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ABSTRACT

This study is the first phase of a »rogram to develop reliable emissions
estimates for offshore oil and gas development and production. The objectives
of this screening phase are to characterize the equipment used offshore, to
evaluate the sources of emissions, to make preliminary estimates of emissions
rates, and to identify current control technologies and control technologies
which require further study. The two major sources accounting for over seventy
percent of total non-methane hydrocarbon emissions are oil storage or storage
tanks on board the platfo:ms and vents which discharge intermittently during
gas processing. Power generation during production operations is the largest
source of essentially continuous emissions of oxides of nitrogen, sulfur
oxides, carbon monoxide and particultes, but accounts for only about ten
percent of total non-methane hydrocarbon emissions, The most 1ikely means
of achieving emissions reductions are the use of vapor recovery systems,
development of combined cycle power systems suitable for offshore use, and
riaximum utiliztion of waste heat.
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CHAFTER ONE

INTRODUCTION AND SUMMARY

1.1 Introduction

Offshore oil and gas production on the Outer Continental
Shelf may contribute 11 to 54 billion barrels of oil and 54
to nearly 236 trillion ft3 of gas to domestic supplies in
the future.l The resource potential of these petroleum
pProvinces will be increasingly important to fulfill the
nation's needs for energy.

This study is the first phase of a program to develop
reliable emission estimates frr offshore drilling and oil
production facilities. The objectives of this engineering
assessment are:

1. To characterize the equipment and processes found
on offshore facilities used for petroleum resource
development on the Outer Continental Shelf.

2, To evaluate the sources of emissions from offshore
facilities, to make preliminary estimates of
emission rates, and to identify control technologies
for these emissions.

3. To identify emission sources and control tech-
nologies which require further study. Field
testing of both point sources and ambient air
concentrations is one response to this objective;
control technology development is another.

1.2 Conclusions
Offshore oil operations generate a small but significant

amount of air pollutants resulting from stationary combustion
or. from venting produced gas.

1U.S. Department of the Interior, Geological Survey
estimates.



This conclusion is based upon the preliminary estimates
contained in this report and is subject to the following
limitations:

1. Because this work was intended as a preliminary
screening, several simplifying assumptions have
been made. While the accuracy of these assump-
tions will affect ithe accuracy of emissions
estimates, they will not significantly alter the
qualitative findings of this work.

2. Several potential emission sources have been
identified for which supporting data are unavail-
able. However, the project team has elected not
to carry out an "in-depth" analysis of such data
because the level of effort required could not be
justified within the scope and level of effort of
this preliminary survey.

3. There are major difference in the operating and
design practices of major oil companies as well as
differences in offshore leases. Hence, there is
no such thing as a “typical platform.” In carrying
out this project, however, guantitative estimates
have been required which have been based upon
generalizations of specific practices reported in
the literature or observed by the project team
during visits to several offshore facilities.
Although these estimates are believed to be guali-
tatively accurate and of sufficient reliability to
establish priorities for subsequent work, the
authors recognize that there are a large number of
exceptions to the general rules followed here.

1.2.1 Emission Sources and Rates

Table 1-1 outlines the sources reviewed in the study by
phase of activity and major subsystem. Table 1-2 ranks the
sources of emissions in terms of their anticipated uncontrolled
rates of emissions for 1985. The major source of total
hydrocarbon emissions is from oil storage or surge tanks
onboard the production platform (136 x 103 Mg/yr) and from
vents which discharge intermittently during gas processing
(93 x 103 Mg/yr) as required by process upsets and maintenance.
These two sources account for over 70 percent of the total
non-methane hydrocarbons (29, 403 Mg/yr) emitted offshore.

By comparison, this is only 2 percent of the non-methane



TABLE 1-1

OQUTLINE OF POSSIBLE EMISSIONS SOURCES REVIEWED

Phase:
Subsystems:

Phase:
Subsystems:

Phase:
Subsystems:

EXPLORATORY/DEVELOPMENT DRILLING

Electric Power Generation

Mud Conditioning
- Mud tanks
- Degasser
- Shale Shaker

Fuel Storage
Deck Sumps

Flow Line {(Blowouts)

WELL COMPLETION/TEST

Electric Power Generation
Flow Line

Wellhead
- Plaform Risger
- Submerged Production System
- Underwater Completion
= SEAL

PRODUCTION

Production

Energy Source-Lifting
Natural or Primary
Electric Submergible Pump
Gas Lift Systems

Power Oil/Water Systems

Phase of Production
Natural/Primary
Pressure Maintenance or Secondary
= Gas Reinjection
- Water Injection

-3-



TABLE 1-1 (CONT.)

Subsystems:

Electric Power Generation
- Submarine Cable
= Turbines
- Gas Engines
- Diesels

Processing
Separation
- Free Water Knockout
- Two Phase Separator
~ Pressure Stage Separators
- Test Separator
- Desander

Gas Preparation for Pipelining
= Glycol Dryers (Waste Heat and Direct-Fired)
- Amine Systems (st)

Gas Compression to Higher Pressure
- Combustion Turbine
- Gas-Fired Reciprocating
- Electric Motor
- Diesel

0il Preparation for Pipelining
- Treater (Direct, chem-electric, indirect)

0il Shipment
- Storage
Dead 0il Tank
Shipping Surge Tank
Fuel Storage

Pumping
- Electric/Diesel
- Charge Pumps/vValves
= Turbine
- Gas

Water Cleanup (for Disposal/Injection)
=~ Skim Tank
- Flotation Cell

Skim Pile

Floor Drain System

Injection Pump

Electric Motor

Gas Turbine

Diesel
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TABLE 1-2

RANKING OF EMISSION SOURCES FROM

OFFSHORE OIL AND GAS ACTIVITIES, 1985
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emissions for all petroleum storage or less than 0.2 percent
of the total non-methane emissions from all stationary
combv.stion. 2

Power generation during production operations in 1985
is the largest source of essentially continuous emissions of
oxides of nitrogen (36.3 x 103 Mg/yr), sulfur dioxide
(1.7 x 103 Mg/yr), non-methane hydrocarbons (3.12 x 103 Mg/yr)

carbon monoxide (9.0 x 103 Mg/yr) and particulates
(1.1 x 103 Mg/yrx).

1.2.2 Control Techniques

The types of facilities onboard an offshore platform
are chosen based upon the extent of processing required, the
space available, and the cost of onshore alternatives.

While there is a wide range of process alternatives, there
are few available process changes which offer significantly
reduced emissions. Hence, the most likely means of achieving
emissions reduction are:

e Use of vapor recovery systems for major vent
exhausts such as flash gas generated in the surge
tank from the low pressure separator to the sendout
pump.

e Reduction of fuel combustion through maximum use
of waste heat recovery or through the development
of combined cycle power units which would be
economically feasible for offshore use.

® Minimization of onshore emissions {which lessens
the population at risk) through maximization of
offshore power generation and oil/gas processing.

Specific control technologies for point sources of
emissions on offshore o0il and gas facilities are illustrated
in Table 1-3. Among the control technologies listed, applica-
tion of combined cycles to gas turbine operations and other
engines offers the largest potential reduction in non-
hydrocarbon emissions. Although this technology is still
under development at present, it has the potential to reduce
power generation emissions by as much as 54 percent based

2U.S. Environmental Protection Agency, Control of Hydro-
carbon Emissions from Petroleum Liquids, EPA No. 60072-75-042,
September 1975.




TADLE 1-3

CONTROL TECHNOLOGYES FOR OFFSHORE OIL AND GAS OPERATIONS

SOURCE

CONTROL TECHNOLOGY

POLLUTANTS CTONTROLLED

Power Generation-Drilling

Mud Degassing
Mud Tanks
(Oil-Based Muds)

Fuel Storage

Power Generation-Production

Gas Drying

Compressor Seals

Gas Processing Vents
Valve Seals (Gas Service)
0il Treaters

Pump Seals

Valve Seals (0il Serxvice)
0il Storage/Surge

Water Treating

Waste Heat Utilization,
Combined -Cycle Operations
(Developmental)

Combustion Flares
Covers, Dilution Flares

vapor Recovery

Waste Heat Utilization
Combined-Cycle Operation
{Developmental)

Waste Heat Utilization

Maintenance

Operating Practice
Maintenance

Waste Heat Utilization
Maintenance
Maintenance

Vapor Recovery, Dilution Flares,

Combustion Flares

Maintenance, Design, Vapor
Recovery

NOx, SOz, HC, CO, Part.

RC
HC

NO_, SOZ' HC, CO, Part., st
’ 502, HC, C», Part., HZS

SOz. Co, Part.

SO CO, Part.

20




upon a cycle efficiency of 40 percent as compared with cur-
rent operations at 26 percent efficiency.3 Fuel rate reduc-
tions of 24 to 37 percent have been achieved in gas turbine
combined-cycle tests to date. Application of vapor reccvery
systems may reduce hydrocarbon emissions from offshcre
operations projected for 1985 by up to approximately 80 percent
in the Gulf of Mexico and in the Atlaatic. Vapor recovery

is already required in the offshore California region.

Waste heat utilization may reduce pollutants by approx-
imately 10 percent or more depending upon the extent of
application. It is necessary to evaluate the economics of
waste heat recovery system applications in order to assess
the actual extent to vwhich the industry will adopt this
control technalogy in the absence of new regulations.

These conclusions are based upun the control technology

scenario for 1985 discussed in Chapter Five. A different
scenario may alter these conclusions somewhat.

1.3 Recommendation and Research Needs

1.3.1 Field Sampling

The following potential point sources of emissions on
offshore o0il and gas facilities have the highest priority
for characterization study by field sampling of all pollutants:

] Gas vents

9 0il storage vents

® Water separators

L Compressor seals and thrust-bearing vents
® Well completion, blowouts and oil spills

The emissions from a blowout could be very large if the
well remained out of control for a significant period of
time, but such emissions are clearly uncontrollable once a
blowout occurs. Fortunately, blowouts are an infrequent
occurrence.

3R.M. Wardall and E.E. Doorly, Current Prospects for
Efficient Combined Cycles for Small Gas Turbines, presented
at ASME Gas Turbine Conference, New Orleans, Louisiana,
March 1976.




1.3.2 Control Technology

Development of a combined cycle for gas turbines and
other engines generating power onboard offshore facilities
should be encouraged hecause of the substantial potential
emissions reduction and concomitant energy savings. Specific
development should be focused on systems that would be
economically feasible even on scales in the range of 1,000 hp
to 5,000 hp.

o

Waste heat utilization to replace electrical resistance
heating and direct-fired vessels onboard operating platforms
should be studied for immediate application where energy
savings and pollutant redactions may be achieved.

The costs and feasibility of changes in operating prac-
tices onboard platforms, particularly during periods of com-
pressor shut-down, should be evaluated. The impact con
emigssions as well as the effect of ‘any changes in operating
practice on the long-term productive potential of the
reservoir should be examined.

1.4 Methodology and Scope of Report

1.4.1 Approach

Data on the major offshore drilling and production
facilities, processing schemes, operating practice and
future planned configurations were compiled from discussions
with the industry, the U.S. Geological Survey (USGS), state
agencies, industry associations and technical journals.
Published emission factors to be applied to these operations
have been supplemented with independent estimates developed
in the study and with data collected from operators' records
analyzed during the project team's field visits. Detailed
dispersion modeling and sampling program planning were
subordinated as objectives of the study in order to develop
projections of o0il and gas drilling and production activities
for the 1985 time frame. The emissions from the projected
activity level were utilized to rank the sources of emissions
and to evaluate the potential emissions reduction from
applying control technologies.



1.4,2 Limits of the Analysis

The geographical scope of this report encompasses the
Outer Continental Shelf in Federal waters offshore of the 48
contiguous states. Where data were available for the
Alaska Outer Continental Shelf activities, these were included
in the report. Offshore activities in waters under California
State jurisdiction were included in the report to provide a
complete picture of the emissions in that region. Production
in state waters along the Gulf of Mexico was not included
because of the difficuity in delineating offshore activities
from onshore activities there and because oil and gas produc-
tion in these areas is relatively mature.

Emissions from all activities during drilling, completion
and production of an offshore oil and/or gas well were included
in the analysis as data pPermitted. The major exceptions
would be support activities emissions from such sources as
transportation equipment, cranes, and workover rigs which
operate intermittently.

In terms of the flow path of hydrocarbons the emissions
evaluated included sources at any point from the oil or gas
reservoir beneath the sea to the point at which the oil and
gas were dispatched from an offshore processing facility or
up to the paint at which loading and transportation operations
began. Onshore facilities emissions would be the subject of
a separate project.

The emissions estimates are based upon a single composite
processing scheme for each region. The USGS has under
development & data compilation program which may enable
further segmentation of oil and gas production into their
respective processing schemes. However, the USGS project
was at too early a stage to include these production schemes
in this report. Considering that three sources account for
over 90 percent of the total hydrocarbon emissions identi-
fied and that power generation is the major contributor of
other pollutant emissions, it is doubtful that a more detailed
partitioning of oil and gas production into various schemes
would provide meaningful insights.

Although some gas-fired reciprocating compressors are
present on offshore platforms, the total emissions estimates
are based upon gas turbines as the prime movers in operation,
No data were found on the number of reciprocating compressors
installed offshore. Although accounting for these units
would increase estimates of pollutant emissions of nitrogen
oxides, hydrocarbons and carbon monoxide, the change in total
emissions estimates would not be sufficient to significantly
alter the preliminary conclusions stated in this chapter.

-10-



CHAPTER TWO

OVERVIEW OF THE INDUSTRY

2.1 Introduction

The oil and natural gas industry is a highly complex
mixture of many companies, large, medium, and small in size,
actively competing with each other yet, in total, working as
a gigantic system to supply the energy needs of the nation.

Figure 2-1 shows a model of the total petroleum and
natural gas system.l Stephens identified the following
functions of the industry:

1. Seeking out of accumulations hidden in geological
structures (Geological Exploration).

2. Drilling of exploratory wells and completing them
S0 as to extract safely the crude petroleum and
natural gas from its resevoir (Drilling).

3. Producing crude oil and gas - The development
drilling of "discovered" resevoirs and the pro-
duction of oil and gas (Production or Operations).

4. Transporting crude oil to refineries (Crude 0il
Transportation).

5. Refining or separating the crude oil into usable
products. Petroleum is a mixture of many natural
hydrocarbon compounds (Refining).

6. Transporting refined products to consumer areas
(Product Transportation).

7. Distributing oil, gasoline, je: fuel, asphalt angd
the many other products to consumers (Marketing).

This chapter addresses offshore activities of the
industry primarily in the second and third functions listed.

lM.M. Stephens, Vulnerability of Total Petroleum Systems,
Jepartment of Interior Office of 0il and Gas and Defense,
Civil Preparedness Agency, Washington, D.C., May 1973,

-11-
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Upward from 75 percent of the total energy used in the
United States comes from the petroleum and natural gas
industries. A plot of the Gross National Product with
energy use indicates that the two parallel each other. It
follows, therefore, that the petroleum and natural gas
industries are of utmost importance to the nation.

Each day the country produces about 8.2 million barrxels
of crude oil from domestic sources. Added to this are
roughly another 1.5 million barrels of natural gas liquids.
But the country uses about 17 million barrels of petroleum
products daily. Much of the relatively easy-to-find land-
based 0il, or relatively shallow depth o0il, has long ago
been discovered and most such wells either are now marginal
producers or have been abandoned.

To date, in excess of 100 billion barrels of petroleum
have been discovered and produced in the United States.
There is a never-ending search for new oil. Our future
domestic crude oil supply is in a critical situation, for
present estimates of known reserves indicate that only 32
billion barrels are available, scarcely 10 years at present
domestic production rate and only 5.5 to 6 years of our
total annual demand. Of this known reserve, it is estimated
that possibly as much as one-fourth will come from offshore
California and Louisiana.

Most present day domestic petroleum and natural gas
exploration is looking to potentially oil-bearing formations
beneath the sea, the outer continental shelf areas of the
Atlantic, Pacific and the Gulf of Mexico. 0il and gas pro-
duction is well established in the Gulf and smaller areas of
the nation's Pacific shelf off of California and Alaska, but
the Atlantic and Alaska are horizons for exploration and
development in the future.

2.2 O0Offshore Petroleum and Natural Gas Operations

The major offshore oilfields are shown in Table 2~-1.
In 1975, the offshore oil production from all major fields
amounted to 964,383 bbl/d, about 1l percent of the nation’'s
total output.2 In 1974, the Gulf of Mexico offshore

2J.C. McCaslin, "Gulf of Mexico Current is Offshore

Leader," 0il and Gas Journal 74(35) (August 30, 1976); 0il
and Gas Journal 74(18) (May 3, 1976).
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TABLE 2-]1

OFFSHORE OIL PRODUCTION AND RESERVES
MAJOR FIELDS IN THE UNITED STATES

(million bbl)

Eatimated

rield, ¥o. 1973 Cumulative Remaining Pay zana
State Digcovery Dave Wells P ion fon Renarves Depth, [t
Alaska Granite Point n 4 60 S¢ Kenal, 8,722
NcArthur Blver 5? an 4 208 Senai, 9,572
Middie Ground Shosl pi ] [ ] L ] 9 Fenal, 1,776
California Dos Cuadras, 199 Ill 1" 116 79 Pliccene, 3,673
Sants Yea, 1970 - - 1.000 Hlocene, 10,000
funtington uun. 1920 I.M) 17 n 125 Hle-Pllo., 2,100
Wilmington, 1932 249 [ 1] 1,707 32 Nlo-Plio.. 1,200
toulislana 02y Mazchard, 193 22 a2 198 2,810
Bk, 2lncl
onshore), 1749
Cugene Island L1 [} ” 32 Klocene, {,000¢
Bk. 126, 1930
Zugene [slend 138 . [{] 162 Miocens, §,353
k. 3o, 1971
Eugene Is)and 60 H) @ ] ] Kiocena, 9,450
Bk. 175, 19§
Cvjene island 60 ] 51 e Pllocene, §.00)
8k. 376, 1962
Grand Isle Bk, 7 11 m b1 Kiocenn, 1,339
16, 1903
Grand Isle pk. 20 1?7 11 189 Mincene, 2,323
41, 193¢
Grand 13le K. &5 3 (4] 4 Hiocene, 4,006¢
47, 1953
lulg PA;:|IL. (1] 1 sl 19 Miocena, 6,000¢
b}
.
Main li?n ] 117 ] 19 [}] Mlocene, $,300¢
§9, 1348
Main Pasm BX. 13¢ L] " n Mlocene, 6,167
Jos, 1969
Ship Ehoal Bk, @ ¢ n n Riocens, 8,830
204. 156
Ship Shoal, Bk. 4 3 L1 135 Niocene, 11,0140
201, 1967
Ship Shosl Bk. 13 [ ] 10l 124 - Riocene., 9,0%9¢
00, 1962
50uth Marsh (1] b ) L] [ ] Rincens, §,780%
Esland sk.
3, 1263 -
South Pasa Bk. (1] n 8 106 Mlocens, 6,520
24, (inc. onshare)
1950
South Pass Bk. 122 ’ 168 1né Riocene, 6,544
27, 1954
South Pass Bk, [ 13 S L 1] 13 Miocone, 3,392+
62, 1953
South Paxs B2 (1] L] 5% 136 Hiecane, 0,033+
S, 1989
Tisbsller Bay, 169 [ ] 165 % Miccene, 1,33&¢
k. 21, 1939
West Delta BX. 11 12 130 120 Mlocens, 7,132
Jo, 1949
West Delta Bk. 10 * (1) 19 Miccena. 11,660+
53, 1984
Wast Delta BR. nz L] 136 [} Klocane, 08,3208
73, 1962

Source: 0il and Gas Journal 74(18) (Fay 3, 1976): 140-150,
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fields shown in FPigures 2-2, 2-3 and 2-4 produced about
390 million barrels of oil or about 73 percent out of a
total of 533 million barrels produced offshore. Until
of fshore Alaska and Atlantic are developed, ‘the Gulf of
Mexico is likely to continue to be the most important
domestic offshore source of 0il and gas.

In Louisiana, there has been considerable dispute over
where the state ownership ends offshore anZ where Federal
jurisdiction begins. This is due to the fact that at places
where the wetlands merge into the sea, it is difficult to
determine exactly where the shore might be. Further, grants
related to early Spanish and French treaties have been de-
clared by the state to give rights beyond the 3-mile
limit. Recent court decisions have partially settled this
dispute, but still, title to some offshore lands is in ques-
tion. Deep embayments along the coast, most of them having
oil structures, create many shallow water and amphibious
operations that might or might not be considered to be
"offshore." Although much of the technology for offshore
operation was developed in these areas, these nearshore
activities are not considered to be within the scope of this
report. Furthermore, these nearshore operations are in a
mature stage of development compared to the activities on
the Outer Continental Shelf. Emissions from these sources
will be considered in a future report.

The first offshore well was drilled in 1945 by Magnolia
Petroleum Company (now Mobil 0il Company).3 A converted
land rig was built on a wooden structure in 20 feet of water
in Ship Shoal Block No. 58. The well was a dry hole.

The industry expanded in the Gulf from 2 platforms in
1947 to 668 active multiple-well platforms in Texas and
Louisiana by March 1974 (see Table 2-2). Of the original
804 multiple-well platforms built, hurricanes have claimed
17 and only 6 were lost by fires, blowouts or other unusual
causes.? Table 2-3 summarizes the frequency of incidents
since 1964. Eight companies own 498 major platforms contain-
ing six or more wells or 77 percent of the total major .
structures. Some platforms have dual ownership.

3J. Carmichael, "The Industry Has Built Over 800 Plat-
forms in the Gulf of Mexico," Offshore 35(5) (May 1975): 83.

