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LARGE-SCALE CO 2 TRANSPORTATION AND DEEP OCEAN SEQUESTRATION

PHASE I FINAL REPORT

ABSTRACT

Technical and economical feasibility of large-scale CO2 transportation and ocean
sequestration at depths of 3000 meters or grater was investigated.  Two options were examined
for transporting and disposing the captured CO2.  In one case, CO2 was pumped from a land-
based collection center through long pipelines laid on the ocean floor.  Another case considered
oceanic tanker transport of liquid carbon dioxide to an offshore floating structure for vertical
injection to the ocean floor.  In the latter case, a novel concept based on subsurface towing of a
3000-meter pipe, and attaching it to the offshore structure was considered. Budgetary cost
estimates indicate that for distances greater than 400 km, tanker transportation and offshore
injection through a 3000-meter vertical pipe provides the best method for delivering liquid CO2

to deep ocean floor depressions.  For shorter distances, CO2 delivery by parallel-laid, subsea
pipelines is more cost-effective.  Estimated costs for 500-km transport and storage at a depth of
3000 meters by subsea pipelines and tankers were 1.5 and 1.4 dollars per ton of stored CO2,
respectively.  At these prices, economics of ocean disposal are highly favorable.

Future work should focus on addressing technical issues that are critical to the
deployment of a large-scale CO2 transportation and disposal system.  Pipe corrosion, structural
design of the transport pipe, and dispersion characteristics of sinking CO2 effluent plumes have
been identified as areas that require further attention.  Our planned activities in the next Phase
include laboratory-scale corrosion testing, structural analysis of the pipeline, analytical and
experimental simulations of CO2 discharge and dispersion, and the conceptual economic and
engineering evaluation of large-scale implementation.
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LARGE-SCALE CO 2 TRANSPORTATION AND DEEP OCEAN SEQUESTRATION
DE-AC26-98FT40412

PHASE I FINAL REPORT

EXECUTIVE SUMMARY

On July 15, 1998, the U.S. Department of Energy awarded a contract to McDermott
Technology Inc., for “Large-Scale CO2 Transportation and Deep Ocean Sequestration.”  The
overall objective of this program is to demonstrate the techno-economic viability of large-scale
carbon dioxide transportation and deep ocean sequestration.  The program is structured as three
Phases.  Our teaming arrangement includes McDermott Technology Inc., J. Ray McDermott
Company, and the Hawaii Natural Energy Institute at the University of Hawaii.

Phase I activities include concept feasibility study, evaluation of innovative pipe-reeling
and laying techniques for deep ocean utilization, and the preparation of a work plan for further
development in Phases II and III.  Phase II involves laboratory-scale corrosion testing, analytical
and experimental simulations of CO2 discharge and dispersion, structural analysis of the CO2

transport pipeline, and the conceptual engineering and economic evaluation of full-scale
implementation.  Phase III will cover an in-depth economic and engineering evaluation of
full-scale commercial application, and development of plans for commercial deployment by J.
Ray McDermott.  The company provides deepwater engineering and construction experience,
and innovations that encompass subsea pipe-laying, offshore erection of platforms, and mooring
systems.

This report documents the Phase I accomplishments. The investigation focused on
extending the application of pipe-laying technology far beyond the current depth of 1300 meters.
Great care was taken to ensure that the system design was compatible with the current state-of-
the-art CO2 scrubbing and liquefaction processes.  Emphasis was placed on injection at depths of
3000 meters or more to avoid ecological and environmental impacts.  At 3000 meters where the
pressure is about 300 bars (4400 psi), CO2 has a greater density than water and is likely to sink
and create a “deep lake” on the ocean floor.  Formation of clathrates (crystalline hydrates) is
among the mechanisms that prevent the CO2 from escaping.

Two options were examined for transporting and disposing the captured CO2.  Both cases
involved transporting 200x106 tons CO2/ year or the equivalent emissions from forty 500 MWe
(20 GWe total generating capacity) coal-burning power plants in the U.S. equipped with flue gas
desulfurization, and carbon dioxide scrubbing and compression systems.  Suitable onshore
collection centers for storing previously scrubbed and captured CO2 from areas with high
populations of fossil fuel burning power plants were selected.  In one case, CO2 was pumped
from a land-based collection center through six parallel-laid subsea pipelines.  Existing lay-
barges would have to be upgraded for pipe-laying operation in deep waters.  Another case
considered oceanic tanker transport of liquid carbon dioxide to an offshore floating platform or a
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barge for vertical injection through a large-diameter pipe to the ocean floor.  Adaptability of
existing floating platforms and pressurized liquid chemical transport tankers was also reviewed
for this application.  A novel approach for subsurface towing and installation of the vertical pipe
at the offshore floating structure was developed.  Since the cost of running a pipeline or tanker
transport increases with increasing depth, strategical locations in the Gulf of Mexico, and the
Pacific and Atlantic Oceans were also identified to minimize the expense. The size and weight of
the pipelines in these two scenarios controlled the choice of installation method.

