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DISCLAIMER
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ABSTRACT
The Environmentally Friendly Drilling Program (EFD)
Project Final Reports

The Environmentally Friendly Drilling (EFD) program addresses new low-impact
technology that reduces the footprint of drilling activities, integrates light weight drilling
rigs with reduced emission engine packages, addresses on-site waste management,
optimizes the systems to fit the needs of a specific development sites and provides
stewardship of the environment. In addition, the program includes industry, the public,
environmental organizations, and elected officials in a collaboration that addresses
concerns on development of unconventional natural gas resources in environmentally
sensitive areas. The EFD program provides the fundamentals to result in greater access,
reasonable regulatory controls, lower development cost and reduction of the
environmental footprint associated with operations for unconventional natural gas.
Industry Sponsors have supported the program with significant financial and technical
support.

This final report compendium is organized into segments corresponding directly with the
DOE approved scope of work for the term 2005 — 2009 (10 Sections). Each specific
project is defined by (a) its goals, (b) its deliverable, and (c) its future direction. A web
site has been established that contains all of these detailed engineering reports produced
with their efforts. This site can be accessed at:

http://sites.qgoogle.com/a/pe.tamu.edu/efd-2005-2009---sponsors-site/

Goals of Program

The goals of the project are to 1) identify critical enabling technologies for a prototype
low-impact drilling system, 2) test the prototype systems in field laboratories, and 3)
demonstrate the advanced technology to show how these practices would benefit the
environment.

Background Leading to the Development of “Environmentally Friendly
Drilling”

With the support of the U.S. National Energy Technology Laboratory of the DOE and
other industry sponsors from GPRI, we have worked to identify and develop environ-
mentally friendly drilling (EFD) systems that incorporate current and new drilling tech-
nology. These new systems will be designed to be compatible with environmentally
sensitive or currently off-limits areas such as Federal lands in the Western United States



and the wetlands and marshes of the Gulf Coast. Funding from the U.S. DOE have been
augmented by industry funding (both cash and in-kind).

Scope of Work

The EFD program is intended to showcase new technology that the O&G industry is
developing to reduce the impact of operations on the environment. The prime effort of
the members is to integrate the various technologies into a cost effective system. To
accomplish this, the EFD members have created a systematic list of Tasks based on the
Scope of Work agreed to by our funding agencies and sponsors.

The scope of work for the project includes 15 Tasks. These are listed below.

Task 1 Research Management Development

Task 2 Technology Status Assessment

Task 3 Prelim. Economic, Market, and Environmental”

Task 4 Planning Prototype Development

Task 5 Specialized Operations Studies

Task 6 Mobilize Equipment to Test Site (Arrange transport, Deploy to Pecos,
Arrange storage)

Task 7 Test System Components

Task 8 Analyze Performance

Task 9 Additional Studies

Task 10 Phase | Final Report

Task 11 Prepare Full-Scale Engineering System Design

Task 12 Combine Selected Components into Integrated System for Test Site 1
Task 13 Site 2 Studies marsh-like environments & Coastal Margins

Task 14 Update Economic Analysis and Finalize Project Field Testing

Task 15 Report for Phase 2.

Deliverables.

The deliverables for the project are contained in 10 Report or Sections.
= Report 1: Background and Technical Approach

= Report 2: EFD Technology Assessment; circa 2005

= Report 3: EFD Systems Design

= Report 4: Advanced Drilling Technology: Low Impact Rigs

= Report 5: Low Impact Access: Reduced Surface Environmental Footprint

= Report 6: Waste Management: Produced Brine and Mud Pit Reduction

= Report 7: Outreach Activity, Public Acceptance, & Technology Assimilation

= Report 8: An EFD Scorecard for Operations

= Report 9: Presentations and Briefings




= Report 10: Publications

The Reports represent the work performed under the Texas A&M TEES contract and
DOE contract DE-FC26-05NT42658.
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Executive Summary

Web content found at

http://sites.google.com/a/pe.tamu.edu/efd-2005-2009---sponsors-site/home/chapter-4-advanced-

drilling-technology-low-impact-rigs

Goals and Objectives of the Project

Environmental issues are a significant part of every energy industry endeavor whether exploiting
new natural gas resources in Western U.S., or extending field development in coastal areas of the
U.S. creating a new, dual engineering and environmental research program. The long range goal
of the program is to reduce the footprint of O&G exploration and production operations. Our
specific goals have been to design a drilling system that can operate in environmentally sensitive
areas with little or no impact.

The long range goal of the EFD program is the integration of currently known but unproven or
novel technology to develop drilling systems that will have very limited environmental impact
and enable moderate to deep drilling and production operations and activity.

The specific objectives of the DOE Environmental Drilling Systems Project:

(1) To identify new technology that can reduce or eliminate the impact of drilling operations
on environmentally sensitive areas

(2) To design an EFD system using most promising technology
(3) To include environmental stakeholders in designs

The petroleum industry may be well equipped to demonstrate its economic contribution and the
benefits it brings to society through energy, chemicals, and other products, and through wealth
generation and employment creation. However, the key challenge for the industry is how to
satisfy energy demand, while safeguarding the environment. This is especially challenging in the
restricted areas of the U.S. in the arid/semi-arid deserts and coastal inland wetlands of the U.S.
where these ecologies are very sensitive to disruptive activity but have significant value to
society.

The information contained in this report is the foundation to develop a Best Available
Technology for E&P in sensitive areas within the lower 48 states of the U.S. and is part of the
Environmentally Friendly Drilling Project awarded to GPRI and Noble Corporation by the U.S.
Department of energy in October 2005. The concept of the project is to integrate currently
known but unproven or novel technology into a drilling process or system and enable moderate
to deep drilling and production operations with very limited (preferably no) environmental
impact through the lifecycle of a well and field development.

List of Tasks: Accomplishments

EFD Technology Assessment



In the last decade substantial technology has been transferred from the premium offshore drilling
industry to increase the safety, efficiency, and lower the environmental impact of land drilling
rigs. Substantially more technology is available to develop zero discharge on land operations
and reduce the impact of land drilling rigs. And substantially more technology is available to
develop zero discharge on land operations and reduce emission and location impact to the
ecology both onshore and offshore.

1. Transportation equipment and/or methods that are used in or developed for other sensitive
areas and do not require building of conventional roads but carry heavy loads with little or no
permanent damage to the soils, vegetation, or animals that inhabit the sensitive or off-limits
areas. Road-less or disappearing road concept(s) would be of interest. Low ground pressure
equipment e.g., Hover craft, Rolligons. Temporary roads construction methods and materials

2. Drilling Equipment and Methodologies: new smaller modular rig designs, automation, and
pipe handling equipment to reduce the environmental footprint also reduce downtime for rig
moves improving the economics and safety issues. Pad Drilling using horizontal, multilateral
drilling and or extended reach drilling not only for multiple completions in gas reservoirs but
also for production and gathering lines and disposal systems.

3. Zero Pad concept and issues related to onshore platform concept low impact ecological
footprint (reduced land usage). Improve drilling equipment efficiency and methodology to
reduce green house gas emissions i.e., zero discharge concepts. Bring lessons learned offshore
and economically apply onshore. Low ecological footprint.

4. Waste management during drilling and production operations life cycle. Capture all waste and
runoff (waste management) during drilling, and completion operations (e.g., arctic platform) and
no waste generated concept. Individually many of these concepts have been developed to varying
degrees, the key objective is the synergistic incorporation of a number of current and emerging
technologies into a single clean drilling/production system with no or very limited impact. The
ultimate deliverable would be to define the best available technology and a prototype
demonstration of a sustainable life cycle system to access sensitive areas for the exploration and
exploitation of natural gas primarily in the lower 48 continental states and marshes of the U.S.

5. Rig Technology: A plethora of patents exist on technology associated with modular and
mobile oil well drilling. Some have been utilized as proposed most seem to have aspects of past
and present techniques. Though this technology assessment was not an exhaustive search, what
is presented is to define the state of the art for land drilling operations. Most descriptions of
modular land rig processes use methods to assemble the components on small and fewer
roadable loads then easily assemble these roadable packages and elevate the modular rig
platforms without use of cranes and gin pole trucks.

7. Low impact access processes: Moving equipment, supplies, and people to and from a drilling
site at the right time can be logistically complex. Add the restriction that there must be no or
limited impact to the environment, and complexity is magnified significantly. Protecting
cryptobiotic soils in the west and southwest and inland and coastal wetlands will be challenging.
However, implementing combinations of current large transport and temporary road technology
could make this objective achievable.

Environmentally Friendly Systems Design



The Program is taking a systems approach to the integration of currently known but unproven or
novel technology in order to develop drilling systems that will have very limited environmental
impact and enable moderate to deep drilling and production operations and activity with reduced
overall environmental impact. The drilling process is considered a complex activity composed of
a set of processes interrelated by purpose, sequence, and time. The systems themselves are made
up of sub systems. The rig and the surface equipment is a complex subsystem of the drilling
process. The subsystem includes the drilling control system, drilling machine, pipe handling,
blow-out-preventer (BOP) and handling system, mud supply, and mud return. Though defined
for the offshore jack up design environment, many of the concepts have transitioned to the
onshore rig design.

The focus of the research effort has been the drilling systems and operations, recognizing that
there is a need to also consider other oil and gas systems and operations. Environmentally
Friendly Exploration and Production scorecards could be developed, as a minimum, for:

» Exploration

e Dirilling

e Completion

* Processing

* Refining

» Transportation

» Distribution

* Field Development
* Field Operations

An EFD scorecard for drilling systems and operations was selected as the first scorecard to be
developed due to the ease at which a boundary can be established around the time and location
for the systems and operations. The objective of the EFD scorecard is to have a methodology that
is meaningful, simple and easy to implement and understand. Five attributes were identified as
meaningful to evaluate: site (soil/sediment), water, air, biodiversity and societal issues. Each
attribute could have several layers or sub-attributes. As an example, within biodiversity, the
potential threat to wildlife due to proximity or timing of operations could be assessed and
minimized. Drilling activities have the potential risk of temporarily interfering with wildlife. The
risk can be mitigated through proper planning and monitoring of operations. The EFD scorecard
has two point levels. First are the prerequisites — those items that must be done. Secondly are
optional credits — those items that are considered best practices, going beyond minimum
operating requirements. These concepts are described more completely in the body of the report.

Application of Membrane Filtration Technologies to Drilling Wastes

The Waste Water Management section of the EFD program funded a renewed look at dealing
with the issue of waste management and re-use particularly with regards to produced water and
water based drilling wastes, developing solutions that would possibly reduce the size of reserve
pits needed in drilling operations and achieve significant waste volume reduction through the
extraction of water from drilling wastes encouraging reuse of the extracted water in drilling
operations and the concentration of suspended solids.

The EFD is investigating the use of membrane-filtration technologies in the aforementioned aim
of waste volume reduction and water extraction from drilling wastes. The investigation



involves processing actual drilling wastes using various membrane types and configurations in
developing solutions to challenges facing membranes particularly fouling. We are investigating
the ability of these membranes to effectively remove the suspended solids from waste streams
and refine the waste to levels where they could be used in drilling operations or sent for further
treatment such as desalination. Our aim is to develop a mobile treatment unit made of a suitable
membrane system that could be deployed to drilling sites to be used as an onsite option aimed at
recycle or re-use of water resources.

Texas A&M has an on-going project to look at various membrane-filtration technologies with
water based oilfield wastes and coupling this with our prior development of field deployed
technologies in developing a cost efficient membrane filtration system for field application. We
show in this report how membranes have been used in the filtration of actual solids laden field
supplied water based muds and a solids simulated laboratory water based mud, highlighting the
compatibility of membrane systems with water based muds.

In light of the evolving stringent regulatory standards and in demonstrating good stewardship of
the environment, the Oil and Gas industry is expected to be active in reducing the footprint of its
various activities on the environment and in showing optimal use of resources. This approach to
dealing with drilling wastes confers the two-fold advantage of optimal use of water resources
through re-cycle and the reduction of the footprint of drilling operations well within reasonable
economic costs by saving significant waste treatment, hauling and freshwater costs.

A comprehensive study based on the research program of Dr Olassaun Olatubi is described in
this report.

Advanced Drilling Technology: Low Impact Rigs

This segment of the overall EFD program sought to identify systems using new technology such
as light weight drilling rigs compatible with smaller well pad locations to reduce the footprint of
drilling activities. A number of studies were conducted. The first study evaluated the industry’s
new generation of light weight rigs that require smaller well pads or could be utilized with
modular platforms to reduce well site size while retaining the capability of drilling greater than
10,000 ft. The next effort was to ascertain if a modular platform design previously used in the
Arctic on the North Slope could be adapted to use in coastal margins and/or desert ecosystems
drilling operations. Later in the program the EFD team incorporated the technology developed
within the Microhole Technology program funded by DOE and managed by Roy Long.

Two of our industry sponsors — Huisman and National Oilwell VVarco (NOV) manufacture rigs
and have supported our project. This report incorporates information from meetings with these
sponsors, plus other companies who build and operate rigs including Helmerich & Payne,
Nabors Drilling and Xtreme Coil Drilling. The evolution of rigs in the drilling industry is evident
as other companies are introducing new smaller footprint rigs including Schramm, Honghua
America, MD Cowen (DC Electric super single), Pioneer Drilling, IDM Quicksilver and others.
These companies and others are building the next generation small, efficient rigs. The features
include:

e Minimized rig-up/down time

e Compact well site footprint

e Reduced environmental impact
e Smaller crew size



e Lower transport cost

e Fast, efficient pipe handling

e Minimized accident exposure

e Smaller equipment size

¢ Reduced transport loads by as much as two thirds

e Smaller access road requirement,

e AC driven — Minimized hydraulics, reduced emissions
e Meet the majority of drilling conditions

Also important is the transportability of the new types of rigs, so they can get in, drill the well
and get out as fast as possible. The rigs are modular so the access roads can be smaller, with less
environmental impact, and it takes fewer people to assemble the rigs. The name “super single” is
associated with many of these rigs. This means that the mast is much shorter because the rigs
only use a single strand of drill pipe, and thus not as visible. This also allows the rigs to be more
portable. The automation design used on these rigs makes this practical and does not
compromise the drilling speed. Improvements to the drilling process include AC driven power,
so the rigs are much quieter. It also reduces much of the hydraulics that potentially poses a threat
of leaks. Some rigs are designed to use power from the power grid when it is available; this can
also reduce the noise and need for additional generators.

Other improvements include better environmentally acceptable drilling fluids and fluids
handling, managed pressure and underbalanced drilling and new bit designs; all designed to
improve the drilling process, making it more efficient, safer with less impact on the environment.
So even with a higher day rate associated with a more modern drilling system, the well
construction can cost less in many cases (per completed well) than drilling with conventional
rigs. When horizontal drilling is applied, the total field development cost is less than drilling
several vertical wells in the same area, especially when adding the cost of well site, associated
mobilization cost of the rigs, operating costs associated with roads, infrastructure, and production
facilities.

The EFD program also studied the feasibility of incorporating alternate sources of energy in
drilling operations including solar, wind, fuel cell technology, and connecting to the grid. The
most promising technology, grid drilling, was studied in detail and an engineering design was
created for a power transmission link (up to 2 miles) to provide prime power to the rig as an
alternate to diesel/generator packages.

The goal of this project is to determine the feasibility of adopting technology to reduce the size
of the power generating equipment and to provide “peak loading” energy through the use of new
energy generating and energy storage devices.

This project is part of a larger Proposed GPRI/Crisman Study to develop theoretically and
empirically an energy inventory of the drilling process from a rig perspective. There are a
number of current technologies that can be used to partially provide power to a rig and reduce
fuel consumption and emissions. These need to be evaluated technically and economically to
determine the feasibility of application to a drilling rig (e.g., diesel additives, types of fuels (gas,
dual fuel system, synthetic fuels etc, wind energy, solar cells, fuel cells, power management, and
gas turbine generators). Together with these technologies, new energy storage technology
(specifically energy storage compatible with drilling operations) will be required
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Milestones Met

This program has developed an environmentally friendly drilling system and in addition
developed an environmental scorecard. The EFD program’s Scorecard and its Systems Design
were developed to determine the tradeoffs associated with implementing low impact drilling
technology in environmentally sensitive areas. The scorecard assesses drilling operations and
technologies with respect to air, site, water, and biodiversity issues. Low environmental impact
operations reduce the environmental footprint of operations by the adoption of new methods to
use in (1) getting materials to and from the rig site (site access), (2) reducing the rig site area, (3)
using alternative drilling rig power management systems, and (4) adopting waste management at
the rig site.

Finally the effort at technology transfer and interactions with the public has addressed an understanding
of the social impacts associated with this immense unconventional energy development. Theodori used
key informant interview data collected in two Barnett Shale counties to investigate the reported positive
and negative outcomes of unconventional energy development, as well as the similarities and
differences in perceptions between respondents from each of the study counties. He discusses practical
applications and future research implications of our findings.

List of Accomplishments

2005 -2008

Accomplishments

1. Technology Assessment Reports on current practices.

2. An engineering design and mathematical model to incorporate disparate low impact
technology into one optimal EFD system for developing resources

3. Integration of a modular, light weight, top drive casing drilling rig into a low impact drilling
system design

4. Establishment of a waste management system at the rig site for mud pit cleanup, desalination,
and for water reuse at the rig site.



5. Establishment of a program to supply alternate power for rigs

6. A survey report on the Impact of O&G Activities on Environmentally Sensitive Environments.
7. Establishment of a “Disappearing Roads” competition for engineering students across the U.S
(to encourage innovative collaborative problem solving).

8. Development of public survey instruments to support introduction of new EFD programs into
the community

9. Established partnership among landowners, operators, service companies and environmental
organizations to review and discuss low impact technologies.

10. Development of an EFD scorecard methodology to measure tradeoffs between oil and gas
activities and environmental / societal issues.

The goal of the EFD Program has been to further advance the knowledge and development of
environmentally friendly oil and gas activities. The program enables a dialogue between the
energy industry, environmental organizations and appropriate government agencies and
legislators.

The program is dedicated to the development and integration of low-impact technology and
systems for unconventional natural gas resources. To reduce the environmental footprint of
operations, the program will incorporate new methods in (1) logistics (site access), (2) rig/site
area, (3) alternative power options, and (4) waste management. The program is a partnership of
the Houston Advanced Research Center, Texas A&M University, Sam Houston State University,
University of Arkansas, the University of Colorado, West Virginia University and
TerraPlatforms, L.L.C.

The program provides a comprehensive technology transfer effort that includes outreach to
industry, NGO's, government officials and the general public. In addition, a scorecard system is
being developed to recognize those companies who employ the most applicable technologies and
systems that minimize the environmental tradeoffs of oil and gas operations in sensitive
ecosystems.

Web Sites

1. Master Site: www.efdsystems.com

2. Link to A&M Low Impact Access to Well Sites:
http://sites.google.com/a/pe.tamu.edu/low-impact-access/

3. Link to A&M Optimization of Surface Site Selection for O&G Operations

- http://sites.google.com/a/pe.tamu.edu/optimization-models-for-surfaceplacement-
of-o0-g-drill-sites/

3. Link to A&M Alternate Rig Power Options:
http://sites.google.com/a/pe.tamu.edu/gpri-alternate-rig-power-study/

4. Link to A&M OQil Field Brine Desalination and Mud Pit Cleanup:
http://www.GPRIDesigns.com

5. Link to Systems Engineering Design of Complex Low Impact Wells:
http://sites.google.com/a/pe.tamu.edu/environmentally-friendly-drilling/Home/efd-systems-
engineering

6. Public Perception and Acceptance of New Technology

. http://sites.google.com/a/pe.tamu.edu/environmentally-friendly-drilling/Home/public-perception-
and-acceptance-of-new-technology

7. EFD Alliance http://sites.google.com/a/pe.tamu.edu/efd-alliance/




Return to Top

Page 1

Environmental Friendly Drilling Systems
Volume 1

Background and Technical Approach

This Introduction and Overview represents Volume 1 in the compilation of work
accanplished during the years 2005 through 2008.

This section represents work done as part of the Statement of Work - Task|1
Research Management Plan.

Goals and Obijectives of the Project

Environmental issues are a significant part of every energy industry endeavor
whethe exploiting new natural gas resources in Western U.S., or extending field
development in coastal areas of the U.S. creating a new, dual engineering and
environmental research program. The long range goal of the program is to reduce
the footprint of O&G exploration and production operations. Our specific goals
have been to design a drilling system that can operate in environmentally sensitive
areas with little or no impact.

Program Goals & Objectives

The long range goal of the EFD program is the integration of currently known but
unproven or novel technology to develop drilling systems that will have very
limited environmental impact and enable moderate to deep drilling and production
operations and activity

The specific objectives of the DOE Environmental Drilling Systems Project:

(1) to identify new technology that can reduce or eliminate the impact of drilling
operations on environmentally sensitive areas.

(2) To design an EFD system using most promising technology

(3) To include environmental stakeholders in designs
Methodology
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Large scale oil and gas production operations have been criticized as creating an
undesrable footprint, especially in environmentally sensitive areas. Present day
O&G operations to explore or develop oil and gas reserves are being held up in
many areas based on the continuation of the historical operating practices for
building drill sites. Even as the industry modifies its standard operating practices,
being more aware of the environmental criteria and the associated regulations
evolved, as in Alaska, access roads, well sites, and operations activity, for various
oilfield operations are raised as barriers to oil and gas development.

Accordingly, if the corridors to well sites, and the well sites themselves are minimized,
and the technology to accomplish this can be incorporated into emerging low impact
technology currently being developed by the O&G industry, the result should be an
“environmentally friendly” drilling system, one that can be used to explore for and
produce oil and gas with greater acceptance by the general public and stakeholder
interests

Project Organization
Project Management

The Project Manager for the EFD Program (2005-2009) was David Burnett,
Directa of Technology GPRI, Department of Petroleum /engineering Texas AM
University. His Deputy Project Managers have been Tom Williams, formerly of
Noble Technology Services and Rich Haut of the Houston Advanced Research
Center (HARC). Administrative tasks were be the responsibility of Ms. Connie
Conaway. The Project Manager had overall responsibility of the Project to meet
deliverables stated in the SOW and to meet schedule deadlines. Project Manager’s
involvement in each of the major Tasks of the project is listed in a MS Project
“Resource Assessment Report”. An organization chart is shown in Table 1

Advisory Committee and Task Working Groups

The Advisory Committee was made up of O&G industry representatives and
GPRImembers who are sponsoring the project. The Chair of each Task Working
group also served on the Advisory Committee as did the Department of Energy
Project Manager.

Five Task Working Groups were been created. These groups or committees
represented the interests of our EFD sponsors, reflecting the needs of those
stakeholders with interests in preserving desert ecosystems and fragile coastal
margins, and those responsible for the development of O&G natural resources.
The EFD Advisory Committee (or Council) was made up of GPRI sponsors and
TWG Chairs. The Organization Chart and the Task Working Groups are shown in
Table 1 and Table 2.
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Table 1 EFD Organization
DOE COR JIP
Sue Industr
’_1 I
.| GPRI- Program Management Noble
""""""" Technology

Access/ Low Impact

Contracts Transportation

Eyad Masad TA&M

Project Accounting -

Environmental TWG

HARC
Supply Chain
Technolog_y Wastemanagement

TWG

Production Operations TWG

Table 2 Task Working Groups

Drilling & Platform TWG
John Rogers - Chair

Platform Design
Jean Louis Briaud
TA&M

Task Working Group

Curr ent Members

1. Drilling/Platform TWG

Noble Technology Services*

Anadarko Petroleum*

Huismann

National Oil Well Varco

A&M Civil Eng.

2. Waste Management TWG

HARC*

BP

Chevron

Derrick Equipment

Halliburton*

MI SWACO

PTTC
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Shell

Statoil*

TAMU

S

*

3. Access TWG TAMU Civil Engineering*

Halliburton

Hovertrans

Rolligon

Texas Transportation Institute

American Society of Civil Engineers (DR contest sponsor)

4. Environmental TWG HARC*

TAMU CESU (National Park Service)

Padre Island National Seashore

Nature Conservancy (invited)

TAMU Park Recreation and Tourism Dept.

TAMU Rangeland Ecology Management

5. Technology Acceptance & TAMU Park Recreation and Tourism — Rural Sociology
AssimilationTWG

Texas Water Resources Institute

Petroleum Technology Transfer Institute

DOE NETL*

6. Production Operations TWG TAMU Petroleum Engineéring

* Denotes Industry Advisory Board Member

Administrative Structure

Overall responsibility for the project was with Texas A&M PE - GPRI. The
adminidrative organization, Texas Engineering Experiment Station (TEES),
served as the formal contractor with the DOE, managing accounting, contracts,
and intellectual (P) issues. The Top level work breakdown structure is shown in
Table 3.

Project managers were chosen for two of the key areas. Mr. John Rogers of Noble
Technology Services managed technical issues related to the Drilling and Platform
technology development. The information describing these Task Working Groups
was developed by him. Dr. Rich Haut of HARC was responsible for the Waste
Management TWG and has provided the information in this review and
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assessment relating to those concepts and practices to be incorporated into an EFD
system The Access TWG (Low Impact Transportation Systems) had several key
individuals, but no Group Chair was selected. The Waste Management TWG and a
Production TWG were established as separate entities early in the program.

Table 3Top Level Work Breakdown Structure

Environmentally Friendly
Drilling (EFD) System

\ ] \ )

Program Data Low Impact | | Drilling Rig| | Production Systems
Management| | Analysis & | [Transportation and Completion | | Evaluation

integration | | information System Platform System and Testing
System

Environmental Friendly Drilling Systems -
Indu stry information

Almost without exception, stakeholders from the environmental sector have said
that ragmentation of the habitat is the most damaging effect of O&G drilling
activities. Environmental fragmentation stems from both access roads T/F well
sites, the well sites themselves, and the infrastructure developed for O&G
production. These concerns are voiced both by those in the West (desert
ecosystems) and those on the coastal margins.

Environmental Effects of O&G activity

Environmental issues are a significant component of every energy industry
endeaor, whether developing deep water reserves in the Gulf of Mexico,

exploiting new natural gas resources in Western New York, or extending field
development in coastal areas of the U.S. Individually, many O&G operators and
service companies are employing new ways to comply with environmental
guidelines in their areas of operations. Collectively however, little has been done
to identify new technology that may offer ways to reduce or eliminate the impact
of operations. The Texas A&M partnership plans to identify ways to reduce the
impact of O&G activity on the environment.

12
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The EFD project focused on two types of environmentally sensitive environments,
a deert ecosystem and a coastal margin. Two Task Working Groups were
established to address environmental issues, the Environmental TWG and the
Acceptance and Assimilation TWG. The goals of the Environmental TWG were to
assess the impact of current O&G activity and to find a way to measure the effect
of new low impact technology as it is developed. For guidelines, the
Environmental TWG had access to the Environmental Impact Statement (EIS) for
the Jonah Field in Wyoming for Rocky Mountain desert like environments and the
Padre Island National Seashore Environmental Guidelines set up for that sensitive
coastal area. In addition representatives of the Environmental TWG participated
in the effort of the Access TWG to establish a low impact transportation system to
and from rig sites.

Societal Issues Related to O&G activity

The Assimilation and Acceptance Task Working Group (AAT) was and continues to be
an integral part of the EFD program. It is led by Dr. Gene Theodori an Associate
Professor in Rural Sociology at Sam Houston State University. Its goals were;

1. To provide technical input related to EFD. The AAT works with citizen
groups (stakeholders) to measure the societal dimensions of energy development in
environmentally sensitive areas.

2. To work in cooperation with other TWGs. Community impact issues are
defined and discussed and the implications incorporated into engineering program
planning..

Theodori worked with citizens and community leaders in Johnson County Texas
to ewduate the impact of the Barnett Shale development. He took the “lessons
learned” from polling residents in North Texas to the Gulf Coast where he has
assessed the importance of low impact drilling in the Padre Island National
Seashore Park.

Identification of Key Technology —Primary Topics
Intro duction

A systems approach was used to identify critical technology to integrate into a low
impact operations. It has been clear from literature review, industry experience
and stakeholder input that certain technologies are key. The five areas that were
chosen to incorporate into a low impact well design are described in the following
sections.

Drilling Rigs — Low Impact

A detailed review of rig technology, well construction technology has been
prepared for the WMTWG by Rogers, as part of the Technology Assessment
Report contained in Volume 2 of this compendium. Technology has allowed the

13
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industry to contact almost 60 times the volume of subsurface rock material that
could ke accessed in 1970 while occupying only one third the surface areai (Figure
1). The drilling and production process can be unobtrusive and more efficient if
the state of the art technologies are used concurrently on the same well. Roger’s
Technology Assessment Report reviews the current state of the art of drilling
technology and documents how the current surface rig technology with modern
drilling methods can lower the surface impact safely and economically.

1970 1980 1990 Present
20 ﬁ 16 E 12 6 Drillsite
acres —> acres > acres —> acres —> - sgize [

10,000’

drillable
4l —-— greg ‘

502 acres 2,010 acres 18,096 acres 32,170 acres
.8 sq. miles 3 sq. miles 28 sq. miles 50 sq. miles

Figure 1: Shrinking the Surface Footprint -- Expanding the subsurface Contact
Area (after Harrison')

Redudng Footprint of Well Sites- Platform Technology

In 2003, Anadarko Petroleum Corporation in conjunction with Maurer Technology and
the Department of Energy (DOE), installed and operated a reusable modular platform for
drilling operations on Alaska’'s North Slope (DOE project DE-FC26-01NT41331).
Anadarko contributed the sections of the onshore platform and this technology to TAMU
to employ in additional testing and demonstrations of the new technology in other
environmentally sensitive areas, including coastal wetlands and fragile high desert
ranges. Field application of the new platform clearly demonstrated the ability to
dramatically decrease the footprint and environmental effects of drilling operations in
ecologically sensitive areas. This project also showed that a system could be installed
“road-less” without any adverse impact on the tundra, and that a zero-discharge facility
could be operated safely. This rig concept also incorporates a number of offshore designs
which have application to on-shore operations. These platforms will have the capability
for drilling a number of directional wells from one surface site.

Low impact Site Access
One key objective of the EFD program is to bring environmentalists into a dialog
with engineers responsible for low impact drilling system designs. Part of this

involves accessing the actual drilling area, and the environmental and technical
challenges associated with such access.

14
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Preliminary meetings of the EFD team with NGO groups were conducted to define
and hghlight the complexity of concerns from all stakeholders. The consensus
was that roads were of great concern as the biggest ‘risk’ to the protection of
environmentally sensitive areas and especially the U.S. National Park Lands.

Conventionally, roads are constructed to access drill sites, and given that distances
from the nearest paved highway can be significant, the building of a road may
have many more times a rig site’s impact in terms of area of disturbed landscape.
Roads may vary in aerial coverage from a few to over a hundred acres, depending
on the drilling site. The effects of access routes are described in detail elsewhere,
but putting in a road has a multitude of impacts. For example, roads:

Disturb natural watersheds.

Remae vegetation coverage.

Change the topography and soil structure

Remove natural habitat for wildlife.

Provide a barrier to movement and spread of plants and animals.

Affect animal behavior.

Provide further access to sensitive areas off the main highway.

Pose a visual disturbance to the landscape.

After operations have been completed or suspended, the roads are frequently
‘remediated’. This removal is intended to allow both the recovery of the lands to

a pre-use condition so as to minimize additional access. What timeframe does it
take for natural habitats to recover? Padre Islands Park personnel have remediation
measures to allow roads to return to ‘pre-use’ conditions, but experience has
shown that such efforts pose difficulty, highlighting the complexity of potential
long term consequences of oil and gas operations.

Is a road really necessary- what about other forms of transport could be
considered? What would be the impacts of other ways of shifting materials,
equipment and personnel on and off site? What is the engineering practicality of
alternative access methods than the current road approach?

Faced with the importance of reducing or eliminating access roads to a well site,

the team created the idea of a “disappearing road, one that would “go away” after

a period of time or even not be a road at all. From the concept came the idea of a
challenge to civil engineers — to design a disappearing road.

Disappearing Roads — Nationwide Scholastic Competition

The aim of the program has been to create “Disappearing Roads” or “road less”
trarsportation techniques for the oil and gas industry for access to oil and gas drill sites in
environmentally sensitive areas. The program has three main objectives; (1) to form a
nationwide scholastic competition to create the concept of “Disappearing Roads” (DR),
(2) to create a research program to identify new concepts in “road less” transportation

15



Return to Top

Page 9

techniques usable in the oil and gas drilling operations, and (3) to compile a Handbook of
Best DR Practices for O&G Operations bringing together environmental interests with
engineering teams in a common effort to address low impact oil and gas operations in
environmentally sensitive areas.

The DR program also creates an educational tool to teach young engineers and scientists
how to incorporate sound environmental practices into engineering projects they may
work on in their upcoming careers.

It is the long term goal of this Texas A&M University led program to help the oil and gas
industry develop the capability reduce or eliminate well site access roads that create a
major negative environmental impact in oil and gas drilling operations

Waste Management

Low impact development of petroleum resources requires appropriate
management of all waste streams generated over the entire life cycle of a
development beginning with initial planning of projects and operations right
through to decommissioning and site restoration. Quality waste management
approach is crucial to achieve this goal. The principle aim of waste management is
to ensure that waste does not contaminate the environment at such a rate or in such
a form or quantity as to overload natural assimilative processes and cause
pollution. Eliminating or minimizing waste generation is crucial, not only to
reduce environmental liabilities but also operational cost.

E&P waste-management has evolved beyond the traditional drill cuttings and
excess drilling fluids during drilling and work over operations. Though these
comprise the vast majority of the wastes other materials include contaminated
water, material and chemical packaging, emissions such as carbon dioxide, scrap
metals, fuel, lubricants and other oils as well as the usual human and industrial
wastes associated with E&P operationépplication of computer models is new

tool to help manage solids control, wastes, and liability issues from a drilling
project

A detailed review of current waste management technology was prepared for the
Waste Management TWG by Haut. This report is the basis of the work described
in Volume 4 of this final compendium.

There are two other sources of information relating to waste management in the oil
field. Argonne National Laboratories is maintaining a web site defining waste
management athttp://web.ead.anl.gov/dwm/Second, the Texas Railroad

! Browning, K and S. Seaton: “Drilling Waste management: Case Histories Demonstrate That Effective
Drilling Waste Management Can Reduce Overall Well-Construction Costs,” SPE paper 96775 presented
at the 2005 SPE Drilling Conference 9-12 October, Dallas, Texas
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Commission information on Texas environmental compliance issues can be found
at http://www.rrc.state.tx.us/divisions/og/key-programs/p2|uhksnh

17
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Environmental Friendly Drilling Systems

Report 2

EFD Technology Assessment; circa 2005

The report enclosed contains a Technology Assessment of the state of the industry
circa 2005. The Assessment was prepared by Dr. John Rogers whose studies formed
the basis of our work planned during the years 2005 through 2008.

This section represents work done as part of the Statement of Work - Task 2

Technology Assessment

In the last decade substantial technology has been transferred from the premium offshore
drilling industry to increase the safety, efficiency, and lower the environmental impact of
land drilling rigs. Substantially more technology is available to develop zero discharge
on land operations and reduce the impact of land drilling rigs. Substantially more
technology is available to develop zero discharge on land operations and reduce emission
and location impact to the ecology both onshore and offshore.

This compilation focuses on the “State of the Art” in the E&P industry in the dawning of
the age of shale gas development.

18
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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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1. Executive Summary

The petroleum industry may be well equipped to demonstrate its economic contribution and the benefits it
brings to society through energy, chemicals, and other products, and through wealth generation and
employment creation. However, the key challenge for the industry is how to satisfy energy demand,
while safeguarding the environment. This is especially challenging in the restricted areas of the U.S. in
the arid/semi-arid deserts and coastal inland wetlands of the U.S. where these ecologies are very sensitive
to disruptive activity but have significant value to society.

The information contained in this report is the foundation to develop a Best Available Technology for
E&P in sensitive areas within the lower 48 states of the U.S. and is part of the Environmentally Friendly
Drilling Project awarded to GPRI and Noble Corporation by the U.S. Department of energy in October
2005. The concept of the project is to integrate currently known but unproven or novel technology into a
drilling process or system and enable moderate to deep drilling and production operations with very
limited (preferably no) environmental impact through the lifecycle of a well and field development.
Technologies include

1. Transportation equipment and/or methods that are used in or developed for other sensitive areas
and do not require building of conventional roads but carry heavy loads with little or no
permanent damage to the soils, vegetation, or animals that inhabit the sensitive or off-limits areas.
Road-less or disappearing road concept(s). Low ground pressure equipment e.g., Hover craft,
rolligans. Temporary roads construction methods and materials

2. Drilling Equipment and Methodologies: new smaller modular rig designs, automation, and pipe
handling equipment to reduce the environmental footprint also reduce downtime for rig moves
improving the economics and safety issues. Pad Drilling using horizontal, multilateral drilling
and or extended reach drilling not only for multiple completions in gas reservoirs but also for
production and gathering lines and disposal systems.

3. “Zero Pad” concept and issues related to onshore platform concept low impact ecological
footprint (reduced land usage). Improve drilling equipment efficiency and methodology to
reduce green house gas emissions i.e., zero discharge concepts. Bring lessons learned offshore
and economically apply onshore. Low ecological footprint.

4. Wastemangement during drilling and production operations life cycle. Capture all waste and
runoff (wastemanagement) during drilling, and completion operations (e.qg., arctic platform) and
no waste generated concept.

Individually many of these concepts have been developed to varying degrees, the key objective is the
synergistic incorporation of a number of current and emerging technologies into a single clean
drilling/production system with no or very limited impact. The ultimate deliverable would be to define
the best available technology and a “prototype” demonstration of a sustainable life cycle system to access
sensitive areas for the exploration and exploitation of natural gas primarily in the lower 48 continental
states and marshes of the U.S.

Rig Technology: A plethora of patents exist on technology associated with modular and mobile oil well
drilling. Some have been utilized as proposed most seem to have aspects of past and present techniques.
Though this technology assessment was not an exhaustive search, what is presented is to define the state
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of the art for land drilling operations. Most descriptions of modular land rig processes use methods to
assemble the components on small and fewer roadable loads then easily assemble these roadable packages
and elevate the modular rig platforms without use of cranes and gin pole trucks.

Substantial improvements in operational performance, safety, and employee productivity evolved from
modular rig designs in the late 90’s. Much of the newer innovative rig designs in the last decade have
evolved from the necessity of reducing costs of drilling and the evolution of modular land drilling rigs.
These highly mobile, automatic and semi-automatic—robotic— rigs emphasize safety of the rig workers
and the environment, and reduce the number of rig workers. Innovative designs have emerged worldwide
not only from U.S. suppliers of rigs but also from European and Asian manufacturers of rigs. The
majority of the technology is captured in the examples discussed. Additionally, Nabors, Pioneer and a
number of smaller drilling contractors are buying new builds from overseas for use in the U.S. and also
use outside of the U.S.

A review of the current rig technology is presented. Mobile and modular drilling rigs have historically
been the Holy Grail in the drilling industry, especially for land drilling operations. Substantial
improvement in operational performance, safety, and employed productivity evolved from when modular
rigs were finally accepted by the industry in 2006. The acceptance of self elevating substructures,
automation, and environmental considerations took nearly 40 years when one of the first self elevating
Rigs was disclosed by Lee C Moore in 1966. Helmerich and Payne initiated the acceptance by
introducing its flex rigs beginning in 1996. Most land based new builds have reduced the number of
people necessary on a drilling rig and substantially automated the drilling process with pipehandling
equipment, iron roughnecks, digital controls from the drillers doghouse and substantially reduced the
footprint.

New modular rig designs and automation has changed the job specifications of personnel and training
requirements of working on a drilling rig. Activities can be monitored in real time and performance
prediction can be made and workflow procedures adjusted to create more efficient operations.
Maintenance personnel will be able to detect problems that affect the “health of the system” and diagnose
predictive measures to schedule downtime outside of critical activities.

Many discussions in the literature have been presented and some conferences held around the theme of
“the rig of the future”. However little discussions have been raised as to how to power the rig or make the
rig more efficient and environmentally friendly and still maintain the reliability and robustness of
oversizing the prime movers yet operating them substantially below efficient design conditions. Drilling
rigs are sized for peak power needs. Conventional rigs usually use internal combustion engines sufficient
to mechanically drive pumps, drawworks, and rotary table directly through mechanical compounding or
drive a generator and use electric motors distributed throughout the rig to drive the other drilling rig
components. The latter is more prevalent in the current market though the former is still used on older
rigs that have not been refurbished. New build rigs are primarily equipped with AC generating capability.
Older electric rigs use(d) DC capability. AC motors have been found to be more efficient in heavy load
applications and much more controllable and can provide a concept to capture wasted power through
regenerative techniques.

Electrical power up to 5 MW is needed for land rigs and over 30MW for some offshore rigs.
Conventional internal combustion engines (ICs) and turbines and post combustion technology such as
selective catalytic reactors to reduce emissions are reviewed. Unconventional power (wind, solar, fuel
cell) generation is also reviewed. These unconventional methods can supplement diesel as a power
generating source especially in remote locations. Hybrid wind systems have been shown to save 18% to
over 25% fuel savings and displace significant greenhouse gas emissions. Rigs however are very
temporary and the power generation needs to be very portable, robust, and safe. Constructing a portable
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unconventional power supplement to ICs or CTs may not be technically or economically practical for
drilling operations. Power recovery and management utilizing regenerative techniques along with
electrical energy storage systems using modern composite flywheels, capacitor banks, or even fuel cell
concepts could be useful in reducing diesel fuel consumption and resulting in reduced emissions in
restricted or nonattainment areas. Types of fuels (natural gas, biofuels, synfuels and oils etc) and
additives are also discussed as to effectively increase efficiency and reducing emissions as compared to
mineral oil diesel. Biodiesel has lower energy content and thus uses slightly more volume of biodiesel
when compared to #2 diesels. However the biodiesel does not contain sulfur and reduces sulfur oxides in
the exhaust.

Turbines can deliver the same power as and IC engine in a smaller package (footprint). The electrical
efficiency is not significantly better than the diesel or gas IC unless a combined heat process (CHP) is
utilized. A CHP will add additional cost and design considerations and could swell the footprint but the
efficiency and reduction in emissions would significantly improve.

The US EPA has generated a new regulatory program to reduce emissions from future non-road diesel
engines by integrating engine and fuel controls as a system to gain the greatest emission reductions. All
new engines and installations will be required to meet the new requirements and is phased in over 20 year
time period that began 1996. The 1998 nonroad engine regulations are structured as a 3-tiered
progression depending on horsepower rating -- each tier becoming more stringent. Engines between 49-
99 hp have to comply with tier 2 regulations in 2007. Engines 100-751 hp will have to comply with Tier
3 and engines larger than 751-hp will continue at tier 2 until 2011. Engines greater than 3,000
horsepower will remain at Tier 1 until their Tier 4 requirements become effective in 2011. Additionally
EPA is adopting a limit to decrease the allowable level of sulfur in non-road diesel fuel by more than 99
percent.

Zero Pad Concepts: An elevated modular mobile platform is to be demonstrated for application in the
lower United States. The objective is to drill in sensitive areas without disturbing the ground surface as in
conventional land drilling operations and perhaps extend the drilling cycle time in the arctic. The system
consists of aluminum, or other light-weight material, modules approximately 12.5 ft wide and 50 ft long.
Modules need not be in those dimensions, but should be light enough to be transported to a drilling
location by aircraft, land vehicles, sleds, boats, barges, or the like. Additionally, the modules may be
configured to float and to be towed on water to the drilling site.

Wastemanagement: Eliminating or minimizing waste generation is crucial not only to reduce
environmental liabilities but also operational cost. Wastemanagement portion of this project is directed at
reduction, reusing, recycling and recovering and disposing in that order. Drilling smaller holes where
applicable reduces cuttings volume. Biotreating using vermicomposting (worms) to remediate cuttings,
converting them into a compost material that is useful as a soil enhancer. This method has been
suggested to be a preferred method compared to thermal treatment of the cuttings.

Thermal treatment of cuttings generally requires substantial equipment as well as energy consumption
and consequently additional emissions. Costs for thermal treatment range from $75 to $150/ton. Thermal
treatment are grouped into two categories — 1) incineration to destroy the hydrocarbons at very high
temperatures and 2) thermal desorption in which heat is applied to the wastes to vaporize volatile
components without incinerating the soil.

Cuttings injection is a waste disposal technique where drill cuttings and other oilfield wastes are slurred

by being milled and sheared/mixed with water. The mixture is then disposed of in a dedicated well or
through the open annulus of a previous well into a non producible formation.
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Containment of stormwater or washwater can be accomplished on today’s rigs by containment equipment
to affect a zero discharge.

Low impact access process: Moving equipment, supplies, and people to and from a drilling site at the
right time can be logistically complex. Add the restriction that there must be no or limited impact to the
environment, and complexity is magnified significantly. Protecting cryptobiotic soils in the west and
southwest and inland and coastal wetlands will be challenging. However, implementing combinations of
current large transport and temporary road technology could make this objective achievable.

“Artificial” or temporary roads and drilling sites to minimize impact can be achieved by using a
nonwoven geotextile and laying a strong but light synthetic mat such as the Durabase made by Composite
Materials. This material supports heavy loads and can distribute the load more evenly. If used in
conjunction with the rolligon trucks or a hovercraft the sensitive soils can be protected from compaction
and erosion. Temporary bridging techniques as well as temporary roads technology developed for the
military can also be used with little effect on the ecology if properly applied.
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2. Background

The primary goal of sustainable development is to make certain that the world of the future is a suitable
place for us and our children. It is concerned with responsibly meeting the demands of today, without
jeopardizing opportunities for the next generation. In short, sustainable development is to give back (or
leave behind) more than we take.

State legislation and internal management vision have directed operators’ focus toward safety and
environmental protection. Worker protection legislation in most industrial nations, in particular the
European Community, has set new standards based on other onshore industries.

Environmental conservation is now firmly on the public agenda in the form of government policies and
strategies. It also strongly influences the private sector and business. The petroleum industry is, in
general, well equipped to demonstrate its economic contribution and the benefits it brings to society
through energy, chemicals, and other products, and through wealth generation and employment creation.
However, the key challenge for the oil and gas industry is to satisfy energy demand while safeguarding
the environment. This represents a key change in focus from simply improving a company’s economic
performance, to now considering environmental, health and safety issues and impacts. This change raises
a number of challenges for the industry" including:

Contribution of air emissions to potential global climate change

Local impacts from operations and from using products

Conservation of biodiversity

Internalization of environmental costs

Acting in a socially responsible manner

Transparency and openness in communication and decision-making

Corporations must be prepared to demonstrate that they are governed by their declared values and
principles when they address these challenges.

2.1 Value and Motivation

When comparing locations in the US of arid ecosystems (Figure 1) and natural gas deposits (Figure 2),
one can deduce that most regions with delicate soils and coastal wetlands are in the same areas as
significant natural gas deposits. Access to indigenous resources is essential for reaching our full supply
potential. New discoveries in mature North American basins represent the largest component of the future
supply outlook, including potential contributions from imports and Alaska (Figure 3).? The ability to
protect and responsibly use these natural resources is the definition of Sustainable Development.
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Aggregated Arid Ecoregions of the U.S.
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Figure 3: Lower-48 Technical Resource Impacted by Access Restrictions

2.1.1 Arid and Semi-Arid Deserts

The bare soil in arid and semi-arid deserts supports a “biological crust.” These soil crusts are commonly
found in these same types of environments throughout the world, and are a complex, living community.
Exact composition varies from place to place, but a soil crust can include algae, bacteria, lichens, mosses,
fungi, liverworts, and especially, cyanobacteria—organisms formerly referred to as blue-green algae.
Above-ground crust thickness can exceed 10 cm.

Cryptobiotic soil crusts play important ecological roles in the arid Southwest. Areas in the US where
crusts are a prominent feature of the landscape include the Great Basin, Colorado Plateau, Sonoran
Desert, and the inner Columbia Basin. Crusts are also found in agricultural areas, native prairies, and
Alaska. In the cold deserts of the Colorado Plateau region (parts of Utah, Arizona, Colorado, and New
Mexico), these crusts are extraordinarily well-developed, often representing over 70% of the living
ground cover.?
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Cryptobiotic crusts increase the stability of otherwise easily eroded soils, increase water infiltration in
regions that receive little precipitation, and increase fertility in soils often limited in essential nutrients
such as nitrogen and carbon. Soil crusts form in dry climates where other plants, grasses, shrubs, and trees
may be scarce. They play a very important role in the ecosystem. Soil crusts prevent erosion by acting as
a sponge to retain precious rainwater and make the soil more fertile. But soil crusts are fragile. A footstep
can kill the micro-organisms and initiate erosion. Soil crusts have been damaged by cattle, hikers, or off-
road vehicles. And recovery is slow.

