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PREFACE

Rand has developed a methodology for studying the cost sensitivi-
ties and engineering uncertainties of advanced energy conversion sys-
tems for the Office of Energy Research (OER) in the U.S. Department
of Energy. The methodology was successfully applied to an evaluation
of the Ocean Thermal Energy Conversion (OTEC) technology. The
complete analysis and results of this evaluation are reported in a
companion Rand report, R-2595-DOE.

The present report documents an executive briefing of these results
which was given to senior DOE personnel, including Dr. Worth Bate-
man, Under Secretary of Energy, Dr. Edward Frieman, Assistant Sec-
retary for Energy Research, and Dr. Thomas Steison, Assistant Secre-
tary for Conservation and Solar Energy. The briefing includes an
analysis of potential OTEC resources in the Gulf of Mexico and cost
comparisons with alternative technologies.

The approach described here should be useful in achieving a better
understanding of the cost/performance interactions among compo-
nents of large complex energy systems. The report should be of use to
researchers interested in policy and program issues relating to R&D
planning decisions for advanced energy systems.

The substantive research was conducted as part of Rand’s program
of policy studies for the Department of Energy under contract DE-
ACO1-.79PE 70078. Part of the preparation of the report was supported
by The Rand Corporation from its own funds.
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SUMMARY

This report provides documentation of a briefing summarizing the
results of an independent quantitative evaluation by The Rand Cor-
poration of Ocean Thermal Energy Conversion (OTEC) for central
station applications. The study was sponsored by the Office of Energy
Research (OER) in the Department of Energy (DOE). The primary
objective of the study was to conduct an independent evaluation of
OTEC and to provide the OER with a sound basis for the formulation
of oversight policies. A second objective was to lay the groundwork for
a general quantitative approach to the assessement of advanced tech-
nologies that would be useful in making R&D decisions. This OTEC
study is a pilot effort which could be used as a guide for the develop-
ment of future quantitative analyses of other advanced energy tech-
nologies being developed by DOE.

OTEC utilizes the temperature difference between the warm sur-
face waters of the ocean and the cold water from the depths to drive
a power system which generates electricity. This electrical power is
transmitted to shore by an ocean cable system. Our study concentrat-
ed on a central station power plant located in the Gulf of Mexico and
delivering power to the mainland United States.

Our evaluation of OTEC is based on three important issues:

o Resource availability
s Technical feasibility
e« Cost

Resource Availability

To estimate the thermal resource available in the Gulf of Mexico we
applied a number of technical and oceanographic considerations cru-
cial to the feasible deployment of OTEC plants: feasible mooring
depths for surface platforms; the location of the median line* in the
Gulf of Mexico; the seasonal variability of the loop current to replenish
the warm surface water; and the minimum spacing between OTEC
plants to reduce the adverse effects of one plant on another. Synthesiz-
ing these constraints, we estimate that 10 to 30 GWe can be generated
by OTEC plants in the Gulf of Mexico. This is approximately 9 to 27

*The boundary between two countries over a common body of water.
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percent of the total south/southeastern electrical grid capacity in
1979.

Technical Feasibility

Our analysis indicates that the power system and the ocean plat-
form are within the state of the art. Biofouling may be a major prob-
lem, particularly on the surfaces of advanced heat exchangers. The
use of vapor-side heat transfer enhancement in the heat exchangers
makes water-side heat transfer the controlling factor in the efficiency
of the heat exchangers. We believe there is a possibility of improving
the heat exchanger effectiveness by enhancing water-side heat trans-
fer by such means as surface roughness.

Most of the future technological challenges are associated with the
successful development of the riser cable and the cold-water pipe.
These two major components are the most amenable to analytic re-
search and numerical analysis and require increased R&D to establish
feasibility. Current work in these areas by DOE contractors repre-
sents major steps in determining the feasibility of these components.

Cost

An engineering performance and cost model was developed to en-
able us to carry out an independent cost estimate of the OTEC concept.
This model determines the performance and cost of a complete com-
mercial OTEC system using inputs from component analyses and ther-
mal resource data for sites in the Gulf of Mexico. The power system
analysis is based on a thermodynamic analysis of the complete system,
which includes allowances for losses in all circuits. Capital cost esti-
mates are made for the complete system based on contractors’ esti-
mates and independent analyses. All costs are computed in 1978 dol-
lars. A cost minimization scheme is used to ensure that the cycle
component choices are near optimal. The output of the model is a set
of system parameters that minimize either capital cost or the cost of
electricity. Cost sensitivity is then analyzed for several areas of engi-
neering and cost uncertainty to identify factors having potentially
significant effect on total system cost.

A base case design was selected to provide a means for comparing
a number of variations in design concepts and for the sensitivity analy-
sis of cost estimates. This design consists of a 400 MWe plant located
approximately 150 n mi west of Tampa, Florida. The power system is
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based on a tube-and-shell heat exchanger using titanium for tube
material. The construction period was taken to be five years, with an
annual rate of inflation and cost of capital assumed to be 6 percent and
10 percent, respectively. The total system capital cost was estimated
to be $3400/kWe for this base case at start of operation.

Lower cost estimates for OTEC can be achieved by using projected
low-cost components such as plate-type heat exchangers and a fiber-
glass reinforced plastic (FRP) cold-water pipe, eliminating most tech-
nical and design uncertainty (contingency) and accelerating the con-
struction period by two years. For this case, the capital cost of our
OTEC base design is reduced to $2400/kWe.

We estimate the cost of electricity (COE) for the base OTEC plant
to be 96 mills/kWh. In developing this estimate we used the Electric
Power Research Institute methodology and assumed a fixed charge
rate of 18 percent and a maintenance availability factor of 90 percent.
Decreasing the fixed charge rate to 14 percent (effectively assuming
a tax preference of 4 percent) and using the favorable assumptions
described above reduces the COE to 56 mills/kWh. This calculation
indicates the sensitivity of COE estimates to costing assumptions and
incentives. It is important to use the same cost methodology and
financing assumptions when comparing COE estimates for alternative
systems.

Our sensitivity studies indicate that no single component dominates
or drives the cost of OTEC. Perturbations of any single engineering or
cost variable will not cause dramatic changes in the total system cost.
It will take reductions in several major components to lead to a major
cost reduction in the total OTEC system cost.

We compared the cost of producing electricity from OTEC with
current electricity generating systems (coal, nuclear, and oil-fired
steam plants) under a variety of assumptions. The comparison was
performed on as consistent a basis as possible. For each alternative,
the same unit price methodology and economic and financial assump-
tions were used. The comparison was made on the basis of levelized
annual bus-bar costs (i.e., the present value of annual revenue require-
ments levelized for the assumed period of operation, which we took to
be the 30 years between the year 2000 and the year 2030).

These comparisons should be used to illustrate trends rather than
to determine absolute values. Major uncertainties exist for each of the
systems compared. A commercial-scale OTEC plant has never been
built and, based on past experience, final costs may be higher than
initial estimates. Coal and nuclear plants are subject to continually
more stringent environmental and safety regulations and oilfired
plants are subject to large and arbitrary fuel price increases. Thus, the
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assumptions underlying the analysis should be well understood and
the results used with caution.

