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Abstract

QOccan thermal energy conversion (OTEC) is a promising renewable cnergy technology to
generate electricity and has other applications such as production of freshwater, seawater air-
conditioning, marine culture and chilled-soi} agriculture. Previous studics on the technology have
focused on promoting it 1o generate electricity and produce encrgy-intensive products such as
ammonia and hydrogen, Though the tcchnology has been understood in the past couple of
decades through academic studies and limited demonstration projeets, the uncertainty around the
financial viability of a large-scalc plant and the lack of an operational demonstration project have
delayed large investments in the technology.

This study brings together a broad overview of the technology, market locations, technical and
cconomic asscssment of the technology, environmental impact of the technology and a
comparison of the levelized costs of encrgy of this technology with compceting ones. It also
provides an analysis and discussion on application of this technology in water scarce regions of
the world, emphasized with a case study of the economic feasibility of this technology lor the
Bahamas.

it was found that current technology exists to build OTEC plants cxcept for some components
such as the cold water pipe which presents an cngineering challenge when scaled for large-scale
power output, The technology is capital intensive and unviable at small scale of power output but
can become viable when approached as a sustainable integrated solution to co-generate
electricity and freshwater, especially for island nations in the OTEC resource zones with supply
constraints on both these commodities.

To succeed, this technology requires the support of appropriate government regulation and
innovative [inancing models to mitigate risks associated with the huge upfront investment costs.
If the viability of this technology can be improved by integrating the production of by-products,
OTEC can be an important means of producing more ¢lectricity, freshwater and food for the
planet’s increasing population.
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1. INTRODUCTION

Fnergy from thc occans represents one of the largest renewable resources on the planet {1]. Of
the several options to hamess encrgy from the ocean — tidal energy, wave energy, osmofic energy
and ocean thermal energy - ocean thermal energy has the most abundant of resources to the
extent of at least 10,000 TWhfycar [1]. This potential, in the context of world clectricity
consumption of 16,000 TWh/year, can satisfy most of the global demand for electricity. When
coupled with its by-products such as freshwater and production of fucls, the technology may

offer an attractive option for sustainable energy conversion,

Though the thermodynamics of the occan thermal energy conversion (OTEC) process are
incfficient and the cconomics of the technology docs not match that of popular renewables such
as wind or solar, availability of abundamt and free ocean walcr makes this an attractive
technology to study. In this study, we aim to understand whether it might be cffectively designed
to become cost-competitive with conventional energy technologies or at least with competing

rencwable cnergy technologies.

The open-cycle configuration of this technology uscs water as a working fluid and produces
desalinated water as a by-product. This makes it an attractive option for islands and other coastal
locations which have challenges with the supply of both ¢lectricity and freshwater, The plantship
configuration has the potential to be a mobile energy carrier, providing energy sccurity for
ocean-based defensc applications. There are also applications such as scawater air-conditioning,
marine aguaculture’, chilled-soil® agriculture, for huge amounts of cold water that is pumped up
to the surface from the decp occan. These by-products and applications have the potential to
balance some of the unfavorable cconomics of the technology and make this a viable solution for

communilics worldwide.

The technology attracted scientists and economists alike in the 1970s as the “next big thing” in
rcnewable encrgy, duc to the spike in oil prices, but fell out of favor a couple of decades later

due to oil’s resurgence as the predominant fuel of the world. In the recent years, the renewed

! Aguaculture, also known as aqua farming, is the farming of aquatic organisms such as fish, crustaceans, moliuses
and aquatic plants

? Chilled-soil agriculture is a methad of growing preduce that circulates cold water through the soil by a method of
condensation, which creates a temperature differential between roats and leaves, simulating the seasons



push to adopt the technology is more a sustainable one. Currently there are several attempts
across the world to reinvigorate this technology, which arc at diffcrent stages of fruition. This
report s a meta-analysis to look at occan thermal technology with a systems perspective and
offer directions to those who arc looking at investing in this technology. It might require several
continyed and in-depth studics subseguent to this one, before this technology can be considered

as a preferred source of base load in geographically favorable locations.

1.1.0bjective, Scope and Methodology

OTEC’s technical and economic viability as a reliable base load cleetricity supply has been
validated by sevcral cngineering evaluations in the past including the experimental work
performed at dilferent government laboratories. Some ol the initial apprehensions were around
low cycle cfficiency, disproportionate cost estimates comparcd to value derived from the
technology, lack of potential as a comprehensive solution 1o national energy problems and of
course the most significant factor of them all, capital-intcnsiveness. Recent studies and
demonstrations by industry, government and academia have attempted to put things in

perspective but the technology has always been affected by commercialization issucs.

The lack of an opcrational prototype of the technology for most part of the last two decades has
been due to the lack of commitment on the part of government or the private sector to mvest and
build a demonstration plant, except for some recent news on the ndustry taking concrete sicps
ahead? such as the Lockheed Martin-Makai Ocean Engineering 10MW pilot plant in Hawaii and
the recent Memeorandum of Understanding between Ocean Thermal Energy Corporation and the
Bahamian government to build commercial plants®. There have been projects in the past which
have addressed specific challenges with OTEC implementation but there is yet no single project
that comprchensively addresses the full range of issues for large-scale deployment of this

technology.

The objective of this study was to perform a mcta-analysis of c¢xisting literature in order to
understand the statc-of-art and alternative designs for OTEC technology. The project focused on

assessing the technical readiness of all OTEC components and the cconomic feasibility of the

? hitp /fwww.economist.com/node/21542381 accessed 1st Feb 2012
*http://www.theonproject. org/2011/the-bahamas-sign-memorandum-of-understanding-to-build-two-otec-plants
accessed on 1% Fab 2012
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current OTEC technology, especially in comparison 1o other renewable technologies. The
objective was also to study some of the bi-products of OTEC with a focus on one of them,
freshwater, to study the market and economic feasibility of co-locating its production with
electricity gencration. There is also an assessment of environmental impact of building OTEC

plants and 1ts influcnce on the large-scale commercialization of the technology.

1.2.Methodology

Previous designs and assessment of the technology were reviewced 10 determine the state-of-art
designs of OTEC and technical readiness of OTEC. The views of several OTEC experts, which
were captured at the National Occanic and Atmospheric Administration (NOAA) workshop of
November 2009[2], were distilled to idennfy the critical parameters for major OTEC
components. This was followed by an cconomic assessment of the technology through
syslematic review of cost valuations of twenty-four previous OTEC designs. The cost drivers for
the major components were studicd for patterns with respeet to scaling the output of an OTEC

plant,

The initial capital cost, the levelized capital costs, the levelized operation and maintenance costs,
and the overall levelized cost ol energy for different scales of OTEC plants were compared with

other energy technologies to understand {inancial viability.

To study OTEC in the context of global energy demand and water scarcity, a systematic review
of water scarcity indices was conducted. These were compared to the OTEC resource assessment
maps to arrive at worldwide regions with high potential for co-locating electricity and freshwater
production through open-cycle OTEC plants. This was further reinforced with the case study of
the Bahamas - a group of islands which arc both cnergy and water-constrained — as a potential

market for co-locating generation of both products.

The final part of the research includes a study of other by-products of this technology followed
by an assessiment of the environmental impact of this technology on the marine and shore
ecosystem and how its impact comparcs with those of other marine rencwable cnergy

technologies.

11



1.3.Thesis organization

The sccond chapter introduces the concept of occan thermal cnergy conversion {OTEC),
discusses the cvolution of the technology through history, followed by thermodynamics of the
tcchnology and the various options of the Rankine cycle that arc possible tor OTEC plant
configurations. There is also a discussion on the favorable worldwide markets for this technology

and previously deployed demonstration plants.

The third chapter discusses the state-of-art for the major components of an OTEC system. It
begins with the evolution of OTEC plant designs by looking ar some of the popular
configurations. It talks about the latest technical thinking on seven major cost components —
platforms, platlorm mooring systems, platform-pipe inierface, heat exchangers, cold water pipe,
pumps and turbines, and power cables, and provides the cost drivers of the components based on

the technical assessment and the scaling impact for cach of the components.

The fourth chapter identifies the cost drivers for OTEC systems and analyzes the evolution of
OTEC costs from previous OTEC litcrature. The main cost componcents of an OTEC system are
then distilled and their impact on the overall cost of the system is studied. The uncertainties
associated with cach of the cost components arc also discussed. There is also a comparison of the
capital costs and the levelized costs of electricity for OTEC with other electricity gencration

technologies.

The fifth chapter discusscs the relevance of OTEC in the context of water scarcity. It explores
some models of water scarcity to identify the areas of water scarcity that overlap that with the
OTEC-friendly locations worldwide. This is followed by a case study of the Bahamas (which is
clectricity and water-constrained) where OTEC 1s cvaluated as a favorable wcchnology to co-
generate electricity and freshwater, making a case for a sustainable technology tor island nations

in the future.

The sixth chapter discusscs some of the other by-products of OTEC such as sea watcr air-
conditioning (SWAC), chillcd-soil agriculture, marinc aquaculture, mineral extraction and OTEC

as an encrgy carrier, used in the production of hydrogen, methanol, ammonia and jet fuel.
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‘The seventh chapter focuses on the cnvironmental impact of OTEC followed by a discussion of a
framework for asscssment of the risks posed by this technology compared to other marine cnergy

technologics.

Finally, in the cighth chapter we conclude and validate the hypothesis about the viability of
OTEC, current challcnges with commercialization, recommendations and conclusiens of this
study. Tt is followed by the key topics of future research and development that can be pursued to

get a better understanding of this technology.
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2. OCEAN THERMAL ENERGY CONVERSION
2.1. OTEC as an renewable energy technology

OTEC is a renewable solar source of energy as the ocean is a massive natural receptacle for solar
cnergy. Annually the ocean absorbs energy from the sun, an amount cquivalent to several
thousand times the primary energy demand of the planct [3]. This cnergy is storcd as heat in the
upper surface layers of the oceans (35-100 meters) and redistributed between the ocean and
altmosphere causing winds, wavces, clouds, rain and warming up of the polar regions. At these
depths, the temperature and salinity is uniform in the ocean. In most tropical coastal regions of
the earth, the average tempcerature of these surface layers is between 27 and 29 °C. Beneath these
shallow layers, the water temperature drops to about 4 — 5 °C as the depth increascs to about
1000 m. Beyond this depth, the tempceraturc drops only a few additional degrees even at an
average ocean depth of 3650 meters [4]. The cold water that is below 1000 m is melted from the
polar regions and stays in the ocean depths due to its higher density and mixcs minimally with
the warmer water laycrs above it. This creaies a dual oceanic structure ol warm water at the
surface and cold water at depths beyond 1000 m, where possible. OTEC uses this temperature
difference berween surface ocean water and deep occan water to operate a heat engine and
produce eleciricity. To bring the cold water to the surface, OTREC plants require a large diameter
intake pipe called the cold water pipe, which is submerged morc than 1000 meters 1o access the

cold water.

OTEC works best when the temperature difference between the surface of the ocean and the
deep ocean water is at least 20 °C. The surface layers of the ocean act as a natural encrgy storage
body permitting the OTEC plant to operatc 24 hours per day. For continuous operation, it is

important that this temperature ditference 1s consistent and available throughout the year.

2.2, Water-energy nexus

As per a UNICEF report [5], one of mankind’s most serious challenges in the 21* century will
be a lack of adequate fresh water supply. Population growth, climate change and water
pollution can lead to a drastic decline in the water supply worldwide. In 2010, about 80% of

the world’s population lived in areas with an impending threat to water supply [6]. Water
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scarcily may become a main driver of OTEC plant adoption in scveral geographies of the
world. The oceans cover 70% of the Earth’s surfacc, making them the largest rcpository of
unconverted energy and potential desalinated watct[4]. OTEC plants can generate clean,
rencwable consistent clectricity, desalinate water and also support a marine aquaculture
economy which can power some of the island nations in the OTEC-friendly belt’. Though the
initial costs to install these plants are significant, governments are evaluating support to these
types of projects to infuse the grid with altcrmative and sustainable sources of power, solve

freshwater and food issues and create additional jobs.

2.3. History of OTEC

The concept of OTEC originated in 1881 by D”Arsonval who proposed the initial concept based
on the thermodynamic Rankine cycle using the closed-cycle concept with ammonia as the
working [luid[7]. Georges Claude, a French engineer and former student of D’Arsonval,
demonstrated the feasibility of this concept in 1928 in Ougree-Marhaye in Belgium using warm
water at 30 °C from a steel plant for the evaporator and cold waicr at 10 OC from the Meuse River
as the condensing fluid[8]. This test achieved turbine speeds of 5000 rpm and a power output of
50 kW. The success of this test helped Clande get financial support in 1930 for an OTEC
demonstration project 1600m off the shore of Mantazas bay in Cuba. This 50 kW project was
operational for 11 days before the cold water pipe was destroyed 1n a storm [3], In 1933, Clande
installed an open-cycle plant ofl the coat of Brazil, for ice production on a 10,000-ton barge
Tunisie. Designed with a turbine shaft power of 2000 kW of which 1200 kW were to be used for
producing ice, the project was abandoned during deployment due to an unsuccessful attempt to
altach the cold water pipe suspended from a scmi-submersible float [9]. Despite these financial
losses, Claude proposed a 40MW plant at Abidjan, Ivory Coast, in 1940 to thc French
government but the project proceeded slowly until 1948 when the government set up the
company “Energie de Mer™ with objectives to develop the concept. However this project too was
abandoncd in favor of a large hydro-clectric plant in Abidjan. This was the end of active French

interest in the technology [10].

® OTEC-friendly belt is defined are the regions of the water with favorable temperature difference between surface
and deep ocean water, elaborated further in this report.
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Subsequently there was no commercial activity in OTEC until the late 1970s when Lockheed
Corporation, the Dillingham Corporation and Hawalii State government completed an at-sea test
of the OTEC system chrisiened “Mini-OTEC” in August 1978 which successfully produced a net
of 18 kW for 3 months before its planned shutdown [9].

The next major advancement came in 1980 — 1981 with the ¢cxperimental OTEC-] project at
Kalua-Kona, Hawsii, by the US Department of Energy program aboard a modified T-2 tanker,
Chepacher which served as a floating platform. This facility did not have a turbine-generator as it
was nol designed o generate electricity; rather, it was designed as a platform to 1cst various
OTEC-related technolegics such as the platform, cold water pipe, the mooring systems, energy
transfer systems and heat exchangers. Though it was terminated m May 1981 due to funding
restrictions, OTEC-1 reached several milestones: successful deployment of a 670 meter long
cold water pipe, mooring in 1,370 m of water, successful operation of the cold water pipe during
wind, wave and current changes, operation ol a shcll-and-tube heat exchanger in a closed
ammonia cycle at 38MW heat duty and demeonstration of biofouling conirol with low-level

chlorine injection.

In 1980, Saga University conducted OTEC experiments olf the coast of Shimane and in 1981-82,
a 100 kW gross power land-based plant was set up in the republic of Nauru[} 1]. Most of these
were experimental programs initiated to supporl the OTEC design with data on advanced
materials, design methods and processes. In 1986, following a drop in oil prices, there was a cut
back in the funding of OTEC projects but small-scalc studies and experiments have continued in
various parts of the world until a land-based OTEC facility on the island of Hawaii success{ully
operated from 1993 to 1998, and produced a net 103 kW, still the world record for OTEC
output[12].

The results from all these design studies, tests and pilot projects indicate thai there 1s enough data
available for commercially scaling up OTEC systems. Most tests have focused on ammonia as a
working fluid in a closed Rankine cycle (except for Nauru, 1981 where Freon was uscd) due to
its superior thermodynamic and thermal characteristics. Also, there is significant operational
experience with commercial and industrial ammonia refrigeration, which is essentially an OTEC

closed-cycle system in reverse operation.
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Recent spatial studies [13][14] estimate maximum steady-stalc OTEC resources in the range of
3-5 TW which 1s more than the annual clcetricity demand of the planct. Hence OTEC still has a
favorable case for teeding into the base-load demand in locations where the technology can make

economic sense.

In recent developiments, the US Department of Energy {DOE) awarded a $ 1.2 million contract to
demonstrate how the special cold water pipe can be designed and fabricated to carry large
volumes of seawater for commercial-sized OTEC plants. This was followed by a two grants
worth $ 1 million awarded to Lockheed Martin in 2009. The first one was to develop a
Geographic Information System (GIS)-based tool to estimate the cnergy that can be extracted
from OTEC and identify sites favorable for OTEC and seawater air-conditioning. The second
grant was to stdy life-cycle costs to demonstrate economic feasibility of utility-scale OTEC
systems. Seawater air-éonditioning has been successfully demonstrated in recent district cooling
projects at Hawaii, Canada, Netherlands and Sweden by Honelulu Seawater Air Conditioning,

LLC".

