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OTEC - Ocean Thermal Energy Conversion

Introduction

Ocean Thermal Energy Conversion (OTEC) is a OTEC: Ocean Thermal Energy Conversion
process that can produce electricity by using the
temperature difference between deep cold ocean water
and warm tropical surface waters. OTEC plants pump
large quantities of deep cold seawater and surface
seawater to run a power cycle and produce electricity.
OTEC is firm power (24/7), is a clean energy source, is
environmentally sustainable and is capable of providing

massive levels of energy.
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A basic closed-cycle OTEC plant is shown in in the
figure to the right. Warm seawater passes through an
evaporator and vaporizes the working fluid, ammonia.
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The ammonia vapor passes through a turbine which sAVATER
turns a generator making electricity. The lower pressure
vapor leaves the turbine and condenses in the condenser
connected to a flow of deep cold seawater. The liquid
ammonia leaves the condenser and is pumped to the evaporator to repeat the cycle.

The loop is repeated resulting in clean renewable energy

OTEC has long been challenged by high capital costs in a world of cheap energy. Recently, however, higher
electricity costs, increased concerns for global warming, and a political commitment to energy security have made
initial OTEC commercialization economically attractive in tropical island communities where a high percentage
of electricity production is oil based. Even within the US, this island market is very large; globally it is many times
larger. As OTEC technology matures, it should become economically attractive in southeast US.

Benefits and Opportunities of OTEC

OTEC is in many ways a very attractive solution to US energy issues (Energy Security, Price Volatility,
Unsustainable Supply, Climate Change, and Environmental Risks):

e Immense Resource: OTEC is solar power, using the oceans as a thermal storage system for 24-hour
production. Unlike other renewable energies, the maximum available energy from OTEC is not limited by
land, shorelines, water, environmental impact, human impact, etc.

e Security: OTEC offers the opportunity of tapping an immense energy resource that is not controlled by
other nations.

e Renewable: OTEC is conservatively believed to be sustainable at four or more times man’s current total
electrical energy production.

e Clean Energy: OTEC has the potential of being a very clean alternative energy — unique for a firm power
source capable of providing massive energy needs. The environmental risk with OTEC is very low.



e Offshore: OTEC production occurs offshore. Land resources are not needed other than for on-shore
landing. OTEC is not competing for other vital resources such as food and fresh water.

e Low Risk: Conventional Closed Cycle OTEC is a low-risk.

The problem with this remarkable renewable energy is cost. At present, OTEC plants can be built that will be
economically attractive to Hawaii, Puerto Rico and Guam (at electrical rates just above twenty cents per kWh
range without energy credits). Makai Ocean Engineering performed a study for Office of Naval Research looking
at an offshore OTEC industry providing energy to the continental US via ammonia as an energy carrier. These
future OTEC prices are slightly high, but close to competing with other renewables and with overlapping margins
of error.

The winners: Island communities, U. S. Department of Defense (who have been strong supporters of OTEC and
want smaller OTEC plants for base locations), and the U.S. Public. A mature and well developed OTEC industry
(which will exist after building dozens of OTEC plants just to provide the US tropical islands) is a tremendous
backup technology, as the US is backing into an energy corner and becomes more dependent upon nuclear and
clean coal to fulfill our non-oil needs. Those technologies come with enormous environmental risk. Biomass,
Wind and Solar can in some instances provide lower cost energy, but these are limited in the total quantity of
energy delivered. Having OTEC as a viable and cost competitive alternative would be a very healthy position for
the US.

Recent Developments

Since 2008, increased energy prices, environmental concerns, and new Department of the Navy energy policy led
to government and commercial support to improve key OTEC technologies. Concurrently, Makai Ocean
Engineering and Lockheed Martin rekindled their earlier OTEC support from the 1970’s, and directed internal
R&D resources to create an OTEC technology development team.

e Lockheed invented a unique fiberglass cold water pipe fabrication technology, which led to a cooperatively
funded Department of Energy project.

e Naval Facilities Engineering Command (NAVFAC) conducted a competitive bid during 2009 for companies
to develop OTEC plant designs intended for tropical naval bases. Makai and Lockheed Martin won this
project and have been refining designs to meet NAVFAC requirements.

e The Office of Naval Research (ONR) and NAVFAC have jointly funded construction of a new OTEC Heat
Exchanger Test Facility. Makai Ocean Engineering is the designer and contractor for this facility, and will
conduct performance and corrosion testing of several heat exchanger designs being built by several different
firms. This effort is also being supported by the State of Hawaii.



Makai’s Involvment in OTEC-Related Research

Makai has a long and intense involvement with OTEC. The table below shows OTEC projects spanning 30 years
dating back to the first net power producing OTEC plant in 1979 with Lockheed Martin and the State of Hawaii.

