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ABSTRACT

The Geothermal Research Program of the U.S. Department of Energy (DOE) has as
one of its goals to reduce the cost of drilling geothermal wells by 25
percent. To attain this goal, DOE continuously evaluates new technologies to
determine their potential in contributing to the Program. One such technology
is artificial intelligence (AI), a branch of computer science that, in recent
years, has begun to impact the marketplace in a number of fields. Two subsets
of AI with potential application to geothermal drilling are expert systems and
intelligent machines. Expert systems techniques can (and in some cases,
already have) been applied to develop computer-based "advisors" to assist
drilling personnel in areas such as designing mud systems, casing plans, and
cement programs, optimizing drill bit selection and bottom hole assembly (BHA)
design, and alleviating lost circulation, stuck pipe, fishing, and cement
problems. Intelligent machines with sensor and/or robotics directly linked to
Al systems, have potential applications in areas of bit control, rig
hydraulics, pipe handling, and pipe inspection. Using a well costing
spreadsheet, the potential savings that could be attributed to each of these
systems was calculated for three base cases: a dry steam well at The Geysers,
a medium-depth Imperial Valley well, and a deep Imperial Valley well. The
calculations incorporated costs associated with drilling problems, and assumed
that each AI system evaluated would succeed in attaining specific efficiency
goals. Based on the average potential savings to be realized, expert systems
for handling lost circulation problems and for BHA design are the most likely
to produce significant results. Other expert systems, specifically for bit
optimization and mud design, would also yield significant savings but will
likely be available (or already are) from the oil and gas drilling industry.
Effort should concentrate on extending these existing systems to geothermal
applications. Automated bit control and rig hydraulics also exhibit high
potential savings, but these savings are extremely sensitive to the

assumptions of improved drilling efficiency and the cost of these systems at
the rig.
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CHAPTER 1: INTRODUCTION

1.1 Rationale and Objectives

Expanded use of this nation’s vast geothermal resources will depend on
the resolution of technical problems in exploiting this resource and its cost
competitiveness with other fuel types. Existing geothermal system costs
compare favorably with conventional energy systems, however, the cost of
extracting geothermal energy from harsher, more remote, or deeper resources
precludes its full-scale development in today’s market. Reducing these
development costs would have a major impact on the magnitude of geothermal
energy use.

A major cost component for geothermal energy is the cost to drill and
complete wells for extracting the hot brines. The U.S. Department of Energy,
Geothermal Technology Division (DOE/GTD) considers drilling and completion
research to be a high priority and conducts related R&D efforts through its
Hard Rock Penetration Research activity. As part of its strategic R&D program
planning process, GTD continually evaluates the potential of new R&D areas in
geothermal research. One such area is the field of artificial intelligence
(AI).

The pace of development and application of Al systems in industry has
accelerated greatly in the past few years. At the present time, intensive R&D
is underway in the U.S. oil and gas industry to adapt and utilize Al
technology in well drilling and completion (Weeden, 1987). Successful
development and application of such systems could significantly enhance the
economics of well drilling operafions by reducing down-time, increasing the
safety of the drilling operations, and optimizing the drilling and production

design of wells. The benefits of the R&D would also be directly applicable to




geothermal resource development, where well drilling, in some cases, can
account for over half of total power plant costs (Brown and others, 1981)

The overall goal of this report is to provide DOE program planners with
the information and data they need to determine the appropriateness of DOE R&D
funding of Al research pertaining to geothermal drilling, and to focus this
research in the areas where the greatest benefit can be realized. It is hoped
that this report will also be useful to the private sector: both to Al system
developers seeking new applications and potential markets, and to the drilling
industry in its efforts to cut costs and increase efficiency.b

The objective of this study is to identify and assess the specific
aspects of geothermal drilling and completion that could be impacted by Al
technology and to determine the extent of this impact in economic terms. The
need for quantitatively estimating economic impacts is founded in the goal of
GTD’s drilling research effort: to achieve a 25 percent reduction in
hydrothermal drilling costs through R&D (U.S. DOE, 1987). The results
presented in this report allow DOE to assess whether research in the area of

Al for geothermal drilling is appropriate in terms of its research mandate.

1.2 Definitions and Scope
1.2.1 Artificial Intelligence

The problem of explicitly defining Al has plagued researchers in the
field since the term "artificial intelligence" was first coined in 1956
(Kurzweil, 1985). One fairly well-known definition is that a computer
exhibits artificial intelligence if it exhibits characteristics normally
associated with human behavior (e.g., understanding, language, learning,
reasoning, problem solving, etc.) (Barr and Feigenbaum, 1981). The problem
with this definition is that it presents a "moving target." As computers

become more and more commonplace, the domain of typical computer tasks




increases in the public perception. What might have been considered
"intelligent" behavior 20 years ago may be considered commonplace for today’s
computers. For the purposes of this study, artificial intelligence will be
loosely defined as a computer application that exhibits at least three of the
five following qualities.

o The program, without explicit human intervention, can compare many
alternatives and select an optimal path.

o The program can identify when it has insufficient information and can
then attempt to obtain more complete data, either by querying the user
or through direct sensor input.

o The program can handle uncertain, approximate, or missing data and
still make a choice, perhaps qualified by a "certainty factor."

o The program can "learn," i.e., information and experience gained in one
application can be applied to future applications.

o The program is written using generally recognized Al or expert system
programming languages or techniques.

The field of AI can be subdivided into numerous topics. The two groups
most likely to have application in the geothermal drilling process are expert

systems and intelligent machines.

1.2.2 Expert Systems

Based on early studies of AI, it was determined that it was not possible
to build a machine that could universally solve any problem based on generaT
knowledge and reasoning principles (Teknowledge, 1984). Studies began to
focus on the way humans approached and solved specific problems, resulting in
the concept of an expert system: a system whose knowledge and intelligence
are restricted to a sing]e,»narrow]y defined subject.

Expert systems are computer programs designed to make decisions or solve
problems much in the same way that a human expert would. The knowledge,
methods, and heuristics ("rules of thumb") that a human expert uses to

approach and solve problems are built into a computer program, called an




expert system. The expert system is thus an intermediary between a human
expert who places information in the system and the human user who consults it
for assistance in making decisions based on that information.

An in-depth discussion of expert systems is beyond the scope of this
report. The basic principles and components of expert systems are summarized
here; for more detailed information, the reader should consult one of the
numerous available texts dedicated to the subject.

There are three key issues in designing and building an expert system:

knowledge representation, inference, and control.

\

Knowledge Representation

As a basis for its operation, an expert system must have a knowledge
base. The knowledge base incorporates general knowledge about the specific
topic for which the expert system is designed as well as heuristics that are
used to generate new knowledge and solve a problem. The knowledge in an
expert system is stored symbolically; meanings are assigned to symbols (much
the way that humans assign meanings to words, which are spoken or written
symbols) and to relationships between symbols. Three principal ways of
knowledge representation in an expert system are logic-based, rule-based, or
frame-based.

Logic based systems use formal Togical principles to define the
relationships available between symbols. Rule-based systems are similar to
logic-based systems and they are compoSed entirely of if-then statements. The
individual rules can aTso be assigned a measurévdf prpbab11ity or certainty of
being true. Frame-based systems associate a number of attributes with each
object, and all of the objects represented in'the system fit the same type of
frame. Of these threevtypes of-know]edge representation,-rule-based is the

most commonly used in expert systems.




Inference

Inference is the mechanism that the computer uses to derive new
information from existing information. The part of the computer program that
performs this function is called the "inference engine." Two typical
inference mechanisms are modus ponens and inheritance. Given the two
statements, "if A then B" and "A is true," modus ponens allows the deduction
that "B is true." Inheritance uses the concept of classification, where each
level in a classification possesses certain qualities. Any item contained in
the classification then also "inherits" the qualities of the higher level
objects to which it is associated. As an example, given that "all A’s are

B’s" and "C is a B,” inheritance allows the deduction that "C is also an A."

Control

Control is the automated direction of the search strategy to rapidly
arrive at the conclusion for a specific problem. The two categories of
control methods are goal-directed and data-directed. In goal-directed
reasoning, a likely solution is hypothesized and further evidence is sought to
support or deny this hypothesis. The additional evidence may come from facts,

derived facts, or further interrogation of the system user by the program.

The use of goal-directed reasoning with rule-based systems and modus ponens
inference is referred to as a backward-chaining system. This is most
applicable in situations where there is a finite and relatively restricted set
of possible outcomes.

Data-directed control systems examine the patterns of facts and
conditions and follow all possible solution paths that are warranted. As new
information becomes available, certain paths may be eliminated, eventually
resulting in a final recommendation(s). When combined with rule-based

systems, these are known as forward-chaining. They are most useful where




occurrences of new facts are important in driving the system and where those
facts must be considered as soon as they occur.

In selecting and designing control systems, important questions that need
to be addressed are the choice of which potential solution is to be examined
first, the point at which a line of reasoning should be abandoned, and whether

solutions should be. pursued in parallel or one at a time (Scown, 1985).

1.2.3 Intelligent Machines

Intelligent machines is a field gaining widespread industrial and
military application. Many authors, particularly in the AI industry, equate
intelligent machines with robotics. However, devices widely known as robots
exist in industry without the use of AI. The Robotics Institute of America,
in 1979, defined an industrial robot as a "reprogrammable multifunction
manipulator designed to move materials, parts, tools or specialized devices
through variable programmed motions for the performance of a variety of
tasks." Reprogrammable does not necessarily imply the use of AI.

In this study, we define intelligent machines as systems coupling Al
directly to physical devices, including but not limited to sensors and/or

robots. As such, the area of intelligent machines is an intersection of the

two sets (robotics and AI) incorporating elements from both. Facets of Al
that can apply to inte]]igent machines include symbo1ic reasoning, signal
processing, and interpretation (including vision), and expert systems.

" The design and use of inte]]igeht machines is an active area of current
research. Particular topics under investigation include: signal processing
and interpretation, optimizing task planning and arm movement, dexterity and
coordination, tactile sensing, dynamic control using force féedback, and the

man-machine interface (Gevarter, 1985).




1.2.4 Geothermal Drilling

Geothermal drilling is the process of constructing wells to tap the hot
geothermal fluids trapped in underground reservoirs. The purpose of this
brief section is to delimit the scobe of the study by defining what is to be
considered as part of the geothermal drilling process. Many aspects to the
drilling process are described in detail in Chapters 2 and 3.

Consider drilling to be a black box as shown in Figure 1-1. Going into
the box is specific information defining the well and funds to pay for it.
This information does not 1imit how the well is to be drilled, but instead
defines the well in terms of the desired result. Parameters included are:

o Location

o Depth

0 Drilling deviation and orientation

o Type of well (exploration, production, injection, etc.)

o Expected flow volumes
This information (along with the necessary funds) goes into the black box.
Inside the black box is the equipment, manpower, and expertise to perform
details such as specific well design, formulation of the drilling plan, and

the actual drilling of the well. Coming out of the black box is a drilled

well satisfying the initial specifications.

Some services, although excluded from the black box, are typically
conducted during the drilling process, such as well logging and testing for
reservoir evaluation. These processes,‘inkéffect, modify the inputs to the
black box in midstreamf Included in'the.Black box is well logging done
specifically to evaluate the dri]lfng-of thg_we1] (e.g., directional
surveying) or to determine the mechan{ca1 cdﬁpetehcy of the well (e.g., cement

bond logging).
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1.3 Methodology

The goal of this study is to determine the potential savings that could

result from the development of Al applications in geothermal drilling. Having

defined the scope of the study in the previous section in terms of AI and

drilling, this section describes the methodology used to approach the problem.

0

Characterize the U.S. geothermal drilling market. Review historical
geothermal drilling activity in the U.S., and group past drilling
activity by depth and geographic region. Project future drilling
activity, based on anticipated power-on-line, to determine the areas
of most significance in the near- and long-term. The value of new
drilling technologies varies according to the particular drilling
conditions at various sites, therefore it is more likely that new
techniques would be developed if they have widespread application.

Explore the link between geothermal drilling and (the much more
widespread) oil and gas drilling for potential implications in
technology transfer. In some cases, it is possible that Al
applications already existed in the oil and gas industry can be
extended to geothermal drilling with minimal effort. Also, the
commercialization and overall cost effectiveness of an AI application
developed for geothermal drilling may be significantly enhanced by
the existence of a huge potential market in the oil field.

Review the geothermal drilling process to identify potential
applications of artificial intelligence. Include all phases of the
drilling operation, i.e., well design and planning, rig operation
during trouble-free drilling, and the occurrence of drilling mishaps.
Survey the current state-of-the-art in industry and any on-going
research efforts.

Evaluate the identified AI topic areas to estimate the potential cost
savings in geothermal drilling that could be realized if the systems
were developed and implemented. Define optimistic savings goals for
the effect that the particular AI application could have on the
geothermal drilling process. .The following examples illustrate the
types of goals included: (1) X percent increase in rate-of-
penetration; (2) X percent reduction in occurrence of lost
circulation problems; (3) X percent reduction in pipe tripping time;
and (4) X percent reduction in time associated with solving stuck
pipe problems. Also estimate the marginal cost to the field
developer (where appropriate) of using each AI system.

Construct base case geothermal wells, including average cost
allowances for drilling problems. Using a drilling costing
spreadsheet, calculate the average cost of these wells. Apply
estimated savings goals to the base case wells to estimate the
impacts of AI R&D.




Rank AI applications based on potential impact. Conduct sensitivity
analyses on R&D improvements. Select the most promising R&D
applications given potential savings and the results of the
sensitivity analysis.

For the selected applications, discuss the role of industry and DOE
R&D, and recommend actions to be taken.

10




CHAPTER 2: DRILLING OVERVIEW

The purpose of this section is to give an overview of the process of
drilling a geothermal well and to discuss the various facets of drilling
costs. This discussion is primarily for the benefit of readers unfamiliar
with geothermal drilling, and therefore is fairly general. Readers already

familiar with geothermal drilling should proceed directly to Chapter 3.

2.1 Overview of the Drilling Process

Geothermal drilling technology has evolved over the years from oil and
gas drilling. Similar but unique techniques and equipment have been developed
to handle the special conditions associated with geothermal drilling, such as:

o Well design to allow for large flow volumes

o Materials and sensors to survive high temperatures

o Materials to resist highly corrosive brines

Drilling a geothermal well is accomplished with a drill bit at the end of
a string of drill pipe. The bit is rotated either from the surface by turning
the entire drill string or just above the bit using a downhole driiling motor.
This rotation, coupled with weight applied to the bit, serves to crush or
grind the rock at the bit face. Drilling fluid (mud or air) circulates down
the center of the driil pipe and is ejected through jets in‘the bit. The
fluid returns to the surface in the annulus between the drill pipe and the
borehole wall, carrying with it the drill cutting from the bottom of the hole.
Drilling fluid also serves to cool the drill bit and to pressurize the hole to
prevent the intrusion of unwanted fluids.

A geothermal well is drilled in stages. Drilling proceeds with a
particular size drill bit until a predetermined depth is reached. The drill

string is then withdrawn and steel piping, called casing, is run into the
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well. The annular space between the outside of the casing is then filled with
cement; either circulated into place (like the drilling fluid) or poured in
from the top of the annulus.

The cement and casing serve to: (1) prevent the borehole from caving in
on the well in less-consolidated formations; (2) isolate various fluid-bearing
zones penetrated by the well from one another; and (3) convey the geothermal
fluids from the production zone to the surface. In geothermal wells in
particular, the cement is critical in that it supports the casing against
axial expansion and contraction caused by thermal cycling, which has been
known to cause buckling in geothermal wells (Snyder, 1979). .

After the casing is cemented in place, a smaller drill bit is selected
and the well is deepened by drilling out the bottom of the casing. The
completed well will be made up of a number of telescoping holes, the last of
which is frequently not cased (Figure 2-1). The various casing strings and
the purposes they serve are:

o Conductor Casing: The conductor casing is a short string of large
diameter pipe used to keep the top of the wellbore open and to act as a
fluid return pipe for deeper drilling. It is usually 26 to 30 inches
in diameter and 20 to 100 feet deep.

o Surface Casing: The surface casing (typically 20 inches in diameter)
is set inside the conductor casing from the surface to a depth in the
range of 300 to 800 feet, depending on the local geology. Surface
casing isolates the well from near-surface ground water zones and
supports the hole against shallow, less-consolidated formations.

o Intermediate Casing: The intermediate casing supplies added structural
support and may be used to isolate and retain troublesome formations
such as sloughing shales and over- or under-pressured zones. The
casing is typically 13 3/8 inches in diameter and is set from the
surface to 1800 to 2800 feet. Shallow geothermal wells may omit the
intermediate string.

o Production Casing: The bottom of the production casing is usually set
just above the top of the production zone. In some areas, the casing
is set to the bottom of the well, and production screens are used
in the well opposite from the production zone. Sizes for production

casing are typically 9-5/8 or 10-3/4 inches in diameter. The
production casing may initially be set as a "liner" (i.e., not run all

12
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the way to surface) and then later "tied back" to surface as
illustrated in Figure 2-1.

The hole for the production casing (typically drilled with a 12-1/4 inch
bit) may be drilled directionally if called for in the well plan. It may also
be drilled with either air or mud, depending on the reservoir conditions.
From the bottom of the production casing or liner, the well will be drilled
into the production zone, either to a predetermined depth or until adequate
fluid production is attained.

The drilling process does not run uninterrupted from surface to total
depth (TD). Other than breaks to set and cement casing, there are many
instances where the drilling process will halt dufing the normal course of
operations, including:

o Replacing worn drill bits

o Conducting well logging operations

0 Reservoir testing

0 Rig maintenance
Furthermore, drilling may be halted by the occurrence of a drilling accident
such as a well blowout, Tost circulation, stuck drill pipe, or the loss of

equipment in the well.

2.2 Geothermal Drilling Costs

The cost of drilling a geothermal well can ultimately be attributed to
three interrelated factors: time, equipment, and information.

The charge for using much of the equipment in well drilling is based on
the amount of time it is used or on site; therefore the longer it takes to
drill a well, the more it will cost. Factors that increase the amount of time
it takes to drill a well include the depth and diameter of the well, special
operations (well logs, well tests, coring), and the occurrence of drilling

problems.
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Eqdipment costs reflect those items that are bought and consumed during
the drilling process. These items include drill bits, casing, fuel, cement,
and completion and production hardware. Costs for this equipment depend on
the amounts of equipment required and thg extent to which the equipment must
be "hardened" to resist high temperatures and hostile brines. Therefore,
equipment costs will tend to rise with increasing depth, hostile conditions,
and the frequency of drilling accidents.

Throughout the process of drilling a well, the geothermal operator (the
company owning the well) incurs substantial charges for services provided by
expert consultants and service companies. These services can be related to
special operations such as well logging or testing, cementing, or for problem-
related activities such as fishing or lost circulation. Essentially, the
geothermal operator is paying for information, either in the form of expert
advice or of measurements of well and formation parameters.

Determining accurate and up-to-date costs for geothermal drilling is a
very difficult exercise. Historical data are often inaccurate and may not
represent current practice. In addition, industry is reluctant to release
cost information, which it considers highly proprietary. Costs of wells with
government participation do not represent typical industry costs because of
the scientific emphasis placed on the drilling operation. To circumvent this,
Carson and others (1983) compiled detailed cost data for drilling materials
and services and applied these costs to "typical” drilling scenarios to
estimate overall well costs. Although the prices used in that study no longer
apply, the distribution of costs has probably not changed significantly.
Figure 2-2 shows the division of cost by source for trouble-free wells at The

Geysers and for various fields within the Imperial Valley.
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CHAPTER 3: CHARACTERIZATION OF U.S. GEOTHERMAL DRILLING

3.1 The Drilling Industries

Drilling for geothermal development has many ties to the other sectors of
the drilling industry: oil and gas, water, mineral exploration, and
scientific drilling. In particular:

0 Direct-use geothermal drilling, typically characterized by shallow
depths and low to moderate temperatures, has much in common with water
well drilling.