We found that OTEC appears most competitive in regions highly
dependent on imported oil. OTEC appears to be cost competitive with
oil-fired steam plants at oil prices above $20/bbl. It will take a substan-
tial increase in coal and nuclear fuel prices for OTEC to compete with
these two options. For an OTEC plant which begins operation in the
year 2000 and costs $3400/kWe in 1978 dollars to break even with coal,
the annual real rate of coal cost growth must be approximately 2.5
percent over the next 50 years. To break even with a light-water
nuclear reactor plant which costs $2000/kWe in 1978 dollars, the real
rate of uranium fuel cost growth must be considerably larger, between
4 and 4.5 percent. If our more optimistic assumptions for the capital
cost of OTEC are used, $2400/kWe in 1978 dollars, then OTEC will
break even with coal at a coal fuel cost growth of approximately 1.0
percent, but will not require any real growth in uranium fuel cost to
break even with light-water nuclear plants. '
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QUANTITATIVE EVALUATION OF
OCEAN THERMAL ENERGY CONVERSION
(OTEC)

OTEC is an advanced energy conversion system that utilizes the
temperature difference which exists between the warm surface waters
of the ocean and the cold bottom layers to drive a power system which
produces electrical energy. This electrical power is transmitted to
shore by an ocean cable system. The electrical power generated by an
OTEC plant can also be used to provide the energy for industrial
processes located on an ocean platform (e.g., the production of alumi-
num or ammonia), in the so-called plant ship concept. However, our
study concentrated on central station power delivered to the mainland
of the continental United States.

AN OTEC PLANT

Power system

intake

Transmission cable

This briefing describes the results of a study carried out for the
Department of Energy in 1978 and 1979 on the Ocean Thermal Energy
Conversion concept. The briefing is based mainly on research
presented in Rand report R-2595-DOE [1].
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OBJECTIVES OF OTEC STUDY

® Independent, objective evaluation for
formulation of oversight policies

® Develop and implement a methodology for the
quantitative analysis of engineering
uncertainties and cost sensitivities

@ Lay groundwork for general quantitative
approach

Rand’s analysis of OTEC began in the summer of 1978 for the Office
of Energy Research in the Department of Energy. The Office of Energy
Research was chartered by the Congress with a department-wide
oversight responsibility within the Department of Energy in the con-
duct of R&D programs. The objective of our study was to conduct an
independent evaluation of an advanced energy conversion system and
provide the Office of Energy Research with a sound basis for the
formulation of oversight policies. Specifically, we were to devise a
methodology for the quantitative analysis of cost sensitivities and
engineering uncertainties. Another objective was to lay the ground-
work for a general quantitative approach to the assessment of ad-
vanced technologies useful in making R&D decisions. In this respect,
the OTEC study is a pilot study effort which could be used as a guide
for the development of future quantitative analyses of other advanced
energy technologies being developed by the Department of Energy.



WHY STUDY OTEC?

Large potential resources
No large existing constituency

Not very far along in R&D cycle

R&D expenditures small but growing rapidly

When this study was initiated, some proponents of OTEC were
suggesting that large potential thermal resources exist in the Gulf of
Mexico which could be used by OTEC plants to generate electrical
power for transmission to the southeastern United States. These ther-
mal resources were estimated to be capable of generating several
thousand gigawatts of electricity. Since the total 1979 electrical gen-
eration capacity in the United States was on the order of 500 GWe, this
potential resource was a very attractive feature of the overall OTEC
concept. The OTEC program in 1978 was not very far along in its
research and development cycle, and there was no large constituency
trying to accelerate its development. It was therefore felt that the
findings of the Rand study could be used by policymakers in the devel-
opment of future R&D program plans. The R&D expenditures at this
time were small, approximately $30 to $40 million per year, but pro-
gram plans were being developed to support a pilot demonstration
plant that would require a total program expenditure of approximate-
ly a half billion dollars over a five year period. A systematic and
quantitative evaluation of OTEC would therefore be beneficial to the
Office of Energy Research in carrying out its oversight responsibility
for OTEC program R&D decisions.



POWER SYSTEM SCHEMATIC
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OTEC works as follows: Warm ocean water is taken into a heat
exchanger where a second fluid (ammonia) with a low boiling point is
vaporized and made to expand through a turbine which drives an
electric generator. Upon leaving the turbine, the ammonia vapor is
condensed in a second heat exchanger with cold water drawn up from
the bottom of the ocean. Now returned to a liquid, the ammonia is
pumped back into the first heat exchanger and the cycle begins again.
The temperature difference between the warm surface water and the
cold bottom water, often referred to as the AT, is what makes OTEC
work.

The concept has all the makings of a vast heat engine which taps
the tropical and subtropical oceans as its source of energy. The oceans
are massive natural storage basins for solar energy. Tropical currents
and the sun continue to warm the surface water while deep down the
polar currents chill the bottom water. This energy is available 24
hours a day, which makes OTEC suitable for baseload applications,
something that other solar technologies, such as photovoltaics, cannot
do without enormous electric storage facilities. Also, OTEC will not
produce pollutants such as those generated by burning fossil fuels;




neither will it be plagued by the waste disposal problem of nuclear
power plants. These are indeed some very attractive attributes.

The idea of converting ocean thermal energy into electricity origi-
nated in the last century. There were a few attempts during the late
1920s to implement OTEC, the most famous of which was a plant built
by two French engineers off the coast of Matanzas, Cuba. It worked,
and it produced 22 kWe of electric power. The success of this demon-
stration, unfortunately, was not entirely unqualified. To produce the
929 kWe, it took some 80 kWe to run the pumps. Even that did not last
very long, for the plant operated only 11 days before its cold-water
pipe was swept away in a storm.

During the 1950s, the French government sponsored a series of
studies for the deployment of OTEC plants off the coast of West Africa
and in the Caribbean. These projects were abandoned because of a
number of technological and economic uncertainties.

In this country, interest began to build up during the 1960s and the
early 1970s. Shortly after the establishment of the Energy Research
and Development Administration, an OTEC R&D program was initi-
ated; today it is part of the Office of Conservation and Solar Energy
in the Department of Energy. During the years, universities and in-
dustry as well as a number of national laboratories have contributed
to OTEC research. Since 1973, there have been six national OTEC
conferences and sufficient enthusiasm to prompt some industries and
the state of Hawaii to fund the construction of a small-scale demon-
stration plant off the Kona coast of the island of Hawaii. It operated
successfully for 3% months before its planned shutdown toward the
end of last year. It produced a total of 60 kWe and required only 45
kWe to run its pumps and auxilliary equipment, thus proving for the
first time the feasibility of a net electric output.



ISSUES

- @ Resource availability

® Technical feasibility

® Cost

The future of OTEC depends on three important issues:

o How much energy can be profitably extracted?

« What are the engineering uncertainties for the development of a
commercial-scale OTEC power plant?

o How expensive is it and what are the sensitivities of the cost esti-
mate to variations in design and operational parameters?

