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EXECUTIVE SUMMARY
This report identifies and describes reasonably foreseeable ocean-based energy facility
technologies and their broad potential development areas within Massachusetts state
waters and federal waters up to 200 miles from the Massachusetts coastline (the project).
The intent of the report is to identify candidate areas for the respective facilities that
appear reasonably capable of development, by virtue of being: 1) feasible for
technologies commercially available now, or expected to be so within the next decade;
and 2) not likely to be cost prohibitive, in terms of macro-level locational factors
affecting the balance of development costs/benefits. This project does not include or
precede an actual screening process to identify specific sites for any offshore energy
facilities; rather, the information presented in this document is for reconnaissance-level
purposes only, to identify those segments of the ocean that appear most likely to be of
future interest to the energy industry for development in the foreseeable future.
The project began with research into offshore energy technologies to determine what
technologies are reasonably foreseeable and then sought to understand the key
technology-specific parameters (“screening criteria”) affecting the identification of broad
candidate areas with development potential, with respect to both the physical
environment and with respect to general macro-economic considerations. TRC
Environmental Corporation (TRC) then mapped the broad potential development areas
for each reasonably foreseeable technology. The chief technologies that were identified
as reasonably foreseeable included: offshore wind turbines, Tidal In-Stream Energy
Conversion (TISEC) devices, wave energy, and the siting of offshore liquefied natural
gas (LNG) import terminals. Technologies screened out as not reasonably foreseeable
included solar (photovoltaic and thermal electric), ocean thermal, floating wind turbines,
structurally supported wind turbines at depths greater than 45 meters (m), and wind
energy conversion to hydrogen.
The results of the project include large scale maps depicting the broad potential
development areas derived from the screening criteria for each of the referenced
technologies. The maps show general locations where development of each reasonably
foreseeable technology is possible. To develop a map that provides the most information
possible as to prospective offshore development locations, these maps should later be
combined with other human ocean use data, and also information about environmental
resources and sensitive areas (which is beyond the scope of this project). The resulting
maps would in turn provide a good source of information that the Commonwealth may
consider in broader planning efforts. The maps created by TRC in this project provide
one component of this more comprehensive evaluation process.
In general, the research shows that the Commonwealth has marginal resources in terms of
wave energy and tidal power when compared to some other locations across the country.
With respect to wind, the research shows that Massachusetts has excellent offshore wind
resources and additional offshore wind projects can be expected to be proposed for
development. The current most economical development for wind projects is in waters 520 m deep. Within this water depth, siting decisions will hinge on the general tradeoff of
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maximizing wind speed versus minimizing the distance to an on land interconnection and
also consideration of environmental and human use factors.
The mapping work also shows that there are many other locations where offshore LNG
facilities could be developed based on their water depth requirements together with
proximity to the existing pipeline distributions system. However, the types of LNG
technologies, number of LNG facilities and their locations are heavily dependent on
market forces, which are extremely difficult to assess, and beyond the scope of this effort.
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1.0

INTRODUCTION

TRC Environmental Corporation (TRC) is pleased to provide this report entitled, Existing
and Potential Ocean-Based Energy Facilities and Associated Infrastructure in
Massachusetts to the Massachusetts Executive Office of Environmental Affairs (EOEA)
through the Office of Coastal Zone Management (CZM). This report identifies and
describes reasonably foreseeable ocean-based energy facility technologies and the broad
candidate areas with development potential within Massachusetts state waters and federal
waters up to 200 miles from the Massachusetts coastline (the project), in accordance with
the scope requirements of Task Nos. 3 and 4 of CZM’s Scope of Work (Request for
Responses # ENV 06 CZM 15).
1.1

Project Background and Purpose

In March 2003, Massachusetts Governor Mitt Romney launched the Ocean Management
Initiative in an effort to develop a comprehensive approach to manage ocean resources.
The Ocean Management Initiative is intended to: 1) establish a proactive process for
ocean management; 2) provide a seamless ecosystem approach by working with the
federal government to improve management of ocean resources in federal waters; and 3)
review existing statutes and regulations to determine which elements need to be
strengthened or revised.
To advise the Massachusetts Ocean Management Initiative, EOEA Secretary Ellen Roy
Herzfelder named a Task Force, which examined the issues, identified data and
information gaps, reviewed existing ocean governance mechanisms, and issued
recommendations for administrative, regulatory, and statutory changes in the March 2004
publication, Waves of Change: The Massachusetts Ocean Management Task Force
Report and Recommendations.
This report works toward the implementation of the Task Force’s Management Tools
Recommendation #6: Use Characterization, which states:
To support fully informed and inclusive decision-making, ocean
management planning should be supported by the development and
maintenance of inventories of the activities and resources of the state’s
marine waters. GIS-based data should be organized on maps and
databases to depict activities and resources on the seafloor, in the water
column, and/or at the ocean surface, as well as activities in the airspace
over these areas, and when activities (human uses and natural) occur in
time.
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1.2

Report Organization

This report includes the following sections:


Section 1.0, Introduction.



Section 2.0, Inventory methodology for reasonably foreseeable advances in
energy siting.



Section 3.0, Screening out of technologies not reasonably foreseeable.



Section 4.0, Profiles of reasonably foreseeable energy facilities including
discussion of location, physical technological constraints, and mapping results for
each technology.



Section 5.0, Analysis of information gaps found during data collection to identify
areas and issues with limited to no information.



Section 6.0, Conclusions and recommendations for consideration of project
results in ocean planning efforts.



Section 7.0, List of references and contacts.

Appendix A of this report contains the final report completed under Task No. 1 of CZM’s
Scope of Work, Inventory of Existing and Proposed Offshore Energy Facilities and
Associated Infrastructure in Massachusetts dated June 2006. The inventory report
contains a description of the methodology used to identify existing energy facilities
which includes public and private sector developed data sets and profiles that describe
purposes, locations, and physical descriptions of existing and proposed energy facilities
and associated infrastructure. See Appendix D, Figure D-1 of this report for an oversized
map of Existing and Proposed Offshore Energy Facilities.
Appendix B contains the screening criteria tables for each of the existing, proposed, and
reasonably foreseeable ocean-based energy facility technologies identified by TRC.
Appendix C of this report contains a copy of the Questionnaire and Information Needs
Forms completed for each of the sources of information researched, reviewed and/or
contacted as well as copies of email correspondence.
Appendix D contains the five oversized maps (Figure D-1 through D-5) referenced in this
report.
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2.0

METHODOLOGY

This section documents the methodology used to develop the inventory of reasonably
foreseeable ocean-based technologies and their broad potential development areas. Prior
to conducting the research for this report, this methodology was submitted to CZM for
their comment, review and approval, to help ensure that TRC’s efforts would meet the
CZM’s project goals as required under Task No. 2 of CZM’s Scope of Work. The intent
of this report is to identify candidate areas for the respective facilities that appear
reasonably capable of development, by virtue of being: 1) feasible for technologies
commercially available now, or expected to be so within the next decade; and 2) not
likely to be cost prohibitive, in terms of macro-level locational factors affecting the
balance of development costs/benefits.
This section addresses the following with regard to project methodology: 1) ocean-based
technologies considered; 2) sources of information; 3) research methods; 4)
Questionnaire and Information Needs Form; 5) telephone call procedures and protocol;
and 6) trade and academic journals.
2.1

Ocean-Based Technologies Considered

The ocean-based energy facility technologies considered included: wind turbines; free
flow hydropower turbines such as wave turbines; tidal (hydrokinetic); ocean thermal;
ocean current; on-sea solar electric; solar thermal electric; and ocean-based liquefied
natural gas (LNG) port and or ocean-based LNG storage and vaporization facilities. For
the purposes of this effort, TRC defined “energy facilities” as electric generation
facilities, fossil fuel-related importation facilities, and their associated interconnection
pipelines and transmission lines. Additionally, because the focus of this project is oceanbased energy facilities, associated infrastructure was limited to ocean-based energy
facilities. For example, if an energy facility was land-based, but had associated
infrastructure (i.e., an electric transmission line) located within Massachusetts state
waters or federal waters up to 200 miles out, the associated infrastructure was not
considered in the inventory of existing, proposed, or reasonably foreseeable energy
facilities and associated infrastructure. However, associated infrastructure that is a part
of, or necessary to, an ocean-based energy facility was considered in the inventory of
energy facilities and associated infrastructure. Section 3.0 discusses procedures for
screening out ocean-based technologies that are not reasonably foreseeable.
2.2

Sources of Information

In order to successfully develop an inventory of reasonably foreseeable ocean-based
technological advances of energy facilities, TRC believed that it was paramount to first
identify all existing, proposed, and reasonably foreseeable ocean-based energy facility
technologies within and outside of the United States, and then to assess them to identify
technological constraints and economic feasibility. TRC used several informational
sources. Based on the type of source and the sources position in the market (federal or
state agency, research and development [R&D], equipment vendor, etc.), TRC
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anticipated that some sources would prove more useful than others. The sources were
divided into three categories as listed below. As expected, the amount and quality of
information provided by each group was variable in nature. Copies of correspondence
are provided in Appendix C and discussed in greater detail in Section 2.4.
Category 1. (Federal and State Agencies)


Federal Energy Regulatory Commission (FERC)



United States (U.S.) Army Corps of Engineers (USACE)



Minerals Management Service (MMS)



Massachusetts Energy Facilities Siting Board (EFSB)



Massachusetts Department of Environmental Protection (MA DEP)



Electric Power Research Institute (EPRI)



Edison Electric Institute (EEI)



Gas Technology Institute (GTI)



American Wind Energy Association (AWEA)



U.S. Department of Energy (DOE), National Renewable Energy Laboratory
(NREL)



U.S. DOE, Energy Efficiency and Renewable Energy (EERE), Wind and
Hydropower Technologies Program



Oak Ridge National Laboratory

Category 2. (Associations and Other National and International Organizations)


Central Research Institute of Electric Power Industry (CRIEPI)



United Kingdom Department of Trade and Industry (DTI)



Energy Information Administration



European Union (EU)



Consumer Energy Council of America (CECA)



Renewable Energy Access



Canadian Wind Energy Association (CanWEA)



European Wind Energy Association (EWEA)



World Wind Energy Association (WWEA)
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Category 3. (Equipment Vendors)


General Electric (GE) Power and GE Global Research



The Wind Turbine Company



Northern Power Systems



Enertech



Clipper Wind Power, Inc.



Marine Current Turbines Ltd



Wavegen



Energetech

The organizations listed above did not require membership in order to access information
relevant to the proposed project with one exception, EPRI. However, EPRI ultimately
proved willing and very helpful in providing their available ocean energy information to
TRC as it related to their wave energy and tidal energy research.
2.3

Research Methods

The research methods TRC used for this project were as follows:


Conducted web-based research for all of the information sources listed above.
During the web-based research, focused on the questions and information needs
outlined in the Questionnaire and Information Needs Form and discussed in
Section 2.4 below (see Appendix C).



If the web search did not provide sufficient information or it was suspected that an
information source would be able to provide additional useful information if
telephone contact was made, then TRC obtained a contact telephone number and
called the information source directly. TRC followed the Telephone Protocols
and Procedures discussed later in Section 2.5.
Telephone logs of the
correspondence are included as part of the Questionnaire and Information Needs
Form provided in Appendix C.



If during research activities, an information source had a web-based question form
or email address of where questions could be sent and additional information was
required, TRC completed and submitted the question form or sent an email with
the outstanding questions and information needs to the contact address listed.