The Mojave Desert is an arid region of southeastern California and portions of Nevada, Arizona, and
Utah, occupying more than 25,000 square miles. General Patton sent troops to practice maneuvers in the
Mojave Desert 60 years ago. In some places the tank tracks still look fresh, and some experts estimate
that it may take 1000 years for the soil crust to recover.*

2.1.2 Tidal Wetlands, Marshes, and Swamps

Long regarded as wastelands, wetlands are now recognized as important features in the landscape that
provide numerous beneficial services for people and for fish and wildlife. Some of these services, or
functions, include protecting and improving water quality, providing fish and wildlife habitats, storing
floodwaters, and maintaining surface water flow during dry periods. These beneficial services, considered
valuable go societies worldwide, are the result of the inherent and unique natural characteristics of
wetlands.

Wetlands found in the US fall into four general categories: marshes, swamps, bogs, and fens. Marshes
are wetlands dominated by soft-stemmed vegetation, while swamps contain mostly woody plants. Bogs
are freshwater wetlands, often formed in old glacial lakes, characterized by spongy peat deposits,
evergreen trees and shrubs, and a floor covered by a thick carpet of sphagnum moss. Fens are freshwater
peat-forming wetlands covered mostly by grasses, sedges, reeds, and wildflowers.

Although wetlands are often wet, it might not be wet year-round. In fact, some of the most important
wetlands are only seasonally wet. Wetlands are the link between the land and water. They are transition
zones where the flow of water, the cycling of nutrients, and the energy of the sun meet to produce a
unique ecosystem characterized by hydrology, soils, and vegetation—making these areas very important
features of a watershed. Using a watershed-based approach to wetland protection ensures that the entire
system, including land, air, and water resources, is protected.

Drilling in a marsh creates a unique set of difficulties. The land is frequently insufficient to support
trucks, which prevents equipment from being driven to the site. Even if the soils can support trucks, the
soils and ecology could be severely damaged. Also, water in the marsh is too shallow to allow equipment
to be floated to the drill site, and the cost is too high and equipment too heavy for all necessary equipment
to be transported by helicopter or other aircraft. The solution most frequently employed is to dig canals in
the marsh to create water deep enough to float in drilling equipment. In addition to the other difficulties
discussed below, this is a substantial expense in marsh drilling.

Probably the most significant disadvantage to the use of canals is that they provide a direct passage for
saltwater to enter the marsh, with the environmentally disastrous results of destroying wildlife habitat and
barriers to flooding during storms. For this reason, regulations have been passed in the US restricting
canals in the remaining coastal marshes. This creates critical transportation challenges for drilling in
marshes, which may preclude drilling some wells altogether.

Page 15 of 147
33



Return to Top

Similar difficulties can arise in other sensitive environments such as Arctic tundra or any other location
where canals or roads may prove harmful. A semi-arid desert has very delicate ecology that does not
recover very quickly if damaged. Effects of disturbances in a semi-arid landscape can often be seen for
years.

2.2 EFD Project — Sustainability in E&P Operations

The US Department of Energy awarded GPRI (Global Petroleum Research Institute) at Texas A&M
University and Noble Drilling a financial assistance partnership to create an engineering and
environmental research project. A Joint Industry Partnership (JIP) was organized to fund the cost share
required by DOE and to form partnerships with industry for support, guidance, and direction for the
project.

The purpose of the award is to integrate current and new technology into a field demonstrable drilling
system for compatibility with ecologically sensitive, restricted access, off-limits areas (e.g., Otero Basins
of New Mexico, Wetlands of Louisiana, East Texas and Mississippi Coasts, and Rocky Mountain areas
etc.). The concept is to integrate currently known but unproven or novel technology into a drilling process
or system to enable moderate (TVD of 10,000 to 15,000 ft) to deep (TVD of 15,000 to 20,000 ft) drilling
and production operations for hydrocarbons with very limited environmental impact though the lifecycle
of a well and field development. Four main subsystems and work-flow product areas have been identified
for the program thus far. These may be adjusted and others incorporated as defined by the industry
advisory board (participants), Project Management and DOE.

1. Transportation equipment or methods that were developed for other sensitive areas and do not
require building of roads but allow carrying heavy loads with little or no permanent damage to the
soils, vegetation, or animals that inhabit the sensitive or off-limits areas in the lower 48
continental states of the US. Roadless or disappearing road concept(s).

2. Drilling Equipment and Methodologies: Pad drilling using horizontal, multilateral drilling and/or
extended-reach drilling not only for multiple completions in gas reservoirs, but also for
production and gathering lines and disposal systems. “Zero pad” concept and issues related to
onshore platform concept with low impact ecological footprint (reduced land usage). Capture all
waste and runoff (waste management) during drilling and completion operations (e.g., arctic
platform). Improve drilling equipment efficiency and methodology to reduce greenhouse gas
emissions, i.e., zero-discharge concepts. Bring lessons learned offshore to onshore.

3. Production Completions Systems: Disposal systems subsurface or other for mitigation of fluids
such as produced water. U-tube concept of trenchless production gathering systems(s). Waste
management during drilling and production operations life cycle. Low ecological footprint.

4. Studies related to environmental management in E&P operations. Research on public perception
of impacts from oil and gas explorations in ecologically sensitive or protected area. Ecological
impacts of pre- and post-E&P operations. Review regulations and potential impact of technology
demonstration on regulations and access to targeted sensitive areas.

Individually, several of these concepts have been developed to varying degrees. The key objective is
synergistic incorporation of a number of current and emerging technologies into a single, clean
drilling/production system with no or very limited impact. The ultimate deliverable will be to define the
best available technology and a prototype demonstration of a sustainable life-cycle system to access
sensitive areas for the exploration and exploitation of natural gas primarily in the lower 48 continental
states and marshes of the US
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About 55% of the wells drilled on US land are to depths ranging from 8,000 to 18,000 ft°. This project
targets safe and environmentally responsible drilling and production in moderate (10,000 to 15,000 ft) to
deep (15,000 to 20,000 ft) resources in ecologically sensitive areas of the US The project is targeted for
the US lower 48 states but is applicable worldwide.

The bottom line is to:
1. Define the Best Available Technology (system) for sustainable drilling in specific areas
2. Demonstrate that technology is sufficiently available to economically develop oil & gas resources
while protecting the environment (sustainable E&P development can be achieved)
3. Encourage sustainable access to environmentally sensitive areas that are currently off-limits or
restricted for hydrocarbon development.

This assessment reviews the state of the art for drilling rigs and equipment, impact mitigation of heavy
haul equipment (transportation logistics), waste management as a system during drilling, and well
construction methods that impact life cycle production operations. Included in the rig assessment is a
review of current unconventional methods to power drilling and production operations with fewer
emissions and by using less diesel fuel through developed technologies of wind, solar, regenerative
braking energy capture, fuel cell, and energy storage concepts.
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3. Rig Technology to Minimize Drilling
Ecological Impact

Drilling is a complex activity composed of a set of processes interrelated by purpose, sequence, and time.
In the mid 1980’s, Millheim’ defined drilling as a complex interaction of five subsystems: (1) geology;
(2) drilling rig; (3) wellbore; (4) mud system (chemistry of the mud); and (5) drill string. Pedersen and
Essendrop® defined the drilling system (Millheim’s rig subsystem) as comprised of six subsystems: (1)
drilling control system, (2) drilling machine, (3) pipe handling, (4) blow-out-preventer (BOP) and
handling system, (5) mud supply, and (6) mud return®. Though these subsystems specifically described
the offshore jack up environment, many of the concepts have transitioned to onshore rig design and have
helped safely mitigate ecological impact in active areas.

Technology has allowed the industry to contact almost 60 times the volume of subsurface rock material
that could be accessed in 1970, while occupying only one-third the surface area'® (Figure 4). Drilling and
production can be unobtrusive and more efficient if state-of-the-art technologies are used concurrently on
the same well. In the following sections, current drilling technology is reviewed as well as how modern
drilling methods can lower surface impact safely and economically.

1970 1990 Present
12 6 Drillsite
acres > acres —> acres —> acres —> ~— size
10,000
Cry A ‘ 4
drillable
M = grea ‘
502 acres 2,010 acres 18,096 acres 32,170 acres
.8 sq. miles 3 sg. miles 28 sq. miles 50 sq. miles

Figure 4: Shrinking the surface footprint — expanding the subsurface contact area (after Harrison'®)

3.1 Modified Conventional Rigs

The need for more compact, safer, more efficient, flexible drilling rigs for land operations has been noted
for a considerable time. A semi-automatic hydraulic rig was built as far back as the mid 1960s by
Hycalog Inc.™* (developed in the late 1950s). Automation of drilling as a system was proposed in 1967 by
Automatic Drilling Machine Inc. to overcome the exodus of most of the land rig qualified personnel to
offshore, foreign drilling and more desirable industries with better working conditions'?. Automation was
suggested as an approach to permit an increase in the application of engineering to drilling operations
through the use of computer control and to increase safety and require fewer personnel.
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Successful technology developments since the late 1970s through the early 1990s focused primarily on
improvements to increase ROP, improve performance of downhole tools; reduce hole/casing size drilling
programs, and lower the cost of drilling. Most (if not all) of these technologies could be handled by
existing rigs™. Actual efficiency and effectiveness of the overall well construction process integrating the
surface equipment required to drill and construct a well were not typically addressed or emphasized.

Offshore environmental and safety requirements spurred the offshore drilling industry to develop
substantial technology that evolved into more automated, efficient, and safe operations and showed
economic benefits to both operators and contractors. Though there has been a trend toward larger drilling
rigs offshore to work in deeper water depths, there is also a trend to reduce weight, evolve more efficient
operations, and use smaller rigs where possible. One significant offshore evolution was the development
of the ultra-deepwater rig with dual rotaries to reduce costs — the Discoverer Enterprise developed by
Transocean under contract from Amoco in the late 1990s'. Another concept was to use aluminum risers
to extend depth capacity of existing rigs and platforms. This has increased efficiency significantly.

In the last decade substantial technology has been transferred from the premium offshore drilling industry
to increase safety, efficiency, and lower environmental impact of land drilling rigs. Substantially more
technology can be applied to develop zero-discharge systems and to reduce emission and reduce the
impact to the ecology in both onshore and offshore operations.

Much of the newest innovative rig designs in the last decade have evolved from the necessity of reducing
costs of drilling and the evolution of modular land drilling rigs and adapting technology previously used
in premium drilling arenas. These highly mobile, automatic and semi-automatic (robotic) rigs emphasize
safety of the rig workers and the environment, and reduce the number of rig workers. Innovative designs
have emerged worldwide not only from US suppliers of rigs but also from European and Asian rig
manufacturers.

Early North Slope drilling rigs were designed around a wheeled substructure/mast module and skid rail
mounted support module. As hydraulic technology matured, subsequent designs were based on one or
two large modules as a “unitized rig™™.

The industry realized in the last decade that development of “marginal” fields is not cost-effective with
large, cumbersome rigs of 1950s vintage. This was obvious to the operators of the Alaskan North Slope
fields where the “Prudhoe Bay” style rigs would not be sustainable in the smaller fields °. Operators
realized that the rigs had to be smaller, lighter, safer, and capable of constructing wells cheaper than what
conventional drilling rigs can deliver. This is not only true in the once premium fields of Alaska, but is
even more evident in the continental US

In 1997, BP Milne Point Management initiated an internal study and design effort to research concepts,
and propose a design that could deliver a step-change in cost savings for drilling smaller field in the
Alaska province. Several design tenets were set to steer the effort™:
e Safety and Environment — using automation and other means, the rig had to provide a safer and
cleaner work environment
Deliver significant Cost Savings
e Weight and Mobility — to facilitate rig moves across thawed gravel roads, narrow bridges, and
frozen tundra, the rig had to be light and extremely mobile
e Compact Layout — due to financial and environmental costs of gravel pads, the rig had to work on
narrow (<15 ft) well centers and have a very small foot print
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After conceptual and engineering design phases, a light, automated drilling design was proposed and
constructed. Major features of the design were
o Caterpillar Mobile Tracs for ease of mobility. These were heavy-duty rubber tracks developed
for use in Antarctica by NSF. The track system distributes the 60,000-Ib gross vehicle weight to
10 psi at full load.
e Hydraulic driven drawworks, top drive, and mud pumps
Automated pipe handling with horizontal setback. Horizontal set back allowed substantial
lightening of the substructure and mast.
1,000,000 Ib hook load capability
Three light, compact, 1500 hp, quintuplex pumps with radial piston hydraulic motors
Stainless steel mud tanks with rounded corners fully enclosed
Triple-option power supply for diesel, highline, or diesel/highline combination
Automation and control system based on programmable logic control
Two 2500 hp diesel engines
Modular layout — the rig is laid out in six modules
» Drill Module — composed of substructure, mast, drilling equipment, and corresponding trailer.
Mounted on 160 pneumatic tires with hydraulic steering system.
» Solids Control Module — contains all solids control equipment and six open top, stainless
steel mud tanks
BHA Module — parked beside the drill module trailer, used for storing, making up, and
working on BHAs
Power Module — houses generator sets, hydraulic power unit (HPU), and upper level
electrical control room
Pump Module — contains three mud pumps, mixing hoppers, cement mixer, pallet storage
Volume Tank Module — houses six closed top stainless steel tanks, and centrifugal charge
pumps

YV VYV VY

3.1.1 Mobile Drilling Rigs

Conventional 1950s-vintage drilling rigs (many modified versions are still being deployed in 2006) are
moved after laying down the pipe (which can require eight hours or more) by removing all floor
equipment (tongs, valves, rotary chains, hand rails etc), dissembling working and setback floors, laying
the derrick over with the drawworks, unstringing the drawworks, removing the drawworks, motors,
compounds, removing rotary tables, substructure supports, and unpinning the derrick (hot necessarily in
that order). Additionally, all substructure beams and supports that are pinned to form various box-like
“pony” steel structure supports, are unpinned with sledgehammers with considerable labor. Pumps are
disconnected from the standpipe, compound drive sheaves (usually V-belts), mud charge pumps, and mud
tanks (pits). Prior to this the pits must be cleaned and fluids pumped into large reserve pits. All solids
and gas handling equipment near the pits, including surge tank and gas separator, well flowline, shale
shaker, desander, desilter, centrifuge, mud mixing station etc., had to be disabled and removed. All dog
houses, generators etc. had to be unhooked and readied for moving.

Obviously, moving a conventional rig is a substantial task. It is laborious, time consuming, dangerous,
and costly. Additionally, large trucks with ramps were required to attain the elevation to remove the floor
equipment etc. In the late 1970s cranes and forklifts were employed to accomplish rig up and rig down,
which added speed and safety but also additional cost. A typical move required a number of very heavy
truckloads—as many as 40 in some cases. A move could take as long as a week and possibly more,
especially in harsh weather environments.

Mobile and modular drilling rigs have historically been the Holy Grail in the drilling industry, especially
for land drilling operations. Trailer mounted cable tool and rotary rigs (both pole and telescoping

Page 20 of 147
38



Return to Top

derricks) were and are used but have primarily been limited to shallow targets. The evolution of larger,
deeper modular concepts can be traced back to the first jackknife rig replacing the old standard type rigs
that took days to build just the derrick.

Historically, risky techniques and methods were employed by rig tool pushers and rig supervisors to
reduce RU/RD time as much as possible. In West Texas and Eastern New Mexico in the 1970s, small
doubles were moved with a winch truck at each corner that elevated the substructure approximately one
foot and moved to another location a short distance away with the derrick standing (no motors on the
floor). At that time, leaving a mast standing and “skidding the rig” was not considered good practice; but,
a short move, spud, and surface pipe set could be completed in less than 36 hours.

Land drillers started designing and building modular, highly mobile drilling rigs to move deeper rated
drilling rigs in the late 1990s." Santa Fe International, a former Dallas-based company, used a variety of
rig designs to achieve extraordinary gains in drilling efficiency both on- and offshore in 1998. In harsh
desert and geology in Kuwait, Santa Fe integrated desert drilling rig moving systems to increase
efficiency on rigs rated for 10,000 to 30,000 ft.

o Integral-wheel complex designed by Dreco Energy Services Inc. was first used in Kuwait in
about 1991. Rigs were moved with masts standing. Three six wheel drive trucks were used with
the 30 ft substructure supported by four sets of dual tires 36—40 inches wide and 8-10 ft tall. The
independent steering mechanism allowed sharp turns and positioning. Power was supplied using a
hydraulic power unit for steering.

e A skid-beam system was used to pin the substructure to the integral-wheel complex and then jack
the rig up with derrick still standing. The skid-beam system saved 4-5 days in moving.

e Telescoping derrick and hydraulic cylinders were used to scope the upper section of the mast
down into the base and lay the derrick down on a trailer.

Historical Patents Associated with Mobile Modular Drilling Rig Designs

Modular rig concepts have been used in the offshore drilling industry for a considerable time. Offshore, a
modular rig may be used either as a second platform rig, or to replace existing platform derrick equipment
sets on mature fields with limited drilling programs. These same concepts and technology continue to be
transferred to the onshore drilling community.

Historically, the drawworks, rotary table floor, and setback floor have the same relative elevation. As
wells became deeper and masts and substructures of rigs became taller, reassembling the engine supports
and placement of the engines, drawworks, and setback floor become more dangerous and expensive,
requiring very steep and costly truck ramps or cranes.

A plethora of patents exist on technology associated with modular and mobile oil well drilling. Some
have been utilized as proposed. Most seem to combine aspects of both past and present techniques.
Described below, though not an exhaustive search, is a definition of the state of the art for land drilling
operations. A few patents are described of modular land rig processes as a whole and not individual parts
or how to elevate modular rig platforms without the use of cranes and gin pole trucks. There are many
similarities in the concepts from these patents and the current state of the art. It is also worth noting that
integration of the concepts of modular mobile drilling rigs into the industry took nearly 30 years (e.g.,
1966 to the mid 1990s) and nearly 40 years (2006) to receive acceptance and value by the industry.

Patent 3,228,151 — Lee C More Assembly of Rig at Ground Level (1966)

Lee C. More Company through Woolslayer and Jenkins disclosed in US patent 3,228,151 a drilling
apparatus for deep oil wells to assemble the substructure and mast near ground level (see Figure 5). The
drawworks, power units, and rotary table are mounted on the substructure before it is raised, and the
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required flooring is laid on the substructure and in the mast before erection. Consequently none of these
tasks need to be done after the floor erection when it is much more difficult, dangerous, and costly.
Ramps are unnecessary and the derrick is pivoted to the substructure. As the mast is raised it may carry
with it to the top of the substructure a built-in floor that will overlie the substructure and is shaped to
straddle the rotary table and register with floor section. No gin pole is necessary for raising the mast. All
power to raise the substructure first may come from the drawworks, screw jacks, or hydraulic rams or
other means. The mast is raised once the drawworks and floor are raised and secured. The mast may also
be raised by the power of the drawworks, hydraulics, or other means.
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Figure 5: Lee C. Moore Company Patent 3,228,151 illustrating scissor-type elevating concept. Similar to
current concepts

Patent 3,483,933 — Pivoting Mast and Floor from Low Profile (1969)

Patent 3,483,933 issued to Dyer et al. and assigned to Dresser Industries in 1969 disclosed the concept of
pivoting the mast from a low profile base (low to the ground) and elevating the mast to the vertical using
a gin pole with the drawworks at or near ground level. A catworks unit (a lighter component) was then
winched in place on the elevated floor and the set back floor pivoted into place (see Figure 6).
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Figure 6: Patent 3,483, 833 |Ilustrat|ng drawworks at lower elevation than work floor

Patent 3,803,780 — Folding Pole for High Floor Mast (1974)

Donally illustrated a method assigned to Lee C. Moore Company for assembling the mast at low elevation
and with specially designed and disclosed gin pole or “A” frame, erect the mast and provide an oil well
derrick substructure in which a hinged mast is provided with a high working floor. Once the derrick is in
the vertical position, the drawworks, which is mounted on a support at a low level during the raising of
the mast, is elevated to a position behind the working floor with the rig blocks and pinned in place. The
lower potion of the mast is below the working floor.
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Figure 7: Lee C. Moore/Donnally Patent 3803780 Foldlng Pole for H|gh Floor Mast

Patent 4,024,924 — Drilling Rig with Independent Table Structure and Patent
4,009,544 — Drilling Rig with Improved Mast Support Structure (1977)

Parker Drilling Company disclosed through Houck (inventor) a rig where a working floor can be
assembled at a lower (ground height) and then raised to the required height either before or after the mast
is raised vertically (a scissor action) by a system of cables and sheaves. The mast is assembled low to the
ground and attached to a base plate on the ground and not as an integral part of working floor where the
substructure typically supports the floor and the derrick.
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Patent 4,135,340 — Modular Drill Rig Erection System (1979)

This particular system elevates the floors and mast using a “strong back” or “A” frame and gin pole
concepts with a series of sheaves, cables and single horizontal hydraulic cylinders or linkages (Figure 8).
The concept is to assemble the drawworks, derrick, and floors at ground level and raise them to an
elevated position using a “sling shot” concept. Once the floor and drawworks platform are in an elevated
position, the derrick “A” frame or gin pole is assembled and the derrick raised using the drawworks. The
derrick is then pinned in place to the “A” frame. The concept appears to be self contained without the
need for cranes and truck setup ramps etc.
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Figure 8: Patent 4,135,340 Modular Drill Rig Erection System (1979)

Patent 4,375,241 — Drilling Installation for Oil Drilling Operations (1983)

Gallon disclosed a method to install all equipment on a platform at ground level and raise the drawworks,
engines, derrick etc. to a suitable elevation using uprights and a suitable system, such as a rack-and-pinion
device (not shown in the patent). The pinions on the platform are driven by a reduction unit and mesh
with a rack on the uprights. When it has been raised to the high position, the platform may be wedged to
the uprights, and further held in position by means of struts suitably installed between the base and
platform. Opposite ends of the uprights are contained in a suitably designed base to provide sufficient
structural support and rigidity.

Patent 4,899,832 — Modular Well Drilling Apparatus and Methods (1990)

This patent proposes to reduce erection time by having compact modular components mounted on trailers
or skids for easy rig set-up rig and is fully automated and self-monitoring. The drilling unit provides a
rigid frame support for the crown sheaves, top drive drilling system, mechanical pipe handler, power,
slips, master bushing, automatic tensioner, hydraulic locks and monkey arm and is transported to the well
site on a trailer pulled by a truck tractor. The unit uses typical pipe handling and top drive components
commercially available from other vendors (e.g., Varco, BJ etc). Pipe handling is unusual though not
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novel in that it places the entire drill pipe inventory vertical (Figure 9). This is similar to the DrillMec
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Figure 9: Patent 4,899,832

Patent 6,634,436 — Modular Well Drilling Apparatus and Methods (2003)

This patent is assigned to National Oilwell and appears to be the patent behind the Ideal commercial rigs
described below. Their objective was to develop a mobile land rig that was self sufficient and capable of
being transported, erected, and disassembled without auxiliary equipment. Thus, cranes and large gin-pole
trucks would not be needed. The substructure is self elevating (telescoping) and has structural integrity to
withstand winds and forces incumbent on the mast structure. (See Ideal Rig below.)

Patent 6,848,515 — Modular Drilling Rig Substructure (2005)

Assigned to Helmerich & Payne, this patent is a self-elevating substructure using hydraulics. The process
allows transportation of the substructure without entirely dismantling it. It describes the modular drilling
rig substructure that may be transported to and from a rig site with various drill floor equipment and hand
rails remaining in place. The substructure is built to minimize liquid discharge during operations by
providing an integrated containment and drainage system. This containment system does not have to be
removed or dismantled during the move.

Patent Application 20040211598 — Fast Moving Drilling Rig (2004)

This patent application is published for National Oilwell and seems to be the disclosure behind the Rapid
commercial rigs described below. The concept is to transport and assemble a drilling rig using specialized
positioning pads integral to the side boxes of the drilling rig to facilitate the connection of the center drill
floor of the drilling rig to the side boxes of the rig. Additionally a specialized positioning dolly and an
adjustable fifth-wheel truck connection for transporting the mast to the drill site, assembling the mast
sections together, and positioning the mast for connection to the drill floor of the rig are incorporated. The
result is a unique drilling rig design and sequence for assembly that significantly reduces time required to
transport the rig from location to location and to assemble the rig at the drill site (see Rapid Rig
description below).

Patent 5,109,934 — Mobile Drilling Rig for Closely Spaced Well Centers (1992)

Sensitive environmental issues are a concern at Arctic locations such as the North Slope of Alaska. It is
critical that wells and mobile equipment be installed and operated to minimize any danger or risk to the
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environment. Nabors industry was assigned patent 5,109,934 issued to Mochizuki in 1992 for a modular
drilling apparatus having three units, each of which are fully enclosed, transportable and positionable for
workover and completion of wells on 30-ft well centers without interfering with the operation of adjacent
wells. Primarily for use in the Arctic environment, the equipment must be protected and includes the
drilling rig itself, the mud equipment, and pipe storage and handling equipment. The first end of the
drilling unit is positioned over a well with its central axis diagonal to the centerline of the wells and at a
right angle to the pipe handler in the pipe shelter unit, the vertex of the right angle being at the well
center. The mud unit is set back from the centerline of the wells, and is functionally connected to the
second end of the drilling unit. The width of the drilling unit is greater than 50% of the clearance between
adjacent well houses on each side of the well.

Patent 6,161,358 — Modular Mobile Drilling System (2000)

Mochizuki et al. in US patent 6,161,358 describe a modular mobile drilling system and method of use for
land-based drilling operations on remote sites. Fixed support boxes are used in first and second rows and
define a drilling zone. Platform support beams disposed from the first row to the second row support a
platform for holding drilling equipment. An actuator associated with the platform and beams skids the
support beams relative to the boxes to align the platform with predetermined positions in the drilling
zone, allowing the drilling of multiple wells along the length of the support box rows. The drilling
equipment can also skid laterally across the drilling platform to support drilling of multiple rows of wells
in the drilling zone. The drilling platform is supported by some but not all of the support boxes, enabling
modular transportation by helicopter of support boxes to a new remote drilling site, disassembly of the
drilling platform at the existing site, reassembly of the drilling platform on the transported boxes at the
new site, and then transportation of remaining boxes from the existing site to the new site to support new
drilling operations. The box-on-box substructure and skiddable drilling platform enhance transportability
by helicopter and assembly with minimal footprint and reduced assembly steps.
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Figure 10: Modular rig concept Patent 6,161,358 (2000)
Paradigm Changes

H&P Flex Rigs

Substantial improvements in operational performance, safety and employee productivity evolved from
modular rig designs in the late 1990s. In 1997 and 1998 Helmerich & Payne International Drilling Co.
(H&P) built six new onshore rigs based on modular designs to do away with repetitive and labor-
intensive work associated with onshore drilling operations®’. These rigs allow rig personnel to concentrate
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on drilling activities and not labor activities that do not add value. They also incorporated top drives, a
technology primarily used on offshore rigs up to now. In 2000/2001 H&P constructed 12 additional Flex
rigs with additional technical modifications and improvements. In 2002 H&P initiated a new-build
program of 32 Flex3 rigs®.

By using critical path analysis techniques to evaluate labor drilling activities, H&P designed drilling rigs
to eliminate non-value-adding activities during drilling and reduce flat time. The concepts and rig layouts
were incorporated into IRI International Corporation’s 1500 class rigs.

By rearranging the rig layout—i.e., SCR (silicon controlled rectifier) house, engines, water tank, and fuel
tank to the mud-pit side (or “backyard”) allows for easier access to the drawworks and subsequently the
substructure and derrick can be moved more quickly and safely. A telescoping substructure eliminates the
need for cranes and gin trucks to rig down and up. Eight inch clamps, located about five feet above the
ground, are removed from the four substructure legs and hydraulic pistons in the legs are actuated and the
substructure can be lowered or raised accordingly (Figure 11). The substructure splits in the middle for
mobilization. The driller dog house is raised hydraulically on a parallelogram structure (Figure 12).

Figure 12 FIex ng Dr|IIers Substructure Panal
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Additionally, three advanced pipe movement and drilling control technologies were incorporated for safer
and more-efficient control of the block during drilling, tripping, running casing, geosteering, and other
drillstring movement activities. Integration of the brake system, block control system (BCS), and
autodriller (AD) into the IRI 1500 series of rigs reduced the average rotating hours per well by 37% and
reduced bits per well by 34%".

The mud system uses enclosed cylindrical skid-mounted, round-bottom tanks and electric mixers that
eliminate “dead spots” in the drilling fluid. The substructure is designed to contain 100% of the drill-floor
runoff which is collected at a containment point. This reduces labor required to constantly clean the rig
and any impact to the environment due to that activity. An oil and lubrication system is incorporated to
eliminate the need for motor oil and antifreeze and other motor fluid and lubricants to be hauled in
buckets. This reduces the chance of contamination and accidental mixing, and allows better inventory
control. Initially, the 1500 hp drawworks rig is complemented by a Varco hydraulic Kelly spinner, a
Varco SSW-30 hydraulic pipe spinner, a crown-a-matic and hydraulic hoists replaced the air hoists and
are man-rider certified. The foot print of the H&P/IRI 1500 series rig is 160 x 225 ft (36,200 ft?) and
enables rig up on small, environmentally sensitive locations.

The highly mobile rigs that H&P purchased in 1994 encouraged the company to subsequently continue
modifications toward what it has called “Flex rigs” which primarily have the “flexibility” to drill
economically over a rating of 8,000 to 18,000 feet, have high mobility during moves, large mud pumps,
and create added value to the drilling process. FlexRigs move an average of 30 miles between wells in 2.5
days. Their mobility yields shorter well cycle times, greater productivity and more wells per year. An
integrated drainage system and lubrication system protects the environment. More recent Flex Rigs can
rig up in 24 hours compared to nearly four days or longer to move for a similar depth rig*®.

Figure 13: Flex Rig Lubrication Center

Page 28 of 147
46



Return to Top

Figure 16: Flex Rig Drillers Control Unit

National Oilwell IDEAL and Rapid Rig

National Oilwell bought IRI International in March 2000, which redefined National Oilwell as a
significant drilling rig design and equipment manufacturer onshore as well as offshore. Prior to the
merger, National Oilwell focused more on offshore drilling, while IRI concentrated on land drilling.

National Oilwell IRI Designs

Pioneer Drilling Co. mobilized two IRl 1700E series rigs built by National Oilwell in August of 2001.
Rated for 18,000 ft, the 1700 hp rig has a number of improvements to make it one of the most efficient
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rigs at that time®®. The rig features AC drawworks and regenerative braking through the AC motor
eliminating the need for an auxiliary brake enabling smaller footprint and less weight. AC drawwork rigs
require fewer engines and thereby reduce maintenance requirements, increase fuel economy, and lower
operating costs. National Oilwell’s IRI mobile drilling rig design has been supplied to most of the recent
new builds in the industry. The derrick and substructure have telescoping designs to increase modularity
and ease of rig up thus reducing the number of loads required to move the rig.

The substructure has cylindrical legs, which telescope from 11 ft 4 inches to 22 feet, and is rated for
1,135,000 Ib load capacity and can be moved in two loads compared to four to six loads for conventional
substructures. The substructure is pinned together at ground level and raised to working position by
hydraulic cylinders within the substructure legs. Diagonal supports are installed after raising the
substructure.

The derrick is a 136-ft telescoping mast that is moved in one load, compared to three or four loads for
conventional derricks. The derrick is telescoped to full height and pined prior to being raised. The mast is
raised and positioned using two large hydraulic rams.

The mud system uses three Brandt LPC-40 shale shakers, developed for the North Sea, to provide high
solids-control efficiency, and reduce drilling fluid, pump, and bit costs. The shale shakers sit on a skid
that has a cantilever rig-up system eliminating the need for a crane (Figure 17). Mud pits are rectangular
and have rounded bottoms to eliminate corners and sides that create dead spaces in conventional tanks.

i LBk @ TEE
Figure 17: National IRl Shaker System Figure 18: National IR1 Mobile rig

The driller occupies a single-seat, climate-controlled cabin near the rig floor where he controls the
drawworks, rotary table, mud pumps, and rig power plants, using touch-screen computer controls and a
joystick. The system employs programmable logic circuits and fiber optic cabling, to provide control to
the rig as well as real-time data for analysis, rending, processing, and graphical display.

The IRI rig requires a smaller well location than conventional rigs with the capability. The rig can be
moved in 20 loads, compared to 30 loads for a more conventional rig and requires no crane to rig up or rig
down.

IDEAL Rig

In May 2004, National Oilwell announced its new 1,500-hp Ideal rig drilling system designed for the
North American land rig market. The rigs were initially marketed with the option to add a BOP, top drive,
and drill pipe. Conventional SCR rigs are capable of drilling to 18,000 ft and feature disc brakes, large
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mud pumps, advanced solids handling equipment, zero-discharge systems, and modern drilling controls.
The footprint of the Ideal rig is 129 by 306 ft (39,474 ft* or 0.9 acres not including reserve pit).

The rigs can be moved in 27 loads, and assembly is intuitive and simpler than older conventional rigs and
does not require a crane for Rig Module or Mud System Assembly. Additional features are:
e Traveling block, rotary table, and optional top drive remain mounted in mast and substructure
during transportation and assembly
e Modular mud system reduces transportation time and rig up/down time
e Remotely controlled hydraulic raising system requires no generators and keeps operator at a safe
distance
¢ Innovative pinning system (patent pending) makes structural connections safe and easy
o Drawworks is remotely controlled including KEMS (kinetic energy monitoring system) and block
control features, and is mounted at ground level to maximize usable drill floor space
o Drawworks disk brake system provides maximum control with quiet operation
e Electrical system benefits from deployable booms to minimize connections to make easier hook-
up and longer service life
e Industry-proven, advanced diesel power systems maximizes efficiency, performance, and
reliability
e Auvailable Smart Drilling Rig Information System enhances remote monitoring capability
e Standard DC/SCR power or optional AC power and controls
e Large capacity mud pumps can be expanded to two-motor drive for increased pumping capability

Procedures to erect the mast and substructure include:
1. A portable hydraulic system is connected to raise both the mast and substructure (without the

need for generator power).

With the substructure in lowered position, the mast is pinned to the middle drill floor section.

3. To raise the mast, telescoping mast cylinders are pinned to the lower section of the mast and then
telescoped.

4. With the mast in the vertical position and the raising cylinders still in place, mast support legs are

swung out and pinned to the floor.

Mast raising cylinders are then disconnected and retracted.

6. With mast secured in the vertical position, telescoping hydraulic cylinders then raise the drill
floor. Telescoping braces are extended when the floor is at ground level and retract as the
substructure rises. Once completely raised, the braces bottom out and are secured with pins.

N

o

IDEAL Rig Modular Mud System

e Engineered for Optimal Performance:
Following API recommendations, each pump is sized and routed to feed individual pieces of mud
processing equipment. This increases mud system efficiency by: (1) ensuring that each piece of
equipment is provided adequate feed rate and pressure; and (2) minimizing the possibility that a piece
of equipment will be fed from the wrong compartment.

e Designed to Reduce Settling:
Minimal piping within the tanks, proper agitator sizing and straightforward compartment
configuration yields a mud system which reduces the likelihood of settling and helps maintain
constant drilling fluid properties. These aspects will in turn reduce mud additive and disposal costs.

e Simplified Maintenance:
Vertical centrifugal pumps allow easy access for repair and maintenance. All mud processing
equipment provided with the mud system is rugged and requires minimal maintenance.
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e Integrated Jetting System:
Vertical centrifugal pumps have run dry capability and pull fluid from sumps located on the tank
floor. This allows an operator to jet the system without the need for expensive vacuum trucks, saving
time and money.

Rapid Rig

In May 2006, National Oilwell Varco (NOV) began offering a smaller, fully automatic land drilling rig
called “Rapid Rig”. This is a singles rig as it has pipe handling capability to rapidly pick up/lay down,
make up/break out drill pipe and run casing and be able to mobilize/demobilize in approximately 8 hours.
It uses Range Il or 111 drill pipe. The Rapid rig is deployed with a single forklift and requires no cranes or
gin pole trucks and is capable of moving in 16 highway-legal transport loads. The automated rig floor and
pipe-handling systems allow operation by a three person crew. The rig floor has an iron roughneck and
stabbing guide, automated pipe slips, AC drawworks rated at 1000 hp and gear driven with regenerative
dynamic braking system, and top drive controlled from a climate controlled driller’s cabin on the mud pit
side.

The foot print of the Rapid Rig is 185 ft by 98 ft (Figure 19). The rig is rated for approximately 11,000 ft
and has a hook load rating of 500,000 Ib. The pipe handling system has a weight limit of 6,000 Ib with
drill pipe capacity of 5.5 inch Range Il and drill collar capacity of 8 inch Range Il and casing capacity of
up to 13% inches.

Figure 19 : NOV Rapid Rig foot print and pipe handling concept

Table 1: NOV Rapid and Ideal Rig Typical Specifications

Rapid Rig Ideal Rig
Mast Hook Load 250 tons (8 lines) 300 ton
Mast Height 80 ft (telescoping) 142 feet
Base Dimensions 7ftx5ft 12 ft x 12 ft
Wind Rating 70 knot free standing 70 knot w/ full set back

208 stands of 5.5 inch DP

8 stands 8 inch DC

Rotary load Rating 250 tons 375 tons (w/ set back)
Drill floor height 20 ft 25 ft

Clear height under floor 17 ft 21 ft 8 inches

Drill Floor Dimensions 16 ft x 17 ft 32 ftx 32 ft
Substructure setback N/A 250 ton slingshot

Page 32 of 147
50



Drawworks Nominal Power
Braking System

Top Drive
Pipe Handling System

Control/instrumentation
Mud System

Mud Pumps
Power Generation
Hydraulic Power
Fuel Tanks

Water Tanks
Foot Print (NOV layout)

Nabors PACE Rig

1000 hp
Regenerative Dynamic Disk
Parking/Emergency Brakes

350 HP, 20,000 ft-1b

250 ton

6,000 Ib range 11 and 111 5%
pipe 8 inch collars and 13%
inch casing

SDAQ

620 bbl two tanks

3-panel linear motion shale
shaker,

Atmospheric Degasser

Two Cone Desander

2-1000 HP Triplex AC electric
Motor Driven

2- 1350 BHP, 1800 RPM 1750
kVA

Dual Driven System 70 GPM
Diesel, 40 GPM Electric
Diesel 190 bbl

400 bbl

98 ft x105 ft

10,290 ft? (0.24 acres)
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1500 hp

Disc brakes, Ideal Auto
Drilling and Brake control
System (IABC)

Optional

Optional

SDAQ
620 bbl two tanks

2 — 4-panel high G shale
shaker, 1000 GPM

Degasser

Desander, Desilter

2-1600 HP Triplex AC electric
Motor Driven

3- 1350 BHP, 1800 RPM 1750
kVA

Dual Driven System 70 GPM
Diesel, 40 GPM Electric

400 bbl cylindrical

400 bbl

129 ft x 206 ft

39,474 ft* (0.9 acres)

Nabors Industries developed the Programmable AC Electric (PACE) rig and included upgrades to shorten
the drilling cycle. The key feature of the PACE rig is the use of variable frequency AC drives and
programmable logic control (PLC) technology. This gives the driller better control of the drawworks, top

drive, mud pumps and every other significant piece of rig equipment.

Nabors developed the proprietary Commander Class Drawworks which is gear driven and has no chains
or sprockets. Gear-driven drawworks developed by Germany’s Wirth GMBH for use in the North Sea
have shown significant advantages as enormous weight reductions and improved safety with regenerative
braking using the drive motors, plus the integration of an anti-collision system®'. Similar drawworks have

been marketed by NOV and others.

The control system and drawworks along with regenerative braking provide a system that is lightweight,
reliable and cost-effective, allowing faster moves, enhancing safety, better power distribution and greater
torque and rate of penetration. AC-powered rigs have fewer electrical connections, more accurate speed
control and torque, better motor efficiency and produce less noise and fewer emissions, and better power

distribution.
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Like offshore rigs and many advanced onshore rigs, Nabors PACE rigs have an advanced control center.
All instrumentation is ergonomically available to the driller. This includes an auto-drill touch screen and
driller console monitoring systems which are all housed in a control center. Data monitoring is integrated
with equipment control through PLC technology and provides a system of checks and balances prior to
operating any piece of equipment. Benefits of this technology are: fewer, less cumbersome electrical
connections that ensure ease of rig up/ down. PLC technology also promotes improved motor and fuel
efficiency, fewer emissions, enhanced power distribution and less electrical noise. Greater control of
torque and rate of penetration results in faster, better holes?.

Larger PACE rigs feature 3000-hp AC drawworks, three 1,600-hp pumps, and 7,500-psi mud circulation
systems. Smaller PACE rigs can have telescoping derricks.

Table 2: Nabors PACE Rig Specifications®

PACE 750 PACE 1500
Drawworks 750 HP/750 AC motor 1,500 HP/two-800 hp AC motors
Power Generation 3-Cat 3512B engines 1476-hp/Kato 3-Cat 3512B engines 1476-hp/Kato
1365 kW generator total 4,428 hp 1365 kW generator total 4,428 hp
MAST Loadmaster 142 ft telescoping Pyramid 142-ft three section
Substructure Loadmaster 22-ft floor height 17 ft 10  Pyramid 30-ft floor height 26 ft
inch under rotary table under rotary table
Static Hook load 550,000 Ib 1,000,000 Ib
Set back capacity 300,000 Ib 800,000 Ib
Traveling Block 275 ton 500 ton
Top Drive Canrig 6027 AC 275 ton Canrig 1250 AC 500 ton
Rotary Table 27.51n. 37.5in
DP/collars 4.5 inch 100,000 overpull As required
6-in and 8-in collars 40,000 Ib BHA
weight
Mud Pumps 2 @ 1600 hp 2 @ 1600 hp
Mud tank capacity 750 bbl (1 tank) 3 tanks total of 1500 bbl

Other Drilling Rig Manufacturers
There are a number of manufacturers developing modified modular and efficient drilling rig technology.

Drilling Rigs from China

GTS Dirilling Services Inc as subsidiary of General Turbine Systems of Conroe, Texas, brought the first
Chinese-made drilling rig to the US. GTS is operating it in the Piceance basin for independent Presco
Inc., based in The Woodlands, Texas. The rig is an electric rig rated at 1300 hp and has a zero discharge
mud system. Nabors Industries ordered 25 land rigs from China’s HongHua. Most will be put into service
outside the US.*.

The three largest Chinese manufacturers are Baoji Oilfield Machinery Co. Ltd. (BOMCO), Chuanyo
Guanghan HongHua Co. Ltd. (HongHua), and Lanzhou petrochemical machinery plant. BOMCO, based
in Baoji, Shaanxi Province, is China’s largest manufacturer of drilling equipment and rigs, larger than all
national competitors combined. Founded in 1937 as the Baoji Petroleum Machinery Manufacturing Plant
(BPMMP), the company was reorganized in 2002 under CNPC. The company offers mechanical and
electric drive drilling rigs, derricks and substructures, wellhead equipment, mud pumps, pumping units,
and solids control equipment. They offer 21 different rig designs, including AC-powered rigs, truck-
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mounted rigs and rigs for cluster drilling, slant hole drilling, and desert drilling, capable of drilling from
3,300 feet to 29,500 feet. BOMCO has shipped products to 42 different countries, including the US,
Canada, and Mexico, as well as countries in South America, Africa, Europe, Middle East, Asia, Australia,
and New Zealand.

HongHua is the second-largest rig builder in China. Based in Guanghan City, Sichuan Province, the
company has built 150 rigs since 1997 and is now able to construct 50 rigs/year. HongHua’s most
powerful rig is a 2,600-hp design, but the 1,500-2,000 hp models are more popular®”.

IDM Quicksilver Drilling Systems

IDM Equipment, Ltd. evolved from a service and repair company into a supplier of complete drilling rigs
and integrated systems. IDM’s experience with drilling rigs and automation controls provides a capability
to incorporate proven technology from other industries into modern drilling systems. IDM has developed
a modular drilling system, the Quicksilver drilling system or QDS, similar to other modular, highly
mobilized drilling systems®.

Their design focuses on economic moves, safer operating parameters, reduced rig-up/rig-down time and
utilization of technology. The QDS includes ability to demobilize and rig up on a new location within 100
miles in less than 48 hours. IDM incorporated several drilling systems on single skids which minimizes
the number of components requiring disassembly; e.g., well control skid combines 80-bbl trip tank, 1000-
gpm mud gas separator and 4-10M dual choke and kill manifold; self-contained diesel-powered HPU, rig
HPU and brake water cooler (DC version) are all unitized on a single skid. Similar to other modular rigs,
the QDS requires no cranes for rigging up or down. The mud tanks are round bottom but, unlike the
cylindrical tanks of the H&P design, IDM uses rectangular tanks similar to the Ideal rig design. Similar to
the PACE and H&P designs, the IDM system uses DC SCR and IDM AC VFD control systems to
maximize efficiency in rig operations. The driller’s cabin is climate controlled and contains modern touch
screen technology controls and rig monitoring systems. The electronic driller provides automated control
of weight on bit (WOB), rate of penetration (ROP), and rotary torque.

The substructure, mud boat (self elevating mud processing system is completely unitized with the shale
shakers, vacuum degasser and desilter on a single skid), stairs, V-door and driller’s cabin are all pinned
together at ground level. After all major structural components are pinned, the drill floor and driller’s
cabin are hydraulically raised and secured from ground level. The mast is raised with hydraulic cylinders
after the substructure is raised.

The QDS is constructed in location layouts from 125 by 250 ft down to 100 by 200 ft. The QDS is
available with an optional skidding system for pad drilling applications and is available in drawworks
ratings from 1000 hp to 1500 hp and depth rating of 14,400 ft with 5” drill pipe and about 1000 ft of 6.5
inch drill collars racking capability.

RDE

Rigs Derricks Etc. LLC was established in 2002 in Houston, Texas. RDE furnishes the domestic and
international oil and gas industry with complete new and used workover and drilling packages. RDE
supplies custom designed rig packages, derricks, mast, substructures, and accessories for all land and
offshore environments?.

RDE offers a new patented design referred to as the Cheetah. This design is for 500 to 1500 hp rigs and
moves the mast, substructure and drawworks skid in three loads. It does not require rig-up cranes and uses
a telescoping triple mast that accommodates a top drive. The Cheetah rig incorporates a unique concept:
the derrick is not supported on the drilling floor and then raised as in most modular rig designs, rather the

Page 35 of 147
53



Return to Top

mast is supported at ground or zero level and the floor is raised by the derrick or hydraulically and then
pined to the derrick. US patent application 2003/0121230 appears to disclose this or a similar technology.

———

R\'}"' PRODUCT BULLETIN

The Cheetah

Bentec

Bentec GmbH Drilling & OQilfield Systems designs, manufactures and sells major mechanical and
electrical components for land and offshore drilling rigs as well as workover rigs. In March 2004 Bentec
celebrated its tenth anniversary and was formerly part of the German drilling contractor DEUTAG.
Benteczr;as evolved as an independent business unit within the ABBOT Group PLC, Scotland as is KCS
Deutag™'.

HR 5000 Cluster Slider™

The Bentec HR 5000, Cluster Slider™ is a 1500 hp drilling system for operating in harsh environments
such as those found in Siberia. The system is designed to operate on cluster locations, with a full
winterization package incorporated into the design. All direct drilling related subsystems are installed on
a rail track, allowing fast skidding in one direction. The rig design incorporates not only modern and high
performing items; particular focus was set on creating a safe and well protected work area. Components
that require maintenance are easily accessible.

The skidding movement is predetermined in one direction on each location to match the pad layout and
well head positions. Repositioning the drilling rig and its auxiliary components is fast and reduces overall
time. Power for the rig can be from the main power lines, or self generated with generator sets. A single
cable runs from the support system block to the SCR unit with step down transformers placed on the rail
track. Hot air blowers on the rail track provide sufficient heat to cope with the extremes of the Siberian
climate. The support system block can be heated either by an air heater or by the secondary disposed heat
from the diesel engines. The rig contains a derrick with 320 mt (705,000 Ib) hook load capacity and a
foldable substructure. Additional equipment such as mud separation systems, tank systems, mud pumps,
air compressors and heating system are installed on trolleys, winterized by isolated sandwich panels.
Those trolleys move with the mast and substructure during rig skidding. The move from pad to pad
requires a certain degree of disassembly, transportation and re-erection. The rig can move in a 40 km (25
mile) radius within 18 days.
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T208

Bentec T208 is a 1500 hp land drilling rig for KCA Deutag/OMV and is in the final stages of
construction. As soon as the rig-up and testing phase is finished, the rig will be transported to Austria,
where it will be operating in the wider area of Vienna. The design of this rig was driven by stringent
European emission- and noise regulations.

