






































Table 2

ESTIMATES OF CAPITAL COST, $/kW, (1974 DOLLARS), FOR OTEC POWER PLANTS,
EXCLUDING POWER (OR PRODUCT) TRANSMISSION TO SHORE

Source U. Mass.'* APL/JHU'™ CMUY

Plant site Gulf Stream +10° Latitude —
Ocean AT, °C (°F) 18(32) 22(39) 24(43) 20(36)
Working fluid Propane NH;* NH; NH; NH;
Costs, $/kW, net:

Heat exchangers 340 254 153 120 280

Turbines, generators, pumps, misc. 179 100 109 90 282
Cold water pipe 63 63 45 40 58
Platform 48 48 50 43 36

Total, $/kW. 630 465 357 293 656

* The U. Mass. estimates for use of propane working fluid from Ref. 14 were adjusted for use of ammonia by G. L. Dugger.

based on early 1975 dollars and are considerably
higher than those in Table 2, which were based
on 1973-74 inputs. They chose titanium-tubed
heat exchangers with seawater inside the tubes for
“immediately buildable,” long-life baseline designs
because of the corrosion resistance of titanium
and the fact that its relatively hard surface (com-
pared to aluminum) would permit use of conven-
tional mechanical /abrasive methods to clean them.
This conservative approach was consistent with
the guidelines given them for their baseline studies.
The resulting baseline estimates are $2100,/kW,
by TRW (for a 40°F AT) and $2600/kW, by
Lockheed (for a 34°F AT). Approximately 50%
and 58% of these costs, respectively, are for the
heat exchangers, whose costs, both teams note,
could be reduced by 40 to 70% by improved de-
signs based on aluminum. Both teams also rec-
ognize the strong desirability of getting capital
costs down for “n'" production plant” designs.
The Lockheed team stated that with only minor
technical improvements, including aluminum coil-
panel heat exchangers, costs could be reduced sub-
stantially. They also detailed a series of possible
heat-exchanger improvements and other factors
(including higher ocean AT) that could ultimately
lead to a heat exchanger cost as low as $200,/ kW,
with sheet-metal construction.’ The TRW team
notes that major cost reductions might be achieved
in the platform as well as the heat exchangers and
can foresee getting the plant cost down to $1100,
kW, .22

Thus, an overall conclusion can be drawn that
the estimates of cost from these studies by indus-
trial teams, which have added greatly to the cred-
ibility of near-term development and demonstra-
tion of OTEC plants, are not nearly as far from
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those in Table 2 as would appear at first glance.
At this writing, the organizations represented in
Table 2 still believe that costs not far different from
those in Table 2 (except for inflation) should be
achievable for plants which are designed to mini-
mize both heat-exchanger and platform costs. For
example, the Carnegie-Mellon group believes that
heat exchangers achieving high heat-transfer co-
efficients at low cost with fluted aluminum tubes
will be practical and that plants may be fully sub-
merged and fully automated, therefore essentially
unmanned. The writers believe that plants spe-
cifically designed for use in the doldrum regions
of the tropics and for direct integration of an
ammonia (or other) plant on board (as discussed

Table 3

ESTIMATED POWER COSTS AT SHORE FOR
GULF STREAM PLANTS (BASED ON CAPITAL COSTS
FROM REF. 14 AND 32°F AT)

. Wé;;/:ilzg Fluid

Propane

Ammonia
E;;ﬁt;ﬂzosts, $/kWe:
Basic OTEC plant 630 465
Power conversion/trans-
mission system to shore 83 83
Subtotal 713 548
Add 129 for interest and
escalation during con-
struction 85 66
Total capital cost, $/kW. 798 614
Fixed charge rate, %} 15 13 7 15 13 7
Costs in mills/kW.h:
Fixed charge at
0.9 load factor 15 130 7 12 10 5.4
Operating cost 1 11 1 11
8 13 11 6.4

Power at shore 16 14

15



hereinafter) will have the lowest effective power-
plant capital costs and busbar power costs. With
these comments in mind, the following Tables 3
to 5 (based on estimates from Table 2) are pre-
sented with the caution that some cost escalations
are to be expected, but the relative cost changes
should not be great enough to alter substantially
the foreseen attractive competitive capability of
OTEC plants. Insofar as inflation is concerned, it
probably will affect the other systems in Table I
(via fuel costs) more than it will affect OTEC
plants.