Note that TRC did not mail questionnaires to prospective sources due to the poor
responses typically received to mail inquiries, especially considering the short duration of
this project.
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2.4

Questionnaire and Information Needs Form

TRC developed a Questionnaire and Information Needs Form in order to ensure
information was gathered consistently from phone contacts and web-based searches by
all researchers. One form was filled out for each contact (to the extent there was
applicable information, and if there was not, the contact name and address was provided
with information explaining how it was not applicable to the project). To the extent a
single contact provided information about more than one technology, an individual form
was completed for each technology. Appendix C contains copies of the Questionnaire
and Information Needs Forms accumulated during TRC’s investigation. In summary,
attempts were made to contact 32 separate organizations. Appendix C shows a total of 14
successful contacts (8 representing federal or state agencies from Category 1; 2 from
associations and organizations in Category 2; and 4 representing equipment vendors and
research and development from Category 3). Online research provided supplementary
data to the contacts, or provided the only data when contacts were not successfully made.
In all, TRC researched information from more than 80 sources (see References in Section
7.0).
2.5

Telephone Call Procedures and Protocol

TRC also devised a protocol for telephone calls placed during the research effort to
further ensure consistency in execution of the methodology.
Prior to Telephone Call:


TRC reviewed information on an agency, company, organization before placing a
call. TRC made sure that it understood the agency, company, or organization’s
position in the market and where the agency, company, or organization could be
the most helpful in terms of providing information. This enabled TRC to focus on
the questions.

Making the Telephone Call:


A copy of the Questionnaire and Information Needs Form was in front of the
caller when making the call.



The caller introduced him/herself (Name and TRC) and stated the purpose of the
call. For example, “I am working on a project with the Massachusetts CZM to
identify/inventory proposed and reasonably foreseeable energy facilities and
associated infrastructure that could be located within Massachusetts state waters
and federal waters beyond state jurisdiction, up to 200 miles offshore. The
purpose of the proposal was to gather descriptive and spatial information to
further the Commonwealth’s understanding of offshore energy facilities’ siting
parameters (i.e., technological capabilities/limitations and other feasibility issues)
to help inform decision-making in these areas.” TRC also informed the contact
that the information collected during the course of the project would be made
public.
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If the caller was redirected to someone else within the organization, the caller
reintroduced him/herself and the project.



After introducing the project, the caller described/explained why TRC was
contacting this specific agency, company, or organization and/or the person the
caller had reached (i.e., the agency, company, or organization manufactures
offshore wind/wave/geothermal/etc. technology or the agency, company, or
organization was a trade association with cutting edge knowledge of their
industry/a technology).



In order to get the contact involved, TRC provided examples of the information
we were looking for and information that would be useful to the project (refer to
the Questionnaire and Information Needs Form).



-

If the contact stated that they could not be of any assistance, TRC asked them
if they knew anyone that could be of assistance or if there were any websites,
papers, or studies they recommended.

-

If the contact was hesitant to provide the caller with any information, TRC
provided them with the CZM Data Lead letter and a CZM contact name to
verify the legitimacy of the project. Additionally, TRC asked why they were
hesitant to provide information (trade secret, etc.).

TRC thanked each person contacted for their assistance and time.

Other Notes:


TRC called each contact twice, leaving a message if the caller was unable to reach
the contact. When leaving a message, the TRC caller left his/her name, that
he/she was affiliated with TRC, his/her phone number, and the reason for the call
including that it was under contract with CZM.



TRC tried calling a contact a third time; however, if TRC did not get an answer,
TRC did not leave a third message.



TRC completed the Questionnaire and Information Form for all telephone calls
made as part of the project, including those with failed responses.

2.6

Trade and Academic Journals

In addition to web-based research and follow-up phone calls, TRC researched and
reviewed trade and academic journals for information pertinent to the project. Many of
these articles are available on the web as well. In addition, TRC assessed two electronic
databases via EBSCOhost® Research Databases. The first is called MasterFILE Premier.
The database is a multidisciplinary database that provides full text for nearly 1,950
general reference publications with full text information dating as far back as 1975. This
database covers virtually every subject area of general interest. MasterFILE Premier also
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includes nearly 500 full text reference books, 84,011 biographies, 83,472 primary source
documents, and an Image Collection of 192,999 photographs, maps and flags. The
second database TRC used is the Academic Search Elite and it offers full text for more
than 2,000 serials, including more than 1,500 peer-reviewed titles. This multidisciplinary database covers virtually every area of academic study. More than 100
journals have Portable Document Format (PDF) images back to 1985. This database is
also updated on a daily basis via EBSCOhost®. The data bases are available via the
North of Boston Library exchange.
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3.0

SCREENING OUT OF TECHNOLOGIES NOT REASONABLY
FORESEEABLE

TRC screened out technologies that were not reasonably foreseeable for the purposes of
this project and report. The scope of work defined reasonably foreseeable as those
technologies that have already been identified by a credible source, even if at only a
concept level with no actual design. In addition, the technology must be based on
something with a likelihood of actually occurring in the next ten years. Technologies
premised on some yet to be invented material or mechanical/chemical process or
requiring futuristic construction methods or equipment are not considered to be valid
reasonably foreseeable technologies for the purposes of this investigation.
TRC also screened out unsuitable technologies based on macro-economic information to
the extent data was available. Specifically, technologies were screened out if they
resulted in a significantly higher cost of electricity produced so as to make them clearly
non-competitive with even the most costly electric production technologies being used,
and even with the most optimistic efficiency improvements in the technology within the
next ten years. The following technologies have been screened out of this study.
3.1

Solar (Photovoltaic and Thermal Electric)

Photovoltaic systems used to generate electricity include: 1) concentrator technology,
which uses an arrangement of photovoltaic cells that includes a lens to concentrate
sunlight on a small area of cells; and 2) flat plate technology, which uses an arrangement
of photovoltaic cells mounted on a rigid flat surface with the cells exposed freely to in
coming sunlight.
Based on the systems currently in operation, flat plate systems range in size from 50
kilowatt (kW) – 200 kW and concentrator sizes range between 2 kW and 200 kW. At
these lower power generation levels, photovoltaic applications are most feasible and
economical for off-grid and consumer applications. (Cape Wind 2005).
Despite their prevalence in consumer applications, photovoltaics have the highest cost of
energy among renewable energy sources (greater than $0.20/kilowatt-hour (kWh) in
2002). The high cost of energy may be attributed to the costs of producing the materials
in photovoltaic cells and modules, which is very energy intensive. In addition,
photovoltaic technology is not very efficient. Currently, crystalline technologies, which
are among the most efficient photovoltaic systems, are only approximately 13 percent
efficient. Photovoltaic technology developments being pursued are expected to increase
the efficiency of crystalline photovoltaic cells up to 18 percent by 2010 (Cape Wind
2005).
As indicated above, the high capital costs associated with photovoltaics, coupled with
low efficiencies, make this technology economically unfeasible on a large scale. While
the cost of energy of other renewable energy sources averages approximately $0.15/kWh,
photovoltaics remain significantly higher. Although advances in the development of new
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materials are expected to reduce the cost of energy generated by photovoltaic technology
to $0.21-0.50/kWh, these developments have yet to be achieved or demonstrated in
practice. These costs do not consider the complexities and added cost of photovoltaic
installation in an offshore location. Accordingly, this technology has been screened out.
3.2

Ocean Thermal

Ocean Thermal Energy Conversion (OTEC) is a technology that converts solar radiation
to electric power. Since the ocean is composed of layers of water that have different
temperatures, a natural thermal gradient is created. OTEC systems use this gradient to
drive a power-producing cycle, which can produce a significant amount of energy as long
as the temperature differential is about 36 degrees Fahrenheit (°F) (20 degrees Celsius
[°C]) between the warmer surface water and colder deep water. More than 70 percent of
the Earth’s surface is covered by oceans making them the largest solar energy collector
and energy storage system. The potential for OTEC as a renewable resource is great;
however the economics of energy production have delayed the financing of a permanent,
continuously operating OTEC plant (NREL 2006).
Based on TRC’s research, it does not appear that commercially operated OTEC
technologies are reasonably foreseeable in the next ten years. Additionally, siting criteria
for such facilities is not compatible with the existing conditions found along the coast of
Massachusetts. The natural thermal gradient necessary for OTEC operation is generally
found in the tropical zone between the latitudes of 20 degrees North (N) and 20 degrees
South (S). As discussed the temperature of the warm surface seawater must be
approximately 36°F (20°C) warmer than the cold deep water which should be no more
than 1,000 meters (m) below the surface. Many territories and developing nations are
located in this tropical zone, however only small portions of developed countries like the
United States and Australia have the potential for OTEC development (NREL 2006).
Massachusetts is located at approximately 42 degrees N latitude and therefore is well out
of the necessary siting range. It has been hypothesized that OTEC is a very promising
alternative energy resource, particularly for tropical island nations that rely heavily on
imported fuels. Preliminary research suggests that OTEC plants can offer secondary
benefits to its users such as desalinated water and nutrient rich deep seawater to be used
in mariculture activities.
Commercial OTEC facilities can be built on land or near the shore, on platforms attached
to the Continental Shelf, or on moorings/free-floating facilities in deep ocean water.
Preferred locations for near shore facilities minimize the length of the cold-water intake
structure and include narrow shelves such as volcanic islands, steep (15-20 degree)
offshore slopes, and smooth seafloors. Optimal depths are 10 to 30 m deep offshore. On
the other hand, OTEC facilities can be mounted on the continental shelf at depths up to
100 m. These facilities are often constructed on shore, towed to the site, and fixed to the
sea bottom. Floating facilities present a number of challenges including difficulty with
stabilization and power delivery. Cables for floating OTEC facilities would be difficult to
maintain and repair at depths greater than 1,000 m, and current mooring technology is
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limited to depths of about 2,000 m. Free-floating alternatives proposed include drifting or
self-propelled plantships, but are not likely to be commercially viable in the near future.
As ocean thermal technology is not applicable to the latitude of Massachusetts waters, it
has been screened out from this study.
3.3

Floating Wind Turbines

Consideration is being given to floating wind turbine technology where conventional
foundation types are not suitable, such as in deep waters offshore. A floating structure
must provide enough buoyancy to support the weight of the turbine. It must also be able
to restrain pitch, roll, and heave motions within acceptable limits in order to operate
efficiently and safely. A variety of platform, mooring, and anchoring technologies have
been proposed for floating offshore wind turbine systems.
TRC contacted Mr. Walter Musial of the NREL, a national laboratory of the U.S. DOE in
the EE&RE. Mr. Musial recently presented a collaborative report entitled “Coupled
Dynamic Modeling of Floating Wind Turbine Systems” at an Offshore Technology
Conference held May 1-4, 2006 in Houston Texas. According to conversations with Mr.
Musial (Musial 2006), floating wind turbine technology is still in its infancy. The
advancement of this science is heavily dependent upon federal funding and research
agencies to date have been reluctant to pursue its development. It was Mr. Musial’s
opinion that floating wind turbine technology would not be commercially viable in the
United States within the next 15-20 years without significant federal funding. The present
domestic focus is shallow water offshore wind development first, followed by deepwater
alternatives such as floating wind turbine systems. According to Mr. Musial, the group
closest to testing a full-scale prototype at sea is in Norway. Current design models are
based on computer modeling and laboratory demonstrations, but no real world testing has
been conducted. According to the NREL (Musial et al. 2006), the U.S. requires
substantial experience in shallower water as well as substantive research and
development initiatives to realize this technology over the next 15 years. Without
significant funding Mr. Musial speculates an additional 10 years could be added to that
estimate. Accordingly, floating wind turbines are not reasonably foreseeable within the
scope of this study and therefore have been screened out.
Formidable engineering, environmental, economic and policy challenges will need to be
addressed before wind farms can be sustainably deployed in these deeper waters of the
Outer Continental Shelf. To assess these challenges, the Massachusetts Technology
Collaborative (MTC), partnered with the U.S. DOE and GE Wind to create the Offshore
Wind Collaborative Organizing Group, and convened offshore wind energy stakeholders
representing a broad spectrum of interests and expertise to establish a research agenda.
The deliberations of these stakeholders has led to the preparation of A Framework for
Offshore Wind Energy Development in the United States, which details the
aforementioned challenges and outlines a coordinated approach for tackling them. The
Framework sets the stage and creates the context for moving offshore wind energy
forward in the United States. That next step will be to structure a collaborative
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organization that can effectively tackle the issues outlined in the Framework and, in so
doing, enable acceptance and deployment of offshore wind energy systems in U.S. waters
(MTC 2006).
3.4