0 Drilling for geothermal electric power development is very similar to
0oil and gas drilling, except that it is characterized by a much more
hostile environment.

0 Mineral exploration and scientific drilling can exhibit some of the
typical characteristics of geothermal drilling -- abrasive rock
formations and high temperatures (for deep scientific wells). These
wells are often drilled to gather geologic and geophysical information
and tend to be smaller in diameter and less susceptible to the economic
constraints of geothermal wells.

This close relationship to other sectors of the drilling industry has had
advantages and disadvantages for the geothermal industry. To its benefit, the
technology base and extensive industry infrastructure have made geothermal
drilling possible; without the existing drilling industries, it would have
never been cost-effective or economic to develop a geothermal drilling
capability. To its detriment, however, the geothermal industry is strongly
overshadowed by the other types of drilling. Approximate magnitudes of the
number of wells drilled per year are 500,000 water wells; 50,000 oil and gas
wells; 5,000 mineral exploration wells, and 50 to 100 geothermal wells.
Companies in oil and gas drilling often ténnot Justify development of
specialized hardware and services needed to handle the hostile environment
associated with geothermal reservoirs.

Table 3-1 provides approximate comparisons among the various drilling

technologies. Of these, 0il and gas drilling is the most important in
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Drilling Wells/ Depth (ft) Maximum
Technology Year Typical Range Maximum Temp. (F) Rig Types
(U.S.)
0i1 and Gas 50,000+ 2,000 to 20,000 30,000 4000 Rotary, Turbodrill
Water 500,000+ 20 to 200 1,000 800 Cable, Rotary
Geothermal 80+ 500 to 10,000 12,000 7000 Rotary, Turbodrill
Mining 5,000+ 50 to 2,000 5,000 1500 Rotary, Coring
Scientific <5 1,000 to 10,000 50,000 ? Rotary, Turbodrill, Coring
Table 3-1

COMPARISON OF DRILLING TECHNOLOGIES




ensuring the availability of the technology to drill geothermal wells. Water
well drilling does not require the extent of high technology needed in 0il and
gas and hight-temperature geothermal drilling. Scientific drilling, while it
may lead to the development of specific hardware applicable to geothermal
wells, is not a generously funded area of drilling research at the present
time. Drilling for mineral exploration, while often using sophisticated
coring technology, is limited to shallow depths and Tow temperatures.

Drilling for high temperature geothermal resources uses much the same
equipment, technology, and techniques as o0il and gas drilling. Generally, the
geothermal drilling service and supply industry is the same set of companies
as the oil and gas drilling industry. This sector includes drilling
contractors, mud and cement companies, drill bit manufacturers, tubuler
suppliers, logging companies, etc. In addition, many of the key field
developers in the geothermal industry are subsidiaries or divisions of large
oil companies (e.g., Unocal, Chevron, Sante Fe, and formerly Phillips and
Shell).

The high temperature, abrasive rock, and hostile brines result in a
geothermal well being 2 to 4 times as expensive as an oil or gas well of
comparable depth (Kelsey, 1982). Since drilling in some cases represents
approximately 50 percent of the cost of building geothermal power plants
(Brown and others, 1981), reducing drilling costs has been a major objective
of research efforts, both in government and industry. Because of the
overwhelming number of 0il and gas wells drilled with respect to geothermal,
and the fact that many of the key geothermal companies are also oil companies,
applicable research is generally conducted by industry only when there is
potential application for the technology in oil and gas drilling. Therefore,
a key factor in this study is the belief that potential development of Al

applications for geothermal drilling must always be considered in the context
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of the o0il and gas drilling industry.

3.2 Geothermal Drilling Activity Overview

In this section, the history of geothermal drilling activity in the
United States is reviewed from its earliest practice to the present time,
leading to qualitative projections of future drilling activity. The
background information illustrates the 1inks between geothermal and the other

drilling industry sectors, and shows the regional trends of drilling activity.

3.2.1 Historical Overview

In 1892, the Boise (Idaho) Warm Springs Water District drilled two 400
foot wells to provide hot water for a geothermal district heating system
(Trembley, 1979). These are probably the first wells drilled in the United
States explicitly for geothermal development. Although available references
do not describe the drilling technology used for these particular wells, it is
| likely they were drilled uSing cable tools, the prevalent technique at the
time for water well drilling. Cable tool drilling is still widely used for
direct-use wells today (Storey, 1974).

The first three known wel?s at The Geysers, California (1922 to 1924),
were also drilled using a cab]e tool rig; the deepest reaching a depth of 318
feet. It soon became appafént that this technique was inadequate, since the
“tools . . . were a1togethef too light, and impractical in other ways, for the
volumes and presshres of steam encountered" (Siegfried, 1925). Five more
wells were drilled at The Geysers ffom 1924 to 1926 using a raotary drilling
rig. This rig was similar to those used for o0il drilling at the time,
modified sTightly to control the steam pressdre by circulating water in the
borehole (Grant, 1927). The deepest of the early wells reached a depth of 640

feet. After the first eight we]]s,'dri1ling at The Geysers was abandoned
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until Magma Power Company drilled six successful geothermal steam wells in
1955.

Other areas drilled for geothermal energy in the early part of the
twentieth century include Steamboat Springs, Nevada (1920s); the Salton Sea,
California (1927); and Coso Hot Springs, California (1930s).

Nineteen fifty-five, the year Magma began drilling at The Geysers, can be
considered the beginning of the modern period of geothermal drilling. By
1960, when the first 125 MW power plant came on-line at The Geysers, 11 wells
had been drilled in the area (Stevovich, 1975). Other locations subject to
exploratory drilling during this time were the Salton Sea (including an oil
wildcat in 1957) and Casa Diablo (in western Long Valley) in California; and
Brady Hot Springs and Beowawe in Nevada.

Nationwide, detailed geothermal drilling statistics prior to 1973 have
not been published, although Stevovich (1975) reports that by 1970, over 200
wells had been drilled in the United States exploring for geothermal energy;
75 of these at The Geysers. It is likely that the balance of the 200 wells
includes many shallow thermal gradient and scientific holes, which would not
necessarily be considered geothermal wells.

Detailed statistics for geothermal drilling after 1973 have been
published (Gerstein and Entingh, 1981; U.S. DOE, 1986). The number of wells
and total footage drilled for various regions in the U.S. from 1980 to 1986
are presented in Table 3-2. Figure 3-1 shows a breakdown by depth category of
the number of wells drilled at The Geysers, Imperial Valley, California, and

elsewhere.

3.2.2 Present and Future Drilling Activity
As indicated in Table 3-2 and Figure 3-1, drilling activity to date has

concentrated in The Geysers and the Imperial Valley of California, with
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1980 1981 1982 1983 1984 1985 1986

Reqion or State |Wells | Footage |Wells | Footage |Wells | Footage |Wells | Footage |Wells | Footage |Wells | Footage |Wells | Footage
The Geysers 37 284701 41 317648 49 377162 39 324958 52 358957 44 337763 41 312603
Imperial Valley 9 86043 16 9‘0617 11 88003 1 9785 43 239538 14 66807 6 46524
Other California 7 22344 2 5800 12 19616 9 17396 15 37892 16 21671 1 6450
Nevada 15 77383 17 98067 12 37205 7 19232 6 36457 6 22821 3 14113
New Mexico 4 25663 11 55693 3 10835 3 850 1 7001 4 1040
Oregon 6 16025 4 10319 2 5900 1 4000 { 4000 6 19059
vothel" Areas 15 50222 12 42888 16 50830 7 12448 2 4165 3 6315

TOTALS . 93 562387 103 621032 103 583711 68 390569 119 681009 85 466378 61 399789

NOTE:

Statistics based on date drilling was completed.

Data includes production, injection, and wildcat wells for electric power and direct use.
Also included are temperature gradient and other wells 1000’ or deeper.

Table 3-2
GEOTHERMAL DRILLING ACTIVITY: 1980 to 1986
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significantly less activity in other regions. In the future, the level and
distribution of geothermal drilling will depend on future trends in energy
prices, needs for additional power on-line, and regulatory issues that can
promote or impede the exploration and development process. Although precise
projections, in light of these uncertainties, are futile, it is possib1e to
qualitatively predict the regional trends of geothermal drilling activity in
the near- and long-term.

Mansure and Brown (1982) conducted a study to project future drilling
activity by location based on estimated reserves and site-specific power-on-
line growth scenarios. Table 3-3 illustrates their predictions for power on-
line and total wells drilled from 1981 through 2000. Also shown are actual
figures for 1981 through 1986. Mansure and Brown accurately predicted the
level of activity at The Geysers through 1986. Power-on-line and drilling
activity in the Imperial Valley has lagged slightly from their projected
levels, while drilling in Nevada has occurred sooner than anticipated. The
almost total lack of activity in the‘Va11es Caldera, New Mexico, was not
predicted (it should be noted that Mansure and Brown based their prediction of
development in the Valles Caldera on DOE’s plans -- since aborted -- to build
a 50 MW demonstration project at Baca).

In the near-term (0 to 5 years), geothermal drilling will likely be
characterized as it is today -- the plurality of wells will be drilled at The
Geysers; driiling in the Imperial Valley will become more active, approaching
the level of activity at The Geysers; and the balance of geothermal activity
will be scattered throughout California, Nevada, and Utah.

In the mid- and long-term (5 to 20 years), geothermal development will
approach the limits of capacity of The Geysers field, although it will
continue to be an area of active drilling due to the need for replacement

wells. Based on current power-on-line predictions (Kruger, 1987) the Imperial
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Ge

MWe Wells MWe Wells MWe Wells MWe Wells MWe
REGION On-1ine Drilled On-line Drilled On-line Drilled On-line Drilled On-line
1981 1981-85 1986 1986-90 1991 1991-95 1996 1996-00 2000
(2)
GEYSERS
Predicted 900 220 1820 158 2321 136 2450 127 2510
Actual 909 217 1788
IMPERIAL VALLEY
Predicted 0 118 200 351 520 754 1300 1225 2420
Actual 22 74 151
VALLES CALDERA
Predicted 0 37 50 73 90 87 250 77 340
Actual 0 4 0 :
NEVADA
Predicted(1) 0 0 0 63 100 114 240 137 480
Actual 0 26 14
ROOSEVELT HOT
SPRINGS
Predicted 0 0 0 56 70 73 210 70 310
Actual 0 2 20
OTHER '
Predicted 0 70 0 115 0 208 0 327 0
Actual 0 37 33
NOTES: (1) Measure and Brown presented data for "Northern Nevada".
(2) Wells drilled include production, injection, and wildcat
wells for electric power development only.
SOURCES: Mansure and Brown, 1982; DiPippo; 1986; Petroleum Information

COMPARISON OF HISTORICAL AND PREDICTED POWER-ON-LINE AND
DRILLING ACTIVITY

Table 3-3




Valley and other areas of California, Nevada, Utah, and possibly the Pacific
Northwest will become active geothermal areas. Current evidence supports the
conclusion of Mansure and Brown (1982) that the Imperial Valley will be the

focus of geothermal development in this time-frame.

3.3 Typical Geothermal Wells

Since The Geysers and the Imperial Valley are likely to be the two major
areas of geothermal drilling in the near and long-term, this study has
evaluated the impacts of artificial intelligence developments on drilling
using these two particular areas as base case scenarios. Obviously there are
numerous other areas of current and likely geothermal development, but to
characterize each of them would require substantial effort and would be
severely limited by the paucity of data. The Geysers and the Imperial Valley
represent radically different geothermal drilling regimes. It is hoped that,
by studying AI applications in the context of these two important geothermal
systems, an overall perspective of the value of artificial intelligence to

geothermal drilling in general can be gained.
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CHAPTER 4: OVERVIEW OF POTENTIAL AI APPLICATIONS

Artificial intelligence (AI) has numerous potential applications in
geothermal drilling. Expert systems may be used to plan and design a well,
optimize drilling parameters, and provide guidance in problem areas. Robotics
or automation could be applied in most areas of rig operation. In some
instances, AI applications already exist in oil and gas drilling. Others are
under current development, and still more are at the conceptuél stage.

In this study, Al applications were divided into areas of expert systems
and intelligent machines. The following sections describe the potential uses
of these areas in geothermal drilling and review their current status in
industry. In Chapter 5, the potential savings to be realized from
implementing these systems are calculated.

In order to calculate thé impact of AI applications on geothermal
drilling costs, the potentia] benefits and approximate costs of each system
were estimated. For each Al system, savings "goals" were established in
discussions with drilling experts to form an optimistic estimate of the
impacts that each system could have. The sensitivity analysis in Section
5.3.2 permits the reader to vary these goal assumptions should he disagree
with those used in this analysis.

It is assumed that all costs evaluated in this study represent the cost
to the geothermal developer. Given this consideration, it is necessary to
account for not only potential savings from Al systems, but also the cost per
well that would be incurred by using these systems.

For expert systems, this cost is assumed to be negligible. The
geothermal developer will incur an "investment cost" for developing or

purchasing the expert system, but his marginal cost for using it on one
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additional well will be very small.

For intelligent machine applications, it is likely that substantial
associated costs will arise due in part to the traditional structure of the
drilling industry. Unlike expert systems, where the developer usually owns
and operates thé system, service companies and/or drilling contractors would
offer applications using intelligent machines. These companies would charge
the geothermal developer for the use of the hardware and any personnel needed
to operate it. The cost will be based on: (1) actual operating expenses and
overhead costs incurred by the service company; (2) charges to recoup R&D
investment by the service company; and (3) what the service company perceives

the developer is willing to pay.

4.1 Expert System Applications to Geothermal Drilling

Expert systems have applications to geothermal drilling in areas of well
design and planning, drilling bptimization, and prevention and resolution of
drilling problems. In these applications, the expert system would be accessed
either in the office (for pre-drilling planning) or from the well site (for
applications during the drilling process). Depending on the complexity of the

problem, expert systems can be developed for stand-alone micro- and mini-

computers and for mainframe computers accessed-from remote terminals.

4.1.1 Well Planning and Drilling Optimization
Well planning is the process of optimizing the design of a well using the
criteria of minimizing cost and the likelihood of accidents and problems, and
maximizing the ultimate production value of the well. This process begins
Tong before the well is spudded and continues through final well completion.
Included in this category are the design of the well plan prior to
drilling, any modifications made to it during the drilling process, and the

design and optimization of parameters directly affecting drilling efficiency,
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such as mud properties and bit selection and operation. This category is
differentiated from the next section, drilling prob]em analysis, by the lack
of a real sense of urgency in conducting the analyses. In general, the expert
system could be run off-site, and the resultant decisions, although they may
improve the drilling efficiency, are not mandated by immediate needs.

Since many of these operations require balancing numerous factors against
one another, some with varying degrees of certainty, expert systems can and
have been applied to these cases. Five of the more significant areas of well
design and drilling optimization are described below, including the types of
information required in each and a qualitative discussion of the potential
benefits that could be attained with better designs. Existing expert systems
for each area of well design and drilling optimization are mentioned in the

paragraph and described in further detail in Section 4.1.3.

Casing Program

Casing itself represents a significant portion of the total cost of a
geothermal well, typically 20 to 30 percent (Nicholson, 1984). The geology of
the site determines the number of casing strings and the optimal setting
depths. Normally, general practice in the region and the best interpretation
of the specific geological conditions decide the drilling plan. As drilling
proceeds, circumstances may dictate necessary modifications to the casing
program. Size of casing is balanced between increasing the flow area
available and the higher costs of drilling a larger diameter well. Optimizing
a casing program could save money by: (1) avoiding the purchase of unneeded
casing; (2) allowing drilling of larger diameter hole only to the depth
necessary; and (3) reducing the risks of lost circulation or blowouts.

For the purposes of establishing goals, the casing program can not be

treated solely as a cost reduction or efficiency improving parameter. It is
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possible that the optimal casing program for a particular well would be a
larger diameter casing than would normally be used. This means that a larger
well must be drilled, a Targer rig might be necessary, and the casing would be
more expensive. This will increase the cost of drilling the well. The
optimized casing will allow more production from the well, reduce the number
of wells required to develop the field, and reduce the overall development
cost. Therefore, any well cost savings from an idealized casing program could
only be calculated by projecting increased production rates dependant on the
reservoir itself.

In this study, we estimate the magnitude of potential savings that could
be seen from a casing design expert system by assuming that at a given well,
the casing has been over-designed. The casing design exbert system recommends
trimming 200 feet off the intermediate casing, and concludes that a lighter
weight or different grade of prbduction casing will not sacrifice safety or
durability (and will save $5.00 per foot of casing).

Elf Aquitane reportedly has a fully developed expert system, called
CASES, that designs casing strings to meet geological constraints,

specifications, and Tocal regulations (Marion and others, 1985).

Cement Design

In geothermal wells, all casing strings are cemented back to surface;
therefore, the casing program largely dictates the cement requirements. A
potential application of expert system.existé'in the design and planning of
the actual cement job--how much cement is needed, ét what rate should it be
pumped, what properties should the qement have (density, thickening time and
temperature), and whether stage-cementing should be used. Better design of
cement slurries could be accomplished with more accurate predictions of

downhole temperatures and reservoir conditions (Shryock and Smith, 1981). In
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most cases, better cement jobs will result in savings Tater in the life of the
well by preventing or postponing the need for workovers to repair casing.
Occasionally, the need for recementing during drilling may be avoided.

The expert system for casing design would not materially impact the cost
or amount of time for cementing. Its most likely area of impact on drilling
costs would be in preventing and minimizing some of the problems that might
occur. Many of the problems that occur during cementing are mechanical in
nature (pump failures, leaking seals, etc.) and would not be affected by an
expert system for designing cemént jobs. An optimistic goal for the impact of
a cement design expert system on geothermal drilling would be circumventing 50
percent of the problems that occur while cementing. Once a problem occurred,
the expert system would not have any effect on the amount of time required to
solve the problem.

ARCO reportedly has developed a PC-based expert system for designing

cement slurries for oil and gas wells (0il and Gas Journal, 1987).

Bit Program

Factors incorporated into the design of a bit program to optimize the
rate of penetration on a particular well include: choice of drill bit, weight
on bit while drilling, rotational speed, hydraulics and fluid properties, and
formation properties (Hawkes, 1985). Bit optimization techniques correlate
formation parameters, bit characteristics, and bit histories in the region and
formations where the well is to be drilled. Potential savings can result from
faster penetration rates and reduced wear on drill bits (which means fewer
drill bits and fewer pipe trips to rep]éce.worn bits).

Adams (1985) estimate§ that bit se]ectibn through comparison of offset
wells can save 10 to 30 percent in drilling cost per foot for oil and gas

wells. For this study, a savings of 20 percent is the assumed goal for a bit
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design expert system. It is 1ikely that many geothermal operators use offset

bit records to drill their wells, but this is at least a reasonable,

optimistic value for potential savings from a drill bit expert system.
Rotating cost can be expressed as (Adams, 1985):

Rotating Cost = Bit Cost + Rig Time Cost x (Trip Time + Rotating Time)
ROP * Rotating Time

In reality, optimizing bit parameters to reduce drilling cost per foot by
20 percent would involve changes in all or some of bit cost, rotating time,
and rate-of-penetration (ROP). For the purposes of this analysis, it is
easiest to simulate a 20 percent reduction in drilling cost per foot by
assuming no change in bit cost and rotating time, and an increase of 25
percent in rate of penetration. In calculating estimated savings, this
increase in rate of penetration is assumed to occur only below the conductor
casing. |

Drill-Right, Inc., offers an expert system, "Bit Expert", that analyzes
dull bits and recommends changes in bit types or operating conditions

(Simpson, 1986).

Mud Program

The drilling mud serves a number of purposes in well drilling. It cools
the drill bit, Tubricates the drill string, removes cuttings, prevents influx
of fluids from the formation, and aids hole stability. The drilling mud is
formulated based on requirements dictated by geology, reservoir
characteristics, temperature, and the drilling plan. Variables include
density, viscosity, resistance to fluid loss, and chemistry. An optimized mud
program can result in savings due to prevention of mud-related problems,

including lost circulation, stuck pipe, and formation sloughing, and can
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increase drilling efficiency. For this analysis, the goals for the impact of
a geothermal drilling fluid expert system are: increase rate of penetration

by 10 percent below the conductor casing, reduce lost circulation occurences

by 50 percent, prevent hole sloughing, and reduce stuck pipe instances by 50

percent.

