OCEAN THERMAL ENERGY CONVERSION (OTEC)

By
DR. RUBEN A. GARCIA
INTRODUCTION

The surface temperature of the oceans between the Tropic of
Cancer and the Tropic of Capricorn stays remarkably constant at
about 77°F (20°C). At depths as shallow as 1,000 meters in these
latitudes, the water temperature is 41°F (5°C). This temperature
gradient may be used to generate mechanical power using a conven-
tional heat engine. The maximum theoretical efficiency (carnot en-
gine) of a power plant operating between these two temperature
limits is only 6.7%. The efficiency of actual systems is in the order
of 2 to 3%. Even at this very low conversion efficiency, experts esti-
mate that a conservative 5 x 102 watts of electrical power can be
realized from the thermal energy of the ocean. The global electrical
installed capacity is of an order of magnitude of 1012 watts, thus,
OTEC can provide all the global electrical energy needs from a re-
newable source.

OTEC is one of the possible indirect utilization of solar energy
where the ocean is a huge solar collector-storage system.

The economic feasibility of converting thermal energy stored
in the oceans depends on the ability to optimize the performance of
key components, such as heat exchangers used for evaporating and
condensing a working fluid by means of sea water. Because of the
low thermal gradient available, the heat exchangers needed for
practical power generation are unusually large, and constitute one
of the major expenditure items in an ocean thermal power plant.
It is therefore important to evaluate the performance and attempt
improvements of proposed heat exchanger concepts.

OTEC SYSTEMS DEVELOPMENT IN THE U.S.A.

Figure 1 shows a very aggressive program development sched-
ules for Power Plants, Cold Water Pipe, Electric Cable, OTEC-1
Engineering Test Facilities and two modular experiments planned
;o be about 10 MWe and is scheduled to be completed and operational

y 1982,
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During the 5th OTEC conference held February, 1978, the Divi-
sion of Solar Technology of the U.S. Department of Energy reported
that they have equaled or exceeded their technical goals (Figure 2)
established for 1978. The exception is the area of corrosion where
the problems warrant further examination. They have determined
that ocean thermal resources accessible to the U.S. do exist at 38°F
to 40°F, and that the heat exchanger performance of core units has
reached an overall heat transfer rate of 750 Btu/hr ft2°F. Manufac-
turer’s computer programs show that this result translates to an
overall co-efficient in the range of 600-700 for larger size units.

The slope with time of variations in biofouling coefficient indi-
cates a reasonable rate of accumulation, amenable to readily clean-
ing the heat transfer surfaces.

Although the heat exchanger represents the key single economic
issue, the cold water pipe and the interaction with the platform re-
presents a major technical issue. Four pipe materials are being con-
sidered concrete, compliant structures (rubber and fiberglass), and
steel.

RESOURCE

One of the significant advantages of OTEC, unlike many other
forms of solar energy utilization, is that it can operate day and night
without the use of an auxiliary storage medium. In order to harness
this energy stored in the ocean on a continuous basis, a consistent
temperature difference resource must be available.

The warm water intake will be in the surface mixed layer 0-30
meters in depth, the turbulence associated with the intake pumping
will produce a mixed intake with a mean temperature representa-
tive of this depth range. This temperature varies during the year.

Cold water intake is nominally at 1000 meters. Variability of
temperature at this depth is not seasonal and is less than 1°C in
many areas observed. Temperatures at 1000 meters are widely dif-
ferent in various ocean basins due to a variety of physical and ocean-
ographic causes (Table 1).

In addition to warm and cold water availability there are addi-
tional requirements for continuous year-round operation. An ade-
quate temperature differential AT > 30°F (16.7°C) for the coldest
month is required. The annual average AT for a site should equal or
exceed 36°F (20°C). The bottom depth should be less than 1,500
meters for mooring. Desirable sites should have weak currents and
light winds. A mixed layer depth is favorable-deep enough to assure
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FIGURE 2

PROGRAM GOALS

1977 1978
Goal  Achieve Goal Achieve
1. Thermal Resource AT - (°F) 36 38 to 40 38
2. Heat Exchange Performance
© Single Tube-U(BTU/Hr Ft2 °F) 600 750-1200 800
© Core Unit-U(BTU/Hr Ft2 °F) 400 1750 600
(Hr Ft2 °F)
Biofouling - 1/U _— — .0001/2Kks 3000
BF BTU
Cleani U BTU
eaning — _ :
BF (Hr Ft2 °F) gOO(.) 3000 Quint.
Corrosion Signif. Calcareous Design
Effects Deposits #S
6Mo-1Yr
Data
Excellent
Incipent
Pitting
TABLE 1

COLD WATER TEMPERATURE

Mean M. onthiy

1000 Temp. Giving —

Meter 30°F AT
Temp. (16.7°C)

1. Hawaii 4.3°C 21.0°C

2. Puerto Rico 5.1 21.8

3. Gulf of Mexico 5.1 21.8

4. N. Red Sea 21.5 38.2

5. E. Mediterranean 13.6 30.3

6. Indian Ocean off Oman 8.0 24.7

7. Indian Ocean off India 7.5 21.8

8. Equator Mid. Pac. 44 21.1

9. Equator Mid. Atl. 4.5 21.1

10. Equator Indian Ocean 6.5 23.2
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an intake of uniformly warm water, but not too deep so that the
exhaust water can be discharged below the mixed layer depth.

Figure 8 shows a typical temperature profile as a function of
depth and extreme weather conditions. It illustrates the effects of
storm activity on the temperature stratification of a typical site.
Since most of the absorbed solar energy is captured in the first few
meters of the surface waters, a highly stratified temperature profile
develops during calm summer months. Vertical mixing occurs as

a result of wave action.