Table 3 shows the University of Massachusetts
estimates for total capital cost of getting the power
to shore, including effects of interest and escala-
tion during construction. These capital costs are
well below the “allowable” range in Table 1. We
have converted them to power costs for three as-
sumed fixed-charge rates, 15%, 13%, and 7%,
the last being typical of public utility financing a
few years ago.

Production of ammonia at a tropical OTEC
plant is attractive socially and economically for
the following reasons.

1. Ammonia is a major item of national and
international commerce used in the manufacture
of many chemicals and other products. Its prin-
cipal use is in the production of fertilizers critically
related to world food production. Its price has
been escalating rapidly.

Domestic Ammonia

Government
Decision
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!
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2. Ammonia plants in the U.S. now consume
2Y2% of our natural gas supply. The forecast
U.S. production of natural gas indicates a 35%
decrease by 1985, while annual demand for nat-
ural gas is expected to increase by 5 to 6% per
year. The result is a projected shortfall of 40 tril-
lion cubic feet. The domestic ammonia picture is
correspondingly bleak. If existing plants continue
to receive as much gas as they do today, the pro-
jected ammonia shortfall by 1985 is 10 million
tons (Fig. 14).?* Use of U.S.-owned OTEC plants
to provide this 107 tons/yr would help our bal-
ance of payments while saving the equivalent of
220,000 barrels of oil per day. The demand for
fertilizers will continue to increase beyond 1985,
and foreign needs for ammonia could generate
export sales of OTEC ammonia plants.

3. Production of ammonia at the OTEC plant
would require only hydrogen from seawater and
nitrogen from air.

The estimates shown in Table 4 suggest that
liquid ammonia could be delivered to U.S. ports
from distances of about 4000 miles at a cost (be-
fore profit and income taxes) of $63 to $72/ton
(1974 dollars), compared to recent price quota-
tions of $145 to $165/ton at the plant gate or
$215 to $245/ton delivered. Thus, there appears

3 “International Trade in Ammonia May Rise Sharply,” Chemical
& Engineering News 52, Aug. 5, 1974, 13-14.

Domestic Natural Gas

—

Fig. 14—Forecasts of U.S. demand and production for
ammonia, assuming it continues to be made from
natural gas, whose supply diminishes by 359, by 1985.
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Table 4

ESTIMATED COSTS FOR PRODUCING AMMONIA AT A
TROPICAL OTEC PLANT WITH 39°F AT

Plant cost to busbars (Table 2),

$/kW, 357
Add ammonia plant (Fig. 14) 90
Total plant investment, $/kW, 447

Basis: 500 MW, plant producing o
475,000 ton/yr

Plant investment (P.1.), $/ton-yr 470
Working capital, $/ton-yr 20
Total capital required, $/ton-yr 490
Costs in $/ton for two Conven- ExIm
methods of financing* tional Bank f
Catalyst, chemicals, labor and
overhead, $/ton 2 2
Maintenance (1% of P.1.) 5 5
Insurance (2%,. 1% of P.1.) 9 5
Depreciation (20 yr, 5% of P.I.) 24 24
Interest (89, 6% of Y4 P.1.) 19 14
Production cost. subtotal 59 50
Interest on working capital 1 1
Shipment to U.S. port 112 12
Cost at port, $/ton 72 63

* Based on type of ammonia production costing used in Ref. 32. Mainte-
nance is lower than in Ref. 32, because only a portion, which requires
least maintenance, of a natural-gas-fed ammonia plant is needed here.
T The Export-Import Bank (ExIm) is currently funding about $10 billion
yr similar industrial projects at 6%, with longer repayment period loans
frequently combined with private financing; in 1970, an ammonia plant
was funded (Ref. 30).

to be considerable margin available for achieving
a competitive production cost. In the future, the
fossil fuel used as feed to U.S. landbased ammonia
plants may have to be changed from natural gas
to coal, which would substantially increase the
competing landbased production cost. The inter-
facing problems for liquid ammonia would simply
relate to expansion of shipping and port handling
capabilities.

Another attractive candidate process for OTEC
plants is the electrolytic reduction of alumina
(made from bauxite on shore) to aluminum. This
process is an electric-power-intensive process re-
quiring approximately 8 kWh/Ib of aluminum.
One 500-MW, plant could make 232,000 tons, yr
(at a plant load factor of 0.85 and 8 kWh/Ib of
aluminum), or about 4% of the current U.S. pro-
duction rate. At a delivered price near $800/ton,
the value of the aluminum produced would equal
the plant investment cost in about three years.

