cooling
temperature 3 . . in condenser .
. (kPa) (kPa) () evaporator (C) (0) . (C)
(C) . (C)
(€)
31 1,090 1,730 1,330 28.45 25.9 2.55 12.7 16.4 -3.7
30.5 1,070 1,713 1,325 27.4 25.5 1.9 12.6 16.2 -3.6
30 1,050 1,699 1,321 27 25.2 1.8 124 16.1 -3.7
29.5 1,030 1,685 1,318 26.55 24.9 1.65 12.2 16.1 -3.9
29 1,010 1,668 1,317 26.15 24.5 1.65 12.05 16 -3.95
28.5 990 1,655 1,315 25.7 24.2 1.5 11.9 16 -4.1
28 970 1,642 1,312 25.25 23.9 1.35 11.7 15.9 -4.2
27.5 950 1,628 1,310 24.8 23.6 1.2 11.5 15.8 -4.3
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Table 5.14 Operating fluid pump RPM control range according to surface water temperature(Cold water

Collection @ kmou

temperature : 9.5C)
Saturating .
Warm . . . . Saturating
Evaporating | Condensing | Evaporating | temperature Super Condensing Sub
water _ temperature .
RPM pressure pressure temperature n heat temperature | cooling
temperature b . . in condenser .
) (kPa) (kPa) (C) evaporator (C) (C) 5 (0)
(C) \ (C)
(C)
31 1,050 1,735 1,360 28.6 26 2.6 13.4 17.2 -3.8
30.5 1,030 1,718 1,355 27.6 25.6 2 13.25 17 -3.75
30 1,010 1,705 1,355 27.2 25.3 1.9 13.05 17 -3.95
29.5 990 1,690 1,350 26.73 25 1.73 12.85 16.9 -4.05
29 970 1,677 1,348 26.3 24.7 1.6 12.67 16.8 -4.13
28.5 950 1,663 1,345 25.9 24.4 1.5 12.45 16.8 -4.35
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PV—-PV_.

PV(%) = 100( PV PV ) (5.13)
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Fig. 5.31 Implementation of PID-A equation
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Table 5.15 Parameter of dynamic cycle of OTEC

Parameter Value Unit
Warm water temperature 30 to 27 T
Cold water temperature 5.5to 6.5 T

Warm and Cold water temperature .

difference range 243 to 215 ¢
Pump RPM range 950~1,150 RPM
Pump RPM step per 1T 40 RPM
Working time 42,000 second
Reaction time 35,000 second

Liquid volume at tank 115 m’

Liquid percentage at low level
(cxllaporp inlet p(g)int to pump) = %
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Fig. 5.35 Dynamic changes of OTEC without controller in inlet and
outlet temperatures and heat capacity of the evaporator with seawater

temperature differences
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Fig. 5.36 Dynamic changes of OTEC without controller in inlet and
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Fig. 5.37 Dynamic changes of OTEC without controller of power and

efficiency of refrigerant pump with seawater temperature differences
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Fig. 5.38 Dynamic changes of OTEC without controller in turbine output

and efficiency with seawater temperature differences
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Fig. 5.40 Dynamic changes of OTEC without controller in pump RPM

and flow rate according to seawater temperature difference
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Fig. 5.41 Dynamic changes of OTEC with controller in inlet and outlet
temperatures and heat capacity of the evaporator with seawater

temperature differences
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Fig. 5.43 Dynamic changes of OTEC with controller of power and

efficiency of refrigerant pump with seawater temperature difference
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Fig. 5.44 Dynamic changes of OTEC with controller in turbine output
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Fig. 5.47 Start sequence for 20kW OTEC plant
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Table 5.16 Emergency stop of 20kW OTEC plant

Emergency
Parameter Remarks(20kW)
stop

Receiver coolant level Below 11.9%
Turbine rotation speed 4,400 RPM | 22,000RPM(normal 15,000RPM, 46.7%)
Safety valve pressure(1700kPa) Below

Evaporator outlet pressure 1,650kPa

1650kPa
Pump inlet pressure 150kPa 150kPa(29C Design criteria)
Magnetic bearing vibration Smm/s Smm/s(RMS), 10mm/s(RMS)