Temperature, degrees C.
10 15 20 25

~TT v v M e M
—
Extreme
200 N &mr
Conditions
Permanent After
Thermocline Sumer
Stom
1z .
e { Conditions,
Depth,
metrs R
6009
800~
1000 «

F1e. 3. Typical temperature profiles above the thermocline.

261



Table 2 identifies some potential locations for on-shore OTEC
plants in the Philippines where deep water is no more than 3 km.
from the shore. Figure 4 shows OTEC average AT between surface
and 500 meter depth near and around the Philippines.

F16. 4. OTEC average AT (¢C) between surface and 500 meter depth.
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POWER CYCLES

The U.S. Department of Energy is investigating four candidate
power cycles. Within each cycle there are numerous design approach-
es. While not all cycles and approaches will eventually reach the
hardware testing stage, the R & D program must provide opportuni-
ties for new ideas and concepts.
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TABLE 2. Some Points Along the Coast of the Philippines where
Deep Water is no more than 8 Km from the Shore.

400 FMS Depth — No more than 2 miles from shore (Approximately)

PHILIPPINES - NORTHERN PART

Luzon Strait — Batan Islands

1. Y’ami Island East Coast 121° 58’ East

2. North Island East Coast 121° 57 East

3. Mabudis Island East Coast 121° 58’ East

4. Silayan Island West Coast 121° 52’ East

5. Itbayat Island West Coast 121° 40’ to
121° 45’ East

6. Batan Island North Coast 122° 00’ East

7. Baintang Island West Coast 122° 10’ East

8. Babuyan Island: Camiguin

Island — East Coast . 121° 58’ EEast
Luzon Island
9. West Coast — Cape Bolinao 119° 44’ East and

16° 15’ North
10. East Coast — Cape San Ildefonso 122° to 122° 15’
East and
16° 02’ to 16°
4 16’ North
11. West Coast — Palauig Pt. 199° 53’ East and
..15° 30’ North
12. South Coast — Bondoc Peninsula— Bondoc Pt. ‘
122° 32’ East and
13° 10’ North
13. East Coast — Caramoan Peninsula on Lagonoy Gulf
123° 50’ East and
13° 42’ North
14. East Coast — East of Mayon
Voleano Point 124° 13’ East and
13° 11’ North
Mindoro Island

15. North Coast — Cape Calauite 120° 17’ East to
120° 36’ East
16. West Coast - Dongon Pt. 120° 48 East and

12° 43’ North
Tablas Island
17. East Coast 122° 07’ East and
12° 27’ North
Romblon Island
18. West Coast 122° 15’ East
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Burias Island

19. Aguja Pt. 123° 21’ East
Ticao Island
20. West Coast 123° 35’ East to

123° 47 East
Masbate Island

21. North Coast —on Masbate Pass 123° 26’ East to

123° 41’ East
Samar Island

22. East Coast — Cape Espiritu Santo

to Bunga Pt. 12° 12’ North to
12° 30’ North;
3 miles from shore

23. Tugnug Pt. 125° 37’ East and
11° 22’ North;
Leyte Island 3 miles from shore
24. South Coast —on Sogud Bay 125° 05’ East and
10° 12’ North
25. South Coast - 125° East and 10°
Panaon Island 05" North
26. East Coast 125° 15’ East
Bohol Island
27. Nauco Pt. 124° 24’ East and

09° 40’ North
PHILIPPINES - SOUTHERN PART

Mindanao Island

28. North Coast — 125° 23’ East and 9° 10’ North to 9°
40’ North

29. Point on Gingoog Bay 125° 10’ East
and 9° North

30. Point on Macajalar Bay 124° 37’ East
and 8° 48 North

31. Point on Iligan Bay 124° 15’ East and
8° 30 North

32

. West Coast — West Coast of Zamboanga Peninsula

Batotindog Pt. 122° 02’ East and 7°
22’ North

33. Coast on Illana Bay 123° 82’ East to
123° 50’ East

34. Tapian Pt. 124° East and 7° North

35. South Coast — Maguling Pt. 124° 20’ East and 6° 06’

" North

Point at 125° 17’ East and 5° 36’ North
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37. East Coast — Tambunan Pt. 125° 30’ East and 5° 42’
North to Banos Pt. 125° 39’ East and
5° 56’ North

38. Cape San Augustin
126° 05’ East and 6° 35 North
to 126° 11’ East and 6° 16’ North

39. Tugubun Pt. Mayo Bayat 126° 28’ East
and 7° North

THE CLOSED CYCLE
Warm water (Figure 5) from the ocean surface is passed
through an evaporator (boiler) containing a working fluid such as

CLOSED CYCLE
NHS Turbine/Generator

NHy

4

n '% Conggﬁser

wee Sl =)

oL
Evaporater Water

!
De

NHz

L

I

Cold Water

FIG. 5. A schematic of the Rankine closed cycle for OTEC.
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ammonia. The heat transfer evaporates or boils the working fluid
into vapor which then expands on drives a low-pressure gas turbine,
then exhausts into a condenser cooled by water pumped from the
ocean depths of about 1000 meters. The condensed working fluid is
pumped back to the evaporator and the cycle is repeated. Power ex-
tracted by the turbine is used to generate electricity.

The major cost item of the closed cycle is the heat exchangers.
Because of the low thermodynamic efficiency of low AT cycles, the
heat exchangers must transfer very large amounts of heat thus
necessitating the use of large heat exchangers. To keep the efficiency
from deteriorating altogether, the thermal potential drop across
the heat transfer surfaces must be kept at a minimum. For a given
heat transfer rate, this can be realized by increasing either the over-
all heat transfer coefficient U or the heat transfer area A or both
since

Q=TUA(At)m

Figure 6 shows some OTEC heat exchanger (evaporator) con-
figurations.