Based on the preliminary technical and economic analyses, tanker transportation and
offshore injection through a large-diameter, 3000-meter vertical pipeline from a floating
structure appears to be the best method for delivering liquid CO2 to deep ocean floor depressions
for distances greater than 400 km. Other benefits of offshore injection are high payload
capability and ease of relocation.  For shorter distances (less than 400 km), CO2 delivery by
subsea pipelines is more cost-effective.  Estimated costs for 500-km transport and storage at a
depth of 3000 meters by subsea pipelines and tankers were $1.5 and $1.4 per ton of CO2

disposed, respectively.  At these prices, economics of ocean disposal are highly favorable.
Future technological advances in smokestack capturing and compression processes could reduce
the overall CO2 control costs, and decrease the projected high prices for electricity.

Continuation of the current program will allow the pursuit of Phase II plans for resolving
technical issues that are critical to the deployment of a large-scale CO2 transportation and
disposal system.  Those plans include analytical and experimental simulations of liquid CO2

discharge and dispersion, laboratory-scale corrosion tests, structural analysis of the transport
pipeline, and conceptual engineering and economic evaluation for large-scale implementation of
CO2 storage in deep oceans.  In this evaluation, the potential for transportation and sequestration
of pre-extracted CO2 from 37% of the fossil fuel-burning power plant population in the U.S.
(equivalent to 200 GWe electric generating capacity) will be quantified.
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1.0  INTRODUCTION

Carbon dioxide (CO2) concentration in the atmosphere is increasing at an annual rate of
0.5% [1].  Combustion of fossil fuels is believed to be the major contributor to the rising CO2

levels.  Emissions of carbon dioxide from these and other sources contribute 50-60% to the
global warming.  One-third of the U.S. CO2 emissions into the atmosphere originates from
stationary fossil fuel burning utilities.  Electric power plants in the U.S. are responsible for 7% of
the world’s CO2 emissions [2].  At the 1997 Global Climate Change Conference in Kyoto, the
European Union countries, USA, and Japan committed to reduce their CO2 emissions by 8, 7,
and 6%, respectively below the 1990 levels between the year 2008 to 2012.

Ratification of the Kyoto protocol or the passage of similar CO2 control regulations could
target stationary combustion sources.  Smokestack scrubbing of the flue gas or substituting the
combustion air with oxygen are among viable options for capturing CO2 as a concentrated stream
for subsequent storage.  Global oceans by far have the largest capacity for sequestering carbon
dioxide [3,4].  Estimated CO2 storage potential in oceans is about 73,000,000 Gtons [5].  By
comparison, worldwide emissions of carbon dioxide from fossil fuel combustion are 22 Gtons of
CO2 per year.  Thus, it is possible to store carbon dioxide safely in oceans for several centuries.
Previous studies [6] have conceptualized that captured CO2 from land-based power plants could
be transported by a network of pipelines to nearby collection centers prior to disposal.  Subsea
pipelines or tankers could then deliver the liquefied CO2 to deep oceans or depleted offshore
oil/gas wells for storage.

This program was undertaken to examine the practicality of a large-scale CO2

transportation and ocean disposal system.  Efforts in the present Phase are devoted to preliminary
engineering and economic evaluation of transporting and sequestering 200x106 tons CO2/ year at
depths of 3000 meters or greater.  This is equivalent to the emissions from forty 500 MWe coal-
burning power plants equipped with flue gas desulfurization and CO2 capture and compression
systems.  Meeting this challenge requires the development of new and advanced methods to
extend the application of pipe-laying and offshore platform technology beyond the current depth
of 1300 meters.