NL Baroid probably has the most famous drilling application of an
expert system in its MUDMAN, designed to aid in diagnosis and control of
drilling mud problems (Stark and Bergen, 1985). Drill-Right, Inc., offers
three expert systems for drilling muds: "The Well Planner" calculates
formation fracture gradients, kick tolerances, and required mud weights;
"Drilling Fluid Analyzer" provides a solids content analysis of the drilling
mud and recommends treatment; and "Mud Doctor" generates mud treatment

recommendations based on specific mud problems (Simpson, 1986).

Bottom Hole Assembly (BHA) Design

The bottom hole assembly makes up the Tower part of the drill string from
the drill bit to the top of the drill collars. Components include some or all
of the following: (1) the bit; (2) the bit sub connecting the bit to
remainder of the drill string; (3) drill collars used to control the weight
applied at the bit; (4) reamers for opening the hole; (5) stabilizers for
reducing vibration and increasing directional control; and (6) directional
tools including bent subs and downhole motors or turbines. The selection of
BHA is a function of well depth, well geometry, geology, drill bit
characteristics, and existing or desired well deviation.

Optimizing BHA design can increase bit 1ife and/or rate of penetration,
improve directional control, and reduce drill string vibration (thereby
potentially reducing the failure rate of downhole components). Goals for an

expert system for BHA design used in this study are: increase rate of
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penetration by 10 percent below the conductor ‘casing; reduce side tracking by
25 percent; reduce twist offs by 25 percent, and reduce fishing occurences by

25 percent.

4.1.2 Accident Prevention and Cure

Drilling experts are frequently called upon to assist operators in
“handling problems that occur during drilling. These'prob1ems are almost
always unexpected; interrupting fhe normal drilling operation and requiring
immediate action. Carson and Lin (1982) estimated that drilling problems
increase the cost of an average well by 15 percent and, in certain wells, can
result in a 100 percent increase over the cost of a trouble-free well.

Applicability of expert systems to drilling problems depends on the
complexity of the problem and the number of different alternatives and amount
of information that must be considered. Expert systems may have application
to many of the problems that occur in drilling; such as lost circulation and
well control, fishing, stuck pipe, and cement problems. Each is discussed in
the following paragraphs, including the cause and severity of the problem,
potential applications for expert systems, and existing expert systems.

Existing expert systems are mentioned briefly in each paragraph and discussed

in detail in Section 4.1.3.

Lost Circulation and Well Control

Overall, lost circulation is the most serious problem in geothermal
drilling (Caskey and others, 1985). It occurs when the well encounters a
formation zone with lower pressure th&n in the wellbore. When this happens,
the wellbore fluid leaves the well and enters the formation. Other than the
expense of the lost fluid, lost circulation can lead to stuck pipe, cement
problems, and loss of well control. In many cases, drilling is halted until

the Tost circulation problem can be solved. Various bridging agents, or lost
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circulation materials (LCMs), are added to the mud in hopes of blocking the
loss zone. When this does not work, the zone is cemented. If it can not be
successfully cemented, it may be necessary to sidetrack or abandon the well.
In some instances, the drop in fluid level due to lost circulation will lead
to a well kick, and the operator must find the balance between Tosing
circulation and a well blowout.

Potential applications for expert systems include: prevention, diagnosis
of location and type of lost circulation, selection of LCM, and application of
cures (Satrape, 1987). In certain instances, the lost circulation expert
system will overlap with the mud expert system (as described in Section 4.1.1)
but the lost circulation system will be designed as a very specialized, in-
depth system requiring less effort to develop than the complete mud expert
system. Goals for savings that could be realized from a lost circulation
expert system in this study are a 50 percent reduction in of lost circulation
occurences, and a 50 percent reduction in the average time to solve lost
circulation once it occurs (no reduction in the direct cost of solving lost
circulation is assumed, i.e., what is gained in efficiency is lost because it

is more expensive). In addition, a 50 percent reduction in stuck pipe

incidents is also assumed, since a common cause of stuck pipe is differential
sticking due to lost circulation (Courteille and others, 1986).

Sandia National Laboratories has developed a preliminary prototype expert
system, named GEOTHERM, for solving lost circulation problems in geothermal
wells. For the related problem of well control, Hydrocarbon Technologies,
Inc. (Houston, Texas), has developed an expert system for oil aﬁd gas

applications, called WELLSAFE, to control kicks and kill a well.

Fishing .

Fishing is the process of retrieving debris or equipment from the well
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where it prevents or inhibits further drilling. Probably the most common
situation in fishing is retrieving drill pipe that has either twisted off or
stuck in the well. Other "fish” include cones and bearings from drill bits,
parts of stabilizers or centralizers, wireline, or tools dropped from the
surface. There is a large array of "fishing tools" for these situations,
including overshots to retrieve stuck pipe, spears for wireline, magnets and
baskets for debris, etc.

An expert system could help the rig personnel to select and operate the
proper fishing tools. Such an expert system would not reduce the need for
fishing, but could reduce the associated time and costs. In this analysis,
the goals of an expert system for fishing are assumed to be: 50 percent
reduction in operational cost; 50 percent reduction in time; and 25 percent
reduction in the time needed to solve other fishing-related problems (stuck

pipe, twist off, and sloughed hole).

Stuck Pipe

During drilling and pipe tripping operations, drill pipe often becomes
stuck in the well. This can be caused by differential pressure (as in a lost
circulation zone), by wearing a key seat on one side of the borehole, by
sloughing or expanding formations above the drill bit, etc. Once stuck, there
are numerous procedures that can be app]ieg to free the drill pipe. Simply
working the drill pipe can often pull it f;ee. In other cases, pumping a
lubricant down the wellbore can loosen it;; In more difficult situations, it
is necessary to "back-off" the drill pipe:: a free—point tool is run to
determine where the drill pipe is stuck; an explosive device is positioned
above the free point and detonated to back off the drill pipe. After backing
off, the drill string is run back into the hole with fishing jars to attempt

to loosen the stuck pipe. Sometimes, it may be necessary to wash over the
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fish to displace fill that may be causing it to stick. In the worst case
scenario, it may be necessary to abandon the pipe in the well and cement and
sidetrack.

An expert system designed for stuck pipe would attempt to prevent its
occurrence, diagnose the problem, and recommend procedures to solve it. Ffor
this case, the analysis assumes goals of a 50 percent reduction in the
occurrence of stuck pipe, a 25 percent reduction in average problem-solving
time, and a 25 percent reduction in direct costs. In addition, the time to
solve the related problems of lost circulation and hole sloughing is assumed
to be reduced by 25 percent due to this expert system.

One of the first expert systems developed for the drilling industry was
built to prevent, diagnose, and solve stuck pipe problems. This system is
called SECOFOR (formerly known as The Drilling Advisor) and was built by

Teknowledge, Inc., for E1f Aquitane (France).

Cement Problems
Problems that can occur during well cementing include channeling of

cement behind the casing, contamination of cement by drilling or formation

fluids, insufficient cement volume, or mechanical problems during cement
pumping that result in less than total displacement (Smith, 1976). The first
step in troubleshooting is to diagnose a cement problem. The best indicator
is monitoring returns during the cement job. If returns are less than
expected and/or do not come all the way to the surface, cement may have been
lost to the formation, or washouts in the wellbore may have resulted in a
greater borehole volume than anticipated. If more cement comes to the surface
than expected, it is possible that large channels of uncemented casing exist.
These problems can result in serious trouble later in the Tife of the well;

therefore, it is usually necessary to take remedial action as soon as
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possible. If a poor cement job is suspected, the operator may run a cement
bond log (an acoustic measurement of cement behind casing) or he may perform
remedial cement "squeezes" to fill gaps behind the casing.

This expert system would be designed to help solve cementing problems
once they occur--as opposed to a cement design system that would design cement
slurries to prevent cementing problems. For the cement problem expert system,
the goal is to develop anyexpert system that would reduce by 50 percent the

time required (average) to solve cement problems.

4.1.3 Existing Expert Systems for Well Drilling

This section describes in more detail the existing expert systems
mentioned in the previous two sections. These expert systems are summarized
in Table 4.1. The following paragraphs give a brief description of each
system and discuss its application to geothermal well drilling. With the
exception of GEOTHERM (Sandia), all of these systems were developed for oil
and gas drilling and may not apply directly to geothermal. Judgements of
applicability to geothermal drilling are based on descriptions of the programs
available in the Titerature and in promotional material. For more detailed
information, the reader should consult the references listed or the companies

themselves.

MUDMAN

MUDMAN (Stark and Bergen, 1985) was created by NL Baroid to aid in
diagnosing and controlling drilling mud problems. In addition, it assists in
rig inventory control, report preparation, and engineering calculations. In
its diagnosis, MUDMAN can incorporate unknown or uncertain information. The
knowledge base contains data on the properties of variousvmuds and history for

the well in question; in a given consultation it has access to histories of
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6¢

EXPERT SYSTEM APPLICATION OWNER STATUS REFERENCE
(DEVELOPER)
MUDMAN Drilling fluids NL Baroid Available Stark and Bergen, 1985
(Carnegie-Mellon U.)
SECOFOR Stuck drill pipe E1f Aquitane Proprietary Courteille and others,
(Teknowledge) 1986
GEOTHERM Lost circulation Sandia Nat. Lab. Preliminary Satrape, 1987
prototype
The Drilling | Various drilling Drill-Right, Inc. Available Simpson, 1986
Expert System aspects
WELLSAFE Well control Hydrocarbon Available Hydrocarbon Technologies,
Technologies, Inc. Inc.,1987
Cement Cementing ARCO Proprietary 0i1 and Gas Journal,
Advisor » 1987
CASES Casing design E1f Aquitane Proprietary. Marion and others, 1985
. (unknown)
Table 4-1 :

SUMMARY OF EXISTING EXPERT SYSTEMS FOR DRILLING




nearby wells for which the operator has obtained rights to information. In
all cases, security of data from different operators is maintained. The
program is maintained at Baroid’s central office and is accessed by remote
terminals from the well site.

Currently, Baroid is using MUDMAN successfully and plans to install it on
smaller computers for operation at remote sites.

Although MUDMAN was designed for oil and gas applications, it probably
has direct applications to geothermal drilling. Since it is offered through a
company active in geothermal (and a member of the Geothermal Drilling
Organization, the DOE industry cost-shared drilling research group) it is
conceivable that MUDMAN will be applied to geothermal. Additions to the
knowledge base would be needed to handle the muds used in geothermal drilling.
It also may be possible to modify MUDMAN to act as an expert in drilling fluid

related problems in geothermal wells, such as lost circulation.

SECOFOR

Teknow]eage, Inc., developed SECOFOR (originally called the Drilling
Advisor) for E1f Aquitane (France) to diagnose incidents of stuck drill pipe
in 0il and gas wells (Courteille and others, 1986). Based on information
provided by the user, SECOFOR determines likely causes of pipe sticking and
provides a set of treatment recommendations designed to solve the problem and
prevent it in the future.

As of 1986, there were over 400 rules in the system and its operation had
been verified by comparison with experts’ recommendations for particular sets
of problems (Courteille and others, 1986). The program had not yet been
installed in the field. Planned refinements for the system include:
increasing the use of historical data, incorporating other incidents (fluid

loss or gain, well swabbing), integrating with on-line sensors, using it as a
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training aid, and extending the ability of the system to use certainty
factors.

In order to apply SECOFOR to geothermal drilling, slight enhancements to
incorporate geothermal pipe sticking historical data would probably be
necessary. Other factors that may be unique to geothermal drilling could
include mud types and the ability of certain tools (i.e., free points, back
offs, etc.) to operate in the hostile geotherma] environment. E1f Aquitane is
not an active geothermal operator and would be unlikely to extend SECOFOR for
geothermal applications. Another company would probably have to obtain a

license from E1f Aquitane to work with SECOFOR.

GEOTHERM

GEOTHERM is a prototype version of an expert system developed in 1986 by
Sandia National Laboratories to control lost circulation in geothermal wells.
In its current state, it is not a commercial package but a "framework" for a
useful system, providing a base that could be expanded in discrete modules,
ultimately resulting in a complete system. In order for GEOTHERM to be a
useful tool in the field, a much greater sophistication is needed than that

exhibited in the initial prototype. Specific areas for further effort include

locating loss zones, diagnosing types of Tost circulation, use of available

data from other wells, and LCM selection (Satrape, 1987).

The Drilling Expert System

The Drilling Expert System is a set of five:expert systems developed and
marketed by Drill-Right, Inc. (Simpsdh;'198§). The expert systems are based
on general drilling guidelines and algorithms published by established experts
or drilling institutions.l The five systems are: (1) Well Planner, which
calculates formation fracture gradients, kick tolerance, and required mud

weights to prevent wellbore collapse; (2) Drilling Fluid Analyzer, which
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generates a drilling fluid evaluation and treatment recommendations with data
from the abbreviated mud form; (3) Mud Doctor, which suggests general cures to
eight major drilling fluid trouble categories from the IADC Drilling Manual;
(4) Bit Expert, which supplies expert analysis of milled tooth and insert bit
dull condition and recommends changes in bit type or operating parameters; and
(5) Drilling Expert, which gives a detailed analysis of morning reports or
real time drilling data from an abbreviated report form.

Based on promotional material and published reports (Simpson, 1986), The
Drilling Expert System is a large collection of well-known analysis techniques
and operational guidelines for all aspects of o0il and gas drilling. Similar

guidelines could probably be assembled for geothermal drilling.

WELLSAFE

WELLSAFE is an expert system developed by Hydrocarbon Technologies, Inc.
(1987), to advise rig supervisory personnel when encountering a kick, well
control, or potential blowout situation. The program operates on either
Apollo or Sun work stations and can be easily installed on any minicomputer or
mainframe.

WELLSAFE is probably directly applicable to geothermal drilling, although
well kicks are a much less serious problem in geothermal than the opposite

condition, lost circulation.

ARCO Cement Advisor

ARCO’s cementing expert system was deve1oped‘using the knowledge of a
leading expert in oil-well cementing. The system aids in the design of cement
formulations and spacers (0i1 & Gas Journal, 1987). It assists the user in
designing a base cement then selects additives necessary to achieve the

specific property requirements. The system can also critique a submitted
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design. The system has 2000 rules and operates on an IBM PC-AT.

To be applicable to geothermal drilling, it is likely that significant
rules would have to be added to incorporate geothermal cementing practices and
account for the properties of geothermal cements. The framework of the system
would probably not need muéh alteration. As in the case of SECOFOR, the
system is proprietary in nature and a licensing agreement would have to be

obtained before geothermal commercialization.

CASES

CASES is an expert system developed by E1f Aquitane to design casing
configurations in oil and gas wells (Marin and others, 1985). CASES was built
using information from field experience, accepted design guidelines, and
analytical computer programs. It can account for geological constraints,
regulations, and use of specified tubing.

CASES could probably apply to geothermal casing design with an addition
of rules describing practices in geothermal drilling. The proprietary nature

of the program would once again be a major stumbling block.

4.2 Intelligent Machine Applications to Geothermal Drilling

Automation has slowly penetrated the o0il and gas drilling industry over
the past several decades. A drilling rig with an automated pipe-handling
system was developed by Automatic Drilling Machines (ADM), Inc. and
successfully tested in the late 1960’s and early 70’s (Kennedy, 1971). The
ADM rig was never widely accepted. Currently, some degree of automation
exists in mud systems, pipe racking (especially on drill ships and
semisubmersibles), and other aspects of the drilling operation.

Many measurements are also taken in modern drilling practice, including
mud properties, drilling parameters, pipe inspection, downhole measurements

(i.e., measurement while drilling or MWD), directional measurements, etc.
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These measurements generally assist the drilling engineers in monitoring the
progress of the well and provide information to help optimize and maintain the
safety of the drilling process.

The combined application of Al and robotics in well drilling will connect
the automation aspect with the sensors (to monitor the progress of the well)
and with a control system for optimizing drilling performance. The AI process
should be able to operate without supervision during normal operation, and it
should be able to detect a problem when it occurs. Upon detection of the
problem, the system would set off an alarm to notify rig personnel, and it
would be able to take the first steps to handle the problem. For example, if
the well were to kick while drilling, the system would stop drilling and
circulate the well, preparing to build mud weight. The fact that the system
could take the initial steps would give the rig personnel time to evaluate the
problem and plan a course of action.

Figure 4-1 shows a general block diagram of a possible robotic rig
operated using Al systems. It is not likely that a completely unmanned
drilling rig could have applications in drilling, with the possible exception
of planetary expeditions and sampling in contaminated areas. However, the
proposed rig would still have substantial personnel requirements. Intelligeng
machine applications would primarily be in the area of maximizing the
efficiency of the drilling process. Specific areas for which automation is
not considered are: rig maintenance and repair, stocking and inventory of
supplies, and resolving drilling problems beyond the initial reaction stage.

Several of the systems composing the "intelligent” drilling rig could be
implemented separately. These are: well hydraulics, pipe handling, pipe
inspection, and drill bit control. Each is discussed in the following

sections.
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Drill Bit Control

Ultimately, the purpose of a drilling rig is to drill a well, and the
drill bit at the end of the drill string is the one part performing this task.
A11 other systems and components merely enable the drill bit to fulfill its
task. It follows that control of the drill bit is a primary target for
optimization with AI.

There are actually two related but separate components of bit control:
penetration and direction. Not only must the bit deepen the hole, but it must
drill in the direction specified by the well planner, be that straight or
deviated. Both tasks could be addressed by an intelligent bit control system.

Figure 4-2 shows a block diagram of such a bit control system.
Measurements are made of drilling parameters both on the surface and downhole.
These measurements would be interpreted by an AI system similar to expert
systems (except designed for machine control instead of human interface) to
determine if drilling is proceeding as planned and if the well is correctly
deviated. Based on measurements of formation parameters and drilling
progress, and knowledge of the bit and drill string characteristics, the
system could optimize drilling parameters. Other possibilities would be to
monitor drill bit wear to modify drilling parameters for optimizing the trade
offs between bit life and penetration rate. Drilling accidents such as
sticking and twist off could also be prevented in certain cases--it is
possible that drill string vibration and torque may yield information of
impending problems in this area. If applicable, it would also be interfacing
with other possible AI systems such as the mud system.

The AI system would then send signals to a controller to modify drilling
parameters per instruction. In theory, measurement, interpretation, and
control could occur either at the surface or downhole, or both. Depending on

the amount of data transfer likely, significant research may be needed on high
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data rate transmission during dr{11ing. Another possibility would be an
entire downhole system including mud motor, thrusters, bif, sensors, and
computer, as proposed by Carson (1984).

Many of the individual components that would make up intelligent bit
control already exist in one form or another and others could be developed
with existing technology. Surface sensors already exist to monitor many of
the important drilling parameters. Downhole sensors are incorporated into
today’s measurement while drilling (MWD) systems that can measure and transmit
to the surface data relating to directional control, drilling, and formation
parameters.

The potential advantagés that could be realized from an intelligent
drilling system include: faster penetration rate, enhanced drill bit life,
improved directional control, and possible early detection of stuck pipe and
twist off. For the purpose of evaluating potential impacts of developing this
Al system, the following goals for such a system are assumed in the analysis:
50 percent savings in rotating costs below the conductor casing (modeled using
a 100 percent increase in rate-of-penetration and no change in bit life or

cost); and 50 percent reduction in occurrences of stuck pipe, twist off, and
{

side-tracking.

It is reasonable to assume that the implementation of such a system would
result in a significant increase in rig operating rates. Using typical costs
for an MWD system as a guide, this analysis assumes use of a downhole drilling

system would result in doubling geothermal rig rental rates.