2.4. The thermodynamics
2.4.1. Closed-cycle

There are two principal confligurations usually proposed for OTEC, One is the closed-cycle as
shown in [Figure 1]. In the closed-cyele configuration, there 1s a working fluid, usually ammonia,
which is in a closed flow path. The working fluid is boiled nsing the heat from the warm ocean
water using the hot water pipe in a heat exchanger called the evaporator. The working fluid
vapotizes, passcs through the turbine, turns a generator and produces electricity. Then the
working fluid is condensed using a cold water pipe seawater system in another heat exchanger
called the condenser. For the closed-cycle configuration, the working fluid should have specific
thermodynamic properties so that maximum energy may bc extracted per cycle over the
temperature limits difference of around 20 °C. Usually a temperature difference of 20 "C or
grecater 1s required for a net positive generation of encrgy. Compared to a conventional power
plant where the temperature difference is in the order of hundreds of degrees Celsius, this

temperature difference is minimal and might even be considered infeasible in the conventional

® http://honoluluswac.com/casestudies.html accessed on Feb 4, 2012
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plants. This lower emperamre difference leads to a lower Carnot efficiency’. Hence, if the
OTEC power plant is supposcd to produce useful amounts of power, it will require large amounts
ol both the hcat source and the sink with large surface areas for both heat exchangers - the

¢vaporator and the condenser,

synchroncus AC
working penarator system

& ] |AF
warm waler —f— working fluid automatic
discharge — ump volage
— P *
filter e | regulator
ok evaporator
wa]r:&ul::ter water heal exchangar *
pump X
- —
cold waler discharge ::E
- —n—n——-—'—
coid water intake

condenser heat
axchanger

Source: [15]

Figure 1: Schematic of closed-cycie OTEC

The evaporator is one ol the key ¢lements in the design of the OTEC system since the loss of
clficicncy is determined mainly by this component. Several designs of evaporators with
reasonable coupling of warm water and working fluid have been tried in the past. Deposition of
living organisms on the inflow pipes and the degradation of surfaces by biological entities, calied
biofouling, which plagued some of the earlier designs, have also been addresscd in the recent
designs. Another solution to the problem of bio-fouling has been by using the hot water pipe

intake at some point well below the actual sea surface: usually about 30 m but increasing the

? Carnot cycle efficiency is the efficiency of an ideal reversible engine cycle called the Carnot cycle, a theoretical
thermadynamic cycle proposed by Nicalas Léanard Sadi Carnot
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depth of intake lowers the temperature at the warm water intake thus reducing the efficicncy of

the process and power cutput [15].

The condenser heat exchanger is another important compenent of the OTEC plant design as
optimum condensation of the working fluid requires a specified volumctric flow rate of cold
water. The auxiliary power required to pump the cold water has a dircct impact and reduces the
nct clectrical power output. Other significant auxiliary power consumption arcas are warim water
pumping, working fluid pumping, cxcitation system requirements and control system

requirements [15].

Though several studics on OTEC have suggested differcnt working fluids, ammonia was the
original fluid proposed by D'Arsonval and was the fluid used in the “mini-OTEC” plant which
operated successfully off the coast of Hawaii [16]. Subseguent studies have indicated that

ammonia is the best theoretical fluid because of favorable thermodynamics.

2.4.2. Open-cycle

In the open-cycle OTEC as shown in [Figure 2], the working fluid 1s the warm seawater from the
surface of the ocean. Warm scawalct is brought to a low-pressure chamber to boil and the
corresponding sicam expansion drives a very low-pressurc turbinc. The condensation of the
steam is accomplished using the cold scawater brought up by the cold water pipc from the deep

OCCdn.
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Figure 2: Schematic of open-cycie OTEC

The low-pressure environment is attained in a specially designed vacuum vessel that is integrated
with the low-pressure steam turbinc. The stcam exiting the vacuum vessel is salt tree, and when
condensed, the discharge is a desalinated one. The open-cycle process has an advantage over the
closed-cycle process becausc it climinates one of the heat-exchangers in the process and also has
a by-product of economic value, fresh water. The challenge in this configuration is the platform

size which is almost twice the size as that of the closed-cycle architecture for the same powcr
output.
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2.4.3. Hybrid Cycle
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Figure 3: Schematic of hybrid cycle OTEC

There is also a proposed third-concept of OTEC which is a hybrid of the open-cycle and closed-
cycle design [17]. The main advantage of the hybrid cycle is that it can produce power in the
closcd-cycle and fresh water in the open-cycle. In this design both seawater and the closed-cycle
working fluid are used in combination. The same vacuum vessel is used for flashing seawater
into steam to producc desalinated water as well as the cvaporation of the seccond working fluid
through heat exchanged with the warm seawater. The second fluid 15 physically mixed with the
warn seawater in an clfervescent two-phase, two-substance mixture, The evaporated second
working fluid is separated from the steam/water, and re-condensed as in the closed-cycle design.
The phase change of the sea water/second working fluid combination results in useful work to

drive a low-pressure turbince.

Other advantages of the hybrid-cycle over the pure open-cycle is that a commercially available

ammonia turbine can be used to produce power comparcd to a large-diameter low-pressure
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turbine and condensation can take placc at a higher temperaturc increasing the fraction of
recoverable thermal energy as well as reducing auxiliary power requirements to remove non-

condensable gases.

2.5.Market locations for OTEC

Sixty percent of all seawater originates trom the Polar Regions. The Ailantic and North Pacific
oceans are fed by Arctic seas and all other major oceans are fed by Antarctic scas, Therefore,
temperature of cold water at a given depth, approximately below 500 m, does not vary much
throughout all OTEC regions. It is also a weak function of depth, with a typical gradient of 1°C
per 150 m between 500 m and 1000 m and this gradient dropping even further, below the 1000 m
depth. Previous studies have shown that if the appropriate sites are chosen with the natural
resources and the socio-cconomic conditions favoring a market for OTEC by-products [3][18],

the technology can be viable.

A US DOE study in 1981 identified ninety-eight nations and territories with access to the OTEC
thermal resource (20 °C temperature difference between surface watcr and dcep occan water)
within their 200 nautical miles EEZ". For countries in the Caribbean and the Pacific, the thermal
resource 1$ available throughout the year round and OTEC-friendly’ deep ocean water is
relatively close to the shore. These conditions make these the most attractive sites for cost-
effective commercial OTEC plants. These sites can support land-based, shelf-mcunted or

moored plattorm designs.
Favorable OTEC thermal resource regions across the world are:

s Equatorial waters between 10°N and 10°S arc the first choice but there are concemns raiscd
for the west coast of South America duc to temperature inconsistencies through the year,
cspecially impacting the surface temperature during the winter months [19].

e Equatorial tropical waters stretching to 20°N and 20°S, again with exceptions of West Coasts
of South America, Southern Africa, West Coast of Northermn Africa, Horn of Africa and off

the Arabian Peninsula due to similar weather tempcrature inconsistencies.
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e Countries along the east coast of Africa, Central and Latin American Islands and Islands in

the Pacific Ocean.
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Figure 4: Global ocean map showing OTEC resource zones with surface temp. color scale in oc

Some of the specific regions within the above OTEC resource zones, extracted from the high-

temperature difference zones in Figure 4 are:

e Gulf of Mexico region covering the coastal regions of southeast Florida and the east coast of
Mexico

e The coastal regions of the Caribbean Sea including the countries of Guatemala, Honduras,
Nicaragua, Costa Rica, Panama, Cuba, Dominican Republic, Puerto Rico, Colombia and
Venezuela

e In the North Atlantic Ocean, Guyana, Surinam, French Guiana and a small part of the
Northern coast of Brazil

e North Western African countries of Guinea, Sierra Leone and Liberia
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Papua New Guinca

and Indoncsia

the states of Somalia, Tanzania, Mozambique and the 1sland of Madagascar.

In the Indian Ocean, the southern coasial regions along the Arabian Sca and the Bay of

Bengal in [ndia, Sri Lanka, Burma, Thailand, Malaysia, Singaporc, east coast of Africa along
Northern coast of Western Australia, Northern Territory and some parts of Queensland and

Several islands in regions of the South China Sea including Cambodia, Vietnam, Philippines

Some of the countrics in this list are developing islands nations. These regions with the requisite

OTEC temperature differential and the ocean shelf depth gradient for a ncar-shore OTEC plant

are allractive markets for this sustainable energy source.

Tahle 1: Developing countries with OTEC favorable temperature difference and depth

L

Temp. Diff [°C) between | Distance from 2010
Country/Area
0 and 1000 m Shore (km) Population (million})
Africa
Benin 22-29 25 8.8
Gabon 20-22 15 1.5
Ghana 22-24 25 24.4
Kenya 20-21 25 40.5
Mozambique 18-21 25 23.4
Sdo Tomé and
22 1-10 0.2
Principe
Semalia 18-20 25 9.3
Tanzania 20-22 25 44.8
Latin America and Caribbean
Bahamas, The 20-22 15 0.3
Barhades 22 1-10 03
Cuba 22-24 1 11.3
Dominica 22 1-10 01
Dominican Republic 21-24 1 99
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Grenada 27 1-10 0.1
Halti 21-24 1 10.0
Jamaica 22 1-10 2.7
Saint Lucia 22 1-10 0.2
Saint Vincent and the

22 1-10 01

Grenadines
Trinidad and Tobago 22-24 10 1.3
U.5. Virgin Islands 21-24 1 0.1

Indian and Pacific Ocean

Comoros 20-25 1-10 0.7
Cook Islands 21-22 1-10 0.0
Fiji 22-23 1-10 as
Guam 24 1 0.2
Kiribati 23-24 1-10 0.1
Maldives 22 1-10 0.3
Mauritius 20-21 1-10 1.3
New Caledonia 20-21 i-10 0.3
Philippines 22-14 1 g3.3
Samoa 22-23 1-10 0.2
Seychelles 21-22 1 0.1
Sclomon Islands 23-24 1-10 0.5
Vanuatu 22-13 1-10 0.2

Source: http://www.nrel.gov/otec/design location.html

2.6.5iting characteristics for OTEC plants

To site shore-bascd plants or moored/floating plantships, there arc spccific characteristics for a

location to qualify as a potential OTEC site:
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2.6.1. Shore-bhased

Consistent source of warm surlace scawater close 1o the shore, relatively clean of pollutants —
this is to avoid additional effort required to clean the warm water taken in by the OTEC
system

Typical tropical weather with a mean annual surface water temperature of at least 25°C

Steep offshore slope quickly reaching depth of 1000 meters within a few kilometers of the
coast. Since watcr temperatures at these depths arc the same worldwide (about 5°C), the
temperature difference will be about 20°C, the minimum considered necessary for OTEC

A shore sitc suitable for construction activitics including cxcavation.

Elevation of an OTEC plant as close to sea level as possible to minimize pumping-power
requirements.

Offshore topography that is suitable for deploying the cold-water pipe. The topography
should be conducive to the pipe design, which has cvolved from cerrugated-steel pipe
sections, flanged and bolted together (as used by Claude in his early design) to a Fiber-

reinforced-plastic design anchored to the bottom by weights.

2.6.2. Moored/Fleating Plantships

Similarly, there is set of suitable siting characteristics for locating OTEC plantships'® which may

be moored or floating in a specified geographical arca [20]:

Water lcmperature differences betwceen surface and the deep ocean waler cxeeeding 20°C
Surface temperature of 25°C or greater

Surface currents Iess than 1 kph'!

Dcep currents less than 0.4 kph

Winds of 13-30 kph

Wave height < 4 meters

" vessels designed to use temperature differences in ocean water while floating unmoecred or maving through
such water, to produce electricity or another form of energy capable of being used directly to perform work, and
includes any equipment installed on such vessel to use such electricity or other form of energy

" Kilometers per hour
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2.7.0TEC Demonstration Case Studies

Therc have been several demonstrations of OTEC in the past several decades. All these studies
have helped further the cause of the technology by helping scientists and engineers understand

somg part of the OTEC system better. A fow of the most popular demonstrations studies are:

2.7.1. Hawaii

One of the first-ever OTEC plant was commissioned in 1979 in Hawaii. It was an offshore
demonstration 50 kW closed-cycle plant which used up 40 kW in running the plant and produced
L0 kW as the net output. The platform was moored by using a 30,000 1b weight. Cold water at a
temperature of 4.4°C was drawn from a depth of 670 m. Ammonia was uscd as the working fluid
and the cold water pipc was made out of Polyethylene to reduce bio-fouling which was onc of
the biggest concerns for the cold water pipe then. The heat exchangers were made out of

Titanium. At 120 hours. it was one of longest continuous running time of an OTEC plant [3].

2.7.2. Nauru

The Hawaii demonstration plant was followed by a 100 kW land-based plant in the Republic ol
Nauru in October 1981 built by Japan. The system operated with a temperature difference of
about 20°C between the surtace water and the cold ocean water at a depth of 500-700m. A
depth of 580 m was covered by pipeline length of 945 m. The heat exchanger tubes were surface-
treated with titanium to improve performance. Freon-22 was used as the working fluid. Freon-22
was considered less harmful to the environment compared to ammonia. Again the material used
for the cold water pipc was polyethylene. This project tested the load response characteristics,
turbine, and heat exchanger performance tests. The results were fairly satisfactory with the
cfficiency of the turbine recorded at over 80%. The plant achieved a continuous power

generation of 31.5 kW and an operational record of 10 days.

2.7.3. East coast of India

National Institute of Ocean Technology (NIQOT), India, built a | MW tloating plant oif the coast
of Tamil Nadu close to Tuticorin in the South cast coast of India. The plant was intcgrated on a
Moating barge and had a gross power gencration capacity of 1 MW and nct power of 500 kW,

The plant was supposed to have ammonia as a working fluid with evaporators coated with
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special steel on the ammonia side to enhance nucleate boiling. Power was generated through a
four-stage turbine, The floating barge was 1o be moored on a single point mooring at a depth of
1200 meters by using a one-meter-diameter high-density cold water pipe made of polyethylene.
The project was abandoned because of problems that erept in while deploying the pipe to the
platform. Following this incident, the project shifted focus to desalination using the OTEC cold

water pipe.
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3. TECHNICAL ASSESSMENT OF OTEC COMPONENTS

3.1.Review of historical OTEC configurations

One of the earliest configurations for an OTEC project was the design of an OTEC plantship to
produce ammonia via hydrogen[20]. A bascline 100 MW OTEC plantship design was developed
with an output of 313 tons of ammonia per day. This design was then extrapolated to a 500 MW
ammonia and liquid hydrogen plantship which could produce ammonia at very competitive costs
compared to the then prevailing market prices of ammoenia by the sixth subsequent ship that
could have been built for this purpose. The major cost drivers of this design were the platform,
heat exchangers and thc ammonia plant which would use the eleciricity produced on-board te

convert clectrolytic hydrogen into ammonia.

This was followed by a pure electricity-preduction design [21] based on a 240 MW spar-type
configuration which was designed specifically for survivability and station-kecping as the
initially proposed locations for OTEC plants were along the Gulf of Mexico and off the Florida
coast, which were hurricane belts. In this configuration, most of the structure was under the
surface of water, shielded from hurricanc winds and waves, The confignration consisted of four
major systems; the platform, the cold water pipe, the mooring, the anchor and the power modules
[Figure 5]. The power module consisted of the two large heat exchangers, turbo-generators,
pumps and the power conditioning equipment with the entire module detachable for periodic
maintenance. Of the two types of heat exchangers that were proposed for this configuration,
costs of the aluminum-tube heat exchangers were cheaper than the titanium-based one by § 100

million.
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Figure 5: Lockheed design of moored OTEC plant (1978}

Some of the other conceptual designs proposcd historically include two tower-mounted designs —
One design was the General Eleetric (GE) tower-mounted OTEC facility [Figure 6] which was
planned to be at Kahe Point, Oahu, Hawaii with a cold water pipe made of steel along the sloping
sea botiom with modular components for power production, pumps, and hcat exchangers with a
plan for convenient transfer of components to and from their mounting positions on the tower via

clevators, scmi-automated subsea transfer equipment and derricks. The sccond was a similar 40
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MW tower-mounted plant [Figure 7] sited close to the shore on the continental shelf off Punta

Tuna, Puerto Rico proposed by Puerto Rico Electric Power Authority (PREPA).
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Figure 6: GE tower design for OTEC offshore plant
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Other designs such as the 40MW OTEC grazing plantship was proposed by the solar Ammonia
Company (SOLARAMCO) to be situated south of Hawaii for ammonia production. This design

usced a concrete-based barge-type hull with rotatable thrusters provided below the hull for sca-

keeping and grazing [Figure 8],
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Figure 8: Design of SOLARAMCO Ammonia plantship (proposed])

One of the carliest designs of a combined electricity and water production OTEC design was
proposed by Virgin Islands Water Power Authority (VIWAPA) as a 12.5 MW shelf-mounted
tower delivering 1T0OMW of clectricity and 190,000 m’ of fresh water with a portion of the

discharged cold water used for marinc culture experiments [Figure 9].
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Figure 9: Flowchart for VIWAPA OTEC pil

There have also been detailed evaluation of economic feasibility and financial viability of OTEC
by Vega [12], [19], [22] that showed that in Hawaii, plants would have to be floating platforms
sized at about 50-100 MW and any sizc smaller than that might not be cost-cffective, The plant
design was based on a closcd-cycle for electricity production and on a second stage, using the

eflluent water streams from the power cycle, for desalinated water production. This facility

ot plant

included ammonia as the working fluid. The design of a pre-commercial floating hybrid OTEC

plant [Figure 10] had an open-cycle process housed in a barge or ship with the electricity

transmitted to shore via a submarine power cable and the desalinated water via a small hose pipe
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Figure 10: Schematic of a 5 MW OTEC pre-commercial plant

Recently, there has been new architecture explored [23] in the form of a 100 MW floating vessel
OTEC plant designed with the purpose of reducing capital costs. The main difference in this
technology was the shifting of the condenser from near the surface to the deep ocean, alleviating
OTEC’s main challenge of pumping cold ocean water to the floating vessels through cold water
pipes. This architecture was proposed to reduce the costs and technical problems related to large
OTEC systems. When the condenser is placed in a colder environment, the efficiency of the
condenser is improved too. And the coldwater pipe is now not directly exposed to the harsh
ocean environment. However, the supporting vessel for the condenser has to be specially
designed for this application. There are several cost-saving elements associated with this new
configuration to the extent of upto 45% compared to conventional OTEC capital costs in the

form of reduced platform costs, evaporator costs and installation costs.