Two case studies are conducted.  In one case as shown in Figure 1a, previously scrubbed,
captured, and collected CO2 is transported through a long pipe lying on the ocean floor.  Another
case shown in Figure 1b considers transporting the captured and collected carbon dioxide by
tankers to an offshore floating CO2 injection (OFCI) system.  In this situation, CO2 can be
injected vertically down to the ocean floor through a 3000-meter pipe from a floating offshore
platform or barge.  Adaptability of existing floating platforms and pressurized liquid chemicals
transport tankers is also reviewed for this application.
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(a)                                                                (b)

Figure 1.  CO2 transportation by subsea pipeline or oceanic tankers for deep ocean storage.
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2.0  RESULTS AND DISCUSSION

2.1 Properties of Liquid CO2

Liquid CO2 has a vapor pressure of 40-60 bars at normal temperature of 10-25°C.  So,
handling and transportation of liquid CO2 requires the use of thick-walled pipes, storage tanks,
and vessels [7].  Liquid CO2 is also much more compressible than seawater.  At a constant
temperature of 7°C, raising the pressure from 50 to 300 bars will increase the densities of liquid
CO2 and seawater by 15% and 2%, respectively [8].  So the buoyancy of a CO2 droplet varies
with disposal depth.  Direct deposition of liquid CO2 in the deep ocean floor depression, forms a
so-called “CO2 lake” with an estimated retention time of more than a thousand years [5].
Discharged CO2 will breakup into droplets due to low miscibility of carbon dioxide in seawater
[8].  Droplet formation is a function of discharge orifice diameter and jet velocities.  Hydrate
layers will form on the surface of CO2 droplets above 44.5 bars and below 10°C (conditions at
depths of 500 meters or greater).  Precipitation of carbonate salts and formation of solid
clathrates (crystalline hydrates) are among the mechanisms that prevent the CO2 from escaping
[9].

CO2 clathrate-hydrate is a solid-like crystalline with cavities that forms by hydrogen-
bonded water molecules at 10-70 bars and below 10°C.  Up to 8 CO2 molecules can be entrapped
by 46 water molecules [10].  Another requirement for hydrate stability is a minimum CO2 mole
fraction.  High-pressure viewcell experiments of Warzinski and Holder [11] demonstrated that
hydrate formation at conditions simulating 1500 meters requires a dissolved CO2 concentration
of 5% or greater in the seawater. Under these conditions, the CO2 hydrate was denser than the
seawater phase and sank.  Hydrate formation hinders mass transfer of CO2 from droplets into
seawater.

2.2 Ecological Impact Considerations

High concentrations of CO2 in the atmosphere or direct sequestration of carbon dioxide in
oceans can influence the pH level in ocean water [12].  Experiments on bacteria and mematodes
have shown that the survival and growth rates of these organisms are affected only at pH levels
of 6.5 or lower.  CO2 sequestration in oceans can reduce the pH level from its normal value of
about 8 to 4 near the injection point [13].  High local CO2 concentrations can be minimized by
spreading the release via multiple ports along a fixed pipe laid on the seafloor.  Such measures
can effectively eliminate the mortality of various marine organisms (e.g., zooplankton, bacteria,
and benthos).

Nakashiki and Ohsumi [14] modeled the dispersion of CO2 in the North Pacific Ocean
from continuous injection of CO2 at a depth of 1000 meters.  Consistent with other reported
findings [13], the study suggests that the potential impact might be limited to small regions
around the injection point.  Adams et al. [15] have also shown that zoolplankton mortality is
minimized when liquid CO2 is introduced to a 4000-meter seafloor depression forming a deep
lake.  Increasing the ocean depth decreases the density of benthic organisms exponentially [16].
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Research has also shown [17] that certain marine mammals like the northern elephant seal and
sperm whale can dive down to 2000 meters and stay submerged for over an hour.  So to ensure
that the process does not interfere with the marine food chain, commercial fishing, or diversity of
sea-living creatures, injection at depths of 3000 meters may be necessary.

2.3 Selection of Onshore and Offshore Disposal Sites

Several onshore centers within the U.S. coastal regions were selected for collecting
previously scrubbed CO2 in areas with high populations of fossil fuel burning power plants.
Steinberg et al. [6] used a similar selection criterion in an earlier study.  Nearby offshore CO2

storage sites with depths of 3000 meters or greater in the Gulf of Mexico and the Pacific and
Atlantic oceans were also chosen.  Figure 2 shows the topography of the oceans surrounding
North America and identifies suitable sites for onshore CO2 collection and offshore storage.
This map was generated on a 5-minute latitude/longitude grid spacing (10 km resolution), using
the National Geophysical Data Center’s [18] global oceans digital terrain base model.  Seafloor
routes for two different sites are plotted in Figure 3.