2) PLC(programmable logic controllen)A|o] : Z+E AXZRE 455 wol Aof7]d] AsE HIo
2H Aol A3 E E A 2Flo] X‘EO}E% T A ojth
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~Schedule Options | -Legend — [ Condition | Action List | Branching & Time Out Behaviour |

Add.. & | complete ~List Of Actions For This Event ————— - Individual Action Specification

[®] Fully specified Ensble | Action Name Add Mame  Action 1

Holding s Type | Specify Variable -

Incomplete Value 1507 7] increment Only

emning: Object  Cold water in Select Target.

Time Elapsed

Description Mass Flow

Waiting

Current Value 1507 Units  ka/s

Trace Messages

[C] Multi Events
4 @ OTEC Schedule
« € Sequence A
4 @ Cold water in
@ Action 1
< €& Warm water in
& Action 1
« @ Waorking fluid in (00RPM)

4« @& Valve Cont'
@ Turbine in valve (100%)
@ By pass valve (40%)
4 € Valve 8 RPM 1
@ By pass valve (30%)
@ Working fluid in (FOORPM)
« € Event 6
@ working fluid in (8300RPM)
@ By pass valve (20%)

« € Event 7 E
@ By pass valve (10%) EveatOptions
Working fluid in (1000RPM)
« € Event 8
@ working fluid in (1150RPM)
@ By pass valve (0%)

Name  Cold water in Action List Name  Action List 1 . Runnng |

Fig 5.50 Start sequence list designed with HYSYS
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[m‘stan T[ Dsﬁnp [ Resume |[ Hold |[ Foce |[ skp ]

Schedule Name

OTEC Schedule | Status Pan

Fig 5.51 Stop sequence list designed with HYSYS
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RPM
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= Cold water mass flow rate (kg/s)
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Mass flow rate in Evap” (kg/s)
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= Separator vapor fraction
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2. Pump RPM (1000)

1. By pass V/V Close(00%
2. Pump RPM (1150)

1. By pass V/V Close(30%)
2. Pump RPM (700)

Mormal Operating

Fig 5.52 Performance change according to start sequence control of IMW OTEC
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= Turbine in V(%)

s Cold water mass flow rate (kg/s)
Warm water mass flow rate (kg/s)
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Mass flow rate in Evap’ (kg/s)
= Turbine Power (kW)
Separator vapor fraction
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Fig 5.53 Performance change according to start sequence control of IMW OTEC2
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VA open(3t)
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Cold water mass flow rate (kgs/s)
Warm water mass flow rate (kg/s)

Separator volume (m3)

Mass flow rate in Turbine(kg/s)
Mass flow rate in Evap’ (kg/s)
Turbine Power (kW)

Separator vapor fraction

/ 1. By pass V/V Open (10%) B
2. Pump RPM (1000) |

MNormal Stop

1. By pass V/V Open (20%
2. Pump RPM (800)

1. By pass V/V Open (100%)
2. Turbine V/V Close (0%

Fig 5.54 Performance change according to normal stop sequence control of IMW OTEC
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Fig 5.55 Performance change according to normal stop sequence control of 1MW OTEC2
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RPM
VA open(3E)

= Turbine in V/V(%%)

s Cold water mass flow rate (kg/s)
Warm water mass flow rate (kg/s)

Separator volume (m3)
mmm  Mass flow rate in Turbine(kg/s)
Mass flow rate in Evap” (kg/s)
mmmm  Turbine Power (kW)
= Separator vapor fraction

1. By pass V/V Open (100%)

|
|
i
!
1. Turbine W/V Close (0%) | !
|
|
|
i

1. Pump RPM (0)

% o | Emergency Stop |

Fig 5.56 Performance change according to emergency stop sequence control of IMW OTEC
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Cold water mass flow rate (kg/s)
Warm water mass flow rate (kgJ/s)
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Separator vapor fraction

1. HEl g3 RE ds
2 ES 2™
* 0% HRO|IHA WETE 100% 70
2El A HEl E30] 152 LHojA
o4, g, =2 22 3.3 B7L
1. EME == 320 kg/s
. = DER Al FHE] 2t2

1. d22|7] A2 30%0E B

* OE G HE S e mi =

W27 2T T

Fig 5.57 Performance change according to emergency stop sequence control of 1MW OTEC2
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Time delay(Sec.)