We shall first consider the thermal resource issue.
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WORLD OTEC THERMAL RESOURCE
AT (°C) BETWEEN SURFACE AND 1000
METER DEPTH

For component performance characteristics and economic reasons,
OTEC plants are usually designed for a nominal AT (temperature
difference) of 20°C. The iso-AT contours in the above chart represent
large-scale distributions of annual monthly averages of available AT
in the western hemisphere. Other than the islands of Hawaii and
Puerto Rico, it appears that for the United States, the Gulf of Mexico
is perhaps the only area where a significant amount of ocean thermal
energy can be extracted.

One approach to estimating the resource is through modeling stud-
jes. Unfortunately, in order to do this, we would require some very
sophisticated analytical and numerical breakthroughs and a vast data
base, both beyond the current state of the art.

The problem here, however, is not to generate precise results but
rather to address the great disparities among existing resource esti-
mates that range from 2 GWe to 2000 GWe. To reduce this uncertainty
of three orders of magnitude, we have applied a number of technical
and oceanographic considerations that are crucial to the deployment
of OTEC plants. The analysis is described in detail in Ref. 2.



4000 AND 7000 FOOT CONTOURS IN U.S. WATERS

+32°

The operation of an OTEC plant requires that the depth be sufficient
for the bottom water to be cold enough to yield the necessary AT. This
depth is usually on the order of 1000 meters or 3000 feet. On the other
hand, the depth cannot be excessive because a floating central station
plant must transmit its generated power to shore and will therefore
need to be moored. Advanced mooring technology projects capacities
on the order of 6000 feet in depth. The above chart shows contours of
the Gulf of Mexico where the bottom depth is between 4000 feet and
7000 feet.

The distance from the shore will also have implications for the
power cable. To keep the electric losses and cable costs under control,
we estimate the maximum tolerable distance to be approximately 180
nautical miles.



VARIABILITY OF LOOP CURRENT

The moored power plant cannot reach thermal energy available in
the open waters outside the Gulf. It must rely on the transport by
ocean currents to replenish the warm surface water and cold bottom
water in its vicinity. This transport mechanism is provided by the Gulf
current system that enters the Gulf through the Straits of Yucatan,
bends eastward, and exits through the Straits of Florida. This chart
shows some examples of the spatial distributions of this loop current
typically found during a year. The width of the current is approxi-
mately 300 km. It can be seen that the loop current meanders signifi-
cantly, but by and large keeps to the eastern part of the Gulf of Mexico.
Thus, potential areas for OTEC deployment are limited to sites off the
west coast of Florida extending northward to New Orleans.
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SYNTHESIS OF CONSTRAINTS ON
RESOURCE AVAILABILITY

This chart shows a synthesis of the foregoing considerations that
results in a potential area for OTEC deployment in the Gulf of Mexico.
A final consideration is the spacing among OTEC plants when a large
number of them are to be deployed. There is a minimum spacing
required, depending on the size of the plant, current velocity, and
other local ocean conditions. Spacing below this minimum would cause
the discharge from one plant to adversely affect the intake of another.
It has been determined that for a plant size of 100 MWe the minimum
spacing should be on the order of 10 km.

The total potential surface area meeting these constraints off the
coast of Florida and New Orleans will permit a deployment of 100 to
300 such plants, yielding a total of 10 to 30 GWe of power. This is not
an insignificant resource since the total demand in 1979 of the U.S.
south and southeast region was on the order of 112 GWe.
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EVALUATION OF RESOURCE AVAILABILITY

@ Current estimates uncertain

® Potential contributions to S/SE grids: 10-30 GWe
(9-27% of total regional needs)

@ To reduce uncertainty requires extensive research

The chart above summarizes our findings regarding the evaluation
of thermal resources in the Gulf of Mexico.

ISSUES

® Resource availability
- @ Technical feasibility

® Cost

Next we will discuss briefly the technical feasibility of a commer-
cial-size OTEC plant and identify some of the R&D problems.
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POWER SYSTEM SCHEMATIC
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Referring once more to the power system schematic shown above,
itis seen that generically at least all the components in the OTEC plant
are well known. There need be no technological breakthroughs. How-
ever, because of the unique environment in which an OTEC plant
operates and the extremely small AT which provides the driving force,
the actual implementation of an OTEC plant does face a number of
problems. Three areas of technological challenge stand out:

1. Heat exchanger. The fact that an OTEC plant has to be made to
function with an overall AT in the neighborhood of 20°C has two major
implications for the design of the evaporator and the condenser. First,
to transfer a given amount of thermal energy from one medium to
another with the given AT (roughly 25 percent of the total AT in the
case of the evaporator or the condenser), a minimum area for the heat
transfer surface will be required. The smaller the AT, the larger the
required surface area. For a 20°C overall AT, the rule of thumb is that
for each MWe of generating capacity, one would require an aggregate
heat transfer surface on the order of one acre! Second, again because
of the small AT available, the performance of the heat exchanger will
be extremely sensitive to any degradation in the heat transfer mech-
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anism, controlled to a large extent by the biofouling phenomenon that
comes with a marine environment. Conventional marine power plants
burning fossil fuel operate with high ATs and are therefore much
more tolerant of biofouling. In the case of OTEC, such tolerance is
reduced by an order of magnitude. Chlorination to control macrofoul-
ing and mechanical cleaning devices must be developed.

9. Power transmission. For central station applications, the power
generator must be hard-cabled to shore so that it may be integrated
into the power grid. The state of the art of submarine power cables is
quite advanced and much experience is available for laying and oper-
ating such cables at distances from several miles to nearly 100 miles
offshore. Although some OTEC plants may be sited more than 100
miles offshore, this is not the principal problem in power transmission.
The challenge lies in connecting the bus-bar housed in the floating
OTEC plant to the bottom of the ocean where it is coupled to the
bottom.laid cable. Known as the riser cable, this segment may be as
long as 20,000 feet and will be subjected to all the stresses resulting
from platform motion, as well as from ocean dynamics, while at the
same time it has to maintain its electromagnetic integrity. So far, we
are aware of only one configuration, employing a submerged pendant
buoy, that has been proposed for the realization of such a riser cable.
The optimality of this configuration, however, has not been analytical-
ly established.

3. Cold-water pipe. The technological challenge to the design,
manufacture, deployment, and operation of the cold-water pipe lies
not only in its length, extending 3000 feet toward the bottom of the
ocean, but also in its projected size for commercial OTEC plants. For
a 400 MWe OTEC plant, it has been estimated that the total flow is on
the order of 7.5 times that of the Potomac River, based on its 1979
annual mean flow. If this flow were to be accommodated by a single
pipe, it would require a diameter exceeding 100 feet. No structure of
these dimensions has ever been attempted for a similar application.
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SEASONAL VARIATIONS IN TEMPERATURE
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Aside from the technological challenges discussed above, there is
also an important design challenge that must be faced. An OTEC plant
can be designed to operate optimally with a certain AT, say 20°C. On
the other hand, for a given site, this AT does not remain constant
throughout the year. It is less during the winter and more in summer.
This chart shows typical seasonal variations for two sites in the Gulf
of Mexico, one located approximately 150 miles off the coast of Tampa,
Florida; the other approximately 58 miles off the coast of New Orleans.
The AT variation in tropical areas will be less.