MAKAI'S INVOLVEMENT IN OTEC-RELATED PROJECTS
OTEC Projects Makai's Involvement Year Funding Source
1 Pilot Plant Design OTEC process design, cold water 2009-11 NAVFAC/Lockheed Martin
pipe, component testing
Dev?elopme‘nt of Hydrodynamic and Prime, numerical oceanographic Center of Excellence for Research in Ocean
2 Biochemical Models for Plume Jume model 2009-11 Science & Department of Ener
Analysis from OTEC Plants P P i
. . Prime, design and built test facilities Hawaii Natural Energy Ins.tl.tgte & Offlce (.)f
Corrosion and Performance Testing Naval Research, Naval Facilities Engineering
3 for OTEC HX and develop new HX 2009-11 .
of OTEC Heat Exchangers Command & Hawaii Technology Development
Concepts
Venture
Prime, computer modeling of mist lift
4 Development of Mist Lift OTEC dynamics as applied to a 200MW 2009 Department of Energy
OTEC plant
Pri defi ble installati
5 OTEC Cable to Shore rime, define power ca .e instaation 2009 Department of Energy
and deployment requirements.
6 100MW Plant Design OTEC MOQUIE Design, CO.Id Wat'er pipe 2009 Lockheed Martin
handling, overall configuration
. Prime, evaluate onshore and offshore
7 Guam OTEC FeaS|F)|I!ty, .Roadmap OTEC and dewelop costs and 2009 Office of Naval Research
to Commercialization S
commercialization plan
8 10MW Pilot Plant Design CwP, P'a”o";‘é;';g“erma' Cycle 2008 Lockheed Martin
9 OTEC Feasibility Evaluation Cold Water Pipe assessment 2007 Lockheed Martin
. . Thermodynamic model, plantship
Evaluat ffl TEC f
10 valuation of floating O C or motions, CWP structure & cost 2005-8 Office of Naval Research
Future Hydrogen Production . . .
estimate, system integration
11| Diego Garcia Plant Design, 7 Mw | D€Sign pipelines, mooring, shore 2006 OCEES Intl.
connections
Deep Ocean Water Application Feasibility Study for Land-Based . .
- L 2004 Marc M Siah & Associates
12 Facility (DOWAF) OTEC & Desalination Plants : I
Systems Optimization for an Worote software to technically &
13| Integrated Ocean Thermal Energy | economically combine diverse deep 2003 Office of Naval Research
Conversion (OTEC) Plant ocean water applications
14| 1MW Floating OTEC Plant (India) Conceptua} Design Of.COId Water 1999 National Institute of Ocean Technology
Pipe & Mooring
50kW OTEC Closed Cycle Heat Design, Construction Management, Defense Advanced PrOJeth‘:' Agency / Qenter
15 . . ) ) 1995-9 of Excellence for Research in Ocean Science /|
Exchanger Test Facility Operational Testing & Analysis
Algoods
. 1A o] A e Plan, Surwey, Design & Construction . .
16| Coldwater Pipes (12"/18"/40"/55") 1980-2000 Natual Energy Laboratory of Hawaii Authority
Management
17 Down-The-Slope 8' Diameter Pipe | Design, Construction Management & 1936 Department of Energy
Test Data Analyses Hawaiian Dredging & Construction Co.
18 Barge Suspended 8' Diameter Cold Design of Mooring, Deployment, 1983 Department of Energy
Water Pipe Gimbal & Platform Hawaiian Dredging & Construction Co.
19 OTEC-1 Floating He.?t Exchanger Environmental Monitoring 1981 Department of Energy
Test Facility
Design and Construction Lockheed Miisllfso;n%ag a;ce Compan
20| Mini OTEC 50kW Floating Plant | Management of Cold Water Pipe, 1978-1979 p pany
. Alfa Laval Thermal
Mooring & Platform - .
Dillingham Corporation

*Prime = prime contractor



Most recently, Makai has been deeply involved with Lockheed Martin and the US Navy in focusing on the
commercial development of 100MW OTEC plants for island communities like Hawaii and Guam. We have
significant programs in heat exchanger design and testing, plume modeling, power module design, plant layout,
cold water pipe handling and deployment, a pilot plant design, analyzing the power cable to shore, and bioplume
modeling.

Much of the recent work at Makai has been leveraged
from our OTEC SBIR study performed for ONR and
managed by NAVFAC from 2005-2008 (project #10 in
the table above) which recognized the potential of OTEC
in today’s energy market and climate crisis. That study
developed a detailed evaluation of short term floating
OTEC plants providing electricity to shore and a long
term OTEC industry manufacturing an energy carrier for
the continental US. Initial Plant designs and analytical
tools were developed that are major design tools being
used today in OTEC planning. A development Road
Map was created that is now being implemented. The
subsequent projects, items 1-9, have been a direct
consequence of this earlier SBIR work. Today, there is a
healthy and growing OTEC program moving forward in the US. In May 2010, Makai received from the Small
Business Administration the Region X Contractor of the Year Award in 2010 for our work on this OTEC project
and leveraging it into the significant OTEC program that is underway today.