Pipe Handling
The pipe handling system handles the pipe from the pipe rack to the well.
It would move pipe from the pipe rack to the V-door and into the derrick. It

would also trip pipe 7into and out of the well, and add joints to the drill
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string as needed while drilling. Measurements would include hook load,
travelling block position, and trip tank volume. The system would also
receive input from other rig systems, specifically the bit control and rig
hydraulics.

The AI system would interpret measurements to identify tight spots,
obstructions, well swabbing, kicks, and other things that could occur during
drilling. If immediate action were necessary, the system would determine what
action to take and implement it.

Many of the components of an intelligent pipe handiing system, shown in
Figure 4-3, already exist in the drilling industry. An automated pipe-
handling system was developed over 25 years ago (Kennedy, 1971). Peltier
(1987) discusses a system used by E1f Aquitane for on-line measurement and
processing of information during pipe tripping. Since most of the components
are within the realm of existing technology, the primary lack is the Al
controller that Tink them.

An intelligent pipe handling system would improve the efficiency and
speed of tripping pipe into the well, although the savings here are limited to
reducing the amount of time neéded to make a connection. The actual speed of
raising and Towering the drill pipe is not 1imited by equipment, but rather is
set to prevent swabbing the well. The pipe handling system could also detect
and take immediate action to prevent some stuck pipe incidents. Twist offs
may also be prevented since the torque used in making pipe connections on the
rig floor would be better controlled. For the purposes of this analysis, the
goal for reduction in tripping time is 50 percent. Other savings assumed are
a 25 percent reduction in instances of stuck pipe and twist off. It is
assumed that the robotic pipe handling system would result in a 10 percent

increase in rig rental rates. This figure is a result of higher equipment
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costs but potentially significant reductions in labor and insurance costs.

Pipe Inspection

Drill pipe failure, leading to twisting off of pipe in the well, is a
serious problem in geothermal drilling. A twist off usually occurs at a tool
joint that has weakened, possibly due to incorrect make-up torque or hostile
well conditions. Current practice is to flux test drill collars and tool
joints on the surface of the well when a problem is suspected (often after a
twist off has occurred).

Kahil and Logan (1986) describe an electromagnetic tubing inspection
device that tests pipe as it passes through the wellhead. This system, the
Wellhead Scanalog (offered by Baker Tubular Services), has the capability to
inspect 2-3/8 and 2-7/8 inch tubing for mechanical wear and corrosion. The
device measures the wall thickness of the pipe and a computer identifies areas
of non-uniform wall thickness.

For geothermal applications, a system capable of handling 5- to 6-inch
drill pipe and drill collars would be necessary. In addition, the possibility
of measuring parameters other than wall thickness, such as internal defects,

would be useful. These measurements could be made as the pipe was tripped

into or out of the well, and a computer wou]d evaluate the "signature" of the
pipe and identify joints where defects existed.

An optimistic goal for the impact of such a system would be to reduce the
occurrences of twist off by 90 percent. It is anticipated that this system
would be used primarily in the drilling of the pkbduction zone, and would
result in a 25 percent increase in rig rghta] rates in the production zone.

It should be noted that the operating:¢6§t'of,thfs type of system will depend
strongly on whether the system is operated by service companies or by rig

personnel.
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Well Hydraulics

The hydraulics system is controls the circulation of the drilling mud
during the drilling operation. The properties of the mud (i.e., viscosity,
density, solids, chemistry) must be maintained within certain ranges,
otherwise drilling performance can suffer.

The components of the hydraulics system include:

o Mud Pump - provides the energy to pump the mud down the drill pipe and
return it up the annulus

0 Mud Pits - serve as storage area for extra mud not in the well

o Shale Shaker - screens out cuttings from the returned mud
Many geothermal rigs also use a mud cooling system once high temperature
geothermal zones are encountered.

Potential applications of Al to mud systems would incorporate sensors to
monitor mud conditions and current drilling status, and would include a data
base of formation properties and previous drilling history where available.

An "intelligent" controller would take the above information, select the
correct course of action, and send signals to an automated system for mixing
mud and adding ingredients as necessary to attain the selected properties. In
addition, a system for identifying problem conditions and setting off alarms
would be incorporated. One possible configuration of such a system is shown
in Figure 4-4. ‘

Most of the components of this intelligent dri11fng mud system already
exist in the marketplace. Coﬁputeriied mud 1oggérs measure properties (both
electrical and rheological) of dril]ingff1uids_for‘ana]ySis. Automated mud
mixing systems (with manual control) have been available in the industry since
the late 1960s (Halliburton Services, 1969). NL Baroid’s MUDMAN, described in
Section 4.1.3, is a software version of a program that would monitor mud

properties and recommend steps of action.
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Potential savings from an intelligent mud system could include improved
drilling efficiency, reduction in mud-related well problems, and savings on
drilling mud costs. Such a system could also be developed with the capability
to monitor cementing operations, thereby identifying related problems early in
the operation. Since the system would be able to respond to problems more
quickly than a human operator, it would probably be more effective in
preventing drilling accidents. Therefore, the following savings goals for an
automated mud system are assumed in this analysis: 10 percenf increase in
rate of penetration below the conductor casing, no hole sloughing, and 50
percent reduction in lost circulation and stuck pipe. In addition, since the
automated hydraulic system could be used to monitor cementing operations,
thereby identifying problems sooner than otherwise, a reduction of 50 percent
in the time and cost of cementing problems is also assumed. To account for
the additional expense of automating the mud system, a 100 percent increase in

daily mud maintenance costs is assumed.

Well Pressure Control

Well pressure control equipment is used to control the well in the
instances of a well kick or blowout. Although this is an integral part of the
rig hydraulics system, it is treated as a separate entity because it would be
possible to develop an automated system for blowout control, independent of
the mud hydraulics system.

The components of an intelligent well pressure control system would
include sensors for monitoring well pressure and fluid density, algorithms for
recognizing when conditions are unsafe, and controls to operéte blowout
preventers and weight mud as (Figure 4-5). A1l of these components, with the
exception of the control mechanism, already have been developed. One expert

system (WELLSAFE) has been developed for controlling well kicks.
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Potential savings from intelligent well pressure control would be
realized from cost reductions associated with well kicks and blowouts. As
this problem is much more serious in 0il and gas drilling, limited application
for such a system would exist in geothermal drilling. For this reason, the

potential cost savings of such a system are not calculated. “
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CHAPTER 5: CALCULATION OF POTENTIAL SAVINGS

5.1 Method of Drilling Cost Calculation

Calculation of drilling costs in this analysis was accomplished with the
use of DRILTAC, a public-domain well design and costing spreadsheet developed
by Resource Technology, Inc., of Tulsa. A description of DRILTAC is included
in Appendix A. In developing DRILTAC, Resource Technology conducted extensive
research to obtain drilling equipment and services costs (circa mid-1985) that
are included in the DRILTAC user’s manual (Resource Technology, Inc., 1986).
These data were used to calculate drilling costs in this study.

Minor modifications to DRILTAC were necessary, specifically to enable the
spreadsheet to account for eight categories of drilling problems. These
problems were included in the drilling cost calculation by applying estimates
of average time and cost per problem occurrence, adjusted for the probable
number of occurences per wé]]. With this technique, drilling problems
manifested themselves as a direct increase in drilling time plus cost
increases due to both the direct cost of the problem and the indirect cost of

rental for "down" time.

5.2 Base Case Scenarios

To calculate a representative estimate of geothermal drilling cost
savings, three base case scenarios were assembled: a steam well at The
Geysers, a 6,000-foot hot water well in the Imperial Valley, and a 10,500-foot
Imperial Valley well. These base cases are not ideal, instead they have been
devised to represent the characteristics of an average or typical well of each
type. The well descriptions are based on interpretations of published
reports, open-file well records from the California Division of Oil and Gas,

and other publicly available drilling summaries.

57




5.2.1 Geysers Well

The Geysers geothermal reservoir is a dry steam field where water exists
in the reservoir at high temperature and below saturation pressures. The
geothermal reservoir formation is primarily highly fractured Franciscan
graywacke, interlayered with basaltic volcanic rocks and serpentine
(McLaughlin and Staniey, 1975). The fractures serve as conduits for the
geothermal steam which convects heat from a deep heat source toward the
surface. A successful geothermal well at The Geysers is determined by whether
it intersects enough fractures to supply adequate steam production.

Geothermal wells at The Geysers are usually drilled directionally, with
multiple wells drilled from a single pad. The use of multiple well platforms
reduces surface environmental damage and eases access into the mountainous
terrain. Directional drilling, if normal to the preferred fracture
orientation, is also more likely to intersect fractures.

Wells at The Geysers are usually mud drilled to 4,000 to 6,000 feet
(often with downhole mud motors) to the top of the geothermal reservoir, then
conventionally air drilled the final 3,000 to 4,000 feet (Capuano, 1982).
Difficulties encountered in drilling include lost circulation, stuck pipe,
drill pipe corrosion, and the high temperature and abrasiveness of the
formations.

The base case Geysers well was derived from published reports (Carson and
others, 1983; Capuano, 1982) and from well records on file at the office of
the California Division of 0i1 and Gas in Sacramento. Figure 5-1 shows the
basic design of the well. The input data to DRILTAC and the cost assumptions
are included in Appendix B. The assumed frequency and associated time and
costs of drilling problems, presented in Table 5-1, were derived by

interpreting data presented in Carson and Lin (1982).
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DRILLING PROBLEMS Occurrences| Hours lost |{Direct cost

09

Problem Type per well | /occurrence|/occurrence (1)

Lost Circulation 0.92 54.00 20000.00
Casing - - 0.10 42.00 10000.00
Cementing 0.54 48.00 20000.00
Fishing 0.26 72.00 5000.00
Side Tracking 0.26 96.00 40000.00
Twist Off 0.24 114.00 30000.00
Stuck Pipe . 0.49 78.00 30000.00
SToughed Hole 0.16 54.00 5000.00
NOTE: (1) Direct cost excludes hourly costs for rig rental and other

charges not directly associated with the problem. Examples
of direct charges are: service company experts to solve the
problem, lost drilling fluid, LCM, additional cement
materials, replacement casing hardware, and replacements for
drill pipe and other hardware lost in the hole.

Table 5-1
ASSUMED FREQUENCY AND AVERAGE COST OF DRILLING PROBLEMS FOR
THE GEYSERS BASE CASE WELL -




The summary time and cost analysis from DRILTAC for the base case Geysers
well, excluding drilling problems, is shown in Table 5-2. Table 5-3 shows the
base case well with drilling problems. For the base case with problems, a
9,000-foot well (using mid-1985 costs) costs approximately $1.5 million and
requires 56 days to drill. Drilling problems account for 8 1/4 days and about
$200,000 (14 percent) of the total cost.

5.2.2 Imperial Valley Wells

The Imperial Valley of California lies within the Salton Trough, the
northern extension of the Gulf of California and a result of a continental
spreading center. At the southern end of the Salton Trough is Cerro Prieto,
and large Mexican geothermal development. The Imperial Valley contains a
number of geothermal fields under active exploration and development (Figure
5-2).

The geothermal fields of the Imperial Valley exhibit similar geologic
parameters although they may vary in depth, temperature, and brine chemistry.
The properties of the various Imperial Valley geothermal fields are listed in
Table 5-4. The geothermal reservoirs in the Imperial Valley are primarily
sandstone, exhibiting a combination of matrix and fracture permeability.
Overlaying the geothermal reservoirs is ap impermeable clay cap, below which
the clay content gradually decreases to ﬂhe middle of the reservoir. At the
bottom of the reservoir, formation permeability decreases sharply. Based on
drilling in Cerro Prieto and the Salton §eé Sciéntific.Drilling Program well
(Aguirre and Garcia, 1981; Harper and Ragb, 1986); wells that penetrate below
the normal production wells encounter zones of fracture-dominated permeability
and low pressure. Since almost aT]'of the drilling conducted in the Imperial
Valley has been done recently by private industry, detailed public information

on the drilling problems is not available. In the Cerro Prieto geothermal
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CALCULATION AREA 4. INDIVIDUAL OPERATION
Time and Cost Analysis

Operation Oper. Total Time Percent Total Time| Oper. Total Cost Percent total Cost
(Hrs.) (%) () (%)
8 Road and Site Prep. 0 0.00% 63550.00 5.05%
9 Drilling Operations 755 65.82% 487205.00 38.68%
10 Bits/Cutters 19 1.66% 95054.00 7.55%
11 BHA 70 6.10% 45493.00 3.61%
12 Tripping Operations 63 5.49% 38066.00 3.02%
13 Auxiliary Operations 45 3.92% 31918.00 2.53%
14 Drilling Fluids 0 0.00% 77350.00 6.14%
15 Casing Operations 64 5.58% 216905.00 17.22%
16 Cementing Operations 131 11.42% 152855.00 12.14%
17 Maintenance 0 0.00% - 0.00 0.00%
18 Drilling Problems 0 0.00% 0.00 0.00%
19 Other 0 0.00% 51200.00 4.06%
20
21 Total Program 1147 100.00% $1,259,596.00 100.00%
22
Table 5-2
CALCULATED TIME AND COST ANALYSIS FOR TROUBLE-FREE
GEYSERS WELL
CALCULATION AREA 4. INDIVIDUAL OPERATION
Time and Cost Analysis
Operation Oper. Total Time Percent Total Time[ Oper. Total Cost Percent total Cost
(Hrs.) (%) ($) (%)

8 Road and Site Prep. 0 0.00% 63550.00 4.35%
9 Drilling Operations 755 56.13% 487205.00 33.38%
10 Bits/Cutters 19 1.41% 95054.00 6.51%
11 BHA 70 5.20% 45493.00 3.12%
12 Tripping Operations 63 4.68% 38066.00 2.61%
13 Auxiliary Operations (1) 163 12.12% 140006.00 9.59%
14 Drilling Fluids (2) 0 0.00% 105062.00 7.20%
15 Casing Operations (3) 68 5.06% 220663.00 15.12%
16 Cementing Operations (4} 157 11.67% 180679.00 12.38%
17 Maintenance 0 0.00% : 0.00 0.00%
18 Drilling Problem (5) 50 3.72% 32630.00 2.24%
19 Other ] 0.00% 51200.00 3.51%
20
21 Total Program 1345 100.00% $1,459.608.00 100.00%
22 v :

NOTES: Due to the manner in which DRILTAC was deslgned, it was necessary to modify it to handle drilling
problems. Therefore, problems have been incorporated into the various drilling operations as described

in the notes.

(1) I:c}udes time and direct costs for fishing, srde track\ng, twist off stuck pipe, and sloughed
ole

(2) Includes direct costs for lost c1rculat10n.

(3) Includes time ‘and direct costs for casing problems.

(4) Includes time and direct costs for cementing problems

(5) Includes time for lost circulation.

Table 5-3
CALCULATED TIME AND COST ANALYSIS FOR “AVERAGE”
GEYSERS WELL
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RIVERSIDE COUNTY

tMPERIAL

Flgure 5-2

MAP OF IMPERIAL VALLEY UEOTHERMAL AREAS

SOURCE: Carson and others (1983)
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79

Approximate

Existing Capacity Estimated
Geothermal Plant Under Capacity Approx. Typical Approximate
Area Capacity Construction (MWe for Temp. Well Depths Salinity
(MWe net) (MWe net) 30 years) (F) (feet) (TD - ppm)
Brawley - - 640 500 7,000-14,000 | 70,000-200,000
East Mesa 12.5 78 360 360 5,000-8,500 14,000-20,000
Heber 92 - 650 370 5,000-11,000 |- 2,000-50,000
Salton Sea 44.5 104 3,400 550 3,000-10,000 |250,000-350,000
Westmoreland - - 1,710 400 10,000+ ?
SOURCES: U.S. Geological Survey (Circular 790)

Petroleum Information, National Geothermal Service
Bookhaven National Laboratory

Table 5-4
CHARACTERISTICS OF IMPERIAL VALLEY GEOTHERMAL FIELDS




field to the south, the most serious problems are lost circulation, cementing,

and temperature-related failures (Aguirre and Garcia, 1981).

Medium-Depth Imperial Valley Well

The well design for the base case, medium-depth Imperial Valley well was
based loosely on the Imperial Valley model wells presented by Carson and
others (1983) with input from private sources. The well design is presented
in Figure 5-3 and the detailed inputs to the DRILTAC costing spreadsheet are
included in Appendix B. The assumed drilling problems summary for the
Imperial Valley well is shown in Table 5-5. This information was partially
based on data presented by Carson and Lin (1982), but generally was estimated
with the understanding that geothermal drilling in the Imperial Valley is
relatively trouble-free when compared to other areas.

Summary time and cost analyses are presented in Tables 5-6 and 5-7.
Including the average effects of drilling problems, the base case Imperial
Valley well to 6,000 feet costs approximately $840,000 and requires 24 1/2
days to drill. Of this, approximately $85,000 (10 percent) in direct and

indirect costs and four days can be attributed to drilling problems.

Deep Imperial Valley Well

The well design for the base case, deep Imperial Valley well, is shown in
Figure 5-4. This well is based loosely on the Salton Sea Scientific Drilling
Project (SSSDP) well drilled by thevU;S. Departhent of Energy in 1985-86
(Nicholson, 1986). Every effort WAs made to factor out the scientific aspects
of the drilling operation used in theASSSDP well in order to simulate, as
closely as possible, a commercial well dfi]led to tap the same resource. The
details of the well plan used in the DRILTAC calculations are included in

Appendix B. The assumed drilling problem summary is shown in Table 5-8. This
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DRILLING PROBLEMS Occurrences | Hours lost Direct cost
per well /occurrence | /occurrence(l)
Lost Circulation 0.20 30.00 20000.00
Casing 0.10 . 42.00 10000.00
Cementing 0.30 48.00 20000.00
Fishing 0.20 72.00 5000.00
Side Tracking 0.05 96.00 40000.00
Twist Off 0.20 114.00 30000.00
Stuck Pipe 0.30 78.00 30000.00
Sloughed Hole 0.05 54.00 5000.00
NOTE: (1) Direct cost excludes hourly costs for rig rental and other

charges not directly associated with the problem. Examples of
direct charges are: service company experts to solve the
problem, lost drilling fluid, LCM, additional cement materials,
replacement casing hardware, and replacements for drill pipe and
other hardware lost in the hole.

Table 5-5
ASSUMED FREQUENCY AND AVERAGE COST OF DRILLING PROBLEMS FOR
MEDIUM-DEPTH IMPERIAL VALLEY BASE CASE WELL
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CALCULATION AREA 4.

INDIVIDUAL OPERATION
Time and Cost Analysis

Operation Oper. Total Time | Percent lotal Time Oper. Total Cost| Percent Total Cost
(Hrs.) (%) ($) %

8 Road and Site Prep. 0 0.00 24800.00 3.30%
9 Drilling Operations 249 50.40% 135590.00 18.05%
10 Bits/Cutters 8 1.62% 53667.00 7.15%
11 BHA 25 5.06% 13650.00 1.82%
12 Tripping Operations 23 4.66% 12247.00 1.63%
13 Auxiliary Operations 30 6.07% 46380.00 . 6.18%
14 Drilling Fluids 0 0.00% - 33915.00 4.52%
15 Casing Operations 76 15.38% 306615.00 40.83%
16 Cementing Operations 83 16.80% 87448.00 11.64%
17 Maintenance 0 0.00 0.00 0.00%
18 Drilling Problems 0 0.00% 0.00 0.00%
19 Other 0 0.00% 36700.00 4.89%
20

21 Total Program 494 100.00% $751,012.00 100.00%

Table 5-6

CALCULATED TIME AND COST ANALYSIS FOR TROUBLE-FREE

MEDIUM DEPTH IMPERIAL VALLEY WELL

CALCULATION AREA 4. INDIVIDUAL OPERATION
Time and Cost Analysis

Operation Oper. Total Time Percent Tota] Time Oper. Total Cost| Percent Total Cost

(Hrs) ($) %
8 Road and Site Prep. 0 0.00% 24800.00 2.96%
9 Drilling Operations 249 42.35% 135590.00 16.21%
10 Bits/Cutters 8 1.36% 53667.00 6.42%
11.BHA 25 4.25% 13650.00 1.63%
12«Tripping Operations 23 3.91% 12247.00 1.46%
13 Auxiliary Operations (1) 99 16.84% 101813.00 12.17%
14 Drilling Fluids (2) 0 : - 0.00% 43477.00- 5.20%
15 Casing Operations (3) 80 13.61% . 309908.00 37.05%
16 Cementing Operations (4) 98 16.67% 101311.00 12.11%
17 Maintenance 0 0.00% 0.00 0.00%
18 Drilling Problems (5) 6 -1.02% 3276.00 0.39%
;g Other 0 , 0.00% 36700.00 4.39%
21 Total Program 588 - ] 100 00% 8836,439 00 100.00%
NOTES: Due to the manner in which DRILTAC was desigﬁ‘ﬂ, it was necessary to modify it to handle drilling

?roblems Therefore, problems have been incorporated into the various drilling operations as described
n the notes.