35




DeSI-OTEC Power Plant — Simplifled Cycle

~~ Sea qur Level ~

e~ i b=
Submerged Evaporator y
24'c P—
Warm Water - out RS AL

Cold Water - out

Pra—

Propelier
'c

Sub.Sea Condenser TRy

~~~meee 3000 feet below Sea Level ~~~~~ Cold Water . in

Source: [24]

Figure 11: Design of an OTEC plant with sub-sea condenser

3.2. Technical readiness of OTEC components

NOAA'’s Office of Ocean and Coastal Resource Management (OCRM), in cooperation with the
Coastal Response Research Center (CRRC) collaborated on a workshop in November 2009 to
compile qualitative information[2] utilizing the knowledge of several experts in the field to focus
on the state-of art of OTEC components and technical readiness of the technology to be scaled to
a size greater than 100 MW. This effort identified seven critical components of any OTEC

system as the limiting ones for advancement of this technology. They are:

1) Platform
2) Platform Mooring Systems
3) Platform/pipe Interface
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4) Heat Exchangers (HX)
5) Power Cable
6) Pumps and turbines

7) Cold water pipe
3.2.1. Platforms

Since the 1980’s, developments in meteorological and oceanographic data gathering methods,
primarily driven by the petrolcum industry, has led to more reliable and weather-resistant
plattorm designs. Three platform designs have been identified as being most feasible for OTEC
projects: semi-submersible, spar, and (mono-hull) plant ship. All these three designs have been
tested and operational in other industries such as offshore oil, wind farms, ctc. There are no

significant challenges for their use in an OTEC application.

The life cycle of a platform in an OTEC facility has well-cstablished procedures. Monohull
manufacturing uscs a Floating, Production, Storage, and Off-loading Unit (FPSO) for
construction while semi-submersible plattorms have standard offshore rig fabrication procedures.
Spar platforms present the most difficulties for installation and operation because they require
deepwater work, which increases the risk and complexity of the project. However, the spar
configuration is mosl favorable for the cold water pipe attachment becausc there is less variable
motion at the joint [25]. Also, the platform should be cither built on-site or transported {rom an
offsite location, depending on the OTEC system requirements. Opcration and mamtcnance
procedures for these platforms are well-established and include maintenance of machinery and
removal of biological growth on the submerged scctions. Decommissioning of plaiforms is
regularly performed in other industrics and should not cause significant challenges for OTEC
facilitics. Though OTEC can heavily borrow platform technology from other mature industries,
there should be unique standards for all the OTEC equipment/technology. The standards can lay
the ground for intcroperability for various components and support innovation specific to this

industry,

37



Tabie 2: Risks associated with the three different types of platform configurations

Motior/  Arrangement Cost . Technical
Platform Type | survivability  difficulty . Readiness
risk i
Semi- Small Medium Medium High
submersible _
Spar | _ Small High Medium-High | _ Medium
Ship Medium Low Low Iligh
|shapeimonobwll | | ] S

Source: [2]

3.2.2. Platform mooring systems

This technical rcadiness of this component also been influenced by advancements of similar
components in other industries. Deep water platform mooering technologies have madce the most
advancement in the past three decades increasing the depth limit from a few hundred meters in
1980s to several thousand meters in the past decade [26]. Moering platforms can also borrow
technology from the offshore oil industty which uses similar platforms in a more demanding
environment, Technologies such as GPS and high-resolution Sound Navigation and Ranging
(SONAR) along with software which aid precision-modeling of platform moerings have enabled

cnhanced mooring systcms.

Design, fabrication, and construction of the platform mooring components arc cstablished as
standardized procedures with customization procedurcs varying with increasing platform size,
weight, bottom slope and exotic scafloor characteristics. Mobilization, deployment and
decommissioning of platform mooring, though labor-intensive and expensive, have also been
identified as processes that can be borrowed from the offshore oil industry with minimum
customization. Installation, opcration and maintenance of the platform mooring components arc
relatively simple and reliable with cxisting technology. Maintenance focuses on periodic
replaccment/repair of integrity monitoring instrumentation and mitigating the impact of marine
fouling on equipment. Bio-fouling is seen as a major risk and deviation for deep-sca OTEC
projects compared to hcar-shore oil platforms [17]. Bio-fouling will have a major impact on the
lifespan of the cquipment, the load carrying capacity of the equipment and resulting maintenance

schedules. For initial prototype plants, the current mooring technologies are adeguale in terms of
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materlals, design and fabrication but challenges can be anticipated as the plant’s output goes
beyond 100 MW.

3.2.3. Platform-pipe interface

Since the 1980s, significant advances in matcrial scicnce along with sensor and modeling
tcchnology have helped the OTEC industry to design lighter, stronger and durable platform-pipe
interfaces. The experience of the industry until now has been with pipes ~1 m diameter and this
can challenge the feasibility of 10 meter diameter pipes for 100 MW. The offshore oil indusiry’s
expertise in multiple riscrs up to 1 meter diamcter can be scaled for large OTEC applications.

The currently accepted platform pipe interface designs are:

* Flex pipe attacked 10 a surface buoy,
» Fixed interface

e [nterface with a gimbal

Fixed and gimbal interfaces arc considercd simpler to design and manufacturc compared to flex
intcrfaces. The fixed interface has a simpler maintcnance process and can be scaled easily to
larger facilitics, compared to flex and gimbal interfaces. The flex and gimbal interfaces are prone
to frequent maintenance and cleaning duc to additional fatigue points and connections.
Horizontal interfaces are difficult to deploy compared to vertical interfaces and the ability to
detach the cold water pipe also adds complexity and costs to the interface, There is still no clear
technical anticipation of the special requircments of custom platform-pipe inicrfaces for large
OTEC [(acilitics. [n the past, the plattorm-pipe interface has been a vulnerable component for
failure, cither duc to loss of the cold water pipe or lcakage issucs at the interface. Local climate,
currents and wave patlerns, the ability to couple/decouple the cold water pipe will impact the

overall complexity of design of the system.

3.2.4. Heat exchangers

Advances in heat exchangers since the 1980s have been primarily driven by industrics such as
acrospace, power plant, petroleum, cryogenic, Liquefied Natural Gas (LNG), geothermal, etc.
Today heat exchangers have improved heat transfer co-cfficient due to the use of new materials

such as cost-effective titanium, aluminum alloys and plastics. Fabrication processes and surface
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enhancements have alse added to improved capacity of heat exchangers. Heat exchangers have
been developed for several closed-cycle applications. For OTEC, the most suited heat exchanger
shapcs are shell and tube {constructed from titanium, carbon steel, stainless sicel, copper-nickel,
or aluminum), plate-and-frame and aluminum plate-fin with the most appropriate working fluids

being propylene and ammonia for these designs.

Manufacturing of shell-and-tube heat cxchangers is labor-intensive and transporting them to the
OTEC location and integrating them with the facility will be the key to their perlormance.
Opcration and maintenance of hcat exchangers are fairly simple incorporating human visual
inspection and monitoring. Decommissioning of heat exchangers is also simple and both metals
and working fluid can be recycled. Shell-and-tube heat exchangers arc the most scalable for large
OTEC plants using the modular design of smaller heat exchangers (upto 5 MW) which have

been manufactured and tested till daie.

Stainless steel and (tanium plate-and-frame heat c¢xchangers are easier and cheaper to
manufacture, though it is stiil a challenge 1o scale them to large capacitics, Plate-and-frame hcat
exchangers have challenges of being subincrged because their caskets arc not fully welded and
have to be dry during operation. Aluminum plate-fin heat exchangers are similar to the shell and
tube design, fabricated mostly with brazened aluminum, though with lesser power output per

module, having the ability to be scaled in modulcs.

3.2.5. Cold water pipe

There has been a significant improvement in the materials and fabrication process of cold water
pipes in past couplc of decades. In the 1980s the materials used werc E-glass/vinyl esier, steel
and/or concrete and typically had a synthetic foam core sandwich design whereas current
matcrials include R-glass/vinyl cster, fiber-glass and carbon fibcr composite. Currently, the
fabrication of the cold water pipe will likely include VARTM'? and large protrusion processes.
VARTM allows sandwich corc manufacturing and/or stepwisc manufacturing which helps
mitigate pressurc issues in the pipe in deep water. As with other components, design and
decployment of cold water pipe for less than 10 MW OTEC facility is well-understood. Pipes of

~2 m are being successfully demonstrated but pipe designs of larger diamcters for larger OTEC

¥ Vacuum Assisted Resin Transfer Molding
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plants are yci to be developed. The cold water pipe can be designed to last the life of the OTEC
plant {30 ycars) with fiber optic technelogy incorporated for monitoring performance of the pipe.
Coating and additives achieve smooth interior surfaces of the pipe which can mitigaic biotouling
of the pipe. Emergency preparcdness of the pipe increases the complexity of the pipe as well as
the platform-pipe interface, Future designs might include ability to detach the pipe in the cvent of
extreme weather to mitigate loss to the system. Decommissioning and recycling the pipe is

straightforward with established procedures borrowed from the offshore oil industry.

3.2.6. Pumps and turbines

Since the 1980s when OTEC technology was first proposed, pumps and turbines have not
undergonc major technological revamps except in enhanced lightweight, lower friction materials
and clcctronic monitoring of health of the pumps and turbines. Commercially available turbines
for OTEC plants arc currently made of steel, carbon steel and chromium. Whilc large-scale axial
flow turbines arc commercially available in the 5-10 MW range, manufactured by the leading
turbine manufacturers, further scale can be achicved by a modular design of these turbines.
Scaling up power production through modular design of turbines improves the net power
production and reliability ol the piant. Usually, there is a redundancy incorporated in the number
of turbines installed to account for maintcnance without compromising the operations of the
OTEC system. Opcrations and maintenance procedures for these turbines are simple and involve
routine inspection and periodic repair of components. Monitoring for internal damage as well as
for damage due to foreign objects is donc using electronic sensors. The turbines are designed to

last for the life of OTEC plants (30 years} and 85-90% of the turbine materials can be recycled.

The design of cold and warm water pumps is usuaily the axial flow impeller design mounted on
the platform. These pumps are highly efficicnt in the range of 87-92% and arc commercially
availablc tfrom numecrous vendors. The main materials used in pumps are carbon steel, stainless
steel, copper and insulating material. Like turbines, pumps are an important component of
improving the reliability of the system and are usually designed for redundancy. Duc to the
critical nature of pumps in the design of OTEC systems, sparc pumps and spare working (luid
should be readily accessible at the facility. Pump operations can also get complicated with

submerged designs. Large-scale OTEC facilitics can be designed with multiple-panmp solutions
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with commercially available off-the-shelf specifications which can be easily integrated into the
OTEC system.

3.2.7. Power cables

Offshore wind farms in recent years have highly enhanced the understanding of high voltage
undersea cables since the 1980s. Connections of upto 50 kV arc common connecting platforms
to the grid. In the last ten years, there have been 10 sca-crossing AC cables upto 500 kV and 20
DC cables up to 500 kV. Cables under 20 miles fong arc likely to be AC and use single/ three
phase > 69 kV. Cables longer than 20 miles are likely to be DC in order to reduce transmission
losses, The cables also have a stecl armoring to protect it throughout the 30-year lifcspan of the
OTEC plant. There are well-established codes and standards for cable construction available
from Institute of Elcctrical and [lcectronics Engingers (IEEE), Inlernational Elecrro-technical

Commission (IEC), and American Petroleum Institute (API).

For cables less than S00 kV, design and fabrication is commercially available so larger OTEC
plants might rcquire custom design of cable. Cable design 15 dependent on the design of the
mooring system and cable intcrface on the platform side is currently identitied as the most
technically challenging part of designing the cable system. Operations and maintenance is
standardized with periodic marine growth removal, full cable inspection and annual maintenance

of substations using divers and Remotely Operated underwater Vehicles (ROV).

3.3.0verall state-of-art of OTEC technology

The statc-of-art of technology for each of the OTEC componcents is ready to develop and deploy
a small-scale (lcss than 10 MW) floating, closed-cycle OTEC plant using current design,
manufacturing, matcrials and deployment methods. But the technical ability to scale to an output
larger than 100 MW 1s still being rescarched. Existing platform, platform mooring, pumps and
turbines, and heat exchanger technologies can be scaled using modular design but some other
components such as marine powcer cable to transfer cnergy, the cold water pipe and the
platform/pipe interface present fabrication and deployment challenges for > 100 MW facilities.
The ability to anticipaic and understand the technical challenges associated with large-scale
OTEC plants and intcgrated OTEC plants producing electricity and other by-products, will play

an important role in thc commercialization of the tcchnology and determine the future
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development of this energy technology. There s a need to thoroughly understand the technical
rcadiness and scalability to a larger (> 100 MW) commercial facility incorporating some of the
system-Icvel benefits of an OTEC facility such as desalination, Sca water air-conditioning,
Mineral extraction, Aquaculture, Hydrogen production, Methanol production, etc. Hence it might
be important to prototype and deploy an operational plant of 10 MW beforc the
commercialization and development of OTEC of a larger commercial (= 100 MW} facility is

undcrtaken.
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4. ECONOMIC ASSESSMENT OF OTEC

The economic variables affecting the design and deployment of an OTEC plant range from
macro-factors such as cconomic environment of the plant location and market for OTEC-
generated electricity and by-products to micro-factors such as the scale of the plant, the cost
components including capital cosis, operations and maintcnance cost, capacity factor, etc.
Though OTEC does not have major fuel cost implication (it uscs abundant ocean water), the
relationship between the scalc of the plant and the corresponding capital costs have made OTEC
planis very unattractive compared to fossil fuel plants, and even comparcd to some of the

renewable technologics such as solar and wind.

But an important feature of OTEC technology that improves its financial viability is the option to
co-locate production of various by-products with electricity generation. Depending on the
conliguration of the plants (open-cycle, closed-cycle or hybrid), this technology can produce
fresh water, cold water for aquaculure and cnergy-intensive products such as hydrogen and
ammonia and metals such as aluminum and uranium. In this study previous litcrature of cost
cvalnations of OTEC plants is analyzed based on several different configurations and (o arrive at

an asscssment model for cost drivers of the components of OTEC projects.

4.1.Methodology

The methodology adopted in this part of the study includes a meta-analysis ol several historical

cost evaluation studies of OTEC. Thesc arc cost projections rather than cost data.

e Twenty cight models of cost evaluation of OTEC projects were analyzed, taken from the
OTEC literature spanning 1975 to 2011, These cost evaluations were studics of OTEC plants
of varying sizes and configurations.

¢ All available data were normalized to 2010 $ figures, using the GDP deflator, for consistent
data analysis

e The data were then analyzced and the behavior of different cost components across plant sizes
and configurations werce studied

s Major cost components were identified from these studies and the range of variation in these

costs across the different plant sizes and configuration types was quantificd.
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s The range ol costs for the major components of the OTEC system was analyzed to
understand the impact of each of the components on the overall costs of the system

s Finally, the levclized cost of energy through OTEC is compared with other existing
technologies to understand the viability of OTEC vs. the other icchnologies

4.2.Cost Analysis

In the United Statcs, the most comprehensive OTEC developmental cost evaluations werc done
as part of DOE-funded dcsign programs in the 1980s. There have also been cost studies of
varying detail by other investigators worldwide. The estimating procedure varics across these
studies and is different due to variations in architecture of the plant, deployment methodologics,
location, financing options and other technical dcetails, but some common ¢cost components are
compared and analyzed. Initially all studies which reported a total capital cost for OTEC were
taken into account in the present stody. Then the details of cach of the cost evaluation studics

were documented and converted to 2010 § using the GDP deflator index.

Table 3: Estimated capital cost /kW from previous OTEC literature

Plant Size |Plant type- S (2010)/kwW
Year Plant description Output

{MW)| net cycle installed
1990 Land-based [19] 1 OC”  [Flectricity / Water 28,000

Land-based with second stage
1990 1 oC Electricity / Water 35,400
water-production {19]

1990 Land-based [19] 10 ocC Electricity / Water 16,400

Land-based with second stage
1990 10 oc Electricity / Water 22,600
water production [19]

13

1920 Moored plant [3] 40 cC Electricity 11,400
1982 Phase IV PREPA [3] 40 cc Electricity 13,000
1982 GE tower-mounted [3] 40 cc Electricity 16,000
1985 Land-based [3] 40 CC Electricity 17,000
1980 Grazing plantship[3] 46 cC Ammonia 8,410
1990 Floating {Moored) [19] 50 H®  |Electricity / Water 10,600

1 Open-cycle
¥ Closed-cycle
¥ Hybrid

45



1990 Land-based [19] 50 CC Electricity 12,600

2010 Open-cycle [27] 51 ocC Electricity / Water 10,751

2010 OTEC plantship - closed-cycle[27] 54 cC Electricity 8,430

OTEC unit {sub-sea floating
2009 100 cC Electricity 2,680
vessel design) [23]

2010 Floating ship [24] 100 cC Electricity 4,000
N OTEC conventional floating unit
2009 100 cC Electricity 4,250
(23]
2011 Grid-connected [28] 160 cC Electricity 13891
1990 Methano! plantship [19] 200 cC Methanol 7,580
2011 LMC™ Grid-connected [28) 200 cC Electricity 11098
LMC spar-type configuration [AL-
1978 240 cc Electricity 4,020
tube) [21]
LMC spar-type configuration (TI-
1978 240 CC Electricity 5,110
tube) [21]
1990 Ammonia plantship [19] 386 cC Ammaonia 3,990
2011 LMC Grid-connected [28] 400 CcC Electricity 8684
2011 LMC Energy carrier [28] 400 CC Ammonia 8944
QOTEC Ammgnia plant ship — APL
1975 500 CcC Ammonia 2,430
[20]
1975 OTEC Ammonia plant ship [20] 500 cC Ammonia 3,250
OTEC Ammania plant ship — TRW
1975 500 CC Ammonia 5,090
[20]
OTEC Ammonia plant ship - LMC N
1975 500 CcC Ammonia 8,660
(20]

The feasibility of OTEC depends on whether investors in this tcchnology can foresee a positive
return on investment with a relatively low uncertainty in the cost components. Comparing the 238
different models of OTEC plants cost evaluations in the literature, OTEC projects can be

classified into three categories based on scale of the power output of the plant.
o OTEC plants 1 — 10 MW

e OTEC plants 11 — 100 MW

** Lockheed Martin Corporation
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« OTEC plants >100 MW (up to 500 MW)
4,2.1. OTECPlants1-10MW

This category of OTEC plants is land-based or shelf-mounted. These arc plants specially