4U.S. Geological Survey, Conservation Division, Acci-

dents Connected with Federal Oil and Gas Operations on the
Outer Continental Shelf, July 1976.
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TABLE 2-2

OFFSHORE PLATFORMS IN FEDERAL WATERS

LOUISIANA
West Cameron 45
East Cameron 39
Vermillion 42
South Marsh Island 47
Eugene Island 107
Ship Shoal Area 85
South Timbalier 62
Grand 1sle 62
West Delta . 94
South Pass 15
Main Pass 40
Bay Marchand 15
South Pelto 2
TOTAL 655

TEXAS
High Island 6
Galveston 3
Brazos 4
TQTAL 13
MISSISSIPPI, ALABAMA, FLORIDA

(MAFLA)
Mobil South §1 1
TOTAL 1

CALIFORNIA

Santa Ynez la

Santa Barbara Channel S
TOTAL 6
GRAND TOTAL 675

qunder construction.
Source: Offshore 35(5) (May 1975): 84.
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TABLE 2-3

MAJOR OIL SPILL INCIDENTS

NUMBER OF ANNUAL OCS

CALENDAR OIL SPILLED FIXED PRODUCTION
YEAR INCIDENTS (bbl) STRUCTURES (106 bbl)
1964 5 14,928 1,100 123
1965 2 2,188 1,200 145
1966 0 None 1,325 189
1967 1 160,639 1,450 222
1968 1 6,000 1,575 269
1969 6 30,024 1,675 313
1970 3 83,895 1,800 361
1971 1 450 1,891 419
1972 0 None 1,935 412
1973 4 22,175 2,001 395
1974 2 22,046 2,054 361
1975 1 Unknown 2,079 3282

TOTALS 26 342,345 3,537
aEstimate
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Early platforms had from 3 to 12 slots or positions for
wells. As recently as 1974 one 40-slot, three 32-slot, and
numerous 24-slot platforms were installed in water depths
from shallow water to 375 feet in depth. At present, Shell
0il Company is completing its 40-slot platform in South Pass
Block No. 70 and is constructing another 40-slot platform
close by in 290 feet of water. Shell's platform slated for
the Cognac structure in the Gulf will be 1,265 feet tall and
will have 62 slots and will stand in 1,020 feet of water
about 100 miles southeast of New Orleans. All told, the
U.S. Geological Survey (USGS) reports 2,079 (1975) single-
and multiple-well platforms under their jurisdiction in
offshore Louisiana and Texas.

California offshore areas are shown in Figures 2-5 and
2-6. Five platforms presently operate offshore in the
Ventura-Santa Barbara area in Federal waters. Eight near-
shore production platforms and one production island are
also located here. On the Pacifiec coast, the water becomes
deep at a fast rate, so even the site of the newest platform,
Exxon's Hondo, is in 850 feet of water only 5.5 miles off-
shore. This platform, the world's tallest, will be 945 feet
high when set -- the cost over $67,000,000. Twenty-eight
wells can be drilled from this installation. It will have
about 40,000 ft2 of deck space.>

As of September 1976, 1,748 rigs were active and working.
In California three rigs are drilling offshore, as compared
to 84 on land; in Louisiana 73 are operating offshore as
compared to 53 in inland waters,sand 104 on land; in Texas
41 are offshore and 635 on land. Tables 2-4 and 2-5 sum-
marize the rigs and vessel types which are available.

The jack-up type rig has considerable popularity in
relatively shallow water up to 300 feet in depth. Submer-
sibles, drilling vessels and semisubmersibles are used in
deeper water. As of June 1976, 283 offshore rigs were
working, 50 were idle, 10 were en route and 87 were under
construction.

5T.R. Wright, Jr., "Exxon Begins Installing World's
Tallest Platform," World 0il 193(1) (July 1976).

6"Hughes Rig Count,"” 0il and Gas Journal 74(30) (September 29,
1976): 108.

7“Mobi1e Units," Offshore 36(6) (June 5, 1976): 91.
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TABLE 2-~4

RIGS AVAILABLE BY TYPES -~ 1976

-sz-

RIGS ATLANTIC OCEAN PACIFIC OCEAN LOUISIANA GULF TEXAS GULF
Working 7 4 51 5
Idle 1 4 6 3
En Route - 2 - -
Drill Ships 3 7 5 4
Semisubmersibles 5 2 11 5
Submersibles - - 15 1

Jack-Ups - 1 26 18




TABLE 2-5

LOCATION OF AND TYPE OF DRILLING RIGS AVAILABLE

FOR U.S. OFFSHORE OPERATIONS

NAME 3 LOCATION OWNER

ATLANTIC
7 werking; 1 idle

SIDEFORD DOLPNIN
Semisubmaersible drills 10 30.000° in 1,500°
ran, $poin
GLOMAR CHALLENGER
Drsliship drills to 23,000 in unird, water depih

Dalphin Drilling

Swiops, Aslontic

GLOVAR SIRTE Glebal Marine, Inc.
Dri'lahip drilla 1o 25,000° in 600
Qﬂlhﬂglv, fare Portugol

MV, Associoted Morina Services, Inc

onllthlg dulll fo 1,500 in 600°
1dle, le-lnn Mais.
PENTAGONE lavn Nsplune {ond/ar affiliated Cy)
S-n-wbmcmblo diills to 20,000" in 660°
SNP.A, Fronce, Britonay Srazelle § Mar d'lroise
MESUSA Qfshare Drilling loc. (Kulukundin}
Semisubmersible diills to 14,400 in 660
Sha-l, Soonith Boy of Biscay, Mar Cantobrico C-2
SEDCO 1 Southeastearn Commeanwealth Drlling ltd
Semisubmursivle drills to 25,000° 10 800°
Unon Tazas, Spain Terragona E-2
48020 J Saulh-un-m Commenwealth Orilling, Led.
Semisubmaniible dnlls 1o 25,000° in 800
Ocoan Production Ca., Atlantic GCS

CARISBEAN

4 working; 2 en coute
©.4CONERER 91)
Sr ilship drills in 2,000°
ir widad, May 74

Amarhare

LOUSIANA 2egoia Off-Shore Co.
Semisusmarnble dll!ll ja 20,000 in 400
£ cauta Trinidad for Daminea

PAT AUTHER Feld-Viting Dedliag S. de R1

2F0RD, IR,
bmerubla drills In 25 000" In AR
“eaaco. Trimdad, Galeata Paint

LOVISIANA

F1] vurking; 6 idls
3485 QODECO Inc
Snm—'uuhlq drlls ta 23,000" in *
Gu ¢, South Timboalier 21
[ %713 VlAf'l No 2
Sem suhmernibls dnlls 1o 20,000° in 400°
Ue on, Wast Comeran 39
Bl.EWATER NO. 4
i3 wOoma e deills ta 25,000° in §,500°
A=erican P fhino, Mabile South. 27 N&4) E48
CENTVRY Diamond M Drilling Co.
Som.submersible drills to 30,000° in 400°
Maeathan, Vermilion,
dixiLyn TWO SIATY
Socxup drills to 30,000° in 260"
Sk ly, Wert Ccm'un an
£L 2Cta00
Seomersible dnlls ta 23,000° in 70
Otwean Production, Ship Sheal “'
[F{{8C-1 [TUY
Jocmuo dnlls 10 23,000 in 250°
Siesl, Yermilion 22
GEM Diomond M Drilling Co.
Jackap drifls ta 30,000° in 300°
Shall, Vermilion 144
GL\Cmat 1l
Ovillinig Jrills to 23,000 in 600°
Avgilahle, Gulf Coaw
G.CmAad CONCEPTION
Owsifahip drllts l- 25,000° in 800"
‘ale Ouv
GLOMAL GRAND |5l!
Onltsnip dnihs le 21.000° in 600"
Avgilaole, Gull of Menito

Santa Fe Intd.

Sante Fe Iarl. Corp.

Dinilyn Internotlonatl lac.

ODECO, lnc

Olien & Ugelstad A/S

Globol Marine, Inc
Global Marine e

Globol Morine Inc.

NAME & LOCATION OWNER

INTREPID
Jackup drills te 20,000 in 300
hmun-l. Eugens tiland 120
1. STORM
la:lup drills ta 20,000° in 225
Mo, So. Pelte 13
JOHN HAYWARD
Submeruble drills to 23,000° in 20
Marathen, Eugens Island 58
MARLIN NO.
Jackup drills to 25,000° in 250
Shelly, Main Pass 28
MARLIN NO, &
Jackup drills to 30,000 in 300°
Tenneco, West Cameran 163212
MISSION EXPLORATION
Orlliship drllty 1o 30,000° in 400°
Pennzail, Gult Menico
MOVISLE NO. 2
Submarsible drills 10 23,000' in 80
Shell, Soulh Poss, 27
MOVISLE NO, )
Submerenble drlils to 20,000° in 435°
Unlon, $Sauth Marsh lslond 280

2epatc OH-Shere Co.

Marine Drilling Co.

Q0eCO, Inc.

Metlin Drilling Ca., lac.

Manin Drilliag Co., Ine.

Mission Dnlling & Esplosation

Taladyns Mavible Offihore, Inc

Teledyne Movible Offshore, Inc

MR, CHARLIE QDECO Ine.
Svbmurnihle driily fa 23,000° In 0
Boy of M
MR GUS 0 Fluer Oillling Services, Inc, Coral

Jackup drills 10 23,000° in 150°
Union, Eugene lsland 179 OCS-G-1228 =70
MR S§] Fluor Orilling Sarvices, loc., Corel
Jackup drills in 350"
Gulf Oil, West Comaren 368 OCS.G-2042 21
NEW ERA
Semisubmeruble dulls in 1,000°
Amun. Mobile 0. 22 841-N
OCEAN QDECO (nc.
lutlup dnlls to 23,000 in 120
Chevran, Sauth Marsh island 283
OCEAN DRILLER
Semisubmersible drills to 25.000° in 800°
Chavron, Moin Pass 232
OCEAN LEADER
Jockup deills to 25,000' in 175"
Pennzoil, Yermilion 228

OCEAN QUEEN
Semisubmessibla drlte to 25.000 n 1,20
Sheil, Yarmilion 393

OCEAN PRIDE
Jatkup drills to 25.000° in 150
Shall, Vermilion 22

OCEAN Scour
Semisvhmareibla deills to 20.000° in 600
Pennzall, Evgene lstond 337

OCEAN STAR
Jadkup drills 10 25,000° in 173
Ocoan P ud So. Timballar u

ODECO SEV!
Subllnulhh drills to 23,000° in 33%°
Chaveon, South Timbalier 11

OCEAN TRAVELER
Semisubmersible diills lc 25,000 1n 600
G-Il Wasl Comeron 3

P Peogress Morine, inc
lcdwp drills In 70°
Sln South Pomne 27

| 2] Progress Marine, Ine.
lnd i, in 70
Moblla shipyard for veparnn

PRl V Progress Marine, lac.
Jalhu drills in 70°

fmn. Pass 92

[ Progress Masine. Inc
Juh- dritls in 70
Eldeng. Ol & Gos, Wait Cameron 21-8-NER-18

PENRO Penrod Drsling Co.
Su\umulhl- drilte to 23,000 n 50°
Shell, V'nnll-on 22

PENAOD 3! Penrod Drillsng Co.
Subm-nlblo dellls to 23,000° in &0
Kare-McGao, Wat) Comaron 167

Oiamand M DOrilling

QDECO Inc
QOEZO Inc,
QDECO Inc.
ODECO Ine
QDECO In¢
ODECO Inc.
ODECO Inc.

ODECO Inc.
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NAME 3 LOCATION

PENROD S
Jockup drifls 10 30,000° in 300°
Yicksburg for repoirs
PENROD 54
Jeskup diills to 30,000° in 300
¥ West Comaren
PENROD 60
Jackup drilly 12 30,
Placid, South Mar! llmld |22
PENROD &6

Jackup drills 1o 30,000° in 340
Mabil, Grond Isle 1
PENROD 72
Sermisubmarsible drills to ”W in 2,000
Placid, Mobile South 22 N
RANGER 11
Josky,
Moty
G &
Submarsible drilly u 20000 in &0°
Kurr=McQue, Ship §
G 48
Submeraible drills to 20,000° in 38’
Kars-MeGeo, Breton Sound 28

drills 1o 11,000° in 75°
Eost Comeron 14

ne £

Submaersible dirills 10 20,000° In 70°

Superior, West Camuron, 7

84

Submersible drills Yo 20,000° in 178"

Mobil, Main Poss 73

RIG 59
Jackup drills 10 20,000° in 125°
Mobil, Vermition 23

ROWAN-HOUSTON
Jackup dnlls 1o 25,000
Enecgy Resources

ROWAN-LOUISIANA
Jockup drilhs 30 30,000° in 350"
Consolidotion Natural Gas, Varmilion 329

000' In 225°
.. Brogos 747 L)

5-33 .
Submenible drills to 25.000° in 60°
in shipyord for equipment revision
ST. LouIs
Submersibla drills 10 25,000° in 25°.
Quintong, fugens lsfond 82

TEMPEST
Driliship drills vo 23, n 600"
Meso, South Maonh llnnd l7¢
TOPPER )

Jackup dvills 10 12,000° in 120"
Housten Qil & Minerals, Gull of Mexica
WESTERN PACESETTER 111
Semisubmersible drills te zs.wo in 1,200°
Exxon, Mobile South 2 NOSE £04D
ZAPATA lEllNGlboN

WESTEAN POLARIS I}
Joghup dnrilly 1o 25.000° in 230
Cinras Servaen. Burmah Boy of Bengol

TEXAS

23 working; 3 idle
Diomond/Oensial Drilling td.

DIAMOND M GENERAL
Semisvamaersible drills 1o 30,000° n 1,000'
Avarlgble. Sobine Poss
DIAMOND M 99
Jachup drills 10 30,000° In 300°
Evzon, Wert Delig 117
DIKILYN TMREE.SEVENTY
Jatkso drills to 20,000 in 370
Clost, ﬂ-gh IIIIIII A8
GLOMAR GRAND BANKS
Dullllnp dnllo la 25,000° in 800
200, Wast Dalla 73
GIOnAl JAVA SEA
Drillship drilh 10 zsm in 1,500
Mw. .l' Delta 1
J. STORM
Jedw d:llh in 250
Oil & Minsrols, Golveston 182.S
J. STORM WV
Jackup
Conoco, Motogordo 483-1
MARLIN NO. 7
Semisvbmersible drills 10 30,000 in 1,000
Sracked, Scowne Poss
MISSION VIKING
Drillship dnills t0 30.000° in 1,500°
Yezaro, Boy City NolV £73
MR. ARTHUR
Submersible drills 10 20,000 in B0
Getty, Migh liland 74, OCS-G-3116 21

Source:
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TABLE 2-5 (CONT.)

OWNER
Penred Drilling Co.

NAME A WEATION

MR, MEL
Jackvp diilly 10 30,000° i

Ftuor Diilling Sesvicss, Inc, Coral

lunnuh Qil & Gas, mgh Illcnd A-17 OCS-G~2412 £3

Peniad Drilling Co. MR,

chup drilts to 25,000° in 138"
Rutherford Oif Corp., Gal
Pansod Dsilling Co. OCEAN CHIEr
Jockup drilly to 25,000° 1n 224°
Occidentol, High lstand A-310
OCEAN EXPLORE
Semlivbmersible drills to 23,000° in 800"
Shell, Mustang hlond 760
OCEAN EXPRESS
Jackup diills 10 25,000° In 250°
Marathon, Musiong hsland A-03L
OCEAN KING
deckvp drills to 25.000° in 340
Svperior, Musiung (slond 850

PENROD 6)
Jothup dnills 10 30,000 in 340°
Cives Service, Muitonp lalond A-54
RANGER |
Jushup dlilll o |°.m' in 70°

Jnllw drills to 12,000" in 7

Superiar, Molagordo lilond SY 302-§
SEONEIN 1

Sumisubmeniible drills 1o 25,000° in 600°

'luu:o. Hngh Istand A-5858
STORMORILL V

Jockep drills to 20,000° in 125

Continentol, High Islond 137
TELEDYNE NO. 18

Jackup drills 1o 23,000° in 250°

ETA, Gull of Mexico
TRANSWORLD RIO 42

Jackup drills te 20,000° in 300°

Citgo, Golveston A-54
TRANSWORLD RIG &4

Jockup deills to 20,000" in 300"

Kers-McGee, Guif of Mexice
TRANSWCRLD RIG 67

Jackup drills e 10,000 i

mitchall Ensrgy, High Illund 21 \
WESTERN DELTA

Jockup drill> to 15,000’ in 175"

Kil:oy, Migh lslond ST 98-L=3

ZAPATA CONCORD

Penrod Orilling

Pemsod Drilling Co.
Atlaniic Pacific Morine
Tronsworld Dsilling Co.

Tianswarld Dillling Co.

da liload,
RIG

TYransworld Drlling Co.
Tramswortd Orilling Co.
Transworld Drilling Co.
Rowon Interactionol, Inc
Bowan Cos., Inc

Nable Orilling

ODECO, Inc.

Jopon Odero S.A.

Zopolo Off-Shore

Flvor Diilling Servicos, Inc., Coral
321 104-|

L
ODECO Inc.

ODECO inc.
Odeco

ODECO Inc

Panrad Drilling Co
Atlontic Pocific Manne
$/7 691 122

Tronswetld Orllling Co.

Seo Drilling Netherlonds, N.V.

Matine Drliling Co.

Teladyne Movibla Oftehore inc.
Tramworld Dailing Co.
Tronsworld Drilling Co.
Transworld Briling Co
Waertern Qcsonic

Zapara Off-Shore

Semitubmarsibls drills Ela,ﬂm in 2,000

Mobil, Bay Ciry N&3|
3 ZAPATA 'l ADER
Westera Oceanic Drillihip drills 1o 20,000 in &00°
Srached, Gulf Coust
Topule Off-Shore
Wastern Ocsanic PACIFIC
4 working, 4 idgle, 2 en
CALDRILL

oll"l’n’ dnlll 10 6,000° In 5,000 4

CANMAI EKPI.OIE'I n
Dsillship drills to 25,000° in 600"
rnnslown. Baoufor? Sea

. cuss
Digmond M Dllling Co. Orillibip drills 12 14,000° ia 800
Union, Califermia
GEORGE F. FERRIS
Iachup drills 1o 18.000" In 2
Umon, Upper tocl Inley, Alnh:
GLOMAR CORAL §
Dk enills 19 25.000° in 1,500°

Dinilyn internatienol Ine

Global Matine Inc.

Global Marine Inc. oNfomnia

GOLDRILL &
Dilliship drills 10 12,000° in 800
Remadsling, lang Beach, Celif.

HUGHES GLOMAP EXPLORER
Diillahip drills 1o 12,000° in 18,000°4
(dle, Long Beoth, Cal-l

LA CIENCIA A
Diiliship dnlh Io l.m' in 600
1die, Seantle, W,

OCSAN PIOSPECIUI
Semisubmartibie drifls 10 25,000 in 600
En soute U S. west com?

ALEUTIAN XY, OFFSHORE CALIFDRMIA

Semigidrrrabis dnits 13 25,000 in 1,000°
Tonrers Gank

(May 1975): 397-417.
-27-

Marine Diilling Co.
Marine Diilling

fatlin Dillling Co., Inc
Minion Viking

finld-Swire Drilling Co

opoto OH-Shore Co

reuts

Morine Drilling & Coring Co.

Canmor (ODoms Pelrclevm

Globol Marine Int.

Sun Muuno Drill-ng & Ofishore Construciars, Ing

Global Marine ine

Golden Llane Drilling Co

Symmo Corp. {Glchol Masine Inc!

ssocioled Merine Services, Inc.

QJECO/MD

Koy Oritiing Ca.



A trend in rig design popularity is indicated by those
under construction as of June 1976 which include 19 drill
ships, 32 jack-ups and 36 semisubmersibles. An estimated
361 mgbile offshore rigs will be available worldwide by
1978.

In the United States, in 1975, a total of 932 offshore
wells were drilled.9 Of these, 581 were exploratory and 351
were drilled on known structures. In total, 256 oil wells,
194 gas wells and 482 "dry" holes were drilled. Table 2-6
shows that most of the successful activity occurs offshore
Louisiana. Texas offshore provided 12 gas wells, no oil
wells, out of 172 tries.

In California, there has been an increase in drilling
activity. Two recent discovery wells have been drilled in
the San Pedro Bay area by Shell and Standard 0il of California
in about 650 feet of water 15 miles south of Long Beach. It
is reported that the oil is 19.5 degrees API gravity on the
average. If production is typical of other fields in offshore
California, a gas-oil ratio of 200 to 500 f£t3/bbl would be
expected. Exxon expects a gas-oil ratio of about 1,000 in
the Santa Ynez field where platform Hondo is located. The
0il has a sulfur content of 4 to 5 percent and is 18 to 19
degrees API gravity.

Three rigs are drilling in Federal waters of California.
The Aleutian Key, under contract to Gulf 0il Company, is
drilling in 680 feet of water on OCS-P0258 (Tract 76) at
Tanner Bank 3n the Santa Rosa-Cortes South area. Texaco is
drilling with a semisubmersible rig in the San Pedro area
adjacent to the earlier discoveries. Well depths are typi-
cally 10,000 feet or less.

Table 2-7 shows the trend of wells drilled and produc-
tion offshore during the past 5 years. In most statistics,
the completion of two zones or more in a single hole is
reported as two or more wells, as the case may be. The
above data varies slightly with that of the USGS because
some offshore wells in state waters are included.

Offshore production of oil, gas, and condensate by area
is shown in Tables 2-8, 2-9, and 2-10. This production

8J.W. Speer, Manager of Drilling and Production Operations,
Shell 0il Company, in “Lengthy World Mobile-Rig Surplus Seen,"
0il and Gas Journal 74(45) (November 8, 1976): 130.