39
33

RPM gap

2.45
2.73

Difference

(K,:Sec.)

3.6
4.8

Integral( K;:Sec.)

5.4
3.6
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Fig. 6.3 Annual seawater temperature changes in Kiribati

Table 6.1 Expected country to apply

Nation Surface toemperature Electric selling cost
(C) ($/kWh)
Mexico 27.56 0.192
USA 25.56 0.12
Brazil 27 0.17
Australia 26.75 0.29
Fiji 27 0.13
Philippine 28 0.182
Malaysia 28.1 0.075
India 28 0.08
Kiribati 29.05 0.327
Indonesia 29 0.10
Japan 24.95 0.22
Source : https://www.seatemperature.org/
- 155 -

Collection @ kmou




2) BAA €4
A= 10709 s =T A EA M A== 5] vE 74
_]

o
gL H 017 $/kWhe] Fojidrts BEor, deHd =A== 7] u}
A= A8 d7b7) 0.327 $/kWhe] & 58 Bt

& = o2 HE AAEE AY A ES Fote 7] FAH]

< YUehx EAG 2EApEA S HAF SWE Jdo] AR wE 27
Fanl o gk Ryt stk 18y Vega ¥ Kim & 2

A 2=APEH 27 AHHES F3 AAE E4E FdsdeH, 1
MW dgA4ks s 19 100,000 H57F 7Hed &3 AFSS
Atste] AXste= Ao E 7R EATE Vegas 50MWel xe] A9 o
w37 A8 RE 215 §/mPolA 100 $/m? 7} AT Ro = 2R3
oH, ¢ Hg Anles FA Ikm7kA =287] 93 10km oW e 8)
S JFA AT Fig. 6.4 Vegaol <3l AtHE s =xdxde] A
S =7 FAHES yERdn [58], [59].

_|_4

.

T3 Vegas £19 AAAR HlwoA 79 wdo] &5 27] FAH|
&9 AT oW Ao S on, of 30%e] dads &5
o] 15%<k 30%2] WakE A&t AL E4=

4 4
7
=i
bt
B
N,
4t
N
1
ofo

Table 6.3 15%%] %7] FAH§ AdS H&3 22238y =7 F
ZAv]g-s Yelg 2 9o, Fig. 6.5 #H#d OTECe £3¥ %7] x4
o

nl g3 gopgubae] 7] A gg

- 156 -

Collection @ kmou



26000

24000 -

—| and-Based Upper Limit
22000 - Land-Based Lower Limit
20000 - I_F'lamship

18000
16000
14000 -
12000

Shkw

| \

0 10 20 30 40 50 60 70 BO 90 100
MW-net
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Table 6.2 Initial investment cost for CC-OTEC system

Unit : 1 Million

Net power (MW) IMW 10MW S50MW
Heat exchanger 3.6 35 123
Seawater system
(Pipes and Pumps) 136 o0 1o
Turbine 2.7 25 61.5
Structure 3.6 15 73.8
Etc 1.8 15 32.7
Total cost ($) 253 150 410
Initial cost ($/kW) 0.0253 0.015 0.0082

Table 6.3 Initial investment cost for CC-OTEC system with 15% cost

reduction
Unit : 1 Million
Net power (MW) IMW 10MW S50MW
Heat exchanger 3.06 29.75 104.55
Seawater system
. 11.56 51 101.15
(Pipes and Pumps)
Turbine 2.29 21.25 52.28
Structure 3.06 12.75 62.73
Etc 1.53 12.75 27.8
Total cost ($) 21.5 127.5 348.5
Initial cost ($/kW) 0.0215 0.0127 0.0069
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Fig. 6.5 Initial investment cost for CC-OTEC system in normal and with 15% cost reduction
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Table 6.4 Parameters of CC-OTEC