Slant Well Drilling

Precision Drilling developed with PanCanadian Petroleum Ltd. a slant drilling rig in the 1990s.**° This
concept was a revival of older methods of horizontal drilling most successfully employed in heavy oil
drilling at shallow depths. Wells were spudded at an angle (usually 30-45°) and then aimed straight at the
target. The concept was less expensive, faster and more productive than directional horizontal drilling.
Slant drilling allowed shallow heavy oil deposits to be developed form one or several pad locations. Pad
drilling emerged as a way to minimize environmental impact because it allows multiple-well access to
larger areas and targets beneath sensitive areas, such as lakes and towns. This technique does not require
downhole motors or MWD technology. Improvements to the technology and methodology of use reduced
time and well costs up to 50% on heavy-oil pad projects. In 1993 the slant rig had a depth rating of 6600
ft. Currently, models are available to drill to 10,000 ft.

The success of the rig can be attributed to technology that controls critical functions, makes the work
environment safer for rig crews, and improves equipment control. Combined with pad drilling, the slant
concept offers fast and simple movement from site to site and the ability to perform more than one type of
well drilling. The rig is fully mechanized to minimize manual labor; the rig’s remote control features
reduce the crew’s exposure; and automation of pipe handling improves safety since most injuries occur
while the crew is handling tubulars. Features include:

e Hydraulic tubular handling arm
Hydraulic power wrenches for make-up and break-out of tubulars
Hydraulic power wrench carrier
Hydraulic tip drive
Hydraulic BOP handler and hydraulic pull down
Pneumatic tubular slips
Hydraulic pipe tables for gravity indexing of tubulars and casings to and from the catwalk
Hydraulic tubular kickers and indexer systems that index tubular from the catwalk individually
into the tubular handling boom, or kick tubulars out of the handling boom and onto storage racks
or tables.

The rig can drill vertical, deviated, and underbalanced wells to 9,000 ft. The rig uses programmable logic
controls to monitor the position of the traveling blocks and employ a fail-safe disc break to control the
block speed as it approaches the crown or nears the rig floor. The rig can be moved quickly because the
rig lies down singles every trip. The rig requires only eight loads for well-to-well movements on a pad
and can be moved 1 to 2 miles in four hours and is easily disassembled for highway transportation.
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Figure 22: Precision Drilling Pipe Handling

DrillMec — Hydraulic Rigs

As mentioned previously, a semi-automatic hydraulic rig was proposed in 1950 and built in the mid-
1960s by Hycalog Inc.* The hydraulic systems were not well developed at that time and the rig was not
accepted by industry.

Since 1995 a unique land-rig designed by the Italian company DrillMec (formerly SoilMec; a division of
the Trevi Group) has offered a fully automatic hydraulic rig. Drillmec was formed in 2004 from Trevi
Group’s reorganization to focus on the oil, gas and water drilling markets while SoilMec focuses on
ground engineering and equipment. Trevi Group has a history of foundation, geotechnical drilling, and
tunneling technology.*

Drillmec manufactures derricks and offshore equipment, trailer-mounted mobile drilling rigs,
conventional masted drilling rigs, and unique hydraulic drilling rigs. Most of the hydraulic and mobile
drilling rigs are shallow depth capability less than 10,000 ft depth (with 5-inch drill pipe) using single,
double and small triple conventional drilling rigs. The rigs are designed to work in a reduced footprint
location to lower construction costs and reduce environmental impact (6375 ft%; 0.15 acres) (Figure 23).
The entire pipe inventory is placed in a vertical position for more efficient pipe handling (Figure 24). The
trailer mounted hydraulic hoist rig incorporates many new concepts and innovative features, along with a
high level of automation and safety allowing consistent reduction of the total drilling cost (by as much as
25%) and environmental impact associated with a drill field development. This design has been
demonstrated in different terrains, weather conditions and applications worldwide.
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1007

CONVENTIONAL RIGS 100
Figure 23: DrillMec Hydraulic Rig Foot Print

Figure 24: DrillMec Hydraulic Rig

The mud system has integrated mud control features so as to prevent mud leaks and spilling. Complete
mud collecting ditches under the drill floor, mud pumps, substructure, tanks, and pipe vertical bins
guarantee a dry location. Leaks are also prevented through pneumatic sealed coupling between bell nipple
and connector pipe.
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Features include:

e Technology serving safety, environmental control and cost reduction. The driller has full
control of all the operations from the cabin (climate controlled if required). Automatic pipe
handling system, automatic power tong, automatic slips, and mud systems and drilling
parameters can be easily controlled by a single operator from the dog house.

e HH Design covers two current rigs categories. The HH Drilling Rig series covers the category
of typical single, double and small triple conventional drilling rigs.

e Ease and safe moving. All loads are wheeled and self-erecting ensuring fast movement
between locations and prevention of accidents during transportation.

¢ Reduction in location size. Layout of the rig and its reduced footprint require half the area
required by a conventional rig of the same capacity.

e Self erecting hydraulic telescopic mast. Easy rig up and down operation are all hydraulic-
controlled. Drill string operations are performed using movement of the hydraulic telescopic
mast and the patented top drive traveling system from the center well to the mouse hole.

e Pull down capability. HH rigs have a pull down capability up to 40 tons, which gives big
advantages in horizontal and/or UBD wells.

e Complements down hole technology. The entire hydraulic control of the drilling parameters
means getting the maximum benefit from the innovative down-the-hole technologies with
enhanced production in items of ROP.

e Built-in top drive. An integrated top drive allows back reaming, well control, and fine
rotational control, automatic control in weight on bit, ROP and maximum torque.

e Micro-control of torque and weight on bit. As a consequence of all the function being
hydraulically controlled, the rig has the built-in capability to micro adjust torque and weight-on-
bit, resulting in more benefits to the drilling and core operators.

o Range 3 drill pipe. HH rigs are designed to work with Range 3 drill pipe, which facilitates
horizontal drilling and allows one-third less connections and a corresponding reduction of
tripping time.

e Environmental control. HH rigs are designed to avoid any spillage of fluid from the drill floor,
mud tanks, mud pumps, generator and ancillary equipment. This allows the rig to provide
drilling service in a dry location in accordance of the 1SO 14000 rules with enhanced control on
environmental pollution.

e Noise pollution. HH rigs are designed to work with a maximum 60 dB noise on the drilling box.

e Power. Four 700-kW Caterpillar sound-proof diesel electric generators and Siemens power
control room power the hydraulics of the rig.

Hydraulic rigs are designed to address demanding technological requirements that characterize current
onshore drilling activity. Focal points of the design are reduced weight and size, and enhanced automation
to reduce crew size. Interdisciplinary cooperation between operator and contractor has made possible the
development of an innovative drilling rig that performs economically and efficiently for drilling shallow
and medium-depth wells. HH series rigs have been used in a wide variety of field conditions, from the
desert of North Africa to Siberia. In September 2005 a US drilling company contracted to buy 25
hydraulic oil drilling rigs. Previously Cheyenne Drilling accepted delivery of a 220,000 Ib hook load
mobile hydraulic hoist rig (G-105) in June 2005 and has an order for another G-200.
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Table 3: DrillMec Hydraulic Drilling Rig Specifications

Model static hook load  max pull down rated input  top drive torque  top drive stroke approx.mass
Ib (mt) Ib (mt) HP (kW) ft-lb (daN-m) ft (m) Ib (kg)

HH-100 200,000 (91) 44,000 (20) 540 (403) 26,035 (3530) 49 (15) 94,800 (43,000)
HH-102 220,000 (100) 44,000 (20) 560 (418) 26,035 (3530) 52 (16) 99,200 (45,000)
HH-150 300,000 (136) 44,000 (20) 700 (522) 26,035 (3530) 52 (16) 110,230 (50,000)
HH-200 400,000 (181) 44,000 (20) 1340 (1000) 26,035 (3530) 52 (16) 121,250 (55,000)
HH-200S 441,000 (200) 44,000 (20) 1340 (1000) 26,035 (3530) 52 (16) 132,280 (60,000)
HH-300 600,000 (272) 66,000 (30) 1542 (1150) 36,141 (4900) 52 (16) 198,420 (90,000)

6-1295 oRiLuNG RIG

3.2 Casing While Drilling

Casing drilling is envisioned to eliminate the use of drill pipe as used in conventional rotary drilling.
Instead, the drillstring consists of standard oil field casing that is used to simultaneously drill and case the
well. Spinning the casing with a top drive rotates the drill bit. Furthermore, the casing does not have to be
tripped for bit and bottom-hole assembly changes, as these are performed via wireline retrieval.
Proponents of casing drilling claim that wireline retrieval of the bottom-hole assembly, which on average
compris&s 35% of the total time to drill a well, will be 5-10 times faster than conventional drill pipe
tripping™.

3.2.1 Huisman/Drillmar

Netherlands-based Huisman Special Lifting Equipment BV and Drillmar Inc. of Houston, through a
technology development joint venture, have developed an innovative new rig concept: the LOC250 Land
and Offshore Containerized 250 ton hook load rig. The LOC250 is designed to take advantage of
emerging casing while drilling (CWD) technology to reduce costs as well as the environmental impact of
drilling a well. The LOC250, first offered in October 2005, has a drilling depth capability of 5,500 m
(18,000 ft) with 4%-in casing; 4,500 m (15,000 ft) with 7-in casing; and 3,500 m (11,500 ft) with 4%-in
drill pipe. CWD is not the solution for all wells; therefore, the LOC250 was designed to drill with
conventional drill pipe using the same automated pipe handling and tripping processes.
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Two of the most important features of the LOC250 rig are its compact size and the fact that the entire rig
can be broken down into 17 modules with the shape and the dimensions of standard ISO containers.
Within 24 hours (including limited transportation time) and without cranes, a five-man crew with three
trucks can demobilize the compact rig and rebuild it in another location. As standard container ships,
trains and oilfield trucks can transport 1ISO containers rapidly and economically, the LOC250 rig can be
used to drill wells anywhere in the world. This was achieved by designing the rig so that its load bearing
components are either in the shape of, or can be pivoted, rotated, or connected into, an I1SO container.

The LOC250 is equipped with a fully automated pipe handler, which enables highly efficient handling of
both casing and drill pipe. When the pipe handler has upended the tubulars, they are taken over by
elevators in the rig. A top drive is used to spin the tubulars in and to torque up the connections. Fully
automated power slips are integrated within the rotary table. Capable of tripping drill pipe at 2000 ft/hr,
the LOC250 is as efficient as existing conventional drill pipe drilling rigs and more efficient than other
specially designed CWD rigs. The drill-pipe drilling and CWD processes (including pipe and casing
handling) are fully controlled from the control room without personnel on the drill floor. As drill pipe
handling is identical to casing handling and uses the same equipment, the same team can carry out both
tasks. While a conventional pipe-drilling rig needs a crew of 10, the LOC250 requires only a five-man
crew for operation.

Pipe and material handling cause almost 50% of the recorded accidents during well drilling. The fully
automated pipe handling of the LOC250 obviates the need for personnel on the drill floor and thus
reduces the potential for accidents. In addition, the simple rig-assembly process — smaller loads, less rig
crew involvement and improved overview and visibility — effectively mitigates the risk for the crew and
the potential for accidents and damage during rig moves.

The LOC250 has significantly less adverse impact on the environment when compared with older
conventional rigs. Because drilling a well with the LOC250 requires less drilling time and lower mud
pump pressures and flow rates, two 800-hp mud pumps are sufficient, compared with the three 1000-hp
pumps required for conventional DP drilling. This means a 45% lower fuel consumption and a reduction
in hydrocarbon emissions of up to 75%. Solid waste volumes are reduced by up to 30%, as the cascading
shaker system provides drier cuttings. Mud and cement costs are reduced by 10 to 20%. Because the
LOC250 has only a single 38-m (125 ft) mast, its silhouette does not impact significantly the horizon. The
footprint of the LOC250, at 700 m* (7500 ft?) is 75% smaller than the 3000 m? (32300 ft?) required for a
conventional rig.

Fidelity Exploration and Production of Texas has already taken delivery of one LOC250. Additionally,
Huisman-Itrec is developing the JBF 10000 drilling “rig of the future,” which is a compact, deepwater
semisubmersible that has only 60% of the displacement of fifth-generation semisubs capable of 10,000 ft
water depths. This will be a fully automated drill pipe handling system designed to run 135-ft pipe stands
in a box mast drilling tower and features a zero-discharge fluid system®" .

Table 4: Huisman LOC 250 General Specifications

Weight and dimensions

Total transport weight 475 [mton] 524  [Shton]

Number of container units 17

Containers for loose gear (40”) 4 TBD

Max. 1SO dimensions
Length 122 [m] 40 [ft]
Width 2438 [mm] 8 [ft]
Height standard 2590 [mm] 86~
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Height high cube without gooseneck 2794 [mm]

9, 27,

Height high cube with gooseneck 2896 [mm]

99 6”

Infield rig move <30 hours

Figure 27: Hisman Rig during Rg Up
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Figure 28: Huisman LOC 250 Drawing of Operations

3.2.2 Tesco*

Tesco pioneered the CWD concept and currently offers rigs from about 5000 to 13,000 ft capacity and
depending on the rig can be moved in 6 to 12 truckloads. All equipment is in modules that are pulled to
the location by regular oilfield trucks. The rigs do not require cranes or gin pole trucks to rig up.

All TESCO CASING DRILLING® rigs are hydraulic powered using proven mobile closed loop
hydraulics. Unique to these rigs is an advanced power distribution system which distributes the hydraulic
power to the three primary rig functions (mud pumps, top drive and drawworks) from common prime
movers and hydraulic pumps.

TESCO-built rigs include top drive technology. All TESCO rigs are designed with the top drive
permanently in the mast. Raising and lowering the mast takes place with the top drive in place. Tesco
claims that this system makes the crews more efficient and results in fewer accidents. A self elevating
substructure design allows elimination of rig mats, which improves the rig move load count and time/cost.
Additionally a climate controlled driller control center and PLCs monitor every drilling function and
routinely displays, alarms, and functions each step of the drilling process. Preset operational sequencing
coupled with the pipe handling features provide semi or complete hands-free drilling.

The rig includes a driller operated pipe handling system designed specifically for CASING DRILLING®.
Like the Huisman Rig, the TESCO rigs can also be used with drill pipe.

The system uses a catwalk mounted, hydraulic casing racks and hydraulic pipe trough that are set to direct
up to 2,500 m (8,200 ft) of tubulars toward the power catwalk. An indexing system off of the catwalk
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frame (either side) loads single joints into the trough within the carrier. The carrier is moved and raised by
hydraulic cylinders within the catwalk to the substructure level. The trough within the carrier is then
extended, transporting the casing coupling to a predetermined point close to well center. As the top drive
is rotating a single joint of casing is lifted toward the rig floor, a hydraulic elevator link tilt system
attaches to the casing standing in the trough, the mud pump is stopped, slips set and the casing drive
disengaged (does not screw into the casing). The top drive is raised along with the next joint of casing, the
stabbing arm guides the lower end of the casing into the stump, the casing drive again engages the top of
the casing and the top drive torques the lower connection. Drilling is resumed and another joint is loaded
into the power catwalk. All of these functions are performed remotely by the driller in the isolated control
center (hands free connections).

3.3 Coiled Tubing

Coiled tubing drilling (CTD) has been used on a commercial basis for several years, and can provide
significant economic benefits when applied in the proper field setting. In addition to potential cost
advantages, CTD can provide the following benefits®:
e Safe and efficient pressure control
Faster tripping time (150+ ft/min)
Smaller footprint and weight
Faster rig up/rig down
Reduced environment impact
Less personnel
High speed telemetry (optional)

Fueled by the buoyant demand for natural gas, CTD rigs have gone from an unproven concept to
commanding approximately 25% of the Canadian drilling market in less than 10 years.

CTD is ideal for underbalanced applications because of its inherent well control system. To date, most
underbalanced CTD activity has been for re-entry operations, but new wells could also benefit from this
approach. In addition, underbalanced “finishing” is a variation of underbalanced drilling used extensively
in Canada and gaining acceptance in other areas. For finishing operations, a conventional rig is used to
drill to the top of the reservoir and casing is run. From this point, CTD is used to drill into the reservoir
underbalanced. This technique leverages the respective strengths of both drilling approaches.
Conventional drilling can be faster (less expensive) in the large diameter, unproductive uphole drilling
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intervals, while underbalanced CTD is faster (less expensive) in the producing interval. CTD is also better
suited to deal with the pressure/produced hydrocarbons from the productive interval. This is evolving to
integrating the rotary rig and CT on one rig (see Section 3.3.2 on Hybrid Coil Tubing).

The use of CT instead of conventional drill pipe has been employed primarily in the drilling of shallow
gas wells in Western Canada and Alaska® and more recently in eastern Kansas of the US. Initial results
show penetration rates double that of conventional rig rates.

Blast Energy Services Inc. (formerly Verdisys Inc.) is building a new generation CTD rig that will use
abrasive fluid jetting. Maxim TEP Inc. Woodlands uses the technology of Blast Energy Services to
economically develop old reservoirs assumed depleted at shallow depths. The main functional system is
CT to jet lateral “wagon wheel spoke” holes horizontally and to do so economically.

CTD is also evolving into a useful concept for multilateral drainage techniques for reservoirs. Typically
used for heavy oil or shallow production operations, the use of multilateral production techniques is
proving to be a technology that can help increase recovery factor considerably. Drilling methods such as
multilateral CTD are evolving to address this challenge.

3.3.1 Deep CTD

Historically, CT has been used in an extension from other wellbores or through tubing primarily in
Alaska. CTD has been used at depths greater than 17,000 ft but has been used for small diameter wells
and not as a primary drilling mechanism. In Canada, CTD has been used in shallow wells and had
considerable success in high penetration formations.

Until very recently deep CTD was not considered possible. Xtreme Coil Drilling Corp. claims to have
five different rig design patents pending with an additional 11 patents pending addressing transport of CT
that could drill to deeper depths. These designs are targeted at both the US and Canadian markets.
Currently 65% of the wells in the US market are medium depth and will be drilled to 12,000 ft or
shallower. Successful demonstration of Xtreme’s technology will open up the CTD market to 10,000 ft
and deeper due to the ability to transport longer strings of CT. All rigs can drill with up to 4-in. CT.

There are, however, significant disadvantages to deep CTD:
e Rigs cost 20% more to build
CT has a much shorter life cycle than drill pipe
There are only two CT suppliers in the world, both in Houston
CT can be more difficult to fish
Directional drilling components need more development
Rapid penetration rates can result in problems getting logs to bottom
Due to high penetration rates operator needs to mud up wellbore earlier
Mud systems need to be carefully monitored to achieve log to bottom consistency
BHA assembly can also make a difference in logging

The US market is believed to be primed for CTD and the need to reduce finding costs for operators has
become critical. Efficiency of drilling with CT will improve the economics of drilling prospects.
Canadian experiences actually made uneconomic fields economic. Markets where PDC bits are effective
will be a perfect start for CTD in US markets. These applications allow high penetration rates and fewer
trips, reducing cycle life on CT. Larger CT sizes are allowing larger hole sizes to be drilled with
considerably less pressure requirements. Concentrated improvements in directional drilling with CT
should allow tremendous savings on wells being drilled with “S” curve wellbores. The US has a larger
potential market for CTD beyond 7000 ft than does Canada.
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Shallow markets in Wyoming, Montana, Colorado, New Mexico, Texas, and California were tested in
1999-2000 by Plains Energy and Fleet Coil. These were very successful. ADT is drilling very
successfully in the Eastern Colorado/ Kansas area. Deeper markets up to 10,000 ft will be tested in
Colorado and Wyoming later in 2006. Once technology has been proven, it is planned to drill in
additional increments, reaching 11,000 ft with CT by mid-2007. Top drive combination allows CTD rigs
to drill virtually anywhere (Figure 30)*.

c—

Figure 30: CTD unit with Top Drive

3.3.2 Hybrid Coiled Tubing

Combining CTD technology with a conventional jointed pipe workover capability represents the next
step-change in providing low-cost reserves access solutions.®* This approach can use a single rig where
two normally would be required and operate in remote fields more economically than either alone.

In 2002, Trailblazer Drilling recognized the limitations of existing conventional and CTD technology in
addressing various difficult drilling conditions. Trailblazer designed and patented next-generation hybrid
units which have the capacity to operate with CT or with a conventional top drive off of the same rig.
Conversion from CT to conventional drilling is accomplished in the field without any significant cost or
downtime. These units also have the capacity to drill and pre-set casing. The capability of these rigs is
approaching 12,000 ft.

3.4 Drilling Rig Automation

Phil Vollands of National Oilwell Varco stated in 2001 that the drilling industry has undergone three eras
of technology evolution: mechanization, semi-automation, and local automation®’. The 1970s saw the
introduction of equipment such as power slips, iron roughnecks, and top drives that reduced labor on the
rig floor. (However, much of the implementation was carried out in 1980’s®.) Introduced in the mid- to
late 1970s for offshore operations,* piperacking and pipehandling systems were implemented in the
1980s and were extensions of the previous era and classified by Vollands as semi-automation. Human
intervention was for control only. Primarily this technology was implemented in the premium offshore
area, although in the late 1990s, this technology was being incorporated into newbuilt onshore rigs.
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The 1990s was a transition and reconstruction period for the onshore oil and gas drilling industry and saw
these component technologies start to be integrated and developed as whole drilling systems and include
the entire rig. The uptake of this technology was more rapid offshore. Through this transition evolved a
more mobile, modular, efficient, environmentally friendly, economic, and safe drilling system. Key to this
evolution was development and integration of drilling rig automation technology and the programmable
logic controller.

The kelly spinner replaced the infamous spinning chains, which were responsible for numerous injuries
on the rig floor. Subsequently, the iron roughneck and automated pipe handling equipment are replacing
the kelly spinner. More than 30% of the rig time is spent on drillstring tripping and casing and tubing
handling and most accidents occur while handling tubulars. Acceleration of pipe handling and faster joint
makeup can significantly reduce the total time needed to drill a well and the related costs®. Automation
has reduced the number of people needed on the drilling floor, removed people away from potentially
dangerous activities as well as the number of accidents especially in the dangerous activity of running
casing. The introduction of stabberless pipe system in 1996 improved pipe running capability and reduced

casing, tubing, or riser running times considerably without compromising safety™.

Automated tubular handling systems designed into some onshore modular rigs consist of:
o Mechanized catwalk with VV-door conveyor

Mechanized pipe racking system

Rotating iron roughneck

Kelly spinner

Rotating mouse hole

Pneumatic racking board locking fingers

Adjustable racking board

Automated drawworks using AC-powered motors that provide significantly more performance and have
made possible hoisting mechanisms that require approximately half the space and weight with lower
maintenance than traditional drawworks (see Section 3.1.1; PACE rigs). These drawworks incorporate a
sophisticated braking system offering proportional control to improve drilling and tripping efficiency
while increasing safety.

Electronic drillers to maximize the efficiency and safety of drilling and tripping operations were
introduced. Monitoring drilling parameters and precisely controlling the drawworks, torque and rotation
speed at the surface provides a constant control at the bit not previously available. Additionally the use of
new automated directional drilling capability in the “Slider” coupled with greater control of drawworks
surface capability and new braking techniques allow better control during horizontal drilling.

Top drive, drawworks and mud pump performance may be improved as remote monitoring allows
technicians to track bearing wear, torque, input and output power, and oil temperature. Monitoring to
detect component and equipment health is being developed within Noble Corporation.

Automation has changed the job specifications of personnel and training requirements of working on a
drilling rig. Activities can be monitored in real time and performance predicted and workflow procedures
adjusted to create more efficient operations. Maintenance personnel will be able to detect problems that
affect the “health of the system” and diagnose predictive measures to schedule downtime outside of
critical activities. Caterpillar Engines began putting smart chips in its engines to monitor wear in 2001%".
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3.5 Pumps

In 2001, the LeTourneau Ellis William Co. (Lewco) introduced one of the largest mud pumps built, the
W-3000. At 3000 hp (over 2.2 MW), it has a working pressure of 7500 psi and maximum output of 1044
GPM (3954 I/min). These pumps are light (7400 Ib) and are rated for helicopter lifts and have small
footprints (10 ft by 4 ft (3 m by 1.2 m) over the pinion)*. The W-3000 pump has a unique inherently
balanced crankshaft that minimizes vibration for reduced wear, quieter operation and longer life. Other
life-extending features include triple-redundant lubrication and anti-friction roller bearings. Lewco
expanded its range of services to include designing and producing balanced crankshafts to replace the
worn crankshafts of mud pumps made by other companies.

National Oil Well introduced its Hex pumps in 2002. The new Hex Pump (Figure 31) technology uses six
pistons together with an asymmetric cam, resulting in minimized pressure pulsations and flow ripples
from the pump. Both measurements and theoretical calculations show that the pump provides a nearly
constant steady flow, eliminating the need for pulsation dampeners. The 1500-hp pump was tested on a
land rig in 2003, and operated concurrently with two triplex pumps on the rig to compare the performance
of two different pump designs. The Hex Pump is an axial piston mud pump with six vertical pistons
driven by two AC motors via a gear and a specially profiled cam. In contrast to crankshaft-driven triplex
pumps, the Hex pump delivers a nearly pulsation free flow. The Hex 240 (2500-hp) pump uses two 1200-
hp AC motors; maximum pump speed is 212 spm, delivering 1035 gpm at 7,500 psi. Major benefits
claimed include: up to 45% smaller footprint and 35% less weight; less vibration and noise; more
consistent plunger speed; and minimized output pulsation. The Hex Pump can replace two triplex pumps
with an increase of 50% pumping capability installed in the same area. The pump effected a time savings
due to better MWD readings (MWD data are less affected by the Hex pump).

Figure 31: National Oilwell Hex Pump

Reduced power consumption is another benefit. At the same pumping capacity, instead of using three
diesel generators when running the triplex pumps, only two generators where used when the Hex Pump
was running, resulting in lower diesel consumption and lower operating cost for the rig (estimated
between 10 and 30% for the land field test) **. However, this is related to increased power factor since the
Hex Pump is using AC motors and the triplex pump was using DC motors*.

3.6 Waste Management

Sustainable development of petroleum resources requires appropriate management of all waste streams
generated over the entire life cycle of a development beginning with initial planning of projects and
operations to decommissioning and site restoration. Quality waste management is crucial to achieve this
goal. The principal aim of waste management is to ensure that waste does not contaminate the
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environment at such a rate or in a form or quantity as to overload natural assimilative processes and cause
pollution. Eliminating or minimizing waste generation is crucial, not only to reduce environmental
liabilities but also operational cost. Many disposal practices of the past are being questioned now. The
cost of cleaning up many past hazardous waste sites will be high and a substantial part of these clean-up
costs will be charged to industry under the polluter pay principle. As inadequate waste handling
eventually leads to environmental damage and financial liabilities, systematic waste management through
integratigi environmental economics became a preferred approach in the up stream phase of the petroleum
industry™.

Historically, waste pits (reserve pits) were used at land rig sites. At the end of each well the wet cuttings
were left to dry naturally and then bulldozed or covered with natural soil. More recently cuttings were dug
out and trucked to landfill, where a significant cost is incurred as the cuttings were treated purely as waste
material®®. Current practice for operators onshore and offshore employs extensive fluids recovery and
cuttings disposal methods. Often, because they want to be considered responsible guests by their host
country, oil and gas operators impose even more stringent environmental regulations on their operations
than those imposed by the host country.

E&P waste management has evolved to encompass more than drill cuttings and excess drilling fluids
during drilling and workover operations. Though these comprise the vast majority of the wastes, other
materials include contaminated water, material and chemical packaging, emissions such as carbon
dioxide, scrap metals, fuel, lubricants and other oils as well as the usual human and industrial wastes
associated with E&P operations*®. Application of computer models is a new tool to help manage solids
control, wastes, and liability issues from a drilling project*’.

Shell established a Rig Waste Reduction Pilot Project in 2001 to identify potential waste reduction
strategies.*® The preferential hierarchy they developed is: reduce, reuse, recycle, recover and dispose. The
major of the total waste stream was found to be drilling discharges and non-hazardous oilfield waste. Mud
use was reduced by 20% and mud component packaging was reduced by 90% through a combination of
solids control efficiency, cuttings dryer technology and bulk mixing equipment. In addition, Shell
implemented a sorting, compaction and recycling process for solid waste (consumables and trash) to
reduce landfill disposal.

Schlumberger introduced a total waste management program to mitigate rising quantities of landfill
waste.*® Benefits included an overall improvement in general housekeeping that reduced health and safety
exposure and a general increase in environmental awareness and concern.

Mobil implemented a waste management program for Hugoton field operations.” The waste management
system decreased overall waste-related costs while improving compliance assurance and reducing
potential liability. The key element was a mechanical solids-control system consisting of a semi-closed
loop centrifuge flocculation dewatering process that removes solids for burial on location.

Waste management incorporates other aspects in addition to drilling fluids and cuttings. Air emissions
and water runoff from the site should also be considered. With the increase in rig activity in the Rocky
Mountain states, pollution from drilling rigs and other oil field related equipment has become a concern.*
Wyoming’s Jonah Field near Pinedale is a concern where it is estimated that 3,100 wells will be added.
EnCana tested a natural gas fired drill rig that reduces emissions by 90% compared to conventional diesel
rigs.>? EnCana is also evaluating the possibility of providing electrical service to the Jonah field to power
drilling rigs with direct electrical power, thereby reducing emissions to negligible amounts.® A water
runoff management program may be developed to control discharges of waste water to the environment.>
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3.6.1 Drilling Fluids

Solids and Cuttings Management

API estimated that in 1995 about 150 million barrels of drilling waste were generated from onshore wells
in the US alone. Operators have employed a variety of methods for managing these drilling wastes
depending on state and federal regulations and how costly those options are for the well in question.
Onshore operations have a wider range of options than offshore operations. These include land-spreading
and land-farming, evaporation and burial onsite, underground injection, incineration and other thermal
treatment, bioremediation and composting and reuse and recycling®.

ChevronTexaco published 10 years of lessons learned concerning biotreating exploration and production
wastes.”® They have successfully implemented bioremediation in diverse climates and in remote locations.
The most common biological treatment techniques in the exploration and production industry are
composs'ging and land treatment. Land-farming and composting have been successfully used for drilling
wastes.

A novel technique for effective drilling waste management is vermicomposting,® which uses worms to
remediate the cuttings, converting them into a compost material that is useful as a soil enhancer. It was
found that this technique not only cleans the cuttings but converts them into a valuable resource. For
environmentally sensitive areas, this bioremediation technique may be applicable. It was found that the
vermicompost technique, combined with environmentally friendly design of the drilling fluid, is by far
the preferred treatment technique compared to thermal treatment of the cuttings.

Drill Cuttings Processing — Thermal Processes

The Drilling Waste Management Information System, developed by Argonne National Laboratory and
industry partners ChevronTexaco and Marathon under the US DOE’s Natural Gas & Oil Technology
Partnership program, provides a summary of thermal treatment technologies.* Thermal technologies use
high temperatures to reclaim or destroy hydrocarbon-contaminated material. Thermal treatment is
efficient for destroying organics and reducing the volume and mobility of inorganics such as metals and
salts.® After-treatment may be necessary for metals and salts. Waste streams high in hydrocarbons
(typically 10 to 40%) like oil-based mud, are prime candidates for thermal treatment. Thermal treatment
can be an interim process to reduce toxicity and volume and prepare a waste stream for further treatment
or disposal (e.g., landfill, land farming, land spreading), or it can be a final treatment process resulting in
inert solids, water, and recovered base fluids.

Costs for thermal treatment range from $75 to $150/ton, with labor a large component.® Currently,
however, the rate in the UK is £140 ($250) per tonne for thermal desorption and disposal. Waste volumes
from a single operator may not be high enough to justify continuous operation of a thermal treatment
process, but contract operation of a centrally located facility that manages waste from multiple area
operators may be cost-effective.

Thermal treatment technologies can be grouped into two categories.*® The first group uses incineration
(e.g., rotary kilns, cement kilns) to destroy hydrocarbons by heating them to very high temperatures in the
presence of air. The second group uses thermal desorption where heat is applied directly or indirectly to
the wastes to vaporize volatile and semivolatile components without incinerating the soil. In some thermal
desorption technologies, off-gases are combusted, and in others, such as in thermal phase separation,
gases are condensed and separated to recover heavier hydrocarbons. Thermal desorption technologies
include indirect rotary kilns, hot oil processors, thermal phase separation, thermal distillation, thermal
plasma volatilization, and modular thermal processors.
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Various thermal processes have been patented.®*®*% A detailed summary of various thermal processes is
presented in Appendix A.

Cuttings Injection

Cuttings injection is a waste disposal technique where drill cuttings and other oilfield wastes are slurried
by being milled and sheared in the presence of water (usually seawater). The resulting slurry is then
disposed by pumping it into a dedicated disposal well, or through the open annulus of a previous well into
a fracture created at the casing shoe set in a suitable formation.

Drilling a dedicated injection well is sometimes ruled out in favor of an annular injection plan due to cost.
More frequently, operators are deciding not to risk damaging their well and would rather drill a separate
shallow injection well.

For single well programs or areas with specific logistical limitations (Cook Inlet), annular injection is the
norm. However, for development drilling, a dedicated injection well (or two) is often used. For
development drilling from a platform, the first well could be drilled with water-base fluids to an injection
depth and then be used as the injection well for the balance of the wells to be drilled from the platform or
pad. After all other wells are drilled, the annulus of one of the other wells can be used as the original
injection well is drilled to TD and completed.

Operations are usually batch by nature and carried out at low pump rates (2.0-8.0 BPM). Typically the
13% by 9%-in. annulus is selected as the disposal location. These types of operations have been carried
out all over the world, with disposal into many different types of strata.

3.6.2 Stormwater Management

Drilling operations can produce large volumes of wastewater that contains sediment, mud and drilling
additives. The proper handling, containment and disposal of the wastewater are important to mitigate
potential harm to the environment.

Stormwater should contain only clean rainwater, not pollutants such as wastewater, sediment, mud,
drilling additives or other pollutants. Only clean, non-contaminated stormwater should be allowed to flow
directly into rivers, oceans and other waters.

Addressing potential stormwater pollution

Improves awareness of the impact of well drilling on the environment

Meets public expectations that drilling activities do not pollute

Reduces environmental impacts

Complies with legal and environmental responsibilities

Provides a cleaner work environment and improves efficiency

Increases long-term cost savings through increased efficiency and reduced costs.

Wastewater should be contained on site and disposed of away from any watercourse or wetland area.
Wastewater can usually be contained by constructing a temporary reserve pit of adequate size, protected
from stormwater by banks. The wastewater drained into the reserve pit can be disposed of by evaporation
or hauled offsite to a suitable disposal location.
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Capturing Runoff — Zero Discharge

Third Party Products — Spill Protechtion

Katch Kan™ introduced the Zero Spill project to the upstream oil and gas industry with the first two
components of the Zero Spill System™ (ZSS) in 1994. As needs of the industry further developed, the
ZSS became more fully involved and effective in controlling and redirecting drilling fluid. The
technology enables drilling as a zero spill operation; directly avoiding environmental contamination. ZSS
technology can be applied to drilling rigs, service rigs, wellheads, barge, and other offshore applications.
These products can also be retrofit to older rigs.
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Figure 32: Katch Kan Products for Zero Spills

3.6.3 Emissions Control

Drilling operations involve the use of diesel engines for delivery/logistics of equipment, materials and
supplies and for power generation at the drill site. There has been much advancement in reducing
emissions from diesel engines. Diesel engines emit particulate matter (PM) and oxides of nitrogen (NOX)
into the atmosphere, along with other toxic air pollutants. Health experts have concluded that pollutants
emitted by diesel engines adversely affect human health and contribute to acid raid, ground-level ozone
and reduced visibility. Studies have shown that exposure to diesel exhaust causes lung damage and
respiratory problems and there is evidence that diesel emissions may cause cancer in humans.

Significant improvement in diesel emission levels, in both light- and heavy-duty engines, was achieved in

the 1970 - 2000 period. PM, NO,, and HC emissions were cut by one order of magnitude. Most of that
progress was achieved by emission-conscious engine design, such as through changes in the combustion

Page 53 of 147
71



Return to Top

chamber design, improved fuel systems, implementation of low temperature charge air cooling, and
special attention to lube oil consumption.

However, more progress was still required, as the NO, and PM emissions from diesels remained higher
than those from Spark Ignited (SI) engines. A new series of diesel emission regulations was developed
with implementation dates around 2005-2010, which require the introduction of exhaust gas
aftertreatment technologies in diesel engines, as well as fuel quality changes and additional engine

improvements.

Table 5: Technology Emission Impacts

Technology

Emission Impact

Significance

Engine Design Technologies

Fuel Injection System

Charge Air System

Combustion Chamber

Electronic Control

~90% PM reduction, ~75% NO, reduction,
large reductions in HC/CO emissions
achieved in the 1980-1990 timeframe

Combination of these engine design techniques was
the major source of diesel emission reduction through
the end of 1990s; Potential for further emission
reductions in the future

Exhaust Gas Recirculation

30-50%+ NO, reduction

Cight-duty venicles, Major heavy-duty engime
applications from 2002 (USA)

Fuel, Oil & Additive Technolog

ies

Fuel & Lube Oil

Only limited direct emission impact in
modern engines

Sulfur content remains the critical property due to its
effect on catalytic aftertreatment technologies

Alternative Diesel Fuels

Variable, depending on fuel and emission

Short term: emission-driven niche markets; Long
term: critical importance due to depletion of petroleum
reserves

Fuel Additives

Small emission effect with modern engines
and quality diesel fuels

Possible use to assist particulate filter regeneration

Water Addition

1% NO, reduction for every 1% added
water

Niche markets: marine and stationary engines;
centrally fueled fleets (emulsions)

Exhaust Gas Aftertreatment

Diesel Oxidation Catalyst

High reduction of HC/CO emissions; PM
conversion depends on fuel sulfur, usually
limited to maximum 20-30%

Widely used on Euro 2/3 cars and on 1994 and later
heavy-duty urban bus engines in the U.S.; Will remain
a component of future emission control systems

NO, Adsorber Catalysts

~90% NO, reduction potential

Potential future technology for light duty engines
worldwide and for heavy-duty engines in the U.S.
(2007/2010)

Urea-SCR Catalysts

~90% NO, reduction

Future technology for Euro 5 heavy-duty diesel
engines; Currently used in stationary engines and
other niche markets

Diesel Particulate Filters

70-90%+ PM emission reduction

Expected widespread use for (heavier) Euro 4 cars
and heavy-duty US2007 engines; Currently used in
retrofit programs and voluntary diesel car applications

Lean NO, Catalysts

NO, reduction potential of ~10-20% in
passive systems, up to 50% in active
systems

Uncertain; NO, reduction potential insufficient for long-
term regulatory objectives

Plasma-Assisted Catalysts

NO, reduction potential up to ~50%

Uncertain, NO, reduction potential Insufficient 1or long-
term regulatory objectives

Table 6: Available Diesel Retrofit Technologies

Technolo Emissions Reductions Fuel Other Information
9y HC PM NOx | Requirements
Diesel Oxidation DOC’s have an established record in
c 50-90% 25-50% -- 500 ppm sulfur the highway sector and are gaining in
atalyst (DOC) o .
nonroad applications. Sulfur in fuel can
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impede effectiveness of DOCs;
therefore, the devices require fuels with
low sulfur levels. Can be combined
with other technologies for additional
PM and or NOXx reductions.

DPF’s use either passive or active
regeneration systems to oxidize the PM

Diesel CB-DPF — ULSD; | infilters. Passive filters require higher

Particulate Filter | 50-95% >85% -- active, non-CB- operating temperature to work

(DPF) DPF - 500 ppm properly. Filters require maintenance.
Can be combined with NOX retrofit
technologies.

Filtration efficiency is lower than DPF,

Flow-through but is much less likely to plug under

. 50-95% | 30-60%+ -- 500 ppm sulfur unfavorable conditions, such as high

Filter (FTF) - L
engine-out PM emissions and low
exhaust temperatures.

(LZZ?QI)'/:?()(LN 0) _ >85% 5.30% ULSD Verified LNCs are always paired with

- a DPF ora DOC.

with a DPF
Common in stationary applications.

Selective Require periodic refilling of an

Catalytic 80% 20-30% 80% 500 ppm sulfur ammonia or urea tank. Often used with

Reduction (SCR) a DOC or DPF to reduce PM
emissions.

Both low-pressure and high-pressure
EGR systems exist, but low-pressure

Exhaust Gas EGR is used for retrofit applications

Recirculation 40— because it does not require engine

(EGR) with a - | >85% 50% ULSD modifications. Feasibility of low-

DPF pressure EGR is more of an issue with
nonroad equipment than on-road
equipment.

Closed

\C/;Ti(lgiisc?n -- 5-10% -- 500 ppm Usually paired with a DOC or DPF.

(Ccv)

The array of emission control methods provides the designer with building blocks which need to be
chosen and combined into the emission control system, which in turn is integrated with the engine to
achieve a given emission target. A system approach is necessary to develop the clean emission diesel
engine. There is no miraculous “plug-in” device available which could be installed on a particular engine
and effectively clean emissions. An effective emission control strategy has to combine elements of engine
design with the use of appropriate fuels and exhaust aftertreatment methods.

Selective catalytic reduction (SCR) of NOy by nitrogen compounds, such as ammonia or urea—
commonly referred to as simply “SCR”—has been developed for and well proven in large-scale
industrial stationary applications. The SCR technology was first applied in thermal power plants
in Japan in the late 1970s, followed by widespread application in Europe since the mid-1980s. In
the USA, SCR systems were introduced for gas turbines in the 1990s, with increasing potential
for NOy control from coal-fired powerplants. In addition to coal-fired cogeneration plants and
gas turbines, SCR applications also include plant and refinery heaters and boilers in the chemical
processing industry, furnaces, coke ovens, as well as municipal waste plants and incinerators.
The list of fuels used in these applications includes industrial gases, natural gas, crude oil, light,
or heavy oil, and pulverized coal.®*

Page 55 of 147
73



Return to Top

SCR is the only proven catalyst technology capable of reducing diesel NOy emissions to levels
required by a number of future emission standards. Urea-SCR has been selected by a number of
manufacturers as the technology of choice for meeting the Euro V (2008) and the JP 2005 NOy
limits—both equal to 2 g/kWh—for heavy-duty truck and bus engines. First commercial diesel
truck applications were launched in 2004 by Nissan Diesel in Japan and by DaimlerChrysler in
Europe.

SCR systems are also being developed in the USA in the context of the 2010 NOy limit of 0.2
g/bhp-hr for heavy-duty engines, as well as the Tier 2 NOy standards for light-duty vehicles.

The technologies and strategies being developed for the 2007/2010 heavy-duty highway diesel engine and
Tier 4 nonroad diesel engine standards may be applicable stationary diesel engines provided adequate
lead-time is given. The issue is to match the right technologies to the right applications. Reduction of
emissions is influenced by the duty cycle of the engine.

DieselNet (www.dieselnet.com) provides current information about emission standards and regulations.

3.6.4 Flaring Control

Well Testing — Well testing enables valuable reservoir data to be obtained prior to making the financial
commitments required for field development. During testing operations, although the operation may
contribute a small fraction of total operational flaring for a large operator, the high visibility of the
operation can attract attention. In the North Sea, produced water is cleaned to reduce oil contamination to
levels as low as 20 ppm or less prior to discharge. In the Gulf of Mexico, produced oil has been
conditioned to sale quality, pumped to tethered barges, and then sold. New, high efficiency burners are
available to reduce NOx, CO and unburned hydrocarbon levels and to ensure that liquid fallout to the sea
is eliminated.

Well Clean-up — Production facilities are typically not designed to handle the mix of drilling fluids,
brines and solids that can be produced during initial well clean-up. It may be required to have a temporary
facility on site, similar to a well test package, during well clean-up. Well clean-up fluids are difficult to
burn as they usual contain much aqueous fluid such as completion brine. Surface equipment designs have
evolved to handle well clean-up. Initial flows can be diverted to storage tanks and separators enabling a
clean gas flare to be maintained. Produced fluids can then be disposed.

Gas Flaring and Venting — Gas flaring/venting from production facilities can be eliminated through the
collection and recompression of vent gas from storage tanks and pipelines.

3.7 Power Generation

Drilling rigs are sized for peak power needs. During drilling operations all of the design power of a
specific rig is rarely needed; roughly 25% power is needed the majority of the time. However, during
hoisting a great deal of power is needed. Most of the large deepwater offshore rigs being built today need
over 40,000 hp (30 MW). Many exceed 50,000 hp (37.3 MW). To put this into perspective, the average
person in the US consumes roughly 13,000 kW-hr of energy each year (www.eia.doe.gov) (about 1.48
kW per person). Rig power then corresponds approximately to a 20,000 person community for these large
rigs. A land rig operation would be roughly 10-20% of this capacity (4,000-8,000 hp; 3-6 MW).
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Conventional rigs usually use internal combustion engines sufficient to mechanically drive pumps,
drawworks, and rotary table directly through mechanical compounding or drive a generator and use
electric motors distributed throughout the rig to drive the other drilling rig components. The latter is more
prevalent in the current market though the former is still used on older rigs that have not been refurbished.

New build rigs are primarily equipped with AC generating capability. Older electric rigs used DC
capability. AC motors have been found to be more efficient in heavy load applications and much more
controllable.

3.7.1 Conventional Power Generation

Internal or Recipricating Combustion Engines

Reciprocating internal combustion engines are a widespread and widely known technology. A variety of
stationary engine products are available for a range of power-generation applications and duty cycles,
including standby and emergency power, peaking service, intermediate and base-load power, and
combined heat and power (CHP). Reciprocating engines are available for electrical power generation
applications using many different fuel sources in sizes ranging from a few kilowatts to many 10s of
megawatts of power in individual applications.” Wartsila builds one of the largest specialty 1C currently
(2300 tons, 108,900 hp Total displacement of 1,556,002 cubic inches, and exceeds 50% thermal
efficiency). IC engines are generally characterized as having:

Low initial capital cost

Proven reliability

Strong maintenance support networks

Rated output that is not impacted by higher ambient temperatures or elevations
High partial load efficiency

Heat recovery capabilities for combined heat and power

No requirements for external inlet fuel compression

Diesel engines (compression ignition or Diesel cycle) have historically been the most popular type of
reciprocating engine for drilling rig use; though, gas fueled spark ignition (SI) engines (Otto Cycle) have
also been used. In the United States and other industrialized nations, diesel engines are increasingly
restricted because of air emission concern. The emissions signature of natural gas Sl engines has
improved significantly in the past decade through better design and control of the combustion process and
through the use of catalytic treatment of exhaust gases. Advanced lean-burn natural gas engines are
available that produce untreated NOXx levels as low as 50 ppmv at a 15% reference O, (dry basis).*
Engines intended for industrial use are designed for durability and for a wide range of mechanical drive
and electric power applications. Their sizes range from 20 kW to more than 7 MW, including
industrialized truck engines in the 200 to 600 kW range and industrially applied marine and locomotive
engines above 1 MW.

Depending on the engine and fuel quality, diesel engines produce 5 to 20 times as much NOx (on

a ppmv basis) as lean-burn natural gas engines. Diesel engines also produce assorted heavy hydrocarbons
and particulate emissions (PM). Common NOx control techniques include delayed fuel injection, exhaust
gas recirculation, water injection, fuel-water emulsification, and compression ratio and turbocharger
modifications — all designed to eliminate hot spots and reduce the flame temperature within the cylinder.
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An increasing number of larger diesel engines are equipped with selective catalytic reduction (SCR) and
oxidation catalyst systems for post-combustion emissions reduction.

Gas Turbines

Gas turbine generators (generally classed a Brayton thermodynamic cycle) or combustion turbines (CT)
are an established technology in sizes from several hundred kilowatts up to several hundred MW.
Though the equipment can be complex the process is fairly simple. Air is pulled through rotating and
fixed blades in the compression turbine, raising both the pressure and temperature of the air. The
compressed air is then forced into a combustion chamber where fuel is injected and ignited. Hot gases
exiting the combustion chamber expand across rotating and fixed blades in the power turbine.