9

"Worldwide Statistics," Offshore (June 20, 1976): 65, 77.
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TABLE 2-6

1975 EXPLORATORY AND DEVELOPMENT WELLS

DEVELOPMENT WELLS

STATE OR DISTRICT

OIL WELLS

GAS WELLS

DRY HOLES

TOTAL
DEVELOPMENT WELLS

WELLS FOOTAGE

HELLS FOOTAGE

WELLS FOOTAGE

WELLS FOOTAGE

Alaska 13 124,504 - - - — 13 124,504
California 60 214,264 - - 2 4,774 62 219,038
Louisiana 179 1,578,602 177 1,771,008 | 139 1,338,431} 495 4,688,041
Texas - - 5 42,294 5 50,27} 10 93,037
Gulf of Mexico

tlorth - - - - 1l 9,489 1 9,489
TOTALS 252 1,917.370 182 1,813,302 147 1,403,437 581 5,134,199

EXPLORATORY WELLS

TOTAL
OIL WELLS GAS WELLS ORY HOLES EXPLORATORY WELLS

STATE OR DISTRICT | WELLE FOOTAGE | WELLS FOOTAGE | WELLS FOOTAGE| WELLS POOTAGE
Alaska — - -— - 1 14,015 1 14,015
California 2 12,340 4 32,579 6 44,919
Louisiana 2 25,604 5 44,924 | 144 1,302,702| 151 1,373,310
Texas - ~ ? 70,504 | 155 1,345,956| 162 1,416,460
Gulf of Mexico

North - - -— - 3 336,593 31 336,593
TOTALS 4 38,023 12 115,428 1 335 3,031,845 351 3,185,297

Source:

{June 20, 1976): 77.

-29~
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TARLE =77

TREND OF THE NUMBER OF OFFSHORE WELLS DRILLED IN THE UNITED STATIS

YEAR 1975 1974 1973 1972 1971

Number of Wells

Drilled 932 1,128 1,029 926 916
Production®
(103 bbl/day) 964 1,148 1,589 1,667 1,692

aIncludes some production in state waters (e.g., 135,000 bbl/day in 1975).
Source: Oil and Gas Journal 74(18) (May 3, 1976): 150.




TABLE 2-8

ANNUAL PRODUCTION ON THE OUTER CONTINENTAL SHELF

CONDENSATE LPG

OFFSHORE OIL PRODUCTIONa GAS PRODUCTIONas GASOLINE
AREAS (barrels) (thousands of ft~) (barrels)
california 15,304,757 3,951,633 -
Louisiana 287,515,795 3,332,169,057 72,463,738
Texas 338,589 1,218,139,769 10,959,837

3pelivered onshore, i.e., sales volume.
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TABLE 2-9

PRODUCTION FROM OFFSHORE CALIFORNIA OILFIELDS IN STATE WATERS, 19752

OIL GAS
FIELD NAME (0% bb1) (10? £e7) LOCATION AND TYPE OF FACILITIES
Belmont 2.48 0.62 Manmade islands (2)
Huntington Beach 13.90 1.95 Platforms (2}, onshore wells
Newport, West 0.10 0.04 Onshore wells
Torrance 0.46 0.60 Onshore wells (Redondo Drill Site)
Venice Beach 0.12 0.05 Onshore wells (Venice Drill Site)
Wilmington 44.00 10.00 Manmade islands (4), onshore wells
Carpenteria 1.44 1.76 Platforms (2) plus 2 platforms
in Federal
Montalvo, West 0.07 - Onshore wells
Rincon 0.41 0.21 Onshore wells, seafloor well,
piers, manmade island
Summerland 0.25 1.28 Platforms (2)
Caliente - 0,35 Seabed wells
Alegria 0.03 0.08 Seabed wells
Coal 0il Point 0.01 0.04 Seabed wells
Elwood 0.04 0.20 Onshore wells, piers (abdn.)
Elwood, South 1.17 0.04 Platform
Point Conception 0.08 0.04 Onshore sites (2), platform
Mclino - 3.49 Seabed well
TOTAL 65.50 21.44

rotals may not agree with totals due to rounding.

Excludes Ryers Island gas field
).

which is located in the Sacramento delta area (1975 production, 3.1 x 109 ft

Source: Resources Agency of California, Department of Conservation, Division of
0il and Gas, California 0il and Gas Production Statistics and New Well Operations,

Report PR0O3, 1975.
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TABLE

2-10

ANNUAL PRODUCTION IN OFFSHORE CALIFORNIA OILFIELDS
TO OFFSHORE FACILITIES IN STATE WATERS, 1975

PRODUCTION TO
OFFSHORE FACILITIES

FACILITIES TYPE AND NAME

FIELD NAME OIL GAS MANMADE ISLAND PLATFORM
(10% bb1) (107 ft)

Belmont 2.48 0.62 Ester, Belmont -
Huntington Beach 3.5 (E) 0.5 (E) - Emmy, Era
Wilmington 14.5 (L) 3.3 (E) THUMS Islands (4) -
Carpenteria 1.44 1.76 - Hope, Heidi
Summerland 0.25 1,28 - Hilda, Hazel
Elwood, South 1.17 0.04 - Holly
Rincon ] 0.02 (E) 0.01 (E) Rincon -
Conception NR NR - Heiman
Cuarta NR NR - Helen
TOTAL '23.36 7.51 7 9

E = Estimated.

NR = Non reported, shut in.



reaches shore facilities by pipeline or barge following
various degrees of Processing onboard platforms as discussed
in Chapter Three. The current distribution system is sum-
marized in Table 2-11. Some 66 pipelinesz and 14 barge
systems deliver production to shore with pipeline systems
handling over 95 percent of the production. Tables 2-12 and
2-13 last the pipeline and barge systenms, respectively.
Exxon will utilize a tanker system to handle oil from its
platform Hordo in the Santa Ynez field off of California.

At present, Exxon plans to reinject the gas rather than
pipeline it to shore. The reasons given for this are envi-
ronmental costs and the inability of the company to obtain
required permits for movement to shore.l0 The crude oil
production will be sent to an offshore storage and treating
facility onboard a converted tanker moored near the plat-
form. Up to 200,000 barrels of crude can be stored there
for loading later onto tankers for shipment to refineries.

2.3 Government Requlations

With some noted exceptions, the USGS is now responsible
for control of the o0il and gas activities offshore beyond
the 3-mile limit. The U.S. Coast Guard, the U.S. Corps of
Engineers, the U.S. Navy and some other Federal agencies
cooperate to allow the oil operations and coastal barge and
sea traffic to mutually exist in relative safety.

The operation of the offshore platforms must be kept
safe for the personnel aboard as well as serious accidents
or damage to the platforms from outside sources. Kessler
discusses the issues and government agencies that have some
involvement in the protection of these structures.ll There
have been some collisions. There is a constant trend to
enhance the physical security of these structures but at
this time there is little protection for the structure itself.
Major damage to the structure could cause a release of oil
or gas and possibl, extensive and expensive fires as well as
possible loss of life. The U.S. Geological Survey of the
Department of the Interior makes daily inspections of the
offshore facilities to assure that regulations and safe
operating standards are maintained. Twelve basic orders
cover their efforts as shown in Table 2-14,

10Personal communication to R.K. Burr from E.P. Crockett
(for API), February 14, 1977.

11C.J. Kessler, "Legal Issues in Protecting Offghore
Structures," Prof. Paper No. 147, Center for Naval Analyses,
Arlington, Va., June 1976.
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TABLE 2-11

SUMMARY OF OFFSHORE TRANSPORTATION SYSTEMS
IN FEDERAL WATERS

L. FFSHORE PIPELINE BARGE
AREA COMMINGLING SYSTEMS - SYSTEMS
_zuisiana 59 10
Texas 5 4
California 2 -
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TABLE 2-12

OFFSHORE PIPELINE SYSTEMS

(MARCH 1976)
AVERAGE
AREA SYSTEM NAME OPERATOR DAILY OIL
OR TERMINAL VOLUME
(barrels)
GULF OF MEXICO
Brazos Brazos Cities Service 757
Galveston Blue Dolphin Shell 1,080
High Island Black Marlin Shell 210
Mctadden Beach Chevron 348
Sabine Pass Texaco 42
West Cameron Sabine Terminal Chevron 468a
Mobil No. 1 Mobil 388a
Cameron Meadows General American 78
Cameron Meadows Gulf 222
Mobil No. 2 Mobil 2
Cameron Meadows Sun 4,190
Stingray
Cameron Creole Chevron 72
Iowa Mobil 1,140
Grand Chenier Transocean 120
Deep Lake Superior 696a
Grand Lake Superior 1,760
East Cameron Geffstown TGTC Continental 3,785
Grand Chenier Mobil/Amoco 408
South Pecan Lake Amoco 84
Sea Robin-Hewy Texaco 2,810
Vermilion White Lake Trans-Union 1,240
Jupiter Union 493
Freshwater City Conoco 5,616
Freshwater Bayou Union 535
South Marsh Island South Bend Exxon 26,073b
Tiger Shoal 3,973

aCondensate

boil an: Condensate
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TABLE 2-12 (CONT.)

AVERAGE
AREA SYSTEM NAME OPERATOR DAILY OIL
OR TERMINAL VOLUME
(barrels)

various MCN-Burns Mobil 14,400

Eugene Island South Bend Pennzoil 18

Calumet Continental 178

Exxon Trunkline Exxon 1,182

Ship Shoal Tarpon Whitecap Shell 228,150

Bonito

Coon Point Skelly 1,482

South Timbalier Cocodrie and Tenneco 7,452
Pecan Isle.

Cocodrie Odeco 7,438

Gulf No. 3 Gulf 2,826

Gulf No. 1 Gulf 16,516

Bay Marchand - Tenneco 798

South Timbalier - Chevron 6,876

Bay Marchand - Shell 23,298

South Timbalier Gulf No. 2 Gulf 28,020

Bay Marchand - Chevron 336

Grand Isle - Exxon 29,850

Conoco 29,166

West Delta Pelican Isle Shell 5,562

Pelican Isle Exxon 2,700

Pelican Isle Chevron 11,990

Gulf No. 1 Gulf 12,348

Gulf No. 2 Gulf 12,011

Gulf No. 3 Gulf 218

Venice SLAM 28,056

South Pass Burrwood Conoco 1,200

Shell No. 1 Shell 5,670

Burrwood Gulf 774

Garden Island Texaao 1,560

Shell No. 2 Shell 34,495
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TABLE 2-12 (CONT.)

AVERAGE
AREA SYSTEM NAME OPERATOR DAILY OIL
OR TERMINAL VOLUME
(barrels)
Main Pass Shell No. 2 Shell 32,628
Venice-Getty SLAM 14,148
Terminal
Chevron No. 1 Chevron 7,806
Chevron No. 2 Chevron 7,872
Chevron No. 3 Chevron -
Chevron No. 4 Chevron 11,670
Grand Bay Gulf 7.419
PACIFIC
Santa Barbara - Standard of 21,000
California
- Phillips 11,000
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TABLE 2-13

OFFSHORE BARGING SYSTEMS
IN OPERATION AS OF MARCH 1976

APPROXIMATE DAILY

AREA SYSTEM OPERATOR OIL OR CONDENSATE
NAME PRODUCTION
(barrels)
GULF OF MEXICO
Eugene Island Beaumont Union 2,910
Eugene Island Gibson Chevron unknown
West Cameron Cameron General 155
American
Main Pass Chalmette Mobil 1,150
Various Shell "a" Shell 4,900-6,680
Various Shell "B" Shell 890-2,640
Vermilion Lake Charles Tenneco 4,050
South Marsh Port Arthur Gulf 1,400
Ship Shoals Morgan City Mobil 155
Galveston Texas City C&K 140
High Island Texas City Texaco 2,232

-39_



TABLE 2-14

ORDERS ISSUED TO OPERATORS ON THE
OUTER CONTINENTAIL, SHELF BY THE

U.S. GEOLOGICAL SURVEY, DEPARTMENT OF INTERIOR

OCS ORDER
1 Marking of wells, platforms and fixed structures.
2 Drilling procedures.
3 Plugging and abandonment of wells.
4 Suspensions and determination of well producibility.
5 Installation of subsurface safety devices.
6 Procedure for completion of oil and gas wells,
7 Pollution and waste disposal.
8 Approval procedure for installation and operation
of platforms, fixed and mobile structures.
9 Approval procedures for pipelines.
10 Sulfur drilling procedures off Louisiana and Texas.
11 O0il and gas production rates, prevention of waste
and protection of correlative rights.
12 Public inspection of records.
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It is possible for more than 70 persons to be on a
platform or rig at one time so personnel safety is of major
consideration in the inspection program. Control of pollu-
tion of the sea and air is also an important aspect of the
inspections.

Each state, as well as the Federal government, has en-
vironmental laws and regulations which apply to the drilling
and production of oil and gas. While these may vary from
state to state, basically the laws are designed to protect
the offshore environment. The American Petroleum Institute
has published a review of various state and Feder: ! regula-
tions related to environment protection and 0il operations.l2

2.4 TFuture Activity

On the Outer Continental Shelf of the contiguous 48
states, several new provinces have becn or are likely to be
leased for exploratory drilling and development of 0il and
gas resources. As discussed above, the availability of
mobile offshore rigs, particularly semisubmersibles, should
not be a constraint to activity in these offshore areas.
Over the next 10 years, the industry's offshore exploration
and development budget, the state-cf-the-art and the antici-
pated economics of these new areas will set the course of
development.

The implications of these factors for development
through 1985 are recognized by the industry. Drilling will
be carried on in water depths where platforms can be installed.
Table 2-15 illustrates the present and anticipated capabili-
ties of the technology. As Table 2-15 shows, this means
water depths of less than 600 feet in the East coast areas
and less than 1,500 feet for the gulf of Mexico and offshore
California areas of the Pacific.l In 1975 the offshore
exploratory drilling cost for the industry was approximately
$4,300,000/dax and planned increases for 1976 over 1975 are
7.8 percent.l

12American Petroleum Institute, Environmental Protection
Laws and Regulations Related to Exploration Drillin » Pro-
duction and Gas Processing Plant O erations, API Bulletin D18,
1st ed., Washington, D.C., March 1976.

13Speer, in "Lengthy World Mobile-Rig Surplus Seen," p. 130.

14w. Plamondon, Director of Sales, Zapata Offshore, in
"Lengthy World Mobile-Rig Surplus Seen," p. 130.
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TABLE 2-15

PLATFORM WATER DEPTH CAPABILITY

MAXIMUM DEPTH

WATER DEPTH OF OF WATER AT OPERATOR
TRACTS CURRENTLY PLATFORM a AND
OSC AREA LEASED LOCATIONS PLATFORM
(meters) [ (meters) (feet) ] IDENTIFIER
Atlantic
Baltimore Canyon to 200 -
Gulf of Mexico to 600 315 (1,020) Shell Cognac
Southern California to 750 262 (850) Exxon Hondo
3current or planned and under construction.
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Table 2-16 shows the estimated discoverable and known
reserves offshore the United States. The level of activity
in the Atlantic will depend on the size of the oil and gas
reserves chat are discovered. The first lease sale in the
Atlantic was held by the Department of Interior on August
17, 1976. 1In this lease sale 101 tracts out of 154 offered
were acquired by the industry in the Baltimore Canyon through
47 to 92 miles off of New Jersey and Delaware, as shown in
Figure 2-7. oOther prospective petroleum provinces in the
Atlantic are also shown in Pigure 2-8.

If USGS resource estimates are verified, these tracts
could contain 400 million to 1.4 billion barrels of o0il and
2.6 to 9.4 trillion ft3 of gas. Projections of drilling and
production in new areas are greatly dependent upon the
results of early exploratory efforts. However development
and production activities have been estimated;i5 these are
given in Tables 2-17 and 2-18. To develop the Santa Ynez
field, where Hondo will operate, and the nearby Pescado and
Sacate offshore fields, it is’ estimated that three to five
platforms will be required and may be supplemented by one or
more subsea production systems.

Using the estimates given in Tables 2-17 and 2-18 and
assuming an exponential decline rate of 5 percent on current
o0il production and 14 percent on current gas production,
offshore activities for the time frame to 1985 would be as

shown in Table 2-19,

Based upon the drilling activity shown in Table 2-19
and an assumed drilling program of 30 days in the Pacific
and Gulf of Mexico and 45 days in the Atlantic, with 75
percent availabjlity, an average of 22 drilling rigs would
be working in the Pacific offshore California; 36 in the
Gulf of Mexico; and 11 in the Atlantic. These totals would
include mobile rigs as well as piatform-based rigs, but
exclude service rig activities. Recent data from the Gulf
of Mexico operationsl? jindicate that 467 new major (two or

lsU.S. Department of the Interior, Environmental Impact
Statements for 0il and Gas Lease Sales on the Outer Continental
Shelf. Lease sales CI, 33, 34, 35, 39, 40, 41, and 12 are
included herein.

16"Alaska and California on Threshold of Exploratory
Expansion,” Offshore 36(70) ({(June 20, 1976): 94-95,

17Bynum, "Survey Indicates Gulf of Mexico Equipment Needs,"
O0il and Gas Journal 74(51) (December 20, 1976): 49.
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CABLIY 2-16

U.S. OFFSHORE OIL AND GAS RESOURCES AND RESERVES

RESERVES ESTIMATED UNDISCOVERED RESOURCES

OIL GAS oIL Gas GAS LIQUID

{109 bbl) (1012 f£t3) (109 bbl) (1012 f£¢3) (109 bbl)
Alaska 0.150 0.145 3-31 8-80 1.1
Pacific 1.116 0.463 2-5 2-6 0.1
"Gulf of Mexico 2.262 35.348 3-8 18-91 1.3
Atlantic - - 0-6 0-22 0.3
TOTAL 3.528 35.956 8-50 28-199 2.8
- - 26 107 -

STATISTICAL MEAN

Source: U.S. Department of the Interior, Geological Survey, in Q0il and Gas
Journal 74(34) (August 23, 1976): 160.
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Figure 2-7. Offshore leasing areas in the Mid-

Atlantic Region. (R.E. Mattick, P.A. Scholl, K.C. Bayer,
U.S. Geological Survey, "Second Atlantic Sale May Involve
Tracts Off Virginia, Maryland," 0il and Gas Journal 74(47)

(November 22, 1976): 168.)

-45-



%
&

—— %

GEONGES BANK
AND
NANTUCKET SHOALS

N//u._

PN

\\\ % \«\vé\
) t%s\ ﬁ,f

10 15 20
Scale, miles

>R

05

\
% \\_ 2
@Sﬁs _

jw\», _m
@@m

Amm

_ :
i @mif

&

-46-

ges Bank of primary interest to
ssion, Fishing and Petroleum

(Hew Lngland Regional Commi

Offshore leasing arecas on the Geor

Figure 2-8.
the petroleum industry.

Interactions

1276.)

‘ges DBank, Boston, Mass.

X

on Geo



_Lv_

TABLE 2-17

PROJECTED OIL AND GAS PRODUCTION IN NEW AREAS

ON_THE OUTER CONTINENTAL SHELF

ocs
OTFSIIORE LEASE
AREA SALL NO. TIME FRAME
PACIFLIC
N. Gulf of Alaska 39 1986
(Peak)
Lower Cook Inlet Cl 1984-85
(Peak)
Southern California 35 1981
1987
2000
GULF QOF MEXICO
Texas 34 NS
Louigiana 33 NS
Outer Containental 41 NS
Shelf
ATLANTLC
Mid-Atlantic 40 NS
Nourth Atlantre as NS

Source: U.S. Department of the Interior, Environmental Imp)
Sales on the Outer Contingntul Snclf.

hereln,

ESTIMATED

NO. OF

PLATFORMS

22

23

14-60

160-275
80-120
20-50

10-50
10-25

ESTIMATEN
NO. OF
WELIS

900

562

860-5,455

700-900
600-1,200
150-400

260-1,455
260-724

OJL PRODUCTION

GAS PRODUCTINN

{BARRELS (THOUSANDS QF
PER DAY) FT3 PER DAY)
550,000 905,000
930,000 465,000
269,000
762,000

1,000,700

6,000-12,000
50,000-110,000
35,000-120,000

90,000~320,000
53,000-181,000

900,000-1,5%00,000
1,000,000-2,000,000
500,000-1,100,000

850,000-3,000,000

470,000-1,540,000

Lense Sales C1, 33

¢ 34, v ,» 40,

ct Statements for Oil and Gas Lease

o an are include



TABLE 2-18

PROJECTED PRODUCTION FROM a
NEW FEDERAL OFFSHORE AREAS IN 1985

EXPECTED VOLUME OF PRODUCTION

AREA OIL GAS
(10° bbl) (10° bb1)
OCS Atlantic 145 340
Gulf of Mexico 197 1,692
Pacific 165 180
Alaska 465 254

aAssumi.ng constant 1975 dollar costs, oil price of
$12/bbl, gas price of $1.25/MCF and Bureau of Land Manage~
ment estimates of areas to be leased through 1978,

Source: Arthur D. Little, Inc., OCS 0il and Gas Costs
and Production Volumes - Their Effect on the Nation's Ener
Balance to 1990, for the U.S. Department of Interior, Bureau
of Land Management, Contract No. 08550-CTS-48, December 1976,

as cited in personal communication with F.W. Mansvelt-Beck,
Arthur D. Little, Inc., Cambridge, Mass., December 4, 1976.
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TABLE 2-19

SUMMARY OF PROJECTED OFFSHORE ACTIVITIES, 1985

CUNULATIVE WELLS PRUDUCTIIN Tunh
AREA DRILLED TO 1985 MUMBRR OF o1L GAS
PRODUCT 9 ]
NUMBER TOTAL FOOTACT TON PLATFORMS | (10% pn1y Qe
PACIFIC:
Federal ~ 1976 oxisting firlds - - 5 a* .
New aroeas LY a, thi), U 16 T qu"
Califorma State = 1976 exleting” - - T 14°
101 1Hy
GULY OF MEXICO:
¥uderal - 1976 existing Ciclds - - 669 1155 INEPS
New Arcas 3,000 30,000,000 00 1979 T
72 z,M14
ATLANTIC:
tiorth = Neow areas 4 i6 Y
Middlc - New areas 600 9.000,000 12 109 250
1459 an®

aI\saumv.-! no ecxpansiun of Elwood South, Carpentaria

or Summerland offehore (irlds vy other [lelds in Atate waters 1a

permitted.  Expansion of thess throe fields §if boqun in 1977 could reault 1a Arilling 53 additional wella and production
totals of 22 x 10" b1 of 011 and B x 107 fed ar aan ta aoffshore facilitios tn Callfornia atate waterw an INAS,

b[m ludes existing manmarde 1xlaawda,

cm".nd upun a 5 percent expavatial e Line gn ogl produr tion and a 14 pericent expancntial declane 10 gas produc tien,

reanlinct jon II'JM’
8

where a » pereent er) fne

e Table 2-18.

rowb tjon |

-at
1o b

100 aml 1 = yprare olapeesd {107,



more wells) platforms could exist in the Gulf, in the 1985
time frame.