During the course of this ONR SBIR work, Makai realized we needed a major partner in this development and we
approached Lockheed Martin (we formerly worked together on Mini OTEC in 1979). We were thus able to
leverage our enthusiasm, OTEC experience and analytical tools by aligning ourselves with Lockheed Martin
Corporation. In this teaming arrangement we have focused on a practical and near-term approach to develop the
world’s first major commercial OTEC plant at 100MW. A smaller pilot plant is shown in the figure above.

OTEC Cold Water Pipe Gripper Tests at Makai Ocean Engineering

A 100 MW floating OTEC plant was designed for the NAVFAC study. In an offshore floating OTEC plant, deep,
cold seawater is drawn through a vertical fiberglass pipeline from a depth of 1000 meters (3300 feet). This Cold
Water Pipeline would have a 10 meter (33 foot) diameter, and its weight in water would be over 2.1 million

: kilograms (2300 tons). This pipe is unprecedented in the offshore industry
and Lockheed Martin has developed a method of fabricating this
fiberglass pipe while on a floating OTEC platform at sea.

A major engineering challenge, however, is how to safely lower this large,
flexible and delicate pipeline down into the ocean as it is fabricated
section by section on the deck of the platform. Makai has designed a
system to accomplish this task, and a 1/20™ scale model has been built and
tested at the Makai Research Pier.

The apparatus consists of two “Grippers”, so named because of the way
they support the weight of the pipe by gripping onto the exterior of the
pipe. These Grippers squeeze on the exterior of the pipe from all sides,
and hold the vertical weight of the pipeline through Kevlar reinforced
rubber pads using friction. The two Grippers are identical in structure
except that the bottom Gripper moves up and down using hydraulic
cylinders and the top Gripper is fixed to the platform. The Grippers lower




the pipeline by a handover sequence where the Grippers transfer the weight back and forth; only one Gripper must
be squeezed on the pipe at all times.

Major concerns considered in the design include crushing the pipe and dropping the pipe.. All these concerns were
solved with the design developed by Makai. Rigorous testing of this model showed that the Grippers can reliably
support and lower the pipe (and even hold the pipe without power!) and Grippers have been designed for both 10
MW and 100 MW OTEC plants based on these lessons learned.

OTEC Heat Exchanger Test Facility at NELHA

A new test facility is being built at the Natural Energy
Laboratory of Hawaii (NELHA), on the Big Island of Hawaii.
NELHA is a state-owned business technology park that provides
warm and cold seawater to their tenants. The deep seawater is
obtained via a 620-meter-deep 40” intake pipeline, or a 914
meters deep 55” pipeline. NELHA can furnish a total of 26,000
gpm cold seawater, with corresponding warm water flows. No
other facility worldwide can provide such large flows of deep
seawater.

The heat exchanger test facility is a 40’-tall tower that supports
up to three different evaporators, three different condensers, 24”
seawater piping, and an accurately instrumented ammonia
working fluid piping system with two pumps and pressure
vessels. The test facility will allow Makai to measure the
performance of evaporators and condensers, as a function of
water velocity, temperature difference, and ammonia flow rate.
The figure to the right shows the facility under construction as of
mid-October 2010, portions of these systems are visible.
Construction will be completed in December 2010.

NAVFAC and ONR sponsored the facility because it is more
cost-effective to test the performance of heat exchangers on
land, rather than incurring the high incidental costs of installing them into a floating vessel with its mooring
system. Properly conceived “small” scale testing can be performed because OTEC heat exchangers are modular
components. For example, a prototype heat exchanger at the facility will have slightly less than one square meter
in cross section, have a height ranging from 2 - 8 meters tall, and will require a typical design seawater flow of
0.25 m%sec (4000 gpm). The facility will allow us to carefully confirm a heat exchanger’s predicted performance,
validating later design work for much larger facilities.



OTEC Hydrodynamic Plume Model at Makai

Makai recently developed a
numerical hydrodynamic model
to assess the physical impacts of
OTEC discharges in the ocean
environment with funding from
the National Defense Center of
Excellence for Research in Ocean
Sciences. Considering that no
OTEC plants have  been
constructed, it is uncertain how
the nearby ocean environment
will be affected by the discharge
of the nutrient rich deep ocean
water. The project’s goal was to
create a toolset to use for
sustainable design of OTEC
plants, which for a 100MW plant
would require 720 m*s of cold
nutrient rich seawater and 420
m?/s of warm surface waters.

The 3D-hydrodynamic model is based on the EPA-approved Environmental Fluid Dynamics Code (EFDC), and is
customized to accurately generate the regional flow fields and density fields supplied by University of Hawaii’s
data assimilative Regional Ocean Modeling System (ROMS). OTEC plants were “inserted” into the domain using
a dynamically coupled finite-element jet-plume model, which simulates the entrainment and turbulent mixing of
large scale plumes. The successful development of the model provides the tools needed to predict the impact of
OTEC plants in the presence of realistic and time-varying ocean conditions.

Results of the effort were presented at NOAA’s OTEC Environmental workshop in June, 2010, and the
Department of Energy has funded an extension of the project (under the Marine Hydrokinetics Initiative) to
develop a biological component of the model in order to assess any bio-stimulation that may occur due to the
nutrient rich discharges.
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