2 E. A. Harre, O. W. Livingston, and J. T. Shields, “World Fer-
tilizer Review and Outlook,” TVA Report #TA(AO)6-69, 1974,
National Fertilizer Development Center, Muscle Shoals, Ala.
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Use of aluminum in automotive vehicles and
trains can be expected to increase as efforts con-
tinue to reduce vehicle weights in order to reduce
fuel requirements. Part of the market for the alu-
minum might be for subsequent OTEC plants. A
500-MW, OTEC plant with aluminum heat ex-
changers and some aluminum structure will re-
quire between 10,000 and 100,000 short tons of
aluminum. (The low value is based on CMU esti-
mates for heat exchangers using small fluted tubes;
the high value, for use of plain, large-diameter
tubes and some ship structure for plants in the
tropics.) One tropical OTEC plant could reduce
enough alumina for two to six or more plants (in-
cluding portions of platform structures) of the
same size every year. Aluminum also could be
used to great advantage in solar collectors for the
heating and cooling of buildings and for structures
of other types of solar-energy plants. The main
interface problem for an ocean-based aluminum
plant will be to assure a steady supply of alumina
(from bauxite). Use of suitable tropical sites such
as Guam for near-shore OTEC operation would
appear attractive.

Since magnesium chloride is a constituent of
sea water, magnesium could be produced at sea
by shipping calcium oxide (from oyster shells or
limestone) to the platform, or getting it from the
ocean floor. The demand for magnesium today
could be met by just two S00-MW, OTEC plants.
However, magnesium is superior to aluminum for
many applications, and demand for it would rise
and relieve requirements for other metals if its
price became more competitive.

Another possibility for the late 1980s would be
to ship coal or a carbonate to the platform and
use the gaseous H, produced there to make syn-
thetic oil, methane, or methanol. Although recent
forecasts of coal liquefaction plant costs appear
to make this possibility less attractive than pro-
duction of ammonia or liquid hydrogen (LH.,),
it warrants further evaluation.

For the longer term, the production of LH, for
shipment to U.S. and foreign ports as a fuel is ex-
pected to be attractive. The estimates shown in
Table 5 suggest a delivered cost of $4 to $5/10°
Btu, which is below the present cost (above $10,
10° Btu). It also is lower than the cost of gaseous
H, produced by electrolysis using the fossil-fuel
or nuclear plants in Table 1, or by thermal de-
composition using nuclear energy in the 1980s if
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Table 5

COST ESTIMATES FOR PRODUCING LIQUID
HYDROGEN (LH2) AT A TROPICAL OTEC PLANT
AND SHIPPING 3000 MI. TO PORTS

Plant costs, $/kWe.:

Basic OTEC plant 357

Electrolysis plant 60

Hydrogen liquefaction plant 60
Plant cost subtotal 477
Add 129 for interest and escalation

during construction 57
Total plant cost, $/kWe. 534

Costs for LHgES/lO6 Btu
by conventional (137} fixed charges)

financing and ExIm Bank Conven- ExIm

(10% fixed charges)* tional Bank

Fixed charges at 0.9 use factor 3.78 2.91
Operating cost f 0.56 0.56
Shipping cost 0.50 0.50
Cost at port, $/10° Btu 4.84 3.97
Equivalent gasoline cost, $/galtt 0.56 0.45

* Basis: Electrolysis plant operates at 85 % efficiency to produce GH: at
3000 psia; liquefaction plant, at 80 efficiency; 1.47 kWeh from plant
are needed for each kWth of LH2 produced.

1 Equivalent to 1.3 mills/kWeh of power required.

11 Not including taxes, storage and distribution costs, and profit on
shore; energy content of gasoline, 115,000 Btu/gal.

nuclear plant costs keep rising. Such a cost for
“clean” hydrogen fuel produced via solar energy
also would be attractive compared to an equiv-
alent gasoline-cost-at-the-refinery (see bottom line
in Table 5). By 1990, much of the fossil fuel use
in the U.S. probably will be based on coal and
coal derivatives. Since the cost of U.S. coal prob-
ably will continue to rise, the costs of oil and gas
made from it on shore may then exceed the cost
of LH, made by a tropical OTEC plant. The use
of LH, from an OTEC plant to liquefy coal on
shore is another possibility but at present does not
appear to be competitive. The use of LH, in fuel
cells on shore (for which some sources now fore-
cast capital costs below $100/kW,) to produce
electric power also warrants study. However, its
direct substitution for oil or coal in conven-
tional steam-electric power plants does not look
economical.