Structurally Supported Wind Turbines at Depths Greater than 45 Meters

At present there are no wind turbines in water depths over 30 m (Wright 2006; Alkington
2006), and the deepest water depth for a proposed project is 45 m, which is for the
Beatrice Offshore Demonstrator Wind Farm in the United Kingdom (see Section 4.3.1).
Monopiles can only be installed up to a depth of approximately 25 m. At depths deeper
than this, a tripod or truss foundation must be used to withstand the additional forces
associated with a deep water site. This technology has been used on oil platforms to a
depth of 450 m. While this technology clearly exists, it is very unlikely that projects at a
depth of greater than 45 m will be economically viable during the next ten years due to
the significantly higher construction costs (Musial 2006). Accordingly, wind siting
criteria is not included for depths of greater than 45 m.
3.5

Wind Energy Conversion to Hydrogen

The NREL and Xcel Energy recently have recently signed a cooperative agreement for an
innovative "wind to hydrogen" research, development and demonstration project.
Researchers will analyze and compare hydrogen production from wind power and the
electric grid. The hydrogen will be produced through electrolysis – the process of
splitting water into hydrogen and oxygen using electricity (Renewable Energy Access
2006).
The production of hydrogen at offshore energy facilities would be a way to avoid cost
and limitations of requiring interconnection lines to offshore facilities. The technology
remains in its research phase and is not reasonably foreseeable within the timeline of this
study.
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4.0

PROFILES OF REASONABLY FORESEEABLE ENERGY
FACILITIES

TRC conducted research on all existing, proposed, and reasonably foreseeable oceanbased energy facility technologies within and outside of the U.S. The research performed
by TRC was based on the sources listed in the three categories outlined in Section 3.0,
Methodologies of the inventory report prepared under CZM Task No. 1, which is
provided as Appendix A to this report.
Reasonably foreseeable energy facilities identified included:





Tidal In-Stream Energy Conversion (TISEC) Devices,
Offshore Wind Turbines – mounted on seabed with monopole or other structure,
Wave Turbines, and
Offshore LNG Import Facilities.

4.1

Tidal In-Stream Energy Conversion (TISEC) Devices

4.1.1

General Description

Tidal In-Stream Energy Conversion (TISEC) devices are a similar technology to wind
turbines except that they are installed in the water column and are moved by underwater
tidal currents. Though the speed of tidal currents is very slow compared to that of wind,
the density of water is more than 1,000 times that of air, and thus even slow tidal current
speeds can generate considerable energy. TISEC devices also avoid the issues of
aesthetics, as they are underwater, which has proved to be an important issue for siting
offshore project in Massachusetts. Another advantage of TISEC technology is that
current speeds are predictable, whereas wind speeds for wind turbine projects are not.
This can result in a more consistently reliable electric generation source.
In addition to the turbine itself, which must be able to either move so that it faces into the
direction of changing currents or allow for multidirectional flow, TISEC devices require
an anchoring system, and an electrical interconnection line to a land-based transmission
system.
4.1.2

Current Status of Technology

At present there are no TISECs in commercial operation, though many have been tested,
and Verdant plans to operate a small scale (approximately 2 megawatts [MW])
commercial test facility beginning in the fall of 2006 in the East River in New York. In
addition, there are several project’s that have applied for preliminary permits from the
FERC to secure priority right to sites for testing and possible further development in the
United States.
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Table 4-1.

Development Status of TISEC Devices

GCK

Lunar

MCT

Open Hydro

Seapower

SMD Hydro

UEK

Verdant

GHT

RTT 2000

SeaGen

OCT

Exim TTPP

TidEL

Underwater
Electric Kite

RITE

V-axis Helical Turbine

H-axis Ducted
Turbine

H-axis Twin
Turbine

H-axis Twin
Open Center

V-axis
Savonius
Turbine

H-axis Twin
Turbine

H-axis
Augmented
Turbine

H-axis
Unducted
Turbine

1 m dia X 2.5 m high test
in Merrimack River in
September 2004.

1 to 1.5 m dia
(1/20th) scale
test in water
tank

11 m dia 300
kW tested at
sea (not 1)
since May 2003
15 kW tested in
1994 – 5

3 m (1/5th)
scale testing at
sea

Full scale
test in
September
2003

1/10th scale
tested

7 prototypes
up to 10 m
in dia

Tested
Pakistan
1989,
Maryland
and New
York in
2002-2003

Next Development
Step

Develop shaft mounted
gen unit optimized for
GHT

Deploy 1 MW
unit in 2006 at
EMEC – plan 2
MW com’l unit

Deploy SeaGen
unit in 2006

Deploy 1.5
MW unit in
2006

Fullscale
pilot plant to
be
commission
ed in 2005

Fullscale
prototype to be
deployed at
EMEC in 2006

10 MW – 25
unit project
in Delaware
– in
permitting

Pilot 6-Unit
Integrated
System in
the East
River, New
York

Power Train Type

Direct drive permanent
magnet gen connect to
GHT shaft

Hydraulic based
on modified
COTS pump

PlanetaryCO
TS Gearbox

Direct rim
drive generator

Gearbox

Gearbox

Planetary
drive –
proprietary

Speed
Increaser
COTS

Suspension or attached to
sea floor

Gravity Base

Monopile
embedded in
sea bed

Gravity base or
monopole

Anchors &
Chains 4fold

Anchors and
chains

Via cable
(note 3)

Monopile

1 m dia x 2.5 m length

19.5 m (3.9 m
hub dia)

2 rotors 18 m
dia

15 m

1 m dia X 3
m high – 2
pieces

8 m blades on
2.5 m dia hubs

Twin 10 feet

5m

7

2,000

1,548

1,520

44

1,000

400

34

Device Name
Type

Development
Status

Foundation/

Rotor Size

Rate Power (kW)
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Table 4-1.

Development Status of TISEC Devices

GCK

Lunar

MCT

Open Hydro

Seapower

SMD Hydro

UEK

Verdant

Rate Speed

2.58

3.1 m/s

3.0 m/s with
MMSS of 3.5

2.57 m/s

3.0 m/s

2.3 m/s

3 m/s

2.1 m/s

Area (m²) in
P=0.5pAV³
equation

2.5

490.8 (cross
section of 25tm
dia duct

5092

313.8

6

537

14.59

19.6

Yes, turbine only.

Not
Commercial
yet

Not
Commercial
yet

Not
Commercial
yet

Yes, but
excluding
site specific
costs, grid

Not
Commercial
yet

Yes

Yes

Commercial Price

Source: (Hagerman 2006)
Note: dia = diameter
m/s = meters per second
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Manufactures of TISEC devices include GCK, Lunar, MCT, Open Hydro, Seapower,
SMD Hydro, UEK, and Verdant. Table 4-1 is a summary of the manufacture’s, turbine
types available, their specifications, and their current development status. As at least one
manufacturer will be in commercial operation by next year (Verdant), TRC considers this
technology as “reasonably foreseeable” in terms of the scope of this report (i.e., it is
technologically feasible to install within the next ten years).
As noted above there are several proposals by developers to install TISEC devices in the
United States. The only one to complete permitting for its test phase is the Verdant
Project. Other development projects are in only the initial permitting stage, which
requires the securing of a FERC preliminary permit to allow for testing followed by
possible development. The projects other than Verdant still all require local, state and
federal permitting before installation and testing can be conducted. The FERC
preliminary permit application schedules show that developers are pursing a multi-phased
approach starting with the testing of units and then proceeding to full commercial build
out in one or more stages over a period of several years.
The currently proposed TISEC projects in the United States are summarized in Table 4-2.
4.1.3

Potential Candidate Siting Areas Criteria

A good in-stream tidal site is one that has a large amount of water moving at a high
speed, a seabed geology that allows for proper installation of anchors or piles (i.e.,
preferably not bedrock), is located close to transmission lines, and does not disrupt the
use or environmental resources of the area.
The currently proposed projects listed in Table 4-2 confirm developers are following
these siting criteria for installation of TISEC devices. A review of these applications
shows that the projects are located at or near known areas with a strong current regime
with current speeds ranging from 2 to 4.7 knots. In addition, with the exception of
Florida Hydro (to be discussed) they are all sited relatively close to onshore transmission
lines (either immediately adjacent to or within ¼ mile to ½ mile). Depths at the proposed
sites are in the range of 20 feet to 100 feet deep (with the exception of Florida Hydro).
All these locations are at narrow portions of a tidal waterway, where tidal flux is
channeled through a limited cross sectional area and thus tidal speed is maximized.
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Table 4-2.
Developer
(a)

Status and Siting Characteristics of Pending TISEC Preliminary Permit Applications with the FERC

Location (a)

Verdant

East River, New York (East
side of Roosevelt Island)

Ocean
Power

Applications have been filed
for preliminary permits in the
vicinity of Roosevelt Island,
NY, Vineyard Sound, MA,
Penobscot River, ME,
Kennebec River, ME,
Piscataqua River, NH, and
ME, Deception Pass, WA,
and Columbia River, OR and
WA

Tidewalker
Associates
Florida
Hydro

Design/
Manufacturer
(a)

Size
No. of Units and MW (a)

Permitting Status (a)

6 units in initial testing phase (17.9
kW/unit based on a current velocity of 3.5
knots. Total capacity at full buildout is 10
MW (using 500 turbines).
Projects vary in size depending on
location from 50 units to 150 units.
Generation of 0.5 to 2 MW per unit.

Verdant

Little Machias Bay, Cutler,
Maine

13.5 MWs total.

Undetermined

Requested 4/29/06

5 miles off Palm Beach,
Florida in Gulf Stream

No. of units to be determined. Generation
of 2 to 3 MW per unit.

Florida Hydro

Requested FERC
Preliminary Permit on
7/8/04
Requested May 2006

Undetermined

Received USACE
authorization for testing of
6 demonstration units in
May 2006
Requested FERC
Preliminary Permit in the
time frame from 3/24/06
to 4/27/06

Max Current
Speed at Closest
NOAA Monitoring
Location
(flood/ebb) in
knots (b) (c)
(3.8/4.7) (west of
Roosevelt Island)

Max flood/ebb
current at the
different sites
ranges from 2.0/2.5
at the site with the
lowest maximum
flow (Bucksport,
ME) to 5.2/6.6 at
the site with the
highest maximum
flow (Deception
Pass, OR)
(3.2/3.1) Western
Passage off Kendall
Light
(3 to 4)
approximately

Water Depth
(feet) (a)

25 to 40

Water depth
varied from 20
to 100’ deep at
the sites.