These variations have two important implications for the design of
OTEC plants. First, the value of the electric power produced may vary
during the year, depending on demand, mix of generating capabilities,
and economic conditions. Consequently, the design of an optimal
OTEC plant must take these factors into consideration and match
them to the annual AT profile in order to determine the design point.
A second implication is in the sizing of the electrical equipment. For
an OTEC plant to exploit summertime ATs much greater than the
design AT, electrical machinery (generator, power conditioning equip-
ment, etc.) needs to be oversized. By the same token, if the plant is
designed to operate with a large AT, then it may not generate any net
power output in winter.
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Our discussion of the technical feasibility of a commercial-scale
OTEC plant is summarized in the following two charts. The first
shows graphically the engineering challenges resulting from the di-
mensions of the components. The second separates the three major
subsystems—power system, ocean system, and transmission system—
into two categories. We feel that both the power system and the plat-
form are within the state of the art. A few areas bear further looking
into, primarily those concerning the design and performance of the
heat exchangers. Biofouling is a problem, particularly on the surfaces
of advanced heat exchangers. Enhancement features on the vapor
side, and the cleaning methods for such surfaces, need further devel-
opment and operating experience. The use of vapor-side enhancement
makes water-side heat transfer the controlling factor in the efficiency
of the heat exchangers. We believe there is an opportunity here to be

COMMERCIAL SCALE OTEC
400 MWe

400 acres of heat exchanger surface

50 tons of chiorine per day
Pumping capacity 100,000 cu ft. per sec.

CoH water pipe
100 ft. diameter
3000 ft. long

148 nm
transmission cable
{West Florida)

20,000 ft.
of riser cable =~
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TECHNICAL FEASIBILITY

® Power system and platform are within the state of the art. but

Biofouling on enhanced heat exchanger surfaces needs
further study

- Cleaning methods for low-cost heat exchanger require
further development

- Regulatory issues may impact chlorination policy

- Opportunities for enhancing water-side heat transfer
await exploitation

® Cable system and cold water pipe present major technical risks
- Cable design parameters uncertain

- Cold water pipe size pushing technology

exploited by enhancing water-side heat transfer by means such as
surface roughness. Chlorination will be required for control of mac-
rofouling and, because of the large quantities of chlorine required,
government regulatory policy could seriously affect OTEC perfor-
mance.

The second category, comprising the riser cable and the cold-water
pipe, contain most of the technological challenges. Interestingly
enough, these are the two major components that are most amenable
to analytical research and numerical analysis. Current work in these
areas represents major steps in determining the feasiblity of these
components.
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ISSUES

® Resource availability
® Technical feasibility

- @ Cost

The final section of this briefing presents our estimate of the costs
of building and operating an OTEC plant, discusses the sensitivities
associated with variations in cost and engineering uncertainties, and
compares OTEC with alternative means of generating electricity.

The initial cost estimates made in the mid 1960s by early OTEC
proponents were very preliminary and did not include all of the sys-
tem components. Early values estimated the capital cost for produc-
tion plants at several hundred dollars/kWe. University estimates
made in the mid 1970s under National Science Foundation funding
took into account more of the system components, and costs began to
escalate to the $500 to $700/kWe level. As the Department of Energy
began to take a more serious look at the potential feasibility of OTEC
plants, several studies funded by the Department of Energy and car-
ried out by industry were made. These studies were broken down into
subcomponent levels, which included the power system, the ship plat-
form, the cold-water pipe and mooring system, and the electrical trans-
mission systems. The studies were made independent of one another
and no one contractor was given the responsibility to take a total
systems look at an optimal overall OTEC plant design. All of the cost
estimates shown are in constant 1978 dollars so that comparisons can
be made for different time periods.
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HISTORY OF OTEC CAPITAL COST

Industry estimates
Electrical
Transmission
2500 A
Ship platform
2000 Cold water pipe
Estimated Mooring
. cost of
= T~ -production 1500 |-
plants -
SUS— 1] University
1000 | estimates
) Power system
. P 40° AT
500 } Initial
estimate °
[ ]
| ] | {

1965 1970 1975 1980

These results indicate the initial optimism of the early proponents
and the more realistic capital cost estimates as hardware manufactur-
ers were brought into the program. This phenomenon is not unique to
the OTEC concept. Rand has found in other studies of advanced ener-
gy technologies and military systems that early cost estimates are
usually overly optimistic and that a total integrated systems approach
must be used to develop more meaningful estimates of the capital cost
[3]. For Rand to carry out an independent cost estimate of the OTEC
concept, it was necessary to develop an engineering performance and
cost model, as shown on the next chart.
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The basic elements of this systems model are shown above. Several
input parameters must be specified and developed: the heat transfer
coefficients that exist for the heat exchanger surfaces, the effect that
ocean water biofouling will have on these heat exchanger surfaces,
and the resource availability and its variability throughout the yearly
operation of the OTEC plant. This information is then fed into an
engineering performance subroutine which calculates the component
system performance based on a set of system parameters. The results
of this subroutine are input into a cost routine which sizes the OTEC
components (heat exchangers, ocean platform, cold-water pipe, electri-
cal cable, etc.) and calculates the total capital cost and cost of electrici-
ty for this particular OTEC system design. The results are then iterat-
ed through a sophisticated but efficient optimization routine, which
varies the system parameters until a minimum capital cost or cost of
electricity is achieved. The output of the model is a set of optimal
system parameters and optimum capital cost and cost of electricity. An
important characteristic of this model is the ability to vary the system
input parameters, the engineering performance parameters of various
components, or cost algorithms for system components to evaluate the
sensitivity of the capital cost or cost of electricity of the OTEC system
to these variations.
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DISTRIBUTION OF CAPITAL COST (1978 $)

400 MWe
Capital cost =
3430 $/KWe Power system:
Balance of
power SYS(BITIS:
11%
Heat exchangers:
Platform: 25%
Ocean 12%
engineering:
22%

Mooring: 3%

Cold ';;:" D ey interest during

g, construction:
i 20%
Transmission;
S\

Transmission: - \ Other (A&E,
9% y & 10% contingency, IDC):
33%

The distribution of capital cost for the Rand base OTEC system is
shown in the above chart. The total capital cost for this base system
is $3430/kWe. The heat exchangers are the largest single component
of this cost, comprising approximately 25 percent of the total. The
shaded components—the cold-water pipe and the transmission system
—have the greatest uncertainty associated with their cost estimates.
This is because no complete engineering design for these systems was
available to base our cost estimates on. Included in our capital cost
estimates are the architect and engineering (A&E) fees, contingency
(estimated to be approximately 10 percent of the total capital cost),
and interest during construction (at 10 percent per year).
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COST OF ELECTRICITY