Gas turbines can be set up to burn natural gas, a variety of petroleum fuels or can have a dual-fuel
configuration. Gas turbine emissions can be controlled to very low levels using water or steam injection,
advanced dry combustion techniques, or exhaust treatment such as selective catalytic reduction (SCR).
Maintenance costs per unit of power output are among the lowest of power generation technology
options. Technical and economic improvements in small turbine technology are pushing the economic
range into smaller sizes as well. Low maintenance and high-quality waste heat make gas turbines an
excellent match for industrial or commercial CHP (combined heat power) applications larger than 5 MW,
The CHP increases the thermal and electrical efficiency of the turbine process since high quality heat can
be captured for additional generation or use. The key attributes of CTs include the following:

Highly efficient when at or near full-load

Produce very low air emissions compared to reciprocating engines

Ideal for combined heat and power (CHP) or combined cycle applications

High energy density (power to weight ratio) and smaller footprint than reciprocating engines
Proven technology with wide range of currently available products and established service
channels

Simple Cycle efficiencies for gas turbines available today range from 10 to 43%. CT design varies by
manufacturer, but the fundamental principles remain the same and performance varies with factors that
alter the mass of air flowing into the turbine. For example, net output power is reduced when there is an
increase in atmospheric temperature or site elevation. Efficiency can be increased by decreasing inlet and
outlet pressure losses, designing more efficient compressor or power turbines, and achieving higher
combustion temperatures.

Small Industrial Turbines

As opposed to the large scale utility turbines that are generally 50MWe if not 100’s of MWe power
requirements the industrial turbines have smaller capacity but are basically the same design configuration.
Aero-derivative turbine units are derived from jet propulsion engines utilized on commercial aircraft.
Aero-derivative units are available with power output ranging from 300-52,000 kW. Typical applications
include peaking and cogeneration projects. Because these turbines were originally optimized for aviation,
these are designed to be light weight, reliable, efficient, and easily packaged. Aero-derivatives tend to
have shorter intervals between overhauls than industrial CTs. Industrial units do not have the design
constraints of aero-derived combustion turbines as they are designed from the bottom up for high
efficiency and high reliability, with long periods of continuous operation between overhauls. Industrial
turbines have a fundamentally different combustor design than aero-derivative machines. Power output
for commercially available units range from a few hundred kW to over 50,000 kW. Industrial turbines are
typically installed in CHP applications, but can be found in peaking capacities as well.
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Micro Turbines

Microturbines are small gas turbines that burn gaseous and liquid fuels to create a high-energy gas stream
that turns an electrical generator. Today’s microturbine technology is the result of development work in
small stationary and automotive gas turbines, auxiliary power equipment, and turbochargers — much of
which was pursued by the automotive industry beginning in the 1950s. Microturbines entered field-testing
around 1997 and began initial commercial service in 1999-2000. The size range for microturbines (either
commercially available or in development) is from 25 to 500 kilowatts (kW), while conventional gas
turbine sizes range from 500 kW to more than 300 megawatts (MW).

Microturbines generally have marginally lower electrical efficiencies than similarly sized reciprocating
engine generators. However, because of their design simplicity and relatively few moving parts,
microturbines have the potential for simpler installation, higher reliability, reduced noise and vibration,
lower maintenance requirements, and possibly lower capital costs compared to reciprocating engines.
Microturbines have the potential for extremely low emissions. Most current microturbines operating on
gaseous fuels feature lean premixed (dry low NOx, or DLN) combustor technology, which was developed
relatively recently for gas turbines, but is not universally featured on larger gas turbines. Because
microturbines are able to meet key emissions requirements with this or similar built-in technology, post-
combustion emission control (aftertreatment) techniques are currently not needed.

Microturbines are very small combustion turbines that are currently offered in a size range of 30 kW to
250 kW. Microturbine technology has evolved from the technology used in automotive and truck
turbochargers and auxiliary power units for airplanes and tanks. In the typical configuration, the turbine
shaft, spinning at up to 100,000 rpm, drives a high-speed generator. The generator’s high-frequency
output is converted to the 60 Hz power used in the United States by sophisticated power electronics
controls. Electrical efficiencies of 23-26% are achieved by employing a recuperator that transfers heat
energy from the exhaust stream back into the combustion air stream.

Microturbines are compact and lightweight, with few moving parts. Many designs are air-cooled and
some even use air bearings, thereby eliminating the cooling water and lube oil systems. Low-emission
combustion systems, which provide emissions performance approaching that of larger gas turbines, are
being demonstrated. Microturbines’ potential for low emissions, reduced maintenance, and simplicity
promises to make on-site generation much more competitive in the 30 to 300 kW size range characterized
by commercial buildings or light industrial applications. Microturbines also have significantly lower
emissions signatures (i.e., lower NOx and CO emissions) than reciprocating engines. Microturbine
emissions can be up to eight times lower than diesel generators. In resource recovery applications,
microturbines can burn waste gases that would otherwise be flared directly into the atmosphere.

Microturbines and larger gas turbines operate on the same thermodynamic cycle, known as the Brayton
cycle. In this cycle, atmospheric air is compressed, heated at constant pressure, and then expanded, with
the excess power produced by the expander (also called the turbine) consumed by the compressor used to
generate electricity. The power produced by an expansion turbine and consumed by a compressor is
proportional to the absolute temperature of the gas passing through those devices. The general trend in
gas turbine advancement has been toward a combination of higher temperatures and pressures. However,
microturbine inlet temperatures are generally limited to 1750°F or below to enable the use of relatively
inexpensive materials for the turbine wheel and recuperator. For recuperated turbines, the optimum
pressure ratio for best efficiency is usually less than 4:1.
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The basic components of a microturbine are the compressor, turbine, generator, and recuperator. The
heart of the microturbine is the compressor-turbine package, which is most commonly mounted on a
single shaft along with the electric generator. The single shaft is supported by two (or more) high-speed
bearings. Because single-shaft turbines have only one moving part, they have the potential for low
maintenance and high reliability. There are also two-shaft versions of the microturbine, in which the
turbine on the first shaft only drives the compressor while a second power turbine on a second shaft drives
a gearbox and conventional electrical generator producing 60 Hz power. Moderate- to large-size gas
turbines use multistage axial flow compressors and turbines, in which the gas flows parallel to the axis of
the shaft and then is compressed and expanded in multiple stages. Most current microturbines are based
on single-stage radial flow compressors and either single- or two-stage turbines. Radial flow
turbomachinery can handle the very small volumetric flows of air and combustion products with higher
component efficiency and with the simpler construction than axial flow components.

Recuperators are air to gas heat exchangers that use the hot turbine exhaust gas (typically around 1,200°F)
to preheat the compressed air (typically around 300-400°F) before the compressed air goes into the
combustor, thereby reducing the fuel needed to heat the compressed air to the design turbine inlet
temperature. Microturbines require a recuperator to achieve the efficiency levels needed to be competitive
in continuous duty service. Depending on microturbine operating parameters, recuperators can increase
machine efficiency by as much as a factor of two. However, since there is increased pressure drop in both
the compressed air and turbine exhaust sides of the recuperator, power output typically declines 10% to
15% on a recuperated turbine.

3.7.2 Regulatory Impacts on Rig Power (Stationary) Generation

EPA adopted a comprehensive national program to reduce emissions (see appendix B) from future non-
road diesel engines by integrating engine and fuel controls as a system to gain the greatest emission
reduction. To meet these emission standards, engine manufacturers will produce new engines with
advanced emission-control technologies similar to those already expected for highway trucks and buses.
Exhaust emissions from these engines will decrease by more than 90%. Because emission-control devices
can be damaged by sulfur, EPA is also adopting a limit to decrease allowable levels of sulfur in non-road
diesel fuel by more than 99%.

Mobile diesel engines used on drilling rigs and other industrial applications have been required to meet
emissions standards for off-highway compression ignition sources since 1996. Specific emission
standards for hazardous air pollutants (HAPS) for oxides of nitrogen, hydrocarbon, carbon monoxide, and

particulate matter vary by engine power category and year, with each reduction referred to as a “tier”
(Table 7).

Table 7: Timeline for New Source Performance Standards for Stationary Engines. Second number is
emergency conditions emission allowance (after Brand and Iverson AOGR March 2006%)

Interim Engine Manufacturer Certification
kW (hp) Apr-06 | 2007 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016
0-18 (0-24)] T1m1 | T2/m2 |T14/T4
19-36 (25-48)] TU/M1 | T2[M2 |T4/T4 [ T4T4 [ T4/T4
37-55 (49-74)] T1M1 | T2/m2 |T3/T3 T4/T3 (0.3 g/kWh PM?)  T4/T3 (0.3 g/kWh PM?)
56-74 (75-99)] T1/M1 | T2/M2 |T3/T3 T4/T3 TA/T3
75-129 (100-173)] T1/T1 | T3/13 T4T3 T4/T3
130-560 (174-751)] T1/T1 | T3/T3 T4/T3 [T4/T3
Ta/T4 Power Gen: T4
61-900 (752-1,207)| T1T1 | T2/[12 (Nox &PM a/T)/T4
12237 (1,208-3,000)[ T1/T1 T2/T2 power gen: T4 Nox A/T)/T2 Power Gen: T4
>2237 (3,000)] TUT1 [ TU/T1 other : T4i (non-A/T)/T4 (Nox &PM a/T)/T4
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EPA has assumed technologies for controlling HAPS from gas/diesel fueled engines are three way
catalysts for rich burn engines and oxidation catalysts for lean burn engines as well as diesel engines.

Manufacturers currently offer products that meet various control levels established by pre-existing EPA
non-road regulations. Compared to older engines, NO, emissions from non-road diesel engines
(commonly available for stationary use) have been reduced 77% and PM emissions have been reduced
85% to meet current advanced requirements.

Reducing oil consumption has been one of the primary ways that highway diesel engines have complied
with the PM (particulate matter) standard since 1994. Reducing oil consumption not only decreases
maintenance costs, but also VOF (volatile organic fractions) and PM emissions. Oil consumption through
the combustion chamber can be reduced through improvements in piston ring design and through the use
of valve stem seals. Piston rings can be designed to “scrape” oil from the cylinder liner surface back into
the crankcase reducing the amount of oil consumed during combustion from the cylinder. Valve stem
seals can be used to reduce oil leakage from the lubricated regions of the engines valve train into the
intake and exhaust ports of the engine. Engine designs that incorporate these technologies have reduced
VOF and PM emissions®.

Other technologies suggested in the literature as well as the EPA “Nonroad diesel emissions standards” to
reduce the HAPS are

e Charge Air Cooling or lowering the intake manifold temperature lowers peak temperature of
combustion and thus NO, emissions. Note that this can also increase specific power output of an
engine.

o Fuel injection rate shaping and multiple injections

e Injection Timing Retard. Delaying fuel injection until the cylinder is moving down can reduce
the NO, emissions from a diesel engine. Cylinder temperature and pressure are lowered;
however, hydrocarbons, carbon monoxide, PM and fuel consumption increase. This is a trade-off
and may be changed through application of new technologies such as common rail fuel systems
and exhaust gas recirculation.

o EGR (Exhaust Gas Recirculation) reintroduces or retains a fraction of the exhaust gases into the
cylinder. This decreases NO, formation by reducing thermal peak combustion temperature;
reducing amount of oxygen available for formation of NO,; and chemical dissociation effect of
CO, and water which is endothermic.

e Induced Mixing Charge Motion
Control of air-to-fuel ratio

o Flow through diesel oxidation catalyst reduces HC and PM emissions by oxidizing both gaseous
(volatile) hydrocarbons and semi-volatile portions of PM. These components can also oxidize
sulfur compounds in the diesel.

3.7.3 Fuel Types

Bi-fuels Concept

Natural-gas industrial engines have been used for several decades. Typically, large engines used in the oil
and gas industry are fueled by diesel or other combustible fuels or gases (e.g., natural gas, propane or
butane) normally as either a 100% diesel or 100% gas fuel source. In the early to mid 1980s, a bi-fuel
system concept was introduced to reduce emissions by using two types of fuels simultaneously and at the
same time improve efficiency and power. When running in gas mode the engine works according to the
Otto process where the lean air-fuel mixture is fed to cylinders during the suction stroke. At leaner
combustion, less NO, is produced and the engine efficiency is increased—efficiencies exceeding 47%
have been recorded.
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The dual or bi-fuel engine is a diesel engine that operates on gaseous fuels while maintaining some liquid
fuel injection to provide a deliberate source for ignition. Such a system is usually designed to minimize
use of diesel fuel by replacing it with various gaseous fuels and their mixtures while maintaining
satisfactory engine performance. There are problems associated with conversion of a conventional diesel
engine to dual fuel operation. At light loads, dual fuel engines tend to exhibit inferior fuel utilization and
power production efficiencies, with higher unburned gaseous fuel and carbon monoxide emissions
relative to corresponding diesel performance. Operation at light loads is also associated with greater
cyclic variation in performance parameters, such as peak cylinder pressure, torque, and ignition delay,
which have narrowed the effective working range for dual fuel applications in the past. These trends arise
mainly as a result of poor flame propagation characteristics within the very lean gaseous fuel/air mixtures
and originating from the various ignition centers of the pilot®’.

The quality of natural gas used to fuel a converted engine, with respect to its percentage makeup of
component gases, will directly affect power, efficiency, emissions, and longevity of the engine. As a
general rule, higher methane content results in higher fuel quality. Butane is the most common variable to
adversely affect engine performance. Hexane is more destructive than butane, but is seldom seen at levels
high enough to cause concern. In any case, maintaining hydrocarbon levels at or below indicated target
levels is necessary for achieving rated power performance. Acceptable levels (in molar percent) for
various component gases have been proposed, with the sum of all non-methane hydrocarbons not to
exceed 8% of the total fuel mixture®.

Certain applications require the use of a modified cooling system for the converted engine to run properly
and produce fully rated output. Burlington Railroad has used the system since the late 1990s on some of
its locomotives. Nabors Offshore applied the dual fuel system to offshore drilling rig power generation®.
Many newer land drilling rigs and most offshore drilling rigs use SCR (selective catalytic reduction)
technology to covert NOy to nitrogen and water, thus reducing emissions loading. A combination of fuel
mixing and SCR could reduce emissions further.

Synthetic Fuels

Various chemical characteristics and natural impurities in diesel fuel can affect exhaust emissions from
diesel engines, can damage or impede operation of emission control devices, and can increase secondary
pollutant formation in the atmosphere. The EPA, which has a mandate to assure healthy air quality, most
recently established low sulfur requirements in diesel fuel starting in 2006.

Synthetic fuel (synfuel) is any liquid fuel obtained from coal or from natural gas. It can sometimes refer
to fuels derived from other solids such as oil shale, tar sand, waste plastics, or from the fermentation of
biomatter. It can also (less often) refer to gaseous fuels produced in a similar way. The best known
process is Fischer-Tropsch synthesis which converts carbon dioxide, carbon monoxide, and methane into
liquid hydrocarbons of various forms. Carbon dioxide and carbon monoxide are generated by partial
oxidation of coal, wood-based fuels, and more recently stranded natural gas. This process was developed
and used extensively in World War Il by Germany, which had limited access to crude oil supplies.

Synthetic Diesel and Lubricant Oils

There is considerable debate as to whether synthetic oil increases lubricity and fuel efficiency of internal
combustion engines. Emissions in high load engines, such as used on drilling rigs, could be reduced by
proper selection and use of lubricants. Additionally, synthetic diesel from Fischer Tropsch process is very
clean and could help meet EPA requirements for diesel engines. Thus, the following discussion is
presented as a technology that is available today to improve fuel efficiency and reduce emissions.
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Synthetic Lubricant Oils to Improve Engine Efficiency

The majority of oil lubricants are mineral oils—mixtures of refined fractions of crude oil. Synthetic oil is
oil manufactured for enhanced lubrication performance using the Fischer-Tropsch process. The
differences between these types of oils are in molecular make up. Synthetic oil has a very consistent
molecule size which gives the oil very consistent properties. Mineral oil, being a product of nature, has a
range of molecule sizes. The advantage of synthetic oil is that it potentially has a more stable suite of
properties that can be tailored to a wider range of applications.

Synthetic oils are polymerized from short-chain hydrocarbon molecules into longer single-chain
hydrocarbons. Their lubrication characteristics can be adjusted by controlling the spectrum of molecular
weights that go into the finished formulation, which usually includes thickeners. The most common
synthetic types used include synthetic hydrocarbon oils (SHC), polyglycols (PAG) and ester oils (E).

Synthetic oils provide a number of advantages. However, they do not necessarily out-perform mineral oils
in all respects and may even result in some drawbacks. Advantages of synthetic lubricating oils
(depending on the base oil) include™:
e improved thermal and oxidation resistance
improved viscosity-temperature behavior, high viscosity index (in most cases)
improved low temperature properties
lower evaporation losses
reduced flammability (in some cases)
improved lubricity (in some cases)
lower tendency to form residues
improved resistance to ambient media

The following application-related advantages result from the improved properties of synthetic lubricating
oils as compared to mineral oils™:
e higher efficiency due to reduced tooth-related friction
e lower gearing losses due to reduced friction, requiring less energy
¢ 0il change intervals three to five times greater than mineral oils
e reduced operating temperatures under full load, increasing component life; cooling systems may
not be required

Possible disadvantages include:
e higher price
e reactions in the presence of water (hydrolysis, corrosion)
e material compatibility problems (paints, elastomers, certain metals)
e limited miscibility with mineral oils

Advantages of synthetic oils are generally significant in high performance applications such as motor
racing and aviation, road haulage, or for general lubrication in extreme environments.

Synthetic hydrocarbons™ (SHC) are similar to mineral hydrocarbons in their chemical structure. They
have nearly identical properties relating to their compatibility with sealing materials, disposal,
reprocessing and miscibility with mineral oils. The main advantage is excellent low temperature behavior.
It is possible to manufacture food-grade lubricants for food processing and pharmaceutical industries with
SHC base oils using special additives.
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Synthetic lubricating oils based on polyglycols ensure especially low friction coefficients, which makes
them suitable for gears with a high sliding percentage (worm and hypoid gears). With appropriate
additives, they provide excellent antiwear protection in steel/bronze worm gears, and have good extreme
pressure performance. In gear systems, higher polarity polyglycols allow greater interaction on the metal
gear surface (adhesion). This gives polyglycols extreme pressure performance even without additives.
Polyglycol oils may have a negative impact on sealing materials and may dissolve some paints. At
operating temperatures above 212°F (100°C), only seals made of fluorinated rubber or PTFE are resistant.
Before using PAG oils in production applications, it is advisable to test compatibility with paints, seals
and sight glass materials. Miscibility with mineral oils is limited; mixtures should therefore be avoided.
Polyglycols are neutral toward ferrous metals and almost all nonferrous metals. If the application has a
loaded contact with one component consisting of aluminum or aluminum alloys (rolling bearing cages
containing aluminum), there may be increased wear under dynamic load (sliding movement and high
load). In such cases, compatibility tests should be conducted. If a worm gear is made of an aluminum
bronze alloy, polyglycols should not be used because the reaction in the load zone could result in
increased wear’®.

Ester oils are the result of a reaction of acids and alcohols with water splitting off. There are many types
of esters, all of them having an impact on the chemical and physical properties of lubricants. In the past,
these lubricating oils were mainly used in aviation technology for the lubrication of aircraft engines and
gas turbines as well as gear systems in pumps, starters, etc. Ester oils have a high thermal resistance and
excellent low temperature behavior. In industrial applications, rapidly biodegradable ester oils will gain
importance because it seems possible to achieve the same efficiency as with polyglycol oils by selecting
appropriate ester-base oil.

Certain ester oils may exhibit low hydrolytic stability™. Hydrolysis is the cleavage of the ester into an
alcohol and an acid in the presence of water. Ester lubricants need to be hydrolytically stable because they
are often exposed to humidity in use. In practice, hydrolysis may be a less serious problem than
commonly reported. Hydrolytic stability of an ester depends on:

type of ester used

type of additives used

how the ester was processed

application

Synthetic oils have a lower friction coefficient than mineral oils in a gearbox and a more favorable
viscosity/temperature relationship. This generally permits use of synthetics at lower viscosity grades and
also offers the possibility of reduced oil temperature during operation. In such cases, the life extension
factors for oil change intervals of synthetic oils are greater than stated above, which refers to identical oil
temperature. The following comparison of test results illustrates this advantage. Three lubricants were
tested in a splash lubricated worm gear test rig. Test records show the following oil sump temperatures
after 300 operating hours:

e Mineral oil: 230°F (110°C)

e SHC: 194°F (90°C)

e PAG: 167°F (75°C)

Life extension factors of synthetic oils as compared to mineral oil are as follows":
e Mineral oil =1
SHC = 9.5 times longer
e PAG = 31 times longer
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Tests have also shown synthetic oils make gears more efficient than mineral oils. PAG oil resulted in the
highest degree of efficiency: 18% more than the high performance mineral gear oil.

Synthetic GTL Oils Used as Fuels

Synthetic diesel is made the same way as synthetic oils (SHC) except thickeners are not added and
different additives used. Note that the additives in motor oils, whether natural mineral oil or synthetic oils,
make up about 60% of the volume of the motor oil. Synthetic diesel (SynD) made from Fischer Tropsh
process has extremely low (0-5 ppm) sulfur, aromatics, and toxics. SynD can be blended with non-
complying diesel fuel to make a cleaner diesel fuel complying with stringent diesel fuel standards.

Preliminary testing of an unmodified diesel engine fueled with neat synthetic diesel fuel, shows
substantial emission reductions compared to typical diesel (Figure 33).™
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Figure 33: Gas to liquid diesel exhaust emissions relative to typical California diesel exhaust emissions

Synthetic diesel can be easily contaminated with sulfur from storage in tanks previously used to store
regular diesel.

Table 8: Comparison of Synthetic Diesel to Conventional Diesel

Fuel Property Sulfur Aromatics Cetane Number Heating Specific

(%) Value Gravity
(ppm) (Btu/gal)

October 2006 EPA 15 35 40 130,000 0.85

Conventional

Diesel

EU EN 590 Diesel 50 N/A 51

Synthetic diesel 0 0 >74 120,000 0.77

Biodiesel

Biodiesel is a clean-burning alternative fuel, produced from domestic, renewable resources.
Though derived from biological sources, it is a processed fuel that can be readily used in diesel engines,
which distinguishes biodiesel from the straight vegetable oils (SVO) or waste vegetable oils (WVO) used
as fuels in some modified diesel vehicles.

Biodiesel contains no petroleum, but it can be blended at any level with petroleum diesel to create a
biodiesel blend. Biodiesel blends are denoted as “BXX,” with “XX” representing the percentage of
biodiesel contained in the blend (e.g., B20 is 20% biodiesel, 80% petroleum diesel). It can be used in
compression-ignition (diesel) engines with little or no modification. Biodiesel is simple to use,
biodegradable, nontoxic, and essentially free of sulfur and aromatics.
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Biodiesel is made through a chemical process called transesterification (vegetable oil, alcohol, with a
catalyst with by-products of fatty acids and glycerine) whereby the glycerin is separated from the fat or
vegetable oil. The process leaves behind two products—methyl esters (chemical name for biodiesel) and
glycerin (a valuable by-product usually used in soaps and other products).

Biodiesel is reported to be favorable for the environment because it is made from renewable resources and
has lower emissions compared to petroleum diesel (i.e., PM, HC, and CO), but NO, increases slightly.
The claims to reduce CO, emissions are primarily attributed to the fact that it is a renewable resource and
not the result of comparative exhaust CO, emissions’®. European studies show mixed results’™. The
USDOE and USDA did a life cycle analysis of biodiesel and Petroleum Diesel in the late 1990°s™

A 2002 EPA investigation revealed that biodiesel impacts on emission for diesel powered vehicles vary
depending on the type of biodiesel (soybean, rapeseed, or animal fats) and on the type of conventional
diesel in the blend. Additionally, predictions could not be made regarding the effects of biodiesel on
nonroad diesel powered equipment. EPA’s study drew no conclusions on appropriateness of its use for
any purpose or in any particular context, but was to inform parties considering biodiesel. States may use
the EPA report but it is not intended to be used as a guide to promulgate regulations either by the federal
or local regulatory bodies. The EPA study’s scope did not include

Engine Durability Renewability/full fuel lifecycle emissions
Materials Compatibility Biodiesel production feedstocks or costs

Fuel Storage Stability Cold flow properties

Lubricity Cost

The EPA study did incorporate:

Engine/vehicle technology Base fuel to which biodiesel is added
Highway versus nonroad engines Light versus heavy-duty

Test cycle Type of biodiesel (soybean, rapeseed, grease)

Biodiesel is less toxic than table salt and biodegrades as fast as sugar. Since it can be readily made in the
US and other countries from renewable resources such as soybeans, its use decreases dependence on
foreign oil and contributes to the US economy.

Chemically, most biodiesel consists of alkyl (usually methyl) esters instead of the alkanes and aromatic
hydrocarbons of petroleum derived diesel. Biodiesel has combustion properties similar to petrodiesel;
however, its combustion energy content is lower by 8 to 10%. Paraffin biodiesel also exists. Due to the
purity of the source, it has a higher quality than petrodiesel.

Biodiesel does have the disadvantage of degrading certain types of rubber gaskets and hoses in vehicles
(mostly found in vehicles manufactured before 1992). Biodiesel's higher lubricity index compared to
petrodiesel is an advantage and can contribute to longer fuel injector life. Biodiesel is a better solvent than
petrodiesel and has been known to break down deposits of residue in the fuel lines of vehicles that have
previously been run on petroleum. Fuel filters may become clogged with particulates if a quick transition
to pure biodiesel is made, but biodiesel cleans the engine in the process.

The flash point of biodiesel (>150°C) is significantly higher than petroleum diesel (64°C) or gasoline
(—45°C). The gel point of biodiesel varies depending on the proportion of different types of esters
contained. However, most biodiesel, including that made from soybean oil, has a somewhat higher gel
and cloud point than petroleum diesel. In practice this often requires heating storage tanks, especially in
cooler climates.
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Pure (B100) biodiesel tends to gel at 4°C (40 °F) or so, depending on the mix of esters. As of 2006, there
is no available product that will significantly lower the gel point of straight biodiesel. A number of studies
have concluded that winter operations require a blend of biodiesel, #2 low sulfur diesel fuels, and #1
kerosene. The exact blend depends on the operating environment; successful operations have used a 65%
LS #2, 30% K #1, and 5% bio blend. Others have run a 70% LS #2, 20% K #1, and 10% bio blend or a
80% K#1, and 20% bio blend. Factors in choosing a blend include volume, component availability, and
local economics.

Biodiesel is hydrophilic. Some of the water present is residual to processing, and some comes from
storage tank condensation. Water is a problem because:
e Water reduces the heat of combustion of the bulk fuel. This means more smoke, harder starting,
and less power.
e Water causes corrosion of vital fuel system components: fuel pumps, injector pumps, fuel lines,
etc.
e Water freezes to form ice crystals near 0°C. These crystals provide sites of nucleation and
accelerate gelling of the residual fuel.
o Water accelerates growth of microbe colonies which can plug up a fuel system. Biodiesel users
who have heated fuel tanks therefore face a year-round microbe problem.

Biodiesel has a number of advantages:

o Biodiesel reduces emissions of CO by approximately 50% and carbon dioxide by 78% on a net
life-cycle basis because the carbon in biodiesel emissions is recycled from carbon that was
already in the atmosphere, rather than being new carbon from petroleum that was sequestered in
the earth's crust’.

e Biodiesel contains fewer aromatic hydrocarbons: benzofluoranthene: 56% reduction;
benzopyrenes: 71% reduction.

o Italso eliminates sulfur emissions (SO,), because biodiesel does not contain sulfur.

o Biodiesel reduces by as much as 65% the emission of particulates, small particles of solid
combustion products. This reduces cancer risks by up to 94 % according to testing sponsored by
the Department of Energy.

e Biodiesel does produce more NOx emissions than petrodiesel, but these emissions can be reduced
through the use of catalytic converters. Increase in NOx emissions may also be due to the higher
cetane rating of biodiesel. Properly designed and tuned engines may eliminate this increase.

o Biodiesel has higher cetane rating than petrodiesel, and therefore ignites more rapidly when
injected into the engine. It also has the highest energy content of any alternative fuel in its pure
form (B100).

Biodiesel is biodegradable and non-toxic

o Inthe US, biodiesel is the only alternative fuel to have successfully completed the Health Effects

Testing requirements (Tier | and Tier 1) of the Clean Air Act (1990).

Biomass to Liquid

Another process to obtain a renewable energy source is biomass to liquid (BTL). BTL is a multistep
process to produce liquid fuels out of biomass. The Fischer Tropsch process is used to produce synfuels
out of gasified biomass. While biodiesel and bio-ethanol production process only uses parts of a plant,
i.e., oil, sugar or starch, BTL production uses the whole plant which is gasified or converted by enzymatic
action to carbon monoxide or dioxide. The result is that for BTL, less land area is required per unit of
energy produced compared with biodiesel or bio-ethanol. The process hydrogenates the oils (fatty acid
esters) into alkanes, to produce diesel and chemically decomposes the organic materials by heating in the
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absence of oxygen or any other reagents and produces sour oil, charcoals and gas at 450°C (also called
anhydrous pyrolysis).

E Diesel

E diesel is a blend of diesel fuel, up to 15% ethanol, and one of several proprietary additives to keep the
ethanol emulsified under all conditions. A number of on-road and off-road fleet demonstrations have
shown E-diesel has the potential to reduce emissions from diesel engines, especially particulate
emissions. There is considerable debate if this can be accomplished and does not have an energy deficit.

3.7.4 Unconventional Power Generation

Generating power in the E&P sector more efficiently could reduce emissions, reduce noise, and reduce
costs. Assume the following scenario: a 2500 hp drawworks rig (7500 hp total); 0.33 brake specific fuel
consumption or an equivalent 40% thermal efficiency; 137,000 BTU/gal LHV diesel, diesel price of
$2.00/gallon, and 80% utilization factor (7,000 hours); then an estimate of the emission abatement and
cost savings for generating power differently than by using diesel generators or much more efficiently.
Table 9 shows that for a reduction of power generated with diesel an annual savings of at least $500,000
are realized and a reduction of over 2800 tons of emissions.

Realistically, it is extremely doubtful that diesel or gas engines will be replaced as prime movers on a
drilling rig in the near term. However, they can be supplemented by other energy sources. Additionally,
converting a “free” energy source to electrical energy and storing it efficiently during less energy
demanding operations should accomplish this objective. Electrical power could be obtained by wind,
solar cell panels, and regenerative braking and stored in batteries, capacitor banks, or through hydrogen
using electrolysis and then using a fuel cell to convert the hydrogen back to water. The hydrogen could be
used to supplement fuel in the regular engine especially if bi-fuel is used.

Table 9: Benefits of Reduced use of Diesel to Generate Electricity

% power generated without 10% 20% 65%
diesel
Power saved hp (kW)* 750 (560) 1500 (1120) 4875 (3637)
Diesel saved gals/hr 35 70 227
(gals/year) 245,000 490,000 1.6 x 10° gals
Savings /rig @$2.00/gal $490k $980k $3.2MM
Emissions reduction tonnes/year
NOy 88 175 573
(6{0) 13 26 85
SOy 19 39 125
CO; 2766 5531 17976
%

*Assumes 0.33 BSFC GPH = M; TE=40%; TE= 0.1335

o, BSFC

p =1.11bs/gal; HP=Power Saved BSCF = Brake Specific HP

Power from Wind

Generation of power for drilling and production operations by wind is feasible and capacity and costs for
a 500 kW wind turbine could be about $0.5 million. Ideally this could generate about 10% of the power
needed on the hypothetical 2500 hp drilling rig or approximately 4.4MWhr per year of energy assuming
100% capacity factor. Most of the information is taken from the National Renewable Energy Laboratory
Documentation or from the America Wind Energy Association (AWEA)"’.
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The wind is slowed dramatically by friction as it brushes the ground and vegetation, it may not feel very
windy at ground level. Yet the power in wind may be five times greater at the height of a 40-story
building (the height of the blade tip on a large, modern wind turbine) than the breeze on your face.
Furthermore, the wind is accelerated by major land forms, so that entire areas of the country may be very
windy while other areas are relatively calm.

Wind turbines come in a variety of sizes, depending on the use of the electricity (Figure 37). Large,
utility-scale turbines described above may have blades over 40 meters long, meaning the diameter of the
rotor is over 80 m — nearly the length of a football field. The turbines might be mounted on towers 80
meters tall (one blade would extend about half way down the tower), produce 1.8 MW of power, supply
enough electricity for 600 homes and cost over $1.5 million. Additionally there are two basic designs of
wind electric turbines: vertical-axis wind turbine (VAWT) or “egg-beater” style and horizontal-axis
(propeller-style) wind turbine (HAWT) machines (Figure 34). Horizontal-axis wind turbines are most
common today, constituting nearly all of the utility-scale (100 kW capacity and larger) turbines in the
global market.
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Figure 34: Wind Turbine Configurations

The Darrieus wind turbine consists of a number of aerofoils vertically mounted on a rotating shaft or
framework (right drawing in Figure 34). This design was patented by Darrieus, a French aeronautical
engineer, in 1927 and is sometimes referred to as the “egg-beater” wind turbine.

Unlike the more common type of generator which uses a propeller, the Darrieus generator rotates around
the vertical axis rather than the horizontal one, and is thus referred to as a vertical axis wind turbine
(VAWT). Conventional propeller-based systems are known as a horizontal axis wind turbine (HAWT),
although this term is used only when discussing VAWTSs. The vertical arrangement has several
advantages, notably the generator can be placed at the ground for easy servicing, and the main supporting
tower can be much lighter as much of the force on the tower is transmitted to the bottom.

The Darrieus type is theoretically just as efficient as the propeller type, but in practice this efficiency is
rarely realized due to the physical stresses and limitations imposed by a practical design. In addition,
propeller based designs have a wider operating speed range and are self-starting.

One problem with the design is that the angle of attack changes as the turbine spins, so each blade
generates maximum torque at two points on its cycle (front and back of the turbine). This leads to a
sinusoidal power cycle that complicates design. In particular, almost all Darrieus turbines have resonant
modes where, at a particular rotational speed, pulsing is at a natural frequency of the blades that can cause
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them to (eventually) break. For this reason, most Darrieus turbines have mechanical brakes or other speed
control devices to keep the turbine from spinning at these speeds for any lengthy period of time.

Another problem arises because the majority of the mass of the rotating mechanism is at the periphery
rather than at the hub, as it is with a propeller (HAWT). This leads to very high centrifugal stresses on the
mechanism, which must be constructed stronger and heavier to withstand them. One common approach to
minimize this is to curve the wings into an “egg-beater” shape such that they are self supporting and do
not require heavy supports and mountings.

In this configuration, the Darrieus design is theoretically less expensive than a conventional type, as most
of the stress is in the blades which supply torque against the generator located at the bottom of the turbine.
The only forces that need to be balanced vertically are the compression load due to the blades flexing
outward (thus attempting to squeeze the tower), and the wind force trying to blow the complete turbine
over, half of which is transmitted to the bottom and the other half of can easily be offset with guy wires.

By contrast, a conventional design has all of the force of the wind attempting to push the tower over at the
top, where the main bearing is located. Additionally, guy wires cannot easily be used to offset this load,
because the propeller spins both above and below the top of the tower. Thus, conventional designs require
an extremely strong tower that grows dramatically with the size of the propeller.

In an overall comparison, the Darrieus design allows placing much more of its weight (and cost) into
components that actually generate power—the blades—and much less into supporting them. Additionally,
the generator and main bearings are located at the bottom where they can be easily serviced. A final
advantage to the design is that the blades typically spin at a speed near that of the wind, which birds do
not have a problem avoiding. By contrast, propeller tips of conventional designs spin at very high speeds,
often over 100 km/h (62 mph), which causes serious problems with bird and bat strikes.

There are several variations of the Darrieus design. One is the Giromill which replaces the long egg
beater blades of the Darrieus design with straight vertical blade sections attached to the central tower with
horizontal supports (Figure 35). The Giromill blade design is much simpler to build, but places more
weight into the structure as opposed to the blades, and requires that the blades be stronger. Cycloturbines
have blades that are mounted so they can rotate around their vertical axis. This allows the blades to be
“pitched” so that they always have some angle of attack relative to the wind. The main advantage of this
design is that torque generated remains almost constant over a fairly wide angle, so a Cycloturbine with
three or four blades has a fairly constant torque. Over this range of angles, the torque itself is near the
maximum possible and therefore generates more power.

Savonius wind turbines are a type of vertical axis wind turbine used for converting the power of the wind
into torque on a rotating shaft. They were invented by the Finnish engineer Savonius in 1922. Savonius
turbines are one of the simplest turbines. Aerodynamically, they are drag-type devices consisting of two
or three scoops. Savonius turbines extract much less of the wind's power than other similarly-sized lift-
type turbines. Most anemometers are Savonius turbines, because efficiency is completely irrelevant for
that application.
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How the Darrieus
wind turbine works
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Figure 35: Darieus “egg-beater” wind turbine—working principles (source Wikepedia)

Wind turbines designed to supply part of the electricity used by a home or business are much smaller and
less costly. A residential- or farm-sized turbine may have a rotor up to 15 m (50 ft) in diameter and be
mounted on a metal lattice tower up to 35 m (120 ft) tall. These turbines may cost from as little as a few
thousand dollars for very small units up to perhaps $40,000—$80,000".

The taller the turbine tower and the larger the area swept by the blades, the more powerful and productive
the turbine. The swept area of a turbine rotor is a function of the square of the blade length (the circle’s
radius). Therefore, a fivefold increase in rotor diameter (from 10 meters on a 25-kW turbine built in the
1980s to 50 meters on a 750-kW turbine common today) yields a 55-fold increase in electricity output,
partly because the swept area is 25 times larger and partly because the tower height has increased
substantially, and wind speeds increase with distance from the ground™ .

P_ pnr2V3
-2
P = power (kW)
p = density of power fluid (i.e., air)
r = length of blade
v = wind velocity

Economics of wind energy have changed dramatically over the past 20 years, as the cost of wind power
has fallen approximately 90%. Despite that progress, the wind industry is still immature, with production
volumes that pale in comparison to what is expected two decades from now. Factors affecting the cost of
wind energy are still rapidly changing, and wind energy’s costs will continue to decline as the industry
grows and matures. Currently the costs of installing a large wind facility are about $1.3 MM/MW. The
primary factor affecting economics of wind energy is wind speed. Average wind speeds in the US are
shown in Figure 38.

Capacity Factor

Page 71 of 147
89



Return to Top

Since the wind does not blow at the maximum rate to develop the design power of a wind turbine
constantly, a capacity factor is used to calculate or evaluate a turbine’s power generating ability in a
certain area. Typical capacity factors range from 0.25 to 0.4 (note these are not efficiency ratings).
Capacity factors are calculated by the energy generated over a specific time divided by the energy
generated over that same period of time at the rated power or capacity. Capacity factors for a coal fired or
fossil energy fueled system are about 0.85 or greater since they operate practically constantly. Efficiency
of these fueled systems, however, is less than 35%. If the initial power of a 500-kw wind turbine was
100% approximately 4.4AMWhr per year of electricity would be available however about 30% is a realistic
value or 1.3MWhr per year of electricity would be generated. Energy storage devices would allow more
efficient use of this and other power as needed in industrial operations like drilling rigs.

Wind Turbine Component Characteristics

Wind turbines have considerable components. Research has significantly improved the efficiency of the
rotor and maximized the energy capture of the machine and developed light weight plades and generating
machinery. Nonethelss the machines for high capacity energy generation can be quite large. A tower is
roughly 60% of the turbines’ weight above the foundation.

Table 10: Example of Cost of Components for A 750-Kw Wind Turbine Total Cost $781,940 2005 USD

Component Weight Dimensions Typical % Typical % of
(tons) Feet Machine Wt Machine cost
Rotor 16 164 feet 10-30 28
Hub 4 7.4feet x 7.4feet
Blade 4 80 feet
Tower 66 213 feet 30-65 26*
Base diameter 12.1 Feet
Top diameter 6.2 Feet
Nacelle. 34 20°x10°x 10 ¢ 25-40 21.7
Gearbox and drivetrain 5-15 17.3
Generator System 2-6 7.0
Total 116 100 100

Sources “wind Turbine Development: Loacation of Manufacturing Activity”; REPP September 2004
“Wind Tubine material and Manufacturing Fact Sheet”, Princeton Energy Resources Int. August 2001

Includes tower base cost | | |
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Figure 36: Schematic of Wind Turbine major subcomponents

The installation of windpower at remote site becomes a cumbersome and difficult project for larger
turbines as they necessitate the use of large conventional cranes which become a significant part of the
installation cost. In 2001 DOE contracted Global Energy Concepts (GEC) through Wind Partnerships for
Andvanced Compnent Technologies (WindPact) to explore the feasibility including cost effectiveness of
self erecting wind turbines. GEC evaluated 10 different concepts with two methods selected for further
evaluation. The two methods compared favorably to conventional cranes for 1.5-MW and larger turbines
but were more expensive than conventional cranes for smaller turbines. For remote locations GEC
concluded that self-erection techniques has the potential to reduce the costs for larger turbines in complex
terrain where significant disassembly of the large conventional cranes will be required to change turbine
locations. Additionally the use of self erection techniques has the potential to reduce the costs of
installing smaller turbines on taller towers.®* GEC also reports that several companies are developing
selferection schems for self-erecting turbines as small as 660 kW.
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Page 74 of 147

92



Return to Top

Solar Cells

A solar cell is a semiconductor device that converts photons from the sun into electricity. The general
term for a solar cell including both solar and non-solar sources of light (such as photons from
incandescent bulbs) is a photovoltaic cell. Fundamentally, the device needs to fulfill only two functions:
photogeneration of charge carriers (electrons and holes) in a light-absorbing material, and separation of
the charge carriers to a conductive contact that will transmit electricity.

Solar cells have many applications. They are particularly well suited to situations where electrical power
from the grid is unavailable, such as in remote area power systems, Earth orbiting satellites, handheld
calculators, remote radiotelephones, and water pumping applications. Assemblies of solar cells (in the
form of modules or solar panels) on building roofs can be connected through an inverter to the electricity
grid in a net metering arrangement.

There is a common notion that solar cells never produce more energy than it takes to make them. While
the expected working lifetime is around 40 years, the energy pay-back time of a solar panel is anywhere
from 1 to 30 years (usually under 5). This means that solar cells can be net energy producers and can
“reproduce” themselves from 6 to more than 30 times over their lifetime. Figure 39 illustrates various
commercial large-area module energy conversion efficiencies and the best laboratory efficiencies
obtained for various materials and technologies.
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Figure 39: Reported timeline of solar cell energy conversion efficiencies (from National Renewable
Energy Laboratory (USA))

Today’s commercial PV systems can convert from 5% to 15% of sunlight into electricity. They are highly
reliable, and usually last 20 years or longer. The cost of PV-generated electricity has dropped 15- to 20-
fold, and PV modules now cost around $6/W and produce electricity for as little as $0.25-0.30/kW-hr
(www.sandia.gov/pv).

On a bright day, the sun delivers about 1 kW/m? to the Earth's surface. Typical solar panels have an
average efficiency of 12% (with the best commercially available panels at 20%, and recent prototype
panels at around 30%). This would result in 200 W/m2. However, not all days have bright sunlight, and
therefore less solar energy can be captured. At middle northern latitudes, on average 100 W/m? in winter
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and 250 W/mz2 in summer reach the ground. With a conversion efficiency of about 20%, one can expect
between 20 and 50 W/m? of solar cells. The unpopulated Sahara desert is over 9 million km2, with less
cloud cover and better solar angle, corresponding to 83 MW/kmz2, or 750 TW total. The Earth’s current
electrical energy consumption is near 1.6 TW, and total energy is around 14 TW at any given moment
(including ail, gas, coal, nuclear, and hydroelectric power).

In 2005, the most important issue with solar panels was cost, which was at $3-4/W ($3,000 to $4,000 per
kW) of installed power. Because of much increased demand, the price of silicon used for most panels is
now experiencing upward pressure. This has caused developers to start using other materials and thinner
silicon to keep costs down. Due to economies of scale, solar panels is less costly as people buy more. As
manufacturers increase production, cost is expected to continue to drop in the years to come. As of early
2006, average cost per installed watt increased to $4.50 to $6.

While solar’s theoretical potential is enormous, the high cost of power limits the use of solar energy in
most applications. If its potential is to be realized, solar costs must be reduced. Until costs are reduced,
solar power is most likely to be developed in areas with high electricity costs, where solar’s ability to
generate during summer peak hours is most valued, and in off-grid applications, where the expense of
electric line extensions make distributed solar technologies cost-effective. Compare this with generating
with diesel at $3/gal (137,000 btu/gal) equates to $0.075/kW-hr and efficiency of 40% of $0.187/kW-hr
with an installed cost for an engine/generator set of approximately $360/kW.

The industry’s focus has been to reduce the PV system cost “culprit”—the silicon solar cell. Most
approaches strive to reduce the silicon material content, many of which involve reducing the thickness of
the cells themselves by using very thin films (like paints) of the material. Amonix, because of its
extensive background in high-tech semiconductor design and manufacturing, pursued a highly effective
approach which involves reducing the area of cell material required to generate a given amount of
electricity. This is the high-concentration concept. Amonix has been successful in reducing the silicon cell
area by over 250 times with its high-concentration photovoltaic (HCPV) system and MegaModule™
design.

An ordinary, flat-plate solar module has its entire sun-receiving surface covered with costly silicon solar
cells and is positioned at a fixed tilt to the sun. In contrast, Amonix's systems offer significant cost
savings by using inexpensive flat, plastic Fresnel lenses as an intermediary between the sun and the cell
(Figure 40). These magnifying lenses focus and concentrate sunlight approximately 250 times onto a
relatively small cell area and operate similarly to the glass magnifying used in light house to concentrate
the light using a short focal length (Figure 40). Through concentration, the required silicon cell area
needed for a given amount of electricity is reduced by an amount approximating its concentration ratio
(250 times). In effect, a low cost plastic concentrator lens is being substituted for relatively expensive
silicon.

To optimize PV performance, concentrating systems must track the sun to absorb its direct normal light.
Amonix developed a proprietary hydraulically-driven tracker to accomplish this. Because Amonix's
systems actively track the sun to concentrate sunlight onto the cell, they maximize energy production
throughout the day. Field results indicate that approximately 30% more energy is captured by Amonix's
systems than with fixed, one-sun systems. Amonix’s effective implementation of concentration and
tracking offers the possibility of the lowest levelized cost (cents/lkWh) of any solar generated electricity®".

The characteristics of this low-cost solar electricity generator concept are: low footprint and minimum

land requirements; air-cooled (excellent for dry environments); modular design and scalability;
Plug&Power™ design; proven performance and reliability; variable applications; pollution-free and quiet.
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Technical specifications are presented in Table 11 and examples shown in Figure 41 and Figure 42.
Amonix estimated a budgetary figure of $6/W installed for a system size of 3 MW peak in 2007.%

S
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Figure 40: High-Concentration Photovoltaic (HCPV) Concept

Figure 41: A four MegaModule™ System produces 20,000 watts
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Figure 42: APS’s 100 kW Amonix HCPV installation at Glendale, Arizona

Rated Power Output:
Rating Conditions:

Concentration Ratio:
MegaModule™ Size:
MegaModule™ Weight:
Aperture Area:
Average DC Efficiency:
Tracking Accuracy:

Average DC System Efficiency:
Average AC System Efficiency:

Operating Voltage:
Average Land Requirements:
Stow Position Wind Speed:

Fuel Cells

Table 11: HCPV Specifications
Individual MegaModule™
5kw AC

850 W/m? DNI, 25°C ambient, 1
m/s wind speed

250:1

45°x11’x 2.5’

6000 Ib

392 ft* (36.4 m?)

18%

Full-Size IHCPV System

25 kw AC

850 watts/m? DNI, 25°C ambient,
1 m/s wind speed

250:1

45°x 55’ x2.5°

1960 ft? (182 m?)

18%

<0.25° RMS

18%

16%

2771480 volts AC

0.01 acres per kilowatt
30 mph

Fuel cells are electrochemical devices that convert chemical energy in fuels into electrical energy directly,
thereby promising power generation with high efficiency and low environmental impact. Because the
intermediate steps of producing heat and mechanical work typical of most conventional power generation
methods are avoided, fuel cells are not limited by thermodynamic limitations of heat engines such as the
Carnot efficiency. In addition, because combustion is avoided, fuel cells produce power with minimal
pollutants associated with internal combustion engines. However, unlike batteries the reductant and
oxidant in fuel cells must be continuously replenished to allow continuous operation. Fuel cells bear
significant resemblance to electrolyses. In fact, some fuel cells operate in reverse as electrolyses, yielding
a reversible fuel cell that can be used for energy storage. The latter is the primary but not the only
empbhasis of this project to use fuel cells®.
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Though fuel cells could, in principle, process a wide variety of fuels and oxidants, of most interest are
those fuel cells that use common fuels (or their derivatives) or hydrogen as a reductant, and ambient air as
the oxidant. A variety of fuel cells are in different stages of development. The most common
classification of fuel cells is by the type of electrolyte used in the cells and includes (1) polymer
electrolyte fuel cell (PEFC), (2) alkaline fuel cell (AFC), (3) phosphoric acid fuel cell (PAFC), (4) molten
carbonate fuel cell (MCFC), and (5) solid oxide fuel cell (SOFC). Broadly, the choice of electrolyte
dictates the operating temperature range of the fuel cell. The operating temperature and useful life of a
fuel cell dictate the physicochemical and thermomechanical properties of materials used in the cell
components (i.e., electrodes, electrolyte, interconnect, current collector, etc.).