All other closed cycle components appear to be within the state
of the art and there appears to be neither the need for R & D nor
the new ideas which merit development. Some problems however
are highlighted in the following other closed cycle components.

a) Turbines — anticipated problem areas are the seals. Com-
pared to steam, ammonia is a corrosive fluid and requires
special seals but this problem is not expected to require more
than minimal development effort. Turbine size may be ano-
ther problem area. Depending on the OTEC modular size
selected and the optimum size of an OTEC turbine in terms
output rating, efficiency and cost, various turbine-heat ex-
changer groupings are possible: a single turbine fed by one
evaporator; a double flow turbine fed by one or two evapo-
rators or a single turbine fed by two evaporators. Practical
considerations such as existing fabrication capability and
economy of scale will dictate the optimum size. Lubrication
is another problem area. Oil at the ammonia side heat trans-
fer surface would greatly reduce heat transfer performance.

b) Demister — liquid-vapor separators for ammonia service
have been built for several years and they are known to per-
form at high efficiency. A hook-vane design, a wire mesh
design or a combination of the two could be used. Centrifugal
separators are not recommended because of their high in-
herent pressure drop.
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Demister problems are possible in the areas of size and
cost. If OTEC evaporators produce low quality vapors, large
and relatively expensive demisters are required. Large demis-
ters can affect power system layout since the turbine inlet
must be above the demister outlet. The bigger the demister,
the higher the turbine elevation which can pose structural
problems.

¢) Sea Water Pumps — No problems are anticipated here. Ex-
isting pumps that can satisfy OTEC requirements and per-
form at good efficiency have already been identified.

THE OPEN CYCLE

Warm sea water is de-aerated and then passed into a flash eva-
poration chamber where a fraction of the sea water is converted
into low pressure steam (Figure 7). The steam expands through a
turbine then exhausts into a condenser. The condensate need not be
returned to the evaporator. Rather, if a surface condenser is used,
the output is desalinated water. Or, if a spray, direct contact con-
denser is used, the condensate is mixed with the cooling water and
the mixture is discharged back into the ocean.

A complete open cycle power system requires additional hard-
ware such as compressors to remove the undissolved air and demis-
ters. The open cycle remains an attractive alternative to the closed
cycle approach. There has been less emphasis on this concept vis-a-vis
the closed cycle because of what many researchers have conceived
to be difficult and costly problems such as huge low pressure turbines,
the need to maintain near vacuum in extremely huge volumes, and
the increase parasitic losses. However, with good design, the open
cycle may become competitive to the closed cycle.

All of the open cycle component concepts are essentially within
!:he state of the art. However, for the production of power on a mean-
ingful scale, the size of the hardware becomes particularly huge.
Thus, the turbine cost is thought to dominate the open power cycle

cost, just as the heat exchangers dominate the closed power cycle
cost.

The problem of biofouling of heat transfer surfaces is expected
to be less severe than in the closed cycle if flash evaporator preceded
by a multi-stage de-aerator is used. The direct contact condenser will
SImllarly. avoid condenser fouling. The trade-off for the biofouling
problem is the necessity using compressors to purge the non-conden-

sibles .from the system on a continuous basis and the size of the hard-
ware involved due to operation near vacuum.
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OPEN CYCLE

Exhaust Compressor

[:>——4§. Non-condensable Gases

 Deaerator Steam Turbine/Generator

W -

m

L”E Flash L3 —4
Evaporator — }}
Barometric
Condenser

(R
HE— f

Ld
‘I \L Wate
Warm Water

Water

A

1

Cold Water

Fic. 7. A schematic of the Rankine open cycle.
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The HYBRID CYCLE

Steam is generated by flash evaporation as in the open cycle
(Figure 8). This steam then acts as the heat source for a closed
cycle using ammonia as the working fluid. It is claimed that this
system combines the heat features of both the open and closed cycles.

HYBRID CYCLE

NH Turblne/Generator
Compressor 3

Non-condensable Gases

d -—3»[>——>—ﬁ|

Deaerator Jl_ﬂ.\
1Ste;mt;- Fvaporator
E - ﬂ Stean NH

| Condensate Condegser

Qi t

Flash
Evaporator || LUJ
[) NH3 4
T ‘L Water
Warm Water Water
FiGc. 8 Cold Water

The VAPOR LIFT CYCLE

Another open cycle concept is the vapor lift cycle. In this case,
the power cycle requires a hydraulic turbine instead of a vapor tur-
bine (Figure 9). The warm surface water is allowed to evaporate in
such a way that it entraps substantial mass of liquid water with it.
The condenser is located above the evaporator and it receives its
cooling water from the cold water pipe. Thus, the pressure gradient
created by the temperature difference raises the vapor-liquid mixture
from the evaporator to the condenser.
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LIFT/FOAM CYCLE SCHEMATIC

Gases
' Liqui .
Separator Condenser N
. — ) |
Hydraulic Condensate
Mist Head + Water
or
Foam -
— Ng;leﬁtion +—> Water Hydraulic
— hamoer Turbine
i Exit
Additives (If used) Water
- o
? ,Lf
Warm Water Cold Water

Frg. 9. A schematic of the lift/foam cycle schematic.

The potential energy of the warm water to the condenser level
can then be converted into shaft power through the use of a hydrau-
lic turbine located at the “same” elevation as the warm water in-

take. This concept is at an early R & D stage.

The real issue is the efficient generation of a vapor-liquid mix-
ture and the transport of the mixture without separating the vapor
from its liquid or initiating instabilities in the flow process. Two
approaches for lifting the warm water have been proposed: The
foam concept relies on the addition of small quantities of surfactant
(detergent) to create the foam, and the second is the mist concept
where a mist generator is used and installed at the warm water en-

trance.