Heat exchanger
Cold water pipe

Contingency factor
Construction period
Fixed charge rate

Capital cost

Cost of electricity:
Capital
Fuel
o&M

Total

Rand base
case

tube & shell
steel

15%
b yrs
18%

3430 $/KWe

89 mills/KWH
0
7
96

The above chart shows our estimate for the bus-bar cost of electrici-
ty for this base system. We used the EPRI guideline to develop our cost
of electricity estimates [4]. In making our capital cost estimates, we
used our best engineering judgment as to the characteristics of the
components that would most likely be successfully developed. This led
to a base design with a titanium tube and shell heat exchanger, a steel

cold-water pipe, a contingency factor o
period of five years. The resulting capi
assuming a fixed charge rate of 18 p
component of the cost of electricity o

f 15 percent, and a construction
tal cost estimate of $3430/kWe,

ercent, leads to a capital cost
f 89 mills/kWh. The fuel cost

component is zero since OTEC is a solar technology, and the sun’s
energy is free. The operation and maintenance (O&M) costs were
assumed to be 7 mills/kWh. The result is a total cost of electricity of
96 mills/kWh, for the Rand base case.
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COST OF ELECTRICITY

Rand base DOE
case case
Heat exchanger tube & shell plate
Cold water pipe steel fiberglass
reinforced plastic
Contingency factor 15% 0%
Construction period 5 yrs 3yrs
Fixed charge rate 18% 14%
Capital cost 3430 s /KWe 2360 $/KWe
Cost of electricity:
Capital 89 mills/KWH 49 mills/KWH
Fuel 0 0
o&Mm 7 7
Total 96 56

Other assumptions can of course be made about the types of compo-
nents used in the OTEC system and the construction and financing
characteristics. One set of Department of Energy assumptions in-
cludes a higher performance, lower cost plate heat exchanger design
by Alpha Laval; a lower cost fiberglass reinforced plastic cold-water
pipe; a contingency factor of zero percent; and a construction period
of three years. The result is a capital cost estimate of $2360/kWe.
Assuming a fixed charge rate of 14 percent, which is made possible by
assuming accelerated depreciation, leads to a capital cost component
for the cost of electricity of 49 mills/’kWh. Again assuming an oper-
ation and maintenance cost of 7 mills/kWh, the total cost of electricity
is estimated to be 56 mills/kWh. The Rand cost model allows one to
readily see the impact of more favorable assumptions on the bottom-
line cost of electricity produced by an OTEC plant. It is important for
decisionmakers to have access to the assumptions which go into these
cost estimates, since comparisons across technologies should always
be made on a consistent basis. Cost and engineering performance
models of the type developed in this OTEC study can allow the deci-
sionmaker to readily determine the sensitivity of cost estimates to
these major input assumptions.
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SYSTEM COST IS NOT SENSITIVE TO
VARIATION IN ANY SINGLE ENGINEERING
PERFORMANCE PARAMETER

Condenser fouling factor a [ Cost of electricity

Evaporator fouling factor % {Z/7) Capital cost
Condenser chlorination fraction a
Evaporator chlorination fraction %

EZ Condenser vapor side & wall heat
transfer effectiveness
[Evaporator vapor side & wall heat
transfer effectiveness
Condenser water side heat
transfer effectiveness
M Evaporator water side heat
transfer effectiveness
% Water pump efficiency
Auxiliary & hotel power %
¢

L 1 1 L U |
.15 -10 -.056 O +05 +10 +15
Percent change in systems cost

The Rand engineering performance and cost model is capable of
determining the sensitivity of the capital cost and cost of electricity to
variations in any single engineering performance parameter. These
variations are found to be very small, only fractions of a percent when
the engineering performance parameter is increased by one percent.
We are essentially determining the first derivatives of the cost varia-
tion curves around the base cost estimate. The largest sensitivities are
found in the condenser and evaporator water-side heat transfer effec-
tiveness and the water pump efficiency. This finding reinforces our
recommendation to include water-side heat transfer effectiveness
evaluations in the OTEC 1 heat transfer experimental test series
which will be carried out over the next year. We were searching for
engineering performance parameters which would have a large effect
on systems cost. Instead, we found that no one component drives
system cost and R&D planning must emphasize the total systems
approach in order to maximize system output or minimize the cost of
producing electricity from OTEC.
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COST VARIATIONS DUE TO MAJOR
CHANGES
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A
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T

Heat exchanger material: titanium to aluminum

1
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]
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|
[ald water pipe material: stee! to fiberglass reinforced pIach]

r Site: Tampa to New Orleans I
] | | L | | | . | 1
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Major changes in the OTEC system design can be evaluated with
the Rand engineering performance and cost model by incorporating
the optimization subroutine described previously. This chart shows
some illustrative results due to major changes in system design. The
baseline case is shown at the top for reference. As an example, one of
the major R&D efforts of the OTEC program office has been to develop
a low cost plate heat exchanger design. If the engineering perfor-
mance parameters and cost estimates for the plate heat exchanger
design can be achieved, then the capital cost and cost of electricity of
a 400 MWe OTEC plant will be reduced by approximately 15 percent
from our baseline case. This is not a large percentage reduction; how-
ever, it amounts to an approximate $200 million reduction in the total
capital cost of a 400 MWe plant.

Again, no one component is going to drive the total system cost.
Rather, it will take reductions in several major components to lead to
a major cost reduction in the total OTEC system cost. It is also interest-
ing to note that, in moving from a Tampa site to a New Orleans site,
the capital cost of an OTEC plant will be reduced by approximately 4
percent, while the cost of electricity will increase by 12 percent. Be-
cause the New Orleans site is closer to shore, there is a lower cable cost
and a lower total OTEC capital cost, but the AT available in New
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Orleans is less than that available in Tampa, and thus there is less
electrical energy production and a higher cost of electricity. Our cost
of electricity estimates (see charts on pp. 23 and 25) have ranged
from 60 to 110 mills/kWh. How do these cost estimates compare
with those for competing systems?

INCREASING FUEL COSTS MAKE OTEC

MORE COMPETITIVE
60001~ versus
coal
5000
4000
Breakeven
OTEC
capital 3000
cost
($/KWe)
2000
1000}
0 : | : ; _
0 1.0 2.0 3.0 4.0 5.0 6.0
Annual real rate of fuel cost growth (%]}
(1980-2030)