An international consortium is developing the world’s largest fuel cell vehicle, a 109 metric-ton 1.2 MW
locomotive for defense and commercial railway applications. Commencing May 2003 with funding of $1
million for its one-year first phase, the five-year development and demonstration project completed a
major deliverable: conceptual design of the fuel cell locomotive’s onboard fuel storage, off-board
hydrogen generation plant, refueling system, fuel cell powerplant, and locomotive layout
(http://www.fuelcellpropulsion.org/). The project was conceived, organized, and is led by Vehicle
Projects LLC of Denver, and is funded and administered by the US Army Research, Development, and
Engineering Command's National Automotive Center (NAC), Warren (MI).

This same concept can be used for drilling rigs and production operations, where all or a portion of the
power can be obtained using a fuel cell. Hydrogen can be obtained from electrolysis of water using the
electricity generated from solar cell panels, wind turbines, or regenerative braking. These technologies
and current art are discussed in this technology assessment.

Regenerative Power Capture

Eddy current braking mechanisms are fairly common on larger drilling rigs, especially offshore. When the
industry moved offshore into waters requiring subsea BOPs and marine risers, it was no longer
considered safe to use hydromatic brakes to control the huge weights involved. Gribbin and Baylor
acquired the rights to build dynamic brakes for rigs in 1946. The eddy-current braking system does not
depend on water pressure to work and is not at risk for burst connections. Moreover, the dynamic brake
can handle cyclic overloads often encountered when floating vessels heave in ocean swells. In 1954, they
formed the Baylor Company to build and install EImagco brakes. So effective was their product that it can
be said that every offshore rig using a subsea BOP system is equipped with the Baylor-Dynamic Elmagco
Brake®. National Oilwell now owns Baylor.

Eddy current brakes slow down motion effectively, but do not provide dynamic stability (they cannot
completely stop motion). While friction brakes are not replaced, they can become smaller, cheaper, and
safer. When metal moves through a spatially varying magnetic field, or is located in a changing magnetic
field, induced currents (eddy currents) begin to circulate through the metal. In the case of the eddy current
brake, a rotating disk has a magnetic field passing through it perpendicularly, but it is only strong where
the magnet is located. Currents in that area experience a side thrust, which opposes the rotation of the
disk. This interaction of field and current, results in braking of the disk. The return currents close via parts
of the disk where the field is weak, so there is a drag force only in the generating region. Note that motion
does not have to be rotational but can be linear as for dynamic braking of a railway train using the rails.
These systems can also be designed as linear motors to propel trains. This same linear motor concept
could be used as lifting units and vertical braking also, possibly replacing the drawworks.

Though not a new concept, regenerative brakes have most recently been introduced to produce battery-

electric and hybrid-electric vehicles. Electric regenerative brakes descended from dynamic brakes
(rheostatic brakes in the UK) which have been used on electric and diesel-electric locomotives and
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streetcars since the mid-20th century. In both systems, braking is accomplished by switching motors to
act as generators that convert motion into electricity instead of electricity into motion, but in the earlier
systems the electrical power was dissipated through banks of resistors rather than being stored for future
use. This means the system was no more efficient than conventional friction brakes, but it reduced the use
of contact elements (brake pads), which eventually wear out. Traditional friction-based brakes must also
be provided to be used when rapid, powerful braking is required.

Like conventional brakes, dynamic brakes convert rotational energy into heat energy, but this is
accomplished by passing the generated current through large banks of resistors that dissipate the energy.
When the energy is meant to be dissipated externally, large radiator-like cowls can be employed to house
the resistor banks.

Electric railway vehicles feed recaptured energy back into the grid, while road vehicles store it for re-
acceleration using flywheels, batteries, or capacitors. It is estimated that regenerative braking systems
currently provide 31.3% efficiency; however, actual efficiency depends on numerous factors, such as the
state of charge of the battery, how many wheels are equipped to use the regenerative braking system, and
whether the topology used is parallel or serial.

The main disadvantage of regenerative brakes when compared with dynamic brakes is the need to closely
match electricity generated with the supply. With DC supplies, this requires the voltage be closely
controlled. Only with the development of power electronics has it been possible with AC supplies where
the supply frequency must also be matched (this mainly applies to locomotives where an AC supply is
rectified for DC motors).

It is usual (in railway use) to include a back-up system such that friction braking is applied automatically
if the connection to the power supply is lost. Also in a DC system or in an AC system that is not directly
grid connected via simple transformers, special provision also has to be made for situations where more
power is being generated by braking than is being consumed by other vehicles on the system.

A small number of mountain railways have used three-phase power supplies and three-phase induction
motors and have thus a near constant speed for all trains as the motors rotate with the supply frequency
both when giving power or braking.

An eddy-current brake and an induction motor are similar machines with very few differences®. A
properly designed induction motor can therefore be operated as a motor-generator, as an eddy current
brake or both at the same time. It is suggested that induction motors can be used for trains, cars, and
hoisting apparatus via various energy storage and controlling technology. As mentioned previously these
do not have to be rotating devices but can be liner horizontal or vertical.

Patent application 2006/0076171 by Donnelly et al. presents technology to use regenerative braking in a
hybrid train locomotive. Four methods for recovering energy and energy storage are disclosed using
traction motors as well as using a battery pack

In 1983 patent US 4,382,189 suggested that electrical energy generated from traction motors of a train
system be used to electrolyze water into its components of hydrogen and oxygen. Wilson suggested that
hydrogen be used in the diesel engine for additional power when needed. Previous researchers suggested
using pre-stored liquefied hydrogen and not generate it using the unutilized electrical energy. Using
hydrogen as a fuel directly in an internal combustion engine is well known and not much different from
the engines used with gasoline. The problem is that while hydrogen supplies three times the energy per
pound of diesel and gasoline, it has only one-tenth the density when the hydrogen is in a liquid form and
very much less when it is stored as a compressed gas.

Page 80 of 147
98



Return to Top

Eckstein suggests in patent application 2002/0117857 a similar concept but to use hydrogen in a fuel cell
to generate electricity for the additional power when needed instead of increasing diesel consumption.
This creates fewer emissions and improves the economy of rail operations. The water is a closed system
as the hydrogen and oxygen formed by electrolysis cell is used to reform the water in a fuel cell.
Hydrogen and oxygen are compressed and stored for a time when needed. The chemical theory and
practical application of water electrolysis and fuel cells are well known. This concept is currently being
demonstrated®.

A similar diesel-electric regenerative hydropower cell system which uses two proven and uniquely
complementary electro-chemical conversion techniques to store and regenerate the tremendous amounts
of electricity created by the dynamic brakes of diesel-electric engine/generator sets which is currently
being dissipated as heat, could be used to improve operational efficiency, reduce emissions, improve
economy of drilling rig drawworks and other hoisting devices such as cranes, elevators, and the like.
Hydropower cells use hydro-electrolysis to convert electricity into hydrogen and oxygen gas. The
hydrogen and oxygen gas are pressurized and stored and subsequently used to supply fuel cells which
create electricity via a chemical interaction with these two elements, with the only by-product being water
and heat when peak power is needed.

Patent application US 2005/0173197 and US 2005/0173197 by Takehara and Ichimura described using a
capacitor bank or a flywheel concept to store unutilized energy during load lowering process using a DC
motor in hoisting apparatus such as cranes. Their claim is that the battery and generator energy storage of
current art imposes small electrical capacity, electrical inefficiency, large, physical battery volume, heavy
weight, and short battery life. Takehara and Ichimura also claim that the fly wheel has limits since the DC
motor is not capable of the speeds necessary for efficient use of the system. They propose using a DC
motor controlled by an AC generator delivering power through a diode converter. The system will be
controlled through a programmable logic controller or PLC.

Guggari in patent 6,029,951 in 2000 disclosed a control system for oil rig drawworks. The method
facilitated movement of a load suspended from the drawworks system and provided an improved method
for transferring control between the brake arrangement and the prime mover associated with the
drawworks system. Tajima et al. revealed in US patent application 2001/0011618 a power management
control system for an elevator apparatus. The system uses a power storage device to capture energy
generated during a braking cycle and during off-peak times from the power grid which is then used during
peak power time instead of calling for power from the electric grid.

Power management control during regenerative braking has been proposed to reduce and monitor
emissions and fuel consumption during power generation (US2005/0285554 King, and Staphanos
2005/0188745, US2005/0029814, 2006/0012320).

3.7.5 Energy Storage Devices

Most unconventional power generating technologies discussed above need an energy storage system to
affect an environmentally friendly system. There are several commercially viable energy storage systems
that are being improved for hybrid electric vehicles (HEV's) today. Major advances are being made
regularly. This is a result of the government subsidizing a large amount of the alternative fuel research by
many US as well as foreign manufacturers. Types of devices that hold the most promise to solve energy
storage problems are batteries, flywheels, and ultracapacitors (Figure 43). A good cost comparative study
of energy storage devices up to 2001 is provided in the Sandia National Laboratory report by Susan M.
Schoenung®’
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Figure 43: Electrical Power and Energy Storage Comparison (from NREL)
Batteries

There any many battery technologies currently in use or being developed, with lead-acid (Pb-acid), nickel
cadmium (NiCd), and nickel metal hydride (NiMH) being the most promising technologies. Batteries
have a limited number of charge/discharge cycles and take time to charge and discharge because the
process involves chemical reactions with non-instantaneous rates. These chemical reactions are
accompanied by parasitic thermal release that causes the battery to heat up. Batteries have a limited life
cycle with a degrading performance and acidic batteries are hazardous to the environment. Once used,
disposal becomes a significant environmental concern.

Capacitor Banks

Capacitors are among the most essential building blocks of electronic circuits to hold DC voltages. Based
on the same principle, but on a much larger scale, it is conceivable that capacitors could be used to store
energy for extended periods of time. Until recently capacitors only managed to hold very little energy
compared to a conventional battery.

In 1997, researchers from CSIRO (Australian Research Organization) developed the first
supercapacitor—a capacitor able to hold significantly more charge using thin film polymers for the
dielectric layer. The electrodes are made of carbon nanotubes. Energy density of a normal capacitor is
only 0.5 W-hr/kg. PET (polyethylene terephthalate) supercapacitors can store four times more energy.

Carbon nanotubes and polymers are practical for supercapacitors. Carbon nanotubes have excellent
nanoporosity properties allowing the polymer tiny spaces to sit in the tube and act as a dielectric.
Polymers have redox (reduction-oxidation) storage mechanism along with a high surface area.®® Some
researchers are replacing carbon nanotubes with ceramics for their superconducting properties.

Supercapacitors are well suited to replace batteries in many applications. This is because at the moment
their scale is comparable to that of batteries, from small units used in cellular phones to large that can be
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found in cars. Even though supercapacitors have a lower energy density as compared to batteries, they
avoid many of the battery’s disadvantages.

Supercapacitors can be charged and discharged an almost unlimited number of times. They can discharge
in a matter of milliseconds and are capable of producing enormous currents. Hence they are very useful in
load leveling applications and fields where a sudden boost of power is needed in a fraction of a second.
They do not release any thermal heat during discharge.

Supercapacitors have a very long lifetime, which reduces maintenance costs. They do not release any
hazardous substances that can damage the environment. Their performance does not degrade with time
and they are extremely safe for storage as they easily discharged. They have low internal resistance, even
if many of them are coupled together. Even though they have a lower energy density, are bulkier and
heavier than an equivalent battery, they have already replaced batteries in many applications due to their
readiness in releasing power.

Supercapacitors were initially used by the US military to start the engines of tanks and submarines. Most
applications nowadays are in the field of hybrid vehicles and handheld electronic devices. NASA has a
research project to use supercapacitors in an electric bus called the Hybrid Electric Transit Bus. The
energy used to start the engine and accelerate the bus is regenerated from braking. During test runs, a bus
loaded with 30 supercapacitors, each weighing 32 kg and releasing energy of 50 kJ at 200 V, managed to
run for four miles.

In most hybrid vehicles, 42 V supercapacitors are used. General Motors developed a pickup truck with a
V8 engine that uses a supercapacitor to replace the battery. The efficiency of the engine rose by 14%. The
supercapacitor supplies energy to the alternator. Toyota developed a diesel engine using the same
technology and it is claimed to use just 2.7 liters (0.7 gals) of fuel per 200 km (62 miles). In rural areas,
where there are voltage sags in the power grid, supercapacitors can be used to reduce the effect of
fluctuations.

A commercial supercapacitor can hold 2500 Farads, release 300 A of peak current with a peak voltage
handling of about 400 V. The life-cycle of this supercapacitor is more than 10° charge/recharge cycles.

Flywheels

Very-high-speed flywheel systems are promising energy storage means for hybrid vehicles and systems.
Flywheels store Kinetic energy in a high-speed rotor. However, current technology makes it difficult to
use the flywheel directly. The most common approach is to couple the flywheel to an electric machine—a
combination often referred to as a mechanical battery. They provide many advantages over chemical
batteries, including high specific energy, high specific power, long cycle life, high energy efficiency, low
maintenance requirements, reduced environmental contamination, reduced sensitivity to temperature and
cost effectiveness®.

Flywheel energy storage (FES) works by accelerating a rotor to a very high speed and maintaining the
energy in the system as inertial energy. Commercially available FES systems are used for small
uninterruptible power systems. The rotors normally operate at 4000 RPM or less and are made of metal.
Advanced flywheels, made of high-strength carbon-composite filaments, spin at speeds from 20,000—
100,000 RPM in a vacuum enclosure. Magnetic bearings are necessary as rotary speeds increase to reduce
friction found in conventional mechanical bearings. Quick charging is complete in less than 15 minutes.
Long lifetimes of most flywheels, plus high energy (~130 Wh/kg) and high power are positive attributes.
The round trip energy efficiency of flywheels can be as high as 90%. Since FES can store and release
power quickly, they have found a niche in providing pulsed power. Flywheels are not affected by
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temperature changes as are chemical batteries, nor do they suffer from memory effects. Moreover, they
are less limited in the amount of energy they can store. They are also less potentially damaging to the
environment, being made of largely inert or benign materials. Another advantage of flywheels is that by a
simple measurement of the rotation speed it is possible to determine the exact amount of energy stored.
However, use of flywheel accumulators is currently hampered by the danger of explosive shattering of a
massive wheel due to overload.

One of the primary limits to flywheel design is the tensile strength of the material used for the rotor.
Generally speaking, the stronger the disc, the faster it may be spun, and the more energy the system can
store. When the tensile strength is exceeded the flywheel will shatter, releasing all of its stored energy at
once. This is commonly referred to as a “flywheel explosion” since wheel fragments can reach kinetic
energy comparable to that of a bullet. Consequently, traditional flywheel systems require strong
containment vessels as a safety precaution, which increases the total mass of the device. Fortunately,
composite materials tend to disintegrate quickly once broken, and so instead of large chunks of high-
velocity shrapnel, the containment vessel is only filled with red-hot sand. Still, many users of modern
FES systems prefer to have them embedded in the ground to halt any material that might escape the
containment vessel.

Where there is high cycle duty with a high ratio of peak-to-average power, there is strong potential to
make systems smaller, lighter weight, and more efficient overall. For the oil industry this translates into
higher portability, more rapid deployment, and quicker completion of wells. The ALPS flywheel (Figure
44) being developed by the University of Texas Center for Electromechanics, is a high density energy
storage system to supply transportable power leveling in the rail industry. The 2-MW (3-MW peak)
power rating and 100 kW-hr of usable energy storage are of a size useful to the drilling environment as
well as any small utility. The design speed range of the flywheel is 7500-15,000 rpm. To withstand the
spin stresses of the supersonic tip speed, the main rotor body is constructed of filament-wound graphite-
epoxy composite.

The flywheel rotor, which weighs 5100 Ib, is designed to store 130 kW-hr of energy at a peak design
speed of 15,000 rpm. The graphite-epoxy composite rotor, which runs in a vacuum, is supported by a
five-axis active magnetic bearing system. A high-speed 2-MW motor/generator, which is outside the
vacuum, is directly coupled to the flywheel with an industrial disk pack coupling, through a custom
integral rotary vacuum seal.

Figure 44: UT CENS ALPS Flywheel

Page 84 of 147
102



Return to Top

A bank of flywheels could be used to capture significant energy especially from regenerative and/or
renewable energy sources®. Beacon Power suggested housing a group of flywheels in a transportable
shipping container, as an energy matrix (Figure 45). The system is remotely controlled and monitored for
maximum flexibility. Scale-power versions of this system are being demonstrated now in California and
New York.

Additionally, at low power needs the flywheels could be energized to provide a method of power
management. The US Navy is reportedly considering bidirectional flywheel energy storage devices that
would power up off the ship’s bus at steady-state power conditions and supply power during high power
consumption transients. Naval research is now focused more on carbon fiber flywheels. As discussed
above, they have small footprints and generate high rotational energies®.

Figure 45: Flywheel Power Matrix (Beacon Power)

Superconducting Magnetic Energy Storage (SMEYS)

SMES is a device where energy is stored in a magnetic field produced by the current circulating through a
superconducting coil. The system is efficient because there are no resistive losses in the superconducting
coil and losses in the solid state power conditioning are minimal. SMES provides rapid response for either
charge or discharge. Unlike a battery, the energy available is independent of the discharge rate. The
interaction of the circulating current with the magnetic field produces large forces on the conductor. In a
small magnet, these forces are easily carried by the conductor itself. In a large magnet, a support structure
must be provided either within the coil windings or external to the coil to carry these loads. Today’s
SMES units use conventional metallic superconductor material (Nb-Ti or Nb3Sn) cooled by liquid helium
for the coil windings. High temperature ceramic superconductors (HTS) cooled by liquid nitrogen are
now being used in the power leads that connect the coil to the ambient temperature power conditioning
system.

A chief contributor to the development of SMES technology components for the past ten years has been
The Technology Development Laboratory (TDL) of the Houston Advanced Research Center (HARC).
HARC completed a 3-year program funded by the Texas State Energy Conservation Office to bring
SMES technology a step closer to widespread commercial acceptance. The State program focused on two
different areas: site analysis to determine appropriate and cost effective locations for the implementation
of large-scale transmission enhancement SMES, and development of a second generation Micro SMES
system incorporating a novel persistent switch recently patented by HARC. HARC has developed a
prototype consisting of six coils storing 1.25 MJ (0.347 kwH) of energy and power delivery of 200KW at
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a temperature of 4.5°K. Current direction is to increase the temperature to liquid nitrogen temperature
77.2°K using emerging high temperature superconducting wire.

Figure 46: Conceptual drawing of the HARC/TDL MicroSMES unit showing 2 stacked superconducting
toroids, fast persisting switch, power leads, thermal shields and vacuum

Electrolysis to Hydrogen for Energy Storage

Electrolysis of water into its components of hydrogen and oxygen can be considered an energy storage
system since the hydrogen and oxygen can be stored for an extended time and then used in an engine or
fuel cell to generate power on demand. Electrolysis has an efficiency of 50-80% depending on the system
and size. Hydrogen forms at the cathode and oxygen at the anode. Thus it has an internal and automatic
separation process. Again, the problem is that while hydrogen supplies three times the energy per pound
of diesel and gasoline (see Figure 43), it has only one-tenth the density when hydrogen is a liquid and
very much less when it is stored as a compressed gas.

Storing hydrogen is not well developed because it is a small molecule and tends to diffuse through most
materials fairly easily. This is a central problem for using it as transportation fuel as liquid or compressed
gas. However, using hydrogen in an industrial setting should not be problematic if safety policies and
proper handling procedures for industrial gases are followed.

This concept as presented for the EFD project is to use it as a short term energy storage by generating the
electricity from a “free source,” i.e., solar, wind, regenerative braking, etc. and compressing the hydrogen
and oxygen and then using it as fuel in a fuel cell or in an engine directly when needed for peak power
requirements. Since drilling rigs are an industrial setting in a relatively stationary state, safety issues of
generation and storage can be addressed with rigid controls and procedures unlike that in over-the-road
systems where the control of pressurized hydrogen and oxygen is difficult.

3.7.6 Summary Comparison of Power Generation

Recent history shows that drilling rigs have used diesel with some natural gas internal combustion
engines. From 1,000 to 10,000 kW, there is a transition from reciprocating engines to CTs in terms of
economic competitiveness. CT performance is adversely impacted by altitude and temperature.
Applications must be viewed with these site-specific and temperature-specific factors in mind. |If
maximum generator output is required during hot summer months, then inlet cooling adds to the overall
costs. Other issues to consider include the following:

e As higher firing temperatures are sought to increase performance, higher combustion pressures
and fuel gas compression is required.
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e As load drops on the CT, the compressor energy use becomes a larger percentage of cycle energy
use resulting in poor partial-load efficiencies.

The ability to utilize unconventional power generating technology may be severely limited by the cost
and lack of favorable economics of wind, solar, and fuel cells (see Table 12). Though a thorough
economic study was not the point of this technology assessment the findings that installed costs were
considerably higher when compared with the ICs and CTs for all but the wind turbines. However, the
wind turbines are very large and would require extremely heavy duty equipment in addition to that of the
drilling rigs. (e.g., large cranes would be necessary as self erecting towers are impractical for a 500 to
750 kw wind turbine). A 750 kw wind turbine generator would weigh approximately 36 tons, the blades
approximately 24 tons, and the tower itself approximately 100 tons. Solar panels are also extremely
heavy as well as very high in cost per power provided.

Table 12: Characteristic Comparison of Power Generating Technology™ %%
Technology| Internal Combustion Engine Combustion Micro - .
. - wind Photovoltaic| Fuel Cell
- Spark | Gas Turbines | turbines
Characteristic . - L
Compression Ignition| Ignition
Commercial/ |Commercial/l Mature/ Commercial/
Technology Status Commercial/Mature Mature imited Mature Developing | Developing
Add ons W/O SCR | w/SCR |
Rated Power (Kw) 10-5,000 500 - 300,000 30-500t 1-5000 1-1000 100-3,000
Capacity factor 90-95% 92-97% 90-98% 95%(?) 24-40% 30% >95%
Installed cost ($/Kw) 425-805 |700-1000{600-1200 600-1400 1700-2600 | 1000-1600 >4500 550-5000
Diesel, fuel oils, NG, NG, Distillate, Multi-fuel,
Fuel Synthetic liquid fuels biogas biogas Multi-fuel wind None Hydrogen
0.007-
O&M cost ($/kWh) 0.008-0.018 0.015 0.004-0.01 0.013-0.02 0.005 Negligible | 0.020-0.04
Electrical Efficiency 30-40% 23-45% 21-40% 14-30% 20-46% 15-30% 36-50%
Noise High Moderate Moderate Low None Low
Foot Print (sq ft/kw) 0.22-0.7 0.15-0.31 0.02-0.61 0.15-0.35 5-100 200-600 0.9
NOXx (Ib.MWh) 21.8| 4.7* 2.07* 1.15 0.44 0 0 0.03
SO2 (Ib.MWh) 0.49( 0.454* | 0.006* 0.008 0.008 0 0 0.006
PM (Ib.MWh) 0.78| 0.78** 0.03* 0.08 0.09 0 0 0
CO2 (Ib.MWh) 1432| 1432** 1099 1494 1596 0 0 1078
Sources: Distribute Energy Forum (www.deforum.org); Gas Fired Distributed Energy Resource Technology Characterizations
November 2003 USDOE NREL/TP-620-34783; EPA Greenhouse Summer 2002 EPA-43-N-02-004;Bluestein, Joel et al,"The Impact
of Air Quality Regul
SCR= Selected catalytic reactor
*Lean Burn Gas Fired Engine; ** Diesel with SCR; tLarger sizes under development

Reducing emissions by post-combustion add-ons (e.g., selected catalytic reactors) to the internal
combustion engines or turbine exhausts can reduce the NOx emissions at a capital cost increase of 17%
for a turbine and roughly 14%-23% for lean burn gas and diesel engines. SCRs are relatively insensitve
to the size of the system, making the per-unit cost higher for small applications than for large
applications. SCR for small turbine generators can add $150- $200/kW compared to $50/kW for large
systems. SCR can reduce NOx emissions up to 90% but is effective only over a limited temperature
range and does not reduce NOx emissions as effectively at high temperatures. Additionally, the ammonia
used in the SCR is not completely consumed and is classified as a hazardous substance that requireds
special handling and safety precautions. Urea is less hazardous and can be substituted for the ammonia
but is still noxious and may not be acceptable in some applications. Adding SCR to turbines can add
about 17% of the capital cost of the turbine generating system. Annualized cost of reduction using SCRs
can be from $12,000 upt to $40,000 per ton of NOx reduced. The best available emissions control
technology means the control technology that achieves the greates emission reduction within a preset
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cost-per-ton-of-reduction-criterion. Because BACT is a moving target that becomes more stringent over
time and must be evaluated on a case-by-case basis. Since drilling rigs work over a number of states with
sometimes different regulations that US EPA, as well as around the world with different regulatory
constraints this also becomes a geographic analysis also.**

Another more stringent level of control is Lowest Achievable Emissions Reduction (LAER). LAER is
defined as the most effective control technology demonstrated in practice, without regard to cost. Like
the BACT, LAER is inherently a moving target that becomes more stringent over time. In areas of
nonattainment the goal is restoring air quality through nonattainment NSR (new source review). Many of
the EIA (environmental impact assessment) for well drilling could follow a LAER and the drilling
program needs to fall under the major and minor source review to be exempt from environmental
permitting. Well-Construction Methodology to Minimize E&P Ecological Impact

3.8 Directional, Multilateral, ERD and Pad Drilling

Over the past 20 years, horizontal drilling has progressed from an exotic technology to become a standard
industry tool. Drilling a well horizontally through the pay interval exposes much more reservoir to the
well bore, normally resulting in increased well productivity and/or increased ultimate resource recovery.
Emergence and acceptance of horizontal drilling have enhanced productivity of individual pools. The
technology has been credited with significantly increasing economically recoverable reserves.

Constructing single or multiple horizontal productive intervals within a reservoir is rapidly becoming a
dominant exploitation practice in many fields that are uneconomic with conventional vertical wells
(Figure 47).% Horizontal completions in water flood and/or CO, flood areas often have three to five times
the productivity or injectivity of vertical wells. In tight gas fields horizontal wells have demonstrated two
to 10 times the productivity and cumulative recovery of vertical wells. In high-pressure and naturally
fractured tight gas fields, horizontal wells have demonstrated as much as 20 times more productivity than
vertical wells.”
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Figure 47: Basic Multilateral Configurations (courtesy of Schlumberger)

Aggressive adaptations of this form of exploitation have resulted in tremendous advances in enhanced oil
recovery processes in many varied applications globally. A striking example of this application is the
SAGD (steam assisted gravity drainage) developments being aggressively pursued in the bitumen (tar
sand) deposits in North Central Alberta.

This advanced EOR process can not only salvage uneconomic and/or marginal, depleted reservoirs, but
inherently delivers significant reduction in well construction environmental impact. By placing multiple
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surface locations in one central facility (pad), all surface gathering lines, production facilities, access
roads, export pipelines, power grid right-of-ways, etc., are dramatically reduced. Figure 48 illustrates this
advantage, where three sections (3 square miles) of reservoir area are being exploited from one central
pad. When compared to conventional, 40-acre spaced vertical development program where three sections
would contain 48 surface locations, access roads, related gathering and production facilities, etc., the
dramatic reduction in surface impact provided by multiple horizontal wells is obvious.*’

U
i

Figure 48: Example of Well Pad Design for SAGD
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A US DOE study® looked at only four conventional field types and predicted incremental reserves of 1
billion barrels at $24 oil price (Table 13) if local independent operators effectively applied horizontal well
exploitation technology to theses known assets. Similar benefits are being observed in many recent CBM
(coal bed methane) applications in both the US and Canada. Multiple horizontal well applications are
likely to be a favored tactic in many of these rapidly expanding development settings.

Table 13: Distribution of Future Reserves for New Horizontal Oil Wells (DOE 2000 study)

Resource $16/bbl $24/bbl
Austin Chalk Reservoirs 134 197
Other Fractured Reservoirs 19 121
Thin Bed Reservoirs 116 128
Profile Modification 266 401
Continuity Improvement 6 118
Total Reserves 541 965

The same benefits of surface impact reduction and operational consolidation are likely to be leveraged in
many deeper tight gas, shale gas and also any conventional oil or gas development in environmentally
sensitive areas that are currently being pursued throughout the petroleum basins across the US. This
practice has itself benefited from technological gains in other areas such as improved drilling fluids,
down-hole motors, and measurement-while-drilling instrumentation and rotary-steerable systems.

Probably the most significant well construction advancement is the paradigm shift to managed-pressure
drilling (MPD) versus conventional overbalanced drilling®”. Many depleted or uneconomic fields can be
re-exploited by applying a combination of complex well design with MPD well construction practices. A
recent field experience in central Illinois demonstrated this concept. A horizontal infield well was drilled
with aerated water in a very old (1940s) abandoned light oil water-flooded field. The new horizontal well
successfully accessed the top 5 ft of oil-saturated sand to initially produce 250 BOPD, and has currently
recovered over 25,000 bbl of oil from this previously considered uneconomic pool.

Application of MPD well-construction practices can deliver auxiliary benefits in emissions reductions. In
many cases the gas phase required will be air or nitrogen, which is vented to the atmosphere, leaving only
produced reservoir water, or fresh water for disposal. This reduces both the volume and types of drilling
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fluid contaminants which must be disposed of following well construction. Unfortunately, applying these
more complex well technologies has been a challenge to many of the smaller independent operators that
hold the vast majority of the marginal, mature assets within the US. Significant industry training and
exposure will be required before this potential is fully realized.

Directional/horizontal well construction has had a major impact on the petroleum worldwide. Extended
reach drilling (ERD) enabled economic development of a remote offshore field in Russia from a land
based location®. TVDs in these wells were over 6000 ft and horizontal displacement over 28,000 ft. In
Ecuador directional drilling is a technique commonly used by oil companies to drill in the sensitive
landscape of the Amazon region or “Oriente.” In this particular area is a tropical rain forest which is home
to many of the indigenous tribes of Ecuador as well as exotic and unique flora and fauna'®. Questar has
had significant success in eliminating surface damage in the Pinedale Anticline in Wyoming using pad
drilling and directional drilling techniques (Figure 49).
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Figure 49: Example of direction drilling in Pinedale Unit Wyoming (Questar Resources)

The capability of horizontal directional drilling technology to accommodate and protect the varied
stakeholders’ interests while producing huge amounts of oil and gas is again illustrated in production of
oil from beneath the harbors of Los Angeles and Long Beach (Figure 50) from few surface facilities. The
surface area needed to drill development wells has decreased dramatically due to enhanced lateral drilling
capabilities (Figure 4) and continues to decrease as innovative application of horizontal wells is pursued.
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Halliburton-Sperry Sun set the record'® for intersecting two wells toe-to-toe from wellheads 10,178 ft
(3,104 m) apart (Figure 51) using an 8%-inch roller cone bit, a rotary steerable system and magnetic
ranging technology. Precision Drilling Company drilled both wells for Anadarko Canada in the Jedney
field in Pink Mountain, British Columbia. Measured depth was 19,227 ft (5,864 m), and TVD was 5066 ft
(1545 m). The wells were connected October 10, 2004. The longest horizontal section, at an inclination
over 86°, was drilled in April 2004 for 26,735 ft (8,154 m). It is in the Al-Shaheen field in Block S
offshore Qatar.
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Pad drilling is a methodology to reduce the footprint and costs and can also be used to protect the
environment and reduce ecological impact, which is a significant emphasis of this project. Horizontal
drilling makes pad drilling technology feasible.

3.9 Onshore Platform

Technology is described here to build temporary bridges and piers as presented in patents and other
literature to develop onshore platforms as well as temporary roads (ingress and egress methods) in remote
locations with low environmental impact. This section and Section 4.2.2 on temporary structural roads
and bridges discuss these concepts as well as approaches to directly develop platforms for oil and gas
drilling and production operations.

3.9.1 Related Technology

Bridges can be thought of as raised platforms above the surface they span. A number of bridge and pier
techniques have been developed to span land gaps and extend over water (piers). Buildings and other
structures have been built on these piers and bridges.

In 1970 Suter received a patent 3,511,057 for a method to erect and construct multispan bridges and piers.
The concept was to build bridges that can be started at any point along the proposed bridge span in
impassable country or water-covered subsoil, and continued in both direction of the proposed bridge span.
The concept could be used for elevated road building or platform (foundation) construction onshore.
Additionally Norrie suggested in his patent (US 6,986,319 (2006)) that piers could be constructed with
deck sections that can be removed or allowed to float during times of high wave action or storms without
floating away.

Cernosek was issued US patent 3,878,662 in 1975 describing drilling structures constructed in a remote
area. The method included a foundation composed of permanent foundation units, a substructure mounted
on the foundation and a derrick mounted on the substructure for drilling for oil or the like in remote areas.
The permanent foundation units, substructure, and derrick are all comprised of members that can be
transported to the remote area by a helicopter or similar transport. The foundation is suggested for use in
mountains, marshy or swampy land located anywhere that is not easily reached by conventional ground
transportation or conventional floating platforms. A helicopter will transport temporary foundation units
to construct a temporary platform to support a crane and a device (pile driver of some sort) to build the
permanent foundation (Figure 52). A substructure and derrick are then flown in after the foundation is
constructed and placed atop the foundation.

In 1996 Connor et al. described a modular bridge constructed from module components suitable for use in
both a dry span and floating role, comprising a buoyant structure having interconnection for connecting
the module end to end to an adjacent similar module for a bridge. The components have one or more link
members which are releasable securable to the underside of the bridge module. Connor was issued US
patent 5,495,631 for this application. The objective was to transport and construct a bridge in a short time
such as in military operations or in response to civil disaster. The preferable material is aluminum or an
alloy of aluminum. Linkages are made of carbon fiber reinforced plastic material having a modulus of
elasticity in the region of 200x10® MPa. These linkages run along the bottom of each end of the module
and can be connected. For a dry span the modules are cantilevered across a gap. For a very long gap it
may be necessary to add support legs (note not part of patent) which could also allow a device as an
elevated road or pad.
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Figure 52: Permanent Onshore Platform for Remote Areas Patent 3,878,662

A light-weight aluminum modular bridge decking using hollow extruded aluminum elements was
suggested in various patents issued to Ahlskog et al. and assigned to the Reynolds Aluminum Company
(5,651,154 1997; 5,810,507 1998; 5,867,854 1999; 5,901,396 1999; 6,073,293 2000). A principal object
of this invention is to provide a light-weight, easy-to-assemble bridge deck system using prefabricated
deck panels which are field-spliced easily and inexpensively made from hollow extruded aluminum
elements. Each of the deck panels is shop-fabricated by longitudinally welding flanges of adjacently
placed multi-void extruded aluminum alloy structural elements. Transfer splices of longitudinally
adjacent elongate elements are made by providing shear elements connecting individual elongate
structural elements of each deck panel end-to-end prior to longitudinal welding of adjacent elongate
elements, with the end joints between the elongate elements arrayed in a staggered manner. A safety rail
system is mounted to run alongside and above outer edges of the finished bridge deck. Note the
application is to provide decking only for heavy bridge traffic and does not define support structure.

3.9.2 Anadarko Onshore Platform

Kadaster et al. in 2004 were issued US patent 6,745,852 on an elevated modular, mobile platform for
drilling oil and gas wells in the arctic, inaccessible, shallow water or environmentally sensitive
geographical locations (Figure 53). The objective is to drill in sensitive areas without disturbing the
ground surface as in conventional land drilling operations and perhaps extend the drilling cycle time in
the arctic. The system consists of aluminum, or other light-weight material, modules approximately 12.5
ft wide and 50 ft long. Modules need not be in those dimensions, but should be light enough to be
transported to a drilling location by aircraft, land vehicles, sleds, boats, barges, or the like. Additionally,
the modules may be configured to float and to be towed on water to the drilling site.

The legs are adapted to be driven or otherwise inserted into the ground to support the elevated drilling
platform. The platform modules may be transportable by aircraft or special purpose vehicles that are
adapted to cause minimal harm to the environment. The first platform modules are interconnected to form
a first drilling platform. The first drilling platform is then elevated over the first drilling location. Drilling
equipment may be installed on the first drilling platform before or after elevation. In swampy areas legs
could be rotated in with a power swivel to the proper depth of penetration. The platform modules were
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designed to interlace where any spillage onto the platform decks would be routed and contained within
the bucket elements of the modules for containment and proper recovery and disposal'®.

Figure 53: Anadarko Onshore Platform in the Arctic in Summer

Part of the Anadarko platform patent suggests renewable energy sources may be supported by the
platform (Figure 54). For example, a solar panel array or wind mill power generators may be added to
provide energy for pumps, compressors, and other equipment. Renewable power sources may also
provide energy for hydrate production. Renewable energy sources minimize fuel requirements for the
drilling platform while minimizing air pollution and conserving production fluids.
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Figure 54: Onshore Platform usirﬁ Renewable Energy?or Drilling Support

3.9.3 BP - Pile Driving to Support Large Rig

Use of a raised platform in environmentally sensitive areas will require piles to support the platform. In
2006 BP is using piles to support a large rig to infill drill a deep gas resource in the Tuscaloosa reservoir
in southern Louisiana (see Appendix C). Piles are used to mitigate settling. This type of effort currently
cannot be justified on a less complicated well with shorter duration drilling times of 10-30 days (drilling
time for this BP well is approximately 90-120 days).

The lessons and approach of this type of site construction should be captured and may represent some of
the best available technology for the EFD project. This site could be cut into small sections, trucked to

Page 94 of 147
112



Return to Top

different drilling sites and reassembled. The impact it would have on the environmental effects of drilling
could be significant. The drilling platform represents this general approach. It should be considered for
not only those areas where contact with the ground requires the raised platform, but also for areas where
setting the platform on the ground is possible, because other benefits of engineering and environmental
impact can be obtained.

A cone penetrometer test is initially run to test soils for the depth and number of pilings (see appendix C2
and C3 for explanation of penetrometer pile testing). BP uses these results to determine how deep the
piles need to be driven to support the weight of the rig. BP, as a conservative measure, considers the full
rig weight (600,000 Ib), full weight of heaviest string of casing (1.2 million Ib), and buoyancy and surge
loads are not included to determine the drive depth that is needed to support the load. Safety factor is in
the range of 2 to 2.5:1. This compares to 8:1 for most civil engineering projects.

The 44 piles for this job are 14 in. diameter x 0.375 in. thick open-ended pipe. In calculating the load
bearing ability of the pipe contact, the inner diameter is ignored and only the outside skin friction is taken
into account. The piles are 80 ft long and welded together during the driving process. Equipment for
driving the piles consists of a crane, hammer leads (frame), and a hammer.

The hammer for this job was a Vulcan air hammer (Figure 55) that operates on 250 psi air. It weighs
19,000 Ib and delivers a 32,500 ft-Ib blow force. It is capable of 50 blows per minute. The frame
supporting the hammer has two long spikes on the bottom that are driven into the earth at the correct
position, with the weight of the leads (frame). A simple level is used to align the pipe and frame to
confirm that the pile is vertical. Once driving has been started no adjustment can be made other than
pulling the pile. During the driving operation, the blows per foot are recorded. A dramatic change in the
blow frequency and pile movement can indicate a change in the subsoil strata which may impact load
bearing capacity of that pile.

Figure 55: Pile Driver for BP Tuscaloosa Operation (June 2006)

After being driven, the piles are cut off to the desired height and a cap sill added. The cap sill consists of a
112 Ib/ft “I” beam with two pipe sleeves welded to the bottom. The pipe sleeves are designed to fit over
the pile (Figure 56). The caps sills are recovered after drilling and completion of the well, but the piles
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remain in place and can be used again if the well needs to be worked over. After completion of the pile
driving operations, the area around the pilings and cap sills is finished with compacted limestone at the
same grade and elevation of the surrounding pad.

Figure 56: Pile Caps for BP Tuscaloosa Operatio
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4. Low-Impact Access/Transportation Processes

Moving equipment, supplies, and people to and from a drilling site at the right time can be logistically
complex. Add the restriction that there must be no or limited impact to the environment, and complexity
is magnified significantly. Protecting cryptobiotic soils in the west and southwest and inland and coastal
wetlands will be challenging. However, implementing combinations of current technology can make this
objective achievable.

4.1 Roadless Concept

The roadless concept is to develop a methodology of access to well sites that do not permanently harm the
root system or the ecology of the area, but can transport large and heavy pieces of equipment and supplies
into and out of the rig site. The definition of “permanent” has not been established. It has been estimated
that cryptobiotic soil might not recover from some injuries for thousands of years. A system that would
use hauling equipment that has very little ground pressure along with temporary roads that are not
constructed conventionally and take into account methods to protect the ecosystem, would be the
deliverable of this section.

4.1.1 Hovercraft

Hovercrafts, also called air cushioned vehicles, operate by using fans to push air under the vehicle and
trap that air with a skirt. The hovercraft then lifts above the ground. The ground is contacted primarily by
the skirt, which can lightly scrape the surface. Most hovercrafts are amphibious—they can travel over
water, land, ice, snow, and otherwise impossible-to-reach areas like swamps and mud pits. Because
hovercrafts do not pierce the land they travel, drag is reduced and operating efficiency is greatly
increased. One adverse effect of hovercraft operation is noise pollution, but this can be reduced to the
noise level produced by a typical truck or bus. Additionally, like rigs, trucks and buses, hovercraft
emissions need to be considered.

Most hovercraft vehicles are used for toys, recreation, military or police activities. Some have been used
in the past for commercial ferry transportation over short distances. They can be very fast but generally
have not been used to any large extent for heavy equipment transportation—except for the military. For
purposes where speed is important, costs escalate considerably especially if heavy equipment is moved.
However, they can be used very efficiently for transporting loads if speed is not critical. Though not
extensively used, the technology is well known and has been proposed and reduced to practice in the oil
and gas industry previously. Lack of growth of this technology has primarily been due to lack of
motivation, need and the poor industry economics over the last two decades. Use of hovercraft with other
low-impact transportation methods may prove useful in sensitive areas.

Air cushion vehicles particularly useful for drilling rigs and the like have been proposed and used in arctic
environments and others. In 1974 patent 3,783,627 issued to Blurton et al. proposed a hovercraft be
employed in arctic environments having open water, muskeg, ice, snow, and tundra. Blurton described
methods for launching the air cushion vehicle from a ship and for preparing an arctic drilling site for the
air cushion supported drilling rig. Means are provided on the bottom of the vehicle for preventing thawing
of the frozen soil or ice beneath the vehicle as oil well drilling or workover operations are performed.

Later in 1999, Ashton was issued US patent 5,871,061 for a hovercraft design to carry a load and a
hydraulic means for lifting the load. About the same time (2001) Miller in patent US 6,200,069 disclosed
the concept of a jack-up work platform configured as a hovercraft (Figure 57). The purpose was to
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provide an environmentally responsible method for oil and gas drilling and other operations in marshes
without having to revert back to digging damaging canals.

Figure 57: HoverCraft Jack-up Rig (patent 6,200,069)

Additionally in 2002 Newell et al. disclosed in patent 6,354,384 a hovercraft design to take continuous
core samples in inaccessible environmentally sensitive regions such as wetlands. Primarily motivated for
application in modern estuary and shallow lake margin R&D efforts, Newell et al. suggested that the
hovercraft can be used instead of wheeled or tracked vehicles which damage the ecology.

The cost per ton hovered or lifted is not linear. Generally, the larger the unit and tons hovered, the more
efficient the system. For example, for a single load of 100 tons, an area of 1555 ft’ is required; for a 130
ton load, an area of 2015 ft? is necessary. This increase in 30% load requires a 19% area increase. The
larger unit becomes more economical. Once in hovering mode, drag to induce linear motion is
significantly reduced®*®.

Hoverdril Inc. (now HoverTrans) hovercrafts have been previously used to build the TransAlaskan
pipeline. Hoverdril claims that its hovercraft exert an average of 0.33 psi and can pass over bird eggs,
tundra rodents, and animal burrows without harm or injury. If the fans stop working, or if a large section
of the skirt is damaged, air will slowly seep out over a few minutes and the hovercraft will make a gentle
landing. Hoverdril hovercrafts may be too big to transport as a single unit and can be disassembled for
transport and easily reassembled. With a maximum payload of 160 tons, these hovercrafts are capable of
transporting large objects that other vehicles cannot. Operating temperatures range to as low as -57°F.
Most damage to the surface caused by skirt contact is in the first five passes; after that no significant
additional damage is produced. This damage could be minimized by use of geotextiles or other temporary
road conduit material. Noise pollution is an unavoidable byproduct of air-propellers, but can be
minimized.

Hovertrans, Inc. (http://www.hovertrans.com) (formerly HoverDril) launched the world’s largest hover
barge during the first quarter of 2006 (Figure 58).'® Capable of a 330-ton payload, it provides a stable
drilling and equipment platform. Measuring 170 x 90 ft and weighing 900 gross tons, the barge is capable
of accessing environmentally sensitive wetlands without causing any terrain damage. It features a 40 ft
x10 ft keyway slot, which allows it to move away from the wellhead once drilling is complete.

e Hover height is 4 ft

o Exerts only 1psi while hovering

o No permanent construction

e No roads or docks required
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e Hover over land, swamps or water
e Use asadrill rig and supply base
e Reusable on other projects

Figure 59: Alaska HoverCraft Vessels

Alaska HoverCraft model LACV-30 and AP.1.88 are small, light hovercraft (Figure 59) compared to
HoverTrans models:
o Dimensions approximately 30 ft by 40 ft by 80 ft
Maximum speed of 45 mph
Maximum payload of 30 tons
Fuel consumption at 260 gal/hr
Endurance of up to 10 hr

These hovercrafts can be used to transport smaller objects and can also be used for offshore oil
exploration, search and rescue operations, personnel transport, water and fuel transport, and fire-fighting.
Note that these or similar vessels could be used as tug vessels for the larger Hover Barges.

4.1.2 Low-Ground-Pressure Equipment

Hauling vehicles can compact and rut soils in wetlands. Spreading the weight of vehicles over a larger
surface area can reduce these impacts. Wide tires, duals, tire tracks, bogeys, or tracked machinery can
reduce damage in sensitive areas by spreading a machine’s weight over a larger area. They also increase
traction, reducing wheel slippage. Wide or high-flotation tires are 34 to 72 inches wide. Dual tires are
made up of four regular-width tires on an axle. They may be used on the front axle, back axle, or both
axles. Tire tracks are wrapped around existing tires to make them wider. A bogey system connects rubber
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tires on adjacent drive axles with a track. Tracked machinery travels on steel or rubber tracks instead of

tires. Lightweight equipment reduces ground pressure by reducing the weight of the machine.

Equipment with central tire inflation allows an operator to vary the inflation of a vehicle’s tires while
moving. By reducing inflation, the operator can increase the tire “footprint.” This reduces the vehicle’s
pressure on the ground. A patented track system that can convert typical wheeled vehicles to a tracked
vehicle is Mattrack (Figure 60). Mattracks reduce ground pressure of a wheeled vehicle (as low as 1.5 psi
verses 8 psi for a person and up to 40 psi for conventional truck tires) and provide mobility in snow,

slush, mud, sand, swamp and tundra conditions.
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Figure 60: Mattrack Conversion

Rolligon vehicles (Figure 61) are used to transport heavy loads (2 to 100 tons), personnel, products or
equipment in sensitive areas. Rolligon vehicles can operate in soft ground conditions, extremely rugged
terrain or environmental conditions that are too harsh or sensitive for conventional trucks (e.g., arctic,
desert and jungle applications). Low-pressure, high-flotation tires distribute the weight over a large area

with a ground pressure of approximately 4 psi or less.

4.2 Artificial, Portable, or Temporary Roads and Drilling Sites

Crossing wetlands and semi-arid delicate ecologies with hauling vehicles and other equipment may harm
water quality; alter water flow, and damage habitat. Temporary crossing options to minimize impacts
work best with a nonwoven geotextile underneath. Geotextiles prevent material from mixing with the soil
below, yet allow water to flow through. They also help distribute a load over a broad area and make an
option easier to remove. A nonwoven fabric is less slippery than a woven one, reducing movement of the
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option during use. On very weak soils that have a low bearing strength (e.g., muck or peat), options may
need to be longer and wider than on other soils to spread the weight over a larger area.'®” Temporary
crossing methods include:

1. Wood mats made from logs or sawn hardwood. Cable together individual pieces to make a single-
layer crossing.

2. Wood panels and pallets are stronger, larger versions of shipping pallets. They are reversible for
easier repair.

3. Expanded metal grating is made from nongalvanized steel. It is light and inexpensive, and
provides good traction. Build crossings by placing grating sections in the wheel path.