A AT of 40°F could theoretically raise the foam or mist to a
height exceeding 600 ft. However, not all of this head can be realized.
To raise the foam to such an elevation, which is considered high for
an ocean structure, the foam must be stable. This means a substan-
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FiGc. 11

tial addition of detergent which adds to cost on one hand and could
present environmental problems. Having established a stable foam;
it would be difficult to break it and to separate the vapor from the
liquid. In the mist approach, there is an added energy loss in the
mist generator and the added problems of mist generator erosion,
fouling and mist instability. The problems of deaeration on the purg:
ing of the non-condensables, maintenance of near vacuum and huge
hardware are also present us in the open cycle. '
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Proponents of both foam and mist are optimistic about the cost.
The system is very simple, containing less components than the closed
or open cycles. However, there are a number of unknowns and re-
search is needed.

COMPARISON OF OTEC POWER SYSTEMS

Table 8 summarizes the comparisons among the Open, Closed
and Hybrid systems with respect to problem areas.

Tables 9 thru 12 show potential advantages/disadvantages of
Open and Hybrid systems compared to a closed system, Preliminary
study Baseline Reference Conditions, Power Summary, Major Power
System Component Descriptions, and Estimated Cost of Major Power
System Components (not including cold water pipes, platforms, etec.)

ECONOMICS

In a paper by Lockheed Missiles and Space Company read at
the 5th Ocean Thermal Energy Conversion Conference in 1978,
they reported the following conclusion. On the question of the com-
petitiveness of projected OTEC plants operating in the Gulf of
Mexico with currently available conventional modes of baseload elec-
tricity generation, taking into account the effect of variations in the
cost of fuels and capital resources, it was concluded that the fuel
escalation rates at which OTEC plants become competitive with
nuclear plants by the year 2000 range from 0.9% to 3.9% and those
for coal-fired units from 0 to 2.5%. In the face of current uncer-
tainty concerning construction cost of OTEC plants and future fuel
price escalation rates, it is not possible to determine with any cer-
tainty whether current OTEC plant designs will become commer-
cially attractive towards the end of the century. However, the re-
sults of this study suggest that current OTEC plant concepts are
close enough to being competitive with conventional power plants
to provide grounds for cautions optimism regarding the ultimate
commercialization of OTEC technology.

In the same OTEC conference the Mitre Corporation reported
the results of their estimates (1977 US$) as $1666/KWe and
$1711/KWe average for plants using aluminum heat exchangers
(HX) and Titanium HX respectively for a 3,000 MWe complex,
grid connected, and rated at AT = 40°F (22.2°C). (See Table 3).

Tables 4, 5, 6 show mainly the effects of changing some design
or operating parameters such as terminal temperature difference,
cold water pipe length and surface water temperature on the cost
of electricity produced. This study was done by Colorado School of
Mines and reported its results at the 5th OTEC conference. The re-
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sulting cost of generating electricity ranged from 8.22 to 4.10¢/Kwh
(P.24 to $0.31/Kwh). A frequent expense which was not included
in their costing is construction interest costs and A & E fees.

A possible way of improving the economics of OTEC plants is
to combine OTEC with other activities. The OTEC electricity gene-
rating plant may be combined with industrial activities in three
different ways:

a) Using the cold nutrient sea water to grow biomass or feed
aquaculture.

b) Using the electricity to process free and abundant raw
materials like air and water to obtain high value and
easily transportable products like ammonia and liquid
hydrogen.

¢) Using the electricity to transform raw materials which are
brought to the OTEC plant, into an energy intensive pro-
cess.

There are of course certain restraints on such combinations,
such as space and weight available on the floating structure, the
motion of the sea, and environmental aspects. Figure 10 show some
selected combinations for further studies on possible integration.

TABLE 3

ULTIMATE CAPITAL COST ESTIMATES FOR OTEC SYSTEMS*
(3000 MWe COMPLEX, GRID CONNECTED, RATED AT AT = 40°F)

Module Aluminum Hzx Titanium Hz
(1977$/kW) (19778 /kW)
Heat Exchangers 400-700 470-820
Demisters 7- 40 7- 40
Turbogenerators 70-112 70-112
Seawater Pumps 85-200 95-200
Other Power Systems 115-195 108-195
Platform 50-300 50-300
Cold Water Pipe 71- 80 T1- 80
Mooring/Deployment 50-197 50-197
Elec. Cable 100-450 100-450
TOTAL 948-2274 1021-2394
Average (1977 Dollars) 1611 1711
(1975 Dollars) 1343 1426
Modal Value (1975) Dollars) 100 1100
Range ' —20%, +90% —20%, +80%
Capital Cost (1975 Dollars) 800-19008/kW or 880-1980$/kW

*NOTE: On a module basis, these represent the highest and lowest estimates by
four doe contractors and doe personnel as reported during February
1978. The contractors names corresponding to the estimates made are
proprietary information, and are not presented for that reason. These
estimates are for sites 3 miles to 200 miles from shore.
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TABLE 4