Since OTEC is a solar technology, with a zero fuel cost, we use the
potential annual real rate of fuel cost growth for alternative systems
as a measure for comparing OTEC with other systems. The above
chart shows such a comparison versus coal; the Appendix describes
the methodology used in making comparisons between technologies.
We assumed a start of operation for the coal plant in the year 2000,
and calculated the total cost of producing electricity from this plant for
the next 30 years, until the year 2030. We then calculated what the
capital cost of OTEC would have to be in the year 2000, in 1978 dollars,
to produce electricity for the same total cost as the coal plant, over the
same 30 year time period. This is the break-even OTEC capital cost.
This calculation was made for varying real rates of fuel cost growth
to produce the curve shown above.
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INCREASING FUEL COSTS MAKE OTEC
MORE COMPETITIVE
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If we now overlay the Rand base case capital cost estimate of $3430/
kWe, we see that for OTEC to be competitive in the year 2000, the
annual real rate of coal cost growth must be somewhere between 2.5
and 3 percent over the next 50 years (1980 to 2030). Whether or not
this occurs depends on a great number of factors, including increasing
costs associated with coal mining, coal transportation, and environ-
mental cleanup, both at the coal mine and the power plant. Also, past
experience suggests that cost estimates of new complex systems like
OTEC typically increase as designs are refined [3]. It is therefore
possible that the final costs for a commercial-scale OTEC system may
be higher than our initial base case estimate. These are just some of
the factors that must be taken into account by an R&D decisionmaker
in allocating resources among alternative energy systems.
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INCREASING FUEL COSTS MAKE OTEC
MORE COMPETITIVE
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The comparison of OTEC with light-water nuclear reactor systems
with an assumed capital cost in 1978 dollars of $2000/kWe is shown
in this chart. Uranium fuel costs are a smaller percentage of the total
cost of producing electricity by a nuclear plant than coal fuel costs for
a coal system. Therefore, the real rate of cost growth for nuclear fuel
must be considerably larger, somewhere between 4 and 4.5 percent,
for the OTEC plant to break even, assuming the Rand base cost esti-
mates.
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COST OF ELECTRICITY FOR OIL FIRED
STEAM PLANTS
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We did not use the same comparison technique to compare oil-fired
steam plants with OTEC plants because the cost of oil has risen so
rapidly over the past couple of years. Instead we show the variation
in the cost of electricity produced from a new oil-fired steam plant as
a function of the cost of 0il. One can readily see that such plants have
been essentially priced out of the marketplace. We are now paying
between $25 and $35 per barrel for most of the oil imported into the
United States. Therefore, the cost of producing electricity is already
above 100 mills/kWh from new oil-fired plants. OQur analysis shows
that OTEC could already compete with such plants.

OTEC may not be the preferred alternative except in areas where
coal and nuclear fuel cannot be used to any great extent. Such areas
exist on island sites such as Hawaii and Puerto Rico, where the use
of either coal or nuclear power may be difficult because of environmen-
tal, economic, or regulatory reasons. This situation has led some
proponents of OTEC to suggest that an initial island strategy should
be used for developing and introducing OTEC technology. Island
plants could perhaps compete with the current alternative of oil-fired
plants. Experience could be gained in the operation and maintenance
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of OTEC power plants in the open ocean without some of the problems
associated with having to locate such plants several hundred miles off
shore. The potential island locations are much closer to shore. As
experience is gained with these island plants, the concept could be
applied to the Gulf of Mexico at a later date when increasing costs
associated with nuclear power and coal might lead to a competitive

position for OTEC.
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CONCLUSIONS

® Thermal resource in Gulf of Mexico may yield
tens of G\We in generation capacity

® OTEC appears most cost competitive in regions
highly dependent on imported oil

® No one component drives system cost
- Dramatic cost reduction due to single
component breakthrough not likely

® The cold water pipe and cable systems require
increased R&D to establish feasibility

We have found that the thermal resources in the Gulf of Mexico
may yield tens of gigawatts electric in generation capacity, not the
thousands of gigawatts that have been suggested by some proponents
of OTEC. OTEC appears most competitive in regions highly dependent
on imported oil. However, it will take a substantial real cost growth
in coal and nuclear fuel prices for OTEC to compete with these two
mainland options. Our sensitivity studies indicate that no one compo-
nent drives the system cost, which means that a dramatic cost reduc-
tion due to a single component is not likely for the OTEC system. On
the other hand, if advances in component design do not lead to major
cost reductions in some of the uncertain components, such as the
cold-water pipe and electrical cable systems, cost increases in these
components will not lead to a major overall cost increase in the OTEC
system. Two major components of OTEC, the cold-water pipe and cable
systems, require increased R&D to establish feasibility. Although cost
increases in these components will not affect the overall OTEC system
cost, if they cannot be developed, OTEC will not be feasible. Recent
program initiatives within the Department of Energy are aimed at
determining the technical feasibility of these components.



Appendix

COST COMPARISON OF OTEC WITH COAL, NUCLEAR,
AND OIL SYSTEMS

Capital cost and the cost of electricity (COE) were among the issues
addressed in a recently published Rand report on ocean thermal ener-
gy conversion (OTEC) [1]. A methodology was developed which al-
lowed a wide range of alternative OTEC configurations to be investi-
gated. However, no inter-system comparisons were made. The pur-
pose of this Appendix is to discuss OTEC costs relative to conventional
coal, nuclear, and oilfired steam plants under a variety of assump-
tions.

The decisionmaker in DOE is faced with a multitude of problems in
deciding how to allocate R&D resources among alternative energy
conversion technologies. Decisions concerning a dynamic environ-
ment must be made on the basis of relatively static comparisons.
Major uncertainties exist for each of the systems to be compared in
this analysis. For example, a commercial-scale OTEC plant has never
been built and, based on past experience, “final” costs will more than
likely be higher than initial estimates. Coal and nuclear plants are
subject to continually more stringent environmental and safety regu-
lations. Oil-fired plants are subject to large and arbitrary fuel price
increases. Difficulties can also be caused by differences in (a) the rela-
tive completeness (inclusiveness) of capital cost estimates; (b) econom-
ic and financial assumptions; and (c) unit price methodologies.

The comparisons which follow have been done on as consistent a
basis as possible. For each alternative, the same unit price method-
ology and economic and financial assumptions have been utilized.
Capital cost estimates for the coal, nuclear, and oil plants, while not
obtained in the same manner as the OTEC estimate, are of the same
degree of completeness. Major uncertainties are treated parametrical-
Tor

U S. interest in OTEC is focused on three areas—the Gulf of Mexico
and two island sites, Puerto Rico and Hawaii. For the Gulf of Mexico,
OTEC is compared with coal and nuclear. For the island sites, OTEC
wll be compared with the current generation mode—oil-fired steam.
Clearly the comparisons are not exhaustive either in terms of the
systems or the criteria considered. For example, for an island site, a
coal or nuclear plant could be less costly than either an OTEC or an
oil-fired plant. Nor does the fact that a system is the least costly neces-

31
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sarily make it the preferred alternative. Other criteria such as envi-
ronmental intrusion and reliability also enter into such decisions.