Actual facilities requirements will depend upon
the economics of the petroleum resources discovered.

Table 2-20 indicates projected platforms offshore California.



TABLE 2-20

PROJECTED PLATFORMS OFFSHORE CALIFORNIA, 1985

1976 1985
AREA, UNIT OR FIELD EXISTING PROJECTED
Santa Ynez Unit 12 3

(Hondo Offshore,
Pescado Offshore,
Sacate Offshore)

Carpenteria Offshore 4 5
Dos Cuardras Offshore 3 4
Hueneme Offshore - 1
Pitas Point Unit - 1
Santa Clara Unit - 3

{San Miguelito Offshore,
Sockeye Offshore)

San Pedro Bay - 7

TOTAL 8 24

2under construction.
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CHAPTER THREE

TECHNOLOGY OF OFFSHORE OIL AND GAS PRODUCTION

3.1 Introduction

This section of the report describes the technology and
current practices to develop oil and natural gas resources
beneath the sea. Trends in technology which may be applied
within the next 10 years are identified. The scope of this
discussion encompasses the oil reservoir, drilling, fluids,
production and processing of oil and gas offshore. The
operations of specific pieces of equipment or subsystems which
may be sources of emissions are covered in further detail in
Chapter Four.

3.2 Geology

A well is drilled in the hope that it will penetrate
some geologic structure holding commercial amounts of oil or
gas. Crude oil and natural gas occur in void spaces created
by the pores in sandstone or in the pore space between
granules of a porous limestone. The older the formation,
and the deeper it is buried, usually the more cemented are
the granules forming the rock. Is is also harder and has
lower porosity, less capacity to hold oil, gas and water.
Most oil sands in currently producing areas offshore are
soft and highly porous; in California offshore, much of the
sand has little or no cement bord between the grains. 0il
is held in pore space within rock or sand formation like a
sponge or paper towel holds liquid. An area of oil-saturated
rock is called an oil pool or reservoir, and a group of
reservoirs an "oil field," or gas, as the case might be.

The exact origin of petroleum is unknown, but most
theories agree on the following points. Throughout past
geologic ages, ancient shallow seas became the burial ground
of dead animal and plant life. 1In geologic time, the decom-
posed organic life created petroleum and natural gas, the
0il mass, or gas, collected in porous rock being formed at
the same time. As the sand bars and beaches of the seas of
geologic past became further buried under additional sediments,
the differential compaction, and flexing and shifting (faulting)
of the earth or the upward invasion of a salt plug, created
geologic structures in which the products of organic decompo-
sitions (0oil and gas) were trapped. These geologic structures
may be subtlely hidden and can be found only by geophysical
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Surveys, careful geological work and exploratory drilling.

In some areas, such as the Santa Barbara Channel, natural
seeps of oil occur which give the explorationist hopeful
indications of larger reservoirs. A porous formation, the
reservoir, must be overlain and sealed by an impermeable laver
of shale or anhydrite, to complete the oil or gas trap.

Figure 3-1, although highly idealized, graphically illustrates
various types of geologic structures ona might search for,
thousands of feet below the surface. Gas, oil and water
Separate within the structure and reservoir according to

their specific gravities, water being the i.caviest. "Asso-
ciated gas" is gas dissolved in the oil and held in solution
because of the formation pressure. It comes out of the oil
during its production, like bubbles from a freshly opened
bottle of ginger ale.

Many of the o0il reservoirs of the Gulf of Mexico are
formed by salt domes ~- thick salt plugs that have pushed up
and through zones of earth weakness, and domed the rock over
it into o0il traps. They are highly cracked or faulteg.
Several sedimentary rock zones often produce at the same
well. 1In California, faulted blocks of porous sedimentary
formations form many of the oil and gas structures.

In general, most oil reservoirs are highly complex,
geologically speaking, and might well be a combination of
several types of structures. Also, at a specific location,
0il and/or gas might occur in several zones of differing
geologic age and, of course, depth.

3.3 Drilling

3.3.1 Drilling Rigs

A drilling rig is basically a derrick; a drawworks,
equipment to lift Pipe into and out of the hole; a system for
turning pipe (rotary table) to which is attached a drill rit;
and a drilling fluids circulating system.

The drawworks and rotary table on offshore rigs are
driven by electric motors. Electricity for rig operations
may be provided by submarine cable to shore, or more commonly
is generated onboard by diesel engines on No. 2 fuel. The
installed diesel capacity on an offshore rig ranges from
2,500 hp to as high as 10,000 hp in the case of some drill
ships.
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A well is drilled by rotating a specially designed
drill bit at the end of drill pipe. Pipe is added to the
"drill string" as the hole gets deeper. Drilling fluid or
mud circulates constantly through the pipe as drilling
progresses, balancing the pressure of the geologic formations,
cleaning the drill cuttings from the bottom of the hole, and
carrying them to the surface.

When the drill bit wears out or another type of bit is
needed to drill a particular formation, the driil string is
pulled out of the hole, a 90-foot section of pipe at a time.
A "trip" can take 4 hours or more in each direction.
However, tripping is a normal and necessary part of the
drilling program.

An offshore exploratory drilling rig has all of the
features of one used solely onshore, but it must be further
totally self-contained with racks for drill pipe, the drilling
machinery, tanks for and devices to handle drilling fluids,
fuel storage, and living quarters for the crew. Final well
completion is often done with eguipment of the production
platform, discussed later.

The history of offshore rig development is traced by
R.L. Geer.l He points out that in the early 1930's, land
type oil derricks were mounted on barges and floated into
the marsh lands of Louisiana. Nearshore wells were being
drilled at this time in California off of long docks, some
of which can still be seen. Soon jackup and spud barges
became popular in Louisiana. By 1953, a Navy 176~foot
patrol vessel, "Submarex" was made into a floating drill
ship, a "deep" water venture. Cuss I, a 260-foot Navyv barge
also was constructed in 1956 for such drilling. At present,
four types of rigs are popularly used: the jack-up, submersible,
the semisubmersible and drill ship. Figure 3-2 illustrates
the types of vessels in use today and the maximum water
depths in which they can operate.

A jack-up type rig has considerable popularity in rela-
tively shallow waters, up to 300 feet in depth: submersibles
to 40 feet. Semisubmersibles and drilling vessels are used
in deeper water.

1R.L. Geer, “"Offshore Drilling and Production Technology-
Where Do We Stand and Where Are We Headed," Paper, Third Annual
Meeting, American Petroleum Institute, Denver, Colorado,
April 9-11, 1973,
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Figure 3-2. Trend in design as deeper water drilling
becomes necessary. (M.V. Adams, C.B. John, and R.F. Kelly,
“vineral Resources Management of Outer Continental Shelf,"

©.S. Department of the Interior, Geological Survey, Circular
720, Reston, Virginia, 1975.)
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The trend in deeper water drilling has led to other
types of vessels. The drill ship Discoverer Seven Seas,
owned by the Offshore Company, is being built for 6,000 feet
of water. It should be ready for activity soon. This rig
will have the capability to drill in the deepest water.

Most semisubmersibles can operate in water depths up to
1,000 feet but three vessels being built are for use in
water dnpths up to 3,000 feet. At present, there are no
active wells in sea depths beyond 900 feet.

The rig chosen for use at a specific location is deter-
mined by water depth, environmental criteria, type of sea
bottom, depth of drilling, wind and burricane history of the
area, rig availability contract terms and other factors.
While a semisubmersible may operate either sitting on the
ocean floor or floating, it is designed to operate as a
floater in deep water. Anchoring becomes a most exact
science so as to provide for a drilling platform that stays
over the hole throughout any severity of wave action and
weather that might be encountered.

3.3.2 Drilling Fluids

3.3.2.1 Purpose

There are constantly changing conditions as the drill
bit penetrates the ground. At the surface, soft muds and
silt cover the ocean floor; this layer can be several
hundred feet thick. Soft semi-compacted materials are
usually encountered below this and, in-depth, better comsoli-
dated materials. As the bit penetrates deeper, shale, salt,
gypsum, sulfur, limestone or sandstone beds may be drilled.
Each geologic layer has a different drilling characteristic
related to its geologic age, physical and chemical composition.

As the drill penetrates deeper, the reservoir pressure
in porous zones holding fluids usually increases with depth
at a rate equal to the hydrostatic head of water. That is,
for every foot of depth, one can expect an increase in
pressure of about 0.433 to 0.465 psi, depending on the salt
concentration in the water. For example, at 6,000 feet, a
possible bottom hole pressure can be expected of about
2,700 psi. Sometimes geological conditions cause pressures
in excess of this formula (geopressure}, but most wells
encounter pressures less than those determined by this rule-
of-thumb. However, the driller must be on the alert to
expect excessive pressures at any time.

-57-



Temperature also increases in depth. The geothermal
gradient varies somewhat by locality, but in general, starting
at an average surface temperature of 50° F to 60° F, the
temperature of rock formations can be expected to increase
1° F to 2° F for every 100 feet of depth. At 6,000 feet depth,
one can expect an increase in bottom hole temperature with
respect to that of the near surface rocks of 60° F, a total
of 120° F. 1In deep holes, the bottom hole temperature af-
fects the mud used to drill the well. The drilling fluid,
while constantly changing its composition as drilled material
is added to it, nonetheless is mostly composed of prepared
bentonitic clays, caustic soda, starch, lignin or lignocellulose
and barium sulphate, a weight additive. Water or oil may be
used as the basics of the mud.

The mud, besides acting as bit coolant and drill cutting
lifter, also holds fluids from porous formations back until
proper pipe and valves can be set in the well to control flow.
Should the pressure in the formation exceed that of the
drilling fluid, an influx of reservoir fluid into the wellbore
will occur. When such flow occurs, it is called a kick.

If the kick occurs at a stage in the drilling after
conductor pipe and casing have been cemented in the hole,
special heavy-duty wellhead equipment (blowout preventors)
can be shut, and the pressure on the well controlled, until
the mud weight is increased to the point that the mud column
controls the formation pressure.

A "blowout"” is a well flowing out of control as opposed
to a "kick" which can be controlled by equipment on the der-
rick or sea bottom. Some blowout occurrences have been
disastrous, causing fires, great loss of expensive drilling
equipment, and uncontrolled flow of oil and gas into the
environment. The extent of such accidents is discussed in
Chapter Four.

3.3.2.2 Drilling Fluid Conditioning

The drilling fluids are processed to remove drilling cut-
tings and any entrained formation gases. This condition,
known as gas-cutting of the drilling mud, can hamper drilling
efficiency and result in stuck pipe and a reduction in
penetration rate.

Gas also gets into the mud system when the reservoir is
being drilled at a high rate of penetration, as may occur in
firm sandstone formations. If penetration rate is slow, mud
fEiltrates below the buttom of the bit can drive the gas back
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into the reservoir. Miller identifies three forms in which
gas may occur in thezmud ~- free gas, entrained gas, liquid
gas or solution gas.

Free gas entering the drilling fluid from reservoirs
immediately adapts to well-bore pressure. This results in
rapid enlargement of gas bubbles rising in the annulus as
the hydrostatic pressure is reduced. These gas bubbles have
a short life, due to the difference between the initial
internal pressure of the bubble and the external pressure of
the surrounding fluid. When these gas bubbles rupture in
the annulus, they tend to accumulate, creating “gas heads."

The gas moves up the annulus until the bubbles are ex-
posed to atmospheric conditions, usually inside the degasser
(gas buster) or mud/gas separator. If the gas bubble rup-

tures inside this separator the gas is vented to the flare
line.

Some hydrocarbons, in liquid forms under the conditions
of heat and pressure found in a reservoir, can flow from
the reservoir to the well bore and into the mud stream and
still remain liquid. In some cases, they will assume gaseous
form while still in the well bore, and in other cases will
flash to gaseous form in the mud Pit or in a degasser.

Certain types of gases, when combined with high pressures
and temperatures, enter the intramolecular structure of the
drilling fluid and cause only a very small fluid volume
increase. )

If hydrogen sulfide is present in an alkaline drilling
fluid, it is not effectively removed by aeration. Hydrogen
sulfide will react with the caustic to form the alkaline
salt, sodium sulfide, and water. This is a reversible
reaction. The higher the PH of the drilling fluid, the more
the hydrogen sulfide will react.

Hydrogen sulfide poses special problems in surface
degassing the drilling fluid. As discussed above, hydrogen
sulfide is extremely poisonous and is hazardous in concen-
trations as low as 0.1 percent by volume.

The mud conditioning system consists of a mud-gas sepa-
rator and degasser vessels, and a shale shaker to separate

2c.D. Miller, "Proper Handling of Gas-Cut Mud Boosts
Drilling Efficiency,"” 0il and Gas Journal 74(13) (March 29,
1976): 167.
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out drill cuttings. After the shale shaker, the mud enters
open tanks, where it is stored, mixed and conditioned to
maintain the desired properties.

The compactness of the surface-mud system on an offshore
facility results in enclosed areas with limited ventilation.
7o avoid these hazardous gas concentrations, the mud pit is
adequately ventilated. Gas removed from the mud through the
degasser is discharged to a flare line.

Both mechanical and chemical degassing in a closed
system are usually used in handling hydrogen sulfide (H2S).
The system consists of a separator and a high-energy, or
vacuum, degasser as shown in Figure 3-3. All of the gas
must be removed from the system and vented to the flare line
before the mud is released to the open mud pits.

Some companies operating offshore have established
policies to plug the hole immediately and abandon the project
when sour gas is encountered. This is because most rigs are
not equipped to safely handle the lethal and corrosive gas.
As natural gas becomes more in demand, however, gas containing
hydragen sulfide may be produced offshore and processed for
sale. Areas east of the Mississippi Delta in the Gulf are
expected to contain this impurity in the gas. Except for
some small H2S content in the gas coming from the Ship
Shoals area offshore Louisiana, most Gulf of Mexico wells
produce sweet gas. Two wells were drilled off the point of
the Delta in a high-sulfur gas area ~- these are now reported
as abandoned.

3.2.3 The Casing Program

As drilling progresses downward to the target zone,
pipe is set in the hole at intervals of depth, so as to
avoid some of the problems discussed above and to maintain
the inteqgrity of the hole. The casing program varies with
depth and the local geology. A system used in a relatively
low pressure area will be inadequate in a deep, high pressure
formation; so, very special care is given in offshore
operation to the casing program.

When the hole is started a large diameter hole is
drilled, up to 36 inches in some cases. In shallower zones,
a smaller hole is adequate. As scan as the drill works its
way through the mud, sand, and soft, near-surface material,
a conductor or surface string of relatively large diameter
pipe is placed in the hole. This pipe not only holds back
the surface soil and mud but prevents the flow of mud from
undercutting, as drilling continues, and from undermining
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the seabed around the well. This string is relatively
short, but in the Gulf Coastal area can be 1,500 feet or
more long. A marine riser is installed to connect the
conductor to the platform or drilling vessel in order to
provide a path for return of the Circulating drilling fluad.
The joints of Pipes run into the hole are 30 to 40 feet
long. These are screwed or welded together as they are
being run. This pPipe is cemented in place by pumping a

the wall of the drilled hole, displacing the mud as it goes.
Figure 3-4 illustrates the casing program.

If there are geological strata containing fresh water,
the law requires that all such zones be protected from the
fluids in the well. The surface pPipe is cemented in place
in its entirety. One function of this string is that, being
held to the well wall by cement, it 1s firmly anchored so
that it is used to Support the blowout preventors. Recom-
mendations for this equipment 1s made by the American Petro-
leum Institute.3:

Usually, if the well is deeper than 5,000 or 6,000 feet
an intermediate string is run. This string is also called
the salt string, for in some areas salt and anhydrite/gypsum
is encountered. These formations must be sealed off from
the well, because they dissolve, increasing the hole s1ze,

Pressure, a shorter intermediate string may also be needed.
Sometimes, several intermediate strings must be set on very
deep wells.

After the anticipated oil/gas zone has heen Penetrated,
a series of well tests are made to ensure that the well will
produce enough o0il and gas to be profitable. During the
tests, the driller and engineer must be constantly alert, to

or blow out.

3Subcommittee on Blowout Prevention, Blowout Prevention
Equipment Systems, API RP53 {(Wwashington, D.C.: American
Petroleum Institute, February 1972),

4Committee on Offshore Safety and Anti-Polution Training
and Motivation (OSAPTM) , Training and Qualifications of Per-

sonnel in Well Control Equipment and Techniques for Drilling
on Offshore Locations, API RPT3 (washington, D.C.: American
== -:5ll0re Locations

Petroleum Institute, July 1976).
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Once the decision has been reached to complete the well
by “setting pipe," the final casing (the o0il string) is
lowered from the surface to the bottom of the hole or pro-
ducing formation. 1In some areas of the country, these lower
pipe strings (liners) are hung on the intermediate string
in the well on special packers so as to reduce the cost of
running pipe to the surface for each string. The oil string
is also cemented into place, but usually not from its top to
bottom as was done with the surface pipe. The string is
usually set through the "pay" formation and cemented with
enough cement to firmly seal off the producing zone and area
immediately above it, and to hold the pipe in the hole
against the high formation pressure.

After the oil string is firmly set, special loggqing
devices are lowered in the hole to determine the quality of
the cement bond and the location of the pipe collars. The
casing is perforated, for example, using a string of shaped
charges accurately set in the pipe so as to penetrate the
oil/gas zones accurately. If the pay zone is associated
with a saltwater zone, only the upper part of the zone is
perforated, if possible, to reduce water handling during
production. During all this operation, the hole is full of
water, the mud having been removed or squeezed hehind the
pipe as the plug on top of the final cement slurry was
pumped into place. This water holds back the pressure of
the perforated formation.

3.4 Completion of the Wells

As the casing or pipe setting process progresses,
various wellhead fittings are installed to form a "Christmas
tree." The number of fittings varies with the number of
strings used in the hole. Each string has valves connected
to it for use during the cementing process and for control
during well operation.

The design of the wellhead and the completion method
depends upon the size of the casings, the well location, its
producing pressure and proportions of o0il, gas, saltwater
and sand which may be produced.

On offshore wells a subsurface or down hole safety
valve (DHSV) is located in the tubing about 100 to 200 feet
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belcw the sea bed or mud line.5 This valve automatically
shuts off well flow in case of a sudden release of back
pressure held on the flowline. If the tubing in the well is
suddenly broken by an accident, the valve shuts in the well.

Two general types of wellhead completions are currently
in use in offshore operations and several systems for opera-
tion in deeper water are under developnent.

The most common offshore completion is a platform-
completed marine riser system. In this completion techni-
que, the well controls are located on the platform, and as
discussed earlier, as many as 40 wells may be completed on a
single platform. Single well platforms may be used in
shallow water up to 100 to 150 feet in depth. Maintenance
and operation of the well are performed on the platform.

Another completion technique is the subsea wellhead. In
this type of completion, shown in Figure 3-5, all well
controls are located on the sea floor. Well operation and
maintenance are carried out through the production flowline,6 7
or hydraulic control lines as well as with diver assistance.’’
The need for diver support during some operations limits the
application of this completion technique to water depths of
less than about 250 feet. Furthermore, a jack-up rig must
be moved in for well service. Subsea-completed wells may be
located as far as 18,000 feet from the production platform.
Advantages of subsea wells include ifow..: vulnerability to
storms and collision hazards, more rapid payoff of marginal
fields, and reduced capi’ sl outlavs. :n some instances the
use of subsea wells could facilitate larger production
processing facilities on fewer offshore platforms. Between

5Comm1ttee on Standardization of Offshore Safety and

Anti-Pollution Equipment, Specification for Subsurface Safety
Valves, API Spec 14A 1lst ed. (Washington, D.C.: American
Petroleum Institute, October 1973).

6D.L. Morrill, "Abandonment of a Subsea Well," SPE Paper
6074, Societv of Petroleum Engineers Technical Symposium, New
Orleans, Louisiana, October 5, 1976.

7D.F. Keprta, "Seafloor Wells and TFL - A Review of Nine
Operating Years," SPE Paper 6072, Society of Petroleum Cngineers

Technical Symposium, New Orleans, Louisiana, October 5, 1976.
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1960 and 1974 some 106 subsea wells were completed on the
outer continental shelves of the free world in water depths
ranging from 50 to 375 feet.S

The experience of Phillips in the North Sea reveals the
problems of subsea wells.? Routine maintenance operations
such as replacing downhole safety valves, other wireline
work, and repair of the Christmas tree valves generally
requires the use of a floating drilling vessel. Considering
weather factors, mobilization cost, rig availability and
cost, even the simplest job could cost $500,000 and cover
10 days. This compares with platform well costs for the
same operations of only a few thousand dollars and a required
time of 6 hours. When lost production during well downtime
is considered, the spread in maintenance costs is even
greater. In addition, the long submarine flowline to a
seabed well can reduce well productive capacity to 25 to
50 percent of that attainable through similar platform
wells.