Figure 2.  Potential CO2 collection and ocean storage sites in North America.
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Figure 3.  Water depth variation with distance from two U.S. coastal cities.

Approximate distances for transporting CO2 from each collection center to the disposal
location by a subsea pipeline or by an oceanic tanker were estimated using the bathymetric and
geological survey data [18,19].  Table 1 summarizes the estimated distances.  Since ocean depths
of 3 kilometers are 165 to 574 kilometers from the shoreline, the corresponding subsea pipe
length at these small gradients is essentially the same as the distance that would be traveled by an
oceanic tanker as noted in Table 1.  New bathymetric data with a 30-second (1 km) resolution
will be acquired from the National Geophysical Data Center and used in Phase II for a more
precise route selection.  Marine surveys will be necessary to define the seabed conditions (i.e.,
sedimentary channels, earthquake potential, and unstable slopes) along the pipeline route.

Table 1.  Calculated travel distance and pipe length from onshore collection
centers to offshore disposal sites

Onshore Collection Center Offshore Disposal Site

City
o

Longitude
o

Latitude
Body of
Water

o
Longitude

o
Latitude

Depth
(m)

Travel Distance/
Pipe Length

(km)

Atlantic City (NJ) 74.42 39.36 Atlantic 68.00 39.00 3590 556

Boston (MA) 71.06 42.36 Atlantic 68.00 39.00 3590 457

New York (NY) 74.01 40.71 Atlantic 68.00 39.00 3590 553

Baltimore (MD) 76.61 39.29 Atlantic 73.50 35.00 3850 555

Norfolk (VA) 76.29 36.85 Atlantic 73.50 35.00 3850 326

Wilmington (NC) 77.95 34.23 Atlantic 73.50 35.00 3850 414

Savannah (GA) 81.10 32.08 Atlantic 76.00 30.50 3995 519

Tampa (FL) 82.46 27.95 Gulf of Mexico 85.50 26.50 3385 343

Mobile (AL) 88.04 30.69 Gulf of Mexico 85.50 26.50 3385 530

New Orleans (LA) 90.08 29.95 Gulf of Mexico 89.00 25.00 3544 561

Houston (TX) 95.36 29.76 Gulf of Mexico 94.50 25.50 3450 482

San Diego (CA) 117.16 32.72 Pacific 120.50 32.00 3886 325

Los Angeles (CA) 118.24 34.05 Pacific 120.50 32.00 3886 312

San Francisco (CA) 122.42 37.78 Pacific 124.00 37.00 3799 165

Eugene (OR) 123.09 44.05 Pacific 130.00 43.00 3328 574
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2.4 Pipe Size Requirements

Pipe size requirements for transporting 200x106 tons CO2/ year to a depth of 3000 meters
were determined.  One 64-inch diameter pipe or six 30-inch diameter pipes would be needed to
transport the equivalent of 200x106 tons liquid CO2/year.  This calculation assumes a flow
velocity of about 3 m/sec as recommended by Nihous [20].   Calculated pipe diameters are
similar to values reported by Skovholt [21].  Sacrificial anodes should be installed on the outside
of the pipe to minimize corrosion.

Design of a freely dangling pipe for offshore vertical injection requires the consideration
of axial stresses, hydrodynamic forces from wave motions at the ocean surface, and internal
pressures to keep CO2 in liquid form.  API specification 5L steel pipes (e.g., X-70) are
structurally suitable candidate materials for a CO2 pipeline.  Work in Phase II will include a
detailed structural analysis of the pipeline and wall thickness according to industry codes and by
considering typical field conditions.

2.5 CO2 Transportation by Subsea Pipeline for Deep Ocean Storage

J. Ray McDermott owns and operates barges capable of laying and recovering pipes in
deep waters and extreme weather conditions.  In mid 1990s, the Company conducted a
comprehensive engineering analysis of a subsea gas pipeline project from Oman to India [22].
Maximum depths along the Arabian Sea route are about 3300 meters.  Hence, some of the key
technical considerations from the Oman-India gas pipeline project can be applied for CO2

disposal in deep oceans.