4. PVC or HDPE pipe mats are constructed by cabling together pipes to form mats of varying
lengths. PVC or HDPE plastic roads are similar to pipe mats, except that the pipes are
interconnected using PVC. Build transition mats/panels into the design to ease transition between
firm soil and the mat.

5. Bridge decks consist of the decking of a timber bridge and are available commercially. They are
best used to cross small wetlands.

6. Tire mats are constructed by interconnecting tire sidewalls. Modify lengths and widths to fit the
soils and situation.

7. Pole rail crossings can be built on-site from straight hardwood poles cut from local trees. Lay
them parallel to the direction of travel below each wheel. Use pole rails only with equipment that
has wide, high-flotation, or dual tires.

8. Corduroy crossings are built from residues such as brush or slash; small, low-value logs; or mill
slabs. Corduroy spreads a load over the length of the log or slab, increasing the load-bearing area.

Details of these technologies and others for temporary roads are reviewed below.

4.2.1 Mats for Roadways and Pads

The military has historically used mats made of aluminum and steel for quick airfield construction.
Depending on the type of soil, different types of matting is used. Soil condition dictate which system can
be used for expedient road construction. One test to determine soil condition is the California bearing
ratio. CBR is a standardized test to determine the strength of soils for penetration resistance. At a CBR of
0.2 a normal weight person will sink to his knees; at a CBR of 0.5 to his ankles; and at a CBR of 1, about
s inch. A spiked heel will make a slight indentation at a CBR of 4'%.

The US Army Corps of Engineers developed the first cellular confinement system (CCS) during the late
1970s as a means to construct roads, airstrips, etc. for soft ground and wet weather conditions. The Corps
determined that placement of thin walled, sand filled cells over a soft subgrade provided significantly
greater load bearing capability than compacted soil alone. Various cell materials were tried, including
resin-impregnated paper, aluminum and plastic. High-density polyethylene (HDPE) was found to provide
the best combination of strength, service life and economy.

The three dimensional cellular confinement system “Geocell” has been used in the oil and gas industry,
military etc. for:
e Replacing board roads for permanent roadways to drilling and production
Field parking lots
Pipeline applications — support and erosion
Structural support for camps and heavy equipment
Levees
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Water crossings

Structural supports, foundations

Railroad track support

Environmental sensitive areas using native infill

Three existing types of mats have been used by the military to create roadways over sandy soils. The first,
Mo-Mat®, consists of semi-rigid panels of fiberglass-reinforced resin material that are rolled out, bolted
together, and anchored in place to form temporary roadways and parking and storage pads. The second,
the M8AL light-duty airfield mat, works well for large turning area pads and straight roadway sections.
The third roadway mat, the Uni-Mat®, is a patented interlocking mat made from hardwood lumber. Two
layers of Uni-Mat create a heavy-duty roadway over sand or wet soil.

These mat systems have several limitations that prohibit their use in many military applications. Only
limited supplies of Mo-Mat and M8AL exist since they are not available commercially. The heavy-duty
truss web aluminum mat has never been purchased for military use because its weight makes it difficult to
transport. SOLOCO, Ltd., purchased the Uni-Mat patent and stopped making the original Uni-Mat
design. SOLOCO now manufactures another wood mat instead of Uni-Mat.

SOLOCO designed a new interlocking mat, DURA-BASE® (Figure 62), for temporary roadway systems
and construction platforms placed over soft soils and environmentally sensitive areas. DURA-BASE® is
constructed from high density polyethylene (HDPE) and is available in two sizes: 8 x 14 ft and 8 x 7.5 ft.
Both mat styles are 4.25 inches thick. The large mat weighs 1050 Ib while the small mat weighs 550 Ib.
Each mat is equipped with a lip on two sides that creates an overlapping joint with an adjoining DURA.-
BASE® mat. Each mat is also equipped with 16 slots (or 10 for the small mat) into which locking pins are
inserted and engaged to bind multiple mats together. DURA-BASE® Composite Mat System has been
tested to demonstrate high load bearing capacity while undergoing extreme deflection. Pure compressive
load capacity is approximately 600 psi (40 kg/cm?). Compressive loads in excess of 1000 psi (70 kg/cm?)
have been observed in laboratory tests. The composite mats have a weight capacity of greater than 1200
tons. The mat system has been used in the muskeg and tundra of Alaska and Canada protecting the soft
sensitive ecology. Each mat is constructed with a built-in tread pattern for added traction and safety.
Other safety features include anti-static and UV protection agents blended into the plastic during the
manufacturing process. SOLOCO is a Newpark Company and also provides hardwood mats for
temporary roads and pads.

e

Figure 62: DURA-BASE Synthetic Matting

Roverdeck is a roll out roadway system (Figure 63) that can be rapidly deployed for vehicle access over
sand, dirt, and muddy areas. Developed primarily for military use in desert environments, it is also suited
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for civilian applications in areas where permanent roadway system cannot be installed — beaches,
marshes, and other environmentally sensitive areas. Its features include:
e Supports heavy loads up to 20-ton trucks moving at 15 mph
Lightweight, roll-out design for quick deployment, removal and storage
Mats can be securely connected
Will not bunch up or wave under tires or vehicle movement
Designed to be used with little ground preparation over grass, gravel, sand, soil, concrete, asphalt,
ice, snow, mud and other standard surfaces
Widths of 3, 5, 8, 10 and 13 ft
Lengths of 10, 25, 50, 82 ft sections
Sections roll up
Individual modules interconnect to form larger roadway sections
Easy to clean and maintain
Can be used for helipads
Can be used for creek crossings

HexaDeck is portable roadway and heavy-duty flooring system. HexaDeck can be used to create
permanent or temporary pathways for vehicles, equipment, and pedestrians. Interlocking hexagonal tiles
create an incredibly durable portable flooring surface for access and ground protection for special events,
military deployments, and utility use. Operating range is -20°F to 150°F. Maximum load per panel is
13,000 Ib, but permits road angles of 30, 60, and 90° with a capacity of 30,000 Ib/ft* (208 psi).

Hexadeck and Rovadeck (Figure 63) are products marketed by Signature Fencing and Flooring Systems
of New York City’®. The material is PVC and HDPE.

Flgure 63: Rovadeck Portable Roadway
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Patent 3,859,000 issued to Webster in 1975 disclosed a road construction comprised of identical
invertible polygonal panels and having a single piece peripheral frame of aluminum with roughly “L”
shaped connectors to lock the polygons together. The patent suggests that this can be used as economical
portable aircraft runways, floating roadways, and floating piers that can be easily installed. An internal
honey comb structure is suggested for strength, the body of which is made of elastomeric material such as
plastic.

Knafelc was issued US patent 6,652,184 in 2003 that provided a temporary road way claimed to have
minimal damage to the ground surface beneath the temporary road. The apparatus is made up of sections
held together by a retainer (Figure 65). The sections are formed from hollow molded plastic and are
designed and formed to suitably interlock through a tongue and groove concept. It is claimed that it can
be used for very heavy equipment. Because the interface is oriented non-perpendicularly to the direction
of travel over substantially the length of the interface, shock loading on the individual sections is reduced
by allowing gradual weight transfer from the first section to adjacent sections. This is the primary benefit
over prior art that used logs etc. laid lengthwise across the path of the road perpendicular to travel. The
prior art is classified as corduroy roads and causes sudden impact loading to each successive member as
load is transferred to each member of the corduroy road. This patent claims to mitigate that problem by
substantially spreading the load and minimizing impact loading.

An example of a corduroy road element is shown in Figure 66 as described in US patent 5,282,697 issued
to McLeod in 1994. The corduroy road can be made of a plurality of rigid bars made of wood, plastic or
other material joined to form an articulated assembly. A rope is threaded through bores in the bars.
Spacers are placed over the rope between the bars. Ends of the spacers can be angled for inclining,
declining or flat arrangements of adjacent bars. In the alternative, ends of spacers can be rounded and
received in a rounded depression of the bore. Interlocking elements can have engaging male and female
portions or can be screwed together. When laid flat over a surface, the articulated assembly may be used
as a support that forms a deck, walkway, or similar structure. The invention relates to flexible surfaces for
use as walkways, roadways, support barriers or the like.
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Figure 66: Corduroy road element patent 5,282,692

The Army Engineer Research and Development Center identified discrete fibers as a potential material
for constructing roads and airfields over sandy soils; developed several structural matting systems to
support operations over sandy soils; and evaluated several structural mats and geosynthetic-reinforced
pavement systems to support heavy-truck traffic over soft soil. Fiberglass-reinforced mats, hexagonal
mats, and geofiber stabilization are recommended alternatives to the existing Geocell technology for
sandy soils. The fiberglass-reinforced mat should be used for small roadway sections (less than % mile)
and geofibers should be used for large roadway sections (longer than % mile) in sandy soil. 2,252
DURA-BASE panels would be required to construct a 1-mile section of road over very soft soil*%.

Belton Industries, Inc.**® manufactures a new 100% biodegradable geotextile fabric. This has recently
been introduced for two applications:

e Temporary subsoil stabilization
e Wide width erosion control — a rolled erosion control blanket.

Sold under the trade name of Geojute Stabilizer®, it is available in rolls of 12.5 ft by 100 ft covering 139
square yards. Geojute Stabilizer is used in sensitive areas to build temporary roads where it acts as a
separation/stabilization fabric for up to one year. By using Geojute Stabilizer, end users do not have to
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incur the added expense to decommission temporary roads. The fabric possesses grab tensile properties of
lighter weight (3.2 0z) woven polypropylene/polyethylene fabrics. Geojute Stabilizer® also works as
erosion control fabric for areas where soil bioengineering applications are being designed. It works with
all coir (fiber from coconut husks) fabrics as a cost effective inner-liner when designed in conjunction
with Geocoir 700/900 vegetated geogrids along stream and river banks.

Board Mat Roads

Wooden mats and roads have been used for many years particularly in the oil and gas industry to provide
temporary roads and pads for construction equipment and heavy trucks in areas that are environmentally
sensitive or inaccessible due to poor soil conditions during the rainy part of the year. These roads and
mats are typically constructed one piece at a time and are very time-consuming and labor intensive to
construct.

As pressure on labor markets increased and time constraints on construction tightened, some mat systems
appeared on the market, and worked well to relieve labor and time issues. Wooden mats are laid piece by
piece, with the number of plies of lumber determined by the soil conditions and the size of the loads to be
hauled. The mat systems commonly used today are three-ply systems. As a general rule, fewer plies of
lumber are required to accomplish the same result as elevation increases above sea level. For example, a
mat having four plies of lumber may be necessary to support typical oil industry equipment over a wet
site close to sea level, while a mat having only two plies of lumber may be adequate to support the same
equipment over a dryer site located well above sea level, etc.™*

The patent literature is replete with concepts of using board matting for temporary roads. Most of these
are primarily different methods of connecting the board mats or pallets to form a continuous road of a
specified width. Patent 4,289,420 to Davis et al. in 1981 discussed wooden mat assembly for construction
of temporary roadways or assembled from a flat platform for wheeled or tracked vehicles. The wooden
mat assembly is formed from interlocking mats, each mat being formed from a plurality of layers or
boards, each layer being formed from boards parallel to each other and perpendicular to boards forming
the adjacent layer, the layers fastened together at points of intersection. The assembled roadway or turn-
around has particular utility at or near oil well drilling sites, building construction sites, etc. Davis et al.
proposed that their method overcame prior failings of lack of simplicity and efficiency, settling under
heavy weight in soft soil and high labor costs. US 4,289,420 suggested that the mat assembly needed a
travelable surface oriented in the direction of intended travel. Additionally the mats interlock in the
longitudinal direction. Offsetting each mat contributes to stability because as one tire is leaving the
previous mat while the other tire still has weight on the previous. This design of wooden mats would
sustain a load of 180,000 Ib for as long as one year of constant use and required 1/5 or less of labor cost
and 40% less lumber compared to the conventional hand laid roadway.

Sarver was awarded patent 4,600,337 for a system of prefabricated board mats for assembling plank roads
for supporting heavy equipment on unprepared surfaces. The system is based on standard 8 x 16 ft three-
ply treated lumber prefabricated board road sections. Individual board mat sections are linked in the
direction of travel using a mating male and female plug and socket system to evenly transfer loads of
heavy equipment in the direction of travel. The mats are lifted by use of three or more eyebolts.

In practice a porous protector filter cloth section is laid under the area where a board mat is to be placed.
Individual board mat sections are laid successively from an initial prepared position by rolling out the
protective cloth, lifting the individual sections by crane, dropping the section into position, and linking
them transversely through the lateral connections. The installation machinery and supply truck containing
the individual board mat sections then proceed forward onto the section of boards laid and install a second
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section. Each successive section is longitudinally linked by installing a male plug end into an exposed
female end which is at the outer edge as the normal laying process proceeds.

Figure 67: Board Mat System Patent 4600337

Yet another technique for interlocking systems for roads and construction sights is described by Penland
in US patent 5822944 (Figure 68). He suggests this system is particularly well suited for use in areas with
dry, sandy soil. The mat units include two layers of boards. Smaller sizes can be used to develop different
shapes and configurations.
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Figure 68: Double Locking Flooring System for a Construction Site

Pouyer, in a series of patents issued from 1990 to 1993 (US 5,020,937, 5,163,776; 5,273,776; 4,922,598;
4,889,444), claimed to have developed an improved method of construction of artificial roads primarily to
be used in the oil and gas industry for access to drilling sites. Pouyer extended the method to constructing
an artificial pad using the same techniques. He also developed a method to easily and consistently
manufacture mats to be used in the construction of an artificial road. The preferred material was wood for
mat (pallet) construction and can be interconnected longitudinally and laterally and does not have to be
nailed together but is interlocked and can be laid down more quickly with reduced labor. The technology
also suggests using a geofiber under the wooden pallets or mats to stabilize the soil.
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Hunt was issued US patent 5,234,204 (1993) that related to improving a series of designs to construct
interlocking wooden road mat segments and the device to manufacture them for the construction of
temporary roads. The technology disclosed a device for assembling the interlocking mat segments and
how the interlocking segments were assembled in the field for temporary roads.

In 2005, US patent 6,945,732 was issued to Renick for an overlapping flanged wooden mat system and
assembling system to fabricate an artificial road. He claims the design prevents heavy equipment trucks
from sinking or becoming stuck and prevents damage of different soils. The ends of the mats can pivot up
and down without damage as the interconnecting ends are not constrained.

Contrary to Renick, US patent 6,653,183 issued in 2003 to Stasiewich indicates that the mats need to have
a retaining lip to prevent separation of the mats (Figure 69).

-

FIGURE 2 ) ¥ n e FIOUE 4
Figure 69: Patent 6,653,183 — Wooden Road Mat with Retaining Lip

A support structure for use in soft and environmentally sensitive areas to construct roads and pads to
support heavy equipment typically used in the oil and gas industry was described in US patent 6,474,905
issued to Smith et al. in 2002. Roads and pads are constructed by interlocking a number of mats together
to build a road or pad of the desired size. Each mat is comprised of two layers of boards made of a
material with shear stress equal to or greater than that of hardwood lumber. The top layer of boards is
superimposed over the bottom layer and fastened by bolts, nails, glue, etc. Forklifts, cranes, etc. are used
to handle individual mats and to position the mats and lock them together (Figure 70).
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Figure 70: Wooden Road Mat (Patent 6,474,905)
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A portable roadway is suggested by US patent 4,376,596 issued to Green in 1983 and is made up of
removable interconnected sections for use during periods of adverse weather conditions during which soil
conditions are such that it is impossible to build a permanent road, or when economics favor a temporary
road. Each section consists of a hardwood frame which is connected to and supports a plywood surface.
At the front and rear of each section, a transverse stiffening bar extends through and laterally to the side
of the section. Connecting members are attached between the free ends of these stiffening bars. In the
center of each section, a lifting bar is disposed to aid in removal and placement of the sections. Though it
IS suggested in the patent that the system be used in oilfield roads and construction and lumber industries,
the plywood tops may not be suitable for heavy loads.

A patent application by Dagher (US 2002/022954) describes a composite structural panel (CSP) that
includes a composite core preferably made of a number of vertically laminated oriented strand board
(OSB) sheets. The CSP may be designed for a wide variety of applications, such as a road panel, a crane
mat, a bridge deck, a soldier pile, and the like. This concept relates to developing a cost effective panel
design that replaces existing solid sawn timber panels. According to the invention, a CSP comprises a
composite core comprising sheets made of a composite material, the sheets being oriented parallel to a
direction of an applied load.

The OSB sheets may be fastened together by adhesive. Preferably, the CSP also includes a layer of
polymer concrete applied to the top surface of the composite core, and a layer of glass fiber reinforced
polymer (GFRP) reinforcement material having E-glass fibers applied to the bottom surface of the
composite core. When the CSP is supported directly on the ground, the E-glass fibers of the GFRP
reinforcement material are oriented in a transverse direction with respect to the vertically laminated OSB
sheets. A layer of protective material may be applied to the side surfaces of the composite core to provide
additional protection from harsh environmental conditions. When OSB is exposed to direct water for
extended times, its mechanical strength and stiffness are significantly reduced, and its dimensional
stability is compromised. Industry practice is that OSB not be used in exposed environments. Other core
configurations include sheets of glue-laminated solid-sawn lumber, a sub-core laminated with a
unidirectional and bidirectional sub-skin, and a sub-core laminated with a single or multiple sub-skin
sheet.

Roads from Plant Fiber — Biodegradable Roads

Patent 6,921,229 issued to Klyne describe a method of making temporary roads using plant fiber in
undeveloped or environmentally sensitive areas. The advantage of using plant fiber in temporary roads is
the relatively low cost of site restoration. Klyne claims that experimental roads have been built using
plant fiber. This plant fiber can consist of sawdust, shavings, and wood chips. The technology provided in
this invention is the claim that appropriate length fibers in the right proportion are needed to build an
adequate road to protect the soils etc. and to develop a cohesive ground cover mat adequate for road
surfaces.

A fiber block segment made from coconut fibers (coir) is developed in patent 6,893,193 for primary use
of controlling erosion and stabilizing soil. This same fiber is used as a biodegradable road fiber (GeoCoir)
marketed by Belton industries described above. Though developed as a shoreline erosion control, it
should be possible to use these coir blocks to build biodegradable roads as the concept promotes
vegetation growth.

The Army Engineer Research and development Center (ERDC) in Vicksburg, Mississippi identified
discrete fibers as a potential for constructing roads and airfields over sandy soils. ERDC suggested hair-
like, 5-cm-long polypropylene fibers mixed into moist sand with a self propelled rotary mixer and then
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compacted with a vibratory roller. A wear surface is made by spraying a resin-modified emulsion or an
emulsified asphalt onto the road surface to bond the sand grains with the fiber filaments and protect the
sand-fiber surface. This approach seems to be contrary to the concept of low impact roads; however, coir
or other natural binders could be used as the fiber to stabilize sand since it is biodegradable and the use of
mats or other temporary removable surface placed over the modified sand.

4.2.2 Temporary Structural Roads and Bridges

A number of methods to construct temporary roads have been proposed in the patent literature that span
distances for bridges but also could be considered for raised roads above the surface and have limited
impact on the ecology. Many of these have technology that could be used in platforms also.

As reviewed in Section 3.9 on onshore platforms, Suter received a patent in 1970 (3,511,057) for a
method to erect and construct multispan bridges and piers. The concept was to provide a method to build
bridges that can be started at any point along the proposed bridge span in impassable country or water-
covered subsoil, and continued in both direction of the proposed bridge span. The concept could be used
for elevated road building or platform (foundation) construction onshore. Additionally Norrie suggested
in his patent US 6,986,319 (2006) that piers could be constructed with deck sections that can be removed
or allowed to float during high wave action or storms and tethered to the pilings so as not to be damaged.

Sedlacek (patent 4,075,727, 1978) developed a frame structure that could be used primarily for portable
bridges. An entire road system was not necessarily an embodiment of this development.

Patent 4,017,932 assigned to Lotto et al. in 1977 described a temporary, modular, self-erecting bridge
which can be transported from place to place by collapsing the side, top and bottom elements about pivot
points to achieve a narrow and shorter unit. Hydraulic jacks (cylinders) or other fluid actuated
mechanisms are used to expand and contract the elements.

Collapsible beam structures have been developed that can be used as towers or as cantilever style
elements to provide frame support for temporary bridge structures. The improved beam structure
collapses to a very small compact unit requiring minimum storage space (patent 4,126,974 to Hardin
(1978)).

Collapsible bridges for military purposes and methods to transport and launch such devices have been
proposed and built; examples are patents 5,042,101 (1991) and 4,602,399 (1986). These have limited
spanning distances but are modular and may be capable of being used as temporary roads by connecting
elements.

An interesting portable, foldable surfacing module for use by road vehicles over previously impassable
terrain is disclosed in US patent 5,275,502 by Glaza et al. (1994) (Figure 71). The surfacing module
employs hinged sections that rotate through 360° relative to each other and are foldable in accordion
fashion for convenient storage, transport, deployment and retrieval. There are a number of prior art styles
similar to this concept, but they do not rotate through 360°.

Road surface units of these types are particularly useful to provide reversible roadways for motor vehicles
of varying sizes and weights over uneven and/or unstable terrain. Also, these units are used to provide an
access area at the interface between land and water. Portable roadbed configurations have been tested for
the above applications, but none have the features of folding 360° with respect to adjacent panels or either
surface being the top or bottom. Extrusions that make up the module are symmetrical, and the module can
be placed or retrieved for reuse by beginning at either end and can be driven onto on either side.
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A typical module is composed of 25 hollow extruded aluminum panels that are roughly 2 ft wide, 16 ft
long and 2 in. deep. Ribs roughly ¥ inch high are located on each side of the panels transverse to vehicle
movement to provide traction on the top surface for the wheeled or tracked vehicles and an anchoring
system on the bottom surface. Adjacent extruded panels are connected with an aluminum hinge pin and
several hinge links. Connected panels were designed to cover an area of roughly 16 ft by 55 ft. This area
can be covered through the full deployment of a typical module from a dispenser by three men in
approximately 5 minutes.
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Figure 71: Accordion Folding Surfacing Module Operation and Deployment (US Patent 5,275,502)

Patent application 2004/0141809 was published for Wagstaff and was based on the use of square or round
metal beams instead of boards. The tubing is filled by a filler material such as polyurethane foam to
develop a durable construction mat. US patent 6,007,271 uses aluminum or steel in square or rectangular
shapes to construct mats for use in temporary roads or pads. Wagstaff improved on this patent by filling
the tubing with polyurethane to keep mud and water out.

US patent 4,405,262 to Nagashima (1983) suggests a method for temporary bridges and piles to be used
for construction by cantilever installation (Figure 72). The proposed method is characterized as a metallic
pipe form with an open upper end and a closed lower end rotated by a prime mover for an earth-auger,
whereby the pile member is driven into the ground by spiraling around its outer periphery. The pile
member, after reaching a desired depth, is then rotated in reverse while it is prevented from moving
upwards so that the soil around it is forced radially to be tightly compressed. A height adjusting member
is then introduced into the pile member from its upper open end till the bottom of the height adjusting
member abuts the partition plate previously secured to the inside of the pile member at its upper portion.
Then sand etc. is added into the height adjusting member, whereby, when it is lifted bit by bit the sand
flows through an orifice previously formed in the bottom to fill the space formed between it and the
partition plate of the pile member to adjust the height of the height adjusting member relative to the pile
member. After a number of pile members and height adjusting members have been driven into the
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ground, bridge girders, cover plates, etc. are mounted on them to erect a temporary bridge. By repeated
applications, an elevated road could be constructed.

Figure 72: Cantilevered Bridge and Elevated Road Construction

Hasselkvist, in US patent 5,173,981 (1992), described a bridge construction kit and bridging elements for
building a temporary multispan military bridge (Figure 73). This concept could be extended to continuous
elevated roads as it is implemented by cantilever concept and with periodic self contained leg support.
One objective of this invention is to provide a framework of construction where each bridge element is
made of a high load bearing capacity to enable several bridge elements to be joined together in a row and
form a cantilever construction.

7
",

oy

Figure 73: Concept Continuous Cantilevered Bridge (Patent 5,173,981)

The construction kit is characterized in that it comprises a crane carriage for lifting a bridge element into a
position in which it can be coupled to another bridge element; locking devices for coupling bridge
elements together; and support-leg pairs which support the mutually coupled bridge elements. The
carriage crane shuttle is fitted with a hydraulic lifting arm that lifts an element section and shuittles it to
the end of the bridge and then via hydraulic arms places the section for pinning and bolting. The
construction kit can be accommodated on conventional trucks. The invention also relates to the bridge
element, crane carriage, locking devices and support-leg pairs themselves.
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US patent application 2004/0098817 relates to a method and apparatus for creating a temporary roadway
or platform in wetlands, marshlands and other wet areas. Suggested uses include drilling oil wells and/or
searching for oil fields in remote locations that often require transport of heavy equipment across unstable
terrain. When construction of a permanent road or platform is not cost-effective or, in the case of
federally protected wetlands, not permitted, a means for providing temporary access to these remote
locations that can be easily removed and does not destroy the terrain is desirable.

A gabion container, having a number of compartments, is composed of PVC-coated wire mesh, although
PVC coating is not essential. Further, the gabion container is typically a wire gabion basket that is
approximately 3 ft wide by 12 ft long by 1 ft thick.

In each compartment a filler material is optionally fitted to the dimensions of the compartment. The filler
material is comprised of a buoyant material. If buoyancy is not required, the filler material could be hay
or some other like material. To reduce the possibility of contamination of the environment, the filler
material can be encapsulated in a wrapper of a fabric that is a woven geotextile composed of
polypropylene yarns such as the Filterweave product sold by TC Mirafi or other like materials in the
event breakage occurs. Belton Industries Inc. markets a similar concept with Geojute with bales of coir
for erosion control.

A portion of a completed platform or roadway is shown in Figure 74. Four support components are
connected side by side via a connection mechanism to form a large top surface. Wires, hooks and factory
provided connections are used. The result is a layer of support components.

Panels are then placed on the top surfaces of the gabion containers to permit equipment placement. These
panels are generally a wooden interlocking mat system. The water level is shown in Figure 74 relative to
the terrain to demonstrate the flotation capability of the concept, even when equipment (load) is placed on
the panels. The platform or roadway will also work with support components resting directly on the
terrain instead of floating.

In appropriate circumstances, more than one layer can be placed on top of another to provide more
buoyancy or to reach the terrain depending on the need. The support components can easily be connected
into multiple surface areas and thicknesses. The primary purpose is to form temporary platforms and
roadways in areas of unstable terrain (especially wetlands).

Figure 74: Temporary Platform or Roadway for Use in Wetlands
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Appendix A — Thermal Processing of Drill
Cuttings

Incineration

Incineration technologies oxidize waste at high temperatures (1,200 to 1,500°C) and convert them into
less bulky materials that are nonhazardous or less hazardous than prior to incineration.**? Incineration is
typically used to destroy organic wastes that are highly toxic, highly flammable, resistant to biological
breakdown, or pose high levels of risk to human health and the environment. Incineration of drilling
wastes is normally not necessary, unless operations are located in sensitive environments and other
disposal options are not available. Incinerators are generally permanent (non-mobile) units. In commercial
incinerators, combustion can be optimized because residence time, temperature, and turbulence within the
chamber can be controlled. Commercial incinerators are also frequently equipped with pollution control
devices to remove incomplete combustion products and particulate emissions and to reduce SOx and NOx
emissions. Advantages of incineration include volume reduction, complete destruction (rather than
isolation), and possible resource recovery. Because energy requirements for incineration relate directly to
water content, costs for incinerating drilling wastes with high water content can be high.

Rotary Kilns: Most incineration of drilling wastes uses rotary kilns, a mature
and commercially available technology, which is durable and able to
incinerate almost any waste, regardless of size or composition. A rotary kiln
tumbles the waste to enhance contact with hot burner gases. The Canadian
Crude Separator's Incineration Process (CSS) is an example of a rotary kiln
process that operates under starved oxygen conditions. The unit is
permanently installed near Big Valley, Alberta, Canada. Primary chamber
temperatures reach 600 to 1,000°C. Venturi section temperatures reach 1,200°C. The kiln handles 10
metric tons/day. The process can handle wastes with up to 10% hydrocarbons. Minimum costs to process
solids with 10% hydrocarbons at the plant are $90/metric ton. There is adequate mix material available to
handle wastes arriving at the facility with hydrocarbon concentrations up to 40%, but prices increase with
percentage of hydrocarbons in the drilling waste.”

Cement Kilns: If available, a cement kiln can be an alternative to a rotary kiln. In cement kilns, drilling
wastes with oily components can be used in a fuel-blending program to substitute for fuel that would
otherwise be needed to fire the kiln. Cement kiln temperatures (1,400 to 1,500°C) and residence times are
sufficient to achieve thermal destruction of organics. Cement kilns may also have pollution control
devices to minimize emissions. Ash resulting from waste combustion becomes incorporated into the
cement matrix, providing aluminum, silica, clay, and other minerals typically added in the cement raw
material feed stream. A process for converting drill cuttings to raw materials for cement production has
been patented.**®

Thermal Desorption

Thermal desorption uses a non-oxidizing process to vaporize volatile and semi-volatile compounds.
Thermal desorption easily removes light hydrocarbons, aromatics, and other volatile organics, but heavier
compounds such as polycyclic aromatic hydrocarbons are less easily removed. Low-temperature thermal
desorption systems typically operate at 250 to 350°C and may be sufficient to treat wastes with light
hydrocarbons, aromatics (e.g., benzene, toluene, ethylbenzene, and xylenes), and other volatile organics,
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which are easily removed. High-temperature systems may operate at temperatures up to 520°C, and can
produce lower final oil contents for wastes with heavier compounds such as polycyclic aromatics.'*

Thermal desorption produces various secondary waste streams, including
solids, water condensate, and oil condensate, each of which may require
analysis to determine the best recycle/disposal option. In most cases, the
liquids are separated and reused in drilling mud to improve economics of this
method. In other cases (for example, original wastes with high salts and metals
contents), additional treatment may be required to reduce the potential for
environmental impact from these streams.

Capital equipment costs for a thermal desorption plant that processes between 3 to 10 tons/hour range
from $3 to $5 million dollars. Contractor operator treatment costs range from $75 to $150/ton.*® Many
factors impact treatment costs, including oil and moisture content of the waste, particle size distribution of
the solids, organic composition and volatility, management of the hydrocarbon byproduct, and
management of the water product. Economics may improve in cases where thermal desorption is operated
as part of the overall production facility.

Many variations of thermal desorption have been developed and are applicable for treating drilling
wastes. Examples include indirect rotary kilns, hot oil processors, thermal phase separation, thermal
distillation, thermal plasma volatilization, and modular thermal processors.

Indirect Rotary Kilns: Indirect rotary kilns use hot exhaust gases from fuel combustion to heat drilling
wastes. The technology consists of a rotating drum placed inside a jacket. Heat is supplied through the
wall of the drum from the hot exhaust gas that flows between the jacket and the drum. Drilling wastes are
agitated and transported through the processor inside the rotating drum. Treated solids are recirculated to
prevent formation of an isolating layer of dried clay in the inside of the drum. Because the overall heat
transfer from the exhaust to the material is low, relatively large heating surfaces are required, and the
process units are correspondingly large. Units typically heat wastes to about 500°C, which provides
efficient removal of oil from the wastes, but which can lead to thermal degradation and decomposition of
residuals in recovered solids.

Hot Oil Processors: In hot oil processors, heat is transported to drilling wastes by circulating hot oil
inside hollow rotors. Rotors also agitate and create the required axial transport in the bed. Conventional
fuels provide the primary heat source for the hot oil. Large heating surfaces are required because (1) there
is a relatively low heat transfer coefficient between the hot oil and waste material inside the processor,
and (2) commercial hot oils have maximum operating temperatures that are close to the required process
temperature, which limits useable temperature difference for heat transfer. Some units augment the heat
from hot oils with electric heating on part of the heat surface to reach temperatures needed for complete
removal of the oil in the waste. Retention times for complete removal of oils are about 30 to 150 minutes.

Thermal Phase Separation: The thermal separation process (TPS) consists of five subsystems. In the
first, drilling wastes are screened to remove foreign matter prior to delivery to the desorption chamber.
Next, the shell of the chamber is heated externally with a series of burners fueled by propane, natural gas,
diesel, or recovered drilling fluid. Drilling wastes are heated indirectly to raise their temperature to the
boiling point of the hydrocarbons (usually about 220°C, but sometimes up to 500°C), where they are
volatilized and separated from the host matrix under a vacuum. Screw augers, which slowly draw the
wastes through the inner heating shell, ensure suitable agitation and thorough heating of the solids matrix.
Water vapor and gaseous hydrocarbons extracted in the desorption chamber are rapidly cooled by direct
contact with water sprays fed with recirculated process water. Condensed liquids and recirculated quench
water are then sent to an oil/water separator, where recovered fluid is collected, analyzed, and recycled.
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Treated solids are contained and tested prior to use as an onsite fill material. TPS removes 99% of

hydrocarbons from the feedstock.'> Recovered water is cooled and contained for recirculation.

Advantages of TPS over rotary kilns or directly fired desorption systems are more sophisticated air
emissions control, ability to treat materials with up to 60% undiluted oil (because there is no potential for
combustion), and opportunity of visual inspection during operations. Economic value of the process lies
in the quality of the recovered base oil and its readiness for reuse or resale.**> Mobile TPS units can treat
10 to 50 tons per hour of waste material, and highly mobile, heli-transportable equipment treats drilling
wastes in remote locations. TPS systems are used for oil-based drilling wastes in environmentally
sensitive areas.

Thermal Distillation: Because constituents of liquid mixtures evaporate at different temperatures, thermal
distillation allows separation of solids, liquids, and different constituents of liquids. In high-temperature
thermomechanical conversion and cracking, drill cuttings are distilled and cracked to boil off water and
oil. Sometimes vapors are condensed to allow recovery. In the thermomechanical process, heat is
produced internally in the drilling waste by friction forces generated by intense agitation. High
mechanical shear combined with in-situ heat generation creates an environment that promotes flash
evaporation of water and hydrocarbons. Efficient turbulent mixing promotes an efficient steam distillation
of the oils, which makes it possible to vaporize oils at a temperature well below their atmospheric
vaporization point (about 200 to 350° C), thereby eliminating risk for thermal degradation. Intense
agitation in the process mill requires that the layer of abrasion-resistant material welded on the active
surfaces of the mill be refurbished regularly. Thermomechanical units operating today recover solids with
residual oil levels less than 1,000 ppm. After removing free residual oil in settling tanks or oil separators,
recovered water (with less than 15 ppm oil) can be reused, discharged to the sea, or sent to available
wastewater treatment facilities.

Benefits of thermomechanical desorption include the following:

o Direct mechanical heating, which eliminates the need for large heating surfaces and complex
heating systems

e The ability to use engines, turbines, or electric motors to generate mechanical energy, which
allows compact designs

o Limited process temperatures and short retention times required for complete removal of oil from
solids (6 to 12 minutes for solids and 15 to 30 seconds for oil), which significantly reduces risk
for thermal degradation of the valuable mud oils (TNW undated) and the quantity and cost of the
heat required.

In lower-temperature thermal stripping, oil is not cracked, and can therefore be reused. The treated
cuttings resulting from distillation can be reused, if the
concentrations of heavy metals and salts are acceptable.

RLC Technologies developed an Anaerobic Thermal
Desorbtion Unit (ATDU) that can be used to process drill
cuttings. They have supplied ATDU’s to customers in the
North Atlantic and the Middle East regions complete with
complete with feed, vapor recovery and water treatment
systems for thermal processing of drill cuttings from on-
and offshore oil and gas exploration platforms. Thermal
desorption can effectively remove mineral and synthetic
based oils from cuttings.

They have two different size plants. The smaller unit is mobile:
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Sizing:
42” diameter x 40’ length x 8 wide
1067 mm diameter x 12.19 m length x 2.44 m wide

The larger unit may be suited for higher material processing
rates.

Sizing:
66” diameter x 54’ length x 8” wide
1163 mm diameter x 16.46 m length x 2.44 m wide

RLC Technologies innovative technology is based on an indirect-heated rotary desorber system which
employs an oxygen-deficient atmosphere while desorbing/separating volatile and semi-volatile organic
compounds from the solids. Rotating system is capable of maintaining material temperatures ranging
from 600-1400°F (315-760°C). Slightly negative pressure is continuously maintained on the desorber.
This assists in removing process gases from the desorber and into the vapor recovery unit. Here process
gases undergo treatment inside a series of scrubbers and separators where entrained solids, water and
hydrocarbon vapors are removed from the gas stream.

The second step in gas treatment is accomplished when effluent from the primary scrubber is passed
through a heat exchanger/condenser where gas temperature is further reduced to below 100°F (38°C).
Vapors exiting the heat exchanger include residual non-condensable gasses and water vapor. Depending
on local regulatory guidelines and emission requirements, these vapors may be discharged directly into
the atmosphere. Should it be determined that additional treatment of off-gases is required, final gas
treatment to remove any residual contaminants can be achieved using activated carbon, bio-filters or
thermal oxidation in an ATDU furnace.

All condensed vapors from the vapor recovery unit undergo a separation and cooling process once inside
the water treatment unit. Output from the water treatment has commercial value and consists of three
separate streams: solids, oil, and water. The oil can be further treated and used to fire ATDU burners.
Recovered water once cooled can be recycled through the plant as cooling/process water.

Pyrolytic Methods

NAVSEA-Carderock, one of the Navy’s laboratories, has investigated various pyrolytic methods that may
be applicable to disposal of drill cuttings. Thermal plasma volatilization has not yet been used for the
treatment of drilling wastes. Thermal plasma results when a common gas is heated to extremely high
temperatures (up to 15,000°C). The technology is used for various applications including metallurgy;
steel making; and treating medical, industrial, and petroleum wastes. Pyrolytic methods are now also
being used on commercial cruise ships. It is also being used to treat oil-contaminated soils that include
substances such as chlorides, which are unsuitable for a combustion process because of their potential to
generate dioxins and furan compounds as byproducts. The process uses a plasma reactor, which contains
a plasma torch operating in an inert atmosphere. Waste material is fed into the reactor. In the reactor, the
torch, whose jet temperature is about 15,000°C, is used to heat waste to 900° C without combustion,
causing any hydrocarbons to volatilize. In subsequent stages, these hydrocarbons are condensed, and most
are reclaimed as clean oil and returned to a process stream. Resulting solids are inert and contain less than
0.01% hydrocarbons. Reduction in mass of the waste materials is typically about 70%, and reduction in
volume is about 85%. If wastes have toxic materials, such as heavy metals, a subsequent plasma
vitrification process can be used. In plasma vitrification, the toxic waste goes to a vitrification reactor,
where temperatures above 1,600°C are maintained and where chemical and physical reactions form
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ceramic and ferrous matrices in liquid forms. When tapped from the reactor, the toxic materials become
solid, inert phases, which can be used in construction and metallurgical applications.

Advantages of the process include significant reductions in waste volume, reduced costs for preparation
and transport of wastes, avoidance of harmful stack emissions, compact installation, and higher energy
efficiency than combustion. (With thermal plasma volatilization, 85% of the energy is transferred as heat,
compared with about 20% for combustion processes.)

Pyrolytic methods are distinguished from oxidative methods even though ultimate products of destruction
are oxidized. Pyrolytic methods, as used for materials destruction, are two-stage processes in which the
waste material is first pyrolyzed and then oxidized. This aspect makes it unlikely that any of the waste
will escape destruction.

Plasmas are highly ionized gases that can be brought to very high temperatures through coupling of
electrical energy from a power supply. Whereas combustion temperatures rarely exceed 2,000°F
(1,2100°C), plasma temperatures range from 5,000° F to 22,000° F (3,000° C to 12,000° C) or higher.
When chemical substances are subjected to temperatures in the plasma range, they are torn apart, i.e.,
reduced to atoms or fragments containing only a few atoms. This process is called pyrolysis. If waste is
passed through a plasma arc, the materials are vaporized atomically and lose all memory of their former
structure. As this waste passes out of the plasma region and cools, metal and glass components form a
slag or, alternatively, molten metal. The paper, cardboard, and plastic portion, consisting mainly of
carbon, hydrogen, and oxygen, tends to form low molecular weight compounds such as the
hydrocarbons—methane, ethane, and so on—and some related oxygenated species. This latter component
is gaseous and may be used as low-grade fuel to recover some of the energy consumed in generating the
plasma.

The pyrolysis process differs from combustion. Temperature is much higher and oxygen does not
participate in the reactions in a dominant way. Products of pyrolysis will be different from those of
combustion, and differences could be environmentally favorable. Oxidation must also be controlled to
avoid formation of noxious compounds, e.g., dioxins. Pyrolysis products are usually burned in an
afterburner. Vitreous slag resulting from plasma destruction of waste tends to occlude metals, effectively
removing them from the environment. Volatile metals from electrodes or feed stock will need
remediation. A great deal remains to be done in characterizing plasma arc products, but there is hope of
environmental advantage.

High temperatures of a plasma arc ensure that reactions are very fast, and this allows short residence
times of materials being pyrolyzed. On this basis, the plasma arc processor might be made smaller than an
incinerator with comparable throughput. The downside of the comparison with the incinerator is the
required power source for the plasma arc machine.

Vitrification is closely related to plasma arc. Waste is heated to about 3,000°F by electrical current or by
contacting an electrical discharge with the material to be destroyed. Organic materials are destroyed by
pyrolysis and the products burned in an afterburner. A key feature of this technology is that inorganics are
melted so that a liquid pool is formed at the bottom of the treatment chamber. When this melt is cooled, a
vitreous solid mass is formed and elements contained in it are nonleachable by ground water. This is
valuable when the waste is hazardous (specifically, radioactive), but advantages for shipboard waste
destruction are not as clear.

Battelle Pacific Northwest Laboratories'®'’" has extensive experience in research, development, and
application of this technique to management of radioactive and other hazardous wastes. The technology
has been successfully tested on medical wastes at a nominal throughput of 25 tons/day. Shipboard waste
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on the largest ships in the Navy is produced at a rate of about 10 tons/day. With suitable modification,
vitrification can probably be employed to destroy black water sludge. This technology is viewed as
sufficiently advanced and that major research is not required. Normal engineering and testing work
remain for shipboard waste destruction applications. Flux addition may be necessary to obtain a stable
glass. Proponents of the method see no major hurdles in applying vitrification to shipboard solid wastes.

NAVSEA-Carderock and PyroGenesis developed a plasma arc waste destruction system (PAWDS) for
shipboard use. Use of this technology resulted in an efficient and compact design with the ability to
dispose of a vast variety of unsorted ship garbage unlike any existing shipboard incinerator. PAWDS
operates at extreme temperatures so that combustion is almost complete with very little pollutants
exhausted into the environment. PAWDS eliminates the current need for hand sorting garbage prior to
incineration. A prototype system is available for testing drill cuttings disposal.

The PAWDS was installed on board a Carnival Cruise Line ship and has been in operation since October
2003. The system, having the same capacity as a multi-deck incinerator, occupies a surface of only 64 m?
and fits on one single deck of the ship. The PAWDS is capable of treating a variety of waste generated on
board, including cardboard, food, food contaminated waste, plastics, cabin waste and sludge oil. In the
near future, black-water and gray-water sludges will also be treated by the system. Efficient destruction of
all of these types of waste eliminates the need for discharging food waste overboard or off-loading such
waste in port, thereby allowing ships to be one step closer to the ultimate goal of “zero-discharge.”

Page 119 of 147
137



Return to Top

Appendix B — Diesel Engine Emission Standards

Tier 1-3 Standards — The 1998 nonroad engine regulations are structured as a three-tiered progression.
Each tier involves a phase-in (by horsepower rating) over several years. Tier 1 standards were phased in
from 1996 to 2000. The more stringent Tier 2 standards take effect from 2001 to 2006, and yet more
stringent Tier 3 standards phase in from 2006 to 2008 (Tier 3 standards apply only for engines from 37—
560 kW).

Tier 1-3 emissions standards are listed in the following table. Nonroad regulations are in the metric
system of units, with all standards expressed in grams of pollutant per kwWh.

KW < 8 Tier1 2000 8.0 (6.0) 10.5 (7.8) 1.0 (0.75)
(hp < 11) Tier2 2005 8.0 (6.0) - 7.5 (5.6) - 0.8 (0.6)
8 < kW < 19 Tier1 2000 6.6 (4.9) - 9.5 (7.1) - 0.8 (0.6)
(A1 =hpP <25 1ier2 2005 6.6 (4.9) - 7.5 (5.6) - 0.8 (0.6)
19< kW < 37 Tier1 1999 5.5 (4.1) : 9.5 (7.1) - 0.8 (0.6)
(25=hp <50)  1ier2 2004 5.5(4.1) : 7.5 (5.6) - 0.6 (0.45)
37<kW<75  Tierl 1998 - - ] 9.2 (6.9) -
(50 =hp <100)  ricr5 2004 5.0(3.7) : 7.5 (5.6) - 0.4 (0.3)
Tier3 2008 5.0 (3.7) - 4.7 (3.5) - _t
75 <kW <130  Tier1 1997 - - - 9.2 (6.9) -
(100 = hp <175) 1ier 2 2003 5.0 (3.7) - 6.6 (4.9) - 0.3 (0.22)
Tier3 2007 5.0 (3.7) - 4.0 (3.0) - _t
130 < kW < 225 Tier1 1996 11.4(8.5) 1.3 (1.0) - 9.2 (6.9) 0.54 (0.4)
(175 =hp <300) 130 5 2003 3.5 (2.6) - 6.6 (4.9) - 0.2 (0.15)
Tier3 2006 3.5 (2.6) - 4.0 (3.0) - _t
225 < kW < 450 Tier1 1996 11.4(8.5) 1.3 (1.0) - 9.2 (6.9) 0.54 (0.4)
(300 < hp <600) rior2 2001 3.5(2.6) : 6.4 (4.8) : 0.2 (0.15)
Tier3 2006 3.5 (2.6) : 4.0 (3.0) - _t
450 < kW < 560 Tier 1 1996 11.4 (8.5) 1.3 (1.0) - 9.2 (6.9) 0.54 (0.4)
(600 < hp <750) i 5 2002 3.5 (2.6) - 6.4 (4.8) . 0.2 (0.15)
Tier3 2006 3.5 (2.6) : 4.0 (3.0) - _t
KW > 560 Tier1 2000 11.4 (8.5) 1.3 (1.0) ] 9.2 (6.9) 0.54 (0.4)
e = 7450) Tier2 2006 3.5 (2.6) . 6.4 (4.8) : 0.2 (0.15)

1t Not adopted, engines must meet Tier 2 PM standard.

Manufacturers who signed the 1998 Consent Decrees with the EPA may be required to meet the Tier 3
standards one year ahead of schedule (i.e., beginning in 2005).

Voluntary, more stringent emission standards that manufacturers could use to earn a designation of “Blue
Sky Series” engines (applicable to Tier 1-3 certifications) are listed in the following table.
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KW < 8 4.6 (3.4) 0.48 (0.36)
8 < kW <19 4.5 (3.4) 0.48 (0.36)
19 < kW <37 4.5 (3.4) 0.36 (0.27)
37 < kW < 75 4.7 (3.5) 0.24 (0.18)

< kW <130 4.0 (3.0) 0.18 (0.13)
130 < kW < 560 4.0 (3.0) 0.12 (0.09)
kW > 560 3.8 (2.8) 0.12 (0.09)

Engines of all sizes must also meet smoke standards of 20/15/50% opacity at acceleration/lug/peak
modes, respectively.

Regulations include several other provisions, such as averaging, banking and trading of emission credits
and maximum “family emission limits” (FEL) for emission averaging.