OC-OTEC PERFORMANCE AND COSTS
EFFECTS OF CHANGING TERMINAL TEMPERATURE DIFFERENCE

(T._ )
Td
Item Condition Condition
Cold water pipe length (m) 1100 1100
Temperature, °C
Evaporator in 25 25
Evaporator out 21 25
Evaporator, Tty (variable) 1 5
Steam 20 20.5
Condensing 10 9.5
Condenser, Tyq (variable) 1 5
Condenser out 9 9
Condenser in 4.34 4.34
Water head loss, meters
Warm 4.3 4.3
Cold 5.5 5.5
Efficiencies
Pumps and Turbines 0.75 0.75
Turbine/generator 0.70 0.70
Degasifiers (.3— .8) 0.60 0.60
Mass flow rates, 103 kg/s
Warm water 246 224
Steam 1.68 1.53
Cold water 192 172
Power MW
Turbine/generator output 100 100
Warm water pump 14.46 13.18
Cold water pump 19.36 17.51
Degasifiers 5.97 5.40
Start up 5.97 5.51
Auxiliary 5.00 5.00
System Output 55.2 58.9
Costs (millions of dollars)
Warm water pipe 2.7 2.5
Warm water pump 7.2 6.6
Evaporator 13.6 16.8
Turbine/generator 52.3 49.0
Cold water pump 6.3 5.6
Cold water pipe 24.2 22.6
Condenser 12.5 15.4
Degasifier 2.4 2.2
Start up equipment .6 5
Auxiliary and controls 2.0 2.0
Operating costs per year
~ (millions of dollars) 2.6 2.6
Cost rate $/kW 2242 2084
Cost of electricity ¢/kWh* 4.0 3.7

* Based on a 12% cost of money and assumed 8000 hours of operation per
year. Includes operating costs but excludes platform costs.’

276



TABLE 5

OC-OTEC PERFORMANCE AND COST
EFFECTS OF VARYING COLD WATER PIPE LENGTH

Condition Condition Condition

Item
Cold water pipe length (m) (variable) 800 1100 12.00
Temperatures, °C
Evaporator in 25 25 25
Evaporator out 21 21 21
Evaporator 11d b 5 .5
Steam 20.5 20.6 20.5
Condensing 9.6 9.5 9.5
Condenser, TTd b 5 .5
Condenser out 9 9 9
Condenser in 5.29 4.43 4.30
Water head loss, meters
Cold 5.6 5.6 5.6
Efficiencies
Pumps and turbines S5 A5 76
Turbine/generator 70 .70 .70
Degasifier (.3— .8) .60 .60 .60
Mass flow rates, 109 kg/s
Warm water 209 209 209
Steam 1.43 1.43 1.43
Cold water 207 159 159
Power MW
Turbine/gencrator output 100 100 100
Warm water pump 12.31 12.31 12.31
Cold water pump 19.19 16.25 12.31
Degasifiers 6.77 5.01 5.01
start up 5.66 o 5.20 ‘5.20
Auxiliary 5.00 5.00 5.00
System Output 57.7 61.43 61.00
Costs (millions of dollars)
Warm water pipe 24 24 2.4
Warm water pump 6.2 6.2 6.2
Evaporator 16.7 15.7 15.7
Turbine/gencrator 58.00 58.00 58.00
Cold water pipe 18.7 20.7 228
Cold water pump 6.6 5.2 5.24
Condenser 16.46 14.33 14.33
Degasifier 2.3 2.0 2.0
Start up equipment .66 .52 .52
Auxiliary and controls 2.0 2.0 2.0
128.9 127.1 129.2
Operating Costs per year
(millions of dollars) 2.67 2.64 2.58
Costing rate $/kW 2233 2068 2118
3.97 3.67 3.76

Cost of electricity ¢/wWh®*

% Based on a 12% cost of money and assumed 8000 hours of operation per
year. Includes operating costs but excludes platform costs.
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TABLE 6

OC-OTEC PERFORMANCE AND COSTS
EFFECTS OF CHANGING SURFACE WATER TEMPERATURE

Item Condition Condition Condition
Cold water pipe length (m) 1100 1100 1100
Temperatures, °C . .
Evaporator in (varluble) 24 26 27
Evaporator out 21 21 21
Evaporator Tty 5 5 5
Steam 20.5 20.5 20.5
Condensing 9.5 95 9.5
Condenser, TTd 5 5 5
Condenser out 9 9 9
Condenser in . 4.34 4.34 4.34
Water Head Loss, meters
Warm 43 4.3 4.3
Cold 5.5 5.5 5.5.
Efficiencies
Pumps and turbines 5 5 75
Turbine/generator .70 .70 .70
Degasifiers (.3— .8) .60 .60 60
Mass flow rate, 103kg/s
Warm water 279 167 139,
Steam 1.43 1.43 1.43
Cold water 159 159 159
Power MW
Turbme/generator output 100 100 .100
Warm water pumping 16.37 9.87 8.24
Cold water pump 16.25 16.25 - 16,25.
Degasifier 5.84 4.52 418
Start up 5.81 "4.83 4.58
Auxiliary o 5.0 5.0 5.0
System Output. . 56.5 64.4 66.3.
Costs (millions of dollars)
Warm water pipe 2.99 1.96 168
Warm water pump 8.21 4.92 411
Evaporator . 18.56 13.73 12.24
Turbine/generator 58.00 58.00 58.00
Cold water pipe. 20.75 20.75 20.75
Cold - water pump 5.20 5.20 - 5,20
Condenser 14.33 14.33 14 33
Dega51ﬁer . 2.33 1.81° ]::6,‘7
Start up equipment .58 .48 .46
Auxiliary and controls 2.0 2.0 2.0
: . 132.9 123.2 120.5
Operating costs per year - .
(millions of dollars) 2.65 2.46 2.41
Costing rate $/kW 2351 1913 | . 1860 |
Cost -of electricity ¢/kWh* . 4.18 340 .. . 3 22

* Based on a 12% of money and assumed 8000 hours of operatlon per year
Includes operating costs but excludes platform costs.