Unit Price Methodology

The coal, nuclear, oil, and OTEC alternatives are compared on the
basis of levelized annual bus-bar costs (i.e., the present value of annual
revenue requirements levelized for the assumed period of operation).
The methodology for determining this cost, which has been taken from
the Electric Power Research Institute’s Technical Assessment Guide
[4], is displayed in Table A.1. The application of this methodology
requires that certain economic and financial factors be assumed.
They are:

» Six percent rate of inflation

« Ten percent cost of capital

« Thirty years of operation

« No subsidies or tax credits

o Federal and state income tax rate = fifty percent
« Property taxes and insurance = two percent

Table A.1
LEVELIZED BUS-BAR COST CALCULATION®

Levelized Annual Capital Cost ($/kWe) X Levelized Annual Fixed Charge Rate X 1000
Capital Cost = 8760 X Levelized Annual Capacity Factor

Levelized Annual Fuel Cost (.‘E/lO6 Btu) X Heat Rate (Btu/kWh) X Levelizing Factor
Fuel Cost = 1000

Levelized Annual Fixed O&M ($/kW-yr) X 1000 + Variable O&M (mills/kWh)]
O&M Cost = 8760 X Levelized Annual Capacity Factor

X Levelizing Factor

Levelized Annual Levelized Annual Capital Cost + Levelized Annual Fuel Cost
Bus-Bar Cost + Levelized Annual 0&M Cost

241] levelized annual costs are in mills/kWh.
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These factors, which are applied uniformly to each alternative,
result in the following levelized annual fixed charge rate, in percent:

Cost of capital 10.00
Depreciation .61
Retirement dispersion .56
Levelized annual income tax 4.70
Property taxes, insurance 2.00

17.87, or 18%

The resultant fuel and O&M levelizing factor is 1.88. Since the
capacity factor is assumed constant over plant life, the levelized capac-
ity factor is simply equal to the stated system capacity factor.

The remaining factors necessary to compute the levelized bus-bar
cost are system-dependent and are provided as appropriate.

Summary of OTEC Costs

As part of Rand’s quantitative evaluation of OTEC [1], a method-
ology was developed which emphasized sensitivity to cost and engi-
neering uncertainties. Numerous sensitivities and alternative design
assumptions were examined. For the present analysis, the method-
ology was used to develop estimates for three alternatives—a refer-
ence case, a low-cost case, and a high-cost case. The reference case
represents our best estimate concerning design and construction as-
sumptions; the low-cost case represents assumptions which are con-
sidered optimistic compared with the reference case; and the high-cost
case represents assumptions which are considered pessimistic com-
pared with the reference case.

Assumptions and costs for each of these three cases are summarized
in Table A2. All represent 400 MWe platforms located off Tampa, Flor-
ida. The reference case uses tube-and-shell heat exchangers and a steel
cold-water pipe, and is assumed to take five years to construct. A fuller
description of the reference case may be found in Appendix F of Ref.
1. The optimistic assumption case utilizes plate heat exchangers and
a fiberglass reinforced plastic (FRP) cold-water pipe, has a smaller
contingency pool, and takes only three years to construct. The pessi-
mistic assumption case differs from the reference case in that it re-
quires Amertap tube cleaning units for all heat exchangers, has a
larger contingency pool, requires additional architect-engineer ser-
vices, takes seven years to construct, and has a lower availability (due
to maintenance) during operation.
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Table A.2
OTEC COSTS
Reference Optimistic Pessimistic
Case Assumptions Assumptions
Assumaptions
Heat exchanger type Tube & shell Plate Tube & shell
Cold-water pipe material Steel FRP Steel
Mechanical cleaning None None Amertap
Contingency factor (%) 15 5 20
A&E service factor (%) 10 10 15
Length of construction period (years) 5 3 7
Capacity factor (%) 80 80 70
Due to seasonal temperature
variation (%) 88 88 88
Due to maintenance (%) 90 20 80
O&M costs
Fixed ($/kW-yr) 16.00 18.00 16.00
Variable (mills/kWh) 1.50 1.70 1.50
Fixed charge rate {%) 18 18 18
Platform number 8 8 8
Costs
Capital cost
Power system 1235 1009 1316
Ocean engineering 737 539 737
Transmission 328 328 328
Other (A&E, contingency, IDC) 1130 474 1689
Total 3430 2350 4070
Cost of electricity
Capital 89 61 118
0O&M 7 8 8
Total 96 69 126

Gulf Comparison

A comparison of the cost of an OTEC plant, a coal-fired steam plant
(with flue-gas desulfurization), and a nuclear steam plant (light-water
reactor) is presented in Table A.3. As one would expect with a tech-
nology which is not yet fully developed, the OTEC bounds (around
the reference case cost of electricity) are much wider than those of
the fully developed coal and nuclear plants:

Plant Type Bounds
Coal - 5%, + 5%
Nuclear - 6%, +14%

OTEC -28%, +31%



35

aAEY SWo}SAS 1EB[ONU PUE [BOD dY} 10} $)500 RO PUE ‘sajel Jeay

“1-8 NQUXE ‘T FOY,
-8 NAMXE 'V Y

‘gorjezLINy|nsap sed-an{j st qHJ "8 PUe 9 SUOIOIF ‘p '}y WO} Uae) udlq

‘53500 [on] ‘s1030B) AHorde) 'S3IEIS PAJIU[) JSEAYINOS JO aA1y R UAsaIdal BI€ SAN[BA,

971

89 (4% gs o¥ 8¢ ge 69 96 [ejoL
L L L 4 14 4 8 8 L WZ0
8¢ 8% 8% 6 6 6 - - - [ELN:
€% LT 0% L3 0% %3 811 19 68 rendeD
£9101190919 30 350D
81 81 8T 81 81 81 81 81 81 (%) ayex 931eyd paxid
508L 5,009 5,089 nomm aoob nowr 0LOY 0G€3 0EveE (apm/$) 3502 [BHdED
v9°¢ ¥9°C ¥9'% [4 A0S eyl vl 0s°1 oLt 0g't (qpm/siu) SfqetEA
G611 S6°T1 g6'TT 68°¢ 682 68°¢ 0091 00’81 00'91 (2£- M1/ $) pexig
81502 N®O
0896 0896 0896 00L°0T 00L°01 00L'0T - - - (umi/nig) ored 1edH
29’1 2s'1 [4<Iat 970 97’0 9¥0 - — - (n1gn/$) 3502 [P
1L 1L 1L TL TL |92 oL 08 08 (%) 10308) Ajoede)
suondwunssy
punog punog KA1 punog punog APy suonpdwnssy suorjdumnssy asen)
1addpn PEY ey | SO 1addpn MO SO onsiwuisse sustundo gouaIa)ay
LaDAUNA n?caoamm 1a7e M- 1UBIT) OHLO

weag paalg-[ecD

wea}g eIPnN

(ste[jop 8L6T Ul $1509 11V)
SHNTVA F00 UVATONN ANV “TY0D ‘04L0 40 NOST4VINOD

€'V 9l9BL



36

Furthermore, based on the given assumptions, it appears that even
under the best of circumstances (optimistic assumptions for OTEC and
upper bound for coal and nuclear), the OTEC cost of electricity is over
100 percent greater than the nuclear COE and 30 percent greater than
the coal COE. Additionally, past experience has shown that initial cost
estimates typically increase as designs are refined [3]. However, this
comparison is subject to two important qualifications.