In deeper waters where diver assistance is not feasible
and platform structures are infeasible or prchibitively
costly, remotely operated subsea completion and production
is envisioned. Currently under development are several
production completion systems for water depths in excess of
1,000 feet. These include the Exxon Submerged Production
System (SPS),10,11,12 the SEAL System and the Lockheed Dry
Atmosphere System. Although these systems are not fully

8R.L. Geer, "Offshore Technology, What Are the Limits,"

Petroleum Engineer 48(1) (January 1976): 26.

9T.J. Robin, R.S. Hoch, and D.A. Johnson, "Subsea Well
Development and Producing Experience in the Ekofisk Field,"
SPE Paper 6073, Society of Petroleum Engineers Technical
Symposium, New Orleans, Louisiana, October 5, 1976.

loJ.A. Burkhardt, “"Test of the Submerged Production
System," SPE Paper 4623, Society of Petroleum Engineers,
Dallas, Texas, October 1973.

115.a. Burkhardt, "A Progress Test of the Submerged
Production System," SPE Paper 5599, Society of Petroleum
Engineers, Dallas, Texas, September 1975.

lzT.W. Childers and W.D. Loth, "Test of a Submerged
Production System - Progress Report," SPE Paper 6075, Society
of Petroleum Engineers Technical Symposium, New Orleans,
Louisiana, October 5, 1976.
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operational, they are under various stages of development

and testing and may extend the industry's capabilities for
deep water production in the next 10 years. These systems
generally require nearby surface or floating facilities if
the production must be pumped more than a few miles.

When everything is ready to start the well producing,
the fluid in the hole is carefully unloaded by swabbing to
lower the height of the water load. If there is great
pressure on the oil/gas zone, the hole may unload by itself.

The riser enters the well straight down or at a slant
from the platform, but may also be curved, at the seabed, in
the proper direction so that the well, while serviced on a
central platform, may bottom out a mile or two from it.
These directionally drilled holes fan out from the platform
to the bottom hole location in a predetermined point in the
reservoir, within the block or tract under lease by the
operator. Because most wellc are 10,000 to 16,000 feet or
greater in depth in the Gulf, there is adequate depth to
make the deflection in the hcie when it is drilled. 1In
California, because of the accurrence of oil and gas at
shallower depth of 5,000 fee: or more, it is often necessary
to start the hole off on a slant at the surface.

3.5 Field hevelopment

A number of test wells are usually drilled from a
mobile drilling vessel in the manner described above in
order to delineate the o0il and gas reservoir and to evaluate
the economics of various production alternatives. These
early wells are usually not completed although some might be
completed as single wells not operated from a platform.

There are several alternatives for Producing the oil
and gas. The reserves or quantity of oil and gas estimated
to be economically producible from a field under a given set
of capital and operating costs is the primary factor governing
the pattern of development and type of production facilities.

When reserves are limited, it may be uneconomical to
invest in completion of the well and the required production
and transportation fzcilities. The size of required invest-
ment will depend up.. th2 water depth at the field, the
proximity of the field to other oil and gas fields under
production, the engineering demands of the site (severity of
wave action, storm action, sea bottom conditions), the most
effective spacing of wells to drain the reservoir, and other
factors.
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A single well completed in shallow water might have
only a piling around it for protection and to serve as a
working platform support. Production of oil, gas, and water
Erom these jacketed wells flows to other platforms or to
shore for processing and transportation as described below.

Wells may also be completed on the sea bed and flowed
to temporary floating or permanent platforms for processing
and transportation of the oil and gas. In the Ekofisk field
in the North Sea in 260 feet of water, temporary production
began in this manner. A converted jack-up rig was used to
support the production facilities serving four subsea wells.
This type of facility may occur in other fields where reserves
are found to be marginal. Similarly, another area of the
Jorth Sea, the Argyll field, has been pProducing to a floating
production facilitx mouinted on a semisubmersible vessel in
245 feet of water.13

If substantial reserves of oil and gas are delineated,
a fixed platform for 40 or more wells is usuwally established.
lary companies choose to drill and complete all wells on a
platform before installing the oil and gas separation equipment.
Since the amount of working space available on a platform
does not readily allow for both drilling and oil/gas produc-
tion to take place at the same time. There are situations,
however, where such efforts coexist.

Over the next 10 years, fixed platform technology will
probably be limiced to oil and gas development in water
depths of less than 1,200 feet with most activity occurring
at water depths up to 600 feet.l4d Completicn and production
systems discussed above, such as the Exxon SPS and Lockheed-
designed Shell System, are designed for use in water depths
of 2,000 feet or greater. Other new platform designs have
proceeded to the prototype stage and are considered ready
for full-scale application at potential savings of up to
25 percent of th- cost of a conventional stiff-leqg platform.
Two designs are the tension-leg platform which has been
tested off of California by 17 operators, and the guyed-
tower platform under test by Exxon, which has application in
water depths of 600 to 2,000 feet of water. All of these
systems will enable development of offshore oil and gas

13?. Elwes and J. Johnson, "Role of FPF's (Floating

Production Facilities) in the North Seu," Petroleum Engineer
12(48) {(October 1976): 42.

14M. Long, "High Costs Driving Firms Out of Deepwater
Tracts,” Q0il and Gas Journal 74(43) (October 25, 1976).
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resources in deeper waters on the outer continental shelf
and slope in the future.

3.6 Production Facilities

The planning and design of an oil/gas production plat-
form is dependent on several site-specific factors. Many
factors must be completely investigated, including expected
wave height and force, force and direction of currents,
maximum wind velocities and direction, depth and pressure of
the wells, rates of flow, type of production (oil and/or
gas, and saltwater), character of the sea floor, types and
amount of equipment needed, pollution control safety, seismic
activity, and many other considerations. Since a platform
can cost as much as $20,000 to $30,000 per square foot,
trade-offs must te made between havirg space completely
utilized and safe spacing between equipment, so as to eliminate
situations that might result in the release of explosive and
toxic gases, or a loss of flammable liquids.

The American Petroleum Institute has published a numbor
of recommended platform installation practices. 6 1n

the design of the platform, high priority is placed on

safety and environmental and equipment protection. 7Tt is
recommended that atmospheric conditions be completely under-
stood so as to know how adequately to ventilate the structure,
thus avoiding toxic conditions and fires or explosions on

the platform. Avoidance of oil spills, or their containment,
1s given great attention.

3.6.1 0il and Gas Separation Equipment

Fluids coming from a well are a mixture of oil, gas,
sand, and saltwater, which must be separated to obtain
saleable oil or natural gas. The type of equipment installed
on a platform is determined by the voiume, pressure, tempera-
ture and composition of the production. Figqures 3-6 and 3-7

15Committee on Standardization of Offshore Structures,
Recommended Practice for Planning, Designing and Constructing
Fixed Offshore Platforms, API RP 2A, J7th ed., (Dallas:
American Petroleum Institute, January 1976).

16Committee on Standardization of Offshore Structures,
Recom.ended Practice for Production Facilities on Of fshore
Structures, API RP 2G, lst ed., (Dallas: American Petroleum
Institute, January 1974).

-70-



= 3

~

\_

59 ?
| ~( oo Ot
- e B L o3 931 doCh
H . =02 - = L ol
]
oS o [ Tew sep Od-wrge vane I
manoid ., l._l&'!?%:. ‘ To gor vaen O ;- Oil ireoter
) woe | |4 Pl ]
e l:., Gou |
' [:— : : Shimmer pils
1 e (e =] i
SR T
Gen-tara Water begter r...;::.i::::m .

Figure 3-6.

Oil processing scheme.

(R.F. Kryska and

B. Lindsey, Offshore Process System Design Requires Exact

Planning, International Petroleum Exposition, Tulsa, Okla-
homa, May 17-21, 1976.)

-71-



. s _
High pravsure - law prenure - m —
" . separator saparatar
o] e] = ; ¥ =21
T 1 Comm T Conpane
Steum heater | L -
or coaler Feu
DRTE
Gan pmtalon am_lyl——cl‘ —
dald ndensa o

~ — = e

Q- -9 = Condensare

- filter
COgeICee
T e
sanmal pul:m :
J 3 Glycol gav Q!’
Fired glycol v — [ Ql Safes gon
! Glycal ] mn-nn‘
contactor

pump Glyeol
hilrer

Figure 3~7. Gas pProcessing scheme. (F.R. Kryska and
B. Lindsey, Offshore Process System Design Re uires Exact

Planning, International Petroleum Exposition, Tulsa, Okla-
homa, May 17-21, 1976.)

~72-



illustrate the basic steps of processing through which the
fluids coming from the well pass. Actual platform complexes
combine features of these two schemes as shown in Figure 3-8.
In some cases where shore is nearby, some or all steps in
gas and liquid separation are often done on land.

The fluids in a well are usually at sufficiently high
pressure early in the life of the well so that they reach
the platform under natural forces. These forces include
water, a gas cap or solution gas pressure on the oil and
water in the reservoir. As these natural forces are depleted
flow rates into the well bore decrease. Since the column of
fluids in the well applies pressure against the flow, pumps
or artificial lift equipment are often installed to keep the
wells pumped off.

Additional investment in pressure maintenance and
pumping equipment can slow the decline in the production
rates of oil. Pressure in the reservoir may be maintained
by injecting water or gas back into the producing formation.
This does not usually eliminate the need for pumping equipment,
but is often carried out as part of an entire program to
obtain as much oil and gas as can be economically produced.

Pumping or artificial lifting techniques to raise the
produced fluids to the surface are of four types. The two
most common lift techniques on offshore platforms are gas
lift and electric submergible pumps. Less common on of f-
shore facilities is power fluid (oil or water) lifting.
Beam pumping or sucker-rod pumping, a technique which is
ubiquitous in o0il fields on land, is rare offshore.

Gas lift involves the injection of a part of the processed
gas stream back down the well at high pressure to operate a
series of gas-operated lifting valves in the tubing. Pressure
work in the gas raises the produced fluids to the wellhead
and the lifting gas is produced with the oil.

Electric submergible pumps can also be used to lift the
oil. These devices, which are approximately 40 feet in
length, are installed to within about 100 to 200 feet of the
bottom of the well on the tubing string.

Power fluids 1lift techniques operate on principles
similar to gas lift. Clean oil or water travels down a
separate tubing string at high pressure to drive a hydraulic
pump near the bottom of the well. The spent power fluid is
produced 2long with oil and gas from the formation and a
portion of the produced fluids are processed for reinjection.
This is a relatively costly though efficient lifting tech-
nique which requires a clean power fluid. Sand control
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problems in most offshore California and Gulf Coast wells as
well as space limitations onboard the platform are factors
which have minimized use of this technique.

Beam pumping units involve a down hole pump driven by
the reciprocating pumping rod. Lack of space onboard offshore
facilities has limited use of this technique to only one
known platform in the Gulf.

It 1s not unusual to have wells on the same platform
that produce at different pressures (as much as 2,000 psi
or so) and by different lift methods. Some wells have low
bottom hole pressure and are pumped by various means dis-
cussed above. 1In case of high pressure production, typical
of new wells in the Gulf of Mexico, three stages of gas-
liquid separation take Place. The gas from each stage is
sent to gas treatment facilities or to the vapor recovery
system, depending on its pPressure. Cases were observed
where some low pressure gas from the low stage separator was
flared or vented (estimated at about 20 ft3 for a barrel of
o1l produced). The U.S. Geological Survey has rules which
restrict gas from being flared or vented except during
emergencies or where special circumstances occur that make
vapor recovery impractical.

The gas is compressed (before or after processing),
scrubbed to remove treated entrained gas liquids or condensate
(such as pentane and heavier hydrocarbons) and water vapor,
and then is pipelined to shore. If hydrogen sulfide were
present it could also be removed on the platform. Onshore
complete natural gas processing occurs (de-ethanizing and
recently demethanizing) prior to gas discharge into the main
pipelines. In some cases, all of the gas processing 1s done
onshore to save the cost of extra platform space. Unfortu-
nately this practice also brings potential emissions closer
to the population at risk.

The separation of oil-water-sand occurs in either a
vertical or horizontal vessel known as a free water knockout.
From there oil and water go their separate ways. Generally,
some water is entrained in the oil. No more than 1 percent
water is usually permitted in saleable 0il. A final emulsion
separator, which operates on chemical, electric or heat
Principles, Lreaks out water from the oil to make it mar-
ketable. The saltwater produced with the oil usually carries
some oil in its stream. Clarification is required before
water can be sent to disposal. Skim tanks are employed,
followed by flotation cells to remove the entrained oil
particles from the produced saltwater. Treated saltwater is
disposed into wells, reirjected for pressure maintenance or
dumped overboard.
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Figures 3-9 and 3-10 illustrate the design and the
lavout of production facilities on typical production
platforms in the Gulf. Figure 3-11 illustrates a shore-
based scheme; Figure 3-12 shows a variety of offshore
facilities installations.

The specific function and operating characteristics of

each unit on an offshore facility are described in Chapter
Four.

3.7 Transportation of 0il and Gas

Current offshore o0il and gas operations employ pape-
lines and barges to move oil to shore. Some 64 submarine
pipeline network systems transport 95 percent of the oil and
all of the gas to shore in the Gulf of Mexico. Fourteen
barge systems transport 5 percent of the offshore production
in the Gulf of Mexico to shore. The latter systems are used
to serve marginal or isolated fields which could not justify
the construction of a new or extension of an existing sub-
marine pipeline. 1In California all offshore production
comes ashore by submarine pipeline. Exxon has proposed to
barge the oil produced at its platform Hondo in the Santa
Ynez field to refineries in northern or southern California.
The configuration of transportation systems for Atlantic
operations will depend upon the project economics and extent
of the reserves discovered as well as environmental factors.
It is possible that tanker transportation similar to that
used in serving the floating production facilities at the
Argyll Field in the North Sea might be utilized if very
productive wells are drilled. Tanker loading is accom-
plished in the North Sea at a single point mooring buoy.
Produced gas is flared in those operations,
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CHAPTER FOUR

EMISSION SOURCES

4,1 Introduction

The emission sources inherent in offshore operations
are the same in many respects as the emission sources onshore,
the major difference found in the very nature of offshore
operations. The offshore platform usually has either one or
two decks, each no larger than about a 200-ft square.
Within this space, not only must all wells, rigs, and process
equipment be located, but because of the often long distances
from shore, the platform must also have living quarters,
power generating equipment, and product sendout equipment.

There is a very real danger of a major catastrophe re-
sulting from a fire on an offshore platform because of the
crowded conditions and the combustibility of the products.
Special precautions are taken on all platforms to minimize
the probability of such an occurence. The platforms observed
by the project team were well maintained, run more like a
ship than an oil field. There were no obvious leaks and
spills or other signs of careless operation or lack of
proper maintenance. In this regard, offshore platforms are
much "cleaner" +than onshore operations.

However, there are still several major sources of air
pollutant emissions to be found offshore and there is cur-
rently an ongoing debate between operators and state agencies
as to the impact these operations may have oa ambient air
quality. In this chapter, the emissions inherent in offshore
activities are examined in depth. Emission rates have been
estimated using available data whenever applicable, but
also taking into account the unique characteristics of the
offshore environment.

4.2 Drilling Operations

4.2.1 Power Generation

The only continuous source of emissions during drilling
operations is from the generation of power. The two major
load requirements on a drilling platform are the mud pumps
and the rig drawworks. The total installed capacity in
September 1975 of these two items is shown in Table 4-1 for
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TABLE 4~1

a
DRILLING POWER CAPACITIES OF EXPLORATORY RIGS

TOTAL hp AVERAGE

NUMBER OF MUD DRAW- MUD DRAW-

LOCATION RIGS PUMPS WORKS PUMPS WORKS

Alabama 2 6,800 4,000 3,400 2,000
Alaska 2 4,600 6,400 2,300 3,200
California 2 4,600 4,500 2,300 2,250
Florida 1 4,800 1,600 4,800 1,600
Louisiana 118 243,060 181,930 2,060 1,540
Gulf of Mexico 15 27,800 21,550 1,850 1,440
New Mexico 2 2,000 2,630 1,000 1,320
Texas 22 59,750 43,360 2,720 1,970
Washington 1 2,800 2,000 2,800 2,000
TOTAL 165 356,210 267,870 2,160 1,620

a , R
Does not include operutor-owned rigs.

Source:

Petroleum Engineer (Sepir2mber 1975}.



the offshore areas surrounding the United States.l The
average for all platforms was slightly gr:ater than 2,100 hp
for mud pumps and 1,600 hp for rig drawworks. Although the
total installed capacity may change from month to month, the
average capaclty used for this report should remain relatively
constant.

In addition, between 400 hp and 800 hp is required for
the rotary, and 500 hp is required for accessories and
housekeeping.

The actual power demand aepends upon the activity in
progress at a given time. For a typical drilling platform,
the design load (maximum available horsepower) is shown in
Table 4-2. The actual power required will be considerably
less than full capacity. For example, power usage during
drilling depends upon the size of the hole, the rate of
drilling, and the depth of the hole. Randall estimates that
the average hydraulic power at the bit required for optimum
drilling is in the range of 0.2 to 0.3 horsepower-hours per
foot sauare inch of bottom hole area.3 Additional hydraulic
power is required to compensate for string losses. In this
report, total hydraulic power requirements have been estimated
at approximately 40 hph/ft drilled, based upon a 10-in bit
size with 50 percent of the total hydraulic power delivered
at the bit and the remaining 50 percent dissipated as string
losses. An additional 20 hph/ft is required for auxiliaries
as discussed below.

The relationship between driiling power and total power
can be seen from the drilling scenario shown in Table 4-3.
The primary activity is drilling, which will be ongoing over
70 percent of the time. The power requirements will be
relatively low during the initial stages but will increase
with hole depth. An overall load factor of only 25 percent
has been assumed to take into account the greatly reduced
loads which will be encountered initially. Such a load
factor is in reasonable agreement with the rule of thumb
presented above.

The expected load factor is assumed to be somewhat
higher for other operations. In the absence of published

l“Fall 1975 International Rotary Rig Locator," Petroleum

Engineer 10(47) (September 1975).

2Douglass Bynum, "Drilling Rig Cost Effectiveness,”
Petroleum Engineer 10(48) (September 1976): 98-105.

3B.U. Randall, "Optimum Hydraulics in the 0il Patch,”
Petroleum Engineexr 10(47) (September 1975): 36-52.
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TABLE 4-2

SCENARIO OF INSTALLED POWER DISTRIBUTION?

(Horsepower)

CONDITION

TRIPPING SURVEYS &
REQUIREMENT DRILLING CASING, CORING LOGS
Draw Works 0 1,600 0
Mud Pumps 2,100 0 0
Rotary 800 0 0
Accessories 400 200 200
Housekeeping 100 100 100
TOTAL 3,400 1,900 300

aThese values are assumed to be "typical” and have
been used in this report to estimate potential rates of
emission.

Source: Adapted from Douglass Bynum, "Drilling Rig
Cost Effectiveness," Petroleum Engineer 10(48) (September
1976) : 98-105.
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TABLE 4-3

DRILLING SCENARIO®

(Basis: 10,000 f£t. hole)
NUMBER AVAILABLE LOAD

OF POWER FACTOR USAGE
ACTIVITY NAYS (hp) (Percent) thp hr.)
Drilling 22 3,400 25 448,800
Coring 2 1,900 50 45,600
Casing 4 1,900 50 91,200
Surveys & Logs 2 300 840 11,500
TOTAL 30 597,120

dBased upon

by 0il companies to the U.S. Geological Survey and discussions

with operators.

an analysis of notices to drill submitted
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data, a load factor of 50 percent and B0 percent for txipping
and logging, respectively, has been estimated. WNote, however,
that uncertainty in these factors will have little impact on

the total power consumption for all offshore drilling oper-
ations.

Emission factors are given in Table 4-4 for diesel
reciprocating and turbine engines, both of which are used in
offshore operations. The rate of emission is dependent upon
the type of engine and the fuel form. In exploratory
drilling, distillate oil is used almost exclusively. In
developmental drilling, the fuel will depend upon the extent
to which the field has been opened. Specifically, if gas is
available, the operator may switch to gas rather than trans-
porting oil to the platform. On the other hand, the operator
may choose to shut in completed wells until producing equip-
ment can be placed on the platform. Often tais conversion
from a drilling to a producing configuration does not occur
until the drilling schedule is completed.

In calculating the total emission load from drilling
operations, it is assumed that almost all of the power
generating equipment on drilling rigs is of the diesel-
electric type using reciprocating engines.

The calculated total emissions are shown in Table 4-5
for each offshore drilling area. These emission rates are
based upon the following eguation.

Emission Rate = Emission Factor x Total Well Footage x
{Table 4-5) (Table 4-4) {Table 2-5)

60 hph/ft
{Table 4-3)

Note that over 90 percent of the drilling duraing 1975 took
place in offshore Louisiana. Note also that as dr:illing
activity picks up in the Atlantic OCS area and in the Cali-
fornia OCS area, the emissions due to power generation will
increase proportionately.

4.2.2 Mud Degassing

Although power generation is the only continuous
emission source of any significance on a drilling rig, there
are other sources having an intermittent character that
should also be considered. The most important of these is
mud degassing.
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TABLE 4-4
EMISSION RATES FOR TURBINES AND RECIPROCATING LNGINES

EMISSION RATE (g/hp-hr)
NITROGCEN SULFUR1 HYDRO~ CARBON PARTI-
ENGINES OXIDES OXIDES CARBONS MONOXIDE CULATES REFERENCE
Turbine
Gas-fired 1.41 0.06 0.14 0.38 0.05 1
Oil-fired 1.65 0.87 0.14 0.38 0.12 1
Reciprocating
Gas~fired 11.5 0.06 4.86 2.81 UNK 2
Oil-fired 12.9 0.87 0.43 1.89 UNK 2
Sulfur content in fuel assumed to be 0.25 percent for oil and 100 ppm for gas.

SOURCES :
Neo. AP-42 (March 1975).