An additional run was carried out at 27°C surface temperature with a
steam temperature of 21,56° and a terminal temperature difference of .5°C. The
resulting cost of electrxclty is 3.00 ¢/kWh.
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TABLE 7

OVERALL ECONOMICS OF A COMBINED
OTEC POWER PLANT & SEAWEED FARM

OTEC POWER PLANT—100 Megawatt (Millions $)
Construction costs of power plant facility 85
Construction costs of chemical plant sea & land 35
Installation and start-up in Philippines 15
Average annual operating expenses (20 years) 15
Average annual by-product credits: 50

electrical power 15 methanol 20
purified oxygen 5 ammonia 10
Time for design, construction, installation 3-5 years ’

SEAWEED FARM—10,000 Acres (Millions 3)
Plant investment in the ocean area: 50
cultivation 25 supports 5
harvesting 15 mariculture b
Chemical Processing factory on land 25
Farm installation and start-up costs 15
Average annual operating expenses (20 years) 16
Average annual by-product credits: 29
food supplements, etc. 3 methane + 10
fertilizer, etec. 4 mariculture 12

Methane productivity approx. 2 x 109 cu ft/yr
Time for construction, installation, demonstration 3-6 years
TABLE 8.
COMPARISON OF OTEC POWER SYSTEM PROBLEMS
Problem Open ) Closed Hybrid
1. Large Vapor Turbine Yes - No No
2. Low Energy Level Turbine Working Fluld Yes No
3. Large Volumes for Working .
Fuid Containment .~ Yes No No
4. High Pumping and Parisitic Losses ~ Yes No No
5. Large Platforms -3 Yes No Yes
6. Deaeration of Warm Water Yes No Yes
7. Potential Cold Water Tube Fouling No* Yes Yes
8. Potential Cold Water Tube Fouling No* Yes Yes
9. Large High Pressure Heat Exchangers No Yes Yes

10. Ammonia Handling Systems No Yes Yes

11 Ammonia Induced Corrosion No. Yes Yes

12. Environmental Pollution Na = Ves Yes

* Except when a fresh water saver option is mcluded

POTENTIAL COST:SAVINGS RESULTING FROM CONCRETE PLATFORM
CONSIDERATIONS FOR A 100 MWe OPEN-CYCLE POWER SYSTEM

$ 40 For Evaporator and Generator Shells
4 For Barometric Condenser Shell
15 For Diffusers
7 . For Turbine Casing and Cover
5 . ;Estlmated Other components
$ 1 Total Potential Saving

(Numbers are Dollars in Millions)

279



pin{g 3uIjiop\ snopiszeg

paatnbay
UOJBIABY([ I3)BA WIBA

paxinbay
JojerodBAy wWBa)S

1038I0dBAY SHN Ul juUaIdYR0)

paanpoxg
J3j8 )\ pajeulesag

Jajsusly, 989 JIaY31yg

3uymogorg
03 A31ABISUSS padnpay

paainbay
uol3BI983( JI9IBM WIBM

orjey aduey) ainjsradwa],
03 2a3usy) aInssald Jamor]

awnjop oywadg
sneyxqy sulqany, y3ryg

A[[enusjod yo uonBUIWI[Y

we3sAS pinfg
3unjropA aanssarg
Y31y yo uoneunuI[y

sjualoyjao)
Iagsuel], jesy Joydiyg

Suynojorg
0} £31AnIsUSS peonpay

SAOVINVAAY

SADVINVAAV

SHOVINVAAVSIA

SHOVINVAAVSIA

WALSXS *HN/WVILS dI¥49XH
NILSAS V OL dIYVANOD SHWHLSAS AIYdAH ANV NHJO 40 SHOVINVAQVSIA ANV SEDVINVAAYV TVIINILOd

6 TIgV]

NALSAS WVIALS NHdO

280



9% 14 qz (OMW) MdInQ 1Mo BN WLISAS
2amog
8reé8 °“HN
09
gy'0 wwals evT'0 81°68 (v1sd) a1nssalg UOIBSUIPUOD
aL 12 09 (J) 2injeiadwa], UOIIBSUIPUOD
8'831
oL ‘HN
gy'0 weag £v'0 8821 (e1sd) aanssaxg uonerodesy
qL oL (J4) 9anjsradwa], uonjerodesly
pIn{d 3unjIom
9 q q (J) 198uapuo) EE0NY IV
U4 (114 oV (g) @2anmjeaadwa], joqul
123D P1OD
g g g (d) I0jvrodesqy SsoIdY 3V
08 08 08 (Jd) 2anjersdwa], 39[uf
493D WD
washg

‘HN/wo31S preRyg

waishs woalg uedQ

waishS SN Pa80)D

SNOILIANOD FONAYAITY HANITISVE AANLS XYVNIRITIId

0T J1avy],

281



282

% 19T % 9L°3 % 11'% Lousoyy SwWsIsAS
9MN 8919 9IMN 18TV IMIN 9898 (103e13u8n) jndnQ ssoin
9MIN £9°2S SMIN 982% SMIN 09°L8 (eurqany,) ndinQ ssorn
OMIN eg'e IMIN S8'T — (5) 103014/ (s) J0ssaadulo) 'I0jBIFUAL)
°MIN 800 = — 10jopy/dwng ‘2)BSUAPUO)) WEIS
SMN L6°0 — M 690 2030 /dwng pasgd “HN
OMN €€°6 2MN 96°L 9IMIN 199 1030 /dwn - 1938 P[OD
dMIN L9°3T MM 0L'9 SMI 67'F 1030y /dwng I3 WIT M.
M 93 M 96 SMIN 43 . ndinp 3N

wayshy .