When LH, is delivered by tankers for subse-
quent use as a gas (GH,), facilities at deep-
water ports will be needed to transfer and store
it at least long enough to vaporize it at a rate
needed to match the requirements of a domestic
GH, pipeline system. Each storage/vaporizing
facility should be interfaced with a local com-
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mercial complex that can use the large resulting
refrigeration capacity in order to recover the cost
of the transfer and storage facilities. The GH,
pipeline system will require more compressor sub-
stations than present natural gas pipelines, and
burners of all types will require some modifica-
tions to use GH, exclusively, but nearly all burn-
ers can use a mixture of H, and natural gas (or
low Btu gas from coal—the cheapest synthetic
gas) with no modification. By the late 1980s, LH,
facilities for automotive fueling could be available
in many U.S. cities near the coasts if planning is
begun soon, in which case the LH, delivered by
tanker could be transferred directly to truck or
rail tank cars for delivery to such facilities. In the
1990s fueling of aircraft by LH, could begin.
The foregoing estimates of costs of energy-in-
tensive products made at OTEC plants remain
speculative because of the lack of hard data. How-
ever, we concur with the other major investigators
of OTEC plants that engineering feasibility is
assured, and we believe that economically com-
petitive production of ammonia at sea could begin
as early as 1982 if given high priority support.

Potential Growth Rate for Tropical
OTEC Plants

The current U.S. energy requirement is ap-
proximately 80 x 10" Btu/yr or 80 Q/yr (1 Q =
1 quadrillion Btu). Most projections anticipate
that this amount will at least double, to 160 Q/yr,
by the year 2000. Tropical OTEC plants ulti-
mately could provide many times this U.S. energy
requirement.

Many participants at the Third OTEC Work-
shop® considered ammonia to be the most attrac-
tive candidate for initial production at sea. When
demands for ammonia, aluminum, and other
energy-intensive products previously mentioned
have been alleviated by tropical OTEC plants, the
nation may be ready to enter a “hydrogen econ-
omy” such as we just described. In a broad sense
the industrial/resource/technological limitations
on rate of growth of tropical OTEC energy pro-
duction will be imposed not by the basic solar
energy resource but by:

1. The ability to obtain the needed raw mate-
rials (e.g., bauxite for making aluminum) and/or
metals for making the heat exchangers (mostly
aluminum), turbines (aluminum and/or steel),
generators (steel and copper), and platforms (alu-
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minum, steel, and concrete). (Note again that no
raw materials other than seawater and air are
needed to produce ammonia at sea, except for
periodic replacements of electrodes and KOH in
the electrolysis cells and catalyst in the ammonia
synthesizer.)

2. The ability to provide the manpower and
construction facilities required to build the plat-
forms (in shipbuilding facilities) and components
(but no appreciable requirement for expansion is
expected until the rate exceeds the order of six to
ten plants per year of 500-MW, size).

3. The ability to provide trained, seagoing en-
gineering/construction crews and towing tender
ships to accomplish the overall plant erection and
startup process at sea.

4. The ability to attract operating crews for the
plants and to provide support facilities on shore
for crew training and for resupply and replace-
ment operations.

According to Ref. 29, the achievement of 200
GW, capacity by the year 2000 would correspond
well with the expansion rate (lower curve slope
in Fig. 15) for nuclear plants in the 1965-1980
time period derived from licensing, construction
and planning information. However, approval and
construction of OTEC plants, which would be off-
shore and are expected to have no appreciable

* % of Total U.S. Energy Demand, Based on 2%
Growth Rate in Demand, Years 2000-2020; 20%
of Tropical OTECPs Produce Ammonia or Alu-
minum; 80% Send LH» to Shore.
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Fig. 15—Potential expansion rate and U.S. market
capture for Ocean Thermal Energy Conversion Power
Plants. (Reference data for nuclear plants from Ref. 29.)
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environmental effects or safety hazards, could
proceed even faster, so that the upper curve slope
in Fig. 15 seems reasonable.