designed for island applications and primarily produce electricity but can also be used for fresh-
water production, aquaculture, sea water air-conditioning systems and fuel production. Open-
cycle configuration is preforred for these small-scale plants. The installation costs of these plants
arc very high, in the range of 16,400 - 35400 $/kW. This is because all OTEC have a large
amount of overhead costs, as part of sctiing up the plant. But even though the mstalled cost is
quitc high compared to other technologics, it can be partially offset by the economics of OTEC
by-products discussed later in this report. At this scale, it becomes imperative that electricity
production be coupled with one or more of the by-products for the project to make cconomic
sensc. [t is estimated that plants of this size range can supply 0.45 million to 9.2 million gallons
(1700 to 35,000 m’) of fresh water per day which will be adequate 1o cater to a population of
4,500 - 100,000 residents [29]. This scale of plants is suggested as the appropriate size for some
of the small island developing statcs (SIDS) listed earlier in this report, cspecially the ones where

the depth of 1000m drops quickly within 10 kilometcrs of the shore.

4.2.2. OTEC plans 11 - 100 MW

This category of OTEC plants ¢an be land-based or shelf-mounted plants [3] and in some ¢ases,
a floating plantship configuration. At the scale of 10-100 MW it becomes imperative to minimize
the size of the plant and save costs. Hence the closed-cycle configuration, which allows for a
more compact design comparcd 1o the open-cycle configuration, is preferred at this scale. The
floating plantships can be placed within a few kilometers of the shore and can be connected to
the power grid on the shore through undersea submarine cables. Though mostly designed to
produce electricity, there is a grazing ship configuration where the electric power produced on-
board is used to generate gaseous hydrogen and nitrogen to form ammonia, which storces energy
and can be shipped to the shore. The output of ammonia from a 40MW grazing ship is abount 125
rons/day [20]. The capital costs for configurations in this category drop from 16,000 $/kW
installed for a 40 MW towcr-mounted configuration to 4000 $/kW installed, for a 100 MW
floating ship. Recently a sub-sea condenser architecturc has been studied [23] which can bring

down the installed capital cost of a 100 MW OTEC plant to 2650 $/kW
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4.2.3. OTEC plants >100 MW (up to 500 MW)

This category of OTEC plants consists mainly of floating ships generating power using the
closed-cycle configuration. The capital costs of OTEC configurations in this category can be as
low as 2,430 $/kW installed for a 500 MW ammonia plantship. [Table 3] shows that large scale
OTEC plants are usually used for production of energy-intensive products or energy carriers
such as hydrogen, ammonia or methanol. At this scale, it becomes important to analyze the
economics of extracting more value through by-products from an OTEC plant in addition to

generation of electricity.

4.2.4. OTEC Plant scale and costs

100000

10000

1000 y = 39900x035
R?=0.62
S
- 100
10
1
1 10 100 1000

Plant Size (MW)

Figure 12: Trend line of capital costs of OTEC plant for increasing plant sizes

When the installed capital costs/’kW are plotted against the plant size on a log-log plot [Figure
12] the trend shows a reduction in the capital cost of an OTEC plant with an increase in the plant
size (MW). If the costs from [Table 3] are analyzed, the power regression line follows the

equation
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y = ax™?

Where y = capital cost of the plant (in $/kW) and x is the plant size (in MW), the intcr;ccpl a=
39902 and the exponent » = 0,35 and therefore the cost reduction with plant sizc in this analysis

is followed by the trend Line
y = 39900x 035

This trend linc indicates that as plant size doubics, the costs/kW ot installed costs decreases by
22% (approx.). A one-fifth reduction in capital costs / kW tor every doubling of plant output is a
significant reduction, and if the projection holds true, can make the technology atiractive at

large-scale outputs.

4.3.Cost drivers for various OTEC components

While scveral of the components in an OTEC project can be borrowed from industries such as
offshore oil drilling, a major cost driver for OTEC plants that 1s not yet accurately accounted for
is the modification cost for adapting the conventional! design from these industrics for OTEC
environments. The costs in twenty-eight cost cvaluation models used in this study has been
grouped into six major cosl catcgories: the platforms, power gencration systems, heat
exchangcers, cnergy transfer systems, water ducting systems and deployment and installation

Processes.

The major cost driver for platforms (or land-based containment system, in case of a land-based
plant) is the customization costs associated with modifying the conventional design from other
industries to execute OQFLEC plants, This might also impact the operation and maintenance costs
of the platform and allied platlorm scrvices, The decision to build the platform onsite or transport
it from an offsite location will also be a significant cost driver of this component. The fabrication
of the platform fabrication becomes challenging with the increase in the scale of output of the
plant. A larger facility will house a significantly increased amount of equipment multiplying the
cost and difficulty of fabrication and deployment. The platform is the framework that supports
the power gencration system; hence its cost will also be influenced by the design of the power

generation and corresponding water ducting systems.
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The cost drivers for platform moorings include spare components inventory, site conditions,
wcather, installation complexity, material costs, performance requircments, labor costs, water
depth, regulatory permissions and decommissioning of mooring system. Though the current
mooring technologies are adeguate to cstimate costs for the initial prototype plants, uncertainty
in costs can increasc as the plants begin to scale beyond 100 MW power output. The design of
the platform-pipe interface will also influence the costs based on choice of materials, design and

tubrication process, the cold water pipe and the platform.

The operating conditions of low temperature and pressure require design of heat exchangers
which are good for moderate strength conditions, compatcd to thc oncs that are used in
conventional power plants. This can lower the cost of installation and other supporting systcms.
Aluminum plate-fin heat exchangers have lesser transportation and integration costs compated 1o
shell-and-tube stainlcss steel oncs because brazened aluminum can be transported in standard
shipping containers and assembled on site. The process of fabrication and deployment of the
cold watcr pipe can significantly influence the installed capital cost of an OTEC plant, The
typical trade-off is the cost associated with transporting the single pipe from some place on shore

to the increased risks of failure due to multiple joints of a cold water pipe fabricated on location.

Deployment costs include costs for installing OTEC components which are ¢ither built and
asscmbled onsite or fabricated offsite and deploycd on location. The process would be heavily
borrewed [rom the oil drilling industry. In the model where it is fabricated offsite, deployment
would involve towing the OTEC structure using a barge and setting 1t up at a pre-designed

location where the cold water pipe can then be assembled an/or installed.

The costs associated with turbines and pumps in an OTEC plant arc predictable as the
commercially available design of these components can be easily matched for OTEC
applications. As turbines can be scaled modularly, the power output of the plant and the
reliability requirements of power plant will influence the redundancy 1 the design of the power
generation systems and hence, the costs of the system. The OTEC system will also require feed
pumps and recycle pumps which are commercial available with a low acquisition cost but a
significant maintenance cost. Finally, the energy transfer costs are influenced by the costs of the
power cablc sysicm which depend on special equipment designed for unique local sea conditions

and scafloor characteristics.
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Table 4: Range of costs in OTEC plants ($/kW installed)

Range of costs | Water Power Heat Energy
Platform Deployment
$/kW installed | ducting generation | exchangers transfer
Max 18942 6776 5698 5501 5250 3300
median 512 1436 707 1797 219 834
Min 30 530 184 586 13 202
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Figure 14: Range of costs of OTEC components (includes estimated from various plant sizes)

From the twenty-eight different cost evaluation models of OTEC plant, there were twenty for
which the six cost drivers for the technology were available to be individually computed. The six
major components’ costs per kW and their range as a function of their cost contribution to the
overall plant are given in [Figure 13]. This indicates platform structure and the heat exchangers
are the major cost contributors to an OTEC installation cost. The cost of the platform will depend
on the design configuration of the plant. The cost of heat exchangers per kW increases linearly
with scale of the plant [18]. Preliminary studies of material used in OTEC platforms resulted in a

design of concrete platforms over steel ones due to a thirty percent cost savings. Also, the most
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cost-effective heat exchangers are made of aluminum, Among other costs, the most signiticant
one is the cold water pipe where the cost per unit volume of handling cold watcr decrcases with
an increase in the cold water pipe diamcier {up to a point, atter which it increases). Conversely,
deployment and operation and maintenance costs per kW do not increase significantly with
increasing scale of the plant. [Table 4] and [Figure 14] show the variation in cach of the cost
componcnis across all plant sizes, Water ducting systems have the most variation in prices and
this is potentially an important lever for cost reduction, depending on the architecturc of the
OTEC system. Heat exchangers, though a large component of the cost, are products of standard
and mature technologies borrowed from other industrics and hence will be components designed
and incorporated in the OTEC system with minimum design modifications from the ones used in

these analogous industries.

4.3.1. Uncertainty in cost components

An initial sct of uncertainty rules were designed as part of the early bascline designs of 40-MW
floating and shorc-based OTEC systerms[3]. These uncertainty criteria applied for most of the
OTEC components and tcsulted in an improved cost evaluation of OTEC systems. This
[acilitated a semsitivity analysis of several cost scenarios. Below, we compare the historically

assigned uncertainties to costs with the results of our analysis

In that study[3], a low uncertainty of =10-20% was allotled to components that can be readily
used from anmalogous industries. These components usually use similar technology in another
industry and hence require littlc or no modification to the component to be used in OTEC
application. For large plantship producing ammonia and methanol, the percentage of costs
covered in this catcgory ranged between 45% and 70% of the total installed cost of the OTEC
plant. In our analysis, the power generation systems and heat exchangers would qualify as
components with low levels of cost uncertainties as the design of these components are readily
applicable trom other industries and rcquire minimum or no customization for OTEC
applications. The components’ cost break-up graph [Figure 13] of our analysis shows that these
components can contributc to 15% - 75% of the total component costs. This wide variation in
costs is primarily contributed by the wide range in the heat cxchanger costs from previous

studies.
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Also in that baseline design study, moderate uncertainties of 120-35% were allocated 1o
components which are available in a different scale/design than what is required for OTEC
applications. These components had to be modified for OTEC applications. The percentage of
component costs with these uncertaintics is 41% and 23% for ammonia and methanol ships of
the total installed cost of the plant. Tn our analysis, the platform-related systems and the cnergy
transfer systems fall in this category becausc of the customization required on these components
compared to designs for industries such as offshore cil dnilling. Except for an initial design
[Figure 7| where the platform-related costs were less than 10%, most of the newer designs

account for platform costs upwards of 209 [Figure 13].

In the bascline design study[3], high uncertainties of £35-100% were allotted to components that
had to be uniquely fabricated for OTEC applications. The deployment of the cold water pipe and
any component that requires OTEC-specific fabrication fall into this category. Fortunately,
components with such high uncertainty form only 13% and 7% of the (otal mstalled costs. In our
analysis, the water ducting costs fall under this category. Our findings are consistent with these
uncertainty percontages as the water ducting systems scem to have the largest range of costs
depending on plant size and location, Our study [Figure 13] shows that the water ducting system
costs as a percentage of overall costs of the plant reduces with the scale of the plant. It is as high
as 50% in the 1-10 MW catcgory of plants and reduccs significantly to less than 10% in the >100
MW plant sizes.

Finally, the study [3] calculated the uncertainty of the overail system using the weighted average
of risks of components in the high, medium and low uncertainty categories, and included
variation In construction and deployment costs as well. The overall uncertainty of thc OTEC

system costs, thus derived, was estimmated to be between 20% and 30%,

4.4.Comparison of OTEC with other energy technologies
4.4.1. Levelized cost of energy

The US Encrgy Information Administration (EIA) produccs forecasts of energy supply and
demand for the next 20 ycars using the National Energy Modeling System (NEMS)[30]. One of
the paramecters that the EIA caleulates using NEMS is the levelized cost of cnergy (LCOE).

Levelized costs of cnergy represent the present value of the total cost of building and operating a
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plant over its financial life, converted to cqual annual payments and amortized over expected
annual gencration from an assumed duty cycle. The LCOE is a standard way to dctcrmine the
most economic technology to adopt for new capacity, for basc load'”, peaking load® or

intermediate load'”.

The DOE-approved LCOE methodology requires minimum system cost information and avoids
many of the complications involved in calculating the acwal cosi to deliver electricity to a
particular cnd uscr. Because the LCOE includes the capacity factor of each technology some
technologies, such as a conventional combined cycle turbine, which are relatively expensive at a
high capacity factor due to high fuel costs, may be the most cconomic option when evaluated at a
lower capacity tactor. A lower capacity factor would be associated with an intermediate or

peaking load rather than a base load facility.

Usually, the LCOE calculation does not include financial incentives such as state or federal tax
credits, which can impact the cost and the competitiveness of the technology. These incentives,
however, are incorporated into the cvaluation of the technologies in NEMS basced on current
laws and rcgulations in effect at the time of the modeling exercisc. Also due to regional
differences in the cost of labor, fuel, and other [actors that affect the levelized gencration cost,
there exists a range of levelized costs for any energy technology with a minimum, maximum and

average of that range used for calculation purposcs.

4.4.2, Comparison of capital cost and O&M costs

This study utilizes the {indings of an Life Cycle Cost Analysis Study [28] which calculated the
levelized cost of clectricity generated by three different sizes and contigurations ol OTEC plants
- 100 MW, 200 MW and 400 MW nct clectrical power output plants where the electneity is
cabled to shore via marine power cable. This is uscd to compare with competing renewable
cnergy systems to evaluate the financial viability of OTEC technology. Thesc costs, and the

others cited in this thesis, are cost projections rather than cost data from existing plants.

7 Base load plants are facilities that operate almost continuously usually at annual utilization of 70% or higher

¥ peaking plants are facilities that only run when the demand fer electricity is very high, usually at annual
utilization of less than 25%

¥ Intermediate load plants are facilities that operate less frequently than base load plants, usually at annual
utilization between 25 -70%
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There arc three parameters that were derived from the finding of the study , to be compared with
the other energy technologics in the EIA Annual Energy Outlook 2009 [30]. They are the
levelized capital costs, the levelized Q&M costs and the levelized cost of energy, all in $/MWh.

Our study utilized the Initial Capital Cost (ICC) of OTEC plants to arrive at the levelized capital
costs. ICC is the total overnight’ cost to build and install the plant including the mooring system
and undersea power cable as well as program management for the deployment. These costs do
not include construction financing or financing lces and do not take the length of the
construction period into account. For consistency across all plant sizes and with the capital costs
used earlier in this study, the ICC was estimated in 2010 $ from the original values which were

calculated for different ycars of deployment [311.

. . 5
Annualized capital costs (——)
. . vear
Levelized capital costs (

)

MWh' Capacity factor X No.of hours per year

Where Annualized capital cost = [CC X CRF ($/years)

r(1+mt

CRF = (1+r)"—1

where r = weighted average cost of capital = 7.4%"

n = Lifetime of the plant (years) = 30
Capacity factor = 95% to 97% based on the size of the plant
No. of hours per year = 365 X 24 = 8760

Similarly, the levelized Operations and maintenance (O&M) costs for the OTEC plants were

derived for the OTEC plants using the cquation:

Annualized ORM costs (i)
Levelized 0&M costs ( year

)

MWh' Capacity factor x No.of hours per year

The major cost components of th¢ O&M costs included in the study were cquipment

maintenance/overhaul costs, sparcs costs, Packing, handling, storage and transportation, program

*® The capital cast of a project if it could be constructed overnight and does not include the interest cost of funds
used during construction of the project.
1 US EIA Levelized Cost of New Generation caiculations http://www.eia gov/oiaf/aeo/electricity_generation html
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management, personnel costs, training, crew transport, ongoing environmental monitoring costs,

disposal costs and safety costs.

Once the levelized capital costs and levelized O&M costs were calculated, levelized cost of

cnergy (LCOE) was calculated as
LCOE ($/MWh) = levelized capital costs + levelized O&M costs

Oncce the LCOE was calculated for various plant sizes, the average LCOE was calculated as the

weighted average ot the LCOF of the three different plant sizcs.

Table 5: Levelized cost calculations of various sizes of OTEC plants

OTEC plant size [MW) 100 200 400
Capacity factor 95% 96% 97%
B 2010 Initial capital cost ($} [28) 1,389,098,117 | 2,219,524,281 | 3,473,736,373

Lifetime (years} 30 30 30

WACC (%) 7.4% 7.4% 7.4%

Capital Recovery Factor 0.084 0084 0.084

Annualized capital cost {$/year} 116,473,678 | 186,103,597 | 291,267,296

Levelized capital costs {$/MWh) 140 111 86

Annualized O&M costs {($/year) [32] 44,802,606 75,475,182 | 124,200,366

Levelized O&M costs (5/MWh) 54 45 37
LCOE {5/MWh) 193.80 155.52 122.24
Average LCOE ($/MWh) 142.0

After the levelized costs are calculated, they are analyzed and compared with those of competing

technologics.

OTEC has a very high capital costs due to the high cost of components that make up installation
costs of a typical OTEC project. For a 100 MW grid-connected OTEC plant, the levelized capital
cost is at 140$/MWh which is much higher than most conventional energy technologics except
offshore wind, solar PV and solar thermal [Figure 15]. The capital costs of OTEC plants decrease
with an increase in the scale of the power output and reduccs to 111S/MWh for a 200 MW grid-

connected plant and to 865/MWh for a 400 MW grid-connected plant. This 1s a decrease of 21%
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from doubling of power output from 100 MW to 200 MW and 23% decreasc for the power
output doubling from 200 MW to 400 MW. This limitcd information shows an average 22%
reduction in capital costs for doubling of power output. This is roughly the same factor of
reduction as found in our analysis of construction cost calculations of OTEC plants, which also