(1)

gngludes time and direct costs for fishing, side tracking, twist off, stuck pipe, and sloughed
ole

Includes direct costs for Yost circulation. ,

Includes time and direct costs for casing problems

Includes time and direct costs for cementing problems

Includes time for lost circulation.

Table 5-7

CALCULATED TIME AND COST ANALYSIS FOR “AVERAGE”

MEDIUM-DEPTH IMPERIAL VALLEY WELL
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DRILLING PROBLEMS Occurrences| Hours lost Direct Cost

Problem Type per well Joccurrence | /occurrence(l)
Lost Circulation 3.00 54.00 20000.00
Casing 0.15 42.00 10000.00
Cementing 0.60 48.00 20000.00
Fishing 0.40 72.00 5000.00
Side Tracking 0.15 96.00 40000.00
Twist Off 0.40 114.00 30000.00
Stuck Pipe 0.75 78.00 30000.00
Sloughed Hole 0.05 54.00 5000.00
NOTE: (1) Direct cost excludes hourly costs for rig rental and other

charges not directly associated with the problem. Examples of
direct charges are: service company experts to solve the
problem, lost drilling fluid, LCM, additional cement materials,
replacement casing hardware, and replacements for drill pipe and
other hardware lost in the hole.

Table 5-8
ASSUMED FREQUENCY AND AVERAGE COST OF DRILLING PROBLEMS FOR
THE DEEP IMPERIAL VALLEY BASE CASE WELL
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data was loosely derived from experiences in the SSSDP and generalized
information on drilling in the Imperial Valley.

The calculated cost summaries for a deep Imperial Valley well, without
and with problems, are shown in Tables 5-9 and 5-10, respectively. The
10,500-foot base case well costs about $2.0 million and requires.over 69 days
to drill. Of these totals, drilling problems account for approximately
$350,000 in direct and indirect costs (17.5 percent) and 14 1/2 days of added

time on location.

5.3 Calculations
5.3.1 Summary of Cost Savings

The 13 Al systems and their projected goals for cost savings (described
in Chapter 4 and summarized in Table 5-11) were applied to the three base case
geothermal well scenarios to calculate the savings in overall drilling costs
for the base case wells. ‘The individual results were then combined based on
potential near- and Tong-term impacts.

Near-term impacts were defined as those that could have an impact within
three years. Because of the lead time needed to design and develop hardware
systems, it is Tikely that only the expert systems could be commercialized
within this time frame. To calculate overall average impacts of near-term
projects, the following weighting system was used to average the savings of
the three base case‘scenarios: 50 pék¢ent for Thé‘Geysers well, 25 percent
for the Imperial Valley mediuqu§pth Qe11,;aﬁd‘25 percgnt for the deep
Imperial Valley well. Thesé Qéiéhts Wérelchosénlﬁh 1igﬁ£ of the projected
drilling activity describéd in Chapter53.

A1l projects were included in'the category of possible long-term impacts.
Since it is expected that the Imperial Valley wa] begin to play a Targer role

in geothermal development toward the end of this century, different weightings

71



CALCULATION AREA 4.
INDIVIDUAL OPERATION
Time and Cost Analysis

Operation Oper. Total Time | Percent Total Time| Oper. Total Cost | Percent Total Cost
(Hrs.) (%) ($) (%)
8 Road and Site Prep. 0 0.00 34750.00 2.13%
9 Drilling Operations 707 53.68% 441518.00 27.10%
10 Bits/Cutters - 31 2.35% 168283.00 10.33%
11 BHA 60 4.56% 37500.00 2.30%
12 Tripping Operations 184 13.97% 112261.00 6.89%
13 Auxiliary Operations 41 ' 3.11% 33125.00 2.03%
14 Drilling Fluids 0 0.00% 88765.00 5.45%
15 Casing Operations 118 8.96% 438238.00 26.90%
16 Cementing Operations 176 13.36% 211379.00 12.98%
17 Maintenance 0 0.00 0.00 0.00%
18 Drilling Problems 0 0.00% 0.00 0.00%
;g Other 0 0.00% 63200.00 3.88%
21 Total Program 1317 100.00% $1,629,019.00 100.00%
Table 5-9

CALCULATED TIME AND COST ANALYSIS FOR TROUBLE-FREE
DEEP IMPERIAL VALLEY WELL

CALCULATION AREA 4.
INDIVIDUAL OPERATION
Time and Cost Analysis

Operation Oper. Total Time| Percent Total Time| Oper. Total Cost [ Percent Total Cost
(Hrs.) (%) ($) (%)
8 Road and Site Prep. 0 0.00 34750.00 1.76%
9 Drilling Operations 707 42.49% 441518.00 22.37%
10 Bits/Cutters 31 1.86% 168283 .00 8.53%
11 BHA 60 3.61% 37500.00 1.90%
12 Tripping Operations 184 11.06% 112261.00 5.69%
13 Auxiliary Operations(1) ) 191 11.48% 169625.00 8.59%
14 Drilling Fluids (2) 0 0.00% 160390.00 8.13%
15 Casing Operations (3) 124 - 7.45% 443676.00 22.48%
16 Cementing Operations (4) 205 - 12.32% 241379.00 12.23%
17 Maintenance 0 0.00% 0.00 0.00%
18 Drilling Problems (5) - 162 9.74% 101250.00 5.13%
19 Other 0 0.00% 63200.00 3.20%
20
21 Total Program 1664 " 100.00% $1,973,832.00 100.00%
NOTES: Due to the manner in which DRILTAC was designed, it was necessary to modify it to handle drilling

problems. Therefore, problems have been incorporated into the various drilling operations as described

in the notes. : v o

(1) Includes time 'and direct costs for fishing, side tracking, twist off, stuck pipe, and sloughed
hole.

(2) Includes direct costs for lost circulation.

(3) Includes time and direct costs for casing problems.

(4) Includes time and direct costs for cementing problems.

{5) Includes time for lost circulation.

Table 5-10
CALCULATED TIME AND COST ANALYSIS FOR “AVERAGE”
DEEP IMPERIAL VALLEY WELL '
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were used to calculate average impacts on overall drilling cost. For long-
term effects all base case scenarios were weighted equally, resulting in the
Imperial Valley as a whole being twice as important as The Geysers.

Table 5-12 presents the result of the individual costing runs for each
base case and AI application along with the weighted average potential savings
for the near- and long-term. Savings are expressed both as weighted-average

percent and dollars.

5.3.2 Sensitivity of the Results

The potentiaT savings attributed to each AI application are merely a
reasonable goal that could be used in planning the R&D for that project.
There is a large degree of uncertainty in defining these goals, and any
individual would probably have developed a different set of estimates. To
allow the reader to apply different goals for Al systems, sensitivity studies
were run on most of the afeas of savings to show the specific impact of each
(refer to Figures 5-5 to 5;10). By comparing the impact for the case assumed
in this study to a different reasonable value, the reader could modify the
predicted savings in drilling costs based on different reasonable savings
goals.

For example, the intelligent bit control system has, as a goal, to
increase rate of penetration by 100 percent. A 100 percent increase in rate
of penetration, by itself, yields avweighted savings of about 16 percent in
the long-term (from Figure 5-7). Ffom Figure 5-7, a 50 percent reduction in
rate of penetration would result in long-term weighted savings of 11 percent,
a drop in savings of 5 percent. To get an idea of the effect of substituting
50 percent increase in rate of penetration for the 100 percent'assumed in the
analysis, merely subtract the 5 percent marginal savings from the overall

predicted savings of 4.6 percent, for a resultant decrease in drilling costs
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PERCENT DECREASE IN COST FROM BASE WELL AVERAGE SAVINGS :
SHORT TERM WEIGHTING LONG TERM WEIGHTING
SYSTEM DESCRIPTION IMPERIAL
GEYSERS SSSpp VALLEY PERCENT $/WELL PERCENT $/WELL
BIT OPTIMIZATION ES 7.98 7.25 4.80 7.00 104054 6.68 99911
MUD OPTIMIZATION ES 7.25 9.08 4.24 6.96 106585 6.86 106838
BHA DESIGN ES 4.80 4.32 3.22 4.29 63083 4.11 60756
LOST CIRCULATION ES 3.71 6.95 1.92 4.07 65387 4.19 69132
CASING DESIGN ES 2.36 1.78 4.34 2.71 35083 2.83 35295
STUCK PIPE ES 2.42 3.29 1.89 2.51 37849 2.53 38691
FISHING ES 1.36 1.48 1.48 1.42 20324 1.44 20481
CEMENT DESIGN ES 1.01 .80 .88 .93 ~ 13159 .90 12631
CEMENT PROBLEMS ES .64 .50 .52 .58 8226 .55 7854
AUTOMATED BIT CONTROL 5.59 5.86 2.35 N/A N/A 4.60 72306
AUTOMATED RIG HYDRAULICS 3.14 5.51 1.18 N/A N/A - 3.28 54821
AUTOMATED PIPE HANDLING .30 2.49 .50 N/A N/A 1.10 19237
AUTOMATED PIPE INSPECTION .17 -.23 23 N/A N/A -.10 -1459
~J
o -Table 5-12

SUMMARY OF PREDIC

TED SAVINGS FROM Al SYSTEMS
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of 0.4 percent. It should be noted that this is only an approximation of what
savings would occur under the new assumptions. For Al systems with savings
predicted in more than one area, the savings may not be independent, and the
effect of changing one goal may increase or decrease the impact of the other
goals. |

Within the ranges of savings predicted for each Al system the most
sensitive parameters are the rig rental rate and the rate of penetration (as
can be seen from Figures 5-5 to 5-10). Predictions of savings based on

assumed changes in these parameters must be used with care.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary of Results

Table 6-1 summarizes the near- and long-term potential savings that could
be realized from the particular artificial intelligence systems, assuming the
attainment of the performance goals specified for each in Chapter 4. Savings
for each are divided into low (less than 2 percent), medium (between 2 and 4

percent) and high (greater than 4 percent).

6.2 Discussion of Specific Systems

The AI systems evaluated in this report are reviewed in this section in
order of decreasing predicted savings. Specific matters disgussed for each,
where appropriate, are the reliability of the assumptions used in determining
the savings, the current status of Al systems in the particular area, and the

research needed to extend the system to geothermal applications.

6.2.1 AI Systems for Near Term Cost Reduction
Expert System for Drill Bit Optimization

The expert system for drill bit optimization scored the highest of all

systems evaluated in this study with an estimated cost savings of 7 percent
using near-term weighting. This is based on an assumption that the expert
system would lead to a 25 percent decrease in rotating costs. Since drilling
costs per foot are a major factor in overall drilling costs, the true savings
that could be realized from an expert system for bﬁt control may be
substantially lower or'higher than cé]cu]atéaAin this analysis.

In the oil industry, We11-recogniied te@hniqués‘based on offset drilling
records exist for optimizing drill bit seTectioh and operation. It is likely

that these techniques apply directly to geothermal drilling. Although no
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Bit Optimization ES
Mud Optimization ES
BHA Design ES

Lost Circulation ES

Mud Optimization ES
Bit Optimization ES
Robotic Bit Control
Lost Circulation ES
BHA Design ES

MEDIUM
<4%
>2%

Casing Design ES
Stuck Pipe ES

Robotic Rig Hydraulics
Casing Design ES
Stuck Pipe ES

Fishing ES
Cement Design ES
Cement Problems ES

Fishing ES

Robotic Pipe Handling
Cement Design ES
Cement Problems ES.
Robotic Pipe Inspect.

Table 6-1

SAVINGS OF ARTIFICIAL INTELLIGENCE SYSTEMS
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expert system for bit optimization was identified in this study, based on the
potential savings to be realized it is likely that either: (1) proprietary
systems have been developed; (2) no system exists, but manual methods are
adequate and the use of an expert system is not necessary; or (3) the
potential savings predicted in this study (based on Adams, 1985)‘are too
optimistic. RECOMMENDATION: Let the oil industry develop this system and

transfer it to geothermal if appropriate.

Expert System for Mud Optimization

The potential savings from an expert system for mud optimization are
almost as high as those described above under bit optimization (6.96 versus
7.00 percent). Important assumptions for thi§ system are the 10 percent
increase in rate-of-penetration and the fact that there was no increase in
charges for implementation of the system.

At least one widely offered expert system exists for mud optimization in
oil and gas drilling--NL Baroid’s MUDMAN. To develop such a system for
geothermal applications, the most obvious method would be to extend the
capabilities of an existing system (be it MUDMAN or another) to include data
for geothermal drilling fluids and reservoir conditions. Including air as a
drilling fluid in the system would also be a benefit to the geothermal
drilling industry. RECOMMENDATION: If an existing expert system for mud
design and monitoring could be customized for geothermal drilling, including

air drilling, it would be a worthwhile project.

Expert System for Bottom Hole Assembly Design

The assumptions used as goals in calculating potential savings for this
system are fairly reasonable. If such a system were developed for 0i1 and gas
drilling, it would probably be readily applicable to geothermal drilling in

the Imperial Valley. However, the conditions at The Geysers--highly abrasive
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rock, high-speed turbodrilling, and air drilling--are not typical of oil and
gas applications.

An expert system could be developed that would couple a knowledge base
with a dynamic drill string model (such as Sandia’s GEODYN (Baird and others,
1984)) to optimize the BHA design for efficient drilling while minimizing the
frequent problem of severe vibrations. RECOMMENDATION: An expert system for
BHA design is an attractive possibility for R&D.

Expert System for Lost Circulation

The expert system for lost circulation scored the highest of all proposed
Al systems which addressed drilling problems. This is appropriate since lost
circulation is generally accepted as the overall most serious problem in
geothermal drilling. GEOTHERM, the preliminary prototype expert system
developed by Sandia National Laboratories, is at present not field worthy. It
needs significant expansion of its capabilities for diagnosing lost
circulation, selecting lost circulation materials (LCMs) based on well and
formation characteristics, and preventing lost circulation (Satrape, 1987).
While lost circulation is also a serious prbb]em in the oil industry
(Messenger, 1981), an expert system developed to handle lost circulation in
0il and gas wells would not be readily applicable to geothefma] drilling due
to the very different conditions associated with geothermal wells (i.e., low-
pressured reservoirs, widespread fractured Formations, and high temperatures).
RECOMMENDATION: The possibility of expanding GEOTHERM to handle diagnosis,
prevention, and selection of LCM‘baséd_on cbhditions in the well should be

considered.

Casing Design Expert System

The assumptions used to calculate the potential of a casing design expert
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system were that, for the particular cases studied, the system would recommend
a different well design (200 feet shallower intermediate hole, less expensive
production casing). These were conditions set to determine potential savings
that could be realized if a well were over-designed. In reality, the savings
associated with a casing design expert system would be more associated with
overall field development--larger, more productive wells would be more
expensive but would reduce the number of wells needed. RECOMMENDATION:

Before developing an expert system for casing design, a detailed analysis
should be conducted considering field development practices and costs and the

possible areas for improvement.

Expert System for Stuck Pipe

An expert system to handie and prevent stuck pipe problems may have
moderate impact on the overall cost of géotherma] drilling. Teknowledge has
developed SECOFOR for oil and gas applications, and E1f Aquitane, the project
sponsor, obviously believes that the potential savings were worth the cost of
development. Such a system may be applicable to geothermal applications
without significant additional effort. RECOMMENDATION: An expert system for

handling stuck pipe problems is likely to be a worthwhile development; before

embarking on such a project, the possibility of obtaining license to SECOFOR

should be explored.

Other Systems

Expert systems for fishing,‘cement,design, and cement problems show
potential savings signiffcant]y less than the Othef systems éva]uated in the
study. RECOMMENDATION: Unless daté available at a later time indicateé
that greater savings could be rea]ized‘fhom these systems, they should not be

developed at the expense of those systems with greater potential.
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6.2.2 Al Systems for Long-Term Cost Reduction
Expert System for Mud Optimization

See discussion in Section 6.2.1.

Expert System for Bit Optimization

See discussion in Section 6.2.1.

Intelligent Bit Control

Based on the assumptions used in this analysis, a system for robotic bit
control has the potential to reduce overall drilling costs by 4.6 percent.
However, this estimate is very sensitive to the assumptions for reduced
rotating costs and increased rig rental rate. Because of the likely high
development cost, this system will probably only be developed for application
in expensive offshore and remote environments. RECOMMENDATION: Before
embarking on an expensive R&D project to develop an automated bit control

system, a detailed analysis of costs and benefits of the system is warranted.

Expert System for Casing Design

See discussion in Section 6.2.1.

Expert System for Bottom Hole Assemble Design

See discussion in Section 6.2.1.

Intelligent Rig Hydraulics System

Based on the savings assumed in this analysis, a robotic rig hydraulics
system would result in average drilling cost savings of about 3.3 percent per
well. As for the case of the robotic bit control system, these savings could
be markedly different depending on the costs of implementing such a system.
On the positive side, it should be noted that many of the components for this

system already exist in the drilling industry today, including an automatic
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mixing system, continuous measurement of mud properties, and expert systems
for mud monitoring and design. Missing is a system that would Tink all of
these and operate at the rig site. RECOMMENDATION: A thorough evaluation of
costs and benefits of this system is in order before substantial funds should

be spent on R&D.

Expert System for Casing Design

See discussion in Section 6.2.1.

Expert System for Stuck Pipe

See discussion in Section 6.2.1.

Other Systems

Unless revised cost and/or savings assumptions are warranted, the
development of intelligent pipe handling and pipe inspection systems will not
result in significant savings in drilling geothermal wells and is not
recommended. The assumed cost of using these systems outweighs the Tikely

benefits that could accrue.

6.3 Recommendations
6.3.1 Development of Al Systems

Based on the results of the ana]jsis conducted in this study and
described elsewhere in this report,‘éxpert systems for bottom-hole assembly
design and Tlost circulation control could result in significant savings in
geothermal drilling and should be coﬁsidefedvfor R&D funding. Expert systems
for bit optimization, mud optimization, ahd stutk'pipe are also worthwhile
projects, but R&D funding should wait until thesé systems can be transferred
from the 0il drilling industry where théy either exist or are likely to be
developed in the near future. Detailed analysis, emphasizing both potential

savings and likely costs, is recommended before funding projects to develop an
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intelligent bit control system, an intelligent mud system, and an expert
system for casing design. Development of other systems evaluated in this

study is not recommended at this time.

6.3.2 Other Recommendations

Much of the analysis in this study was based on reasonable assumptions
and very limited hard data. The reliability of the base case models,
in particular the drilling problems assumptions, could be greatly improved if
more data (and more recent data) on actual wells were available. This is
especially true for the Imperial Valley wells.

DRILTAC, the well design and costing spreadsheet used in this analysis,
was indispensable in calculating the potential savings from the various Al
applications. Its value as a R3D strategy and planning tool would be greatly
enhanced with the following modifications:

o The spreadsheet should be modified to handle various types of drilling
problems. In its current state, lost time for all drilling problems is
lumped together under a single input in each casing zone and there is
no straightforward means to account for direct costs associated with
drilling problems.

o The default values in the program and much of the data in the user’s
manual seem to be geared for o0il and gas drilling. These should be
extended to include geothermal drilling.

o The spreadsheet appears to calculate cement volumes based on the
difference between casing 0.D.. and bit size, and the length of the

cemented zone. This is inaccurate in the case of a tie-back string run
inside of intermediate casing. This "bug" should be corrected.
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A.