20 to 50

300 to 1,600

ORPC
Upper Cook Inlet, Alaska
0.3 MW per unit with 70 to 100 units
OCGen
(3.5/3.1)
95 to 193
Alaska,
LLC
(a) (FERC 2006)
(b) Tidal Current Speed Data from National Oceanic and Atmospheric Administration (NOAA) Tidal Current Tables; Atlantic Coast of North America and from NOAA Tidal
Current Tables: Pacific Coast of North America
(c) Information is based on closest tidal gage. Tidal speed can vary widely depending on location of project versus NOAA tide measurement device location.
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With respect to the Florida Hydro Project, the developer is attempting to harness the
power of the Gulf Stream current rather than lunar based tides. In Florida, the Gulf
Stream can be as close as approximately 5 miles from the shoreline. Therefore, this
project has a much longer transmission line requirement. The Gulf Stream passes well
south of Massachusetts waters, so this type of project is not possible in Massachusetts
(refer to Figure 4-1).
Figure 4-1.

Location of Gulf Stream

Source: (CIMAS 2006)
Note: Location of Gulf Stream shown in White.

4.1.4

EPRI Studies

EPRI recently completed a North American Tidal In-Stream Energy Conversion
Technology Feasibility Study, in which they chose their test sites based on the much the
same criteria described above. A key siting criteria for EPRI was the “power density” of
in-stream locations, which is defined as 0.5 multiplied by the cross sectional area of water
available at a site, multiplied by the density of water, multiplied by the cube of the water
velocity. Thus EPRI searched for sites with high tidal velocities and large cross sectional
areas to allow for maximum derived power. Proximity to transmission lines was also an
important siting factor for EPRI.
EPRI’s choice of the most promising location to site TISEC devices in Massachusetts
was Muskeget Channel, located between Nantucket and Martha’s Vineyard. This
location was chosen based on the criteria above because it had the strongest power
density available in Massachusetts other than the Cape Cod Canal, which was off limits
due to conflicts with navigational use. EPRI’s conclusions were that the Muskeget
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Channel site was “somewhat small (17,500 m2), low in power density (0.95 kW/m2) and
was not easily interconnected to the grid,” and that they could “find no other good tidal
sites in Massachusetts.” EPRI concluded that even the Muskeget Channel, which was the
best site in Massachusetts, “could not produce a rate of return for a non-utility generator.”
EPRI did show that other sites in other areas of the country and Canada did have a very
positive rate of return on investment. As such, EPRI concluded it would be unlikely that
TISEC technology would be installed in Massachusetts waters (Bedard 2006).
4.1.5

Cape and Islands Tidal Energy Hydropower Project

MATidal’s recently proposed Cape and Islands Tidal Energy Hydropower Project in
Vineyard Sound provides a somewhat conflicting view for the future of tidal energy in
Massachusetts compared to that of the EPRI study. Given that a project is proposed here,
it would appear that there are positive siting aspects to this location, or that at least there
remains uncertainty as to the economic viability of particular sites given the new and
changing nature of the technology. One advantage to this site is that is located adjacent
to an existing electric cable crossing that connects Martha’s Vineyard to Falmouth, and
thus, the site has the possibility of interconnecting with an onland transmission system at
a closer distance than EPRI’s selected Muskeget feasibility site. This could be an
important economic factor as the cost of transmission line installation for the Muskeget
feasibility study site was almost ⅓ of the overall project development cost (Bedard 2006).
4.1.6

Mapping Results

TRC mapped all sites in Massachusetts with a maximum 3 knot current speed or better
using the NOAA Tide Current Tables for the Atlantic Coast of North America (see
Appendix D – Figure D-2. Inventory of Reasonably Foreseeable Energy Siting: Tidal InStream Energy Conversion Devices). We note that NOAA provides data on only
“maximum” current speeds at particular sites, so maximum current speed was used as the
siting criteria. The velocity of 3 knots was chosen to capture the very best locations in
Massachusetts. This tidal velocity is well below the maximum current speed for which
most turbines are designed to operate (roughly 4 to 6 knots – based on the rated speed of
the turbine (see Table 4-3) and is below the approximate four knot speed suggested as a
very rough proxy for minimum viable current speed for this technology (Bedard 2006).
We note also that it is below the overall 3.5 knot combined average maximum speed of
all the proposed sites in the United States. TRC chose the current speed of 3 knots or
more, in order to be inclusive of the best sites in Massachusetts. Table 4-3 provides a
summary of the NOAA sites with current speed of greater than 3 knots.
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Table 4-3.
NOAA
Tidal Gage
No.
981

Locations in Massachusetts with NOAA Tidal Current above 3 Knots
Longitude
Degrees/
Minutes
42° 36.6’

Latitude
Degrees/
Minutes
70° 40.4’

Pollock Rip Channel

41° 20.9’

70° 25.2’

Pollock Rip Channel

41° 29.6’

70° 35.7’

3.6

Cape Cod Canal

41° 31.2’

70° 41.4’

4

4.5

Cape Cod Canal

41° 44.5’

70° 36.8’

3.3

4

Cape Cod Canal

41° 45’

70° 35’

3.4

3.6

Cape Cod Canal

41° 46’

70° 34’

Specific
Location

Maximum
Flood

Maximum
Ebb

Blyman Canal
Entrance,
Gloucester
Harbor

3.0

3.3

1811

Muskeget
Channel

3.8

3.3

1906

0.8 Mile North
of West Chop

3.1

3

3.5

NOAA
Reference Site

Vineyard Sound-Buzzard’s Bay
1991

Wood’s Hole –
0.1 mile South
of Devils Foot
Island

Cape Cod Canal
2156

Cape Cod
Canal Railroad
Bridge

2161

Bourne
Highway
Bridge

2166
Bournedale
Source: (NOAA 1998)

Mapping results show that the sites for TISEC devices are best suited to locations close to
the shore where the strongest currents are formed by shoreline configurations which tend
to funnel large volumes of water through narrow openings. These include areas on the
south of Cape Cod near Martha’s Vineyard and Nantucket and other diverse locations
such as Wood’s Hole, Cape Cod Canal, and Gloucester, where the Annasquam River
empties out through Blyman Canal. Areas further out from shore have low current speed
and are not practicable for development of this technology.
We note that tidal speeds change drastically depending on shoreline configurations,
specific location, and water depth, and thus, it is not possible to mathematically
interpolate other tidal velocities located between or near know NOAA data points.
Therefore, the mapping for this section consists of only individual points on a map with
reference to their maximum tidal ebb and tidal flow velocities. TRC has also included
the location of the selected EPRI feasibility study site on the map. Other potential tidal
sites would need to be assessed on an individual, site specific basis, with tidal monitoring
and or tidal modeling if possible.
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4.2

Offshore Wind Turbines

4.2.1

General Description

Offshore wind projects are similar to onshore wind projects, though construction,
maintenance and operation are typically more complicated and more costly.
Offshore wind farms encounter many siting constraints and engineering obstacles
including foundations that must be firmly lodged in the seabed and capable of
withstanding ocean currents and wave stress. Often many miles of cabling are required to
transfer their power back to shore. Both construction and maintenance work for offshore
wind facilities must be carried out in reasonable weather conditions, and this work
generally requires specialized boats and equipment. Specific considerations for offshore
facility design include: low mass nacelle arrangements; large rotor technology and
advanced composite engineering; and offshore foundations design, erection and
maintenance. The large cost associated with offshore projects, together with the many
technological factors, suggest that it will be very challenging to develop economically
viable turbines above the 5 MW rating based on current technology. However, new
concepts may emerge to allow for the development of generating units larger than 5 MW
capacity for offshore projects, which is the latest challenge for the wind industry and will
open up more economically feasible locations.
4.2.2

Current Status of Technology

At present there is more than 804 MW of commercial offshore wind power in Europe,
with many projects proposed in the U.S. (Musial 2006).
Table 4-4 provides a listing of existing offshore wind farms in Europe.
Table 4-4.
Location

Capacity
(MW)

Offshore Wind Installations
Turbines

Year of
Installation

Distance
from
Shore

Depth

Vindeby,
Denmark

5

11 Bonus 450
kW

1991

-

-

Lely, The
Netherlands

2

4 NedWind
500 kW

1994

750 m

5-10 m

Tunø Knob,
Denmark

5

10 Vestas V39
500 kW

1995

-

-

Dronton, The
Netherlands

17

28 Nordtank
600 kW

1997

-

-

BockstigenValor, Sweden

3

5 Wind World
500 kW

1998

-

-

Blyth, UK

4

2 Vestas 2
MW

2000

800 m

6-11 m
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Table 4-4.
Location

Capacity
(MW)

Offshore Wind Installations
Turbines

Year of
Installation

Distance
from
Shore

Depth

Middelgruden,
Denmark

40

20 Bonus 2
MW

2000

3 km

3-6 m

Utgruden,
Sweden

10

7 GE Wind
1.425 MW

2000

8 km

7-10 m

Yttre Strengund,
Sweden

10

5 NEG Micon
2 MW

2001

5 km

6-10 m

Samsø, Denmark

23

10 Bonus 2.3
MW

2003

3.5 km

20 m

North Hoyle, UK

60

30 Vestas 2.0
MW

2003

6 km

10-20
m
(partly
tidal)

Horns Rev,
Denmark

160

80 Vestas V80
2 MW

2003

14-20 km

6-12 m

Nysted, Denmark

158.4

72 Bonus 2.2
MW

2003

10 km

5-9.5 m

Arklow Bank,
Ireland

25 (520 upon
completion)

7 GEWE 3.6
MW (200
upon
completion)

2003
(completion
2007)

10 km

2-5 m

Barrow-inFurness, UK

90

30 Vestas 3
MW

2006

7 km

21-23
m

Scroby Sands,
UK

60

30 Vestas 2
MW

2004

2.3 km

4-8 m

Ems-Emden,
Germany

4.5

1 Enercon 4.5
MW

2004

40 m

3m

Frederikshavn

10.6

4 Vestas,
Bonus,
Nordex

2003

-

-

Breitling,
Germany

2.3

1 Nordex 2.5
MW

2006

500 m

2m

Kentish Flats, UK

90

30 Vestas 3
MW

2005

8.5 km

5m

Sources: (EWEA 2003; OWE 2006)
km = kilometer

L2006-256

4-10

Profiles

Presently there are no offshore wind facilities located off the coast of the United States.
Table 4-5 lists offshore wind parks proposed in North American waters.
Table 4-5.