shows a decrease of 22% in the cost/installed kW for each doubling of output.

This reduction becomes more significant in the context of the high availability of OTEC plants.
OTEC plants are assumed to have a very capacity factor of 95% to 97% in the [00MW — 400
MW range[28]. It has the highest capacity factor among all competing renewable technologies,
comparable with other base load technologics such as conventional coal and natural gas plants.
While the high capacity factor for OTEC has been assumed in cost projections, it 1s important to
study this variable in fully operational prototypes or demonstration plants. Currently, the high
capacily factor makes OTEC an atractive candidate for markets which require a technology with
high availability qualities to supply base load power, For coastal regions in the OTEC belt with a
good transmission network, a carcful consideration of this technology is warranted, alongside

discussions rcgarding other technologics such as offshore wind or solar.
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Table 6: Capacity Factor and levelized costs of various technologies

Source: [30]

Levelized capital costs

Plant Type Capacity factor {%)
($/mMwh)

Solar Thermal 18 259
Solar Pv” 25 195
Wind 34 84
Wind - Offshore 34 209
Hydro 52 75
Biomass a3 55
Conventional Coal B85 a5
Advanced coal 85 75

Advanced coal with
ces® 85 93
NG* Advanced CC” 87 18
NG CC 87 18

NG Advanced CC with
87 35
CCs

Advanced Nuclear 90 90
Geothermal 92 79
OTEC 100 MW 95 140
OTEC 200 MW %6 111
OTEC 400 MW 97 86

“ phato-Voltaic

* Carbon Capture and Sequestration

* Natural Gas

** Combined Cycle
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Figure 15: Levelized capital costs vs. capacity factor for various energy technologies

Also, levelized O&M costs of OTEC are compared with the same costs of other technologies to
identify the operational cost commitment of OTEC plants relative to other technologies
throughout the lifetime of the plant. Levelized O&M costs are equal to the O&M costs calculated
for the first year, followed by the replacement/overhaul costs levelized through assessment of the
present value, and application of a capital recovery factor to each replacement/overhaul activity.
In the lifecycle cost assessment study[28], the operations and sustainment (O&S) model was
used to estimate costs incurred after initial deployment which provides all O&S costs on a yearly
basis and hence merges the annual O&M costs with the occasional replacement/overhaul Costs
to derive a single levelized O&M cost. To compare with equivalent O&M costs of competing
energy technologies in the US Energy Information Administration (EIA) Annual Energy Outlook
2011 report[30], the levelized fixed and variable O&M costs (which includes fuel cost) of the
various energy technologies were combined to derive uniform levelized O&M cost for all

technologies.

For OTEC, levelized O&M costs average at about 29% of the levelized initial capital cost. This

is much higher compared to other technologies such as hydro, wind and solar which are in the
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range of 6% to 18% of their levelized initial capital costs, but much lower than some of the fossil

fuel technologics such as natural gas, which can be more than 100% of their levelized initial

capital cost. This is because the conventional technologics utilize fuel and the fuel bill is a part of

their variable O&M costs. Compared to this, OTEC has no fuel cost and therefore has an

advantage over conventional power plants [Figure 16]. Most of the overhaul and replacement

proccdures associated with OTEC plants are standard procedures that can heavily borrow from

other industries such as oil offshore plants. Of course, components such as the cold watcr pipe

might still pose serious maintenance challenges and will be the key to the keeping the

maintenance costs of this technology down.

Table 7: Levelized capital costs and O&M costs of various plant types

Levelized capital costs

140

Plant Type Levelized D&M {5/MWh}
{$/MwWh)

NG CC 18 a47.5
NG Advanced CC 18 44.0
NG Advanced CC with CCS 35 53.5
Biomass 55 56.0
Conventional Coal 65 28.2
Hydro 75 10.1
Adv, coal 75 336
Geothermal 79 21.4
Wind 34 9.6
Advanced Nuclear 30 22.8
Advanced coal with CC5 53 42.3
Solar PV 195 12.0
Wind - Offshore 209 281
Solar Thermal 259 46.6
OTEC 400 MW 86 39.8
OTEC 200 MW 111 44.9
OTEC 100 MW 53.8

Source: http://205.254.135.24/ciaf/aeo/electricity generation.htmi accessed on Feb 4, 2012
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Figure 16: Comparison of levelized capital costs and O&M costs of energy technologies

At 40$/MWh for the 400 MW OTEC configuration, the levelized OTEC O&M cost is below the
levelized O&M costs for several of the competing conventional and renewable technologies.
This figure gains further significance in the context of the 30-year lifetime that OTEC plants are
designed for. The other technologies in the study have an average lifetime of 25 years. (We note,
however, that currently operating power plants often have longer lifetimes in reality. This could
serve to decrease the electricity costs for certain plants, as compared to the estimates shown
above.) There have also been recent studies that discuss the possibility of extending the 30-year
lifetime of OTEC plants. This also supports the case for OTEC as a base load electricity

generator, and a long-term energy solution for a community.

Finally, when we compare the LCOE of OTEC with that of other technologies, we see that
average LCOE of OTEC (142 $/MWh) is higher than that of most conventional technologies

62



[Figure 17]°°. The high levelized capital cost of OTEC is the main contribulor for this high
value. But the average value is still projected to be less than that of some renewable technologies
such as offshore wind, solar PV and solar thermal. The LCOE of these competing technologies
also show a wider variation in the range between maximum and minimum valucs, than that
projected for OTEC. For example, solar thermal with an average LCOE of 312 S/MWh has a
wide variation from 60% of this average valuc to more than 200% at the maximum. Compared to
this, OTEC has an average LCOE (1428/MWh) which is within 20% of the minimum value
(122S/MWh) and 40% of the maximum value (1948/MWh). This smaller range can indicate a
greater stability in the cost drivers of OTEC components across regions and scale of power
output. It*this holds in real plants, the consistency in costs for OTEC plants in different markets
around the world could help make a casc for this technology. Also, at only 60% of the LCOE of
oftshore wind, OTEC has a definitc advantage in coastal locations falling within the OTEC
resource zoncs. This difference can be significant when considering challenges such as
transmitting power from some distant offshore farms or thc much lower capacity factor of
offshore wind farms are included. Ilowcver we note again that the cost estimates presented here
for OTEC are projections rather than cost data as in the case of wind and solar. Nonetheless. the
above levelized cost discussions indicate that OTEC, though not an inexpensivc technology,
should be a scrious contender when siting new base load power generation or planning for new

renewable generation, once the locations and technical considerations arc met for the technology.

% Note that this estimate of OTEC costs is from our analysis and the other technolegies are frem the LCOE
estimates from the E1A Annual Energy outlook report. However the estimated costs are comparable.
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Table 8: Range of LCOE for various energy technologies

Plant Type “(';’l’;n;c’gf Min. LCOE ($/MWh)| Avg. LCOE ($/MWh)
NG Advanced CC 70.5 56.9 63.1
NCCC 74.1 60.0 66.1
Hydro 121.4 58.5 86.4
NG Advanced CC with 104.0 80.8 893
CcCs
Conventional Coal 110.8 85.5 94.8
Wind 115.0 81.9 97.0
Geothermal 115.7 91.8 101.7
Advanced coal 1221 100.7 109.4
Biomass 1334 99.5 112.5
Advanced Nuclear 121.4 109.7 113.9
Advanced coal with 1545 126.3 136.2
CCs
OTEC grid-connected 193.8 122.2 142.0
Solar PV 323.9 157.7 210.7
Wind - Offshore 3494 186.7 243.2
Solar Thermal 641.6 191.7 311.8

Source: http://205.254.135.24/oiaf/aeo/electricity generation.html accessed on Feb 4, 2012
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Figure 17: Average LCOE for energy technologies within a range of max. and min. values



5. OTEC AND WATER SCARCITY

In 2011, the increase in population 1o more than 7 billion translated into double the water
consumption in the last half century and between 1970 and 1990, per capiial of available water
dccreased by a third. An incrcasing demand for water for drinking walcr supplics, sanitation,
agriculturc, cnergy production and generation, mining and industry is expected to compete for a
limited supply of fresh water. By 2025, more than half thc nations in the world will face
freshwater stress or shortages and by 2050 as much as 75% of the world’s poputation could face
{reshwater scarcity[6]. Regions with intensive agriculiure and densc population as the Asia,
Africa and the US have high threat to water security. According to the US Natural Resources
Defensc Council[33], more than one-third of all counties in the lower 48 states of the US will

likely be lacing very serious water shortages by 2050.

Though water is a rencwablc resource, only 2.5% of carth’s water is potable, and almost two-
thirds of that is locked up in glacicrs and permanent snow cover. The Earth has a limited supply
of fresh water in the form of aquifers, surface waters and the atmosphere, Oceans are an
abundant supply of water but thc amount of energy necded to convert seawater to watcr for
human use is cxpensive today, explaining why only a very small fraction of the world's water

supply derives from desalination”’.

5.1.Introduction to seawater desalination

The most popular desalination technologies used on seawatcr an industrial scale are:

s  Multi-stage flash (MSF)
e Multiple Effect distillation {MED)
e Mechanical Vapor Compression (MVC)

e Rcverse Osmosis (RO)

Of all the above technologies, MSF was the most prevalent method used for desalination but in

reeent years RO has been catching up because of its ability to scale-up modularly for large

27 . . ., .
Desalination refers to any of several processes that remove some amount of salt and other minerals from safine
water
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capacities. Stdies have estimated the typical capacities and corresponding costs for the various

technologies [34].

Table 9: Average Capacities and costs for seawater desalination technologies

., Typical Average Capacity Cost
Desalination technology [ MGallans®/day) ($/kGallon)

MSF 6.6 4.16

MED 2.6 3.03

Ve 0.8 2.65

RO 16 2.65

Source: [34]

Though the installation of MSF reduced in the previous decades and RO has begun to compete in
seawater desalination markcts, MSF stll is preferred over RO duc to reliability of the plants,
ease of operation and very low degradation of performance over a long duration of the life of the
facility[35]. As the MSF technology for desalination is very cxpensive comparcd to other
technologies, it primarily has been popular in rcgions such as the middle-east where the cost of
energy tor the process is really low. The limited diffusion of MSF in the rccent years has been
duc to challenges in installing a source of clectricity supply at the site of freshwater production,
including the logistics of managing two separate plants and the environmentally impact of fossil

fuels used in these plants [36].

To reduce the carbon impact of the process, there has been an interest in recent years, either to
reduce encrgy requirements for desalination or to replace conventional energy sources with
renewable ones [37]. Though these methods have been recommended for remote, arid and island
settings, the high-cost of installing conventional renewables usually leads 1o unfavorable

economics of the technology.

OTEC can step in as the technology which can provide integrated clean and sustamable solutions
with large-scale desalination options with clectricity generation catering to small- and medium-

sized communities which are both energy- and water-constrained.

28 -
MGallons — Million Gallons
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5.2.0TEC and Desalination

Sustainable supply of freshwater in the future will depend on using mnovative alternative
technologics such as advanced membrane-separation technelogies in non-traditional water
sources including waste water, brackish groundwater and extracted mine water to ncrease the
‘watcr capital’ in inland rcgions. But coastal regions and regions not too far from the coast,
where a freshwater distribution network is already cstablished, can utilize OTEC to extract
freshwater water from the ocean. In additien to clectricity generation, an OC-OTEC plant
produi:es freshwater as a by-product of the power generation process. When the cold deep ocean
water condenscs the 'vapor from the warm watcr stream through heat exchangers, freshwater is
produced, leaving the salt behind in the warm water strcam. This water is completely free of salt

and suitable lor most agricultural, commercial, industrial and domestic uses.

Desalinated water may play an important role in the future of OTEC technology
commercialization. Scveral analyses outline a scenario in which commercial OTEC plants
ranging from 1MW to 10 MW, that arc land-based open-cycle or hybrid sysiems, use the
production of desalinated watcr to offset the cost of eleciricity generated by the system. Previous
OTEC literaturc [10] states that commercialization confidence of the intcgrated electricity-
desalination plant will sct in if demonstrated with a prototype generating at least | MW of
electric power and producing 3,500 cubic mcters of desalinatcd water per day. Water supply
purification and alternative desalination technologics used in combination with energy

production technologics may be able to offsct the costs discussed carlier in this study.

Fresh water can be obtained from the evaporated warm scawater used either as the working fluid
in the Open-Cycle OTEC power production process or as the additional working fluid in a
Kalina Cycle thermodynamic process. The Kalina cycle uses a mixture of water and ammonia as
a working fluid for low dclta T heat and has been commercially used for more than two decades

[25]. In 2003, high-quality fresh water high with 80 mg/l (approx.) of TDS* was produced from

* Total Dissolved Solids
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an Open-Cycle OTEC at a functioning plant at NELHA but still required more work to adjust

the pH to control acidity and dissolved oxygen to improve the tastc.

5.3. A study of water scarcity metrics

Measuring water scarcity has evolved significantly in the past several decades. The first water
scarcity metric developed by Falkenmark [38] was an important foundation on which further
water demand models were built. The water scareity index model was further refined by Gleick
[39] incorporating specific water requircments for basic human needs. Water as an imporiant
metric for ecological sustainability based on increased domestic water withdrawals and demands
led to several approaches to the scarcity problem {40—43]. Recently, the damages caused by
water consumption were evaluated [44] followed by the proposition to measurc water stress of an
area based on ccological quality. Onc of the holistic methods to measure water strcss and scareity
incorporating industrial, ecological and socio-economic [actors has been using water [oot-
printing method proposed by calculating the respective blue, green, and grey water footprints
[45]. This method was then followed by alternative method of the Water Stress Index [46] which
improved the water foot-printing method to compare footprints of several different sectors,

regions, products, cte.

The following scction offers a review of the four methods that offers the most value to identity
water-stressed and water scarce regions of the world so that these regions can be mapped with
OTEC rcsource maps of the world to assessment possibilities of intcgrated electricity-freshwater

generation using OC-OTEC configurations.

* Natural Energy Laboratory of Hawaii
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5.3.1. Water Stress Indicator (WSI)
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Source: [47]

Figure 18: Global map of WSI taking into account EWR

The above Water Stress Indicator (WSI) was developed by Smakhtin [47], [48]. It recognizes the
relationship between environmental water requirements (EWR), water availability and total
withdrawals. Mean annual runoff (MAR) is used to calculate total water availability, and
estimated environmental water requirements (EWR) are expressed as a percentage of long-term
mean annual river runoff that should be reserved for environmental purposes. Using global
annual water withdrawal data from IWMI’' for industrial, agricultural, and domestic sectors,
global water resources incorporating environmental water requirements were evaluated using the

following categories and the equation

B Withdrawals
~ MAR - EWR

wSsI

Categorization of environmental water scarcity
WSI (proportion) Degrees of Environmental Water Scarcity of River Basins
e WSI > 1 - Overexploited (current water use is tapping into EWR)—environmentally

water scarce basins.

*! International Water Management Institute
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e 0.6 < WSI <1 - Heavily exploited (0 to 40% of the utilizable water is still available in a
basin before EWR are in conflict with other uses)—environmentally water stressed
basins.

e 0.3 < WSI < 0.6 - Moderately exploited (40% to 70% of the utilizable water is still
available in a basin before EWR are in conflict with other uses).

e  WSI < 0.3 - Slightly exploited

5.3.2. Physical and economic water scarcity

B Littie or no water scarcity Approaching physical water scarcity [J Not estimated
O Physical water scarcity B Economic water scarcity

Source: [49]

Figure 19: Global map of physical and economic water scarcity

The IWMI subsequently used a water scarcity assessment on a large-scale across the world. They
conducted an analysis that considered the portion of renewable freshwater resources available for
human requirements (accounting for existing water infrastructure), with respect to the main

water supply. The analysis labeled countries with
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e None or little water scarcity: Abundant water resources relative to use; less than 25% of
water from rivers is withdrawn for human purposes

e Physical water scarcity: more than 75% of river flows are withdrawn for agriculture,
industry, and domestic purposes. This implies that dry areas are not necessarily water scarce.
Indicators of physical water scarcity include: acute environmental degradation, diminishing
groundwater, and water allocations that support some sectors over others [49]

e Approaching physical water scarcity: More than 60% of river flows are allocated. These
basins will experience physical water scarcity in the near future.

e Economical water scarcity: Countries having adequate renewable resources with less than
25% of water from rivers withdrawn for human purposes, but needing to make significant

improvements in existing water infrastructure to make such resources available for use [50].

5.3.3. Water Poverty Index

B igh (w8 - )
Medum (WP | 56 - 62)
B Medum low{WFI62 - 68)

B Lo (wrio8 . 79

Source:[40]

Figure 20: Global map of water poverty index

Sullivan [40] noted that depleted freshwater resources are linked to ecosystem degradation, and
therefore, any index of water poverty should include the condition of ecosystems that maintain
sustainable levels of water availability. Using a comparable methodology to that of the Human

Development Index, a water poverty index was constructed which measures countries’ position
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rclatively to each other in the provision of water. The water poverty index incorporates
ccosystem productivity, communily, human health, and economic welfare, each with scveral
sub-components. Corresponding to the conceptual framework discusscd above, the mam

componcnts arc:

# Resources

o  Access
e (Capacity
o [se

+ Environment

The basic calculation, except where indicated below, is based on the following formula:
wpr = i~ Amin_

Xmax - Xmin

where X, Xumax and Xy are the original values for country i, the highest value country, and the

lowest valuc country respectively. The indices therefore show a country’s relative position and

for any one indicator this lics between 0 and 1. The maximum and minimum valucs are usually

adjustcd so as to avoid valucs of more than 1. Any remaining values above 1 or below zero are

fixed at 1 and O respectively. However, this approach is critically dependent on the development

of standardized weights to be applied to cach of the variables previously mentioned. The

problem therein lies with the basis of these weights as well as the assumption that the weights

hold true for all ecosystems, communities, economies, and cultures.
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5.3.4. Water foot printing

Source: [46]

Figure 21: Global map of water stress index