Reaching the depth of 3000 meters from the shoreline by a very long subsea pipeline
requires a combination of S-lay and J-lay techniques (named after the respective pipeline profiles
hanging from the lay barges).  Accurate positioning of lay barges and pipelines relies on satellite
navigational systems (e.g., GPS and DGPS) as well as depth transponders.  Remotely operated
vehicles (ROVs) with manipulative arms and hydraulic connectors assist in recovering or
positioning the pipeline.  Pipe-laying is a round-the-clock operation that involves major technical
and logistical considerations as described below.

2.5.1  S-Lay System

In the S-lay system, pipe segments are continuously welded and laid from a conventional
or derrick lay-barge in shallow depths (less than 600 meters).  Figure 4 shows a photograph and a
schematic of an S-lay barge.  Pipe-laying begins when cranes transport pipe segments to
beveling stations in preparation for welding.  Welded pipe segments are conveyed to the center
of the barge and more welding is done at additional stations to produce a continuous line.  Pipe-
laying stresses are controlled by a series of track-type tensioners aboard the barge.  Pipe welding,
X-ray inspection, and conveying processes are automated to accelerate the operation.  Finally,
the pipeline is guided into the water from a pre-ballasted stinger (retractable stern ramp).
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Figure 4.  Photograph and schematic of a McDermott S-lay barge.

2.5.2  J-Lay System

Derrick lay barges are used in the J-lay method for depths exceeding 600 meters.  Figure
5 pictorially and schematically depicts a J-lay barge.  It consists of a dynamically positioned,
semi-submersible vessel with pipe storage and pipe transfer systems.  Each multi-joint pipe from
the onboard storage is lifted by pipe cranes, end-prepped, and loaded onto an alignment boom.
The alignment boom then erects the pipe-joints from its horizontal position to a near vertical
position and transfers it to the alignment tower for line-up and welding to the pipeline.
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Figure 5.  Photograph and schematic of a McDermott J-lay barge.
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J-laying the CO2 transport pipe starts once the end of the S-laid pipeline is recovered and
brought aboard the J-lay vessel and secured in the alignment tower.  Computer controlled clamps
and hydraulic cylinders are used for precise alignment of a new multi-joint pipe with the pipeline
for welding.  After welding and radiographic inspection and coating of the welds, the pipeline is
lowered from the stinger equivalent to the length of the new pipe-joints as the barge moves
forward in synchronous.  Several underwater cameras are used to monitor the operation.
Mooring system thrusters maneuver the J-lay vessel relative to the pipeline within pre-specified
parameters in order to maintain proper bending strain and horizontal tension in the pipe.
Meanwhile, the next multi-joint pipe is setup for welding as the process continues.

The sequence of laying a subsea CO2 transport pipeline will be as follows.  First, an S-lay
barge will lay a short pipeline as close as possible to the shore. Trenching operation will prepare
a ditch through the surf zone and to the beach for burying the pipeline. A beach pull will bring
the short pipe ashore. Next, the vessel will recover the pre-laid pipe and tie-in with the end of it.
The S-lay vessel will then lay the pipeline away from the beach until the transition depth of 600
meters for J-laying is reached. The transfer to the J-lay mode is necessary to avoid large stresses
in the overbend region of the pipe during S-lay installation in waters deeper than 600 meters.  At
this location, the S-laid pipeline is lowered with a cable and left on the seabed for subsequent
recovery aboard the J-lay vessel.  J-laying to deeper waters will commence after the end of the S-
laid pipeline is recovered onto the vessel.  A load analysis must be conducted prior to
abandoning the pipeline to ensure that the maximum allowable stresses are not exceeded during
the operation.  Six 30-inch diameter pipes can be laid parallel to each other (one-at-a-time) along
the subsea route by this method for transporting 200x106 tons CO2/ year.  J-laying a 64-inch
diameter pipeline to a depth of 3000 meters is not viable due to the enormous tensions associated
with the pipe size.

2.5.3 Additional Requirements

In order to handle the structural capacity and the tension loads of a 30-inch diameter
flooded pipeline, current S-lay and J-lay equipment will have to be modified.  Diverless repair
systems will need to be developed, tested, and deployed for use during both the installation and
operation of the pipeline.  Steel mills may need to be upgraded to produce the necessary pipeline.
Computer-aided structural analyses of maximum tensions, tower angles and reactions (J-lay),
stinger configurations and reactions (S-lay), dynamic effects, pipe bending strains, barge thrusts,
and required buoyancy should be done to avoid damage to the pipeline.  Assuming onshore
liquid CO2 storage at 20 bars and –20°C, the minimum pump discharge pressure should be 130
bars (1900 psi) based on pressure drop calculations for transportation over a distance of 500 km.
Minimum pressure in the pipeline should also be maintained above 80 bars to avoid two-phase
flow conditions.