Proposed Offshore Wind Projects in North America
Year of
Proposed
Installation

Closest
Distance
to Shore

Depth

170

To be
Determined

5.2 miles

<50 feet

140 MW

39 GE Wind
3.6 MW

2006

6.5 miles

NA

Wind Energy
Systems
Technologies
(W.E.S.T., LLC)
Louisiana/Texas
(3)

150 MW

+/- 50

Research to be
completed by
2007

(7 miles
off
Galveston
Island)

NA

Nai Kun Wind
Farm – Hecate
Strait, British
Columbia, Canada
(4)

700 MW

200 turbines

2010

NA

Shallow

Off Padre Island
and south of Baffin
Bay, Texas (5)

500 MW

100

NA

3 miles

NA

Patriot
Renewables, LLC,
Buzzards Bay,
Massachusetts (6)

300 MW

90 to 120

2011

3 to 4
miles

NA

Project Name and
Location

Capacity
(MW)

Turbines

Cape Wind –
Nantucket Sound,
Massachusetts
USA (1)

420 MW

LIPA, FP&L
Long Island, New
York (2)

Sources:
(1) (Cape Wind 2004)
(2) (Neighborhood Network 2006)
(3) (Renewable Energy Access 2005)
(4) (OWE 2006 )
(5) (Washington Post 2006)
(6) (Providence Journal 2006 )
NA = Not Available

Generating Capacity Range of Offshore Wind Facilities
The megawatt generating capacity of existing offshore wind farms in Europe ranges from
2 MW to 160 MW (see Table 4-4) and the capacity of proposed wind farms in North
America ranges from 140 to 700 MW (see Table 4-5). The trend in offshore construction
is toward the use of larger turbines which are generally able to provide larger output
relative to their construction and operating costs compared to smaller turbines (Musial
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2006). However, this does not preclude the use of smaller turbines and smaller scale
projects from being constructed offshore as has been shown in Europe with the
construction of a 2 MW offshore project in Lely, in the Netherlands, and a 2.3 MW
offshore project in Breitling, Germany. This report has not attempted to screen out
smaller wind facilities, as depending on development goals and project specifics, there is
no clear set megawatt capacity below which it is not practicable to install an offshore
turbine. We note that small generation capacity turbines would need to be constructed
close to shore as they would not be able to offset expenses associated with long
interconnection lines and the higher costs of constructing far from land.
4.2.3

Potential Candidate Siting Areas Criteria

The offshore siting factors for wind turbines in Massachusetts waters are water depth,
wind resources, geology of substrate, and distance to the shoreline. These are described
in greater detail below.
Water Depth
Offshore wind farms can be sited in various depths, but are currently best suited for
shallow waters. According to the Massachusetts Renewable Energy Research Laboratory,
the current maximum depth of offshore turbines in operation is 30 m (Wright 2006;
Alkington 2006). However, Depths of 45 m are in planning stages presently, such as the
Beatrice Offshore Demonstrator Wind Farm proposed in the waters of the United
Kingdom (Talisman Energy 2006).
The minimum water depth that is technically foreseeable and macro-economically
foreseeable for installation of wind turbines is approximately -2.5 m (Manwell 2006).
Sites with depths that are more shallow than this would generally require special
construction equipment and have unknown macro-economics. The minimum depth for
installation is variable and can range up to approximately -5 m, depending on a host of
project specific factors such as size of project, site specific environmental conditions,
type of substrate, and construction equipment (i.e., specific kind of jack-up barge and or
other construction equipment used) (Manwell 2006; Olmsted 2006). TRC has used a
minimum depth of -5 m for mapping purposes rather than -2.5 m due to the limitation of
MassGIS data. MassGIS data is provided in discrete depth increments, beginning at the
edge of the shoreline, which is considered elevation zero, and then with the next depth
contour being at -5 m, with no further breakdown of depth within the 0 to -5 m interval.
As shown in Table 4-4 above, in Europe facilities presently in operation range in depths
from -2 m to -23 m deep. In comparison, Cape Wind proposes to develop their project in
water depths of less than 15 m in Nantucket Sound.
The NREL has a goal of developing systems to be sited in depths up to 183 m. However,
based on the current technology and practices utilized around the globe, it is likely that
offshore wind development will remain for shallow water depths of up to at most 45 m
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for the near future, with approximately 5 m to 20 m being the most economically viable
water depth (Alkinton 2006; Cape Wind 2005; Musial 2006).
Wind Speed
The Department of Energy (DOE) Wind Program and the National Renewable Energy
Laboratory (NREL) produced a wind resource map for the state of Massachusetts as
shown in Figure 4-2. Figure 4-2 estimates wind speeds at 50 m above the water surface
which is more useful for estimating the resource availability that could be used for utilityscale wind development.
Figure 4-2.

Massachusetts Wind Resource Map

Source: (USDOE EERE 2006)

According to the DOE Energy Efficiency and Renewable Energy (EERE), wind power
Class 4 or higher can be useful for generating wind power with large turbines at 50 m,
and given advances in technology, a number of locations in the Class 3 areas may be
suitable for utility-scale wind development in the future. This map indicates that
Massachusetts has excellent-to-outstanding wind resources located on the northern part of
Cape Cod, the southern part of Cape Cod, and along the shore of Martha's Vineyard and
Nantucket.
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Bedrock
Where bedrock is located at the surface, installation of monopiles can require drilling,
which increases the price and makes such locations less attractive (Alkinton 2006).
Structures can be installed using footings to the extent bedrock is not immediately present
at the surface. Areas of bedrock are located principally along the north and south shores
of Boston and an area immediately east of Boston. The presence of bedrock also can
make it cost prohibitive to bury interconnecting electric cables that run between each
monopole in a wind farm.
Distance from Shoreline
Distance of wind sites from the shoreline can be a particularly influential factor in the
overall cost of wind turbine installation, and can constitute a large percentage of overall
project cost for smaller wind farm developments. A typical offshore wind farm has a
network of cables connecting the individual turbines and a buried or covered transmission
cable which brings the electricity generated at sea to the power grid onshore. Installing
the transmission system and the cost associated with maintenance and repair tends to be
significantly greater the further a project is from the shore. As an example, the 115 kV
interconnection cable for the Cape Wind Project will cost $3.7 million per mile, and
siting alternatives requiring a longer interconnect distance than that proposed were ruled
out based on cost (EFSB 2005).
As shown on Table 4-4, the existing offshore wind farms in Europe range greatly in their
distance from the coastline. The single turbine associated with the Ems-Emden facility is
located only 40 m off the coast of Germany while the 80-turbine Horns Rev wind farm is
located between 14 and 20 km offshore of Denmark. Obviously large projects with
higher output can justify the cost associated with siting a further distance from the
shoreline.
It is not possible to determine the distance beyond which transmission lines would be
economically infeasible. Such distances can vary considerably based on the size of the
project, transmission voltage selected, type of transmission voltage (alternating current
[AC] versus direct current [DC]) and the volatile cost of electricity that factors into
overall project revenues. Other factors influencing potential transmission line length in
the ocean include geological conditions in the area, the environmental sensitivity of the
location, and the onshore transmission line length required to an onshore interconnect.
AC is the preferred method of transmission of electricity in underwater cables up to
roughly 15 miles in length because of its lower cost compared to DC. Once beyond
approximately 15 miles, DC current is required for technical reasons. DC cables are
capable of serving locations out to and beyond the 200-mile limit offshore, but require
costly converters to change current back to AC for on-land transmission (Estey 2006).
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Wave height is also a consideration in siting of a wind farm, though somewhat less
important than those criteria previously described. Areas with higher wave energy can
require more substantial foundations or structural reinforcement than low energy areas,
and thus can be more costly.
4.2.4

Mapping Results

The key offshore screening criteria have been plotted on a map provided in Appendix D –
Figure D-3. Inventory of Reasonably Foreseeable Energy Siting: Offshore Wind
Turbines. These criteria include water depth (5 to 20 m) for locations that are technically
foreseeable and macro-economically foreseeable. Depths from 0 to 5 m and 20 to 45 m
are defined as being technically foreseeable, but with unknown economics. Other criteria
include location of bedrock, and wind speed. Higher wind speed zones will deliver
higher power yields, but almost all of the Massachusetts offshore area is capable of
yielding viable wind speeds for a wind farm. Actual wind speed requirements vary
depending on the specific attributes of a project (i.e., MW capacity of a project, height of
turbines, overall project cost, and financing). The lowest wind speeds are in the inner
harbors, estuaries, and small bays of the Massachusetts shoreline. The highest wind
speeds are furthest seaward from shore. Figures D-3 shows locations out to 40 miles off
the coast of Wellfleet, which are well beyond the locations that have shallow enough
depths (up to 45 m) and remain reasonably foreseeable in terms of their construction. At
depths greater than 45 m, the high economic cost of construction precludes any
reasonably foreseeable Projects during the study period of the project.
4.3

Wave Turbine Technology

4.3.1

General Description

According to the EERE, wave turbine technology can be defined as the following
(USDOE EERE 2006):
Wave energy conversion devices create a system of reacting forces, in
which two or more bodies move relative to each other, while at least one
body interacts with the waves. The body moved by the waves is called the
displacer, while the body that reacts to the displacer is called the reactor.
There are many ways that such a system may be configured, including:
oscillating water columns (OWC), point-absorbers, attenuators, and
overtopping devices.
Several types of wave energy conversion devices exist. The most well known conversion
devices are described below (USDOE EERE 2006).
Terminator – A terminator is any structure that extends perpendicular to the predominant
wave direction. One example of a terminator is a breakwater – essentially, a wall.
However, a breakwater merely reflects or diverts the energy of oncoming waves without
capturing any of that energy. Some form of displacement-reaction must be employed to
capture the power that would otherwise be reflected or absorbed by the terminator. An
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OWC is one example of a device designed to convert the energy captured by a terminator
into electricity.
Oscillating Water Column – An OWC consists of a partially submerged structure (the
collector) which is open to the sea below the water surface so that it contains a column of
water with air trapped above it. As waves enter and exit the collector, the water column
moves up and down and acts like a piston, pushing the air back and forth. The air is
channeled towards a turbine and forces it to turn, generating electricity (e.g.,
Energetech’s Oscillating Water Column).
Point-absorber – Whereas a terminator is designed to absorb energy coming
predominantly from one direction, a point absorber is a floating structure that absorbs
energy from all directions by virtue of its movements at or near the surface of the water.
The amount of power available for capture may be maximized by designing the device to
resonate by moving with larger amplitudes than the waves themselves (e.g.,
AquaEnergy’s AquaBuOY).
Attenuator – Like a terminator, an attenuator is a long floating structure. However, unlike
a terminator, an attenuator is oriented parallel to the predominant direction of travel of
the waves. It rides the waves like a ship, extracting energy by virtue of restraints at the
device’s bow and along its length (e.g., Ocean Power Delivery’s Pelamis).
Overtopping Devices – An overtopping device is essentially a floating reservoir, a
partially-submerged structure consisting of walls over which waves topple, filling the
reservoir and creating a head of water which turns hydro turbines at the bottom of the
reservoir as the water is released back into the ocean (e.g., Wave Dragon).
In addition to the number of conversion devices, the location or placement of wave
energy conversion devices are varied and include shoreline, near to shore and offshore
locations. Further, the way in which a device is fixed to a site can also vary. Ways in
which to fix a device to a site include bottom-mounted devices that are fixed to a seabed
by a static member and floating devices that are anchor moored to the seabed.
4.3.2

Current Status of Technology

At present there are several manufactures that have wave energy devices in the testing
phase or close to commercial development phase. Accordingly, we have deemed this
technology reasonably foreseeable from a technical standpoint. Table 4-6 summarizes the
current manufactures of wave turbines and their specifications and siting criteria.
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Table 4-6.