Pfister [44] utilized the WSI as a general screening factor for water consumption used in Life
Cycle Impact Assessment (LCIA) to measure how water use are related to potential

environmental damages in three areas. human health, ecosystem quality, and resources.

Withdrawal to Availability (WTA) ratio is given by the equation:

WTA; = = —

ij

The WTA is initially calculated for each watershed i, which is the fraction of available water
(WA) used (WU) by each sector j. Moderate and severe water stress occur above the respective
thresholds of 20% and 40%, commonly known as the critical ratio [51]. A weighting factor is
applied to the WTA calculated for each watershed in order to account for variations in monthly

or annual flows. The weighted WTA is then expressed as WTA and the WSI is calculated as:
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1

WSI =
[1+ e—e.4wm$(ﬁ—1)]

WSI is based on the WaterGAP2 global hydrological and global water use models [32] with
modifications 10 account for monthly and annual variability ol precipitation and corrections to
account for watersheds with strongly rcgulated flows. The index follows a logistic function
ranging from 0.01 to 1. It is tuned to result in a WSI of 0.5 for a WTA ratio of 0.4, which is
commonly referred to as the threshold between modcerate and scvere watcer stress {41] [51].

The WSI has a spatial resolution of 0.5 degrees which is more relevant to describing walcr stress
at a local watershed level than indicators which are based on nationa! or per capita statistics[53].
Especially for large, heterogeneous countries like Australia, China, India and the US, national

statistics provide little insight into local water scarcity.

5.4 .Freshwater from OTEC

The discussion of water scarcity indices is useful when identifying new inarkets for OTEC
plants. Sevcral countries in the original list of ninety-eight countrics[19] which are within the
OTEC resource belt arc developing nations where setting up a capitai-intensive base load
electricity generation option might be a difficult economic imperative. But these countrics can
consider capital investment if they are able to extract more value from the OTEC investment in
addition to gencration of electricity. Hence the water scarcity indiccs might help narrow down a
list of countries which arc in the OTEC zone and have a problem of water scarcity in addition to

constraints in electricity gencration,

When the global plots ol water stress and the OTEC-friendly resource regions are mapped over
one another, the following rcgions can be short-listed as potential locations for co-production of

electricity and fresh water:

s Last coast of Mexico adjoining the Guif of Mexico including some of the islands 1o the cast
of Mexico, the southwest coastal regions of Mexico along the Gulf of California.
e Coastal regions in the Caribbean S¢a along the countries of Guatemala, Honduras, Tl

Salvador, Nicaragua, Costa Rica, Panama, Dominican Republic and Puerto Rico.
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¢ In the north Atlantic Qcecan, the northern coast of Brazil and the northwestern Alrican
countrics of Guinea, Sicrra Leone, Liberia

s Rcgions along the Arabian Sea and the Bay of Bengal in the southem peninsula of India,
Burma (Mvyanmar), Thailand East coast of Africa in the states of Somalia, Tanzania and

Mozambique and the island of Madagascar in the Indian Ocean.

Several of these locations in the “overlapping™ list are Developing/Small Island Nations across
the world. For several island nations across the world, water resources are quite restricted. This
limits the economic development of the local communities. Tropical islands that quality with
requisite OTEC temperature differential and depth critena are excellent markets for OTEC plants
as this solution will meet their need for both base-load electric power and (reshwater,. There are
several other islands which sanisfy thesc criteria and are good candidates for co-locating the
genceration of both these essential utilities. This technology has the potential to provide a selution
for communities with increascd potable water rcquirements where desalination of existing
aquifers cannot meet demand and the unviable economics prevent import of large quantitics from

the nearcst mainland.

The following is a case-study of the Bahamas with purpose to ¢xamine the cconomic viability of
a typical open-cycle OTEC configuration integrating electricity generation and desalination plant
using an integrated break-even analysis. The obtained results captures two conditions: onc,
arriving at the viable busbar price of selling freshwater using the OTEC plant, given that
electricity is sold al prevailing market price and the other, arriving at the viable price of selling
clectricity using OTEC plant, given that freshwater is sold at market price (which is the
cquivalent current purchase price of water from RO sources). This analysis docs not include
other benefits of integrating these two resources such as the avoided costs of other expensive

options as well the environmental and sustainable economic benefits it can provide.
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5.5.0TEC Case Study: BAHAMAS

The Bahamas

Source: http://www.caribbeanislands.us/maps/bahamas-map.gif accessed on Feb 4, 2012

Figure 22: Map of the Bahamas

The Bahamas Islands are part of an archipelago that stretches from 21° N to 27° 30” N latitude
and 69° to 80° 30’ W longitude. These islands consist of 19 populated islands [54] and hundreds
of small cays and rocks, with total land area of 13,934 km?. The entire archipelago covers

300,000 km® and stretches over 1,000 km. The population of the nation is limited but this
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number is swelled by the roughly 5 million tourists who visit the country each year’*. About two-

thirds of the population resides in Nassau, the nation’s capital, on the island of New Providence.

5.5.1. Climate and Geology

Climate ranges over the islands from subtropical temperate in the far north to semiarid in the far
south. Rainfall pattcrns vary across the country. The northern part of the archipelago receives
over 150 centimeters a ycar; the central area receives about 120 centimeters a year, while the
southern arca receives less than 100 centimeters a year. In the southern islands ¢cvaporation rates
tend to be higher than precipitation [55]. The islands arc all within the North Atlantic hurricane
belt [56].

The islands in the Bahamas are about 150 million years old [57] formed after the breakup of the
supercontinent, afier North America had scparated from Africa and Europe and created the space
which, when filled with water, became present-day Atlantic Ocean [57]. The Bahamas Platform
was formed in shallow water along the cdge of the new ocean and is made up of a number of
carbonate banks that are thick and covercd with water generally less than 10 meters deep over
most of their area and scparated by deep water channcls [58]. The islands are composed of
carbonatcs precipitated from the ocean, and of sediments carried by wind and water and
deposited over time. As the ocean levels rose and fell during and between glaciations, the
surfaces were exposed and croded by wind and water, and submerged and acted upon by the
same elements. There are no true rivers or streams in the Bahamas. On the islands of Andros and
San Salvador therc arc found a number ol “bights” or “creeks™ which arc really estuaries and
bays. Most of the surfacc is made of Pleistocenc limestone on the interiors of the islands, while
Holocene limestone covers the coastal regions. In the Pleistocene and Holocenc limestone,
freshwater aquifers have been formed by rain that seeped down through the porous surface and
settled on the saltwater. Holocence sand aquilers form in strands and beach sands. Freshwater
resources are finite and limited to very fragile freshwater 'lenscs' in the shallow karstic limestone
aquifers. The freshwatcr sits on top of the shallow saline water as a 'lens’ which is less than 5 feet
thick. Extraction from these aquifers is generally through shallow hand-dug wells, hand or
electric pumps in uncased wells and through trenches and pits, Extraction is difficult from these

aquifers, but there is polential for the retention of large amounts of freshwater in them. The

* public media articles quoting from the Bahamas Handbook, 2010
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overall water availability in the Bahamas, according to the United Nations criteria, 18 sufticiently

low to be considered ‘scarce’ and impacts the overall economic and social development of the

country.
5.5.2. Water Supply

The several methods of fresh water supply and distribution in the islands are:

* Ground watcr unique to an island

e Ground water barged from one island to another

¢ Ground water piped from one island to another by underwater lincs
e Private water wells

e Fresh ground water blended with brackish ground watcr

e Desalination {usually RO}

e Water trucking from one part of an island to another

s Bottled waler

The primary sourcc of drinking waier is fresh ground water. Use of Reverse Osmosis is
increasing and will most likely continuc te increase, as fresh (ground) water availability
continues o decline, and water demands grow. Rainwater catchment is rarcly used, supplying
less than 3% of the total water demand. Due to the nature of brackish ground water and the
overall quality of water, the bottled water industry is highly developed in the islands with more
than 27 companies operating across the islands. The amount of rainfall is also unevenly
distributed across the islands and this has lcd to uneven distribution of freshwater sources. The
islands of Andros, grand Bahamas and Abaco have the largest reserves of fresh water and supply
water to some of the other islands through barges. The Bahamas W&SC* delivers watcr to 26
separate islands through more than 60 extraction and distribution systems. Daily delivery by the
corporation exceeds 12 million gallons. However, there are also private players operating

thousands of abstraction and mass distribution schemes.

* Reverse Osmosis {RO) is a membrane-technology filtration method that removes many types of large molecules
and ions from solutions by applying pressure to the solution when it is on one side of a selective membrane
* Water & Sewage Corporation
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While areas with accessible freshwater can be accessed with wells, trenches and pits, areas with
inadequate freshwater resources opt for desalination and RO 1o produce potable water. RO is

preferred over distillation because it is faster and cheaper than distillation.

5.5.3. Regulation

The Bahamas Government has developed a general legislation and regulatory framework for
water management called the Water and Scwerage Corporation Act of 1976. In 2004, The
prevailing pricing policy being implemented by the Government for cost-recovery 1s aligned
towards extracting revenue from industry and houschold use and approximately 85% and 50% of
water costs arc rccovered through pricing in New Providence and the Family Islands
respectively. Water is supplied free of charge in economically depressed areas and the special
needs of the poor are addressed through Government subsidies and pricing designed to support

the poorer parts of the 1sland.

5.5.4. Water Tariffs

The tariff for freshwater varics across the several Bahamas islands and is influenced by
alternative sources of freshwater available in the corresponding island. It is the lowest in areas
with natural sources of water where water can be casily extracted and the highest where the

extraction costs arc high. The tariffs arc also subsidized heavily by the government.

The cost of sole sourcing freshwater through RO is six-cight times the cost of cxtracting
freshwater from the ground. Though the cost of RO water is expected to come down, RO has an
environmental impact in the form of brine waste which, when discharged improperly, can pollute
aquifers and oceans. Another drawback of RO is that it is an energy-intensive process with
cnergy costs taking up almost 25% of the total costs [55]. Even the blended cost of producing
freshwater through RO and barging in water from other islands is four timces that of obtaining it

from a ground source.

5.5.5. Accessto water

In the urban areas of the Bahamas, more than 50% is concentrated in New Providence, the
concentration of cconomic activity in the islands. Of the total water supplicd by the water

authorities, 50-55% is barged from Andros, 22% from a company RQ plant and the rest from
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freshwater sources, usually private wells. The quality of water in these private wells, cstimated at
more than 30,000 in New Providence alone, is suspect as they are unregulated. The thriving
bottled water industry uses Reverse Osmosis to desalinate followed by “ozonation™ for
disinfection. New Providence’s own rescrves are unsustainable and the amount of water barged
in from Andros has to go up in the future to meet demand. Historically, during peak demand
season, unsustainable pumping of water from the ground has led to significant compromises in
the quality of water supplicd to the population. Also the water sources arc scattered all over the

island is pushing up the costs of distributing [reshwater.

In rural areas, watcr is still privately obtained by bucketls from shallow hand-dug wells which
contain less than onc meter of water. Other mcthods include hand-pumping or electric-pumping
systems which lift water to overhead storage, thereby supplying water for demestic purposcs.
Besides dug and drilled wells, public supply of ground water is obtained from trenches, pits and
cven rainwater catchments and is distributed through ground transport and under-water from one
island to another. Water consumption in rural arcas is reduced compared to places such as

Andros and Abaco, because 11 is rationed.

5.5.6. Electricity in the Bahamas

The Rahamas Electricity Corporation is the main electricity supplicr throughout the
Commonwecalth of The Bahamas. It is a state-owned ¢lectric utility operating over 29 generating
plants in 25 Island locations. It currently provides service to approximately 96,000 customers
and has a total installed capacity of 438MW in New Providence and the Family Islands. The
electricity is generated fully from fossil fuels - 28 dicsel engine stations and | gas turbine powcr
station, and supplied to different islands through land or through submarine cables. The fuel for
these powcr plants is imported and the corresponding import dutics arc passed on to the

customers.

The electricity consumption has been steadily rising in the Bahamas and topped at closc to 2

Billion kWh in 2011 with onc of the highest per capita electricity consumption in the world™ at

* Ozonation is a water treatment process that destroys bacteria and other microorganisms through an infusion of
ozone, a gas produced by subjecting oxygen molecules to high electrical voltage,
* world bank, World development indicators
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6264 kWh. The clectricity rates for residential consumers are between 10.95 ¢/KWh and 14.95
¢/KWh depending on consumption, For commercial units, it is a flat rate of 15 ¢/KWh. In
addition, there is a built-in fuel surcharge in the clectricity tarifT to account for fluctuations in the
cost of fuel used in the gencration of electricity. This surcharge averaged 10 o/KWh in 2010
(based on latest data available on their website’) adding up to a total electricity tariff of 25
c/kWh.

5.5.7. OTEC Potential in the Bahamas

The need fbr regulating and protecting the water resources in the Bahamas is essential. Tourism,
which is the mainstay of the Bahamas' cconomy, is heavily dependent on good quality water.
Agriculture in the islands also is heavily dependent on water and irrigation. Over-exploitation ol
this resource will have scvere repercussions, including health issues from waler-borne discascs
and much greater water costs. The greatly increased cost of water will be duc to treatment
incurred as a result of ground water contamination, from the necessity to use Reverse Osmosis,
and/or barging morc water to meet demand. All these factors require that Bahamas plan very
well for the protection of this valuable resource. OTEC is an attractive solution for the twin
problems of sustainable electricity and water for the Bahamas islands. With OTEC it is possible
10 co-locate the supply of both electricity and freshwater within the same premises of a plantship

or a shore-bascd land facility.

The Bahamas is already exploring viable options of renewable energy gencration in the context
of increasing oil prices, energy security and the global impact of climate change. The cost of
imparting oil for Bahamas is around $ 800 million, which is almost 9% of their 2010 GDP’®, and
this share might only go up in the coming vears so much that in less than two decades, Bahamas
might not be ablc to afford to import all the fuel that it requires. Also, Bahamas should
understand the imperative ol acting early with respect to climate change as it if will be one of the

causalitics of the consequences of climate change inaction, in the form of rising sca levels.

htip:/fwww.google.com/publicdata/explore?ds=cdSbncppjof8f9 &met y=epg use elec kh pc&idim=country:BHS&
di=en&hl=en&q=hahamas+electricity+ consumptionfictype=m&strail=falseRbcs=d&nselm=s&met s=eg use elec
kh pc&scale s=lin&ind s=false&idim=country:BHS&ifdim=country:region:LCR&hl=en&d|=en updated Jan 24, 2012
* http://bahamaselectricity.com/about/fuel_surcharge.cfm

* 1A Factbook, 2011 '
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So an analysis using a previously completed study[29] will allow us to understand the economics

of setting up an open-cyclie OTEC plant for thc Bahamas Island which can preduce both

clectricity and freshwater. Deriving from Bahamas population statistics, the overall freshwater
requirement for the islands in 2010 is (approx.) 21 tnllion gallons per day catering to a

population of 365,000 including a floating population of 5 mullion tourists who visited the

islands in 2010,

Table 10: The Bahamas: population and water demand statistics

Population Daily water demand
Island Population (2000)
{2010) in 2010 (MGD)
Abaco 13174 15,747 787,346
Acklins 423 506 25,281
Andros 7615 9,102 455,111
Bimini and the Berry ls. 2308 2,759 137,938
Cat Island 1548 1,850 92,516
Crooked Island 341 408 20,380
Eleuthera, Harbor Island &
11269 13,470 673,493
Spanish Wells
Exuma & Cays 3575 4,273 213,660
Grand Bahamas 46954 56,124 2,806,211
Great Inagua 1046 1,250 62,514
Long Island 2945 3,520 176,008
Mayaguana 262 313 15,658
| New Providence 212432 253,920 12,696,024
Ragged Island 6% 82 4,124
San Salvador & Rum Cay 1028 1,229 61,439
Tourists™ NA 13,699 2,739,725
All Bahamas 304889 364,554 20,967,430

Source: [55]

¥ 5 millien tourists visited the islands in 2010, so that makes for a floating population of 13,699 tourists/day
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As per Vega[29], a 50 MW open-cycle plantship (OC-OTEC) would require a 176 m long
piatform with a 90 meter beam resuiting in a displacement of 247,400 tonnes (though the size of
set-up would be a challenge for most shipyards) and can produce 414,415 MWh/year and 31.3
million Gallons per Day (MGD) at an annual cost (including both electnicity and freshwater
produciion) of $ 97.2 million. For an open-cycle OTEC plant to be economically viable for a
specific location, it has to be validated for the feasibility of delivering both the products of the

plant, electricity and [reshwater, at the prevailing market price.

Currently the tariffs for freshwater that is supplied from RO sources in the islands are heavily
subsidized in most of the islands and arc sold well below the purchase cost. The purchasc costs
in the island range from $8 to $20 /kGallon and is sokl at an average tarift of 4.27 $/kGallon
[Table 11]. The islands spend almost $ 1.94 million on purchasing water through RO sources
(excluding costs that are involved in transporting and distributing the watcr) but they recover
only a third of it through salcs of water. The cost of subsidizing freshwater is almost $1.2

million/year for the island water authorities,

Tahle 11: Capacities and costs of purchasing freshwater in The Bahamas

capacity J
Location Purchase cost $/kGallonPurchase cost $/yea
{kGallons/Day)
Grand Cay, Abaco 10.50 20.83 79844
Black Point, Exuma 8.33 20.83 63368
Farmers Cay, Exuma 2.50 20.83 18010
Staniel Cay, Exuma 10.00 20.82 76042
Moores Island, Abaco 25.00 i2.60 114975
North Bimini 8333 9.91 301429
Inagua 41.67 14.50 220521
Deadmans Cay, Leng Island 41.67 12.00 182500
Georgetown, Exuma 150.00 10.20 558450
Waterford, 5. Eleuthera 62.50 14.30 326219
San Salvador 50.00 9.13 166531
Ragged Island 2.08 25.00 19010
TOTAL 487.58 1942358
AVERAGE 10.91
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Source: [55]

Table 12: Table to calculate the average price of water

capacity Tariff Annual sales
Location
(kGallons/Day) s/kGallon ($/year)
Grand Cay, Abaco 10.50 5.00 19163
Black Point, Exuma 3.33 5.00 152083
Farmers Cay, Exuma 2.50 5.00 4563
Staniel Cay, Exuma 10.00 5.00 18250
Moores Isiand, Abaco 25.00 5.00 45625
North Bimini 83.33 2.88 87448
Inagua 41.67 2.88 43724
Deadmans Cay, Long