YN/ w0a1S pLqitEy wasflg wwalg wadQp washg PPN paso)) I NANOdIWOD

AYVANAS YTMOd
11 a@1avy



‘dund aad wd3 0q91‘21

30 ‘fjede) ~I9AlIp- 10j0W OLIFOD[D i dwnd (eSnjus)

ud1 0098 38
Butuany IojeIauad pa[ood Ay ‘189F g APjewixoxdde Isjowrelp

J030a diy o3 dyt ‘wdx 0Qp9g ‘euiqin) uoisuedxs mo[y d[qnod

: *3pIS [[d3YS UO UOIJBSUIPUOD
HN ‘10jawelp ul 397 g Apjewixoadde jwun yoes “yiun rad
(vare aovyans Ioysuely jeay z1¥ 90T X GEO'T) SAqnF 000°Z8
‘saqn} winiuely HME 33 “A'0 Ydul 8L ‘(12YS pue 3qny ute(d

-3pIs [j2Yys uo uorjeod
-eAd "HN ‘19jowel] ul 399F (g Arejeurixoadde jun yoea:‘yrun

Iad (BOXE Q0EJINS JAJSUBI} ¥eay '1F 000 omwv saqny ooo $8
‘saqny wniueyy HMg 22 “q 0 :o..: w\r ‘l1eUs ?E 33 ureqq -

‘peads dwnd ju w:E.ﬂS
030w D113 ‘jun Iod Ajoedwd wd3 (po‘egL .AE& 09T o)

padds mof ‘syiun dwind wES Jo[(odoxd ‘mcpy [BIXB [BdIIIA

-*poads dwnd’ je-Suruany

030wt Sbuﬂm ‘Jun 38d 36«98 wd3- goo‘erg AE& 00Te)

peads mof ‘sjyiun dwnd odfy zaypadoad -mopy -[EIXT ‘[BanIP -

u&oS \mw_sm Smmwov:oo HN

- Z0yez0URs) foulqany, SHN

_aesuspuod) FHN

uoaauoma>w...n.mw~

Tojop ,duing TeyE M PIOO

10jo/dung I9jBp WIIB M
WALSAS "HN d4501D

NOLLdIdDSAad

SZIINA A0
JAIGNWAN

SINANOIWO0D

SNOLLAI¥DSHd ININOJWOD WHLSXS dIMO0d JOLVI
gl d1avy

283,



AW SIY} J8 IBUIWINAPU] 4

*399F

0T 30 3y3y jwun ‘wdd 401 X 6T'T Jo Aeded 1ajBm [8303
‘eisd gp'0 Fo 2anssaad [vuasjul ‘(s)J103BI0dBAd YSB[J WNNIBA
‘sxojowr

214309[@ Aq uaAlxp sIossaxdwod [y °‘0'€ Jo onyexr aanssaxad
pue ‘3991 00¥‘'vS JO peay d13BqBIPE® ‘WJADV 003'VEI Jo ajel
-MO[J OIJWN[OA 33Ul Y3iM Jossazdwod [ednjlijuad a3e}s-g
auQ ‘0'¢ Jo onex ainssaxd puw ‘3eay (0g9‘0L JO pway dlsqeIp®
‘WJIDV 00969 Jo 93e3s-9 auQ °0'g Jo onel aanssaad pue
‘4991 09p'8L JO PBAY d1eqelpe ‘WJDV 09g'8¢ JO 38X Moy
Jl1jawIn[oA 39Ul Yum Jossaxdwiod [B3nJlIjusd adeys-; auQ
‘3933 0T o Y3y

jwun ‘wd3 o017 X 6I'T JOo A£3wwded IaBm [BJO3 ‘98836 Jad
0'Sc JOo onex aanssaxd ‘(s) Iojerawap wnndeA 33dels-INIL
‘peads dwnd 38 3Juiuany

Jo0j3ow d1x309[Y “}un xad ALjoeded wd3 00‘geg ‘ (wdl GgZeo)
paads mop ‘syiun dwnd ad43 Isqjadoad ‘mopy [eIX® ‘[BONIIIA
‘paads duind 9% Sutuany

Jojowr 2113231 ‘Jlun I3d sjreeded wd3 pg‘ges ‘(wdr (0Zco)
paads mo ‘syiun dwind od4£3 id[(adoad ‘mopy [eIXE ‘[BONIIAA

(=3 ]

I03830dBAy yse[ wes)s

52030 /s10881dWo) l10jeIaBaT

10381383

030y /dwing Ia38pM P[0

100, dung 938 WIBAL
HALSAS WVALS NAJO

NOIZdIgOSada

S.LIN2 A0
HATHNN

SINANOdHWOD

(‘PAu0D) I ITEV]

284



W} SIY} 3@ D)JBUIUIdISPU] :dION

*1030W J113091@ Aq UIALP S10SSaIdUIOd
IV ‘0’8 30 onex ainssaxd ‘429F (09'9¢ JO pedy Oneqerpe
‘WJIDV 000963 JO 9jeImop OlI1}oWIN[OA 7d[uUl ‘I0Ssaaduzod
Moy [eixe o93ejs-¢ auQ °Q'g Jo onexr aanssaxd ‘3dF 0ZTOL
Jo peay aneqelpe ‘WJOV 009°TE€T JO djeamop OdLIPWIN[OA
Ul ‘rossaadutod [e3njiajusd a3ejs-g du(Q Qg JO OljeI danS
-saxd ‘3993 009‘LL 3O pPeRY dhjeqelpe ‘WJOV 093'SL O 9jul
“A0p dlrjepwmnioa jA[ul ‘xossardwiod [ednjurjuad aJels-), auQ

19931 QT JO
Y31y Jun ‘wd3 o1 x g3 Ajweded isjem ejoy ‘e3eis Jod

0'€co JO onex axnssaxd ‘(s)iojerswsp wnnoea a3ejs-IIN

‘peads dwnd je Suluany
Joj0w d11309[y ‘Jtun x3d Ajpeded wd3 po‘oeq ‘ (Wdi 08Tco)

paads mof ‘sjlun dwnd- ad4y xspedoad ‘mopy yeixe ‘[ed1I0 A

‘peads dwind je Jutuiny
1030w d11399[y ‘Jtun Jad Ajedeo wd3 00g'z9g ¢ (wdl 0ZZeo)

peads mof ‘sjtun dwnd adAy aayfedoad ‘moy [eixe ‘18138 A

*(s)103e13uald pajood ate wdx (o9
3997 GEco JO JI0jawrelp rojox diy o3 dn ‘wdx g9 ‘(sayquas