Design conditions

Warm water temperature variable T
Warm water delta temperature 5 T
Cold water temperature 5.5 T
Cold water out temperature 9.6 T
Warm water flow rate 1,864 kg/s
Warm water head loss 4.5 m
Cold water head loss 8.16 m
Warm water pump efficiency 75 %
Cold water pump efficiency 75 %
Turbine efficiency 80 %
Heat exchanger pinch temperature 1.5 T
Super heat 0 T

Working fluid R32

Collection @ kmou
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Table 6.5 Internal rate of return and net present value of 10MW

CC-0OTEC
Unit : 1 Thousand
OTEC Type Closed cycle
NPV($) -122,872
Mexico
IRR(%) 941
NPV($) -190,547
USA
IRR(%) -
NPV($) -145,794
Brazil
IRR(%) -19.97
NPV($) -86,947
Australia
IRR(%) -3.14
NPV($) -167,872
Fiji
IRR(%) -
NPV($) -121,130
Philippine
IRR(%) -8.99
NPV($) -190,088
Malaysia
IRR(%) -
NPV($) -187,540
India
IRR(%) -
NPV($) 7,505
Kiribati
IRR(%) 6.10
NPV($) -164,988
Indonesia
IRR(%) -
NPV($) -162,276
Japan
IRR(%) -
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Table 6.6 Internal rate of return and net present value of 10MW
CC-OTEC including 15% cost reduction

Unit : 1 Thousand

OTEC Type Closed cycle
NPV($) -86,928
Mexico
IRR (%) -5.37
NPV($) -154,603
USA
IRR (%) -
NPV($) -109,849
Brazil
IRR (%) -11.14
NPV($) -51,003
Australia
IRR(%) 0.04
NPV($) -131,928
Fiji
IRR (%) -
NPV($) -85,186
Philippine
IRR (%) -6.5
NPV($) -154,144
Malaysia
IRR (%) -
NPV($) -151,596
India
IRR(%) -
NPV($) 43,449
Kiribati
IRR(%) 9.33
NPV($) -129,043
Indonesia
IRR (%) -
NPV($) -136,000
Japan
IRR(%) -
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Table 6.7 Internal rate of return and net present value of 50MW

CC-0OTEC
Unit : 1 Thousand
OTEC Type Closed cycle
NPV($) -71,203
Mexico
IRR(%) 3.31
NPV($) -409,581
USA

IRR(%) -

NPV($) -184,813
Brazil

IRR(%) -0.83

NPV($) 108,419

Australia
IRR(%) 8.52
NPV($) -296,206
Fiji
IRR(%) -
NPV($) -62,494
Philippine
IRR(%) 3.59
NPV($) -407,286
Malaysia

IRR(%) -

NPV($) -394,548
India

IRR(%) -18.49

NPV($) 580,682

Kiribati
IRR(%) 19.66
NPV($) -281,782
Indonesia

IRR(%) -5.5

NPV($) -268,223
Japan

IRR(%) -4.72
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Table 6.8 Internal rate of return and net present value of 50MW
CC-OTEC including 15% cost reduction

Unit : 1 Thousand

OTEC Type Closed cycle
NPV($) 27,044
Mexico
IRR(%) 6.41
NPV($) -311,333
USA
IRR(%) -12.74
NPV($) -87,566
Brazil
IRR(%) 2.25
NPV($) 206,666
Australia
IRR(%) 11.93
NPV($) -197,959
Fiji
IRR(%) -2.91
NPV($) 35,753
Philippine
IRR(%) 6.7
NPV($) -309,038
Malaysia
IRR(%) -12.38
NPV($) -296,300
India
IRR(%) -10.64
NPV($) 678,929
Kiribati
IRR(%) 24.35
NPV($) -183,535
Indonesia
IRR(%) -2.12
NPV($) -169,976
Japan
IRR(%) -1.42
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Table 6.9 Internal rate of return and net present value of 50MW

CC-OTEC in Kiribati

Unit : 1 Thousand

Collection @ kmou

Kiribati Without Cost reduction 15% Cost reduction
NPV($) 580,682 678,929
IRR(%) 19.66 24.35
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