(1) U.S. Environmental Protection Agency, Compilation of Air Pollutant
2nd ed., Pub.
Inc., Standard Support Document and Environmental Impact

Emission Factors,

(2) Rerotherm,
Statement -~ Stationary Reciprocating Internal Combustion Engines, Prepared for
the U.S. Environmental Protection Agency, Contract 68-02-1318, to be released.




'NBLE 4-5

NATIONWIDE EMISSIONS FROM POWER GENERATION DURING DRILLINGS (1275)

EMISSIONS (Mg/yr)

TOTAL
AREA WELL FOOTAGE No, so0, HC co PARTICULATES
Alaska 138,519 107.2 7.2 3.6 15.7 UNK
California 263,957 204.3 13.8 6.8 29.9 UNK
Louisiana 6,061,351 4,691.5 316.4 156.4 687.4 UNK
Texas 1,509,497 1,168.4 78.8 38.9 171.2 UNK
Gulf of Mexicob 346,082 267.9 18.1 8.9 39.2 UNK
TOTAL 8,319,406 6,439.2 434.3 214.6 943.4 UNK

@Based upon average power requirement of 60 hp-hr/ft.
UNK = unknown

bRefers to outer Gulf of Mexico provinces not included in Texas or
Louisiana figures.



As the drilling bit passes through a prnducing formation,
gas may seep into the well bore and become dissolved or
entrained in the drilling mud. The gases are separated from
the mué in a mud separvator, as shown in Figure 4-1.

Additional gases are removed from the mud in t' ~ degasser
vessel, which operates under a vacuum. Finally formation
fragments and debris are screened out of the mud in the
shale shaker. The cuttings are dropped overboard, and the
conditioned mud is recycled to th2 well.

The gases that are removed from the mud are usually
vented to the atmosphere without flaring. During the course
of this work, we have been unable to find sources of data
that would indicate the rate at which gases are emitted.

The total amount of gases emiited annually is considered to

be very small, although the rate of emission during a single
24-hour period could be as much as 20,000 ft3 of gas, based
upon 400 ft of 12-in hole per 24-hour day, 25 percent

porosity and 4,000 psig resevoir pressure. This is egquivalent
to 0.4 Mg/d while drilling through producing formation.

A second type of emission from the mud separation
system will occur during the infrequent times that oil-based
drilling muds are used, primarily vhen the pipe becomes
stuck, for examole. In this case, the mud will be dissolved
in o1l rather than water so that as the mud passes through
the shaker, the oil vapors are exposed directly to the
atmosphere. An order of magnitude estimate for these emis-
sions can be made using the appropriate emission factor?
(0.36 1b/1,000 gal throughout) for a fixed-roof storage tank
for distillate Fuels with a turnover factor of 0.5, Assuming
an average mud flow of 400 gal/min, the corresponding
emissicn rate is on the order of 90 kg/d. However, since
oil-based drilling muds are used very infrequently, the
annual rate of emission is not expected to exceed 0.5 'g/yr
per rig based apon an average usage of about 5 d/yr.

4.2.3 Blowouts

At times during drilling operations, the bit may pass
through pockets of gas prior to reaching the oil producing

4C.D. Miller, "Proper Handling of Gas-Cut Mud Boosts
prilling Efficiency," The Qil and Gas Journal 74(13)
(March 29, 1976): 166-173.

5Personal communication to R.K. Burn, A.0. Spauldry,
western 0Oil and Gas Association, February 25, 1977.
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formation. Such an occurrence is often unexpected and the
density of the mud may not be great enough to control the
sudden increase in pressurc. Reduction of mud density by
entrained gas further compounds the problem. The expanding
gas will rapidly push mud out of the hole. When a kick does
occur, the blowout preventers are closed and measures are
taken to increase the density of the mud until it can control
the increased pressure in the well bore. On rare occasions,
however, prevention techniques prove to be inadequate and
the well will get out of control, resulting in a blowout. A
blowout can be very costly in terms of the loss of equipment
and lives. Needless to say, the industry goes to great
expense to prevent such occurrences.

Blowouts usually occur during drilling, but they may
also develop during remedial work done after the well has
been completed. One particularly dangerous type of blowout
is that which occurs durino the driliing of the surface
conductor hole. Five accidents have been reported which
resulted in the loss of several lives. These are listed in
Table 4-6.6

Some blowouts have been caused by the loss or damage of
a platform as a result of rough seas churned up by hurricanes.
Others have been caused by collisions with ocean-going
vessels. The USGS reports 57 blowouts since 1956 ranging in
duration from 15 minutes to over 5 months with the average
being on the order of a few days. The quantities of gas
which escaped during these accidents are comparable to the
full production rate of the blown wells. Note that a single
gas well can produce over 1 million SCFD (approximately 20 MG/d) .

4.2.4 Dynamic Positioning and Stabilizing

One aspect of offshore drilling not common to onshore
operations is that drilling in deep wuter requires drill
ships or semicubmersible rigs, neither of which rests on the
ocean floor. 1In order to stay over the hole, a drill ship
will use its engines to counteract the current normally en-
countered. Dames and Moore’ have estimated the power

6J. Beall, "Riserless Shallow Blowout-Control Method Is

Safe and Effective," 0il and Gas Journal 74(31) (August 2, 1976):
125.

7Dames and Moore, Inc., Environmental Assessment Study,

Proposed Sale of Federal 0il and Gas Leases, Southern
California Outer Continental Shelf, Volume 3, Section IV,
Prepared for Western Oil and Gas Association, October 1974,
ppP. 2-41 to 2-42.
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TABLE 4-6

HISTORY OF SHALLOW HOLE BLOWOUTS IN THE GULF OF MEXICO

—Zs—

CONTRACTOR RIG TYPE OF RIG YEAR
Reading and Bates C. P. Baker Catararan 1964
Fluor Little Bob Jack-up 1968
Marine J. Storm II Jack-up 1970
Odeco Ocean Patriot Jack-up 1970
Odeco Ocean Driller Semi-submersible 1971

Source: J. Beall, 0Oil and Gas Journal 74(31) (August 2, 1976): 125.




requirements for dynamic positioning to be as much as 7,500 hp.
Data obtained during the course of Energy Resources Co.'s

work indicates that the 7,500 hp estimate relates to availabie
capacity. An estimatc of actual usage of 7,500 hp is believed
to be excessive, but published literature to the contrary
cannot be found.

4.3 Production

Flow sheets of a production platform were shown previously
in Figures 3-11 and 3-12. For the purpose of emissions
estimates five different components of the Processing scheme
have been considered:

° Power generation

) Gas processing

) 0il processing

® Water treatment and disposal

[ Miscellaneous services and transpoftatiOn

Each of the first four areas is described in dctail in the
following paragraphs. The last category primarily includes
humerous mobile sources not within the scope of this study.

4.3.1 Power Generation

One of the requirements of most offshore platforms that
is not similar to onshore operations is that the platforms
must be self-sufficient. 1In only a few instances (primarily
offshore California) is power delivered to the production
platform from onshore. 1In all other cases, power is generated
using onboard generating equipment. In order to estimate
the power capacity found on typical offshore installations,
Energy Resources Co. reviewed the installation lists for
major manufacturers of power generating equipment. Table 4-7
shows estimates of installed turbine capacity and correspon-—
ding power usage requirements based upon manufacturers*
records and data obtained by Energy Resources during visits
to offshore platforms.

The power used in offshore Platforms is required
primarily for gas compression (for transmission or arti-
ficial gas 1lift) oil pumping (the major use for electricity),
and water injection, either for water flood or disposal.
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TABLE 4-7

POWER GENERATION, INSTALLED CAPACITY AND ESTIMATED
UbAGE RLQUIRFD FUR OIFSHORE PRODUCTION

GAS COMPRESSION

AREA CGAS COMPRHSS'ON" it ' AND BOUS'PING GAS INJECTION WATER INJECTION ELECTRIC GRNT.PA‘I‘IOHC
—— e T —— e e e Y
CAPA('H‘Y usaGc CAPACITY USAGE CAPACITY USAG CAPACTTY USAG CAPACITV

thu/106CFD] [hphr/10%F]  (hp/10%erD) [hphe/20%cr]  [hr/106CFD| [mphe/108CP] |1ip/20300PD) [hphe/1038BL] Ihp/10380Pu) lhphr/NEBBl-l

Alaska oo 6,061 unk unk unk unk T - 250 5,300
California 300 6,061 -° -° - - - - 250 5,00
Locisiana 150 3,170 120 2,530 3 #0 150 3,000 150 3.000"
Texas 150 3,170 120 2.510 - - 150 3,000 150 v,nonf
Gulf of Mexico 150 3,170 120 2,530 - - 156 1,000 150 1,000°

Mnetudos rogquieementa for yaa Lifr, gqathering, and senduut

br\-u-m Factars: lalet Discharge

[psi
Ala<ka, Calif. 15

ql [paig)
125
La., Tex., Gulf B0 to 150 1,150
of Moxico

€Includes o1l pumping and miscellancous servicesq; nlsn includes power for fixwed pPlatforms.

)]
“Basna upon tutal production: sales in 60 prrecat of production in Catlfornia and 30 percent of production in the Culf of Mexliyn.
e'rransm.ssaon facilities unshore.

‘Bascd upon barrels of oil plus condensate.

Source: Energy Resources Co. eatimates (based in part upon data obtained during offshore visits).



The power requirements for gas compression (which
include artificial gas lift as well as gathering and send-
out) are based upon the average field pressures determined
during the project team's offshore visits, In California
(also true of Alaska) the wells operate at no more than a few
atmospheres pressure and the gas transmission system com-
presses the gas to approximately 325 psig. Some of this gas
is used for gas lift or as platform fuei; the remaining
portion is sent to shore for further compression and pipe-
line transmission.

The offshore operations in the Gulf of Mexico produce
gas at pressures up to 1,200 pPsig, and hence, less power is
required for compression to pipeline pressures of about
1,000 psig. However, because many of the offshore platforms
are located at distances much further than characteristic of
offshore California operations, there is also additional
requirements for pressure boosting on some platforms in
order to deliver the produced gas at pipeline pressures to
receiving terminals onshore. In some cases, however, the
platforms offshore Louisiana are too remote to economically
pipeline gas to shore. 1In these cases, the gas is reinjected
into the formation. A similar practice is carried out in
Alaska at the present time, but specific data are unavailable.

Water injection is another major use for onboard power.
A survey of manufacturers' records revealed that there was
as much horsepower committed to water injection projects as
there was to the generation of platform electricity, even
though the water injection capacity seemed to be a bit more
concentrated, having as much as 13,000 hp installed on a
single major platform.

Finally, platforms use considerable amounts of electrie-
ity, primarily to pump 0il to shore and to operate submergible
electric pumps in the wells. Other miscellaneous uses
include lighting, cooking, operation of process motors and
s0 on. A few platforms also have working rigs which require
power (see Table 4-8).

Although a mix of gas turbines and reciprocating engines
(and also diesel turbines and engines) can be found in use
offshore, the project team has not attempted to estimate the
distribution of equipment. To be conservative, the power
requirements for production have been assumed to be generated
by gas turbines only.

The emission factors for gas turbines were shown previously
in Table 4-3. Based upon these numbers, the estimated total
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TABLE 4-8

DRILLING RIGS ON FIXED PLATFORMS

NUMBER OF RIGS

AREA DRILLING WORKOVER TOTAL
Alaska 7 1 8
California 1 Ba 9a
Louisiana, Texas
Gulf of Mexico 62 41 103
TOTAL 70 50 120

8Tncludes 6 workover rigs working on THUMS {Longbeach
Harbor (California).
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emissions from power generation are shown in Table 4-9.

Note that accounting for the proper mix between turbines and
reciprocating engines (gas or diesel) results in a net
increase in the total emissions estimates.

4.3.2 Gas Processing

An estimate of the total production at the well of
natural gas is shown in Table 4-10, broken down into the
major use categories, i.e., sales, lifting, injection, and
platform fuel. In estimating the air pollution emissions
from the processing of gas, the total gas production at the
well (rather than sales) must be considered since the total
gas is usually processed prior to reinjection (gas 1lift) or
sales or use as platform fuel (some high pressure produced
gas will not regain compression).

In the paragraphs below are presented details of gas
processing operations, specifically:

e Compression
® Dehydration

° Venting

4.3.2.1 Gas Compression

The oil/gas mixture produced from the well is pumped
directly to a separation vessel where gas (and gas liquids)
are separated from a mixture of o0il and water. The water-
laden gas must then be compressed and dehydrated pr.or to
send-out. Dehydration of the gas is necessary to avoid
hydrate formation in processing equipment or pipelines.

The emissions from gas compression result from the com-
bustion of fuel necessary to generate power to drive the gas
compressor. These emissions have been discussed previously
with respect to power generation. There are three significant
differences between California operations and operations in
the Gulf of Mexico which have an effect on emissions:

1. The formation pressures in the Gulf of Mexico are
higher and therefore less power is needed to
compress the gas to pipeline pressures.

2. The ratio of associated gas to oil produced in the

Gulf of Mexico is considerably higher than in
California, and hence, a much lower proportion
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TABLE 4-9

TOTAL EMISSIONS FROﬁ POWER GENERATION
ON OFFSHORE PRODUCTION PLATFORMS

PRODUCTION
AREA OIL CONDENSATE GAS TOTAL POWER EMISSIONS (Mg/yr)

(105bb1/yx) (10%b1/ye)  (10%F/yr) | 110%hphrsye] [ WO so, HC cO PARTIC-

ULATES

California 15.3 - 1.0 105.3 148.5 6.3 14.7 40.0 5.2
Louisiana 287.5 72.5 3,332.2 21.136.0 |29,801.6 1,268.2 2,959.1 8,031.7 1,056.8
Texas 0.3 1.0 1,218.1 6,987.0 9,839.0 418.7 976.9 2,651.6  349.4
TOTAL 303.1 83.5 4,554.3 28,226.3 |39,789.3 1,693.2 3,950.7 10,723.3 1,411.4
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TABLE 4-10

APPROXIMATE GAS BALANCE

ToTAL Gas . GAS GAS PLATFORM OTHER VENTED

AREA PRODUCTION SALES LIFT INJECTION FUEL FUEL! OFFSIURE
(10%p/yr)  [10%Fsyr)  110%rsyel (10%CR/yel (10%E/yx) (10%cPryrl f10°ceryrl
California 6.7 1.0 1.5 - 1.2 0.8 o.ozd

Louisiana 3,914.8 3,332.2 287.5 66.6 218.4 - 13.30F
Texas 1,291.3 1,218.1 0.3 - 72.9 - 0.40
TOTAL 5,212.8 4,554.3 289.3 66.6 292.5 0.8 1.58

3at well.

bDelivered onshore.

Cused onshore; included in Gas Sales.

dvapor racovery systems in usa (approximately 90 percent efficiency).

®assumes no vapor recovery and continuous venting of solution gas released at 0il pressures below

65 psig (approx. 20 ft3/bbl).

£

Source:

Assumecs vented gas proportional to liquid production rather than gas production.

Enerqy Resources Co. cstimates (based upon data obtained durina offshore visits.



of the available gas is burned in the Gulf (approxi-
mately 6 percent) as compared to offshore California
(30 percent).

3. Much of the gas production in Louisiana and Texas
is from gas wells rather than as associated gas in
0il wells,

In addition to the emissions from fuel combustion,
fugitive emissions from compressor seals have characteris-
tically been a minor source of air pollutant emissions,
being about the same order of magnitude as emissions from

vapor recovery systems, leaks from pump seals or pressure
relief valves,.

4.3.2.2 Gas Dehydration

In most offshore operations tri-ethylene glycol is used
as a dehydrating agent. a schematic of a glycol dehydration
unit is shown in Figure 4-2. The wet gas enters the desorber
at the bottom of the column and passes up through a series
of bubble cap or sieve trays. The direct contact with
glycol results in the reduction of water in the gas to a
level of less than 1 lb/million ft3 of gas. The spent
glycol passes through a glycol storage tank and then to the
reboiler where the water is removed by heating. Note that
on many offshore installations this heating can be carried
out using direct-fired heaters or a heat transfer fluid
circulating between the reboiler section and a suitable
(above 400° P; source of waste heat such as the gas turbine
exhausts.

The emissions from the glycol dehydration unit include:
® Combustion emissions (only if direct fired)
® Glycol losses

The fuel requirements for a glycol dehydrator depend
upon the inlet water content of the gas, but they average
about 350,000 Btu/106 £t3 processed. This is equivalent to
only 0.5 percent of the total platform fuel requirements
estimated previously in Table 4-10.

Very little data are available on the amount of glycol
emissions from the dehydrator. Mapes8 has reported a total

8G.J. Mapes, "The Glycol Dehydration," in Gas/0il Produc-
tion Practices Handbook (Houston: Gulf Publishing Co., 1971),
2 __2ctLiCeS Hanabook
pp. 37-44.
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glycol loss in dry_gas plus the reboiler vent of approximately
0.1 gal/million £t3 of gas. If the entire loss went to the
vent, approximately 420 g/million ft3 would be emitted,

which is a rate of hydrocarbon emissions comparable to the

the glycol is believed to go with the dry gas. However, the
Project team was unable to find data in support of this
hypother:s.

4.3.2.3 vents

Under certain circumstances, gases will be vented
rather than compressed. For example, a certain amount of
gas will be vented in the unusual circumstance that the
pressure relief valves on the high pressure separators must
open in order to protect process vessels. Similarly, when
there is a compressor malfunction, the compressor will often
be bypassed while the malfunction is being corrected or
until the well can be shut in. Finally, some of the gases
dissolved in the oil may be released in storage and must
then be vented. For example, in the Gulf, the low pressure
Separator often operates at pressures as high as 80 psigq.
When the o0il leaves the low pressure separator it is sent to
a smcll storage (surge) tank operating at pressure between
15 psig and atmospheric. Because the Pressure is reduced,
additional gases (approximately 20 ft3/bbl) will come out of
the solution. These are vented.

The total amount of gas being released to the atmosphere
depends upon:

® The characteristics of the oil and gas processing.
® The nature of the control techniques in use.

In the Gulf coast the oil is characteristically at high
pressure (as much as a 1,000 psig) and the gas/oil ratio 1s
relatively high, on the order of 1,200 ft3/bbl. In Cali-
fornia, vapor recovery systems are in use which reduce the
amount of vented gases by as much as 90 percent. In terms
of oil production, it is estimated that vented gas is
equivalent to approximately 1.5 £t3/bbl in the California
area and as much as 35 ft3/bbl in the Gulf of Mexico. In
both cases this amounts to less than 0.5 percent of the
total gas produced.
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4.3.3 0il Processing

Produced fluids from an oil well are a mixture of gas,
o0il, and water. The o0il processing train considered in this
section includes all of the necessary operations for separating
the oil from gas and water and upgrading the oil quality to
pipeline standards, i.e., free of entrained solids and con-
taining less than 1 percent water.

The oil will first pass through a series of separators
where the gases and free water are removed from the oil. At
this point the oil will still contain as much as 25 percent
water in the form of an emulsion. The oil is then heated in
a heater treater or passed through a chemical-electric unit
to break the emulsion and remove the remaining water from
the oil. This process reduces the moisture content in the
oil to 1 percent or less. From the heater treaters, the
processed oil is pumped to a storage tank that s*ores the
oil until it can be pumped ashore.

Each of these steps is discussed in detail in the para-
graphs below.

4.3.3.1 Separators

The first step in the oil processing train is to separate
the liquids from produced gas using a series of two phase
separators. In the Gulf Coast, the project team observed
a 3-stage system having a high-pressure separator operating
at approximately 1,000 psig, a medium-pressure separator
operating at approximately 400 psig, and a lower-pressure
s:parator operating at approximately B0 psig. As the pressure
of the oil is reduced, solution gas will be evolved. A
typical separator is shown in Figure 4-3. Note that the
gases pass through a mist extractor to prevent the entrain-
ment of oil in the gas phase. Separators such as these are
constructed in the horizontal configuration shown in a
figure and in vertical and spherical configurations as well.
The primar; difference in these designs is in the relative
ability of each one to handle different ratios of gas to
liquid.

The final separator is usually a three phase free water
<wnockout. A schematic of a typical unit is shown in Figure
4-4. The fluid from the higher pressure separators enters
the low pressure separator at the centrifugal inlet where
initial separation of liquid and gas takes place. The
separator itself is of sufficient size to allow the oil and
water to separate into two phases. The interface between
oil and water is controlled by controlling the rate of
removal of oil and water independently.

=103~



-¥0T1-

f“""" il

sarTey st it EETROCTON ——
@: {[-‘mwm im"“' /.i -
™2 e A, N ne oveare
e W v ’
G - l?ji “ % \\‘
: ) _{
— e ._\: 3 .

Horizontal low pressure oil and gas separators.
322)

Figure 4-3.
(Sivalls Tanks Inc., Engineering Catalog:



-S0T~-

- —

1 O COMPARTMLNT
H
»
] /
L]
. L e o
=~ 1
4., i
Q1) ' "“’y " :""""
L
T ] fobe
: e
[N
L]
.
-2 waT(A COMPAATMENT
centmIFUSAL
weLgY
16" wanway ~ GAS OUTLLT
WsArLTY wive
ALTERNATE O4%
QuILTIng wuPBLY
SareLts '\\
ADIVSTABLE
o e wavTER $1PMON
e e ! o Leve &
(. y [ b P REYRL ou LEVEL
— i ' CONTROL
1]
2L
‘ ! LEveL cowTACL e LevL—f0
[ TP - contRoL
]
MIERIASL
_2 PO 1 L L . SREEEORG
' aaust
|

MANWAYS

2% 1€ ELLPTICAL—

\

Figure 4-4. Horizontal
Engineering Catalog: 602.)

oil-gas-water separators.