INTRODUCTION

A number of computer programs have been developed
to assist in the analysis of well design procedures.
They relate to casing design, mud hydraulics, total
well cost, etc. None, however, are available in the
public domain that simultaneously evaluate the time and
cost factors of the drilling equipment, the operational
activities, the purchased components, and the inherent
interrelationships of these elements. DRILTAC meets
this need. This program is designed for use on a
conventional personal computer (P.C.) with 640K of
internal memory. It is easy to use and extremely
versatile. The program utilizes LOTUS 1-2-3 for the
program software. LOTUS 1-2-3 is a spreadsheet-type
program that displays the traditional grid of columns
and rows.

DRILTAC has the ability to develop and analyze a
model of a hypothetical well and a model of the
drilling system that will be used to drill the well.
The program allows the user to change the geological
environment of the well and the well design to any
configuration desired. 1In addition, the user can
change the various drilling parameters such as the mud
program, the casing program, trip times, bottom hole
assemblies, etc. Time and cost factors of every
‘element of the drilling system and the drilling
operation can also be changed as desired. Because of
this flexibility, the program is extremely useful for
testing the sensitivity of the total time and cost of
drilling a well against individual system components,
well design elements, or drilling operations time
and/or cost change(s). Multiple changes can also be
tested and evaluated by use of sensitivity analysis
techniques.




PROGRAM CONCEPT

The Program

DRILTAC is a spreadsheet oriented program that
allows the user to theoretically design and drill a
well of any configuration, determine the total time and
cost of drilling the well and then evaluate the
incremental time and cost factors attributed to each
element of the drilling operation and/or its associated
drilling system components. The program is based on
LOTUS 1-2-3 software and consists of two input data
bases, and four calculation display areas. The input
data bases consist of a well design file that allows
the user to design any type of well, and an operations
time and cost file that allows the user to input time
and cost factors such as trip time and casing cost.

The four calculation display areas are: 1) Operation
Variable Cost Calculation, 2) Time and Cost Analysis,
Day Rate, 3) Time and Cost Analysis, Footage Rate, 4)
Individual Operation, Time and Cost Analysis. Varying
the input data will change the calculation display area
data, thereby allowing the operator to evaluate the
effects on time and cost of changing the well design or
the drilling operation. Application of sensitivity
analysis techniques allows the evaluation and/or
comparison of the effects of multiple changes and the
time value involved.

Program Methodology

The designing of a well and the establishment of
the drilling instructions can be divided into a series
of functions. These functions, as noted in Figure 1,
can be combined into a simplified logic diagram that
displays the order in which each function must be
accomplished, and the interrelationships involved.

As noted, the functions of geology (geologic
understanding) and downhole equipment requirements are
considered first and are combined to determine the
casing program which in turn defines the well design.
Having established this design, the drilling methods
can then be determined. Drilling methods refers to the
types of drilling procedures such as air drilling, mud
drilling, coring, etc., that will be used to make
hole. Bit programs, fluid programs, and cementing

.programs are determined next. Special drilling

instructions such as bottom hole assembly changes,
number of surveys and logging trips, and special tool
regquirements must also be defined.
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In reality, when all of the above functions have
been completed, a drilling contract would normally be
obtained, which in turn would define the type of rig
used to drill the well. This contract would also
establish day rates or footage rates, and other cost
factors such as who pays for the pipe or the fuel. In
this program, the type of rig, the payment schedule,
other cost factors, etc., are selected by the program
user.

The DRILTAC program allows the user to logically
determine or perform all of the above functions, to
vary the time and cost factors involved in each and to
evaluate the resulting drilling program. DRILTAC
performs the above operations by means of the logic
design noted in Figure 2. This design reguires the
operator to input data of his choice into DATABASE A
and B. This data is then combined in Calculation Area
1 to determine the individual variable cost increments
associated with the different drilling operations. It
also is combined in a special calculation area, into a
series of equations that are used throughout the entire
program. These equations automatically compute data
such as depth drilled or trip time.

Values from DATABASE A and B, the variable cost
data, and the special calculations, are then combined
in the drilling program calculation area to determine
the drilling program values. These calculations are
then evaluated to develop the three remaining
calculation display areas.

Because of the nature of the operating sequences,
they can be combined into a computer spreadsheet
program. LOTUS 1-2-3 software is used for this
purpose. The spreadsheet is divided into seven main
areas. DATABASE A defines the well design and the
drilling instructions. It establishes the actual well
configuration and casing program, the drilling
techniques to be used, the bit program, the drilling
fluids program and the cement program. It also defines
the type of rig to be used and any auxiliary operations
that may be required. The data required for Database A
must be input by the model operator.
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DATABASE B incorporates the operation time and
cost required by the various drilling and auxiliary
operations. It includes transportation costs, rig
operating rates, bit change time, etc. Some of this
data is automatically entered by the computer program
and some must be entered by the operator.

The input data for both DATABASE A and B can be
obtained from Appendix A and/or B of this document.
These Appendices define the requirements of each of the
subsections in DATABASE A and B. They also provide
numerous tables and charts from which the required data
can be obtained.

Calculation areas 1, 2, 3 and 4 perform the
necessary computations to determine the output displays
of the program. Calculation area 1 displays the
Variable Cost data. Calculation area 2 displays the
time and cost factors associated with each drilling
operation, and the cumulative time and cost as each
operation takes place. These calculations are based on
Day Rate costs. Calculation display 3 illustrates the
time and cost of the drilling program in terms of a
Footage Rate. Calculation area 4 displays the
cumulative time and cost of each of the drilling
operations, and certain key items such as total bit
cost. The percent (%) of each of these costs with
regard to the total cost is also shown.

NOTE: ® DATA CAN ONLY BE ENTERED IN DATABASE A AND
DATABASE B AND ONLY IN THOSE CELLS THAT ARE
UNDERLINED.

® IN CALCULATION AREAS 1 THROUGH 4 DATA WILL
ONLY APPEAR IN THOSE CELLS NOT CONTAINING A
DASHED LINE.
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Pipe Handling Operations o« « - -
Auxiliary Operations = Surveying
Auxiliary Operations - Logging -

Auxiliary Operations - Other -
Coring Operationse o « « o « « =
Casing Operationgse o « o ¢ o o &

Cementing Operations e« o ¢ « ¢ ¢ « o
Wellhead Equipment and Installation-
Maintenance and Drilling Problems-

Page
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TRER3E A,

WELL DESIBN AND DRILLINE INSTRUCTIONS

feouirement ! Zone ! lone ! Ione ! lone § lone i lone 1 lone
! ! A )} B Y C Y D t E v F 4 &
i 8 1.1 Beclooic Evaluation H H H ' : H ' !
] Classification Nusber : 51 5! 5 1 i ' i
BT ! ! ! ' ! ! ! !
111 1.2 Well Beosetrv ! H ! { H : ! :
P12 Hole Depth Fros Surface (Fi.) ¢ 3FE.06 | 1566.86 ! 5069.00 | 9908.6¢ ! ' H |
S K] Hole Diae. (In.} Vo266 ) 17.%8 0 122517 8.7 ' T !
H ¥ H ! 'l : ' H : :
{15 1.3 Cacing Proprae ! : : ! H H H '
T Casing-Liner Lenoth (Ft.) t360.08 | 1560.65 | 3650.00 1 135886 ) ___ 1 _______ L !
Y Casino/liner Diaa, {In.} bO26.BF ! 13381 B30 6580 GTE:  Although a:
i 1B Unit Lot (§/1687) ! 5268.88 | 2593.88 | 2068.88 | 2135.848 | ____{_Q_ 3[{?__@9_319_9__15:
19 ' : ! : : 1" “indicated in the !
! 26 1.4 Prilling Technioves & Eguin, Used ! ' ! ! +  wel} design, a 6.5"
) [rilling Method (% Tiae) ' ' ' ! t casing is needed to
¥ Fotarv Drilling-pir o o b t 1gg.88 ¢+____Ffool DRILTAC into:
VX air [oeo. & Aux. Eouip. b . R t 1#f.88 1____correctly calculating
b fir Hapeere e S o i 1___cement in the tie<back
125 Domnticle Motors . o S ' i string.. i\ ;
i28 Other S N Vo S ' H : H
V27 kotarv Drillino-Mud | OIRG.0F | 186,83 | 85,64 1 | K o !
] Telemetrv Svstens R . V. ! ! d ! ‘
L1 Other Vo b S e e s Vo :
HE Downhole Motor-Mud S Y V1588 0 H . ' i
HIN Downhole Motors L . 1 168,86 | __ ! i I A
Y Deviation Sub & Tools . b i 108,86 | H H N :
HE XS Telemetry Svstess R R ' i ' ! b i
1M Dther N { e i ' i ' i
LI Core Drilling-Conventicnal e ‘o H ! ! : S :
i3 Giownhole Motors o ! i : ! H i }
) Deviation Subz ¢ Tools . . L ! : b L ]
i 38 Telemetry Svsteas i H o i d i i i
L Dther . . } ! H ! R
I 1 Lore Drilling-Nireline L L R : H ! ! R
I} Dowrhole Motors R ! o ! H . Ve :
HEN ¥4 Deviation Subs & Tools i i H H d ' t :
HEE X Telesmetrv Svstees S R L : ! ? . :
1! Dther b e b ! ! ] ! o
{45 Gther e LS S i Y : : o
U 1 feaeing {Ft.) . e S \ 988.66 | ! i _
I ¥ ! i ' 1 H H ! !
! 48 1.5 Kio Selection ! 21 ! H ! ! : ‘
H k4 H : H H H H H )
i 56 , 1.6 Bil Froprae ! ! ' ! ! ' ' R

k2!

Retarv Drilling-dAir




WELL DESIGN ARD DRILLINE INSTRUCTIONS

S e ®® e

e, T e W e m am

Feouirement ! Zone ) Zene | lone | Zone | Zone ! Zone ! lone |
Vo8 V8 VL 4D v E OV OF 4 B
52 Bit Selection ! H ! {TCRB H : it i
33 Bit Cost ($/Bit) . 1 . | Ifpg.68 ) i ' R
54 kit Life {Avo. Hrs.) ! i i {24,608 : } '
55 Rotary Drillinp-Mud : H : ' ! : ! !
6 Bit Selection \TCRE-17 {TCRB-17 (TCRE-12 | i R H !
57 Bit Cost ($/Bit) 116¢08.00 |180F6.68 | S0¢0.00 | . ! H .
58 Bit Life (Ava. Hrs.) 1O168.86 ) o0.86 | 66.06 ! 1 : ; i
59 Downhole Notor - Mud i : H ' : : : '
] Bit Selection Ve R {TCRE-12 | ! H . '
41 Bit Lozt ($/Bit) Vo L | 58F9.86 | ! ! e i
42 Bit Life (Avo. Hrs.) ' ' i 15,66 | H o H ]
63 Lore Drilling - Conventional i H : : : : : i
&4 Bit Selection i LI : i : i d i
65 Rit Coct i$/Eit) i i R : ' H i i
4é Bit Life (Avp. Hrs,) R i R i ! i : '
67 Core Drilling - Wireline H i ! 1 ! i : i
68 Bit Selection i i L H : : H i
89 Bit Cost ($/Eit) H ' o : ! : L H
18 Bit Life (Avo. Hrs.) ] R Vo : i : . i
" fther ! : ! H ! H H :
72 Cutter Selection ! i ! ! ' ! | !
73 Cost ($) . : ! i ! i i :
74 Cutter Lite (Avo. Hrs.) e L : i : : ! !
75 } : ! ; ! ' H |
76 1.7 Drilling Fluide Prograa i : ! ! : ! ! !
77 Surface Svstes Build Up : : : H ' H i H
78 Surface Svs, Vol. (BELS.) VO ABE. 86 | i : i H ! !
79 Additives (Tvopes} VRENT/LINE! H H H H : :
a8 Total Unit Cost ¢/164 BBLS.) | 136.86 | : i t ' i |
8! hdditional Voluee d b ' ! ! ' : '
82 #dditives {(Tvpes) 'BENT/LINEIBENT/LINEILIG/CAUS [AMINE | H H R
83 Total Add. Cost ($/188 BBLS.) ! 130.88 | 136.84 ! 720.96 ! 166.58 ! H i _
-] Dailv Maintenance : : i ! | ! H '
CH] Cost (¢/Dav) } 1570.88 | 1566.80 ) 150.8¢ | 1500.08 | i ' R
86 Gther H . o ! i ! : {
87 Equipment Cost ($) ] ! t1g4#g.08 | Direct Lost GirculationCosts
88 Additives (Tvpes) . i A . i i . i
89 Unit Cost ($/Cu.Ft. of Hole) ! b R ! H } : i
9% H : : : ! ! : :
91 1.8 Cement Progras : o i B ! H H :
92 Ceaent Type {B+SILICA 1B+5ILICA IG+S+RET |G+S+RET | H : !
LK] Annulus Fill Ht. (Ft.) \ J6.66 | 1586.80 | J656.988 | 1350.88 | ! N
94 linit Cost ($/Cu. Ft.) VT8 7.88%  7.88% .88 ! ! H '
LA ! H | : 4 ! i :




DHTRENSE &,

WELL DESIEN #ND DRILLING INSTRUCTIONS

i keouiresent 1 lone } lone | lone | lome ! lone- | lone | lone

H ' T T H D N 3 \ F N
T H : ' ! ! ! !

R ) ! H H ! H ! !

{ 98 1.5 fuziliarv Operation: H i H ' H : H

199 Surveving (No. of Rung) e T8 1.881 .08 i : _
! 18¢ Logging (No. of Funs) SR RS 18 | 2 S i ! i !

1181 Other (No. of rung) b P 1.0F ‘ﬂther..Run-.is..ﬁeeded..fo:-hand].ing---
P 182 ‘ ’ ‘ drﬂh’ng problems |

{183 1,19 Bottoshole ésseablv {BHA) Chamges | : .66 | 7.8 ) 6,081 H i

} DRILLING FROBLEMS {Tises  (Hours i0peration!

4 Probles Tvoe 11ell {iTipe iCost '

i Lost Circulation v 8.92 1 SA.8% |26980.88 |

i Lesing v 8. le Y 47.8¢ [160FR.BE |

i Ceaenting ! £.594 | 48,96 (28800.06 |

\ Fiskine v 8260 72,88 | D86P.88 |

i Side Yracking b 8.260 | G600 146880.08 |

1 Twict OfF4 | $.24 | 114,68 (3885080 |

! Btuck Fipe : £.45 | 70,08 [I98830.9F |

! Eloughed Mole ; g.16 1 S4.98 | SPBE.9F |




- TV me TE el " ae P mm Ve aw Sw e S

e e mw T ew . T o e

- - T e

DHTAERSE .

OPERRTION TINE ARD CDST DATA

—— N v B e S . S” . =

Operation 10 Time!Oper, Cocti Misc. !

1eHrs.) | %) : :

B8 2.1 Road Location and Site Prep. (Tetal ¢) : ! 63558.68 H

9 ! ! ! :

16 2,2 Initiation {Total & & Hole Depth, Fi.) i V1368090 | 56,8 |
11 H : i H
12 2.3 Rig Wovemenl (Avo. Hre. & Tolal §) : : ! \
3 Deackilization V6.8 | 28089,88 | :

14 Mekilization i 8.8 ) 15606.88 | i
15 ! ! ! 1
1¢ 2.4 Rip Crerating Rates ! H H i
17 Dray Rate (§:/Hr.) ! H ! :
18 Standbyv/Nondrilling ! V16888 H
19 Ric With Fipe : ! Z66.9E ) H
28 Rig Without Fipe ! I ' !
2 Dther H L H H
22 Footace Rates ($/Ft.} : . : i
23 : H ! !
24 2.5 Fuel Consueption (Bal./Hr.} ! } H i
23 Stardbv/Nondrilling ' H S Y
26 Prilling | d Vo627 1
27 Tripping i ! i :
28 8-4993° : : V2.7
29 58pR-9%59’ ! : Y
3¢ 18896-14993’ ! ! LTS B
i 15686-19999" i H T 6.8
3z 28884-29959° H ! HE N
3 IF333-5ppEE’ H ! . N
34 : ! ! :
35 2.6 Fuel Cost ($/Bal.) H H 1.98 | H
38 : H H H
37 2.7 Transoertation ang Misc. fost ($/Hr.} ! ! BS. 8P ! |
38 H ! ! !
39 2.6 Rental Cost ($/Hr.) i v 155,80 0 H
48 v i : !
41 2.9 Soecial Tool Cost (§/Hr.} ' : ! '
42 fir Coszpressors & Aux. Equip. : H 21,88 | :
43 fir Haemers ! Vo ! H
4 fownhole Motors ' i 282.88 b
15 Deviation Subs t Tonle : : 16,98 | :
45 Telesetry Systee: : L ! [
4 Dther - Rotary Drilling - Air i R ! i
AR Dther - Fotary Drilling - Mud ? S : i
4 Dther - Downhole Motor - Mud ! e ! ;
i1 fther - Lore Drilling - Conv. ! e, H :
51 Other - Core Drilling - Wireline v ! ; H
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DATARASE B,

DFERATION TIME AMD COST DaTA

Drerstion 100 TimeiBper. Cost) Misc,

1irs.} + 8) i

52 Dther - Dther d . i

2 ! ! H

34 2.18 Superviczion Cost ($/Hr.) d Vo 62,88

55 . H ! H

So 2.11 Condition Drilling Fluids (Avo. Hrs.) {Led ;

7 ! { !

S8 2.12 Water Cost (Total &) i ' :

59 Furchase Cost ! 1O 1650,.88 )

o8 Pisposal Cost ! 1 996,88 1

3] ; ] ]

82 2.13 Bit Change (Avp, Hrs.) i LEd i

63 H ! !

44 2,14 Bottomhole Assesblv (BRA) Change (Avg. Hrs.)! 5.6 1 :

83 : H :

(1 i i :

87 2.15 Drilling Penetrelion Rates (Ft./Hr.} ' ! H

88 lone 4 H ' :

oY Rotarv Drla.-hir : i .

78 Rotary Drig.-Mud ! \ i 18,8

71 Downbiole Wtr, Brlo, : | e

72 Core Irillino - Conventional ! d e

73 Core Drilling - Wirelire : H e

74 Other { H R

7% Ione B : H i

78 Rotary Drig.-air { ! R

77 Fotary Drig.-Mud : ! V15,8

78 Dounhole Mtr, Drlg. H ! H

75 Lore Drilling - Conventional : ! R

a4 Core Drilling - Wireline : ' N

81 Other ! : Y

82 Zone C ] ' K

83 Rotarv Driq.-Air ! : .

84 Rotary Drig.~Mud : H i 18,8

85 Downhole Mtr. Drlg. H ! i 18.8

8 Core Drillinp - Conventional ! H .

87 Core Drilling - Wireline ! "

88 Dther H i o

8 ione D H } i

98 Retary Drle.-Rir | ! i 2.8

9 Fotarv Drio.-Nud ! { L

92 Bownhole Mtr, Drlg. 1 ' L

93 Core Drilling - Conventional i ! VL

%4 Core Drillinp - Wireline : : e

95 Dther ! ! !




DATABASE B. i
OFERATION TINE AND COST LATA

Goeration \0p Tiseilper, Cost! Misc. |
Mdre) L %)

1
i
)
s
1]
L3
s
3
1
¥
’
1

156 ione E : ! :

197 fotarv Brlg.-Rir H d L
{98 Rotary Drlg.-Mud ' ! S H
} 95 Downhole Hir. Drle. i ! S
1186 Core Brilline - Conventional i i e, !
$13} Core Drilling ~ Wireline i ! R H
1182 Other i : R [
183 ione F ! ! H :
1184 Fotarv Brle.-hir i ' e i
1185 Rotarv Drig.-Hud i ! L !
118 Bownhole Mtr, Drle. ' i . :
HEF Lore Drillinp - Corventional : : Y '
1148 Core Drillino - Wireline i H R i
1183 Dther i ] . :
1116 lone 6 i ! : i
Hy Rctarv Drlo.-Rir H : S }
1112 Rotarv Brla.-Hud i : b}
113 Dounhole Ntr. Drlg, : i S :
i1 Core Prilling - Conventional : H . H
113 Core Drilling ~ Wireline ] | ot
116 Other ! ' N,
"7 ' ] i H
1118 2.1¢ Reaming Operations i H i i
LA Rezeing Rates (Ft.:/Hr.) ! ! i !
1128 lone A N B ' H
A lone K N ! :
1122 Zone € N : '
123 Ione P i 5.4 : H
1124 Zone E N | !
125 Ione F X | !
1126 Zone B N X B i !
127 H ! : '
1128 2,17 Pipe Handlina Operations ! ! ' :
1129 Round Trip {Avo. Hre,/Round Trip) ! : } H
1138 $-4999° N B i :
13 TRAE-9999° N B i !
1132 182586-14995" HES VA ! !
X 1588F-19599 121,90 : !
1134 28588-24999 ) - I : :
1135 25p88-2999%" I LN B : :
1136 38#88-34999° B : ;
137 35088-39599° i 75.8 1 ! !
1138 48985-44999° HEL A ! !
e {5986-5006¢° Y1138 : !