41.67 2.88 43724
Island
Geargetown, Exuma 150.00 5.00 273750
Waterford, 5.
62.50 5.00 114063
Eleuthera
San Salvador 50.00 5.00 91250
Ragged Island 2.08 5.00 3802
TOTAL 487.58 760569
AVERAGE ($/kGallon) 4.27

As per the design considerations of Vega[29], the costs and output of a 51.25 MW OC-OTEC

plant which can produce electricity and water 1s:

Installed cost of OC-OTEC (§ millions) 551 million
Annual Cost of electricity and watcr production ($) 97.19 million
Annual Electricity (MWh/ycar} - 414,415
Annual desalinated water (millionG/day) 31,287

Cost of producing electricity™ 2278/MWh

* Assuming a capacity factor of 95% for the plant
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In this design, the cost of producing electricity is 2278/MWh which is comparable with our
estimates catlier in his report (though this plant was uniqucly designed for the co-production of
freshwater along with clectricity)

So, for an open-cycle OTEC plant to break-even, the price of co-gencrated product, assuming the
other product is sold at prevailing market price, is:

Case 1:

Calculating the minimum price of [reshwater, assuming electricity is sold at the minimum market
price of 21 ¢/kWh (including the 10 c/kWh fuel surcharge)

Annual revenue from electricity production = $210/MWh X 414 415 MWh

= §87.03 million

Therefore, minimum revenue 1o be anticipated from freshwater sales to break-cven costs
=$(97.19 87.03) million

= $10.17 mllion

Therefore, price of water should be at least $ 0.8%/kGallon

Case 2:

Calculating the minimum price of ¢lectricity, assuming freshwater is sold at the minimum market
price ot 4.27 $/kGallon [Table 12]

Annual revenne from freshwater production = $4270/MG X 31.29 MG/day X 365

— $48.76 million

Therefore, minimum revenuc to be anticipated from electricity to break-even costs

= $(97.19 — 48.76)

=5 48.43 million

There, price of electricity should be at least 0.128/kWh or 12 cents/kWh

The above results show that fresh water and electricity can be co-generated in an open-cycle
OTEC facility and can be sold at prices which arc significantly lower than current market prices.
The results of this analysis show that freshwater produced through OTEC can be sold at
0.89%/kGallon which is lcss than one-fourth the current purchase of 4.278/kGailon. This is a big
incentive for the country to adoept this integratcd approach to solve the freshwater problem and

an anticipated growth in eloctricity demand. This technology will help the island water
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authorities to mitigate the burden of subsidizing purchasc ol RO filtered water from private
sources. Of course, the above cost calculations make assumptions about the distsibution of
OTEC water to different islands and different parts of some of the larger islands. While some
new infrastructure can be built in the long-term to support this coneept, it can make use of the
existing water distribution infrastructure as well. This analysis also docs not take in accoumt
other benefits such as avoided cost of scaling up the water import infrastructure across various

islands.

The above cost calculations show that OTEC can be a potential technology to be located in
islands such as the Bahamas with a combined requirement for water and freshwater production.
Co-location of these two cssential resources though OTEC will also help showcase the

technology for regions with similar challenges in the supply of these two csseatial utilities.
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6. OTHER BY-PRODUCTS OF OTEC

Besides freshwater, there are several other non-fuel by-products that can be realized by OTEC
along with electricity generation. This includes using the cold water from the deep ocean for sca
walter air-conditioning, marine culture, and chilled soil agriculture. OTEC also acts as an energy
carrier by the production of hydrogen, methanol, ammonia and synthetic liquid hydrocarbon (Jet
fuel)

6.1.Sea Water Air Conditioning (SWAC)

The cold water that is brought up through the cold water pipe can be used to create cold storage
space, as well as for air-conditioning. There are several working applications of chilling using
the cold deep ocean walicr. The laboratory at the Natural Energy Laboratory of Hawaii is air-
conditioned by passing the cold sea water through a heat cxchanger. Similar small-scale
applications would be appropriate among tropical islands. Companics in the seafood cxport
busingss can usc decp ocean water in plantships as an cconomical substitute for refrigeration.
LCeonomic studies have been performed for even metropolitan and resort applications. Air-
conditioning of new developments with cold sca water, such as rcsort complexes, can be

economically attractive even if utility-grid electricity is available.

For air-condiiioning applications, the cold seawater delivered to an OTEC plant can be used in
chilled-water coils. It is cstimated that a pipe 0.3 m in diamcter can deliver 0.08 cubic meters of
water per sccond. If 6°C water is received through such a pipe, it could provide more than
cnough air-conditioning for a large building. If this system operates 8000 hours per year and
local electricity sells for 5¢-10¢ per kilowatt-hour, it would save $200,000-$400,000 in energy

bills annually®’

6.2.Chilled-soil agriculture

Takahashi and Trenaka |10] in 1992 discussed an idea initially proposed by Sicgel of the
University of Hawaii which involves the use of cold scawater for agriculture, This proposal
involved burying an array of cold water pipes in the ground to create cool-wceather growing

conditions not found in tropical environments. In addition to cooling the soil, the system

" Based on a study by Department of Energy, 1989
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produces drip irrigation created by the atmospheric condensation on the cold water pipes. M.
Vitousek of the University ol [lawaii cairted out actual demonstrations and determined that
strawberrics and other spring crops and flowers could be grown throughout the year in the
tropics using this method. Following several years of research, commercial developers have

constructed a one-acre test plot.

6.3.Marine culture

Marine food production is a potential by-product of OTEC power plants. With the alarming loss
of topsoil throughout the world our agricultural production will not be able to keep up with
increasc in demand. Hence, ocean may well become our most important source of food, even
more important than the powcer generated. The ocean is the one of the greatest potential source of

food and OTEC might just be the answer for producing more food.

Deep ocean water contains a much higher percentage of nitrates and phosphates than contained
in the upper layers. Studies show that when cold waters are brought to the surface by upwelling,
the fish-production is significantly incrcased. The greatest fish-producing area in the world 1s off
the west coast of South America where the Humboldt Current brings decp water to the surface,
and supplics the fertilizer to produce millions of tons of [ish annually. Since an ocean thermal
power plant necessarily pumps up cold water to be utilized in the plant, and since the process
warms this water in the plant, it is natural (o think that this nutrient rich water can be discharged
into the near-surface zone where sunlight can promote growth of micro-organisms and the entire
chain of marinc life developed from this food supply. This valuable by-product can be cultured

in open systems near the surface or in closed systems with pens and fences.

6.4.0TEC as an energy carrier

An OTEC facility can improve its economic viability by producing energy-intensive products as
it will not require production or transmission of electricity on land. There arc a few products that
can be producced directly from electrolysis of sodium chloride water solution. Electrolysis of a
sodium chloride solution produces three products: Caustic soda, Chlorine and Hydrogen. All are
in high-demand throughout the world. Other products that have been studics in the past as
convenient by-products of the OTEC process are oxygen, nitrogen, and carben dioxide. The

percentage of oxygen dissolved in sea-water is 34% of the gases whereas it is only 23% in
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normal air. This mecans that the gases removed during the water desalination process contain a
higher percentage of oxygen than normal air, and thereby beccome a convenient source for a gas
separation plant which can produce carbon dioxide, oxygen and nitrogen. Since power is
conveniently available for this process and cold water is also available to make the oxygen
separation process more efficient, it seems obvious that an OTEC will be an cxcellent source for

these valuable gases.

6.4.1. Hydrogen

Hydrogen and oxygen can be produced [rom pure water by clectrolysis by one of the several
industrial processes that have been developed for this purpose. An occan thermal plant can be an
excellent source of hydrogen, which can be used as fuel or can be used in chemical combination

for other products.

A 100 MW OTEC plant would be capable of supplying enough electricity to generate 563,000
m3/day if hydrogen through commercial off-the-shell conventional electrolysis equipment. The
hydrogen produced by this conventional process would then be utilized in a gas to Liquids
catalytic process capable of producing approximately 41,000 gallons of liquid hydrocarbon per
day as previously reported [59]

6.4.2, Methanoi

Once hydrogen and carbon dioxide have been produced from sca-water, the next step is to
combine them in a catalytic process which produces methanol. Methanol is a valuable liquid fuel
which can be used dircctly in automobile engines, or can be combined with gasoline to produce
the fucl commonly known as gasohol. F urther processes arc also available for converting
hydrogen and methanol into hydrocarbons. Thercfore, hydrocarbon fucls are also a potential by-

product from occan thermal plants.

6.4.3. Ammonia

Onc of the products that can be produced using hydrogen is ammonia. There is a worldwide
demand for ammonia for fertilizer and other purposcs, cspecially in several tropical nations of
the world. Ammonia is produced by the direct combination of nitrogen and hydrogen, and many

studies show that occan thermal plants are a most logical source for producing ammonia. The
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Johns liopkins University Applicd Physics Laboratory has made cxtensive studies of the
cconomics and practicality of producing ammonia in an occan thermal plant |6, 49]. Of all the
energy intensive by-products that OTEC is capable of producing, ammonia was considered an
important candidate for production from OTEC plants duc to its high volume of end use in
fertilizers and other chemicals [20]. Ammonia production throngh OTEC may provide an
important alternative to the production of these products from natural gas. tere, OTEC competes
with other non-renewable resources such as petroleum and coal. Though production of ammonia
from natural gas has the lowcst cstimated cost in $/short tons, OTEC scored favorably with
respeet {o relative environmental impact. The optimum commercial size for OTEC/ammonia
plant-ships is expected to be in the 1000--1700 STPD* range requiring an approximately 300-
500 MW plant [60]. Economics of scale are possible due to centrifugal compressors in the
ammonia synthesis plant beyond the threshold production of 600 STPD. Also, traditional
methods of ammeonia production arc highly carbon negative so once carbon credits are accounted

for, the economics of OTEC ammonia production can be significantly improved.

6.4.4. JetFuel

It is possible to use the Carbon Dioxide (CO;; gencrated from the OTEC process as a carbon
source for the production of synthetic liquid hydrocarbon fuel (Jet Fuel). The CO» content
liberated as gas from ocean water by the OTEC process is actually only 2-3% of the total CO; in
ocean water. The rest of the CO; is present as dissolved bicarbonate. The concentration of
dissolved CO; in the occan is about 140 times greater than that found in air[61]. So if there is a
process designed Lo harvest this CO; coupled with the OTEC process, the overall recovery

efficiency can greatly increase jet fuel production.

A large 100 MW OTEC platform can remove the heat energy content of 1.12 billion gallons of
seawater per day [3][60]. This translates into a potential of 20-30 tons of carbon from CO, that is
available from the OTEC process. There can be additional harvesting of CO, from the remaining
97% bound as bicarbonate. This process would use the cold deep ocean water and for each
gallon of water pumpcd, the heat energy content and the total carbon conlent will be removed at
the same time. This can result in the production of 500 tons of additional CO: per day for Jet fuel

production [597.

* Short Tons Per Day
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7. ENVIRONMENTAL IMPACT OF OTEC

Environmental impacts of ocean thermal cnergy conversion projects are specific to the site,
configuration, architecture used and the technologies deployed. Structures associated with OTEC
will have similar environmental impacts as other structurcs placed offshore, by virte of their
physical presence in the water. Adverse impacts 1o the environment can be avoided or mitigated
by careful site selection and project design (including elemenis such as structural design,
materials used, construction techniques and opcrational requirements). Though OTEC appears to
be environmentally benign as there is neither routine discharge of chemical pollutants nor
combustion, it broadly impacts coastal processes, marine biology, air and water quality, visual
environment and geology similar to other marinc rencwable technologics. There are also some
environmental impacts unique to the configuration of the OTEC facility. Thesc must be carefully
studicd before a large-scale facility is deployed. Though these cffcets might not be currently
significant to influence investment decisions in this icchnology, it is useful to study these effects
in detail to ensure that it does not posc a potential environmental roadblock. Some of the specific

environmental impact arcas of OTEC are:

7.1.Entrainment and impingement of crganisms

Impingement and entrainment of small organisms occur at both the warm-water and cold-water
inflow points in an OTEC system. Organisms impinged by an OTEC plant are caught on the
screens protecting the intakes but usually impingement is fatal (0 organisms. Smaller organisms
that arc cntrained through the screen may be exposed to biocides, physical abuse (acceleration,
impaction, shear forces, and abrasion), and temperaturc and pressure shock [62]. Entrained
organisms may also be exposed to working fluid and trace constituents®, Intakes should be
designed to limit the inlet [low velocity to reduce impingement of organisms. The organisms that
are impacted by the warm water inlet pipe inciude micronckton* and plankton communities, the

latter include holoplanktonﬁ (permanent members, such as phytoplankton™ and zooplankton®’)

* Trace metals and oil or grease

44, Micronekton are relatively small but actively swimming organisms ranging in size between plankton {< 2 cmy,
which drift with the currents, and larger nekton (> 10 cm), which have the ability to swim freety without being
overly affected by currents

% plankton that remains free-swimming through all stages of its life cycle

a Minute, free-floating aguatic plants
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and meroplankton (tcmporary members, such as eggs and larvae of fish or benthos). At the cold
water intake point, the organisms that are impacted are largely small veriebrates and invertebraie

micronekton with relatively sparse macronckton.

7.2.Upwelling of nutrient-rich deep ocean water

OTEC helps with artificial upwelling of the ocean water - a process which imitatcs natural
upwelling responsible for the most productive marine environments on the planct - to fertilize
surface occan waters which arc deficient in nutrients. This process will stimulate the food chain
by increasing the growth of plankion. The increased plankton can be used 1o increase the stock of
fish in these nutrient-rich waters. This process helps to relocate nutrient-rich water from the deep
ol the ocean to the surface and uses energy from the sun to create fish biomass for the world.
There are several positive side eftects from this type of marine farming. For cxample, the
increased biomass of phytoplankton as a result of marine farming will also help remove carbon
CO, from the atmosphere and reducc global warming, notwithstanding the fact that it is a

perturbation to the natural system with potential of unintended conscquences.

7.3.Lowering surface temperature

There have been discussions [63] on whether the cold water discharged from an OTEC plant
would alter the temperature of surface ocean water. But the alterations in tempcrature seem to be
minimal over large occan areas. Also, the warm watcr discharge could potentially lower the
ocean surface temperature near a plant and a large collection of plants could potentially reduce
surface temperatures over a larger region. These cffccts need to be studied before OTEC is
implemented on a large scale, but it should not affect the decision (o site a few small plants. On
the other hand, OTEC is considered as a technology which can have a positive impact on
hurricancs’ formation. Hurricancs form in warmer waters and dissipate when incurring a
temperature drop of surface ocean water [64]. Hence OTEC discharge can be the mechanism to
lower the temperature of the occan surface and minimizing the severity of severe storms in the

hurricane-prone island areas of the Atlantic, Pacific, and Indian oceans.

7 plankton that consists of animals including the corals, rotifers, sea anemones and jellyfish

92



7.4.0ther impacts

There are also generic environment impacts on marine renewable technologics discussed in

papers [62][65])[66] which arc applicable for OTEC power plants:

7.4.1. Structure

Structures can attract fish species and provide substrate for some invertebrates. This can lead to
possiblc physical and biological cffects such as changes in food availability, specics
composition, predator/prey interactions and competition between specics. Direct effects due to
underwater and surface structures include direct impact by altering animals’ movement patterns,
providing haul-out and roosting sitcs, and providing foraging habitat. The OTEC platforms can
serve as resting platforms for marine birds which can resuit in changes to their flying patterns
and local distribution. Structures might cntangle marine debris such as fishing nets, and this can
in turn attract and entangle animals. Also, specics of marine organisms, fish, and diving marine
birds can have dircct collision with underwaier and near-surface moving parts of OTEC
structures. This can Tcad to serious threat of marine habitat in the specific location. In the long-

tcrm this can have a significant impact of the distribution of species in the specific location.

7.4.2. Construction and deployment noise and vibration

Noisc and vibration effects related to OTEC activities are dependent on the characteristics of the
noise, weather, sca conditions, and ambient noise duc to natural processes and anthropogenic
activities. Drilling into the sca-bed for installation of foundations of the platform structure or
dircctional drilling and trenching for the transmission cable and/or operation of instruments
related to everyday maintenance of the OTEC plant produce noisc and vibration. These in-water
and surface vibrations could disturb marine birds, fish and other marnne organism which use

sound for communication, prey or predator location, and/or echolocation.

7.4.3. Seabed disturbance

The scabed will be temporarily disturbed from laying or trenching the power transmission cable,
installing foundations tor OTEC structures and from scouring moorings leading to localized and

unnatural water circulation. This could result in changes in sediment chemistry mobilizing
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pollutants and disrupting sediment oxidation-reduction conditions. Benthic® spawning activitics
of fish and invertebrates, including coral reefs, are also disrupted duc to the high levels of
turbidity. Scabed disturbance impacts marine birds by temporarily displacing local food

availability.
7.4.4. Water circulation changes

OTEC structures can modify waves or tidal patterns which ean alter scdiment transport and
deposit processes disturbing sediment size, volume, and chemistry. This can further alter
scdiment transport and beach processes and affect bays, inlets, and estuarics that are sensitive to
sand dynamics. These changes also have the potential to alter habitat and/or aftect availabihity

and distribution of food rescurces for 2 wide varicty of marine organisms.

7.4.5. Electromagnetic field

Power transmission cables that transmit alternating and direct current from offshore OTEC
structures to the mainland could intcract with species which are sensitive to clectric and magnetic
fields. Whilc cable insulation can be adequately effective on the electric ficlds associated with
AC transmission, magnetic fields might not be completely insulated and this leakage could result