Tier 4 Standards — The Tier 4 emission standards—to be phased-in from 2008-2015—are listed in the
following table for engines below 560 kW. These standards introduce substantial reductions of NOx (for
engines above 56 kW) and PM (above 19 kW), as well as more stringent HC limits. CO emission limits
remain unchanged from the Tier 2—3 stage.

kw < 8 2008 8.0 (6.0) 7.5 (5.6) 0.4% (0.3)

(hp < 11)

8 < kW < 19 2008 6.6 (4.9) - 7.5 (5.6) - 0.4 (0.3)

(11 < hp < 25)

19 < kW < 37 2008 5.5 (4.1) - 7.5 (5.6) - 0.3 (0.22)
<

@5 =lip = &) 2013 55(4.1) - 4.7 (3.5) : 0.03 (0.022)

37 < kW < 56 2008 5.0 (3.7) - 4.7 (3.5) - 0.3° (0.22)
<

G =l < 72) 2013 5.0 (3.7) - 4.7 (3.5) - 0.03 (0.022)

56 < kW < 130 2012-2014° 5.0 (3.7) 0.19 (0.14) - 0.40 (0.30) 0.02 (0.015)

(75 < hp < 175)

130 < kW < 560 2011- 3.5 (2.6) 0.19 (0.14) - 0.40 (0.30) 0.02 (0.015)

(175 < hp < 750) 20144

a - hand-startable, air-cooled, DI engines may be certified to Tier 2 standards through 2009 and to an optional PM
standard of 0.6 g/kWh starting in 2010

b - 0.4 g/kWh (Tier 2) if manufacturer complies with the 0.03 g/kWh standard from 2012

c - PM/CO: full compliance from 2012; NOx/HC: Option 1 (if banked Tier 2 credits used)—50% engines must comply in
2012-2013; Option 2 (if no Tier 2 credits claimed)—25% engines must comply in 2012-2014, with full compliance from
2014.12.31

d - PM/CO: full compliance from 2011; NOx/HC: 50% engines must comply in 2011-2013

In engines of 56-560 kW rated power, the NOx and HC standards are phased-in over a few year period,
as indicated in the notes in the table above. As an alternative to introducing required percentage of Tier 4
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compliant engines, manufacturers may certify all their engines to an alternative NOx limit in each model
year during the phase-in period.

These alternative NOx standards are:

e Engines 56-130 kW:
o Option 1: NOx = 2.3 g/kWh = 1.7 g/bhp-hr (Tier 2 credits used to comply, MY 2012-
2013)
o Option 2: NOx = 3.4 g/kWh = 2.5 g/bhp-hr (no Tier 2 credits claimed, MY 2012-2014)
e Engines 130-560 kW: NOx = 2.0 g/kWh = 1.5 g/bhp-hr (MY 2011-2013)

The following table is for engines above 560 kW

2011-2014 Generator sets > 900 kW 3.5 (2.6) 0.40 (0.30) 0.67 (0.50) 0.10 (0.07)
All engines except gensets > 900 kW 3.5 (2.6) 0.40 (0.30) 3.5 (2.6) 0.10 (0.07)

2015 Generator sets 3.5(2.6) 0.19 (0.14) 0.67 (0.50) 0.03 (0.022)
All engines except gensets 3.5 (2.6) 0.19 (0.14) 3.5 (2.6) 0.04 (0.03)

Existing Tier 2-3 smoke opacity standards and procedures continue to apply in some engines. Exempted
from smoke emission standards are engines certified to PM emission standards at or below 0.07 g/kWh
(because an engine of such low PM level has inherently low smoke emission).

The Tier 4 regulation does not require closed crankcase ventilation in nonroad engines. However, in
engines with open crankcases, crankcase emissions must be measured and added to exhaust emissions in
assessing compliance.

Similarly to earlier standards, the Tier 4 regulation includes such provisions as averaging, banking, and
trading of emission credits and FEL limits for emission averaging.

Caterpillar (www.cat-oilandgas.com) has published the following chart illustrating the various emissions
regulations and timing.
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EPA & EU NON-ROAD EMISSIONS REGULATIONS®
Tier 3 Changes for Consent Decree Signatories

U.S. EPA Non-l‘oad —5 ‘50 00 ppm Sulphur Fuel
»560 I *2 Options for 37-56 bkW / 50-75 bhp olass:
2751 3756 (11° (1) f Partioulate Matter met sarly, sxtansion 56-130
<19 50-75 (1)* on NOx Regulations (See Below) 5174
«26 * mmm matter and Mhlnh lmm »560 / =751
1875 19-37  130-560
25-10 | 37 15ppm S|._|Iphur 2550 174751
' 7512 | Fuel Required 27-56 (1)*
101-174 .|' — Ll __J
130-224 \ 75174
225-560 \
201750 17030 \ 2756 (2)*
{Corment \ =120 5075 (2)*
Decree) '-‘ =174
’ l| l
’I.
Tier 2 Tier 3 \ Tier 4A Tier 4B

-mulzooa 2008 lzoov |2INB lZM|2010 l-2011|2012 |2013|2014|2015

Stage ll Stage lIA Stage B Stage IV
130-560 120-560
174751 174-751
75-120 56-120 ‘
; 101174 10 ppen Sulphur  75-174
o . 1927 3775 Fuel Required 17.56 Pr—
2550 50-101 £0-75
2775 120550
50-101 3.db Reduction in Machine Noise Leavel Bold = bkW 174751 330
Required; 350 ppm Sulphur Fuel Required | Regular = bhp =54

European Non-road

*Additional information available at www.dieselnet.com
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Appendix C — Field Trip BP Pile Driving

Purpose of Trip

The purpose of this trip was to view a pile-driving operation being conducted on a BP location near Baton
Rouge, Louisiana. Use of the raised platform in environmentally sensitive areas will require the use of
piles to support the platform. It is necessary to develop an understanding of this operation and from that
determine how it might be applied in an actual situation, what modifications will be necessary and if there
are any “show stoppers” to this technology.

The material presented is in order as it occurs in the field Cost estimate for preparation of this location is
$850,000 and can only be justified because the rig will be on location 90 to 120 days to drill the well to
19,000 to 22,000 ft.

Conclusions and Recommendations

The BP location represents the top end of engineered and environmentally sound site development. The
$850,000 cost is justified due to the complex nature (Appendix C-1) of these wells and drilling time of
90-120 days. This type of effort currently cannot be justified on a less complicated well with shorter
duration drilling times; 10-30 days. However, lessons and approach of this type of pad should be the
main goal of the project. Imagine, that this site could be cut into small sections trucked to different
drilling sites and reassembled. The impact it would have on the environmental effects of drilling would be
significant. The drilling platform represents this general approach. It should be considered for not only
those areas where contact with the ground requires the raised platform, but also for areas where setting the
platform on the ground is possible, but the other benefits of engineering and environmental impact can be
obtained.

What Was Learned/Observed

The site visited is agricultural land used to raise sugar cane. The process begins with surface use
agreement negotiations with the land owner. This negotiated agreement can dramatically affect size,
shape, and location of the final installed facility/well site. In this case the land owner wanted an all-
weather road built to provide access to this area of his operations. As a result the road for this facility is
larger and nicer than is typical. Once the negotiations are completed, site investigation begins with
borings (Figure C-1) and a cone penetrometer test.
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Figure C-1. Coring Rig

The cone penetrometer is a pointed rod that is pushed into the ground (Figure C-2). Different types are
available, but the one used by BP is a small traced vehicle that pushes the cone on a rod into the ground at
the center of the small remote controlled vehicle (Figure C-3). Rods are added as the cone is pressed at a
constant rate into the ground while several measurements are recorded. These data along with core sample
data are compiled into a report for BP. The most important part of the report for the pile driving operation
is shown Appendix C-3. This graph shows the loading in tension and compression that the specified pile
size driven to different depths can support. BP uses this to determine how deep the piles need to be driven
to support the weight of the rig. BP, as a conservative measure, takes the full rig weight (600,000 Ib), full
weight of heaviest string of casing (1.2 million Ib), buoyancy and surge loads are not included, to
determine drive depth that is needed to support the load. Safety factor for this calculation is in the range
of 2 to 2.5:1. This compares to 8:1 for most civil engineering projects.

Figure C-3. Track CT

After soil conditions are determined, the site is designed. This includes the amount and depth of crushed
limestone that is needed to form the base. The area is leveled, geotex fabric is installed and a limestone
base is laid down; in this case 14 in. compacted to 10 in. under load areas. The area where living quarters
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and trailers are placed starts out at this and tapers to 5 in. compacted. The slope of the pad is such that
noncontact storm water coming off of the trailers is shed to the surrounding ground. Contact storm water
that comes off the rig and other equipment is shed to a sump were it is pumped into the pits and used as
part of the make-up water for the water-base mud system. The area where the rig substructure will set is
left open. Pits are also constructed, and this case, earthen pits without liners will be used because the clay
in this area has absorption and transmission numbers that allow for this practice (Figure C-4). More on
the pits and prevention of contamination will be discussed later. The site layout includes locations for all
equipment including fuel bunker, engine package, and injection equipment.

) Figure C-4. Pits with flow lines

.

B . b @) -
Figure C-5. Pipe in pipe for mud line

Piping for fuel, and mud, water, and electrical lines are also designed into the pad and are placed below
the limestone. Fuel lines are laid with a pipe in a pipe so that should the supply line leak the fuel flows
back to the fuel bunker and does not contaminate the earth below the pad. Figure C-5 is an example of the
pipe-in-pipe construction for lines that carry contaminants. Figure C-6 shows the riser for the injection
package; hook up is completed when the rig is brought in.
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Figure C-6. er, electrical, and fuel lines for injection package

Once the major portion of the pad is in place, preparation begins for setting the conductor pipe. This
consists of constructing the well cellar by driving sheet piles around the well head area and then
excavating the cellar. The 30-in. conductor is driven in the well cellar (Figure C-7, behind worker). The
conductor on this well was driven to a depth of 285 ft, but typically is 300-350 ft. Wall thickness of the
bottom joint of conductor pipe is 1% inches. A drive shoe is placed over this that is also 1%-in. thick and
6-8 in. long, for a total wall thickness of 3 inches. Other joints are 1 in. thick wall. The first joints are
vibrated in to approximately 80 ft depth; from this point a diesel hammer is used. The hammer has a dead
weight of 40,000 Ib and delivers a 175,000 ft-Ib blow. A steel base plate is placed in the bottom of the
cellar and welded to the conductor pipe. Cement is placed both on top and below the base plate. The
combination of the base plate and cement seals the bottom of the cellar to allow it to be used as a sump
and provides additional assurance that the conductor can support additional casing string weights and the
BOP.

+ I . >
SR S

Figr C-7

. Conductor pipe cellar
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Once the cellar and conductor pipe have been installed, the piles are driven. Previously BP used the
reverse procedure, but found that the process of vibrating in the conductor could, in some cases, reduce
the load the piles could support.

The 44 piles for this job are 14 in. OD x 0.375 in. wall thickness open-ended pipe. When calculating the
load bearing ability of the pipe, contact on the ID is ignored and only the outside skin friction is
considered. The piles are 80 ft long and are welded together during the driving process.

Equipment for driving piles is shown in Figure C-8, and consists of the crane, hammer leads (frame), and
hammer. The crane operator must be very experienced as he has to handle three lines during the
operation. The first line holds the leads (frame) in place; the leads (frame) are used to guide both the
hammer and pipe during driving. The second line supports the hammer and the third line picks up the pipe
and holds it in place. The crane operator must keep the hammer in contact with the pipe during the driving
operation. If he lets the pipe get away from the hammer then the force of the blow is transmitted into the
crane cable and boom. Keeping the hammer in contact can be difficult, particularly when driving in the
first section of pipe because the pipe can move several ft by one blow of the hammer.

The hammer for this job was a Vulcan air hammer that operates on 250-psi air (Figure C-9). It weighs
19,000 Ib and delivers a 32,500 ft-Ib blow force. It is capable of 50 blows/minute. The leads (frame)
supporting the hammer have two long spikes on the bottom that are driven into the earth with the weight
of the leads (frame). A simple level is used to align the pipe and frame to make sure that the pile is
vertical. Once driving has been started, no adjustment can be made other than pulling the pile. During the
driving operation the number of blows per foot is recorded. If performance changes dramatically it can
indicate that there has been a change in the subsoil strata which may impact the load-bearing capacity of
that pile. BP hires an outside engineering firm to provide this service so that there is an independent
observer to confirm that each pile is driven correctly. On this job, there were 13-15 blows/ft of
penetration. For the first joint of pipe, the weight of the hammer and pipe alone will drive the pipe 25 ft
into the ground.

_ F‘igure C-8. Pile Driving Operatin
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Figure C-9. Vulcan Air Hammer

After driving is complete, the piles are cut off to the desired height and then a cap sill is added. The cap
sill consists of a 112 Ib/ft 1-beam with two pipe sleeves welded to the bottom (Figure C-10). The pipe
sleeves are designed to fit over the pile. The caps sills are recovered after drilling and completion of the
well, but the piles remain in place and can be used again if the well needs to be worked over.

- X ¢ “v. \\\\ ‘\ .
Figure C-10. Pile Cap

After pile driving operations are finished, the area around the pilings and cap sills is filled with compacted
limestone at the same grade and elevation as the surrounding pad.

Interesting Well Construction Facts

BP upgraded the traditional solids-control system with new generation shakers to improve solids removal
efficiency and reduce the volume of spent mud entrained with drill cuttings. In addition, a reserve pit
system is used to allow additional recovery of fluids from the waste stream using natural settling. The
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reserve pit system is supplemented with a high-speed shaker used to process reserve pit fluids to
mechanically separate reusable mud from drill cuttings.

BP begins annular injection of spent drill mud and cuttings while drilling is underway. Formations from
approximately 5000-10,000 ft are dominated by massive porous sands and shale stringers. All spent drill
mud and cuttings, including oil based mud and cuttings are injected into this zone (Appendix C-1). Pits
are sequentially drained, cleaned and dismantled so that by the end of the well approximately 500-1000
barrels of spent drill mud and cuttings (mostly heavy sand and shale) must be disposed at a commercial
site. As the pits are cleaned, the soil is cut back to remove any contaminated soil. This contaminated soil
is commingled with spent drill mud and cuttings and injected. After the pits are closed, a post-closure
analysis to Louisiana Statewide Order Number 29B is completed and an ENG-16 Waste Disposition
Form is completed and filed to the State.
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Appendix C1 — Tuscaloosa Wellbore Sketch

bp Typical Tuscaloosa Wellbore Diagram Including Planned Annular Disposal

False River Field Point Coupze Rouge Parich, Lovisiana
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Appendix C2 — Introduction to Dynamic Pile Testing Methods

| uction ical Developmen

This article provides historical, theoretical, and practical information on high strain dynamic
pile test (DPT) applications using the Pile Driving Analyzer® (PDA) and related DPT
services (e.g., low strain applications, GRLWEAP, etc ). Beginning in 1964, The Federal
Highway Administration and several state highway departments joined the Case Institute
of Technology (now the Case Western Reserve University) in Cleveland, Ohio, to initiate
a new research project to improve pile installation and construction control methods using
electronic measurements and modern analytical methods. The goal of the original project
was to develop an efficient, economical, and practical method to estimate the static bearing
capacity of piles.' With advances in computer technology and instrumentation along with
the expansion of the results from the original investigation, DPT has developed into a
comprehensive and economical method to quickly and quantitatively evaluate the hammer-
pile-soil system. The DPT is based on force and velocity measurements taken by pairs of
strain gauges and accelerometers bolted at the top of the pile during each hammer impact.
The data from the instruments is processed and analyzed in real time by a state-of-the-art
dedicated computer system called a PDA®®

Worldwide, more than 350 PDA's are being used by companies, universities, and
government agencies on more than 4,000 projects each year.” Eustis Engineering
Company. Inc., began providing DPT services in February 1994 and owns the only
commercial PDA in continuous operation in the Louisiana, Mississippi, Alabama, and
Arkansas areas. Eustis Engineering has performed more than 1,000 DPTs on steel,
concrete, timber, plastic, and composite piles. The majority of our work has been on
square precast concrete piles, open end steel pipe piles, and steel H-Piles. Eustis
Engineering has provided DPT services primarily in the New Orieans area, but we have
also worked on projects throughout Louisiana, and in Alabama, Arkansas, Mississippi,
Missouri, South Carolina, and Texas.

Types of DPT and Services Available

High Strain/Energy Tests (PDA). High energy DPTs using a PDA provides a method to
measure and evaluate piles and the driving system in the field during construction, High
energy DPT methods are the most common and provide extensive information about the
foundation and the driving system. High strain testing of piles is covered by ASTM D 4945-
89.

Case Plle Wave Analysis Program (CAPWAP™), The wave records obtained by the

PDA during a DPT can be evaluated by CAPWAP computer analyses to verfy the
allowable pile load capacity and to determine the correct soil damping (JC) value for the
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soil conditions at the site. The CAPWAP program matches the actual wave record
collected by the PDA to a mathematical model using modern numerical methods.
CAPWAP allows input of changes in the soil parameters, pile cross-section and numerous
other parameters affecting the soilpile system. A series of analyses is performed to
optimize the quality of the match between the actual wave record and the model. An
accurate match allows verification of the pile capacity, distribution of the resistance along
the pile, determination of the JC value, and other information about the soilfpile system.

Wave Equation Analysis (GRLWEAP). GRLWEAP is a computer program which predicts
the behavior of the pile based on a specific soil model and pile driving system using purely
analytical methods (i.e., no measurements or equipment), GRLWEAP predicts pile
stresses and driving behavior to help optimize the pile driving system in advance of any
construction equipment being mobikized to the project site.

Low Strain/Energy Tests and PITWAP™. Low energy tests using a Pile Integrity Tester
(PIT) are also available to evaluate the integrity of piles and shafts either before or after
installation. A highly sensitive accelerometer attached to the top of the pile measures a
velocity wave induced by a special hand held hammer. The resultant wave record can be
interpreted to determine the location and extent of pile damage. Since the magnitude of
the velocity wave is small and is dampened by skin friction along the pile, the PIT is
generally effective to approximately 30 pile diameters in length. The PITWAP Program
may be used to evaluate the low strain records obtained by the PIT to determine an
approximate pile profile. This information is helpful in identifying abnormalities in drilled
shafts and cast-in-place piles.

Other DPT Equipment and Services, Several other DPT methods and equipment are

available to help evaluate piles and hammer systems. The Hammer Performance
Analyzer™ (HPA) uses a radar to measure the ram velocity and helps to evaluate the
performance of the hammer. Acceleration measurements added to the pie top
measurements from the PDA can then be used to determine the pile cushion stiffness.’
The Saximeter ™ measures the time between hammer impacts to determine the fall height
on open end diesel hammers. Wave equation modeling can then be used te determine
the combustion pressure for diesel hammers.’ The Pile Installation Recorder (PIR)
accurately measures auger rotation, withdrawal and grout injection rates, and other
information to increase the quality control during the installation of augercast piles and
other cast-in-place concrete foundations. Sonic testing and other testing methods are also
availlable.

Purpose of DPT

The PDA is used worldwide in the evaluation of both driven piles and drilled shafts.” The
PDA results can be cbtained faster and more economically than traditional static pile load
tests. DPT methods have the ability to test many piles or shafts per day at a fraction of the
cost of traditional testing methods. However, cost and time savings are not the only
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advantage of DPT methods. DPT also provides information on driving stresses in the pile,
pile integrity, performance of the driving system, and other factors affecting the foundation,

DPT methods are particularly useful on small jobs where traditional load tests are not
normally economically feasible. On large jobs or areas with highly variable soil conditions,
numerous DPTs can be performed to provide more information at the site. This helps to
minimize potential construction problems and costly delays, and helps to prevent over
design of the foundation. DPT applications during construction can help identify problems
early thereby helping to prevent costly delays, increase efficiency, verify pile integrity, and
assure quality control.

Bearing Capacity Estimates. The PDA can calculate the capacity of piles using a variety
of pile capacity equations based on the total resistance of the pile during an impact of the
hammer. Several of these methods and their application to specific soll conditions are
discussed in more detail in “Theocretical Solutions,” To verify the pile capacity. the pile
should be allowed to set for a sufficient pericd of time to develop capacity before being
evaluated during a “restrike” DPT. The set time allowed should be similar to traditional
static load tests. On occasion, construction constraints may require expediting the DPT.
On some jobs, DPTs have been performed during construction and with only minimal set,
however, shorter set imes can lead to under prediction of the pile capacity.

Measurement of Driving Stresses. Measurement of driving stresses is important to
determine if the piles can be installed at the site with the proposed driving system without

being damaged. The PDA can measure compressive driving stresses at the pile top
directly from readings taken from the gauges, Tension and compression stresses, along
the pile and bearing at the pile toe, are then calculated using wave equation theory. This
information is also helpful in evaluating eccentric hammer impacts, bending in the pile, and
evaluating changes in the pile driving system.

Pile Integrity Determination, Evaluation of pile integrity can be made during and after
installation of the pile. The PDA determines the integrity of the pile by comparison of the
measured wave reflections in the pile to a model. A change in the pile impedance (i.e.,
change in a cross-sectional area such as damage, open splices, etc.) sends a reflection
back up the pile. The pile integrity is displayed as a relative pile integrity factor (BTA).
However, BTA can be affected by several other factors, therefore, pile integrity should be
evaluated only by a geotechnical engineer experienced with DPT methodologies.

i En and Install The efficiency of the energy transferred by
the hammer can be estimated by dividing the maximum energy transferred past the gauges
(EMX) by the rated hammer energy. This efficiency is not a direct measurement of the
mechanical efficiency of the hammer due to energy dissipation through the cap block and
other factors.
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Statistical data Is available for most hammer types and piles to compare to records
obtained from individual job sites. This historical data indicates single acting air hammers
driving steel piles have a mean transfer efficiency of approximately 50.2% with a standard
deviation of 11.5%. A single acting air hammer operating between transfer efficiencies of
38,7% and 61.7% is within one standard deviation of the mean hammer performance.
Single acting air hammers driving concrete piles have a mean transfer efficiency of
approximately 40.4% with a standard deviation of 12.0%; therefore, hammers operating
between transfer efficiencies of 28.4% and 52.4% are within one standard deviation of the
mean hammer performance,’ Hammer efficiency on concrete piles is also affected by the
type and thickness of the pile cushion and can very significantly.

PDA Field Procedures and Testing Methodology

Two to four sets of strain transducers and accelerometers are typically attached to oppesite
sides of the pile to help compensate for eccentric hammer blows. The gauges are
attached a minimum of 1.5 pile diameters below the pile butt (generally 2 to 3 feet). The
gauges are generally attached to the pile in the leads just prior to driving to minimize the
potential of physical damage to the instruments while raising the pile into place. The
instruments are checked and calibrated before, during. and after driving the pile. The PDA
operator, always a trained geotechnical engineer, also monitors displays of various
quantities graphically versus time to evaluate the behavior of the instruments and the pile,
and to check data quality throughout the drive.

The PDA can monitor a wide variety of guantities during pile driving. These quantities are
obtained either through direct measurement or derivation of the data obtained from the
gauges during each hammer blow. The entire wave record and numeric variable quantities
are saved at intervals selected by the PDA operator in the field. Numeric quantities
commonly monitored during the DPT are listed below:

mean of maximum compressive stress at the gauge location (CSX),

maximum compressive stress at a single gauge location (CSl),

maximum dernved tensile stress at any location along the pile (TSX),

maximum energy transferred past the gauges (EMX),

pite integrity factor (BTA),

maximum static load capacity at the time of driving as evaluated by the Case-Goble

method assuming a preselected JC (RMX) and using a specific JC (e.g., JC=0.8

(RX9), JC=0.8 (RX8), JC=0.7 (RX7), ....... )

. Case-Goble static resistance automatically selected capacity method independent
of soil damping (RA2), and

. maximum static load capacity as evaluated by the Case-Goble method and

corrected for early unloading, i.e., the velocity curve becomes negative pnor to the

2L/c time in cases of high skin friction (RSU).
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Up to nine of these quantities can be continuously monitored numerically on the PDA
screen. Graphical representations showing several of these quantities may be produced
by the PDAPLOT program to prepare professional documents.

Construction should be phased to maximize the amount of set time {and the subsequent
pile capacity) prior to performing the DPT. Generally, the DPT is performed as part of the
test pile program In advance of construction or early during construction. If the DPT is
performed during construction, one of the first piles driven for the foundation is selected
for the restrike DPT. At the time of the restrike DPT, a “sister” pile may also be evaluated
with the PDA to measure driving stresses and determine pile installation criteria

Ideally the pile subjected to the restrike DPT should be tested at the same tip embedment
as the design pile. In this regard, the top of the pile is generally expesed by excavation for
the DPT, or the length of the tested pile increased to leave a sufficient amount of the pile
exposed above grade at the final pile tip embedment. As a last resort, the pile may be left
above the final pile tip embedment to leave the top of the pile above the ground surface
for the DPT. On steel piles, paint beneath the PDA gauges should be removed to minimize
potential problems with data quality.

Theoretical Solutions

ring Capaci thod. Static lcad capacity can only be measured
during a restrike DPT after the pile has been allowed to set for sufficient time to develop

its capacity. The static pile capacity caiculated by the PDA software is usually shown as
the maximum Case-Goble (RMX) pile capacity. The RMX capacity is computed assuming
a dimensionless damping factor (JC) which is dependent on the energy attenuation
properties of the soils penetrated by the pile tip.

The Case Method is a common closed form solution for the pile capacity. The
equation is simplified by assuming ideal plastic soil behavior and ideally elastic and uniform
pile properties, Using measurements from the strain gauges and accelerometers, the total
soil resistance is a combination of static and dynamic resistance components and is
determined using the equations below:**

" R(t) = % {[F(1) + F(t;)] + Z[v(t) + v{t)]}, (1)
an

R,(1) = R(t) - Ry() (2)
where,

R(t) Total soil resistance,

R,(t) Static soil resstance,

R,(t) Dynamic soil resistance,

Measured force at the top of the pile at time (t),
Measured velocity at the top of the pile at time (1),
Time at the maximum resistance or beginning of the hammer impact,

F(t)
vit)
(t,)
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Time att + 2L/c,

The pile impedance (EAJC),

Pile length below the gauges,

Pile mass density (0.15 kcf for concrete and 0.492 kcf for steel),
Cross sectional area of the pile,

Elastic Modulus of the pile, and

Wavespeed (i.e., the speed of the stress wave in the pile (E/p)™ ).

—
-
~
-
"

omrPrTorN
[ L T L )

The static resistance is the desired component of the plle bearing capacity equations and
is the capacity traditionally measured by static pile load tests. The dynamic component
may be computed using a JC and the pile toe velocity v(t) which is conveniently calculated
for the pile toe. Using dynamic wave equations and the PDA measurements, the dynamic
resistance is given by the following equation:’

Ry(t) = JC[F(t) + Zv(t) - R(Y)] (3)

This equation is substituted into Equation {2) to solve for the static resistance of the pile.
The solution to this equation is simple enough to be calculated in “real time” (i.e., between
hammer blows) to be continuously monitored throughout the drive with the PDA.
However, this equation requires the JC value be assumed and the time (t) selected. Often
the time (1) is selected where the maximum static resistance is calculated and is provided
as the RMX value by the PDA software. The static pile capacity may further be highly
sensitive to the JC value selected especially for a restrike DPT. Inthis regard, the JC value
and the static capacity should be verified by CAPWAP computer analyses performed on
the PDA records obtained from the field. For comparison, the RMX capacity may be
moenitored simultaneously for a variety of JC values by monitoring RX# variables (e g.,
RX9 (JC =0.9), RX8 (JC =0.8), ....).

Variations of the Case equations are used to support the RMX capacity and to provide
better solutions for special driving cases, The time (t) may be selected such that the R,(t)
term is zero and the JC value is no longer needed. The resulting capacity method is
therefore independent of JC and is provided as the RA2 capacity by the PDA. In cases
where the PDA records show negative unloading (i.e., the velocity wave becomes negative
prior to the 2L/c time), the RMX capacity may under predict the actual static pile capacity.
The RSU values modify the RMX capacity to account for the negative unloading and
provide a better estimate of capacity in these situations. The CAPWARP results summanze
the resultant RMX, RSU, and RAZ capacity estimates for a variety of JC values for
comparison.

Driving Stresses. Driving stresses are generally better evaluated during the initial driving
of piles. These stresses typically represent the maximum siress imposed on the pile. The
PDA measures pile stresses directly or through derivation of data obtained from the
gauges. The CAPWAP and GRLWEAP solutions include estimates of stresses along the
pile.
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The compression stress is calculated at the gauge location directly from the strain readings
from the strain transducers. For concrete piles, the maximum tension stress is important.
The maximum tension stress in the pile is determined by the pile top measurements from
the magnitude of the upward and downward traveling wave in the pile using Equation (4)
below. A tension wave exists in the pile if either of these waves is negative. The PDA
determines if the wave traveling in the opposite direction has sufficient compression to
reduce the net tension wave to acceptable levels,

W, = %IF)-2v(t))] and W, = Ya [F(t) + Zv(D)] (4)

Pile Integrity. A portion of the stress waves in the pile are reflected for each change in the
pile impedance (Z = EAlc). These changes in pile impedence are used to indicate damage
{i.e., changes in the pile cross section). These reflected waves arrive at the top of the pile
at a time relative to the location of the change in Z and cause changes in pile top force and
velocity measurements. The magnitude of this change may be used to determine the
magnitude of the relative change in the pile cross-section. Pile damage is shown as a
relative pile integrity factor (BTA) which is calculated using Equation {3) below:

B, B (1-a)/(1+a) where, (5)

4, = be (Wu' - wua) / (wd % wu')'

W, = the upward traveling wave at the onset of the reflected wave caused
by resistance,

W, = the upward traveling wave caused by reflection of the damage, and

W, = the maximum downward traveling wave due to the hammer impact.

Changes in the wavespeed, bending in the pile, and other factors may affect the BTA
values calculated by the PDA. Pile integrity must be evaluated by a geotechnical engineer
experienced with PDA methodologies by evaluating the BTA values and the shapes of the
wave records produced by each hammer blow to determine if there is structural damage
to the pile.
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Appendix C3 — Open-End Steel Pipe Piles
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Chapter 3: Development of a Systems Approach to Technology
Evaluation
by
Dr. OK Youn Yu, Texas A&M University

Chapter Summary

The information contained in this chapter represents one of the research projects funded
as part of “Field Testing of Environmentally Friendly Drilling Systems” sponsored by the
U.S. Department of Energy and companies from oil and gas industry. The main purpose
of this project is to integrate current and new EFD technologies into a viable drilling
system compatible with environmentally sensitive areas and finally to suggest a small
number of systems (1~5) that should be particularly attractive for a given site. The
proposed method is based on a systems analysis that can be used for integrating current
and new EFD technologies into an optimal EFD system. The system draws upon a large
number of technologies (more than 100) identified by a government-industry joint
venture studying low impact operations in sensitive ecological areas. In order to provide
flexibility to the user, a small number of systems (1~5) are proposed for a given site,
instead of a single best system. An optimization scheme is suggested based on a
combination of multi-attribute utility theory and exhaustively enumerating all possible
technology combinations (i.e., exhaustive search optimization) to provide a quantitative
rationale and suggest the best set of systems according to a set of criteria, with the
relative importance of the different criteria defined by the decision-maker.

To meet the deliverables specified in the NETL SOW TaskFill-Gcale Engineering
System Design) and Task 12Gombine Selected Components into Integrated System for
Test Ste), the EFD program has created a quantitative decision tool based on a|system
analysis to incorporate a number of current and emerging EFD technologies into a single
and clean drilling system with no or very limited environmental impact. This tool will

help decision makers select an optimal drilling system for a specific site to minimize
impact and maximize profit at that specific site. Since exhaustive search optim|zation
technique is a simple, practical and very robust method given the speed of modern
computers (Cover et al. 2007), it is used combined with multi-attribute utility theory to
evaluate all possible systems in a quantitative basis and to suggest the best set of systems
according to a set of attributes, with the relative importance of the different attributes
defined by the decision-maker.

In this chapter we describe how systems analysis with decision-analytic method could be
used as part of the technology selection process, we introduce an application of our
guantitative decision tool in Green Lake at McFaddin, TX, and we discuss the
opportunities and limitations of our tool in future practice.
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Research Objectives
This segment of the overall EFD program sought to accomplish the following:

1. Develop a technology evaluation protocol based on a systems analysis to
synergstically incorporate a number of current and emerging EFD technologies
into a single and clean drilling system with limited environmental impact and then
to suggest a small number of systems that should be particularly attractive for a
given site. This decision-analytic model will help decision-makers select an optimal
drilling system for a given site to minimize environmental impact and maximize
profit at that specific site.

2. Develop a prototype of a web-based decision optimization tool to help decision-
makers easily follow the proposed technology evaluation procedure and then select
an optimal drilling system for a specific site. The web-based application can also
help to manage used input parameters permanently if a central repository is
maintained regularly so that decision-makers or drilling operators can easily
retrieve a previously designed well model for their future operations in different
ecosystems.

A Systems Approach to Technology Evaluation

The methodology described in this research is designed to help decision-makers select an
optimal drilling system for a given site in order to minimize environmental impact and
maximize profit at that specific site. The technology evaluation protocol can be refined
based on EFD experts’ inputs and feedbacks if necessary. Further interaction with
appropriate experts would be valuable in revising this evaluation protocol. The overall
procedure is briefly illustrated as follows:

Step 1: Identify the main subsystems, subsets, and technologies within each subset
for the EFD operations.

Step 2: Define attributes and develop attribute scales to evaluate technologies.

Step 3: Assign scores to all technologies using the attribute scales.

Step 4: For each attribute, calculate the overall attribute score of a system by
adding the technology scores or selecting the minimum technology score.

Step 5: For each attribute and in order to homogenize the scores, develop a “utility
function (u)” to convert the overall dimensional score of a system (e.g., $, acres,
and gades) into a non-dimensional utility value (between 0 and 1) of the system
that reflects the decision-maker(s) value.

Step 6: Decide on a weight factor)(for each attribute (i

Step 7 Calculate the overall score of the systemX&iti” (multi-attribute utility
function).

Step 8: Use optimization technique to evaluate all possible systems and to find the
best system for a specific site. Once all possible systems have been evaluated, the
system with the highest overall score is the best system.

Step 9: Conduct a sensitivity analysis to examine the impacts of possible changes in
the attribute scores, weight factors, and utility functions on the optimal system.
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Step 10: Suggest a small number of systems that should be attractive for a given
site.

Application of the Proposed Technology Evaluation Protocol

In order to test the proposed evaluation protocol in a real site and then to refine the
protocol, a case study is conducted in Green Lake at McFaddin, TX. It is assumed that an
independent operator is to drill a well on their lease in South Texas in an environmentally
sensitive wetland area. The lease extends to the center of Green Lake on the McFaddin
Ranch in Calhoun County, Texas (Figure 1). The formation target is the upper Frio sand
(Hovorka et al. 2001) at approximately 8500 ft in vertical depth. Low impact drilling and
utilizing the very best drilling system is extremely important in order to protect and
environmentally affect the ranch to the least extent possible. The step by step procedures
to arrive at the optimal drilling system for this site are fully described in this section.

Step 1: Identify Main Subsystem and Subsets for the EFD Operation.

Four main subsystems and thirteen subsets have been identified for the EFD operations as
shown in Figure 2.

Step 2: List Available Technologies within Each Subset.

Three different systems are pre-specified by an EFD expert in order to identify possible
drilling technologies for Green Lake drilling site as shown in Table 1. A list of EFD
experts contacted is available from the author. Although the technology list shown in
Table 1 is not an exhaustive search, what it shows is the current and state of the art
technologies for onshore oil and gas drilling operations. The Figure 3 shows an example
of the EFD technology selection. Each path through the subset tables represents one
example of a possible EFD system.

Step 3: Define Attributes and Attribute Scales.

Attribute is one of the parameters considered in the evaluation of the system (e.g., cost,
land area, emission, perception, and safety). Each attribute has an attribute scale used to
score the technology on how well it meets the objective for this attribute (e.g., minimizes
cost, footprint, emission, and maximizes positive perception and safety value). In order to
evaluate available technologies for onshore oil and gas drilling projects against each
attribute, attribute scales that explicitly described their possible impacts on a project are
needed to be specified (Keeney and Raiffa 1976). Nine attributes and their draft scales
are defined by EFD subject matter experts in this section. These attributes should be both
comprehensive and measurable (Keeney and Raiffa 1976) and it should be noted that
each attribute dose not need to be directly measurable entity (i.e., $ and acres) but
constructed attributes (i.e., perception) can be used instead (Keeney 1992). The attribute
scales developed in this section are draft scales and thus further interaction with
appropriate experts would be valuable in revising these scales.

1. Total cost (x) = total technology costs in US dollars; minimizing total cost is
prefered.

168



Return to Top

Page 4

. Ecological footprint (¥) = the total used land area in acres; minimizing ecological
footprint is preferred.

. Emissions of Environmental Protection Agency (EPA) and state regulated air
pollutants (%) = it is suggested by an environmental expert to consider three air
contanminants (i.e., CO, Nox, and PM) for this attribute. The relative importance of
those contaminants is CO (20%), Nox (40%), and PM (40%) as shown in Table 2.
Table 2 shows an example of how to calculate air emission score for each
technology. First, estimate three contaminants’ real value for each technology in
pound per operating hours. Second, in order to get an overall air emission score for
each technology, it is required to transform each contaminant’s score into a non-
dimensional score (U-value) between 0 and 1 using the proportional scoring
approach, (x — worst score)/(best score — worst score). In this calculation, best and
worst score should be obtained among all possible technologies being used.
Finally, calculate the overall air emission score of a technologylas (where k

is aweight factor for each air contaminant,sia non-dimensional score for each
contaninant). This approach allows the decision-maker to make all air emission
scores uniform and comparable; minimizing air emissions is preferred.

. Emissions of EPA and state regulated solid and liquid pollutagts ¢the ordinal

draft scale was constructed by an EFD subject matter expert as shown in Table 3;
minimizing solid and liquid emissions is preferred.

. Emissions of EPA and state regulated noise pollutangs £xaccording to
Occupdional Safety & health Administration (OSHA), the eight-hour time-weight
average sound level (TWA), in decibels, is recommended as the noise emission’s
scale. TWA may be computed from the dose, in percent, by means of the formula:
TWA = 16.61 log(D/100) + 90. D is the noise dose, in percent: D=100 C/T (where
C is the total length of the work day, in hours, and T is the reference duration
corresponding to the measured sound level, L in decibel). T £°8%
minimizing noise emission is preferred.

. Government, as regulators, perceptiorns) (= the ordinal draft scale was
constucted as shown in Table 4; maximizing government perception is preferred.
Industry, as decision makers, perception) (x the ordinal draft scale was
constucted as shown in Table 5; maximizing industry perception is preferred.

. General public perceptiond)x= the ordinal draft scale was constructed as shown
in Table6; maximizing public perception is preferred.

. Safety value (¥ = the ordinal draft scale was constructed as shown in Table 7;
maximizing safety value is preferred.

It is required that these attributes and their scales discussed above be revised and
restructured, if necessary, through a series of meeting with EFD subject matter experts
until the attributes are clearly and meaningfully defined and met the independent
assumption. These nine attributes are assigned to each available technology. In this paper,
it is explicitly assumed that the attributes are independent for each possible technology in
conducting the technology evaluation over one attribute at a time

Step 4: Assign Scores to All Technologies Using the Attribute Scales.

In order to evaluate available technologies with respect to the nine attributes;(i.e., x
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through %), EFD subject matter experts’ inputs, basic assumption, and other references
are ued as shown in Figure 4. Figure 5 briefly shows an influence diagram of each
subset in a typical drilling site. As can be seen in Figure 5, attribute scores of a
technology can be correlated with attribute scores of another technology in a different
subset. For example, different rig type causes the variation of total drilling time and total
drilling time varies total cost of technologies within many subsets.

Moreover, selected technologies within subset (5) through subset (8) shown in Figure 2
are mutually related each other as shown in Figure 6. For example, the number of
possible fuel types for a conventional power generation engine varies by what kind of
engine is selected, and whether using an energy storage device or not should be
dependent on whether an unconventional power generation method is used or not. If it is
decided not to use an unconventional power generation method, an energy storage device
is not necessarily considered as a subset in the “Rig” subsystem. In this technology
evaluation, the range of unconventional power usage is varied from 0% to 30% of total
power usage.

The construction strategy and constraints for the “Rig” subsystem are specified as shown
in Figure 6. Figure 7 shows an example of input spreadsheet used to score technologies in
several subsets. The cost, footprint, and emission scores of a technology in subset (1),
“Transportation”, are not included in the input spreadsheet because those scores are
already included as a mobilization part of technologies within other subsets. For example,
the cost of gravel road shown in Figure 7 includes material, mobilization, and installation
costs.

Step 5: Calculate the Overall Attribute Score for Each Attribute.

After each technology is evaluated with respect to the nine attributes(tleowugh x),

for each attribute, the overall attribute score of a system is calculated by adding the
technology scores of the system or selecting the minimum technology score of the
system. The addition of individual scores is used for attributes such as cost, footprint, and
emission as shown in Eg. 1 while the minimum score is used for attributes such as
perception and safety as shown in Eq. 2. The overall score dhdttetute (X) is:

N
X, = DXy, forattribute xand x (i.e., i = 1 to 5) (1)

n=1

X, =Min[x,y,] for attribute through x (i.e., i = 3 to 9) )

where n is the index for possible technologies, N is the number of possible technologies, i
is theindex for the attributes,xis the score of the'htechnology on the"iattribute, and

yn is a binary decision variable that is one'ftachnology is selected and zero if it is not.

The congaint required to consider is:

M
Z Y. =1 for each subset except subset (7), (8), and (13) 3)

n=1

where n is the index for possible technologies, M is the number of possible technologies
within each subset, and, ys a binary decision variable. One technology should be
seleced within each subset except subset (7), (8), and (13) in Figure 2. Subset (7), (8),
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and (13) are optional. Figure 8 shows the overall attribute score for each attribute of a
system. As can be seen in Figure 8, the overall scores of gpsfoptprint (%), and
emissons (% through %) are calculated by summing the scores of technologies selected
within each subset. The overall scores of perceptioggsh(eugh %), and safety (¥,

howeve, are calculated by choosing the worst score among technologies selected within
each subset for a system because it is suggested that perception and safety values should
be considered on the systems level not on the individual technology level.

Step 6: Develop Utility Functions for Each Attribute.

Utility Function is a relationship between the dimensional attribute score (e.g., $, acres,
and grades) and a non-dimensional number (between 0 and 1). The utility function is
used to transform all scores into non-dimensional values between 0 and 1. This allows the
decision-maker to make overall attribute score for each attribute uniform and comparable.
Once the overall attribute score for each attribute of a system is calculated with respect to
the nine attributes (i.e.sthrough x), for each attribute f) and in order to homogenize

the ores, a utility function () needs to be developed to convert the overall dimensional
score 6 a system into a non-dimensional utility value (between 0 and 1) of the system.
The proportional scoring approach is mainly used in this paper to develop a single-
attribute utility function. This can be revisited as needed based on interactions with EFD
subject matter experts. A general formula for the proportional scoring approach is given
by:

X —Worst Score
u (X)) = '
Best Score- Worst Scol

(4)

where, X is the overall score on th8 attribute of a system.

Figure 9 shows the utility function curve used for the cost attribute. As can be seen in this
example, first maximum and minimum values for total cost are obtained. It is found that
the range should go from $0.78 million dollars to $1.9 million dollars, where obviously
less total costs are preferred to greater ones. Thus, to remain consistent with the scaling
rule where the utility functions ranged from 0 to 1, it is defing(0.78 M) = 1 and u

($1.9 M) = 0. Procedures similar to those described above are also used to assess utility
functions for attribute xthrough x% except attribute

Accordng to OSHA, the employer shall administer a continuing, effective hearing
conservation program if employee noise exposures equal or exceed an 8-hour time-
weighted average sound level (TWA) of 85 decibels. In this research, therefore, it is
assumed that if TWA of a technology does not exceed 85 decibels, the noise utility score
of the technology would be closed to 1 while the noise utility score of the technology
would be rapidly down to 0 if TWA of the technology exceeds 85 decibels. There are five
noise making subsets (2, 3, 4, 5, 9) in a system and thus it is considered that a utility
value of the noise attributegpxwould be similar until a combined TWA exceeds 425 (5 x

85) far a system. Figure 10 shows the utility function curve used for the noise attribute
developed by the author.

In this research, the general shapes of the utility function for each attribute are linear.
This implies risk neutrality, but it is very important, before proceeding, to do consistency
checks on the reasonableness of the shape of the utility functions (i.e., exponential, linear,

171



Return to Top

Page 7

and so on) (Keeney and Raiffa 1976). This can be fulfilled by asking additional questions
about the decision-maker's preferences, and comparing his/ her responses to the
implications of the “fit” utility functions. When they are consistent with each other, the
utility functions can be more confidence. When they are inconsistent, on the other hand,
the inconsistencies are discussed, and part of all the assessment should be repeated
(Keeney and Raiffa 1976). Figure 8 shows single-attribute utility values of a system.

Step 7: Decide on a Weight Factor for Each Attribute.

Sinceit is assumed that there is no interaction between each attribute, all of the weights
are positive and they must sum to one (Hardaker 2004). In general, weight factors are
decided by a decision-maker. For this case study, the weight factors are defined by an
EFD expert who participated in this study. Table 8 shows the assigned weight factor for
each attribute.

Step 8: Calculate the Overall Score of the System.

Once each single-attribute utility functiof{Xi) is derived for its attribute measure, these
individual utility values are combined in some way into a final utility value. If mutual
preferential and utility independence are satisfied, it is possible to define the multi-
attribute utility function to the additive form (Clemen and Reilly 1999):

U(X,X,, ., X )=U{u(X,), u,(X,),....u(X)

=klu1(xl)+~--+klu|(X|)=Z:,|<.U,(X,) (5)

where (X)) is a single-attribute utility function scaled from 0 to iliska weight factor

for u(Xj).

A multi-attribute utility function of the additive form can be derived in two steps. First,
single-attribute utility functions;(X;) of a system are derived for each attribute measure
in tum, then these individual utility values are combined into an overall utility value of
the system to simplify comparisons with other possible systems. Figure 8 shows a multi-
attribute utility value of a system with the weighting factors given in Table 8.

Step 9: Find the Best System.

In this section, an optimization scheme is suggested based on a combination of multi-
attribute utility theory and exhaustively enumerating all possible systems to provide a
guantitative rationale and suggest the best set of systems according to a set of attributes,
with the relative importance of the different attributes defined by the decision-maker.
Since exhaustive search optimization is a simple, practical and very robust method given
the speed of modern computers (Cover et al. 2007), it is used to evaluate all possible
systems and to find the ‘best’ available system that should be particularly attractive for a
specific site. Figure 11 briefly illustrates the total possible number of systems used in this
case study. Once all possible systems have been evaluated, the system with the highest
overall utility score is the best system with given weighting factors.

Step 10: Conduct a Sensitivity Analysis.
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After the optimization scheme has given the ‘best’ system, a sensitivity analysis can
be conducted to examine the impact of possible changes in the attribute scores, weight
factors, and utility functions on the best system. For example, the weights assigned to
cost attribute could be changed from the initially assigned value of 0.40. Since the
weighting factors must sum to one in this study, the weights assigned to other attributes
are known once a weight assigned to cost attribute is decided. Conducting a sensitivity
analysis for the technology selection process is an importance step because it can give an
idea the range of weights over which certain systems should be selected for a specific site
(Guikema and Milke 1999)

Step 11: Suggest a Small Number of Systems.

Table9 gives an example of the best systems of varying the weight on the cost attribute
from zero to one. Selected technologies in subset (2), (4), (10), (12), and (13) are always
same for all possible weights on cost attribute while selected technologies in other
subsets are changed. For example, as the weight assigned to cost attribute increases,
conventional diesel truck is selected for subset (1) instead of low sulphur diesel truck
with tier 1l engine and with noise suppressor. More extensive sensitivity analyses need to
be conducted for other input variables such as attribute scores, the utility function for
each attribute in addition to weighting constants for other attributes to suggest more
robust optimal systems for this case study.

Conclusion

Throughout this paper, a system optimization approach is suggested based on a
combination of multi-attribute utility theory and exhaustive search optimization. This
methodology is designed to help decision-makers with their choices of EFD technology
in onshore drilling operations. However, the approach used in this study does have some
limitations. The crucial limitation is that the computational burden of the procedure may
become prohibitive for problems with a large number of decision variables. One possible
way to resolve this problem in this research is if the analyst can identify subsets that will
always select the same technology for any weight combinations, the elimination of those
subsets from the original thirteen subsets can significantly reduce computational burdens
in future steps.

Moreover, since the suggested systems would be based on subjectively assessed data,
there can be considerable uncertainty about the input parameters used. Therefore, the
sensitivity of the optimal solution to the input parameters and the effects of the
uncertainty of those parameters are required to be examined and an approach that can be
used to conduct a sensitivity analysis for multi-attribute technology selection problem is
suggested to present. The sensitivity analysis is an important area for further research.
Another issue is that estimating input values for available technologies is time
consuming. Even though many EFD subject matter experts are already participated in this
study, more people’s inputs and feedbacks are necessary to make the proposed
technology selection process easier and quicker.