First, the results are based on a particular set of assumptions. For
example, the assumption of a lower fixed charge rate (such as those
associated with a public utility or those which are effectively reduced
because of tax credits or allowances) would favor OTEC since it is the
most capital intensive of the options. The assumption of additional
market penetration would result (at least theoretically) in lower capi-
tal costs via the learning process. Second, the analysis is static in
nature. That is, we have assumed that capital, fuel, and O&M costs do
not vary (in real terms) with time. Yet the real price increases during
the past ten years in fossil fuels are well known. And a recently com-
pleted Rand study on the capital cost of light-water nuclear reactor
power plants concluded: “The data now show that the average in-
crease is about $140 (1978 dollars) per kWe per year” (Ref. 5, p. vi).
Parametric cost estimating relationships developed as part of that
study (Ref. 5, p. 31) indicate that a light-water reactor plant entering
operation in 1978 would cost approximately $960/kWe, which roughly
corresponds to the EPRI upper bound. On the other hand, a plant
starting construction in 1980 (which roughly corresponds to a 1986
start of operation) is estimated to cost approximately $2000/ kWe.
Unfortunately, nothing similar has been done for coal or oil-fired
steam plants.

An assessment of the implications of uncertainty with respect to the
OTEC cost of electricity is a formidable task. Innumerable uncertain-
ties exist and many of them cannot be quantified meaningfully. How-
ever, the real rate of coal and nuclear fuel cost increase and the OTEC
system capital cost are clearly among the more important variables in
terms of potential impact on the relative magnitude of the OTEC cost
of electricity. The interrelationship of these two factors can be viewed
in the context of realizing a given cost of electricity: an assumed real
coal or nuclear fuel cost growth rate dictates a maximum allowable
OTEC cost. To quantify this interrelationship, the COE values for the
“most likely” coal and nuclear cases as well as the Mooz 1980 start-of-
construction” (Ref. 5, p. 31) nuclear estimate have been selected as the
indexes against which to make comparisons.

The results, which are plotted in Fig. A-1, are based on 30 years of
operation starting in the year 2000. However, fuel cost grows at the
assumed rate over the period 1980 to 2030. Two interpretations of this
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Fig. A-1—Maximum “allowable” OTEC capital cost to achieve
COE comparability with coal and nuclear plants

figure are possible. If one believes that OTEC capital costs cannot be
reduced below a certain minimum level, then OTEC will realize COE
comparability with coal and nuclear plants only if the annual real
increase in fuel cost meets or exceeds a certain minimum rate. For
example, if one is willing to accept the premise that OTEC capital costs
will in fact approximate our reference case, then OTEC will realize
COE comparability with the coal and nuclear plants only if the annual
real increases in fuel costs are on the order of 3 percent and 4 to 6
percent, respectively. On the other hand, if one believes that the an-
nual real increases in coal and nuclear fuel costs will be limited to 0.9
percent (Ref. 4, pp. 3-6) and 2.5 percent (Ref. 4, pp. 6-12), respectively,
then OTEC will achieve COE comparability only if OTEC capital
costs approximate the following values:
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Coal . .. ....civiinaen.. $2400/kWe
Nuclear (Ref. 4) . .. ... ...... $1600/kWe
Nuclear (Ref. 5) .. ... ....... $2900/kWe

Clearly, the cost competitiveness of OTEC with respect to coal and
nuclear fuel depends as much on one’s perception of future coal and
nuclear costs (capital and fuel) as it does on OTEC cost.

Island Site Comparison

There are two principal reasons why an island site (Puerto Rico or
Hawaii) may be a more reasonable application of OTEC than a main-
land site. First, the island sites currently use high-cost oil-fired steam
plants for electricity generation which, given the continually escalat-
ing cost of oil, are a relatively expensive alternative. Consequently,
and because of the large, renewable thermal resource surrounding the
island sites, OTEC has received support from the Puerto Rican and
Hawaiian governments. Secondly, the island applications should be
lower in cost than the Gulf of Mexico application because the plat-
forms will be sited closer to shore.

Costs for Island Sites

Characteristics and costs for the OTEC island sites are provided in
Table A.4 along with the reference case as a point of comparison. La-
bor and material have been priced at the same rates as the Gulf sites.
Financing assumptions remain unchanged. Since some question exists
concerning the ultimate market at the island sites, we estimate below
the cost of the first and eighth units at the Puerto Rico site:

Capital Cost COE

Platform ($/kWe) (mills/kWh)
First 400 MWe platform 3560 94
Eighth 400 MWe platform 2870 77

The values imply an overall learning curve of 93 percent.
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Table A.4
CHARACTERISTICS AND COSTS OF OTEC ISLAND SITES

Ref. Case
(Tampa) Puerto Rico Hawaii
Characteristics
Distance from shore (n mi) 148 2 1.2
Ocean depth (ft) 4590 4000 3160
Significant wave height (ft) ' 45.8 44.2 35.9
Current (knots) 5.00 2.73 2,18
Wind velocity (knots) 114 93 66
Transmission mode DC AC AC
Seasonal capacity factor .88 .93 .84
Capital Cost and COE®
Capital cost ($/kWe) 3430 2870 2790
COE (mills/kWh) 96 77 83
Annual production (10° kWh) 2.78 2.93 2.65
Capital Cost by Subsystem ($ JkWe)?
Power system 1235 1235 1235
Ocean engineering
Platform 408 407 407
cwpP 214 206 165
Mooring 1156 47 37
Transmission 328 36 35
Other 1130 939 911
Total 3430 2870 2790

2gighth 400 MWe platform.

Oil-Fired Steam-Electric Plant Costs

Assumptions made to develop the cost of electricity estimate for
oil-fired steam plants are as follows:

1. Capital cost of $440/kWe (Ref. 4, pp. 8-17).
2. Fuel
a. 147,000 Btu/gallon and 42 gallons per barrel
b. Average annual heat rate: 9680 Btu/kWh (Ref. 4, pp. 8-17)
c. Because of the volatile nature of oil prices, a range of oil
prices has been assumed:

$/barrel $/MBtu®  Mills/kWh"
13.70 (1977 US.avg) 2.2 21.5
25.00 4.05 39.2
35.00 5.67 54.9
45.00 7.29 70.6

85 174 MBtu/barrel
bgg80 Btu/kWh
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3. Same economic/financial assumptions as used for OTEC (30-year
life, 6.5 percent inflation, 10 percent cost of capital, 18 percent fixed
charge rate, 1.88 fuel and O&M levelization factor)

4. O&M costs (before levelization): 1.9 mills/kWh (Ref. 4)

5. Capacity factor: 76 percent (Ref. 4).

The estimated 30-year levelized bus-bar COE values for oil-fired
steam electric plants under the alternative fuel cost assumptions are:

COE (mills/kWh)
Cost of Oil
($/bbl) Capital  Fuel O&M  Total
13.70 12 40 4 56
25.00 12 74 4 90
35.00 12 103 4 119
45.00 12 133 4 149

The data are graphically displayed in Fig. A-2. As indicated, OTEC
island applications would appear to be cost competitive with oil-fired
steam plants at oil prices above $20/barrel.
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Fig. A-2—Bus-bar cost of electricity for oil-fired steam electric
plants as a function of the price of oil
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