Wave Energy Conversion Device Manufacturers that Responded to
Request for Information

Device
Length
(m) (1)

Device
Width
(m) (1)

Device
Weight
(tons)
(1)

Avg
Power
(kW) (1)

Ocean Power
Delivery

120

4.6

380

Energetch

25

35

Wave Dragon

150

Wave Swing

Siting Depth (m)
(based on
Proposed or
Existing
Projects)
> 50 (2)
(Portugal)

Principal of
Operation (1)

Power Train
(1)

153

Floating
Attenuator

Hydraulic

450

259

Bottom mounted
Terminator –
OWC

Air Turbine

20 to 30 (Based
on RI project) (3)

260

22,000

1,369

Floating
overtopping Ramp

Low Head
Hydro

20 to 30 (Based
on Milford
Haven, UK
project) (4)

9.5

9.5

NA

351

Bottom mounted
Point Absorber

Linear
Generator

80-90 (5)
(Portugal)

WaveBob

15

15

440

131

Floating Point
Absorber

Hydraulic

NA

Aqua Energy

6

6

22

17

Floating Point
Absorber

Water Pump

50 to 75 (Based
on Makah Bay
project) (6)

OreCON

32

32

1,250

532

Floating OWC

Air/Hydraulic

NA

112

16

Bottom mounted
Point Absorber

Water Pump

NA

Company (1)

Independent
5.4
5.4
Natural
Resources Inc
Source:
(1) (Bedard et al. 2005)
(2) (Scott 2006)
(3) (Enertech 2006)
(4) (Wave Dragon 2006)
(5) (AWS Ocean Energy 2006)
(6) (AquaEnergy Group Ltd. 2006)

4.3.3

Potential Candidate Siting Areas Criteria

Wave Height
One key siting criterion devices is wave height. Wave height factors in to the
determination of the wave power density (kW/m) available at any particular location, the
amount of wave energy that can ultimately be produced, and the potential profitability of
a site. NOAA tracks wave height in terms of “significant wave height,” which is equal to
the average height of the highest one-third of waves recorded in a 12-hour period. In
Massachusetts waters and out to 200 miles, NOAA monitors significant wave height at
only four buoys. This is because wave height in general does not vary significantly in
offshore waters. The Table 4-7 summarizes significant wave height.
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Table 4-7.
NOAA Buoy ID
44003
44013
44018
BUZM3
Source: NOAA Buoy Information

Significant Wave Height
Range of Significant
Wave Height (m)
0.2 to 4.1
0 to 1.9
0.3 to 3.8
0.3 to 2.1

Time Period
3/1979 to 2/1984
6/1986 to 12/2001
8/1982 to 12/2001
10/1990 to 12/2001

The table above shows that there is little difference in significant wave height between
the two outer buoys located more than 50 miles apart (NOAA Buoy ID 44003 and 44018)
as shown on Figure D-4. Inventory of Reasonably Foreseeable Energy Siting: Wave
Energy in Appendix D. The two locations near the shore, are sheltered from wind (and
thus wave energy) when the wind is blowing from certain directions as a result of Cape
Cod (NOAA Buoy ID BUZM3 and 44013). These two nearshore locations have
approximately half the significant wave height as the offshore locations.
Water Depth
Water depth requirements vary considerable depending on the type of wave technology
(see Table 4-6). In general, the wave energy generation technologies can be employed
beginning at depths of 20 m and up to 90 m. Ocean Power Delivery states that its system
can be employed at any locations where depth is greater than 50 m (Scott 2006).
Bedrock
Most of the wave energy devices require an anchoring system. Developers are likely to
avoid bedrock locations as they can be problematic to anchoring, unless the location is in
a particularly good site in terms of access to transmission lines or other criteria.
Distance to Shoreline
Distance of wave turbines sites to the shoreline can be a particularly influential factor in
the overall cost of wind turbine installation, and can take on large percentage of overall
project cost for smaller wave turbine developments. A typical wave energy project has a
network of cables connecting the individual turbines and a buried or covered transmission
cable which brings the electricity generated at sea to the power grid onshore. Installing
the transmission system and the cost associated with maintenance and repair tends to be
significantly greater the further a project is from the shore.
4.3.4

Mapping Results

As provided in Appendix D – Figure D-4. Inventory of Reasonably Foreseeable Energy
Siting: Wave Energy, the mapping results show the various locations that different types
of wave turbines can be installed based on their water depth. Wave height data is very
limited, but it can be assumed that offshore locations will have a significant wave height
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ranging from 0.2 m to about 4.1 m, and will be reduced closer to shore by the sheltering
effects of land. Developers will choose sites based on where by they can achieve the
highest possible wave height given the technology depth requirements, and yet still be
located close enough to the shoreline to minimize transmission line costs, construction
costs, and maintenance costs. EPRI conducted a feasibility study on wave energy and
chose the area off Truro as having the highest wave energy, though noted this was still
half the wave energy of sites on the west coast of the United States (Bedard 2005). The
map area shows out to approximately 80 miles off the coast of Wellfleet, beyond which it
would be highly unlikely that any incremental wave height increase with distance from
the shore would outweigh the added cost of transmission line requirements and other
costs.
The information shows that the further ones goes away from the sheltering effects land
has on wind and wave energy, the greater the overall significant wave height. As there
are only four NOAA wave height monitoring stations, TRC did not attempt to interpolate
the wave heights between the four points, as it would not yield accurate information.
The average power density at the two NOAA buoys to the southeast of Cape Cod
(NOAA ID 44003 and 44018) is approximately 14 kW/m. As this is only half the
average power density on the west coast of the United States, the offshore areas of
Massachusetts are less likely for development of this technology. TRC’s conversation
with a wave energy manufacturer confirmed that the Massachusetts coastline is only a
marginal location for this activity (Scott 2006). Moreover, wave energy in the summer
months is only half that of the winter months (see Figure 4-3). At present, TRC is not
aware of any plans to build a wave turbine off the coast of Massachusetts, and conclude
from a macro-economic standpoint that it is unlikely to occur in the next ten years.
Figure 4-3.
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Source: (Previsic et al. 2004) Information supporting the graph came from NOAA
Buoy ID 44018.
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4.4

Offshore LNG

4.4.1

General Description

LNG provides one percent of the United States’ natural gas supply, a figure that could
triple by 2020, according to the Energy Information Administration (EIA). The ability to
convert natural gas to LNG, which can be shipped on specially built ocean tankers,
provides access to the world's largest underutilized natural gas resources.
Access to LNG is critical as natural gas now accounts for about one quarter of all energy
used in the United States. Residential use accounts for 22 percent, with more than 60
million homes employing natural gas for heating, cooling and cooking. Industry
consumes 40 percent and the business sector 15 percent. Some 14 percent is used to
generate electricity. Natural gas also serves as the raw material to make paint, plastics,
fertilizer, steel, fabrics, glass, and numerous other products (EIA 2006).
4.4.2

Current Status of Technology

In general, there are five basic configurations of LNG terminals being considered today
for siting at U.S. offshore locations. They are: 1) Gravity Based Structure (GBS)
supported firmly from the sea bottom; 2) Floating Storage and Regasification (usually a
specially fitted LNG tanker with regasification equipment); 3) Submerged Turret
Loading™ (STL™) Buoy System; 4) conventional fixed platform based facility
supported firmly on a jacket from the sea bottom; and 5) HiLoad LNG Regas. These are
described in further detail below (Northeast Gateway 2005; Pepper et al. 2004).
Gravity-Based Structures (GBS)
Similar to land-based LNG storage and regasification terminals, the GBS terminals are
designed for the storage of LNG on fixed platforms in relatively shallow water.
The components of a GBS terminal design are as follows: a reinforced concrete structure
embedded in the ocean bottom, LNG storage tanks, high-pressure pumps, vaporizer
equipment, a transfer meter, and a subsea pipeline. The high-pressure pumps, LNG
vaporizers, and transfer metering station are located on the platform of the concrete
structure that remains above water at all times.
In the operations phase, LNG ships typically would offload LNG to the GBS terminal via
two berths with loading arms on each side. The LNG ship pumping capacity, which can
typically transfer a cargo of 145,000 m3 in 12 to 14 hours, controls cargo offloading. The
complete tanker unloading cycle is approximately 24 hours, including berthing, hook-up,
offloading, disconnect, and unberthing.
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Floating Storage and Regasification Units (FSRU)
Floating storage and regasification units are specialized LNG vessels that store and
regasify LNG onboard. For the Broadwater Energy Project, the proposed FSRU is 1,250
feet long (381 m) and 200 feet (61 m) wide (Broadwater Energy 2006). Conventional
LNG vessels would transport LNG to the FSRU, and a ship-to-ship transfer of LNG
would occur between the conventional vessels and the FSRU, where it would be stored,
regasified, and then transported to onshore markets through new pipeline to the shore or
connection to an existing offshore pipeline system. The FSRU design for Broadwater
Energy provides the capability of receiving and storing approximately 350,000 m3 of
LNG. Because the terminal is a floating vessel, it can be redeployed at a different
geographic location (assuming available pipeline connections to shore).
Submerged Turret Loading™ (STL™) Buoy System
This technology involves an offshore gas delivery system, typically consisting of a
mooring buoy system, pipeline end manifold (PLEM), flexible riser, and an undersea
pipeline to shore. The LNG is transported on a conventional LNG carrier that has been
modified to include onboard regasification equipment and a docking compartment for
attaching the buoy. After the LNG is regasified, it is transferred off the vessel through a
submerged turret buoy and flexible riser leading to a seabed PLEM and natural gas
pipeline. The system design can utilize a variety of anchors, but suction-piled mooring
anchors are the preferred option to hold the buoy in place, whether it is connected or
unconnected to a transport and regasification vessel. When not in use, the buoy would
drop and remain at a depth of approximately 80 to 100 feet (24 to 30 m) below the
surface of the water, and above the seabed until retrieved by the vessel. Current Energy
Bridge™ vessel design provides for the transport of approximately 138,000 m3 of LNG
and delivery of natural gas to downstream infrastructure at a rate of 0.5 billion cubic feet
per day (Bcfd) or more (Northeast Gateway 2006).
Platform-Based Unit
The platform-based unit design would consist of construction or re-using an offshore
platform adapted to include LNG unloading arms and equipment. This concept would
require locating the high-pressure LNG pumps and vaporizer on the offshore jacket
structure. This option would not include significant offshore LNG storage and would
rely on directly vaporizing LNG and exporting it directly into the pipeline. The LNG
carrier would be moored adjacent to a platform with fixed unloading arms, a short pipe
trestle and breasting/mooring dolphins.
HiLoad LNG Regas
HiLoad LNG Regas is a specially designed floating unit that can connect to a LNG
carrier, unload , and re-gasify the LNG. This technology utilizes a single point mooring
buoy, the HiLoad with integrated LNG re-gasification system, remote power controls,
metering, a gas treatment facility, and a connection to pipeline infrastructure. Using the
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SPM, the LNG carrier can weather vane 360 degrees. The HiLoad LNG Regas requires
approximately the same water depth as the floating storage and re-gasification units.
The following table shows existing, proposed, and known potential offshore LNG
facilities in the United States:
Table 4-8.

Existing, Approved, Proposed and Potential Offshore LNG Facilities in
the United States*
Location

Capacity
(Bcfd)

Proponent

Gulf of Mexico

0.5

Excelerate Energy

Offshore Louisiana

1.0

Shell

Broadwater Energy

Long Island Sound

1.0

TransCanada/Shell

Cabrillo Port

Offshore California

1.5

BHP Billiton

NA

Offshore So. California

0.5

Crystal Energy

NA

Offshore Louisiana

1.0

Main Pass McMoRan Exp.