In conclusion, technology selection process for a drilling project is mainly based on

managerial experience, but that a more logical approach based on systems analysis is
possible, and additional research could reduce the amount of effort required to use
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systems analysis for technology selection in a drilling project. Even though the
technology selection process can be computationally burdensome, it can be very helpful
to decision-makers in refining their decisions on a more scientific basis.
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Figures and Tables

Figure 1. Satelite map of Green Lake in Calhoun County, Texas on the McFaddin

Ranch.

Environmentally Friendly Environmental

Drilling
——> Onshore Drilling System —) Impact

Site
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SUBSY|STEMS
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SUBSETS
(1) Transportation 3) Site preparatio (4) Rig type (9) Drilling Technology
(2) Road construction (5) Conventional power (10) Drilling Fluid type
(6) Fuel types (11) Drilling fluid and
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(12) Cutting treatment
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(7) Unconventional pow
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Figure 2. The structure of the EFD operations.
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Figure 3. An example of the EFD technology selection.
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Basic Assumptions

¢ Power consumption (peak):

« Access road width:
¢ Access road lengt
« Width of driling site:

¢ Length of driling site:

1MW
251t (2 lanes)
1 mies

3501t (conventional rig + pad)

3001t (compact rig + pad)

2001t (conventional rig + modules + piles)

150 ft (compact rig + modules + piles)

350 ft (conventional rig + pad)

3001t (compact rig + pad)

1251t (conventional rig + modules + piles)

1001t (compact rig + modules + pies)

Access Road ., Composite Mat

* Width

¢ Length

¢ Purchase rate
¢ Rent (30 days)

Total cost when purchasing =
Total cost when leasing

= 25ft (2 lanes)
= 5280ft (1 miles)

= $20.50 /
= $1.00 /2

25 x
=25 X

5280 «
5280 «

$20.50
$1.00

$2,706,000.00
$132,000.00
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Figure 4. Basic assumptions and cost estimation of Dura-Base Composite Mat for

accesgoad.
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v
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power engine
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Energy storage

Rig
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Site
preparation |
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Drilling fluid and |
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Figure 5. Brief influence diagram of a drilling project.
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Figure 6. Construction strategy and constraints for the “Rig” subsystem.
Ecological Emissions Perceptions
Sub- Technologies Total cost Footp%il nt 1SS! P Safety
. Solid& | Noise .
sets @) (Acres) Air Gov. Ind. | Public Vs
Coventional diesel truck 0.250 1000 0.250 0.75
1
MAX 0.250 1.004 0.25! 0.790
MIN 0.250 1.004 0.25! 0.790
Gravel roads 0.250 1.004 0.25 0.5¢o
DURA-BASE from Composite Mat (buy) 1.000| 0.50q 1.00f 1.04qo
2 |DURA-BASE from Composite Mat (rent) 1.000| 0.50q 1.00f 1.04qo
MAX 1.004 1.00p 1.040 1.0p0
MIN 0.259 0.50p  0.290 0.5p0
Gravel pad $137,81 0.250] 1.00q  0.25 0.5qo
DURA-BASE from Composite Mat (buy) $502,250 1.406 82.242| 0.750 0.750 0.75! 1.04o
DURA-BASE from Composite Mat (rent) $122,500 1.406 82.242] 0.750[ 0.750  0.75 1.04o
Aluminum modules + driven piles $372,40d3 0.007 97.614| 1.000| 0.504 1.00 0.570
MAX $502,250 2.81 98.019 1.004 1.00p 1.040 1.0p0
MIN $122,5 82.242) 0.25( 0.50p 0.250 0.5p0
Traditional older vintage rig $220,0 78.630| 0.500 1.00q 0.50 0.570
MAX $220,0 78.630] 0.50( 1.00p 0.500 0.5p0
MIN $220,0 78.630 0.509 1.00p  0.5Q0 0.5p0

Figure 7. An example of input spreadsheets.
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Environmental Friendly Drilling Systems
Report 4

Low Impact Rigs

This Introduction and Overview represents Volume 4 in the compilation of work
accomplished during the years 2005 through 2008.

Work in this project was designed to meet the deliverables represented by the
NETL SOW Task 2 (Technology Status Assessment) and Task 4 (Planning Prototype
Development, Testing and Deployment)

The EFD program has sponsored a series of studies on the technology of improving rig
performance and lowering the impact of their operation in ecologically sensitive areas.
This section of the EFD program contains technology reports in 3 specific areas.

4.1  Low Footprint, Light Weight Rigs: Description
4.2 Modular Platform Designs for Light Weight Rig Well Sites

4.3 Microhole Technology (from Previous Study)

Section 4.3 represents a comprehensive study commissioned by DOE earlier in the
decade to spur development of technology that would reduce the surface footprint of
drilling, be more cost effective, and provide faster development of on shore reserves.
This report contains only the executive summery of the overview report. For a complete
report the reader can go to

http://sites.google.com/a/pe.tamu.edu/efd-final-reports-2005-2009-doe-public-
site/home/chapter-4-advanced-drilling-technology-low-impact-rigs
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1. INTRODUCTION

1.1 Background

The petroleum industry has well demonstrated its economic contribution and the
benefits it brings to society through energy, wealth generation, and employment creation
(Rogers et al. 2006). However, they needs a key change in focus from simply improving
their economic performance to now considering environmental impact of oil and gas
operations because the environmental issues such as loss of biodiversity and acid raid
have become a significant part of the social, political, and business agenda.

Nowadays, petroleum industries endeavor to develop technologies to minimize
the environmental impact during drilling operations in environmentally sensitive areas
because they realize effectively managing environment will lead greater access to large
potential reserves in environmentally sensitive areas that are currently off-limit (Rogers
et al. 2006). For example, directional drilling technology has allowed the industry to
contact almost 60 times the volume of subsurface rock material that could be accessed in
1970 while occupying only one-third the surface area (Harrison 2005). Moreover,
reducing the environmental footprint during drilling operations using a reusable Modular
Platform and small mobile rig in the Arctic was demonstrated in 2003 by Anadarko and
Noble’s Subsidiary, Maurer technology Inc.. The objective was to drill in an ecologically
sensitive area without disturbing the ground surface. The successful demonstration used
a small mining rig to evaluate the potential of drilling for hydrates under the frozen
tundra of the Alaska North Slope and showed the usefulness of an onshore platform to
drill in environmentally sensitive areas (Kadaster and Millheim 2004).

Recent studies conducted by the Department of the Interior estimate that federal
lands contain more than 20 billion barrels of untapped oil — most of which is currently
off limits to drilling primarily due to state and federal regulations. Since EFD

technologies can greatly reduce the above-ground footprint as well as the risk of spills,

This dissertation follows the style of the Journal of Geotechnical and Geoenvironmental
Engineering.
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those off-limits areas might become accessible with greater adoption of EFD systems in

the near future.

1.2 Problems

One of the petroleum industry’s goals is to reduce the environmental impact of
oil and gas operations in environmentally sensitive areas. To achieve this, a number of
Environmentally Friendly Drilling (EFD) technologies have been developed to varying
degrees. For example, the use of an elevated platform as an alternative to the gravel pad
for leveling and carrying capacity purposes is less intrusive and leads to a more
environmentally friendly approach to oil and gas drilling operations. Elevated drilling
platforms will require the use of piles. Another alternative to the gravel pad is the use of
composite mats. As the demand of low impact technologies for drill site construction is
rapidly increasing, parametric studies for the feasibility of using these technologies have
become a more important part of the petroleum industry. The parametric study for the
feasibility of using pile foundations and composite mats is conducted for various soil
conditions and applied load areas in this research.

Even though a number of EFD technologies and concepts have already been
developed to varying degrees, few have been integrated into a field demonstrable drilling
system (i.e., combination of technologies) compatible with ecologically sensitive or off-
limits areas. Such sensitive areas include wetlands of the Gulf Coast and federal lands in
the Western U.S. In general, it is difficult to select the best combination of EFD
technologies for a given site because there are many possible combinations and many
different and perhaps competing evaluation criteria. How to logically measure and select

the best available EFD system for a specific site is fully described in this research.
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1.3 Research Objectives
The key objectives of this research are to:

1. Help the petroleum industry engineers to get a basic idea about environmentally
friendly foundation designs of a rig or an elevated platform for various weights and
soil conditions in environmentally sensitive areas (e.g., desert environments and
wetland applications). In order to encourage petroleum industry people to use
environmentally friendly foundations such as elevated platforms and composite mat
systems more often for their drilling sites instead of using gravel pads, it is an
essential task in this research.

2. Develop a technology evaluation protocol based on a systems analysis to
synergistically incorporate a number of current and emerging EFD technologies into
a single and clean drilling system with limited environmental impact and then to
suggest a small number of systems that should be particularly attractive for a given
site. This decision-analytic model will help decision-makers select an optimal
drilling system for a given site to minimize environmental impact and maximize
profit at that specific site.

3. Develop a prototype of a web-based decision optimization tool to help decision-
makers easily follow the proposed technology evaluation procedure and then select
an optimal drilling system for a specific site. The web-based application can also
help to manage used input parameters permanently if a central repository is
maintained regularly so that decision-makers or drilling operators can easily retrieve

a previously designed well model for their future operations in different ecosystems.
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2. METHODOLOGY

2.1 Parametric Study of Foundations for Drill Sites
Three different types of foundations for drill sites are considered in this research.

1. Two different types of pile foundations (i.e., driven pile and bored pile): elevated
platforms will require the use of piles. About one thousand different cases of pile
capacity calculations are conducted depending on various soil types, pile types, and
design methods. The results of these calculations are organized into a series of tables
for the petroleum industry engineer to choose an appropriate pile size for a given
condition without performing an extensive pile design analysis. The optimal pile
selection procedure is also described in this research.

2. Dura-Base Composite Mat: feasibility study of using the Dura-Base Composite Mat
System for the drill site construction is demonstrated with various applied load areas

from 6 inches to 10 feets in diameter and soil types.

2.2 Development of a Systems Approach to Technology Evaluation

The information contained in this research is part of the research project entitled
“Field Testing of Environmentally Friendly Drilling Systems” sponsored by the U.S.
Department of Energy and companies from oil and gas industry. The main purpose of
this project is to integrate current and new EFD technologies into a viable drilling
system compatible with environmentally sensitive areas and finally to suggest a small
number of systems (1~5) that should be particularly attractive for a given site. The
proposed method is based on a systems analysis that can be used for integrating current
and new EFD technologies into an optimal EFD system. The system draws upon a large
number of technologies (more than 100) identified by a government-industry joint
venture studying low impact operations in sensitive ecological areas. In order to provide
flexibility to the user, a small number of systems (1~5) are proposed for a given site,

instead of a single best system. An optimization scheme is suggested based on a
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combination of multi-attribute utility theory and exhaustively enumerating all possible

technology combinations (i.e., exhaustive search optimization) to provide a quantitative

rationale and suggest the best set of systems according to a set of criteria, with the
relative importance of the different criteria defined by the decision-maker.

Since an optimal system for a specific site would be based on subjectively
assessed data, there can be considerable uncertainty about the input parameters used.
Therefore, even if finding the optimal system is valuable to the decision-makers, they
also would like to know how robust the decision is to changes in the input parameters
such as the attribute scales, weight factors for attributes, risk-attitude (i.e., risk-neutral,
risk-averse, and risk-seeking), and single-attribute utility functions assessed by different
individuals (Guikema and Milke 2003). In this research, a sensitivity analysis is
conducted using a case study to address this problem.

The methodology described in this research is designed to help decision-makers
select an optimal drilling system for a given site in order to minimize environmental
impact and maximize profit at that specific site. The technology evaluation protocol can
be refined based on EFD experts’ inputs and feedbacks if necessary. Further interaction
with appropriate experts would be valuable in revising this evaluation protocol. The
overall procedure is briefly illustrated as follows:

Step 1: Identify the main subsystems, subsets, and technologies within each subset for
the EFD operations.

Step 2:  Define attributes and develop attribute scales to evaluate technologies.

Step 3:  Assign scores to all technologies using the attribute scales.

Step 4: For each attribute, calculate the overall attribute score of a system by adding
the technology scores or selecting the minimum technology score.

Step 5: For each attribute and in order to homogenize the scores, develop a “utility
function (u;)” to convert the overall dimensional score of a system (e.g., $,
acres, and grades) into a non-dimensional utility value (between 0 and 1) of the
system that reflects the decision-maker(s) value.

Step 6: Decide on a weight factor (k;) for each attribute aim.
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Step 7: Calculate the overall score of the system as “Y kju;” (multi-attribute utility
function).

Step 8: Use optimization technique to evaluate all possible systems and to find the best
system for a specific site. Once all possible systems have been evaluated, the
system with the highest overall score is the best system.

Step 9: Conduct a sensitivity analysis to examine the impacts of possible changes in
the attribute scores, weight factors, and utility functions on the optimal system.

Step 10: Suggest a small number of systems that should be attractive for a given site.

2.3 A Case Study with Pre-Specified Systems

An application of the proposed approach is described by conducting a case study
in Green Lake at McFaddin, TX; some of the difficulties in using this approach in
practice are also discussed. The main purpose of this case study is to test the proposed
technology evaluation protocol in a real site and then to refine the protocol. Three
different systems are pre-specified by an EFD expert in order to identify possible drilling
technologies for Green Lake drilling site: (1) conventional drilling; (2) moderately
improved drilling; and (3) EFD in five years. First, all technologies selected in these
three systems are evaluated with respect to the nine attributes. Second, these three
systems’ overall scores are evaluated by the proposed technology evaluation protocol.
Third, use optimization technique to evaluate all possible systems and to find the best
system for Green Lake drilling site. The best system is the system with the highest
overall score among all possible systems. After that, a sensitivity analysis is conducted
to examine the impacts of possible changes in the attribute scores and weight factors on
the optimal system. Finally, a small number of systems (1~5) that should be attractive
for the site are suggested.

The results of the case study which provided a more logical and comprehensive
approach that maximized the economic and environmental goals of both the landowner

and the oil company leaseholder are described in this research.
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3. EXISTING KNOWLEDGE

3.1 Onshore Drilling Sequence
According to Dyke (1997), the standard drilling operation procedure is briefly

illustrated as follows:

Step 1: Receive initial well planning information including Surface Hole Location
(SHL) with Bottom Hole Location (BHL) if applicable.

Step 2: Confirm lease issues including surface ownership.

Step 3: Check the site specific state permit requirements.

Step 4: Check the topographical/ cultural requirements.

Step 5: Confirm operational parameters including mud system and disposal options
(onsite vs. offsite).

Step 6: Construct access road.

Step 7: Construct pad (site preparation) including mud reserve pits if applicable.

Step 8: Place a rig and other required components.

Step 9: Drill the hole.

3.2 Foundation Design

Use of a raised platform in environmentally sensitive areas will require the use of
piles to support the elevated platform instead of gravel pads as used in a conventional
platform. Piles are used to transfer the load from the structures on/above the ground
surface to the underlying soil mass. The axially transferred loads are resisted by the
friction between the pile and the surrounding soil as well as the end bearing resistance at
the bottom of the pile. It is critical in pile designs to estimate the proper axial capacity of
the pile depending on the pile and soil types. In addition, the lateral capacity of the pile
also should be checked since most piles must resist the horizontal component of the
applied loads. In other words, the designed pile should meet not only the axial capacity

criterion but also the lateral capacity criterion. The estimated capacities of piles are
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checked against the applied loads according to a design method, such as the Load and
Resistance Factor Design (LRFD) and the Working Stress Design (WSD).

3.2.1 Axial Pile Capacity

The ultimate capacity of the pipe piles is obtained by adding the outside skin
friction and the end bearing resistance. The end bearing resistance assumes that the
bottom of the pile is closed or that the open ended pipe pile would plug during static
loading. The ultimate axial bearing capacity of a pile (Figure 3-1) can be expressed as
the sum of the skin friction and end bearing resistances in Eq. (3-1):

0,=0,+0, =D fixA,+qxA4, (3-1)

where, O, = ultimate bearing capacity (kN, 1bs),

QOr = skin friction resistance (kN, lbs)

O, = total end bearing (kN, lbs),

/i = unit skin friction capacity in i layer (kPa, 1b/ft*)

Ag = side surface area of pile in i™ layer (m?, ft),

A, = gross end area of pile (m?, ft?)

¢ = unit end bearing capacity (kPa, 1b/ft)

°

Soil Layer1 T T f1, Ast
T

Soil Layer2 T f2, As2 Qr=>fiAsi
!

Soil Layer3 T T fs Ass
Lt

1Qp=qu

Figure 3-1. Schematic drawing of an axially loaded pile
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The skin friction and end bearing resistances are calculated in different ways
depending on the pile type such as driven piles or bored piles. The type of underlying
soil (i.e., fine grained or coarse grained soil) also affects the calculation method. The
API RP2A-LRFD (2003), API RP2A-WSD (2000), and the ADSC (1999) are referred to
the calculation procedures for the unit skin friction, fi, and the end bearing resistance, ¢,

of driven piles and bored piles.

3.2.1.1 Driven Pile
The unit skin friction is the shear stress between the pile and soil at failure.
According to the API RP2A-LRFD (2003) and API RP2A-WSD (2000), the unit skin
friction of a driven pile in coarse grained soils can be calculated by Eq. (3-2):
f=Kxp,'xtand (3-2)
where, K = dimensionless coefficient of lateral earth pressure

p,' = effective overburden pressure at the point in question (kPa, Ib/ft?)

o= friction angle between the soil and pile wall
The friction angle of a soil, @, corresponds to the friction coefficient p; of a soil-soil
interface through: p; = tan @. The angle o'is the friction angle which corresponds to the
friction coefficient p, of the soil-pile interface through p, = tano. The unit end bearing of
a driven pile in coarse grained soils can be computed by Eq. (3-3):
q=py*N, (3-3)
where, Ny= dimensionless bearing capacity factor

Recommended values of Nq are tabulated in Table 3-1.

Table 3-1. Design parameters for coarse grained soils (API RP2A-LRFD, 2003)

Soil Friction Limiting Skin Limiting Unit
Density Description Angle, Friction N, End Bearing
p J (deg) kPa (kips/ft}) MPa (kips/ft’)
Very Loose | Sand
Loose Sand-Silt 15 47.8 (1.0) 8 1.9 (40)
Medium Silt
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Loose Sand

Medium Sand-Silt 20 67.0 (1.4) 12 2.9 (60)
Dense Silt

Medium Sand

Dense Sand-Silt 25 81.3 (1.7) 20 4.8 (100)
Dense Sand

Very Dense | Sand-Silt 30 95.7(2.0) 40 9.6 (200)
Dense Gravel

Very Dense | Sand 35 114.8 (2.4) 50 12.0 (250)

According to the API RP2A-LRFD (2003) and WSD (2000), the unit skin

friction of a driven pile in fine grained soils can be calculated by Eq. (3-4):
f=axs, (3-4)

where, a,= dimensionless adhesion factor

s, = undrained shear strength of the soil (kPa, 1b/ft?)
The factor, «, is an empirical adhesive factor for reduction of the average undrained
shear strength. The ¢, value can be calculated by Eq. (3-5) with the constraint that ¢, <
1.

a,=05xy ™ (y<1.0) (3-5)
a, =05xy " (v >1.0)
where, ¥ =5,/ p,'

The shaft friction acts on both the inside and outside of the pile. The total shaft
resistance is the sum of the external friction and the internal shaft friction if the internal
shaft friction is less than the end bearing capacity.

The unit end bearing a driven pile in fine grained soils can be computed by Eq. (3-6):
q=9xs, (3-6)
where, s, = undrained shear strength (kPa, 1b/ ft?)

In fine grained soils, the capacity of piles follows an undrained analysis using s,.

The reason is that a fine grained soil does not have time to drain during the loading and
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this corresponds to the time where the fine grained soil is the weakest. Indeed right after
the loading the pore pressures are high and the effective stress is low while in the long
term the pore pressures generated by the loading dissipate, the effective stress increases
and so does the shear strength of the fine grained soil. In coarse grained soils, the
capacity of piles follows a drained analysis because a coarse grained soil has time to

drain during loading.

3.2.1.2 Bored Pile
According to the ADSC (1999), the unit skin friction of a bored pile in coarse
grained soils can be calculated by Eq. (3-7):

f=Bxpy (3-7)
where, = dimensionless correlation factor
Suggested values of # for granular soils classified as sand can be obtained by Eq. (3-8)
if N, 215 blows per 0.3m:

B=1.5-0.245xz(m)*’, (0.25 < <1.20) (3-8)
where, z = depth below the ground surface in meter
If N, <15 blows per 0.3m, £ value can be computed by Eq. (3-9):
B=Ngy 115)1.5-0.245xz(m)** | (0.25< p<1.20) (3-9)
The unit end bearing of a bored pile in coarse grained soils can be computed by Eq. (3-
10):
q (tsf)=0.60x N, (3-10)
where, N, = uncorrected SPT blow count (blows/ft)

The Standard Penetration Test (SPT) is a geotechnical field test. It is performed
at the bottom of a borehole which is about 4 inches in diameter. The SPT consists of
driving a standard sampler about 2.5 inches in diameter called the split spoon sampler
starting at the bottom of an open borehole while using a standard 140 1bs hammer. This

hammer is raised 30 inches above the anvil and dropped freely for each blow. The

number of blows required to drive the sampler one foot into the soil is recorded as the
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blow count N (bpf). The N values are obtained every 5 to 10 feet with depth and a blow
count profile is generated.
According to the ADSC (1999), the unit skin friction of a bored pile in fine
grained soils can be calculated by Eq. (3-11):
f=a,xs, (3-11)
where, a,= shear strength reduction factor
= (0 between the ground surface and a depth of 1.5m (5ft)
= (O for a distance of By, above the base
=0.55 for s, /P, <1.5
=0.55-0.1(s, /P, —1.5) for 1.5<s, /P <2.5
By, = diameter on the base of the bored pile (m, ft)
P, = atmospheric pressure (101kPa or 2116 Ib/ft*)

s, = undrained shear strength of the soil (kPa, 1b/ft?)

The o, values are developed from measured data on full-scale load tests and depend on
the undrained shear strength, s, . If the fine grained soil has a value of s, 296 kPa

(20001b/ft?), the unit end bearing of a bored pile in fine grained soils can be computed by
Eq. (3-12):

q=9xs, (3-12)
However, if the embedded pile length (L) is less than three times the diameter of the

base of the bored pile (3By), then the unit end bearing capacity (q) should be reduced as

follows:
g =0.667[1+0.1667(L, / B,)| N". xs, (3-13)
where, L, = embedded pile length (m, ft)
By, = diameter on the base of the bored pile (m, ft)
N’.=modified bearing capacity factor

Recommended values of N . are tabulated in Table 3-2.
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Table 3-2. N . values (ADSC, 1999)

*

s, N .

24 kPa (5001b/ft%) 6.5
48 kPa (10001b/ft?) 8.0
96 kPa (20001b/ft?) 8.7
192 kPa (40001b/ft%) 8.9

3.2.2 Lateral Pile Capacity

Piles are often subjected to relatively large horizontal loads and overturning

moment due to wind loads, seismic loads, etc. In this case, the lateral pile capacity

should be checked for two criteria. The piles should have enough lateral soil bearing

capacity to resist against the horizontal loads and the horizontal deflection of the pile

should be within an allowable limit. The methods for performing lateral capacity

analyses depend on the type of connection between the pile and the structure. If the pile

is connected to the structure in such a way that the top of the pile may freely move

laterally and rotate (Figure 3-2 a), it may be assumed to be a free head condition. If the

top of the pile may move laterally but is not allowed to rotate (Figure 3-2 b), it may be

assumed to be a fixed head condition.

» —
PAaN
RARN

I v

(a)

(b)

Figure 3-2. Types of connections: (a) free head, and (b) fixed head
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3.2.2.1 Free Head Case

The spring constant, K, is the ratio of the lateral resistance of the soil per unit
length of a pile to the lateral displacement of the pile. It can be obtained by Eq. (3-14)
(Briaud 1997):

K, =23E, (3-14)

Ey is the first load pressuremeter (PMT) modulus. The pressuremeter is a geotechnical
field test. It consist of drilling a 3 inch borehole, removing the drilling tool, lowering a
cylindrical probe about 2.5 ft in length and 3 inch in diameter, and expanding that probe
laterally against the borehole walls while recording the volume of the probe and the
pressure exerted on the soil. This gives an in situ stress strain curve from which a soil
modulus (Ey) and a horizontal limit pressure (PL) are obtained. Ey can be obtained by
using the following correlations if PMT tests are not available:

Eo (kPa) =383N ,, (blow/30cm), or Ey (tsf) = 4N, (blow/ f1) (Briaud 1992)

= average pressuremeter modulus (kPa, tsf)
where, Ngpt = blow count in Standard Penetration Test
The factor 2.3 is determined empirically by comparing measured deflections for over
twenty full scale lateral load tests and the predicted deflections (Briaud 1997). For a pipe
pile, the moment of inertia of the pile, 7 (m*, ft*), can be calculated by Eq. (3-15):

I-= ") _a)) (3-15)

64 64

where, Dy = outside diameter of the pile (m, ft)

D; = inside diameter of the pile (m, ft)

The transfer length, ly, is a parameter which comes from the differential equation.
It has no physical meaning except that it indicates the relative stiffness between the pile
and the soil in units of length. The transfer length I, can be computed by Eq. (3-16):

4"
lO :[K—j (3-16)

N

where, E = modulus of elasticity for the pile material (kPa, 1b/ft)
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If the embedded pile length, L,, is larger than three times the transfer length, the

pile can be treated as a long flexible pile. If L, </, the pile is short and rigid. Since
most piles satisfy L, >3/, the equations only for long flexible piles are considered in

this report. The zero-shear depth, D,, shown in Figure 3-3 can be determined by Eq. (3-
17) depending on the value of /, for the pile:

D, =1, tan™ 1 , if L, 23l (3.17)
1+ 2M,

lH,

where, L, = embedded pile length (m, ft)
H, = applied horizontal load at the ground surface (kN, 1bs)
M, = applied moment at the ground surface (kN-m, lbs-ft) = H A

h = height of the point of application of the load, Hy above ground surface (m, ft)

Ho

—_—

Soil
D, Resistance

A

—>
V=0

N
M

Figure 3-3. Free body diagram of pile down to zero-shear depth (Briaud 1997)
The ultimate lateral capacity of the pile with respect to soil capacity, Hoy, is
computed by Eq. (3-18) (Briaud 1997):
H,k =075P,D,D, (3-18)
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Py is the pre-boring pressuremeter (PMT) limit pressure within D, (kPa, Ib/ft%). If Py is

not available from PMT tests at the site, then the following correlations can be used with
reduced accuracy:

Py (kPa) = 47.9N ,, (blow/30cm), or Py (tsf)= 0.5N,, (blow/ ft) (Briaud 1992)

In addition to the lateral capacity of the pile, both the deflections of the pile at the
ground surface and the pile head should be checked and satisfy a certain limit. A
deflection of 0.5 inches is a common limit of deflection for many structures. For that
reason it is used in this report as a target value. The deflection of a long flexible pile at
the ground surface can be calculated by Eq. (3-19) (KNR 1999) and should be less than
0.5 in.:

(1+n/1,)H,1,}°
- 3.19
Yo 2El ( )

where, & = height of the pile above the ground surface (m, ft)
The deflection at the long flexible pile head can be obtained by Eq. (3-20) (KNR 1999):

(1+h/1,) +0.5|H,1]
- 3-20
Y 3E] ( )

where, 4 = height of the pile above the ground surface (m, ft)

Finally, the maximum bending moment, M in the pile should be less than or

equal to the allowable moment for the pile. The value of M, for a long flexible pile can

be calculated by Eq. (3-21) (KNR 1999):

Mo = _Hglo A+ 2R71, ) +1e @D (3-21)

max

where, Z_ =D, since My occurs where the shear stress is equal to zero
The equation for M, for a short and rigid pile is not included since all of the piles

calculated in this report turned out to be long flexible piles. Although the maximum
bending moments are computed, they are not checked against the yield moment of the
pile material. In other words, the lateral pile capacity is checked only against failure of

the surrounding soil, not failure of the pile itself.
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The procedures for the lateral pile capacity in the fine grained soils are almost the
same as those in the case of coarse grained soils. The average pressuremeter modulus, £y
and the pre-boring pressuremeter limit pressure within Dy, Py in the fine grained soils
can be determined by Eq. (3-22) and Eq. (3-23), respectively (Briaud 1992);

E, =100s, (3-22)
P, =125s, (3-23)

Once these two values are obtained, the same procedures as described in the previous

section should be applied to check the lateral pile capacity.

3.2.2.2 Fixed Head Case
The spring constant, K, is the ratio of the lateral resistance of the soil per unit
length of a pile to the lateral displacement of the pile. It can be obtained by Eq. (3-24)
(Briaud 1997):
K, =23E, (3-24)
Ey is the first load pressuremeter (PMT) modulus and can be obtained by using the
following correlations if PMT tests are not available:

Ey (kPa) =383N,, (blow/30cm), or Ey (tsf) = 4N, (blow/ ft) (Briaud 1992)
= average pressuremeter modulus (kPa, tsf)
where, Ngpt = blow count in Standard Penetration Test
The moment of inertia of the pipe pile, 7 (m”, ft*), can be calculated by Eq. (3-25):

I= (”16)404) - (”2;4) (3-25)

where, Dy = outside diameter of the pile (m, ft)

D; = inside diameter of the pile (m, ft)
The transfer length, /y_is a function of the relative stiffness between the pile and the soil,
and it can be computed by Eq. (3-26):

AE] 1/4

N
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where, E = modulus of elasticity for the pile material (kPa, 1b/ft*)
The moment at the pile head can be computed by Eq. (3-27):
h
M, = —0.5(1 + l—jHOZO (3-27)
0

where, H = applied horizontal load (kN, Ibs)
If the embedded pile length, L,, is larger than three times of the transfer length,

the pile can be treated as a long flexible pile. If L, </, the pile is short and rigid. Since

most piles satisfy L, >3/, the equations only for long flexible piles are considered in

this report. The zero-shear depth, Dy, can be determined by Eq. (3-28) (KNR 1999)
depending on the value of /, for the pile:

D, =1, tan” [%0] if L, >3l, (3-28)

where, L, = embedded pile length (m, ft)
The lateral capacity of the pile, H,,, is computed by Eq. (3-29) (Briaud 1997):

H, =0.75P,D,D, (3-29)
Py is the pre-boring pressuremeter (PMT) limit pressure within D, (kPa, Ib/ft%). If Py is
not available from PMT tests at the site, then the following correlations can be used with

reduced accuraty:

Py (kPa) = 47.9N,, (blow/30cm), or Py (tsf)= 0.5N,, (blow/ fi) (Briaud 1992)

As checked in the free head case, the deflections of the pile at the ground surface and the
pile head should meet the 0.5 in. criterion. The deflection of a long flexible pile at the
ground surface can be calculated by Eq. (3-30) (KNR 1999):

1 H,l,’
- (1+h/l))H,l, (3-30)
4E1
The deflection at the long flexible pile head can be obtained by Eq. (3-31):
1+h/1,)) +2]H, 1)’
= l( 0) JHO 0 (3_31)

12E1
where, 4 = height of the pile above the ground surface (m, ft)
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Finally, the maximum bending moment, M in the pile should be less than or

equal to the allowable moment for the pile. The value of M ___ for a long flexible pile

can be calculated by Eq. (3-32):

M_ = O.SHOJOe-(Z-nax”°>,/|1 +(h/1,)* | (3-32)

where, Z_ =D, since M. occurs where the shear stress is equal to zero
The equation of M, for a short and rigid pile is not included since all of the piles

calculated in this report turned to be long flexible. Although the maximum bending
moments are computed, these are not checked with the yield moment of the pile
material. In other words, the lateral pile capacities are checked only against failure of the
surrounding soil.

The procedures for lateral pile capacity in fine grained soils are almost the same
as those in coarse grained soils. In the absence of site specific pressuremeter data, the
average pressuremeter modulus, £y and the pre-boring pressuremeter limit pressure, Pp.
within Dy, in fine grained soils can be determined by Eq. (3-33) and Eq. (3-34),
respectively with reduced precision (Briaud 1992);

E, =100s, (3-33)
P, =1725s, (3-34)
Once these two values are obtained, the same procedures as described in the

previous section should be applied to check the lateral pile capacity.

3.2.3 Pile Capacity Check

Once the axial and lateral pile capacities are estimated, they should be compared
with the applied loads to check if the pile is safe against the loads. There are two
different methods used extensively in the field: Load and Resistance Factor Design

(LRFD) and Working Stress Design (WSD).
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3.2.3.1 Load and Resistance Factor Design (LRFD) Method

The Load and Resistance Factor Design (LRFD) method is based on a reliability
approach to provide a more uniform level of safety on both loads and resistance. The
LRFD factors are developed on the basis of a probability of failure varying between
0.0005 to 0.001. In the LRFD method the applied loads are multiplied by load factors, A;
which are equal or larger than 1. The resistances are multiplied by resistance factors, ¢
which are equal or less than 1. The magnitude of these factors depends on the types of
loads and the types of resistance components, respectively. The A; and ¢ values are
found in various guidelines including AASHTO and API RP2A. All calculations of
driven pile capacities in this report followed API RP2A-LRFD (2003), and these values
are shown in Table 2.3. The worst case among the three different conditions in Table 3-3
should be checked with correspondingly factored resistance. For bored piles, the values
of load factors are obtained from those values for driven piles, and the values of

resistance factors in Table 3-4 can be used.

Table 3-3. Load and resistance factors for driven piles (API RP2A-LRFD, 2003)

Load Condition Load Factors Resistance Factor
Gravity Loads 1.3DL+1.5LL 0.70
Operating environmental 1.3DL+1.5LL+1.2W, 0.70
Extreme environmental 1.1DL+1.1LL+1.35W, 0.80
Lateral Capacity - 0.75

Note: DL = dead load; LL = live load;
W, = wind load for operating environmental condition;

W.= wind load for extreme environmental condition

Table 3.4. Recommended resistance factors for bored piles (ADSC, 1999)

.. . Resistance Factor
Load Condition Capacity Term Sand Clay
End Bearing 0.50 0.55
Operating environmental | Skin Friction 0.65 0.65
Uplift 0.65 0.55
Extreme environmental Overall 1.00 1.00
Lateral Capacity Overall 0.75
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According to API RP2A-LRFD (2003), “The operating environmental condition
should be representative of moderately severe conditions at the platform. Typically, a 1-
year to 5-year winter storm is used as an operating wind condition in the Gulf of Mexico.
On the other hand, the extreme environmental condition uses a 100-year return period
event. Return period means the average interval of time between exceedances of the
magnitude of an event.”

The general equation in the LRFD method can be expressed as:
z/”tl. x L, (Loads) = Z¢, x R, (Resistance) (3-35)
where, A; = load factors (=1.0)
¢ = resistance factors (=1.0)
For the pile capacity check, the appropriate factors for the resistance (capacity)
obtained in the previous sections should be selected according to the guideline. Then, the

factored resistance is to be compared with the factored loads and it should be larger or

equal to the factored loads.

3.2.3.2 Working Stress Design (WSD) Method

Working Stress Design (WSD) is a traditional method to achieve a level of
conservatism against various uncertainties in many aspects. In the WSD method, the
factor of safety is employed to reduce the risk level against failure and it is the ratio of
resistance to the applied load:

Resistance(R)

Factor of Safety (SF) = Load (L)
oa

(3-36)

The allowable pile capacities are determined by dividing the ultimate pile
capacity by the proper factor of safety. The API RP2A-WSD recommends the following
minimum values for driven piles in Table 3-5 depending on the load condition. For

bored piles the values in Table 3-6 can be used according to the ADSC (1999).
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Table 3-5. Recommended factor of safety for driven piles (API RP2A-WSD, 2000)

Load Condition Factor of Safety
Operating environmental conditions 2.0
Extreme environmental conditions 1.5
Uplift (pullout) conditions 2.0
Lateral Capacity 3.0

Table 3-6. Recommended factor of safety for bored piles (ADSC, 1999)

Load Condition Factor of Safety
Operating environmental conditions 3.0
Extreme environmental conditions 2.0
Uplift (pullout) conditions 3.0
Lateral Capacity 3.0

Briaud (1997) recommend a factor of safety of 3 for their lateral capacity
calculation method. In the case of LRFD, it is decided to use a resistance factor for
lateral capacity equal to 0.75. This is a relatively high resistance factor because the data
shown by Briaud (1997) indicates little scatter in the predicted vs. measured comparison.
For the pile capacity check, the actual resistance (capacity) obtained in the previous
sections is to be divided by the actual loads. It becomes the factor of safety for the pile

and it should be higher than the recommended value.

3.3 Decision Analysis

In general, it is almost impossible to predict with certainty what the best result of
each strategy will be because there are many uncertainties in real problems. Therefore,
formal analysis is required to consider many complex problems. The goal of decision
analysis is to structure and simplify the task of making hard decisions through
quantitative basis (Jimenez et al. 2003). This approach provides logical analysis of the

alternatives and quantitative rationale for the recommendation. Decision analysis is
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usually concerned with multiple conflicting objectives for many real world problems and,
therefore, it is simply not true that “qualitatively speaking, business decisions are simple
because the objective function is crystal clear (Keeney and Raiffa 1993).”

According to Keeney and Raiffa (1993) and (Keeney 1992), the simple paradigm
of decision analysis can be summarized in a five-step process as follows:

1. Preanalysis: the problem has been identified and the viable alternatives are given.

2. Structural analysis: the decision-maker structures the problem which includes
specifying objectives, attributes, and attributes scales.

3. Uncertainty analysis: the decision-maker assigns probabilities to the branches
emanating from chance nodes. These assignments are based on past empirical
data and expert judgment.

4. Utility or value analysis: the decision-maker quantifies his/her preferences and
then converts these preferences into utility numbers. The assignment of utility
numbers to consequences must be such that the maximization of expected utility
becomes the appropriate criterion for the decision-maker’s optimal action.

5. Optimization Analysis: once decision-maker assigns utilities, he/she calculates
his/her optimal strategy — the strategy that maximizes expected utility. There are

various techniques to obtain an optimal strategy for a specific problem.

3.3.1 The Assumption of Utility Function

In order to be able to decompose the general multi-attribute utility function with 1
attributes into a simple functional form of the i individual attributes, two assumptions
about the nature of the decision-maker’s preferences for the underlying attributes must
be specified and verified (Hardaker 2004). These two assumptions are mutually
preferential independence and utility independence. The preferential independence
concerns only ordinal preferences and no probabilistic elements are involved (Keeney
and Raiffa 1993). For example, suppose there are two attributes, X and Y. If preferences
for levels of attribute X do not depend on the level of attribute Y, an attribute X is said to

be preference independent of another attribute Y. Utility independence, on the other
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hand, concerns the cardinal preferences of the decision-maker (Keeney and Raiffa 1993).
For example, if preferences for uncertain choices such as lotteries involving different
levels of attribute X do not depend on the level of attribute Y, an attribute X is said to be
utility independent of another attribute Y. Full mutual utility independence is almost
impossible in reality, but the assumption is commonly made since to do otherwise would
make the analysis too difficult (Hardaker 2004). It is very important to ascertain whether
any of the preferential independence or utility independence assumptions discussed

above is appropriate for this research.

3.3.2 Forms of the Utility Function
If mutual preferential and utility independence are satisfied, it is possible to
define the multi-attribute utility function in the general form (Clemen and Reilly 1999):
U(x,%,, - x ) = U {u (x),,(x,), . up (x)] (3-37)
Once each single-attribute utility function ui(x;) is derived for its attribute measure, these
individual utility values are combined in some way into a final utility value.
If single-attribute utility functions u;(x;) are scaled from zero to one, and if U is

also scaled from zero to one, the function U is either of the additive form (Hardaker

2004):
U(x,x,, ... ,x,)szl.ui(x,.) (3-38)

or of the multiplicative form (Hardaker 2004):

1
U(x,%,, ... ,xl):{H(K-kiui(xi)+l)—l} /K (3-39)

i=1
where uj(x;) 1s a single-attribute utility function scaled from 0 to 1, k; is a scaling factor
between zero and one for ui(x;). K is another scaling constant and the value of K depends
on the values k;. If 2k;= 1, then K = 0 and U takes the additive form as expressed in Eq.
(3-38) and it indicates there is no interaction between each attribute. In contrast, if Zk; #
1, then K # 0 and U takes the multiplicative form as expressed in Eq. (3-39). If K is

greater than 0, then the attributes interact destructively so that a low utility for one

204



Return to Top

25

attribute can result in a low overall utility U. On the other hand, when K is less than 0,
the attributes interact constructively so that a high individual attribute utility results in a
high overall utility U. Keeney (1974) describes more detail information about the

derivation of K from the k; values in the multiplicative case.

3.3.3 Sensitivity Analysis

Sensitivity analysis for multi-attribute utility problems can be categorized based
on the number of times an optimization routine needs to be run to analyze sensitivity
(Guikema and Milke 2003). If various individuals have distinct weight combinations for
multi-attribute utility problems, each combination could be given as a discrete weight
combination to the optimization routine and any result change in the technology selected
would indicate sensitivity to an individual’s choice of weight combination. In this case,
not only does relatively few optimization need to be run, but also relatively little post-
processing of the optimization results is needed to evaluate sensitivity (Guikema and
Milke 2003). The sensitivity analysis for discrete weight combinations of multi-attribute
utility problems has been addressed many times in the literature. Call and Merkhofer
(1988), for example, developed one approach to sensitivity analysis using predefined
weight combinations (i.e., high and low for each attribute).

On the other hand, if decision-makers do not feel confident enough in their
assessments to specify precise values, uncertainties of input parameters such as the
weights of each attribute in multi-attribute utility problems can arise. In this case the
proper values can lie anywhere within a possibly wide range of values specified by the
decision-makers. For this type of sensitivity analysis, multiple optimizations need to be
run and the breakpoints become important. In this research, for example, the breakpoints
where the optimal drilling systems change are very important aspect. This type of
sensitivity analysis is more difficult and time consuming than discrete sensitivity
analysis. Significantly less has been addressed for this type of sensitivity analysis in the

literature than for the discrete sensitivity analysis.
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4. PARAMETRIC STUDY OF FOUNDATIONS FOR DRILL SITES

4.1 Foundation Options for Drill Sites

After having several meetings with EFD foundation experts, some of possible
foundation options for a drilling site containing the advantage and disadvantage
associated with those options are identified as shown in Table 4-1.

Table 4-1. Foundation options for a drilling site

1. Gravel pad Advantages

e Easier and faster installation
e Maybe cheaper in construction stage

Disadvantages

e Less environmentally friendly
e Non-resuable

Advantages

e FEasier and faster installation

e Great effect on small loading area
over soft soil (E<10 MPa)

Disadvantages

e Less effect on large loading area
over stiff soil (E>50 MPa)

3. Spread footing Advantages

Simple (no equipment)
Uplift on marshes

Easy to remove on rock
No discharge

e Hard to remove on marsh

Disadvantages
¢ No uplift on rock
e Suitable contact on rock
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Among those foundation options, three different foundations (i.e., driven pile,
bored pile, and composite mat) for drill sites are considered for the parametric study in
the following Section 4.2 through 4.3. In order to encourage site location engineers to
use environmentally friendly foundations such as elevated platforms and composite mat
systems more often for their drilling sites instead of using gravel pads, the parametric

study is an essential task in this research.

4.2 Pile Foundation System for Low Impact Onshore Platforms

Environmental issues are a significant part of every industry. The petroleum
industry endeavors to minimize the existing environmental impact during drilling
operations whether developing new resources or extending field in environmentally
sensitive areas. For example, reducing the environmental footprint during drilling
operations using a reusable Modular Platform and small mobile rig in the Arctic was
demonstrated in 2003 by Anadarko and Noble’s Subsidiary, Maurer technology Inc..
The objective was to drill in an ecologically sensitive area without disturbing the ground
surface. The successful demonstration used a small mining rig to evaluate the potential
of drilling for hydrates under the frozen tundra of the Alaska North Slope (Kadaster and
Millheim 2004) and showed the usefulness of an onshore platform to drill in sensitive
areas.

The objective of this study is to help the petroleum industry engineers to get a
basic idea regarding pile designs of a platform for various platform weights and soil
conditions in environmentally sensitive areas (e.g., desert environments and wetland
applications). Use of a raised platform in environmentally sensitive areas will require the
use of piles to support the elevated platform instead of gravel pads as used in a
conventional platform. About one thousand different cases of pile capacity calculations
are conducted depending on various soil types, pile types, and design methods. The
results of these calculations are organized into a series of tables in order for the engineer
to be able to easily choose an appropriate pile size for a given condition from these

tables without performing an extensive pile design analysis.
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4.2.1 Description of the General Case

Anadarko’s onshore platform in Alaska (Kadaster and Millheim 2004) is adopted
for the foundation design of the general case. The platform consists of “bucket” modules
(12.5 ft wide, 50 ft long, and 3.5 ft deep), piles for its leg, and drilling rig components.
Figure 4-1 shows the dimension of one module, Figure 4-2 shows the plan view of
several modules connected each other, and Figure 4-3 shows the cross sectional view of
the platform. It is assumed that the mast is 90 ft high, 10 ft long and the living quarter is
28 ft high, 40 ft long, respectively.

0.5 ft for a deck
¢

3514 ]

12.5 ft

Figure 4-1. Module dimension

50.000  ft
o o O
1/4 1/4
2 12.500 ft
1/2
f\1/4 A 1/4f\
A\ %4 \J A\ %4

Figure 4-2. Plan view of modules
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Figure 4-3 Cross section of the platform for one module in design

4.2.1.1 Soil Conditions

Pile capacities are strongly affected by the underlying soil type. If there is very
dense sand under the ground, a pile will resist a much higher applied load than a pile in
loose sand. Although it is highly desirable to calculate pile capacities in a site specific
fashion, six typical types of soils are considered in this report. Furthermore, a
homogeneous condition with respect to depth is assumed for simplicity in the

calculations. The engineering properties of these soils are shown in Table 4-2.
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Table 4-2. Soil conditions of pile capacity calculations
Gravels & Sands Silts & Clays
Type I Type 11 Type III Type IV Type V Type VI
(very dense) | (medium) | (very loose) (hard) (medium) (soft)
Ysar = 127 pef | Yo =120 pcf | Y= 115 pcf | Vea =127 pef | Yo =120 pcf | ygu = 115 pef
GWL=20ft | GWL=10ft | GW.L=0ft | GWL=20ft | GW.L=10ft | GW.L=0ft
Ngpr=50bpf | Ngpr=30bpf | Ngpr=10bpf | Su=2090 psf | Su= 1255 psf Su=0.25Py

Note: Py’ = effective overburden pressure (psf)

G.W.L = ground water depth measured from the ground surface

4.2.1.2 Weight Distribution on Platform

For the general case, it is assumed that 65% of the total vertical loads are evenly
distributed over 6 modules and that this load consists of dead load (30%) and live load
(70%).

The wind load is one of the primary sources of horizontal loads against a
structure. According to API RP2A-LRFD (2003), wind load may be computed by Eq.
(4-1);

w :gVZCSA (4-1)

where, W = wind force, V= wind speed
Cs = dimensionless shape coefficient for perpendicular wind approach angles
with respect to each projected area
A = area of object perpendicular to the wind
p = mass density of air at standard temperature and pressures
= 1.226 kg/m’ = 0.00238 Ib-sec’/ft")
The one hour mean wind speed at elevation z can be calculated by Eq. (4-2);

(4-2)

R

0.125
V(hr,z) =V (hr,z, )[iJ
z

where, V(lhr,z,)= one hour mean speed at the reference elevation (m/s, ft/s)

z, = reference elevation (= 10m or 33ft)
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According to API RP2A-LRFD (2003), the extreme wind speed to be considered

in design for the Gulf of Mexico area is 49 m/s. In this report, 25m/s and 49m/s are

assumed for operational and extreme wind speeds, respectively. More detailed load

calculations in the general case can be found in APPENDIX A.

4.2.1.3 Pile Capacity Check

For the general case, the capacities of the driven steel pipe piles and bored piles

are calculated in accordance with the LRFD and WSD methods. The step-by-step

calculations can be found in APPENDIX A. First, the axial capacity is checked against

the applied loads. Second, the lateral capacity is checked for the free head condition.

Finally, the lateral capacity in the fixed head condition is evaluated.

4.2.1.4 Results Summary

Based on the pile capacity calculations in the general case, the following four

tables (Table 4-3 ~ 4-6) provide a simple way to choose an appropriate pile size for a

given condition. Once the soil type and the applied loads a