-SB 103e}s/10301) syjedmop xIs ‘(s)aulqin} uolisuedxd wWes}S

"J33F 0T 0 3y3dioy
jlun ‘wd38 o601 x 61'T Jo Aweded Isjem 18301 ‘eisd 8p1°0

Fo ainssaxd [euldjur ‘(s)Iasuapuod oljeworeg,, 19L-1OK

syyedmorg 9

L

10307y /S10ss21dWo) I0}eIaRI
I0jeI3La(]
10301y /dwung Iajem PIoD

I10j0y/dwing I9jep WLIEpM
WALSAS ¢HN/WVALS dI¥4dXH

10jeIdULN) /oUIqINT, WE3)S

I9SUspuo) wes}s

NOILJIHOSAd

S\LINM A0
HATHAN

SINANOIH OO

(‘PAU0D) T A8V,

286



"Wy} SIY} 38 JBUIWILIPUT HLON *

‘dund xad wd3 (g7

Jo Ajede) "19AMD Jojowr on1od[d Yy dwind [eSnyuus)
‘dnoa8 xad wd3 gggg

Jo fjede) “IaAlIp Jojowr 01139913 Y dwnd [eInjriyua)
‘wdx 0081 je Jur

-uing I0jBIouad pajood Ity ‘399 9 Apereutixoxdde Jo Iajpwelp
ojox di3 o3 diy ‘wdx Q8T ‘oulqan} uoisuedxa Aopy 3qunoq
*9pIS [[9YS U0 UOI}BSUIPUOD

"HN ‘wjawielp ut 3993 ¢g Apdjewrxoxdde jun yoes “yiun
Jad (eaae edejans Jaysuvll 3eay IX (000EL) 599N} (000°‘8S
‘soqny wniuelly DM 33 "A'0 Youl 8/L ‘[[3Ys pue aqny ure(g
. *9p1s [[oys uo uoryerodeas
HN ‘1ojowelp ul 329f ¢z Aejyewrxoxdde jun yoes ‘yun Iad
(voae 2dvyInS Iagsuer} jeay ¥ 000°G83) Saqny 00029 ‘saqni
wnuunie HME 8T “@'0 Y2ul 8/L ‘[9Ys pue aqny urerd
3893

0T 30 y3Yy jun ‘wdd 0T X ¢z'g Jo Ajouded Iajem [B)0}
‘eisd gp'0 Fo eanssaad [rulrajul (s)IojerodeAd ysey wnnoep

1030 /dung a3esuspuo) ‘gN

Jojopf/dwng 93BSUApPUO) WIBIS

I038I3u) /oUIqIn], SHN

J9suspuo) HN

Jojsrodeaq SHN

J0jerodBAT] yse[g weajs

NOILdIZOSHd

SZIINN H0
JATWAN

SINANOIIIO0D

(‘pPu0D) 2T FIAVE

286



3918 8831 ggse 8'88 0991 9Ty 180D pajewnIsH [810]
0091 0y 0'9.9T 7’68 0’731 T'e S103eIUDD/SOUIGIN],
Le 148 00 00 92 890’ sdwng ajesuapuo)
003ST  (useald) 0'8g 0'31T 83 0'0v8 0’13 SIasULpUO)
0'80¢ ("HN) L 0'808 303 0'88¥ (448 s103eI0dBAY
818 L8L 9673 729 9571 v'9g W2)SASqNS  UOBIAULY Iomod
0'9LT or'y 0'96 & 0'%0T 93 S10j0[y/sdwng I838 M\ PIOD
0'9LT 0v'y 0'96 & 0'70T 9% wajsAsqng 1938M PIOD
0°0¥9T 0'T¥ 0’798 913 00 0’0 s10ssa1dw0) /51038 15Ud5)
0'88T Ly 096 V'3 0°00T 54 Iojoly/sdwng Ia3ep\ waBp
0'8281 L'ey 0°096 073 0°00T 9% WalsASqny I8jBM WIB M
(ZAN) oMu8 & woupy (ZAN) sM48  $ uwouppy |(ZAN) °M4/$ $ uwounmp
WHAISAS *HN/WVALS AIYGAH| WHISAS WVHZLS NAJO WHAISAS "HN ddSOTO

SLNENOJIOD WILSAS ¥IMOd YOLVIN J0 LSOO AILVWILSE

g1 T1avy,

287



	2021_05_21_15_49_51_001
	2021_05_21_15_49_51_002
	2021_05_21_15_49_51_003
	2021_05_21_15_49_51_004
	2021_05_21_15_49_51_005
	2021_05_21_15_49_51_006
	2021_05_21_15_49_51_007
	2021_05_21_15_49_51_009
	2021_05_21_15_49_51_010
	2021_05_21_15_49_51_011
	2021_05_21_15_49_51_012
	2021_05_21_15_49_51_013
	2021_05_21_15_49_51_014
	2021_05_21_15_49_51_015
	2021_05_21_15_49_52_001
	2021_05_21_15_49_52_002
	2021_05_21_15_49_52_003
	2021_05_21_15_49_52_004
	2021_05_21_15_49_52_005
	2021_05_21_15_49_52_006
	2021_05_21_15_49_52_007
	2021_05_21_15_49_52_008
	2021_05_21_15_49_52_009
	2021_05_21_15_49_52_010
	2021_05_21_15_49_52_011
	2021_05_21_15_49_52_012
	2021_05_21_15_49_52_013
	2021_05_21_15_49_52_014
	2021_05_21_15_49_52_015
	2021_05_21_15_49_52_017
	2021_05_21_15_49_52_018