Net Energy Assessment

A very important aspect of costs and socio-
economic values of future methods of meeting our
energy requirements has been addressed by the
Lockheed team, who stated:'®

Economic evaluations of alternative energy sys-
tems traditionally have been based upon the cap-
ital cost of establishing the plant and the operating
cost of producing the power. Nonmonetary con-
siderations involving plant construction and the
dissipation of nonreplenishable resources were gen-
erally ignored. The growing concern for the en-
vironmental impact of most human activities has
led to the realization that all proposals for the
expenditure of resources can best be compared on
the basis of energy used versus energy produced,
as illustrated [in Ref. 33]. The energy used is the
sum of the fuel used to run the power system (pri-
mary resource) and the energy resources consumed
in the production of the systems required to supply
the external energy input to operate the power
system (external resource). The OTEC values cal-
culated are compared to values for the other power
systems [(adapted from Ref. 33) in Table 6]. OTEC
yields a net contribution of useful energy to the
environment (as do other direct solar-energy sys-
tems). In fact, it delivers more than five times the
energy expended in its construction and operation.
Clearly, it minimizes the demands upon nonrenew-
able fuels. Savings in fossil fuels could not only
prolong their use for power generation by conven-
tional plants, but could make them available also
for other major uses such as the production of
petrochemicals.

Suggested Implementation Plan for
Tropical OTEC Plants

1. Complete initial experiments and design
studies for tropical ocean plants during 1976, and
design, build, and operate a 10-MW, tropical
plant in 1978.

2. Complete data gathering for all areas rela-
tive to plant operational viability, environmental
impact analysis, etc., by 1978, in parallel with the
foregoing item.

3. Complete detailed design of an optimum-
sized (100 to 500 MW,) tropical, OTEC-am-
monia plant by 1979, and deploy it by 1981.

33 Office of Energy Research and Planning, Office of the Governor,
State of Oregon, Salem, Energy Study Interim Report, July 26.
1974.

19



Table 6

NET ENERGY COMPARISON (IN BTU) OF MAJOR ELECTRIC POWER GENERATION CANDIDATES
(BY THE LOCKHEED TEAM!6)

Energy Primary External  _ Net
System Output Resource Resource Energy
- ~OTEC 1000 = 0 = 145 - + 855
Nuclear 1000 — 7425 = 451 = —6876
1000 — 3498 - 566 = —3064

Coal-Fired

4. Have a number of additional plants pro-
ducing ammonia or other products by 1985. In-
clude European or other participation to assure
economic and political viability and safety of these
tropical plants.

5. Move onto exponential expansion curve to
have 210 to 640 GW,, total capacity (4% to 10%
of U.S. total energy demand) in operation by the
year 2000.}

Conclusion

The engineering feasibility of closed-Rankine-
cycle, ocean thermal energy conversion (OTEC)
plants has been assessed by many independent in-
vestigators in recent years. Engineering develop-
ment is judged by the writers and several other
groups to be a straightforward task that can be
accomplished essentially as rapidly as funding
permits. Component demonstrations, especially
heat exchanger tests to provide design data for
cost-effective approaches (including handling of a
possible biofouling problem) are needed promptly,
to be followed rapidly by pilot/demonstration
plant construction and operation.

Because the OTEC resource—solar energy via
ocean temperature differences—is most attractive

i Based on meeting all U.S. ammonia needs, with 5% /yr increase
in demand for ammonia, 1985 to 2000 (25 X 10° ton/yr in 1985),
and all U.S. aluminum needs, with 3% /yr increase in demand, 1975
to 2000. The remainder would be used to produce 2.65 Q, in LH,
(at 68% efficiency) in the year 2000 for the total 7.2 Q, level (4%
of total U.S. energy demand) or 11.45 Q, in LH, for the total 16
Q, level (10% of total U.S. energy demand).
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within 10° latitude of the equator, production of
energy-intensive products at sea to relieve fuel or
electric power demands within the U.S. is attrac-
tive. Ammonia production at sea, to fill needs for
fertilizer while relieving natural gas demands,
looks economically competitive now and could
begin by 1982 with adequate support. The pos-
sibility of direct delivery of electric power to U.S.
utility grids from plants off the lower U.S. East
Coast and in the Gulf of Mexico could supplement
the suggested implementation plan for tropical
OTEC plants that has been presented.
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