I [ . |
waTLR OWL('—J LD‘L OUTLEY
va vl vaLvE p

(Sivalls Tanks Inc.,



The separators are all closed systems, often operating
at high pressures. The only emissions would result whenever
the pressure release valve opens to relieve excess pressure.
Under this condition, the gases would be vented to the plat-
form flare system and would subsequently be exhausted or
burned. On platforms equipped with vapor recovery systems,
low pressure gas would be compressed and transferred to the
gas processing system.

4.3.3.2 Emulsion Breakers

The oil phase from the separator train will contain as
much as 25 percent moisture in the form of an o0il emulsion.
In order to break the emulsion a demulsifier chemical may be
added. Then the oil is heated to temperatures as high as
150° F or passed between electrically charged plates (not
shown) whereupon the oil and water will separate.

A typical horizontal heater treater is shown in Figure 4-5.
The oil enters the separator on the heated side where it is
contacted with the firebox tubes. As the emulsion breaks,
the oil phase and the water phase collect on the opposite
side of the heater and are pumped away at differing rates to
maintain a proper interface level. Note that during the
heating of the oil additional gas is released which leaves
the separator at the gas outlet. This gas will be combined
with the exhaust from the low-pressure separator and sent to
the vent or vapor recovery system.

A variation of the conventional heater treater design
is shown in Figure 4-6 showing a vertical configuration.
This unit is slightly more compact than the horizontal
treater and it allows for better heat exchange between the
inlet oil emulsion and the outlet processed oil. The manu-
facturer claims that this design extends the life of the
firebox and results in reduced fuel consumption.

In conventional heater treater units the fuel require-
ments have been estimated at a maximum of 15,000 Btu/bbl of
oil processed. The emissions from heater treaters are
comparable to emissions from most direct-fired process
heaters. Estimated emission factors are shown in Table 4-11.

Wwhile the equipment described above is in use on many
offshore platfarms, some producers have found it economical
to heat the oil with waste heat from the gas turbine exhausts
using a heat transfer fluid such as Therminol. Since gas
turbines can provide as much as 5,000 Btu waste heat/hph,
there is more than enough heat available for heat treating.
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Figure 4-5. Horizontal heater treater.
Engineering Catalog: 465.)

(Sivalls Tanks Inc.,



MIST EXTRACTOR—_ ,~GAS QUTLET

-—

16" MaNNaAY

INLET

—GAS SEPARATING
SECTION

{ ,L—EOUALIZINC- LINE
> =

o OUTLETN '/'/ i ] - CONICAL BAFFLE
¥ i AND HAY SUPEORT
ol /wz%%%Zpggﬁ 4
o N

3 OiL LEVEL
FILTER SECFON—\

o

FLAT 3aFFLE

b v =1
EMULSION AND HAY SUPPQRT

CONDUCTOR PIPE

L —CONICAL BAFFLE

DOWNCOMER HOOD—_

ADSUSTARLE WATER
,I ” SIPHON

RSN INTERFACE

FREE WATER
KNOCKOUT BY-PASS

10500, HEAT —m— £ 1
EXCHANGER W/5- i
2" TUBES

WATER VALVE

WATEP OUTLEY

WATER
on

7} emusion

Figure 4-6. Type "A" vertical downflow treaters.
(sivalls Tanks Inc., Engineering Catalog: 409.)

-108-



TABLE 4-11

EMISSIONS FROM HEAT TREATING

POLLUTANT  NO_ so_ HC co PARTICULATES
6.3
Kg/10%m 1,600 9.6 128 320 160
of fuel
(b/10%¢¢3) 100 0.6 8 20 10
Kg/10%bb12 647 3.9 52 129 65
of oil
(1b/10%bbl) 1,426 8.6 114 285 143

3Based upon heat requirement of 3,780 Kcal/bbl
(15,000 Btu/bbl), natural gas fired.

Source: U.S. Environmental Protection Agency, Compilation
of Air Pollutant Emission Factors, March 1975.
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Hence, this could be used to completely eliminate the emissions
from direct fired heaters. Hence, since the Therminol

system is a closed system, the only heat treating emissions
would be from the occasional vapor losses resulting from the
over-pressuring of the separator vessel.

4.3.3.3 Product Send-Out

When the dehydrated oil leaves the heater treaters, it
is sent to a storage vessel where the pressure is reduced
from the operating pressure of the low pPressure separator to
essentially atmospheric pressure. On the Gulf Coast, the
Pressure reduction from 80 psig to atmospheric_pressure
results in a liberation of an additional 20 ft gas/bbl.

On the West Coast, the wells operate at essentially atmos-
pPheric pressure and hence little gas is emitted from the oil
surge tank.

The oil is sent to shore for sale either by pipeline or
by barge. 1In the case of pipelines, almost all of the oil
is pumped using electric pumps, drawing power from the plat-
form's electric generation capacity. The emissions resulting
from the generation of electric power were discussed previously.

A second source of hydrocarbon emissions from pumping
result from occasional leaks of pump seals. This problem
was studied in considerable depth during the late 1950s when
the Public Health Service was studying refinery emissions in
the Los Angeles area. The data from the Los Angeles study
are summarized in Table 4-12. This work showed that the
emissions were related to the vapor pressure of the fluid
being handled, the type of pump seal, and the effectiveness
of pump maintenance. With respect to the latter point, the
researchers found that only one pump seal in four actually
leaked and of the leaks recorded, approximately 95 percent
of the measured loss of hydrocarbon could be attributed to
less than 15 percent of the pumps inspected. The study also
showed that these large leaks could be corrected in most
cases through proper maintenance.

The data obtained from the Los Angeles study are not
representative of offshore practice in two respects:

1. Since the time that the data were taken (1958),
there has been a moderate change in pump seal
designs which has tended to reduce the rate of
leakage; and
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TABLIL 4-12

EFFECTIVENESS OF MECHANICAL AND PACKED SEALS ON
VARIOUS TYPES OF HYDROCARBONS

LEAK INCIDENCR

Ty AVG. HYDROCAHBON . .
, HYDRUCARDON LOSR PRR SMALL LUAKS LARCE LEAKS
SEAL TYPF PUNP TYPE REING TUMPED INSPECTED seAL, %\ OF TOTAL T OF TOTAL
L8 REID LB/DA INSPECTED INSPRCTER
Mechanical Centrifugal 26 9.2 19 21
S to 26 0.6 18 5
0.5 Lo 5 0.3 19
Avy 0.5 3.2 19 13
Packed Centrifugal 26 10.3 n 37
5 ko 26 5.9 12 34
0.5 Lo 5 0.4 12 q
avg 0.5 4.8 22 21
Packed Reeiprocating 26 16.86 1 42
5 to 26 4.0 24 10
0.5 to 5 0.1 9 0
Avg 0.5 5.4 20 12

%small leaks lose less than 1 pound uf hydrocarbon per day.

Sources B..J. Stoigerwald, Cmissions of llzt‘lzocarbons to _the l\tmon,;heze From Seals on l'umEs and
Compreggsors, Report No. 6, Los Anacles County ounty Alr rollulion control Districl, . Danielaon,
ed., Alr Pollution Englneexlngrﬂunuul. 2nd ed., U.S. Environmeontal Protection /\qnncy, OEheo of Alr and

Water Programs, May L0973, p. 65¢€.



2. Because all of the equipment on a platform,
particularly the pumps, are located close to each
other and also because of the hazards of fire, it
is extremely unlikely that major hydrocarbon leaks
would go undetected or unrepaired.

Therefore, in estimating the rate of hydrocarbon loss
from pumps, the frequency of leaks on an offshore platform
is assumed to be the same as the frequency of "small leaks"
as shown previously in Table 4-12, i.e., 20 percent.
Likewise, the rate of leakage is assumed to be 1 1b/a for
each leaky seal.

On the platforms visited by the project team during the
course of this work, there was approximately one large pump
per 1,000 BOPD capacity suggesting an emissions rate of
approximately 200 1b/106 bbl, i.e.:

1 pump x 1 1b/d x 0.2 leakage factor

1,000 BOPD

In the above study, an additional source of fugitive
hydrocarbon emissions was from leaky process and safety
valves. The leakage data from this study are summarized in
Table 4-13. The average leakage rate per valve was approxi-
mately 0.5 1lb/d for valves and gaseous service and 0.1 1b/d
for liquid service. 1In both cases, the frequency of leakage
was approximately 7 percent of all valves, with almost all
of the pollutants being produced by so-called "large leaks."
In the case of valves in gaseous service, over 97 percent of
the material was emitted from only 5 percent of the valves;
in the case of valves in liquid service, 90 percent of the
enissions were produced by slightly over 1 percent of the
valves inspected.

With respect to offshore operations, it is believed
that the emissions rate will be less than those reported in
the Los Angeles study because of improvement in valve
technology since 1958 and also because maintenance practice
onboard offshore platforms is considerably better than would
be expected from onshore refineries. Although the exact
number of valves in service is unknown, an order of magnitude
estimate would be approximately as follows:
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TABLE 4-13

LEAKAGE OF HYDROCARBONS FROM VALVES OF
REFINERIES IN LOS ANGELES COUNTY

VALVES [N VALVES IN ALL
CASEOUS SERVICE . LIQUID SERVICE VALVFS
Total number uf valves 31,000 101,000 332,000
Number of valves inspocted 2,258 7,263 9,521
small leaks® 256 76R 1,024
Large louks 118 7 197
Leaks measurced 24 76 100
Total measurcd leakage, lb/day 218 670 8RA
Average leak rate -- large leaks, 9.1 8.8 8.9
1b/day
Total from all large leaks, lb/day 1,072 708 1,780
Estimatedbtotal from small leaks, 26 77 103
1b/day
Total estimated leakage from all 1,098 785 1,883
inspected valves, lb/day
Average leakage per inspected valve, 0.486 0.108 0.198
“Small lcaks are defined as leaks too small to be measurcd -- those ~stimated to Lo
less than 0.2 pounds per day.
b,

Loaks too small to be measured were cstimated to have an averaqe rate of 0.1 pound
per day. This is one-half the smallest measurcd rate.

Suurce: C.V. Kanter ct al., Emissions to the Atmosphcre From Petroleum Refineries
in Los Argeles County, Report No. 9, Los Angelos County Air PoYlution Control blatrict,
T958. 1n John A. Danlelron, ed., Air Pollution Rngineexin Manual, 2nd ed., U.S. Environ-
mental Protection Agency, Office of Alr and Wator Programs, May 1973, p. 691.



GASEOUS LIQUID
SERVICE SERVICE
(per 106 SCFD) (per 10% BOPD)

Number of Valves 100 500
Emission Rates 0.01 0.0007°
kg/d/valve?

Estimated Emissions, 1 0.4
kg/d

dBased upon a leak rate of 0.015 1lb/d for gaseous
service and 0.0l 1b/d for liquid service as would be
expected with proper maintenance.

bAssumes 15 percent of liquid evaporates.

By comparison with other hydrocarbon emission sources
on the offshore platform, the above estimates appear to be
insignificant.

4.3.4 Water Treating

The water leaving the free water knockout and the
heater treater will be contaminated with oil and must be
treated in oil/water separators to prevent water pollution.
Two levels of water treatment are currently in use 1in off-
shore platforms:

e 5Skim piles and oil/water separators

® Froth flotation units

skim piles and oil/water separators are vessels which
provide sufficient residence time to allow the small quantities
of oil to separate from the water and subsequently be skimmed
off the top and returned to the oil processing train. A
typical offshore oil/water separator is shown in Figure 4-7.
The tank is designed with a series of chambers separated by
baffles so that as the water progresses from stage to stage,
it becomes cleaner and cleaner. Oil is skimmed off the top
of each chamber, using skim pipes. On offshore platforms,
systems such as these are closed systems and, as such, will
have no emissions. In some cases, platforms will not have
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oil/water separators if, for instance, the o0il content of
the water is sufficiently low to pass directly to the
flotation unit.

A typical froth flotation unit is shown in Figure 4-8.
In this unit, air or natural gas is bubbled up through the
water, thereby stripping out any residual hydrocarbons that
remain after the initial separation steps. These units are
designed with sealed vapor spaces to prevent atmospheric
emissions. Unfortunately, the seals often fail or the
hatches are left loose or opened following the required
maintenance of the moving parts within the device which
skim off the oil froth. During the offshore visits, not a
single froth flotation unit was ohbserved that was not
accompanied by a very noticeable hydrocarbon odor. No pub-
lished data have been found, however, to indicate a rate
of emission.

4.4 Control Technology

The air pollution emission sources found on offshore
platforms are not amenable to tail-end control systems.
Major sources and the possible control technologies are
listed below:

Emission Source Control Technology

Power generation Combustion controls,
conservation

Direct-fired heaters Elimination

Waste gas disposal Underwater flares,

(kicks, blowouts, dilution stacks,

venting systems) combustion flares,

vapor recovery systems

Pumps, valves and com Proper maintenance,
pressor seals mechanical seals

BEach of these items is discussed in more detail in the
sections below.

4.4.1 Power Generation

The maor single source of air pollutants from offshore
platforms is power generation required for drilling, gas
compression, water disposal, and electric power generation
(primarily for oil pumping). This power is generated using
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‘either gas or liquid-fueled turbines or gas or liguid-fueled
reciprocating engines. The emissions from these types of
engines were shown previously in Table 4-3.

The EPA has spent considerable effort in researching
control technology for turbines and reciprocating engines.
Although much of this work has concentrated on vehicle
emissions, more recent work9 has dealt with the emissions
from stationary engines as well.

The appropriate methods of control for turbines or re-
ciprocating engines are combustion modifications aimed at
reducing nitrogen oxide emissidns without significantly
increasing hydrocarbons or carbon monoxide. However, because
of the unique character of offshore operations, a second
method of control of emissions is possible through the
utilization of waste heat. This could eliminate the need
for direct-fired heaters, for example, or increase the effi-
ciency of the power generating equipment through the use of
combined gas turbine/steam turbine power cycles. Each of
these techniques is discussed below.

4.4.1.1 Combustion Controls

The pollutants arising from power generation can be
directly attributed to the conditions wi“hin the combustion
chamber of the prime mover. By altering combustion condi-
tions, the relative proportion of pollutants can be changed.
This is shown in Fiqure 4-9. Research has shown that nitrogen
oxides are formed at high combustion temperatures and in the
presence of oxygen. Therefore, by reducing the air-to-fuel
ratio (fuel rich), the amount of available oxygen will be
reduced and hence the amount of nitrogen oxides that are
formed will also be reduced. Unfortunately, because of the
relatively low excess air available, the amount of carbon
monoxide and unburned hydrocarbons that are emitted will
increase under fuel-rich conditions. On the other hand, for
fuel-conditions, the amount of carbon monoxide and unburned
hydrocarbons can be reduced but the level of nitrogen oxides
that are produced will increase at air/fuel ratios close to
stoichiometric proportions. Only at air/fuel ratios in
excess of 20-to-l will the rate of nitrogen oxide emissions

9Aerotherm, Inc., Standard Support Document and Environ-
mental Impact Statement -- Stationary Reciprocating Internal
Combustion Engines, prepared for the U.S. Environmental Pro-
tection Agency, Contract 68-02-1318, to be released.
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be reduced. Unfortunately, as the air-to-fuel ratio increases,
the fuel efficiency decreases and, hence, the reduction in

air pollution emissions is accompanied by an increase in
energy consumption.

For production operations where the primary prime mover
is a gas turbine engine, the expected emissions are relatively
low. This is because a turbine normally operates with an
air/fuel ratio of 50~ or 60-to-l. The high air/fuel ratio
required of turbines is necessary because the inlet gas
temperature to the turbine must remain below about 1,800° F
in order to avoid severe thermal damage to the turbine
blades.

4.4.1.2 control by Conservation

Because of the characteristics of gas turbines described
above, the turbine will produce large volumes of hot exhaust
which is ideally suited for waste heat recovery. Manufac-
turers have estimated that as much as 5,000 Btu/hph can be
recovered. This waste heat can be used on the platform in
one of two ways:

1. Combined-cycle operation - Waste heat could be
used to generate steam which could tien be ucza2d to
produce more electricity; the net result is an
increase in the efficiency of the gas turbine
operation from approximately 26 percent to as much
as 40 percent. The amount of emissions would be
correspondingly reduced.

2, Fuel conservation - Waste heat could also be used
to provide low-grade heat for regeneration of
glycol used in gas dehydration, for breaking of
the oil-water emulsion in the heater treaters, for
space heating or water purification, and saveral
others. By eliminating direct-fired heaters, the
emissions, obviously, are also eliminated.

Combined-cycle operations are currently under development
by most of the gas turbine manufacturers and could be intro-
duced in the field in the near future. With respect to the
elimination of direct-fired heaters, for example, through
waste heat utilization, the project team observed offshore
platforms which were designed to eliminate all fuel combustion
requirements excepi those relating directly to power genera-
tion, i.e., gas compression, water injection, and electricity
generation. The team observed that there was far more waste
heat available on the platform from power generation than
was required for process or heating use.
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The advantages of air pollution control using waste
heat utilization are obvious. The technique does not merely
reduce emissions, it totally elimipnates emission sources
from direct-fired heaters. In addition, this type of
pollution control results in a net savings in energy rather
than a net increase as is common to combustion modification
controls currently being considered (which result in an
increase in fuel consumption of approximately 5 percent).

4.4.2 Direct-Fired Heaters

Because of the availability of waste heat on offshore
platforms, it is the opinion of the project team that the
only acceptable air pollution control for this source of
emissions is through the utilization of waste heat. In the
team's judgment, the need for direct-fired heaters such as
are common to oil heater treaters or to gas dehydration
units could be substantially curtailed or even eliminated
through the use of waste heat recovery systems. Such systems
appear to be cost-effective and technically feasible and
should be exploited to the maximum.

4.4.3 Waste-Gas Disposal

Both the offshore drilling and production-type platforms
require vents to handle waste gas. During drilling operations,
the waste gas is released within the mud separator during a
pressure kick. In most cases this gas is vented into the
atmosphere without further control. On a production platform
waste gas sources include pressure-relief valves, compreSsor
bypass loops, oil storage tanks and so on. Three types of
waste gas control techniques are currently in operation on
production platforms. They are:

° Dilution stacks and underwater flares
® Smokeless (combustion) flares
® Vapor recovery systems

Each of these systems is discussed in the following
paragraphs.

4.4.3.1 Dilution Stacks and Underwater Flares

on many of the offshore platforms waste gas is vented
directly to the atmosphere in dilution stacks or underwater
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flares. The purpose of these two types of control techniques
is to process the gas in such a way that it will noc ignite
on the platform.

In the case of dilution stacks, the waste gas is diluted
with a large volume of air prior to exhaust. A typical
dilution stack would appear as a large-diameter vessel
having a fan at the hottom to suck in air and drive the
diluted gas out the top. Gas treated in this way will not
ignite because the mixture is maintained far below the lower
explosive limit of the gas.

In the case of underwater flares, the gas is piped away
from the platform and released under water. Tests have
shown that gas which has bubbled up through the ocean in
this manner will not self-ignite, nor will it reduce the
buoyancy of the water enough to capsize boats which acciden-
tally float over the flare.

During the field visits, the project team discussed at
length the use of Gilution stacks and underwater flares for
offshore platforms. The team was informed that this practice
was no longer in vogue and only a small percentage of plat-
forms were currently using this type of control technique.

4.4.3.2 Smokeless (Combustion) Flares

The preferred method of control in the Gulf Coast is to
use a combustion flare as shown in Figure 4-10. The theory
behind the operation of this type of device is obvious. The
combustible waste gases arxe converted to CO, which is not a
pollutant. The combustion is controlled at“appropriate
conditions to maximize the combustion of hydrocarbons and at
the same time minimize the formation of nitrogen oxides.
Emission factors from smokeless flares are shown in Table 4-14.
Although the flare achieves a 99.5 percent reduction in
hydrocarbons, it results in the formation of carbon monoxide
and aldehydes, both of which are far more photochemically
reactive than methane.

4.4.3.3 Vapor Recovery Systems

Vapor recovery systems appear to be both the most
expensive means of control and also the most effective from
the point of view of reduction of photochemical emissions.
Using a vapor recovery system, all waste gas sources are
conducted to a small compressor. The gases are compressed
and recycled to the gas ‘processing system. Tests on such
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Figure 4-10. View of John Zink smokeless flame
burner. (J. A. Danielson, U.S. Environmental Protection
Agency, Air Pollution Engineering Manual, May 1973, p. 606.)
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TABLE 4-14

EMISSIONS FROM FLARES

-pZ1-

POLLUTANT NOx SOy HC co PARTICULATES
Emission Rate,

Kg/lO6 CF, flared neg. 8 10 145 negq.
TOTAL EMISSIONS,

MT/yr
California = = = ——mmm———- ~----Gas Not Flared---—=-—ereeemceecrcn——ca—-
Louisiana neg. 9.3 11.6 168.2 negq.
Texas neg. 3.2 4.0 58.0 neg.

TOTAL neg. 12.5 15.6 226.2 ’ neg.




systems have indicated recovery efficiencies of 90 percent
Oor greater. One important factor to note, however, is that
uncontrolled emissions from the system are predominantly
methane which is very low in photochemical reactivity.
Partial combustion products emitted by ignited flares are
both reactive and carcinogenic although greatly reduced.

Vapor recovery systems are currently required in 1all

offshore California operations. They have not been considered
necessary in offshore operations in the Gulf of Mexico.

4,4.4 Fugitive Emissions

The only major source of fugitive emissions that have
been identified in the course of this work has been from
leaks to seals of compressors, pumps, and valves. With
respect to pumps and compressors, the most effective type of
seal appears to be a mechanical seal which results in as
much as 50 percent lower leakage rates than comparable
packed seals.

However, once the pumps, compressors, and valves are
put into service, the most appropriate method for pollution
control is proper maintenance of the seals to insure that
major leaks do not occur. Offshore operations are expected
to be much better in this regard than onshore operations
because the equipment is all located in one area (on the
platform) and it is in open view where leaks can be readily
detected. Secondly, because of the potential hazard of a
fire onboard, the crew will be more likely to fikx leaks for
their own protection thar will their onshore counterparts.