Compass Port

Gulf of Mexico

1.0

ConocoPhillips

Beacon Port Clean Energy
Terminal

Gulf of Mexico

1.5

ConocoPhillips

Neptune LNG

Offshore Boston,
Massachusetts

0.4

Tractebel

Northeast Gateway

Offshore Boston,
Massachusetts

0.8

Excelerate Energy

Bienville Offshore Energy
Terminal

Gulf of Mexico

1.4

TORP

NA

Offshore California

0.75

Chevron Texaco

OceanWay

Offshore California

0.75

Woodside Natural Gas

Safe Harbor Energy

Offshore New York

2.0

ASIC, LLC

NA

Offshore Florida

NA

Calypso SUEZ

Pacific Gateway

Offshore California

0.6

Excelerate Energy

Esperanza Energy

Offshore California

NA

Tidelands

Project Name
Existing
Gulf Gateway Energy Bridge
Approved
Gulf Landing
Proposed

Potential

Source: (FERC 2006a; FERC 2006b)
*As of May 9, 2006
NA = Not available
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4.4.3

Potential Candidate Siting Areas Criteria

Water Depth
Water depth is a factor which normally determines the type of configuration that is likely
to be utilized for offshore LNG terminals. Generally, there is a draft requirement of
around 40 to 44 feet for the LNG carrier. Therefore, 50-foot water depth is a minimum
requirement for any of the LNG technologies described in above in Section 4.11.
The concrete GBS based terminal configuration described above is ideal for 15 to 23 m
of water depth. As the water depth increases above 30 m, economic evaluations must be
carried out based on the type and size of the structure, local soil and seismic conditions,
and met-ocean data. GBS based LNG terminals have been considered for a water depth
as much as 36 m, but current designs have generally shown unfavorable economics at
greater water depths. In additions, a suitable location for graving dock must be
considered for GBS construction (Pepper et al. 2004).
The floating storage and re-gasification unit utilizes a permanently moored ship, which
serves as an unloading area, an LNG storage area, and a vaporization plant. This is
currently being proposed for the Broadwater LNG Project in Long Island Sound. The
technology either requires depths between 15 to 30 m (as in the case of their Long Island
Project) or requires depths deeper than between 70 m and up to 1,000 m. The technology
is not feasible between 30 and 70 m (Cameron 2006).
Fixed structure platform based LNG terminals can be considered for water depth of 15 m
to above 100 m.
Proximity to Onshore/Offshore Pipeline Distribution System
Natural gas can be transported very long distances via sub-sea gas lines. For instance, the
existing underwater Algonquin HubLine is approximately 29 miles long and the
previously proposed underwater Blue Atlantic Gas Pipeline Project from Nova Scotia to
New York would have been 750-miles long (see Section 4.5). Accordingly, there is no
gas transportation based technological limitation with respect to how far an LNG facility
could be sited from the shoreline. Rather, such decisions will be based on the macroeconomics of each developer’s project objectives with respect LNG importation.
Based on existing proposals, an obvious location to site an offshore LNG facility is
within close proximity to the Hubline Project. The three LNG projects proposed, which
include the Neptune LNG Port, Northeast Gateway Deep Water Port, and the Brewster
Island LNG Storage Facility, have interconnection lines that are approximately 8.6 miles
long, 16.1 miles long and 1.2 miles long, respectively. However there is no clear and
discrete economic cut off distance from a gas line, beyond which, an LNG facility would
not be economically viable. The Economic interconnection distance to an onshore or
offshore gas line will depend on a complex array of factors, which may include: the
character of the underwater substrate (i.e., presence of large rocks and or bedrock versus
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smaller unconsolidated sediments); the price of natural gas, the type of offshore LNG
facility proposed, the desired gas marketplace (i.e., Metropolitan Boston, South Shore of
Boston, Cape Cod, etc.); the financial funding capacity of the proponent; the proximity to
onshore gas lines and cost of onshore access routes to those gas lines; the transportation
cost charged by owners of gas lines; the capacity of offshore and onshore gas lines; and
the redundancy of those gas lines (i.e., number of gas transport line options available to
address contingencies). As it is not possible to address these factors, no siting criteria
based on gas transmission line interconnection length are possible at this point.
4.4.4

Mapping Results

The results of the mapping show there are various locations along most of the
Massachusetts shoreline that are suitable in terms of water depth for siting various types
of LNG facilities (see Appendix D – Figure D-5. Inventory of Reasonably Foreseeable
Energy Siting: Offshore LNG). Developers will seek to find an area that is closest to
their desired gas market delivery point with respect to their chosen technology’s required
water depth. For instance, in the case of the Northeast Gateway Energy Bridge
Deepwater Port, the developer sought a location close to their desired market place
(metropolitan Boston area with distribution via the HubLine) while still maintaining the
optimal water depth of approximately 220 to 320 feet. That project also sought to avoid
bedrock for the installation of the interconnecting gas line, and minimization of impacts
with respect to ocean uses and environmental impacts.
The map shows locations out to 60 miles off the coast of Wellfleet, beyond which it
would be unlikely that a project would be sited due to the higher cost of construction,
operations, and the natural gas interconnection line.
4.5

Offshore Gas Lines

Discussion of the possibility of further offshore gas lines is also part of this project scope.
At present TRC is unaware of offshore lines being proposed or planned (other than those
interconnection lines to the LNG facilities discussed in the report on existing and
proposed energy facilities and provided here as Appendix A.
Possibilities for further development of offshore gas lines are difficult to predict due to
the complexity of the natural gas distribution market and uncertainties in demand.
Furthermore, developers of such projects keep such plans confidential due to the
competitive nature of the industry and thus information on long range plans for offshore
gas lines is difficult if not impossible to obtain. We note that it is at least possible that a
similar project to the Blue Atlantic Gas Pipeline Project could be proposed again. The
Blue Atlantic Gas Pipeline Project was proposed by El Paso Energy several years ago,
and would have involved a 1,000 million cubic feet per day (MMcf/d), 750-mile, 36-inch
pipeline that would run from Nova Scotia to New York (EIA 2004). The project has
since been cancelled. At this time, TRC is not aware of plans for other future offshore gas
pipelines off the coast of Massachusetts, and we can not provide further information
about future offshore gas pipeline work.
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5.0

GAP ANALYSIS

One minor data gap in this study is the lack of wave energy data recorded by NOAA
monitoring buoys. As noted previously, there are only four monitoring buoys, and thus
information on wave height at various locations in offshore waters is not available.
While this affected the ability to map wave heights, further information is not necessary
for CZM’s planning purposes. EPRI’s feasibility study showed that the area off Truro,
was likely to have the highest wave energy in Massachusetts, yet even this site had a
wave energy less than half that of areas on the west coast of California. Therefore,
further development is unlikely to occur here and the data is not needed. If a project were
to occur, the developer could make rough approximations of wave energy based on the
buoy data, and if necessary conduct modeling to better understand wave energy at a site
specific location.
With respect to NOAA tidal velocity monitoring stations, there are a considerable
number of such monitoring locations, but current velocity can vary dramatically
depending on site specific locations. Accordingly, though we have provided information
at the most promising tidal monitoring sites, there remains some uncertainty about tidal
currents nearby these areas because tidal speed can change substantially within a very
short distance based on underwater bathymetry and shoreline configuration. However,
given the low tidal speed relative to other areas in the country, the development of
additional TISEC devices is not likely to occur.
Although not technically a data gap, it is important to note that with all the mapping
information, the scale at which it is presented varies between technologies and between
criteria. TRC did not undertake an effort to develop any new criteria data, but rather
relied on available existing information. It is possible that large scale data collection
efforts taken by others to develop the information TRC obtained for mapping purposes,
were inadequate to identify small scale features. For instance, some areas of constricted
flow within the Boston Harbor Islands are well known to generate high current velocities,
such as Hull gut, but at the scale necessary for a tidal current power project, this small
area is not worthy of consideration, plus there would be numerous conflicts with other
uses of this area.
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6.0

CONCLUSIONS AND RECOMMENDATIONS

6.1

Conclusions

In general, the research shows that state has marginal resources in terms of wave energy
and tidal power relative to other locations across the country. For instance,
Massachusetts has approximately half the wave energy per meter as the west coast of the
United States (see Figure D-4 in Appendix D) and there are many other TISEC siting
locations in the United States and or Canada that have tidal energy levels well exceeding
resources in Massachusetts. Accordingly, development may be less likely in this area
during the next decade compared to other locations, though we note that a TISEC project
has indeed now been proposed in Massachusetts as shown on Figure D-2. in Appendix D.
With respect to wind, the research shows that Massachusetts has excellent offshore wind
resources and additional offshore wind projects can be expected (see Figure D-3 in
Appendix D). The current most economical development is in waters that are -5 to -20 m
deep. Within this water depth, siting decisions will hinge on the general tradeoff of
maximizing wind speed versus minimizing the distance to an on land interconnection and
also consideration of environmental and human use factors.
The mapping work (see Figure D-5 in Appendix D) also shows that there are many other
locations where LNG facilities could be sited based on their water depth requirements
together with proximity to the existing pipeline distribution system, though the types of
LNG facility, number of LNG facilities and their locations are heavily dependent on
market forces, which are extremely difficult to assess. Clearly the current level of LNG
facility proposals in Massachusetts indicates a strong market need, but one that may be
filled by already planned projects.
There is additional financial incentive for some of these technologies to be sited and
developed in Massachusetts due to the Renewable Energy Portfolio Standard (RPS). In
April 2002, the Division of Energy Resources (DOER) set forth regulations (225 CMR
14.00) which require all retail electricity providers in the state of Massachusetts to utilize
a specified percentage of new renewable energy sources for their power supply (DOER
2006). The schedule was set to start at 1 percent in 2003 and increase to 4 percent by
2009.
State RPS requirements allow owners of clean energy facilities constructed after 1998 to
sell their RECs under a variety of pricing and contract terms to provide additional
monetary benefits beyond what a company would receive as a non-renewable energy
generator. This provides an added incentive for developers to site renewable energy
facilities in Massachusetts. Owners and developers of clean energy facilities can take
advantage of the Massachusetts Technology Collaborative’s (MTC) Green Power
Partnership, which purchases RECs from and provides risk-hedging contracts to
developers of RPS-qualified projects and to companies that purchase RECs from eligible
facilities. The program encourages generators and brokers to enter into long-term
contracts for RECs, either directly with MTC or with other market participants, in order
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to create a guaranteed revenue stream and improve prospects for project financing. (MTC
2006)

6.2

Recommendations

Based on the research results, the analyses performed and the resulting mapping products,
TRC has the following recommendations for incorporating the results of this project into
ocean planning efforts.
6.2.1

Integrate Mapping Effort with Human Use Data and Environmental Data

The mapping products developed under this project need to be integrated with the human
use mapping project currently underway by CZM, in such a way that the information is
useful. One way to do this would be to overlay the two maps on each other so that
human use limitations (i.e., shipping channel locations, special whale watching areas,
fishing sites, etc.) can be plotted with the reasonably foreseeable sites for offshore energy
facilities identified in this study. This could help planners in identifying optimal sites for
energy facilities from both a human use and technological standpoint. We recommend
that TRC and the developers of the human use data be included in the coordination of this
effort.
As well, in responding to the Request for Proposals, CZM and TRC acknowledged that
the criteria used for the mapping would be limited in terms of taking into account
environmental resources and sensitive areas, relative to those areas that are technically
feasible for a given technology. However, this limitation is a shortfall in the overall
process of assessing environmental suitability for identifying potential candidate siting
areas of offshore energy facilities. Accordingly, we recommend a similar mapping
project that: 1) maps the location of environmental resources; 2) discusses in general the
environmental impacts that can be expected as a result of the technologies; and 3) maps
locations best suited for siting based on environmental issues (assuming this has not
already been done or is in process). Integration of this environmental information with
the human use data and siting areas found under this project should be via a map that
incorporates the full range of human use, technological and environmental siting
constraints.
6.2.2

Dissemination of Information

The report and maps should be made available to individuals within the EOEA, including
CZM, other state agencies, and individuals who are interested in taking part in the
development of policies that address offshore development of renewable energy. Local,
state and federal environmental permitting agencies that do not necessarily have a
planning or policy development focus may also find this information useful in order to
understand and prepare for the review of future offshore energy projects. A summary
presentation of this material to applicable agencies and or the public would be one
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effective way to introduce this information to interested parties. A presentation would
allow the Commonwealth the opportunity to explain the results of the study, discuss the
state’s goals with respect to its planning efforts for offshore development, and allow input
from stakeholders into the planning efforts.
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Potential Candidate Siting Areas Criteria Tables: Wind Turbine Siting
Relative
Ranking of
Criteria by
Importance
(1)

Siting Criteria
(2)

Sub-Criteria

Notes

Data Source

1

Wind

Wind Speed Categories at 70
Meters:
15.7 to 16.8 mph
16.8 to 17.9 mph
17.9 to 19.0 mph
19.0 to 20.3 mph

Higher wind speed zones will deliver higher power yields, but almost all of
Massachusetts offshore area is capable of yielding viable wind speeds for a
wind farm. Actual wind speed requirements vary depending on the specific
attributes of a project (i.e. MW capacity of a project, height of turbines,
overall project cost, and financing). To assist in planning and siting uses in
the future, TRC has shown the location of different wind zones (See
Appendix D - Figure D-3. Inventory of Reasonably Foreseeable Energy
Siting: Offshore Wind Turbines)

Available wind maps were obtained from AWS True Wind
(http://www.awstruewind.com).