MEDIUM-DEPTH IMPERIAL VALLEY INPUT DATA




1brTABASE B, :
H OFERATION TIME AKD COST DATH '
: Qperation iOp TismeiOper. Cost! Misc. !
H iHrs. ) 1 (8} H :
1149 : : : 1
{141 2,18 Puxiliarv DBperations - Surv. (Avo. Hre./Run)i ! ! i
1142 #-4979° P3.e i ‘
143 3886-05¢° HEE - I ! :
1144 16086-14999° NI H !
1145 15088-1939¢" 1 7.8} { H
1145 28828-24599° N H i
1147 25688-2999¢" P11 ' i
1148 I8826-34959" IS ¥ - ! H
1149 35e85-39999° HER W B ! !
1154 46886-44959%° S LN \ :
1154 A5853-5008¢° 12151 H H
1192 ' ! : !
1133 2.1% Auxiliary Dperations - Looning ' ! ! !
1154 Loc. Tise (fvg, Hre./Run) & Cost ($/Run} | ! ! ]
3 b #-4059° 1 7.68 | 10066.98 | :
11534 Se8s-9399 : S e ' !
1157 18656-1495% b o ! !
1138 15486-19999° . b H !
159 2806524955 b e ; !
1168 25888-2599%° N N ! !
1151 Jeepe-34%93° . b ! !
B 1Y) 35888-39938° L S : H
e 46553-44559° S o ' !
ied {56p0-00P08" R e : i
1165 H : : :
1166 2.28 fuxiliarv Operations - Other ' i i :
HIY Operation Time Per Run {dve. Hrs./Rumd | 117.9 ! ‘This accounts for average lost
168 fineration Cost Fer Eun (Ave. $/Run) ! i 344e6.8 itime and cost for problems (except
1169 ! ! 1lost circ, casing, and cement)
1178 2.2! Loring Operations H ! o :
im Core Drilling - Conventional \ : : |
122 Corinp Operation Charges (&/Hr.) H HE- N [ !
H YN Change Drilling Tools (#vp, Hrs.i i 5.8 ! H
H Y] Core Barrel Length (Ft.) A H el i
1 ¥ Trip In/Out (Ava. Hrs.) N } ! !
1174 #-49%9° PoLe ! H
77 5986-9999" N ] ! 1
1178 19685-14099" 11Le i '
179 15888-19959’ D YN I } '
1182 29i8F-725539 i 28.8 1 : i
1181 3Ea3p-56860" i 57.¢ 1 ! !
1182 ! i ! i

o=
o
o




DATABASE B, '

OPERATION TIME AND COST DATA !
fperation i0p Tise!Oper, Cost) Misc, !
’ HHrs.) | (8 ¢
184 { H ! :
185 H H ! H
184 Core Drilline - Wireline H : ! '
187 Corino Operation Charges ($/Hr.) H H 56.88 | H
18E Rig Up/Bown (Ava. Hre.) 1 281 ! !
185 Chanae Prilling Tools (Avq. Hrs.) V5.8 ! :
194 Core Barrel Length (Ft.) H H b |
194 Trip In/Dut {Avn. Hrs,) : ' ! H
192 8-49%97 VL8 ! :
193 SPPE-999¢’ VL3 ! '
194 18888-14959° S - ' }
195 1588F-19759" IR ! d
196 28886-2999%° I N B ! '
197 SPpER-00508’ 1981 { :
198 i ' ! H
159 i H ! :
288 i i ! /
261 H ! } i
262 2.22 Cacing (Operations H H } !
283 Rip Up (Avo. Hrs.) P28 ! '
284 Rig Down {(Ava. Hrs.) HE S : H
285 Prepare to Run Casing (Avo. Hrs.) R ! t
288 Dther {(Avg. Hrs.k Total Cost ¢) . . : |
287 ! ! H H
298 Ione & : : d :
289 Casing Run Tiwe (Rvg.Hrs./1088°) HE 8 ! :
218 - Tools & Services (Total Cost ¢} H i 3586.00 | |
211 Other (Avo. Hrs. & Total Cost ¢) e e } H
212 Ione § ! ! H :
213 Casing Run Tise {Rvg.Hrs./1668°) % I H H
214 Taole & Services (Total Cost ) {1 T886.88 | {
215 Other (fvg. Hrs. & Total Lost §) | S JR & !
216 Ione L " o H H
247 Lacing fun Tise (Avo.Hre./1868°) 1 - 3.6 H H
218 Tools & Services (Total Cost §) v 1 068F.00 1 !
219 Dther (fve. Hrs. & Total Cost §) { 4,20 1 1968.80 ¢ Accoimts, for average casing
1228 Ione B _ { ! ! proE]ems
221 Casing Kun Tiee (Avo.Hrs./1806°) N 2 : '
222 Tools & Services (Total Cost ¢) H i 9608.68 | H
1223 Other (&ve. Mrs, & Total Cost §) H H H !
129 ione E | : : :
225 Casino kun Tise (Rva.Hre./1688°) i 881 H !
224 Tools & Services (Total fost ¢} i : .00 ! '

1227 - fther (Ava. Hrs. & Total Cost §)




{DATABAEE B, :
' OFERATION TIME ARD [OST DATA !
! Operation {0p TimeiDper. Cost! Misc. |
i 1Hrs.) + ($) : i
1228 Ione F : i : :
1229 Lacinp Fun Time (fvo.Hrs./1606°) N ! :
1238 Topls &k Services ¢Total Cost §) \ : 8.68 3 :
1231 Diher {Avo. Hrs, k Total Cost ¢} . i i
1232 lone 6B i ! H :
1233 Casino Run Tiee (Avo.Hrs,/1688°) N H H
1234 Tools & Services (Total Cost §) ! ' 8.0 | i
1235 Other {Avq. Hrs. & Total Cost §) ' : : H
1236 ! H ! !
1237 2.23 Ceeenting Operations i ! H :
1238 Rio Up (Avo. Hrs.) i 2.8 ! !
1239 Rio Down {Rvo. Hrs.) N H !
1248 ¥.0.C./Test (Avo. Hrs.) Y N : H
124 Otter (Avo. Hrs. & Total Cost ¢) : : / !
1242 : : ] !
1243 lone & ! : ! !
1244 Cesenting Time (hvo. Hrs.) I i '
1245 Tools & Services (Total Cost §) \ i 1268.08 i
1245 Other (Avg. Hrs. & Total Cost §i L ! i
1247 Ione F : : H i
1248 Ceaenting Tiee {Avo, Hre,} N ' '
1245 Toole & Services (Tolal Cost 4} ] {0 1268.98 1 H
125¢ Other (Avo. Hrs. & Totsl Cost #) S R ! :
1251 ione € : : H H
1292 Cewenting Time (Avo, Hrs.) HEY N B ! !
1253 Tools & Services iTotal Cost §i H i 1783.69 i
1254 Other (Avo. Hrs. & Total Lost &) i 20.92 | 18B64.88 iAccounits for "average" cementing
1255 ione D ! ! {problems.
1256 Cepenting Time (Rvo. Hrs.) V7.8 H :
1257 Toole & Servicee {Total Cost §i ! 1 1768.88 | !
1258 Pther (Avq. Hrs, & Total Cost §) R L i i
1259 lone £ ! H : '
1268 Cementing Tise (Avo. Hrs,} ! 6.8 : H
1264 Tools & Services {Total Cost $) H i 8.8 ! :
1282 fther (Avg. Hrs. & Total Cost §) S L : !
1263 lone F ! ' : H
1264 Lementing Tise (Ava. Hrs.l 188 i |
1265 Tools & Servites (Total Cost §) : H p.00 i
1268 Dther (Avg. Hrs. & Total Cost §) } ! i !
1267 Ione 6 ! ! } H
1248 Ceeenting Time (Avp. Hrs.) HEE N B H H
1265 Tools & Services (Total Cost ¢! H ! 8.8¢ | !
1216 Other {Avp. Hrs. & Total Cost $) : ! ! !

1271y : : !




DATABASE B,

OPERATION TINE AND COST DATA

Pperation i0p TimeiOper, Cost! Hisc.

TitHrs.) 1 (%) '

1272 2.24 Mellhead Equipment and Installation b : i

12713 Install Time & Equip, Cost (Tot, Hrs. & $)i H i

1274 lone A {1581 4596.88 |

1275 lore B i 26,8 0 7508.88 |

1278 Ione £ | 26,81 A8PE.98 |

12717 Ione D PO28.8 1 145P6.96 |

1278 Zone E V8.8 6.80 1

275 lone F L NI §.9¢ !

1286 lone € v 6.8 6.90 !

1281 i i !

1282 ! H !

1263 2.25 Raintenance and Drillinc Problees ' ' :

1284 Percent Zore Time (X! ! ! :

1285 ione h ] i H

1285 Haintenante i : SR

1287 Drilling Frobles ! i e

1288 lone B ! ! }

1289 Haintenance H H S

1298 Prilling Probles ! ! S

1294 Ione C ! : ;

1292 Maintenance : i S

1293 Drilling Probles i H i B.b

1294 Ione D i : i

1295 Maintenance : } R

129¢ Grilling Probles i i e

1297 lone E d H !

1298 Maintenance ! i L .

129% Drilling Probles ! ! L

1388 lone F ' : H

138 Maintenance ! : R

1362 Drilling Probiee : d s

1383 lone b H . }

1364 Kaintenance : i I

1365 Drilling Probles !

1386

————eeee
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+
(]
1
1
1
(]
'
!
i
1]
¥

;Time associated with
1 Lost Circulation
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DATABRSE 4.

WELL DESIGN AND DRILLING INSTRUCTIONS

feouirerent ! Zone | lone ) lone | lone } lone i Zone | Zone i

! A ¢+ B v+ C ! D + E V¥ F o B

B 1.1 Geplogic Evaluation i [ { H : i i i
9 Llascification Nuaber ! i 21 31 : i o |
16 i H ] ' : i ! !
11 1.2 Well bBeosetry i ! : | H : ' :
12 Hole Depth Froe Surface (Ft.) ! 156,88 | 2000.8¢ | &086.0F | L ! | i
13 Hele Diaw, fIn.) {26880 17,58 1 12.25 1 : : : i
14 ! : H ! ! ! ' i
15 1.3 Casing Prograe ] : ! t NOTE: ! Since 'DRILTAC can '
16 Cacino/Liner Lenoth {Ft.) ! 158.86 | 2868.66 | 6968.06 | not handle liners.and_tie=_!
17 Casing/Liner Dias. (In.) o 20.88 1 13.38 % 9.63 i_back strings,.the casing wa's

18 Unit Cost {$/164%) ! S296.00 | 3648.8 ! 3814.88 ! simulated_as_&_single._string.

18 : H : H H : ! ]
26 1.4 Brillino Technigues & Equip, Used H ' i H : i i
2! brilling Method (% Tiee) : ! H ! ! ! ' l
2z fotary Drilling-fir . i H H ! : { ]
23 air Coep. & Aux. Equip. ' SR : : i ' S !
24 fir Hamaers : : : : : t ! d
25 Downhole Motors S S L H : H R !
26 Other . R : ! : ' i I
27 Rotary Drillinp-Mud !O1BB.08 | 1R0.B0 1 19B.06 | __ ! i e i
28 Telesetrv Svsteas I i o i : i L }
29 Other . . : : H ! ' i
3¢ Downhiple Motor-Mud R i I : i ! it i
A} Downhole Motors R i A i : ! R :
32 Deviation Sub & Tools R : ; i ' L :
3 Telesetry Svetees b i h R : ! b |
34 Other R . . H ! ! . !
35 Lore Drilling-Conventional 1 _______. el . { i : i i
36 Dornhole Motors . e R ! : ' ' R
37 Peviation Sube ¢ Tools Vel o i R : ! H !
38 Telenetry Systees . e, i ! ! ! . '
39 Dther R } i ! { ! R !
4 Core Drillino-Wireline i . o ! i : i i
4 Downhole Motors 1 } ot i ! [ S !
A2 Deviation Sube & Teols i A } : ' ! ! !
43 Telemetrv Svctess Vo, i : i } ! I P !
4 Other . I : R ! H i o
L Dther i 1 : ! | ot i
4 Fearing Ft.) R R 1 798,98 ) | H R '
47 : : H ! ] H ! d
49 1.5 Kip Selection 1 11 i ! ]

49

¢ 1.6 Bit Proorae

ol

Fotarv Drilling-fir




} DATAR:SE A,

: NELL DESIGN AND DRILLING INSTRUCTIONS

: keouiresent ! lone | fone ) lone | Zone | lZone | lome i lone

' ¢! A4 ¢ B 4+ C 4+ B + E V F 1 B
HEYS Bit Selection . ! i ! : : {

HE- ) Bit Cost ($/Bit) I R { ! : ! i _
HE-1 Bit Life {fvg. Hre.) . i : ! i : :

HEN] Kotary Drilling-Mud H : H ' H ) H

IR Bit Selection iSTB-17  iSTB-17 {TCRE-12 | ! : '

HE-1] Bil Loct {$/Kit) D 4945, 08 | 4945.68 | 7657.06 1 i : L

i 5B Bit Life {Avo, Hrs.) IO38.08 ) J4.88 1 38.60 0 i ! !

159 Downhole Notor - Mud : ! : : } i :

1 Bit Selection ' i : [ : : :

LI} Bit Cost ($/Eit) R S i i H : L
P82 Bit Life (Avp. Hre.) . : o .t i } !

HIN Core Drilling - Conventional : ' ! : i : i

L T Bit Selection ! ot I : i : i .
HE Bit Cost ($/Bit) b d o ! i ! d _
1 Bit Life (Avp. Hrs.) ' i i i i | . -
i &7 Core Drilling - Wirelire : : H H ! ! :

HI ). Bit Selection V. b i i R ' !

I ] Bit Cost ($/Bit) R b . S i ! : .
HEY Bit Life (Ava. Hrs.) : . . ' : H v

)| Other H ! ! ' ! : H

172 Cutter Selection L o i i H : | .
HEVA Coct (%) Ve ! _: ' H H H .
| Cutier Life (Avg. Hre.) . S I ' . : .
HEE : ' ' ! ' | i

} 7& 1.7 Drilline Fluids Proorae | H : : H H :

D] Surface Svetex Build Up H i : H : ] :

HE: Surface Svs, Vel. (BBLS.) V364,88 : 1 H : H

L additives (Tvpes) TRENT/LINE H i i H H

! Bé Total Unit Cost {$:183 BBLS.) | 236.08 | H ! ! ! !

HE -} fdditional Voluse H i : H H H H

H Y hdditives {Types) iB,L.C6  IBL,CE IB.A : i i i

i B3 Total add. Cost (87168 BBLS.) i« Z38.BF | 238.84 | 208.88 | i [ !

i 84 Dailv Maintenance i i I H ; ! i

i B fost i$/Dav) | ISPE.88 | 1508.08 | 1508.90 | i H i

! B Dther : : o ! [ ! :

{67 Eouipaent Cost ($} : ' i 4068.88 : Lost Chirculation Direct .____
| 68 fdditives (Types) ] ! ! iCosts.! ] ! )
VB9 Unit Cost ($/Cu.Ft. of Hole} §__ i : ! i H } _
i 98 . H : ; i H t '

t 91 1.E Ceaent Frooram : H H : i H '

P92 Lesent Type iR-HIX  1G+SILICA & ! | ' !

R ] #nnulus Fill Ht. (Ft.) V158,96 | 2088.80 | ! ' H i

i 94 tnit Cost ($:Cu, Ft.} i 3.8 T.08 1 i ! : :

HE ] : i : ! } ! i




DATABASE A,
MELL DESIGN

RND DRILLING INSTRUCTIONS

Feovirement i Zone | Ione } Zone ! lone ! lone ! lone ! lone !
: 4 0B ! C Y D Y E YV F VB
T8 i H H H ! ' H i
R Y] ; ! ! ! ! ! ! !
{ 96 1.% fuxiliarv Operatione H H : : : : : H
R 4] Surveving (No. of Runs) LB e i ] ! :
i 1By Logging (Ng. of Runs) R O LBEL 2,880 ! : : i
! 181 Other tNo. of runs) T o v g.0e OTNEV OIS RERdEd j0 T '.
! 182 : ' ; STmMUTated dr7 170G problems .
i 163 1.16 Eottoshole Assesblv {BHA) Changes | 1.68 1 1,08 ! S.Dﬂj } : ] _
i DRILLINE PROELEMS iTises  {Kours  !Operation! ;
{ Froblew Tvpe {/lell i/line iCost ! H
 Lost Circulation i 8287 30.88 126060.08 | i
! Lasing V88 1 42.6¢ (1666F.08 ! !
i Cementinn L B.3F L 48,88 1280p8.98 ! !
i Fishing i 8,200 72.8¢ | S060.88 | :
! Side lrackinp H 8.85 | 94,88 145066.96 | 1
| Twict Dff ' o 0.28 ) 114,88 138066.88 ! i
} Btuck Pipe i 8381 8.8 138998.08 | :
i Slouched Hole i 6.8 1 S4.f8 ) S6F6.68 ¢ !
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baTnEASE B.

OFEERTION TIME AND COST DATA

Other - Core Drilling - Conv.