Although critical, rigorous inspection was not the
objective of the site visits made by the project team, none
of the valves and pump seals examined by the team appeared
to have a significant and measureable leakage rate. The
team has concluded from this observation that further controls
would be impractible and unwarranted.
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CHAPTER FIVE

IMPACT ANALYSIS

5.1 Introduction

In this chapter the source estimates of emissions which
are developed in Chapter Four are summarized and applied to
offshore oil and gas production activities in 1975 and
pProjected activities for 1985 which are presented in Chapter
Two. The impact of applying control techniques identified
in Chapter Four to these emissions sources is assessed. A
Preliminary estimate of the impact on ambient air quality is
also presented and considerations for a test program to
obtain data not presently available is outlined.

5.2 Total Emissions Estimate

Table 5-1 summarizes the emissions factors developed
from the data and analysis in Chapter Four. The total
hydrocarbons are based upon a produced gas analysis as
follows:l 83.6 percent (by volume) methane; 5.4 percent
ethane; 6.1 percent propane; 3.2 percent butane; 1.4 percent
pentane; 0.3 percent carbon dioxide. Non-methane hydrocar-
bons have been rounded to 10 percent for estimating purposes.
The upper value for mud degassing emissions is based upon a
maximum emission of 20,000 SCFD during the last 7 days of
drilling a well and a maximum H2S concentration of 100 ppm
in California gas.2 0il-based mud emissions are based upon
uncovered mud tanks and assume use of this type of mud 5 d/yr
pPer rig. Fuel storage emissions during drilling operations
are based upon No. 2 diesel oil, and EPA emissions factor of
0.5 pounds of hydrocarbon per 1,000 gallons of tank through-
put for a fixed roof tank, 75 percent rig availability and
the drilling scenario shown in Table 4-3. Hydrocarbon
emissions from dehydration in gas processing are primarily

1F.E. Vandaveer, Gas Engineers Handbook (New York: The
Industrial Press, 1965), pp. 2/11 for Ventura, California.
No values for Gulf of Mexico gas were found but analyses are
believed to be comparable to Ventura.

2Personal communication, USGS Santa Barbara District,
Ventura, California, October 11, 1976.
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glycol. Vent emissions from gas processing and other plat-
form operations in California offshore facilities take into
account vapor recovery at 90 percent efficiency which is
current practice. It is assumed that these emissions in the
Gulf of Mexico are uncontrolled.

The total emissions estimates for 1975 from offshore
oil and gas activities (before application of control tech-
nologies) are shown on Table 5-2 and for 1985 on Table 5-3.
It is assumed that no energy conservation technologies are
in use. Although no published information on the extent of
application of energy conserving technologies was found
during the study, systems to utilize a portion of the avail-
able waste -heat were observed on two of the six offshore
facilities visited by the project team. For example, the
emission factors for gas dehydration are based upon a fired
glycol reboiler whereas the two systems observed offshore
utilized waste heat from power generation to reboil the
glycol. No waste heat utilization systems were observed on
the drilling operations visited. No emission factors were
found for open burning of produced oil and gas which could
be used to assess the emigsions from burning the initial
well flow to clean up a newly completed well. During ini-
tial flow from a new well displacement of the saltwater,
drilling fluid filtrate and completion fluids combine with
gas, oil, sand and other debris. Depending on the produc-
tion facilities available, this flow may be processed through
the treatment steps or flared until a clean flow is estab-
lished.

Table 5-4 lists the control technology options for the
emissions sources and identified the control technologies
utilized in the assessment of emission reduction potential
for offshore facilities. This hypothetical case with pollution
controls illustrates the large emission reduction potential
of higher efficiency combined cycle operations for gas
turbines. This technology is currently under development
and economic analysis is required. Although significant
reductions in hydrocarbon emissions can be achieved through
the application of vapor recovery in the Gulf of Mexico and
Atlantic, the economics of installing this control technology
should be evaluated. The costs of emission control technolagies
for the drilling phase of oil and gas activities requires
further evaluation before particular applications are selected
because drilling emissions are only 10 to 20 percent of
production emissions.

Another observation is that the U.S. Geological Survey's

"no flare" order does address the most significant source of
total hydrocarbon emissions. The emission factors used
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ESTIMATES OF TOTAL UNCONTROLLED EMISSIONS
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Oll=Hased Muds - - 3 - - - - - (115 - -
Blownuto - - unk - - unk - - [T b - unb
fuel Storage - - 0.4 - - - - - L] -
PRODUCTION
Pewer Goneration 14R.5 6.1 14.1 40.0 .2 - 39,641 1.687 3,936 10,683 1.306 -
GAS PROCESS 1NG
Dehydration my nen 1.6% ney neq - IA) - | A" 14 ?
Compreasor Scals - - unk - - - - - unk - - -
venta - - Iu-l" - - n.d - l||_um|b - [ L3
Valus Seala - - <~ - - - - - wa® .
Q11 PRUCESS TN
Direct Presd toato g .9 ne) L .0 (B - 241 ] mn LL b
#ionp Seala - - { I} - - - - - 1Y} - - .
Valve fiealn - - walt - - - T - .
01l “learane and “uege - - - - - - - - H-.,m-r\h - - 2
NATFR TREATIN . - unk - - - - unk - -
m“ 'I:I‘-l:::mﬂou.m w2 7 . ol 1.4 6.1 0o 43,08} 201 297,491 11,649 1,419 v
19, H* (39,319

%Based on average rig count 1975,

bPrimarily methane, non-methane hydrocarbon content approximately 10 percent.

cGlycol losses (some of the loss may be in process gas rather than exhaust).

dNon-methane hydrocarbon emissions shown in parentheses.



TABLE 5-3

ESTIMATES OF TOTAL EMISSIONS FROM OFFSHORE FACILITIES, 1985

(Mg/Yr)
CALIFORNIA (STATE AND FEDERAL)
PARTIC-
NOx SO2 HC co ULATES HZS
DRILLING (average
of nine years)
Power Generation 788 83 27b 115 unk -
Mud Degassing - - 286 - - -
0il-Based Muds - - 9 - - -
Blowouts - - unk - - -
Fuel Storage - - 2 - - -
PRODUCTION
Power Generation 2,984 130 278 797 m -
GAS PROCESSING
Dehydration 4 neg 73 1 neg -
Compressor Seals - - unkb - - -
Vents - - 4,700b - - 8
Valve Seals - - 183 - - -
QIL PROCESSING
Direct-Fired Heaters 122 1 9 24 13 -
Fump Seals - - 19b - - -
Valve Seals - - 8 - - -
011 Storage . - - - - -
WATER TREATING - - unk - - -
TOTAL UNCONTROLLED
EMISSIONS 3,898 184 5,594c 937 124 8
REDUCTION FROM (935)
POLLUTION CONTROL
(Per Table 5-4
Scenario)
Waste Heat Utilization 126 1 g 25 13 -
Combined Cycles Operation 1,044 46 97 279 39 -
Vapor Recovery - - - - - -
TOTAL REDUCTION FROM
SCENARIO 1,170 47 106 304 52 -
TOTAL CONTROLLED 2,728 137 5,488c 633 72 8
EMISSIONS (829)
PERCENT REDUCTION 30 26 ( %c 32 42 0
n

bPrimarily methane; non-methane hydrocarbon content approximately 10 percent.
CNon-methane hydrocarbons shown in parentheses.
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TABLE 5-3

ESTIMATES OF TOTAL EMISSIONS FROM OFFSHORE FACILITIES, 1985
(Ma/Yr)

OFFSHORE TEXAS, LOUISIANA, AND GULF OF MEXICO {FEDERAL
R -} (2

NOx SO2 HC co ULATES st
DRILLING (average
of nine years)
Power Generation 2,580 173 87b 377 unk -
Mud Degassing - - 932 - - -
0il-Based Muds - - 43 - - -
Blowouts - - unk - - -
Fuel Storage - - 9 - - -
PRODUCTION
Power Generation 25,955 1,274 2,549 7,046 956 -
GAS PROCESSING
Dehydration 56 neg 1,126 6 -
Compressor Seals - unkb - - -
Vents - - 9 .ooob - 149
Valve Seals - 2,814 - - -
OIL PROCESSING
Direct-Fired Heaters 242 1 19 48 26 -
Pump Seals - 37b - - -
Valve Seals - - le - - -
011 Storage - 136,524 - - 223
WATER TREATING - - unk - - -
TOTAL UNCOWTROLLED
EMISSIONS 28,833 1,448 237,155 c 7,4N 988 2
REDUCTION FROM (27,162)
POLLUTION CONTROL
(Per Table 5-4
Scenario)
Waste Heat Utilization 298 1 19 59 32 -
Combined Cycles Operation 9,084 446 892b 2,466 335 -
Vapor Recovery - - 206,572 - - 335
TOTAL REDUCTION FROM 9,382 447 207.483c 2,525 367 335
SCENARIO (21,568)
TOTAL CONTROLLED 19,451 1,001 29,672 c 4,946 (T3] 37
EMISSIONS (5,594)
PERCENT REDUCTION 33 31 ( B;c 34 37 90
79

bPrimarily methane; non-methane hydrocarbon content approximately 10 percent.

CNon-methane hydrocarbons shown in parentheses.
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TABLE 5-3

ESTIMATES OF TOTAL EMISSIONS FROM OFFSHORE FACILITIES, 1985

(Mg/Yr)
ATLANTIC (FEDERAL)®
PARTIC-
NOx 502 HC .C0 ULATES HZS
DRILLING {average
of nine years)
Power Generation 774 52 26b 113 unk -
Mud Degassing - - 188 - - unk
0i1-Based Muds -~ - - 9 - - -
Blowouts - - unk - -
Fuel Storage - - 2 - -
PRODUCTION
Power Generation 3,987 194 388 1,082 146 -
GAS PROCESSING
Dehydration 7 neg 136 1 1 -
Compressor Seals - - unkb - - -
Vents - - 36,250b - - 58
Valve Seals - - 340 - - -
OIL PROCESSING
Direct-Fired Heaters 94 1 7 19 10 -
Pump Seals - R 15b - - -
Valve Seals - - Gb - - -
0i1 Storage - - 53,215 - - 87
WATER TREATING - - unk - - -
TOTAL UNCONTROLLED
EMISSIONS 4,862 247 90,582 1,215 157 145
(9,583)°
REDUCTION FROM ’
POLLUTION CONTROL
(Per Table 5-4
Scenario)
Waste Heat Utilization 101 1 7 20 1 -
Combined Cycles Operation 1,395 68 136b 379 51 -
vangr Recovery - - 80,519 - - 131
TOTAL REDUCTION FROM 1,496 69 80,662 c 399 62 131
SCENARIO . (8,195)
TOTAL CONTROLLED 3,336 178 9,920 c 816 95 14
EMISSIONS (1,388)
PERCENT REDUCTION 3 28 ( 8?6 33 39 90
86

3atlantic emission factors assumed to be the same as Gulf of Mexico.
bPr1mari1y methane; non-methane hydrocarbon content approximately 10 percent.

“Non-methane hydrocarbons shown in parentheses.
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TABLE 5-4

CONTROL TECHNOLOGY OPTIONS AND

1985 CONTROL SCENARIO

EMISSIONS SOURCE

CONTROL TECHNOLOGY OPTIONS

Power Generation - Drilling

Mud Degassing

Oil-Based Fuel Storage

Power Generation - Production

Gas Dehydration

Compressor Scals

Vents (Gas Processing)

Valve Seals (Gas)

Direct-Fired Heaters

Pump Sealsg, Valve Seals [0il)

0il Storage and Surge Tanks

Combustion Control (auxil-

liaries) Waste Heat Utilization

Dilution Flares, Combustion

Flare, Vapor Recovery System

Dilution Flare, Combustion
Flare, Vapor Recovery .

Combined-Cycle Operation
(developmental)

Waste Heat Utilization

Vapor Recovery

Vapor Recovery, Combustion
Flares, Dilution Flares,
Operating Practice

Maintenance

Waste Heat Utilization

Maintenance

Vapor Recovery, Combustion
Flare, Dilution Flare

OPTION FOR
TABLE S-3

SCENARIO

None

None

None

Combined-Cycle

Operation

Waste Heat
Utilization

_None

Vapor
Recoverxy
None

Waste Heat
Utilization

None

Vapor
Recovery

alOO percent application to sources assumed.

b

Vapor recovery at 90 percent efficiency.
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herein are based upon operators data and in each case some
gas release occurs despite such operating practices as
shutting in productive wells when the gas compressors must
be shut down for maintenance.

5.3 Ambient Air Quality

As an example impact a typical offshore California
platform producing oil and gas is selected for evaluation.
Based upon the projections developed in Chapter Two, the 16
projected new offshore production facilities would be
producing an average of approximately 28,250 barrels of oil
and 30,800,000 ft3 of gas per day in 1985. Emission rates
for this typical platform are summarized in Table 5-5.

Based upon the graph shown in Figure 5-1, the contri-
bution to short-term ambient offshore concentrations of non-
methane hydrocarbons would be 48.5 ug/m3. This assumes the
platform is represented by a single point source of emissions
release at a height of 27 meters above sea level, a wind-
speed of 1 m/sec which persists in the onshore direction
under stability class D, and a platform location at the
3-mile limit.

The primary 3-hour ambient standard for non-methane
hydrocarbons is 160 ug/m3, or the equivalent of about
199 pg/m3 for a l-hour standard using the interpolation
formula as given in Turner's Workbook of:

= P
Xl = X3 (t3/t1)

where p may take a value between 0.17 and 0.20. Therefore,
the emissions from a single typical platform at the 3-mile
limit (4.8 kilometers) would be 24 percent of the standard.
By comparison, a platform 10 miles from shore would contri-
bute only 4 percent of the interpolated l-hour ambient
standard for non-methane hydrocarbons at the shoreline. Note
that another important difference between California and
Louisiana or Texas is that the existing platforms are much
closer to the shore and they are much closer together as
well. Analysis of the ambient air quality impacts of mul-
tiple sources for long averaging times requires more detailed
modeling beyond the scope of this study. The following
discussion presents some further considerations for carrying
out such modeling and in interpreting the results of the
above calculations.
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TABLE 5-5

SUMMARY OF EMISSION RATES FOR A TYPICAL OFFSHORE
CALIFORNIA PRODUCTION PLATFORM - 1985 (g/sec)

SOURCE NO_ S0, THC NMHC? co Particulates stb
Power Generation 5.5 0.2 0.5 0.01 1.5 0.2 -

Gas Processing 0.4 neg l10.8 1.74 0.04 0.04 0.02
0Oil Processiug - 0.2 neg 14.2 2.29 0.03 0.03 0.02
TOTAL EMISSION 6.1 0.2 25.5 4.04 2.57 0.27 0.04

3Based uwpon 2 percent NMHC:THC ratio for power generation (average of data from
C.M. Urban, and K.J. Springer, Study of Exhaust Emissions from Natural Gas Pipeline
Compressor Engines (San Antonio, Texas: Southwest Research Institute, February 1975),
P. 18, and 16 percent NMHC:THC ratio for produced gas. Ventura, California, Gas
Engineers Handbook (New York: The Industrial Press, 1965), p. 2/1l.

bAssumed concentrations of 100 ppm as maximum for estimating purposes only.
Almost all existing offshore gas production has negligible st content.
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In assessing short-term impacts, une must develop a
conceptual model of the processes that are expected to be
active at the site of assessment. The quality of the air
being advected from a large body of water containing some
oil development activity, to a shoreline area is of concern
here. This implies that the air mass will likely be almost
completely maritime, with fairly little continental influence
in most cases.

This air mass is considered to be adjusted to the
average sea surface temperature, which means that a thermal
discontinuity will often exist at the shore. Under these
conditions, if a cooler, stable air mass, for example,
penetrates inland over a strongly heated land mass, the
lower layers of the air mass will become highly unstable,
and a thermal boundary layer will grow in height as the air
moves further inland. The dispersion within the boundary
layer will greatly exceed that above it, producing a situation
that is very similar to early morning fumigation conditions.
The main difference between these two situations is that the
morning fumigation involves a thermal boundary layer that
grows in time, but remains nearly fixed in the horizontal
plane. The shoreline fumigation height is relatively constant
in time (over a period of several hours, say), but varies
with distance from the shore. Since air gquality criteria
are developed for time-average concentrations at discrete
points, then the case of the shoreline fumigation is clearly
of greater concern. Here, a segment of a community may be
subjected to relatively high pollutant concentrations for a
period of several hours.

Another situation may also lead to enhanced ground
level concentrations of plume material. Elevated inversions
may exist over nearshore waters just as they do over land.
Should meteorological conditions produce a shallow mixing
barrier, then the resultant trapping of pollutants beneath
this level can cause increased downwind concentrations
within the mixing layer.

Both of these processes are included in this dispersion
analysis. Outside of these external influences, the major
parameters that have a direct bearing on downwind ground
level concentrations are the marine atmospheric stability
class (based on Pasquill stability classes), average wind
speed at the height of release, the height of the plume
centerline, and the source strength (rate of pollutant
release).
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Dispersion in the marine atmosphere is quite different
from that over 1land. Substitution of a vast water surface
for dry land has far-reaching implications. The diurnal
temperature cycle of a land surface is quite pronounced;
insolation is readily absorbed in a very thin layer, and the
resultant heat gain is trapped in a rather shallow layer
owing to the poor thermal conductivity of the medium. At
night, this heat is rapidly lost due to conduction to the
atmosphere, and radiation to space. Under conditions of low
relative humidity, the air above the surface is especially
transparent to the long-wave radiation, and the rapid heat
loss gives rise to a rapiad cooling of the surface.

Over the oceans, insolation penetrates the lower boundary
of the atmosphere, with absorption taking place over a
discrete layer, instead of only a thin skin. Wind-mixing of
the upper ocean bastens the redistribution of this heat
energy, so any temperature gradients near the surface are
very small compared to those of a land surface. The heat
capacity of water also tends to reduce a rapid rise in
surface temperature during the day, owing to its larger heat
capacity. The final significant difference lies in the
ability of evaporation at the sea surface to remove heat
energy from this surface, thereby reducing its temperature.

At night, temperature changes of the sea surface are
also less than those over land. This is primarily a result
of the more uniform distribution of temperature in the
vertical (beneath the surface), the greater heat capacity of
water, and the greater water vapor content of the overlying
atmosphere (a partial "screen" reflecting some of the long-
wave radiation back to the surface).

All of the differences noted above tend to suggest that
a water boundary has a great deal more thermal inertia than
a land boundary, so the extremes of stabilities encountered
over land are quite rare over the oceans. In fact, the
brief remarks made above might lead one to question the
Possibility of observing even mildly unstable atmospheric
conditicns over the ocean. These do indeed occur quite
frequently. The great amount of water vapor present in the
lower layers of the marine atmosphere tend to reduce the
resistance of the column of air to vertical mixing. Any
displacement of an air parcel in the vertical which leads to
some condensation will cause that volume of air to absorb
that latent heat of condensation, with a resultant rise in
temperature. This increases the net buoyancy of that volume,
which leads to further vertical movement and mixing. Tempera-
ture profiles alone do not establish the stability of maritime
air; water vapor profiles must also be known. Therefore a
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weak temperature gradient near the ground may be associated
with a mildly unstable atmospheric surface layer if proper
account of the water vapor distribution is allowed.

5.4 OQutline of Field Sampling Program

A complete characterization of pollutant emissions from
offshore o0il facilities is needed for any detailed assessment
of air quality impact. Parameters influencing the effective
height of release are particularly important to obtain since
release height (including plume rise) plays a major role in
determining ground level concentrations downwind of the
site. Secondary aerodynamic modification of the releases is
also of major significance in that the wake structure formed
by the platform causes both rapid dispersion and release
height modifications near the structure. These two factors
emphasize the scope of problems that must be addressed in
any field monitoring endeavor.

Sources with the highest priority to be monitored
include compressor seals and thrust bearings, oil storage/surge
tank vents and gas vents. Emiss’ons from open burning of
produced o0il and gas should be daveloped for use in assessing
the impacts of blowouts and well completions. Emissions from
the glycol reboiler in gas dzhydration systems should also be
characterized.

Sampling frequencies shall be tailored to the typical
operating sequence of each of the components tested. For
example, gas vents, compressor seals and thrust bearing
samples must encompass a complete maintenance cycle of the
gas compressor.

Operating variations due to variations in the load or
throughput of the equipment source being sampled shall also
be accounted for in the sampling schedule. Data will be
collected on all relevant operating variables to include oil
and gas production volumes, equipment status, electric power
demand, and gas content and drilling activities.

Testing equipment shall be seiected for its suitability
to the measure pollutants from the point sources in the con-
centrations expected, sensitivity of the instruments and
reliability in the marine environment, support materials and
personnel required (including sample sto:rage precautions
where necessary), and sampling cycle time required for the
acquisition of one measurement. The overall sampling program
will be designed to obtain representative data from the
planned data collection on a limited number of platforms, in
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The ambient air me asurements scheduled will be designed
to take advantage of simultaneous point source measurements
and meteorological measurements. Precautions must be taken
to avoid undesirable wake effects in developing the meteorlogical
data base and ijn determining the ambient flow characteristics.
Turbulence data from selected points in the wake of the

parameters in regions of point source release and suspected
fugitive emissions. Simple "smoke" releases may suffice for

One of the two ambient air measurement approaches may
be applied at a sampling site; platform mounted or free-
floating instrument vehicles. Precautions necessary to

to the fugitive emissions level. 1In the case of free-

floating vehicles, this requires methodology for inferring
fugitive emissions levels from a limited number of downwind
measurements. One possible approach is to determine those

meteorological conditions which minimize the uncertainty of

the inversion process, and sample only during these occur-
rences.

The final monitoring program that promises technically

reliable emissions estimates will be selected by evaluating
the cost-effectiveness of each sampling option.
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