1

Depth

5 to 20 meters (optimal)

This is the water depth range that is technically foreseeable and macroeconomically foreseeable, and is the most geographically limiting siting
criteria in this study.

(Alkinton, 2006, Musial, 2006; Manwell 2006; Olmsted 2006)

1

Depth

0 to 5 meters and 20 to 45
meters

These areas are technically foreseeable with unknown macro-economics.

(Alkinton, 2006; Musial, 2006; Manwell 2006; Olmsted 2006).

2

Bedrock

Presence of Bedrock at or
near the surface

Requires costly drilling and or foundations

See metadata: U.S. Geological Survey 200506
CONMAPSG: Continental Margin Mapping (CONMAP) sediments
grain size distribution for the United States East Coast Continental
Margin

2

Distance to onshore electrical
interconnection

-

Though distance to onshore electrical interconnection is an important siting
factor, it is not possible to assume a macro-economic cut off distance beyond
which transmission lines would not be economically feasible. Such distances
can vary considerably based on the size of the Project, transmission voltage
selected, type of transmission voltage (alternating current (AC) versus direct
current (DC)) and the volatile cost of electricity that factors into overall
Project revenues. Other factors influencing the maximum transmission line
length in the ocean include geological conditions in the area, the
environmental sensitivity of the location, and the onshore transmission line
length required to an onshore interconnect.

Shoreline Location from CZM Human Use Data. See metadata

Notes:
(1) Relative importance of ranking criteria within a technology can vary widely depending on the size of the Project, the developer’s goals, cost of electricity. All criteria have the potential to be critical. We have ranked them
based on our professional judgment. Some rankings are equal and were given the same number.
(2) See Figure D-3 in Appendix D for an Inventory of Reasonably Foreseeable Energy Siting: Offshore Wind Turbines in Massachusetts.
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Potential Candidate Siting Areas Criteria Tables: TISECs Siting
Relative
Ranking of
Criteria by
Importance
(1)

Siting Criteria
(2)

Sub-Criteria

Notes

Data Source

1

Current Speed

Minimum of 3 knots

TRC mapped all sites in Massachusetts with a maximum 3 knot current speed
or better using the NOAA Tide Current Tables for the Atlantic Coast of
North America. The velocity of 3 knots was chosen to capture the very best
locations in Massachusetts. This tidal velocity is well below the maximum
current speed for which most turbines are designed to operate (roughly 4 to 6
knots – based on the rated speed of the turbine and is below the approximate
four knot speed suggested as a very rough proxy for minimum viable current
speed for this technology (Bedard, 2006). We note also that it is below the
overall average maximum speed of all the proposed sites in the United States
combined of 3.5 knots. TRC chose the current speed of 3 knots or more, in
order to be inclusive of the best sites in Massachusetts.

Bedard, 2006
NOAA Tide Tables for North America. 2006
FERC Preliminary Permit Applications of Verdant, NYTidal,
MATidal, METidal, NHTidal, Tidwalker Associates, WATidal,
ORTidal, Florida Hydro

2

Bedrock

Presence of Bedrock at or
near the surface

Can be problematic in terms of anchoring and add to project cost.

See metadata: U.S. Geological Survey 200506
CONMAPSG: Continental Margin Mapping (CONMAP) sediments
grain size distribution for the United States East Coast Continental
Margin

2

Distance to onshore electrical
interconnection

-

Though distance to onshore electrical interconnection is an important siting
factor, it is not possible to assume a macro-economic cut off distance beyond
which transmission lines would not be economically feasible. Such distances
can vary considerably based on the size of the Project, transmission voltage
selected, type of transmission voltage (alternating current (AC) versus direct
current (DC)) and the volatile cost of electricity that factors into overall
Project revenues. Other factors influencing the maximum transmission line
length in the ocean include geological conditions in the area, the
environmental sensitivity of the location, and length of the onshore
transmission line interconnection required.

Shoreline Location from CZM Human Use Data. See metadata

Notes:
(1) Relative importance of ranking criteria within a technology can vary widely depending on the size of the Project, the developer’s goals, cost of electricity. All criteria have the potential to be critical. We have ranked them
based on our professional judgment. Some rankings are equal and were given the same number.
(2) See Figure D-2 in Appendix D for an Inventory of Reasonably Foreseeable Energy Siting: Tidal In-Stream Energy Conversion Devices in Massachusetts.
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Potential Candidate Siting Areas Criteria Tables: Wave Energy Siting
Relative
Ranking of
Criteria by
Importance
(1)
1

Siting Criteria
(2)

Wave Height

Sub-Criteria

Significant Wave Height

Notes

NOAA tracks wave height in terms of “significant wave
height”, which is equal to the average height of the highest
one third of waves recorded in a 12 hour period.

Data Source

See Metadata: Offshore NOAA buoys

Minimum wave energy/height for viable operation was not
available from manufactures except from Ocean Power
Delivery which stated 15kW per meter statistic was their
approximation of economic viability. Below that, locations
are clearly marginal. The site off of Truro, (one of the best
in Massachusetts for wave power) had an ocean power
rating of only 13.8 kW/m and is therefore considered
marginal.
1

Depth

(1) Scott, 2006
(2) http://www.energetech.com, `
(3) http://www.wavedragon.co.uk
(4) http://www.waveswing.com/
(5) http://aquaenergygroup.com/projects/index.php

Required Depths for Each Manufacturer:
Ocean Power Delivery > 50 Meters (1)
Energetch 20 to 30 Meters (2)
Wave Dragon 20 to 30 Meters (3)
Wave Swing 80 to 90 Meters (4)
Aqua Energy 50 to 75 Meters (5)

2

Bedrock

Presence of Bedrock at or near the surface

Can be problematic in terms of anchoring and add to project
cost.

See metadata: U.S. Geological Survey 200506
CONMAPSG: Continental Margin Mapping (CONMAP) sediments
grain size distribution for the United States East Coast Continental
Margin

2

Distance to onshore electrical
interconnection

-

Though distance to onshore electrical interconnection is an
important siting factor, it is not possible to assume a macroeconomic cut off distance beyond which transmission lines
would not be economically feasible. Such distances can
vary considerably based on the size of the Project,
transmission voltage selected, type of transmission voltage
(alternating current (AC) versus direct current (DC)) and the
volatile cost of electricity that factors into overall Project
revenues. Other factors influencing the maximum
transmission line length in the ocean include geological
conditions in the area, the environmental sensitivity of the
location, and the onshore transmission line length required
to an onshore interconnect.

Shoreline Location from CZM Human Use Data. See metadata
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Potential Candidate Siting Areas Criteria Tables: Wave Energy Siting
Relative
Ranking of
Criteria by
Importance
(1)

Siting Criteria
(2)

Sub-Criteria

Notes

Data Source

Notes:
(1) Relative importance of ranking criteria within a technology can vary widely depending on the size of the Project, the developer’s goals, cost of electricity. All criteria have the potential to be critical. We have ranked them
based on our professional judgments for general informational purposes. Some rankings are equal and were given the same number.
(2) See Figure D-4 in Appendix D for an Inventory of Reasonably Foreseeable Energy Siting: Wave Energy in Massachusetts.
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Potential Candidate Siting Areas Criteria Tables: LNG Siting
Relative
Ranking of
Criteria by
Importance
(1)

Siting Criteria
(2)

1

Depth

Sub-Criteria

Notes

Depth Criteria Depending on LNG
Technology Type

Data Source

1 Pepper, et al, 2004
2 Cameron, 2006
3 New England Gateway Environmental Report

GBS Based Terminal Configuration 15 –
30 meters (1)
Fixed Structure Platform
15 to 100 meters (1)
Floating Storage and Re-gasification Unit
15 to 30 meters (2)
Floating Storage and Regasifiction Unit
Deeper Technology (less favorable) 70 to
1000 meters (2)
Submerged Turret Loading Buoy System
70 to 100 meters (1)(3)
Submerged Turret Loading Buoy System
(less favorable) 100+ meters (3)
2

Bedrock

Presence of Bedrock at or near the surface

Can be problematic in terms of anchoring and add to project
cost.

See metadata: U.S. Geological Survey 200506
CONMAPSG: Continental Margin Mapping (CONMAP) sediments
grain size distribution for the United States East Coast Continental
Margin

2

Distance to onshore electrical
interconnection

-

Though distance to onshore gas interconnection is an
important siting factor, it is not possible to assume a macroeconomic cut off distance beyond which transmission lines
would not be economically feasible.

Shoreline Location from CZM Human Use Data. See metadata

Notes:
(1) Relative importance of ranking criteria within a technology can vary widely depending on the size of the Project, the developer’s goals, cost of electricity. All criteria have the potential to be critical. We have ranked them
based on our professional judgment. Some rankings are equal and were given the same number.
(2) See Figure D-5 in Appendix D for an Inventory of Reasonably Foreseeable Energy Siting: Offshore LNG in Massachusetts.
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Note on Format of Question and Needs Forms
In some of the following Questionnaire and Information Needs Forms, entry fields were left
intentionally blank as specific questions were either not applicable or an answer could not be
readily obtained through the contact or available online resources.
The Questionnaire and Information Needs Forms are arranged in alphabetical order by the source
contacted.
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Appendix D
Oversized Maps
Provided as Separate Attachment

Figure D-1.

Existing and Proposed Offshore Energy Facilities

Figure D-2.

Inventory of Reasonably Foreseeable Energy
Siting: Tidal In-stream Energy Conversion
Devices

Figure D-3.

Inventory of Reasonably Foreseeable Energy
Siting: Offshore Wind Turbines

Figure D-4:

Inventory of Reasonably Foreseeable Energy
Siting: Wave Energy

Figure D-5.

Inventory of Reasonably Foreseeable Energy
Siting: Offshore LNG

L2006-256

Appendix D

Appendix C

Questionnaire and Information Needs Forms

L2006-256

Appendix C

Note on Format of Question and Needs Forms
In some of the following Questionnaire and Information Needs Forms, entry fields were left
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The Questionnaire and Information Needs Forms are arranged in alphabetical order by the source
contacted.
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