L

Ogeration i0p TineilBper, Cost! Misc, |
1ifrs.} + (8} H !
]
8 2.1 Road Lecation and Site Prep. (Total §! ‘ i 2486868 | H
9 ' H i H
{6 2.2 Initiation {Total ¢ & Hole [epth, Ft.) i i 13068.88 | O6.8 |
1t H ! H :
12 2.3 Ric Movement (Avg. Hrs. & Total ¢} ! : ! '
13 Deacbilization V6.8 1 12364.88 | H
14 Mobilization i BB 1 9Bk4.86 | !
15 : ' H :
16 2.4 Rig Operatinp Rates ! ! i !
17 Dav Rate ($/Hr.} : : H :
18 Standbv/Nondrilling { i 14888 | !
19 Fio With Fipe i 1 246,88 | !
28 Rio Without Fipe : . ! !
24 Other H : !
22 Footage Rates ($/Fi.) i . } d
VA] i ' H '
24 2.7 Fue! Conzusption (Bal./Hr.) { i ! !
25 Standbv/Nondrilling : : ' 6.5 1%
2¢ Prilling : : I 578 B
2 Trioring H i : '
26 ¢-4995° ! ! HE L N
29 9868-9999" : i 126,210
38 16858-1499¢° H H P 8.8
3 F5pAR-195999° } i HE N B
32 20995-2999¢7 : i N N A
3 Ibppe-SEes’ i ! . N
34 H ! i H
35 2.6 Fuel Cost i$/Bal.) ! i {.08 1 H
36 { ! ' H
37 2.7 Transporiation and Nisr. Cost ($/Hr.) H H B9.66 | !
38 i ! | :
37 2.8 Rental Cost ($/Hr,) H i 158,88 1 |
4% i H H :
4) 2.9 Sperial Tpol Lost {$/Hr.) H ! H !
42 #ir Coepressors & Aux. Equip. ! L H !
LM #ir Hasmers L S i i
4 Downhole Notore ! o i !
5 Deviation Subs & Tools : e d ]
46 Telepetry Systeas ! i }
47 Other - Rotarv Drilling - fir. : el : :
48 Other - Fotary Drilling ~ Mud ! R ! !
49 Other - Downhole Motor - Hud Y H ' H
56
9|

Other - Lore Drilling - Wireline




bRTABASE B,

OFEFATIDN TIME AND COST DATA

95

Bther

H Gperation 10p Tise!Dper. {ost! Misc. |
i tiHre.) + (8) : H
HI Dther - Other i S !
LI } H H i
! 54 2,1F Supervision Cost ($/Hr.) H ! 62.68 i
] \ ! H i
! 8 2.11 Condition Drilling Fluids (Avo. Hrs.) HE W I H !
H-74 i : H H
} S8 2.1 Water Lost {Iotal §) ! ! ! H
HL Furchace Lost : 1 TBE.8 ) A
-} J Disoosal Cost ' t 786,88 | :
H )| : H H :
{62 2.13 Bit Lhanoe {(Ave. Hre.} Ve : :
! a3 H H : :
! 64 2.14 Rottoshoie hsseeblv {BHAy Change (Ava, Hre.)! 5.8 ) H H
H\] H ' : '
HE-1 H b H H
} 67 2.1% Drillino Fenstralion Fates iFt./Hr.) ! i : :
HY -1 lone w ! ! H !
X Eotarv Drig.-fir i i S }
il Rotary Drlg.-Mud : : {18,810
| Downhole Mtr, Drla. ' : . d
' 72 Core Lrilling - Conventional { H e i
V73 Core Drillinn - Wireline i ' e :
P74 Other d d R i
H &1 Ione H ! i i
178 Fotarv Drlo.-hir ' ' e i
v Rotarv Drig.-Mud i i P 36810
178 Downhole Mtr. Drla. ! : e :
179 Lore Drilling - Conventional ! ! R :
| 88 Core Drilling -~ Wireline H ! LI !
i 8l Other i i e L
VB2 one € d i i :
i B3 kotarv Drig.-Air H H e H
! 84 fiotary Drle.-Nud f | i 23,81
1 85 Downhole Mtr. Drig. : i Ve i
! Bo Cere DBrilling - Conventional H H V. \
! 87 fore Dbrillino - Wireline H : s i
! 88 Other ' ! TR i
H Ione b i ! : i
HT Rotarv Drig.-hir { i R
]| Rotary frlo.-Mud : ' . H
1§z Powntiole Mtr. Drlao. ! : s i
M fere Drilling - Conventional H : H
1 94 fore Drilling - Mireline H { i




1DATRBASE B, :
i OFERAYTION TIME ANL COST DATA

: foeration 10c TieeiDper. Cost! Misc,
: sy V0 (8) ] :
i % Ione E : H ' -
197 Fotarv Drlo.-Air i i e H
i 98 kotarv Prle.-Hud ! H R !
R4 Bownhole Mir. Drie. i i e !
1188 Core Drilling - Conventional ! ; e '
118} Core Drillino - Wireline i i N i
1192 Dther ! ! o :
1183 Ione F : i ' !
1184 Rotarv Drla.-Air i ! . :
1185 Rotarv Drlg.-Mud i i . :
1196 Fownhole Mtr. Drla. : : L i
1187 ‘Core Drilling - Conventional : i S }
1188 Lore Drilling - Wireline H H R !
1165 Other | 1 N H
1ig lone B H : ! '
im Fotary Prlo.-Air : i N :
1112 Rotarv Drlg.-Mud : i :
113 Downhele Htr, Prio. H ' R !
i Core Prilling - Conventional ] i e i
HE M Core Drilling - Wireline H : o :
i1 fither ; i . i
H3 Y i ; ' 4
1118 Z.1¢ Reaeing Oceratione H : H :
1115 Feasing Rates (Ft./Hr.) : i i i
1128 lone A N ] i
1121 ione B 115810 : i
1122 Zone C V12,810 i '
H¥4] Zone b I N ! i
12 ione E P88 i !
125 Iong F { 6.8 : !
1128 lone € I N : i
vy H : ! :
1128 2.17 Fipe Handling Operations \ i ! i
1129 Round Trip (Avo. Hre,/Round Trip) : ! : H
1136 #-4999° I ! i
1131 S84¢-999%’ AR { !
1132 10886-14999° S Y- : H
HEN 15886-19999° Po2Le ' !
34 20838-24599° ) - i !
1135 25062-295997 LN ) H H
1136 39838-34799" i 98,5 1 ! i
137 I58g8-399597 175,80 : i
1138 A8895-4499%° R A i H
1139 45884-Copge’ V5.8 i i




DEEP IMPERIAL VALLEY INPUT DATA




DaTABREE B,

OFERATION TIME AND COST DaTA

tcounts for average lost time

iand cost for problems (except lost
circulation, casing and cement).

! fiperation i0c TimelOper. Cost! Misc.
; 1Hrs. ) 1 (8) H
1146 : { H
1144 2.1B fAusilierv Operations - Surv, idvo. Hre./Run}i ' H
1147 #-4993y’ 1 I |
1143 Se88-9909 HE 3 !
H4 10996-14399 N :
1145 15886-19999° VT8 }
1146 2p098-24359° N N !
1147 258¢4-7995¢° BTN H
1148 J8865-34539° HES & - I !
1149 35p88-39999° i 148 1 :
1158 44925-4495Y io19.8 1 !
St 45885-5R0RE" HE I I :
ez { ! '
1153 2,19 Auxiliary Operations - Loooing : ! H
1154 Lea. Tiee lAvo. Hrs./Run) & Cosl ($/Run} : '
1155 £-4999’ | 6.0 | 18P0E. B8 |
1156 SARE-9325° 1688 19808, 88 |
"y |83g8-14999 N b '
1158 1569619993 i i :
199 26088-24999° i ! !
P16F 256888-2999%° ! b ]
1181 I8p86-34959 R VL :
1162 39p08-39999° ! i !
143 AEpEA-44999° i . !
1164 45808-50988° i ! !
185 i H !
1166 2.26 fuxiliary Operatione - Dther : i !
1167 iceration Time Per Run (Avo. Hrs./Ruen) ! 6B.1 1} H
1168 Doeration Coct Per Run (Avg. $/Run) ! ! 1825¢.¢ This a
1é9 H H

1178 2.21 Coring Operations i H

1171 Core Drilling - Conventional d | H
3] Coring Operation Charpes ($/Hr.) ! i 5588 1
HEX] Change Prilling Tools (Ave. Mrs.) N !
1 Lore Barrel Length (Ft.} i ! .
¥ Trip In/Out (Avg. Hrs.) : : :
1176 #-4399° N I !
1 5868-5999° A8 '
1176 186#5-14995° BN I i
B ¥L] 1588819559 V17,41 i
1186 26846-29999° i\ 2B.8 1 '
1181 Ipags-S8a68° io57.81 i
1182 H H !

}
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BFERATION TINE AND CDST DATA '

Oreration 10z Tiseilpor, Costi Misc, |

ViHre,) 1 (%) ' '

Core Drilling - Wireline H H d :

Loring Operation Charges {$:Hr.) ! - N1 !

Rig Up/Down {(Ave. Hre.} N I ' !

Chanoe Drillino Tools (Avo. Hrs.) V5.8 | H

Lore Barrel Lenoth (Ft.) ' ' L i

Trig InjQut (Ava. Hrs.} H H ! !

8-4999’ S N | '

S#eE-9999° HE P B H !

18945-14959° LS ! :

15863-1999¢° I R i !

28985-29993° i 48 ! '

J6sEd-3p8E0° N ! i

1 1 L) ¥

2.22 Casing Doerations i i { H

Fio Up (Avo. Hre.) Y B i !

Rio Domn (Ava, Hrs.) T8 i H

Frepare to Run Casinp (Avgo. Hrs.) 112,68 ! !

- Gther (Avo. Hrs.& Total Cost ¢! . . : i

28 ! H ! :

288 Ione # : : i i

289 Lazine Run Time (Avo.Hre.:1688%) HER R ' H

218 Toole & Services ¢Total Cost $} : ! 356,80 | H

21 Other {fva. Hrs, & Tota) Lost §) V. L : i

212 Ione § : ' H ' 1

213 Casing Run Tise (Rvo.Hre./1666°) HE H H

214 Toole &k Services (Total Lost $) H } Sfée.8p | '

21% Other (Avo. Hre. L Total Cost §) H ! H !

2le ione € . H : : i

217 Casinp Kun Time (Avo.Hrs./18837) N H H

218 Tools & Services {Total Cost §) : ! T668.86 | !
219 Other (Avg. Hrs, t Total Cost $) ! 4.26 ! 1860.8f IAccounts for average casing problems

226 lone D 4 H : H

221 Casing Run Tise (hvg.Hrs./1668°) L X ! 1

222 Tools & Services {Total Cost $!} H ' 8.0 ! !

22 Oiher (Avg. Hre, & Total Cost &) | ! ! '

224 Iene € ! H ! {

225 Casing Rur Tiee {Avg.Hrs./1808") ! 6.8 ! !

226 Jaols & Servites {Yotal Cost ¢} H H 8.88 | H

277 Other {fva. Hrs. & Total Cost ) L Y e : !
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OFERATION TIKE AND COST DATA !
Operation i0p TimeiOper, Cost! Misc. |
HHre ) 1 ($) { !
g lone F H i \ A
g Cating Run Tise (Avo.Hre./1988") N N B ! H
38 Tocle & Services {(Total Cost $} : ! #.08 | :
23 Other {(Avn. Hrs. ¥ Toptal Cost §) ! i : H
232 lone 6 ' : ! '
33 Lacing Kur Tise (Avo.Hrs./1866%) L N ! !
234 Tools & Services {Total Cost $) : ! g.88 | H
35 Dther (Avo. Hrs. & Tolal Cost $) H i ! H
238 H H ! '
237 2.23 Cesenting Operations H ! ! '
i Rig Up (Avg. Hrs,! V2.8 ! !
23 Fio Down (Avg. Hrs.) V2.8 i !
24 W.0.C./Test (Avo. Hrs.) i b8 ! t
4 Other {(five. Hre. & Total Lost # S S i i
242 ' i ! :
243 ione & : ' H }
244 Cesenting lime (Avp, Hrs.) i 3.6 } i
45 loole ¥ Services iTctal Cest ¢} : 11288.80 1 !
24 Other {évp, Hre. & Totel Lost &) I e, i !
247 ione B ; i H :
246 Ceeenting Tiee {Avg. Hre.) P 3.8 i i
245 Toole & Servites (Total Cost §) 1 VO 1284.88 | !
z Other tAvo. Hrs. & Total Cost §) ) 14,46 | op88. 68 !Accounits for "average" cementing
2 icne € ! ! {problems.
2 Cesentino Tige (Ave. Hrs.) e ! : :
253 Toole & Servicee {(Total fost §) H R : :
254 Other (Avg. Hrs. & Total Cost §) : ' : H
253 ione D H : i H
25¢ Ceeenting Tiee (Avp, Hrs.) N ! :
25 Tools & Services (Total Cost &) H H #.00 | H
238 Other {(Avo. Hrs, & Total Cost §) ' i ! i
259 Ione E ! : : !
268 Cementing Tize (Avg. Hrs.) N ' ]
261 Tools & Services {(Total Cost #) H \ 8.60 | H
282 Other (Avp. Hrs, & Total Cost ¢! : i i {
263 Zone - ! ! ! !
284 Cezenting Time (Avp. Hrs.) 8.8 ! :
263 Teels & Services (Total Cost $) H ' 8.08 | H
263 Dtter iAve. Mre. & Tolal Cost &) i A H !
28 Ione b ' f H !
2 Cesenting Tine (fvo, Hrs.) i 6.8 ! !
. Toole & Services (Total Cost §) ' | 6.0 ) !
Other {hvo. Hrs, & Total Cost §} i : ) |
1]




-

DATHEASE B.

OFERATION TINE AMD COST DRTA

H Oreration 10p TineiOper. Cost! Misc. |
i t(Hrs.) 1 (%) i i
1272 2.24 Wellhead Eguioeent and Installation H ! i !
127 Instel} Tiee & Eouin, Cost {Tot. Hrs. & $)) : H H
1279 Ione f ¢ 15,8 1 65P6.88 | :
1275 lone B { 26,60 TPPE.08 | :
1276 Zone C ! 26.8 ) 194P6.88 | H
1277 Ione D . A #.90 | :
1278 Ione E N N B #.60 | :
1279 ione F N g.08 | !
1288 Ione 6 I N §.86 | :
1284 H i H :
1282 : ; : :
1283 2.7% Maintenance and Drilling Problees i ! ' '
1284 Fercent Ione Time (i} H i : {
1285 ione A i H } i
1288 Maintenance H i e !
287 Brilling Probles ! ! R :
1280 Jone B ! : i :
1289 Haintenance H i S
1298 Drilling Probles ; : L .
1291 ione € i H H !
1292 Haintenance i : b t
1253 Drilling Probles i i ' L7 iTime associated with lost
1294 Ione D b i i icirculation.
1293 Naintenance : ! N
129 Drilling Problea ' i b !
1257 Ione E d H : H
1258 Maintenance H : . i
1299 Prilling Froblee H i L H
1385 Ione F ' ! | !
1381 Maintenance H H e H
1382 Drilling Probles ; ' e |
1383 ione 6 H H H !
384 Mainterance i ! i

2
”
o

- e T ww
w
-
w

Drilling Frobles

— T e




bulABASE &, '
WELL DESIGN AHD DRILLINE INETRUCTIONS i

: Fepuiresent ' i Zone } ZIome 3 Ione 1 Icne 3 lone ! fone i Igre
: T A T R :
i & 1.1 Beclooic Evaluation ' ! i i : ! H '
I Clacsification Nueber i i I 3 3 S . Y :
I i i H ' 1 H : !
i1 1,Z Well Geometrv ! ! ! : ! ' ' H
HEB V3 Hele Depth From Surface (F.} ) 158,08 | 1999.8¢ | J568,.06 | 6082, 00 116560.06 |______ R !
HE Hole Diam. iln.} ooAzepl 28,880 17580 12,2501 BB 0___ . e !
T U i ! : d i H H i
! 15 1.3 Casing Frogras i { : : H [ { |
116 Casing/Liner Lenpth (Ft.} | 159,06 | 1689.66 ) 3560.08 | ofea. 89 1 6.88 NOTE: _Sipge !
S ¥} Casing/Liner Diae, (In.) ! 3.6 26860 13384 9.83 %  £.0¢ DRILTAC does _ !
i 1B bnit Cost ($/188°) | 7566.6F | S269.85 | 3440.96 | 381486 | 6.88 hot cortectly. !
P19 : H ! ] ! model tlie-back!
! 28 1.4 Drilling Techniques & Eguip. Used | ! i : i casingsy the !
io2 Drilling Method (1 Time} ' : ! ! ! liner and tie-!
P Rotary Drilling-kir ! ' ' ] ' back wete_run _as
HIV & #ir Coep. & Aux. Eoquip. R i R ' ' bne string._ ___!
HE? | Rir Hamaers N S ‘ i ! : ; i
1 2% Bowrhole Motors L i o ot ot ! I i
12 fther S e e R e { i !
¥ Rotarv Drilling-Mud VOiPG.E0 1 196,68 ) 186,88 | 163,80 | 106.88 1 e '
1 28 Teiesetry Systeas e R I H ? : i ‘
P29 Other S R ! o i : R S '
V38 Pounhele Hotor-Nud R . R L i . d o
] Downhole Motors e Y b b R . :
TR Peviation Sub & Toole L e | L . L R !
IR K] Telenetrv bvetess b S R i ! : I H
HE ) Other b H S 1 ' ' . '
HE Core Drillina-Lonventional o R e i i ' I !
V36 Pownhole Motpre L i e __h ot I T i
HEY) Deviation Sube § Tools R S b L V. el L i
i 38 Teleeetry Svetess . : o : H H S :
) Dther . L R } N L :
HER | Core Prillino-Nireline . H ot ; ! ! i
I Downhole Motors R o i i : : b !
i 42 beviation Subs & Tools I ! ot : ' . ' i
LI K] Telewetrv Svstess | R . . H : el :
I T Bther R ' H ' ! d H !
I ] Dther . R : } : i { A
I 1 Reaeing (Ft.) 1 i et : P 488,08 ! : :
HE ¥ i : i : [ ! ] H
i 48 1.5 Rio Selection ’ ' 2! | ! ! ! ! '
I L] : } H : H ! ' !
3¢ 1.6 Bit Prograe . i : i ' i " i

51 Rotary Drilling-Air i J
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WELL LESIEN AND DRILLINB INSTRUCTIONS

Eeouirement { Ipne | lone | lone i lone
!R I N S

[
‘

lone | lore | ZIcne

E t F 1 6

Bit Selection i i o ' ' ' .
Bit Cost ($/Bit) . N I i ' ! : H
Bit Life {fivg. Hrs.) R . i ! } ! :
Rotary Drilling-Mud : ' H H H : :
Bit Selection 1STE#-17  |STR-17 1STB-17 ITCRE-12 1TCRB-8 ! :
Bit Cost ($/Bit) }4345,86 | 494508 | A945,08 | 7857.88 | 3BST.08 ! !
Bit Life (Ava, Hre,) IO24.88 1 24,880 24,86, 20.68 ) 20.96 | L
fonrhole Motor - Mud ! i H ! H : !
Bit Selection R ! i i i ' i _
Bit Lost i$/Bit) . . . \ ! b S
Bit Life fAvo. Hre.) o b . H . R b
Lore Prilline - Conventipnal } H t f H H :
Bit Selection . L S d H { i
Bit Cost ($/Fit) VL N R ' R . b
Bit Life thvo, Hrs.} b e, . i ! ! i .
Core Drilling - Wireline i ! i i H ! !
kit Selection R el e el i i bl
Bit Cost i$/Bit) L N i L i ' : -
Bit Life {(fvo. Hrs.} . R I i : ! i .
Bther | H ! H : ! H
Cutter Selection e i et i ! N S N
Cost (%) S . : i . L .
futter Life tAvo. Hre.) e S i ! H i i
1.7 brilling Fluids Progras ! ! 1 : : : |
Surface Svstem Build Up H : ! H ' H i
Surfacre Sve. Vol. (BBLS.) I 468,88 | : | : : H
Additives (Tvpes) {KENT/LINE! | ! ! H !
Total Unit Cost ($/168 FBLS.) | 236.68 | H i H i '
Additional Voluee ! ; i : i : '
fdditivez (Types) i,L,C6 IB,L,CE6 1B, H . H H
Total Add. Cost (#/1#¢ BELS.) | 236.86 | 238.68 | 256.08 | 256.9 ! 256.86 ! i
Dailv Maintenance ! 1 ' o ! ! :
Cost ($/Dav) | 1598.88 | 1500.60 | 156,00 | 1560.00 | 1560.68 1 _________ .
Dther : i I H : ! '
Equipeent Cost (§) H I ! : 168088.0f § o5t Civculati
hdditives (Tvpes) . H o ! i direct.-costs. -
Unit Cost ($:/Cu.Ft. of Hole) ! i o i ! ' L
: ! i i ! [ |
1.8 Cesent Prooras i o H ! i ! :
Ceeert Type tR-MI)  1GSILICK IG+54RET 1B4S4RET §__ [ R
#nnuivs Fill H, (FL.) VOYE. B8 1 1806, 69 | 3500.60 | bPO0.60 1 B8P V.
Unit Coet $/Cu, Ft.) VOT.ee L TBE T.8F 0 .08 .98 o .
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