in induced eclectric fields. The electromagnetic ficld emissions are within the range of those
utilized by species sensitive to clectric and magnetic [iclds such as ¢lasmobranches, sturgcons,

salmonids and marine mammals

7.4.6. Light disturbances

Marine birds can bc attracted to lights on OTEC structures and collide with these lighted
structures or cxhaust themselves by continual [lying around these lights. Most probably,
navigation lights associated with boats used during construction, maintenance and
decommissioning activities will be installed on OTEC components. Navigational lights are also
assumcd 1o be present throughout the life of the project. While former are usually significantly
brighter but temporary, navigational lights will be less intense though availablc through the
duration of the project. The OTEC project design should include a thorough study on the
intensity, color and pattern of lights which could have an impact on marine birds, some fish

species and pelagie invertebrates.

" Relating to the bettom of a water body
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7.4.7. Chemical releases

The working fluid and other chemicals {c.g., hydraulic fluids, anti-fouling paint, fucl} vsed
during construction, operation, maintenance, and decommissioning of an OTEC plant could be
accidentally released into the marine cnvitonment. Changes in the environment from such
rcicases would depend on the type, volume, and rate of chemical release, Chemicals could be
ingested and become toxic 1o a host of marine organisms. For cxample, maring birds that get oil
on their feathers lose feather waterproofing, causing hypothermia and other physiological cffcets
associated with ingestion of toxic chemicals during preening. These effects will likely be
temporary, as chemical releases would eventually dissipate; the duration of effects would depend

on the size of the releasc.

7.5.Ecological Risk Assessment - Comparison of OTEC with other ocean .
energy technologies

Tn a recent siudy on ecosystem-bascd approach to environmental assessment [62], the Ecological
Risk Assessment (EcoRA) framework was used to identify and prioritize risks from thrce
diffcrent ocean encrgy technologies — wave, tidal and OTEC. This smdy used the EcoRA
framework based on the current knowledge of environmental impact of all these occan
technologies duc to specific stressors” in the system as well as the interaction of other these
stressors with other paralleling occurring stressors. The risk ranking table shows the impact of
technology on various endpoints in the ocean. OTEC’s two biggest impact arcas are on fishes
and plankton. This scems to be the result of the major risk discussed earlier in this chapter, with
regard (o cntrainment and impingement of fish and plankton at the intake points of the pipes used
in OTEC. Plankton, Eggs/Larva and Corals are endpoints that are highly impacted by OTEC
comparcd to the other two occan cnergy technologies. Overall, all the ocean technologies,
including OTEC scem to fairly impact the existing habitat of the location thcy arc deployed m.
Based on this mcta-analysis, it might bc uscful to prioritize and pursue in-depth future research
in specific high impact areas for OTEC and delve into the nature and scalc of the impact, so that

these don’t become show-stoppers in viability discussions of this technology.

* Stressor is a chemical ar biological agent, envirenmental condition, an extermal stimulus or an event that causes
stress to an organism. An event that triggers the stress response may include conditions such as elevated sound
levels, over-illumination, overcrowding, etc
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Figure 23: Comparison of risk ranking scores of ocean renewable energy technologies
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8. CONCLUSION

In this report, we found that for OTEC plants producing a single product, either electricity or an
energy-intensive product such as ammonia, the capital costs per installed kW are projected to
decreasc by 22% when the capacity of the plants is doubled. Thas result is based on a meta-
analysis of cost projections in the published litcrature. Also, for the 400 MW grid-connected
designs, the overall levelized LCOE is projected to be lower than that of rencwable technologies
such as offshore wind, solar PV, solar thermal. It is projected to be within compelitivencss with
that of an advanced coal plant with CCS. Ilowcver these cost projections arc unccrtain. Due 1o
the inherent risks of a new technology, the adoption of OTEC may be limited it it is viablc only
at a large-scale of output. It is important to identify options to control upfront investment costs in
OTEC planis of smaller scale. This can be done by either reducing the technology costs or by
innovatively financing OTEC projects. f the upfront investment costs can be managed, the
relatively high capacity factor and low O&M costs of the technology can improve the potential

o OTEC as a base load gencration technology.

Of all the components contributing to the high capital costs, the water ducting systems seem to
be the most challenging, with maximum uncertainty in costs. This is consistent with historical
studies which show that the design and deployment of large diameter cold water pipes have been
a major impediment 1o commercialization of the technology. Technologies borrowed from other
industrics solve the problem for small-scale designs but larger pipes for OTEC require much
more effort in research and devclopment. Smaller, modular pipes seem to be the alternative

discussed by some experts but the concept lacks sufficient research and demonstration support.

The technology can work for small island communities in the global OTEC resource zoncs, co-
generating eleetricity and freshwater. The Bahamas casc study in our report shows that the
viability of this technology improves with co-generation of both electricity and water, with the
estimated price of OTEC water beating the current purchasc cost of ‘Reverse Osmosis” water by
more than 75%. [t is almost certain that the simultaneous production of other by-products of the
decp occan water of the OTEC system such as scawater air-conditioning, chitled soil agriculture
and marine aquaculture can further improve the viability of the system. These preducts not only
improve the economic feasibility of the technology but can also solve other issucs such as

clectricity demand management and improved agricultural yield. This shows that the technology

97



should be viewed holistically, as an integrated sustainable solution for small communities that

can solve several problems, besides mere electricity generation.

8.1.Attractiveness as a base load generator

QOur analysis shows that for coastal regions in the OTEC-friendly zone, OTLEC may be one of the
potential renewable energy sources to provide base-load power to utilities in the near future. The
high capacity factor of OTEC c¢nsures availability throughout the year, an important
characteristic of energy technologies serving basc load. New investments in basc load generation
should consider the technology if the region can afford the upfront invesiment. The significant
capital costs can be partially offset by combining clectricity production with any of the by-
products discussced in this report, though detailed studies have to be carried to understand the
overall financial viability of such co-generation projects. The land-based/moored configuration
of the technology can be viable for inland arcas, provided a strong grid-network conncets the

coast with the interior regions.

8.2.Importance of scale

This study has shown that investments in OTEC become more favorable with scale, as costs arc
projected to decrease by more than one-fifth with every doubling of plant output. But the capital
intensive nature of OTEC projects will be a deterrent to immediate large-scale investment,
especially by private investors, Energy technologics such as wind and solar might be scen as less
risky renewable energy investment options, given their proven costs and performance. Also, as
thesc technologies are currently shead of OTEC in market maturity, their levelized cost of
energy might continuc to decrease significantly in the coming years. These other available

options for rencwable clectricity generation may impede mmvestments in OTEC,

8.3.Key to the energy-water nexus

OTEC has the potential to become a key technology to help solve global water 1ssues. Countries
should explore integratcd cnergy-water production designs and conduct economic assessments of
co-focating OTEC with other products. The Bahamas casc study in this report clearly supports
the technology as a sostainable solution for island nations with electricity and freshwater supply

constraints. As island nations become morc populated and the price of oil increases, both fossil
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fuel plants and importing water from encrgy-intensive RO sources might mrn expensive. The
plantship/moored OTEC configuration also saves precious real estate in small island nations. But
such integrated solutions might require several government departments to work together and
study the benefit of OTEC as a holistic solution for community-level sustainability. Dctailed
multi-disciplinary studics should be carricd out to validate the sustainability of this technology,
including the localized cnvironmental impact of this technology. Even if there is no current
market for integrated solutions, governments can make design provisions in the electricity-only
configuration to augment with by-products once the viability of such projects arc firmly

established.

8.4.Current Challenges

The engineering feasibility of open-cycle and closed-cycle OTEC plants has been assesscd by
many independent investigators in recent years. Enginecring design and development for OTEC
is supposed to be a rclatively easy task as documented in several reports. Individual component
demonstrations have been conducted in the past, with moderate success, The missing link 1s the
conversion of these tests into operational large-scalc demonstration projects. Though there have
been several short-term prototypes of the technology, none have succecded in attracting large
investments in working plants, Commercialization of this technology will require focuscd effort
from all interested stakeholders in the system — the scientists, engincers, government authoritics,
and the investor community. Most encrgy consumers and investors have traditionally indicated a
bias towards land-based plants and an resistance to water-bascd power plants[67]. Their degree
of participation will depend upon the projected cost of power, the capital investment required

and the degrec of risk involved.

Commercialization constraints currently scem to be both technical and financial. On the
technical side, there has been no continuous planned [unding for R&D and demonstration of the
technology. There has been relatively little information dissemination about this technology
which might allow public input to influence policy decisions. There also seems 10 be a delay m
finalizing specifications, regulations, and classification codes to accelerate engineering progress.
For example, an exclusive OTEC environmental impact analysis is important and may help

accelerate the licensing and permit procedures for OTEC plants.
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On the financial side, there is currently no plan for federal cost-sharing of demonstration plants.
Currently OTEC is unable to compete economically with conventional forms of power
gencration or even other renewables such as wind and solar, The technology docs not have
special tax crcdits or instruments such as loan guarantees which can help mitigate investor

reluctance to go for this capital-intensive technology.

8.5. Recommendation

For OTEC, which has been around for more than a 100 years, therc are several obstacles that
have to be crosscd before it moves from an cxperimental stage to commercially deployable in
large-scale sites. The first challenge was a technological one, of scaling various components of
the system, but scems to have been conquered to a large extent thanks to advances in other
industries and continuous work by experts and industry pioneers in the ficld. What the
technology currently requires is a fully functional large-scale OTEC plant to allow for

experimentation with materials, processes and make advances unique to this technology.

The technology should be supported by better regulation or other legal standards which are
mandatory 10 promote investments in the scctor. Plamship/moored OTEC facilities can be
subject to maritime law as well as the codes, standards and other programs aiready applicable to
maritime shipping. This will help with siting and security concerns of such plants. There should
be an international agreemcnt and design of an OTEC permit for plantships to operatc in
international waters outside the 200-mile economic zone. This might requirc a trans-national
MOU™ between governments to jointly utilize occan thermal sites as resourcc sites which
benefit several countries simultancously and collectively help address global energy and water
issues. Such regulation and licensing initiatives have to be jointly framed by countries which
have pioneercd this technology, cspecially USA, Japan and some of the small island nations

discussed in this report,

Financing this concept will requirc new models that reduce the risk of the upfront investment
costs. Innovative funding models should be identificd and borrowed from industries which have
overcome similar commercialization challenges. The inherent design flexibility allows for

innovatively enhancing this tcchnology’s investment opportunity through modularization of

*® Memorandum of Understanding
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capital investment. This approach will require breaking down the capital costs of an OTEC plant
to allow the main stakcholder 1o own the core facility and Icase out the power modules to other
stakcholders, thereby entering into a co-owner model for an OTEC plant. This will help reduce
the capital cost burden on a single entity as well spread the risk across multiple stakeholders.
This wilt be cspecially beneficial in situations where the OTEC plant 1s producing products other
than just clectricity. In the initial demonstration plants, modularizing the project can cven lead to
OTLC plant designs which can produce combinations of more than one by-product, such as fresh
water and scawaltcr air-conditioning, marine aquaculture and seawater air-conditioning, etc. The
modular nature of the technology and locational flexibility of OTEC can allow its facilitics to be
produced, owned and operated by cstablished organizations and facilities. OTEC may gamer
support and services [rom shipyards, shipping companies and maritime labor, as they have
supported energy producers in the oil and chemical industry. This can also act as a job-creation

mechanism in these matire industries.

Governments also have a huge role to play in promoting investment in OTEC plants. Initial
large-scale plants might have to be funded through public-private shared funding. The iniial
plants can also be viewed as a test bed to benchmark operating parameters of the technology.
Government can also help prioritize detailed research on the economics of by-products and the

cnvironmental impact of the technology.

8.6.Discussion

OTEC has the potential to be many things to many regions, with no fucl costs, negligible
emissions and minimal cnvironmental impact. There are several possible combinations of OTEC
products or by-products which makes this technology attractive for sustainability planning of
small coastal communities, especially those of island nations, OTEC can be a source of powcer
and freshwater, satisty cooling requirements, and even hclp solve food issues by changing the
agricultural landscape of a region (through chilled secil agriculture or improved marine
aquaculture}. But al! of these products may not be needed in all of the OTEC resource regions.
Onc attractive approach would be to customize various combinations of OTEC products for

particuiar markets,
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The final hurdle to cross is a social one. As large-scale deployment of this technology gets
underway, there will be apprehension regarding the cross-border nature of this technology and
the environmental mmpact of the technology. The former requires a political solution with several
national agencies working together to collectively promotc this technology as part of a
sustainable future. Thc latter will require awareness of this technelogy to cross over from an
expert level to a mass level, as achicved by other renewables such as solar and wind. This will
requirc the experts in this area to crcalc awarcness and education. In this way collective

innovation may tacklc the unique challenges of this technology by the “network effect™’.

8.7.Future work

The work covered in this report shows how OTEC can be viewced as an intcgrated solution for
small island communities, solving not only energy issues but also water and food issues. This
offers ample opportunities for further research on an integrated economic asscssment model of
OTEC architecturcs to tackle these issues. In this report, we estimate the influence ol scale on the
lcvelized cost of energy through a meta-analysis of existing cost projections. Further
investigation ol how the design of each of the major component might change with the scale of
the plant is warranted. Also imponant is further research on how these components will have to

be modificd for piants producing more than one product.

There is also gap in OTEC literature around the customization requirements for parts that have to
be borrowed from other industries such as offshore oil drilling. Another area of research can be
innovative financing models for large-scale deployment of OTEC. Finally there is work to be
done around requirements of national and intcrnational regulation to deploy grazing OTEC
plantships in international waters. Such work can cxplore options for how several nations can

collectively fund this technology and share the immense energy potential of the oceans.

*1In economics and business, a network effect is the effect that ane user of a good or service has an the value of
that product to other people.
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Figure 24: Ocean map of OTEC resource zones around Americas with surface temp. color scale in °C

LCOE _ (WACC+}I\\E}1§) x ICC + LRC + O&M
net
where: LCOE = Levelized Cost of Energy ($/kWh) (constant dollars)
WACC = Weighted Average Cost of Capital (1/yr)
IWF = Insurance, Warranty and Fees (1/yr)
ICE = Initial Installed Capital Cost ($)
LRC =  Levelized Replacement/Overhaul Cost ($/yr)
O&M = O&M Cost ($/yr)
AEP et = Net Annual Energy Production (kWh/yr)

Source: [30]

Figure 25: Equation to calculate LCOE
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Table 13: Break-up of cost from previous OTEC cost evaluations studies

Plant Platform and| Water Heat Power Energy
Deployment
Size related ducting |[Exchangers|generation| transfer Others| TOTAL
Plant Type Installation
(MW} systems | systems | systems | systems | systems ($/kW) (&7 W) (3/kW)
w
net (7KW} | {S/kW) | (5/kW) ($/kw) | {$/kw}
GE tower-
40 4500 3500 1700 1050 0 5250 400 | 16400
rmounted 40MW
Land-kased
40 2714 3681 3456 1373 225 2439 864 | 14751
40MW
Moored plant
40 3863 754 1641 441 1340 1201 841 | 1008¢
40MW
Phase IV PREPA
40 1050 1110 3140 2720 3300 1000 300 | 12620
40MW
COTEC plantship -
54 Closed Cycle 2318 1570 1776 1196 766 804 Q 8430
S4 MW
Grazing
16 2386 474 1427 383 1397 585 630 ; 7283
plantship 460w
Methanol
200 plantship 1468 237 957 235 2396 300 994 | B588
200MW
Ammonia
386 plantship 385 188 750 184 698 235 423 | 3463
386MW
OTEC
conventional
100 707 101 1818 859 202 202 152 | 4040
floating unit
100MW
OTEC unit {sub-
100 sea floating 616 30 586 869 212 101 131 | 2545
vessel) 100MW
Lockheed Spar-
240 |type [Al-tubed) 1194 550 1030 510 1 64 674 | 4022
240MW
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240

Lockheed Spar-
type (TI-tubed)
240MW

1211

457

2134

510

64

736

5112

S00

Ammaonia Plant
ship - LOCKHEED
SOomMW

1403

159

5501

556

26

1019

8666

500

Ammonia Plant

ship S00MW

854

404

380

364

636

13

3250

500

Ammaonia Plant
ship - TRW

S00MW

993

3

paal

556

13

543

5037

500

OTEC ammonia
Plant ship - APL
SOOMW

230

113

794

556

13

424

2430

Land-hased
1MW

6776

18942

5350

5698

3080

39886

10

Land-hased

10Mw

2310

9240

5350

3850

2310

23100

50

Land-based

S0MW

2310

3656

3850

1848

524

12628

50

Floating
{Moored) S0MW

2772

1232

3850

1348

924

10626
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Table 14: Comparison of risk ranking scores for three different ocean energy technologies

Endpoints Wave Tidal OTEC
Marine mammals 40 a0 10
elaslr:r:s:b(rl::ila.hes] 22 22 26

Birds 30 30 10

Environment/Habitat 12 16 13

Algae 12 6 14
Epibenthic® fauna 14 8 6

Plankton 0 0 19

Eggs/Larva P 2 12
Electrosensitive™ fauna 8 8 0
Benthic fauna 4 4 2
Corals 2 2 6

Source: [62]

3 Living on the surface of bottem sediments in 2 water bady

54 ‘e .
Sensitive to electric current
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