2.6 CO2 Transportation by Tankers for Deep Ocean Storage

Offshore injection of CO2 through a vertical pipe has the advantage of high payload
capability and ease of relocation.  It requires the least pipe length but a steady supply of liquid
CO2 via oceanic tankers.  Six 30-inch diameter, 3000-meter pipes can be J-laid and transferred to
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the offshore floating structure for suspension.  Alternatively, a 64-inch diameter, 3000-meter,
pre-fabricated pipeline can be subsurface towed from shoreline as shown in Figure 6.  A single,
64-inch diameter pipe is more preferable than six 30-inch diameter pipes due to its lower
hanging weight and ease of installation.  Pipeline towing [24] is an innovative and practical
concept that involves attaching a series of buoys filled with a lighter liquid than seawater.  Cable
lines are attached at both ends of the pipeline for towing by two vessels.  Once, the pipe reaches
its destination, it is tilted to the upright position for connection to the platform by ballasting.  To
minimize the risk of oscillation and structural damage, the 3000-meter pipe would be anchored
to the seafloor.  A mooring system would be used to relocate the supporting barge or platform.

Figure 6.  Subsurface towing of a large-diameter pipeline

CO2 cargo ships could be similar to the so-called “semi-refrigerated” tankers that
transport pressurized liquid chemicals (e.g., ammonia or liquid natural gas).  Use of commercial
refrigerated and insulated multi-tank design for carrying 22,000 m3 of CO2 at 6 bars and minus
50°C is within the current state of shipbuilding technology [7,23].  Larger, 135,000 m3, liquid
natural gas tanker designs can be adapted for more efficient hulling of liquid CO2.  These vessels
sail at a service speed of 17 to 20 knots (31-37 km/hr).  Their double hull design minimizes the
risk of cargo breach in the event of grounding or collision [25].  Filling stations would have to be
setup at selected seaports to transport the liquid from onshore storage tanks to tankers.  A single
22,000 m3, refrigerated tanker can transport the hourly equivalent of 200x106 tons CO2/year.
Logistically, thirty eight, 22,000 m3 tankers or seven, 135,000 m3 vessels have to be en route at
any given time to handle the filling, transportation, and discharge requirements during a 500 km
(1000 km round-trip) journey at 18 knots (33 km/hr) between the collection center and the
disposal site.  Large tankers are more preferable than small vessels since fewer of them need to
be dispatched for hauling the same cargo.  Liquid CO2 should be pumped into the vertical pipe at
a minimum pressure of 80 bars (1160 psi) to avoid two-phase flow conditions.
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3.0  ECONOMIC EVALUATIONS

Economy of scale for commercially operating NOX and SO2 control equipment proves
that cost effectiveness goes up with increasing unit size.  So there is a great incentive to develop
large-scale and cost-effective technologies that lead to long-term storage or disposal of
greenhouse gases.

Preliminary costs of disposing 200x106 tons of CO2 annually at a minimum depth of 3000
meters were estimated by an economic analysis model for the technically viable options of
subsea pipeline and offshore injection from a floating structure.  Since the focus of the present
analysis was on disposal only, expenses associated with CO2 smokestack removal, compression,
and transportation to land-based collection centers were not taken into consideration.  The subsea
pipeline scenario comprised of six 30-inch diameter, parallel-laid pipes.  A vertical, 64-inch
diameter, 3000-meter pipeline was considered for injection of tanker-transported CO2 from an
offshore floating structure to the ocean floor.  Effects of transport distance (100 to 600 km) and
tanker capacity (22,000 m3 vs. 135,000 m3) on the disposal costs were also examined.  Budgetary
costs of capital, operation and maintenance (O&M), and disposal in 1999 U.S. dollars for CO2

transportation and storage at 500 km from the shoreline by subsea pipelines and tankers are
summarized in Tables 2 and 3.  Annualized capital costs were estimated assuming 8% interest
rate over a 20-year life.  Total disposal costs were calculated by dividing the sum of annualized
capital and O&M costs for each option by 200x106 tons/year.

About 60% of the capital expenditure for the parallel-laid, subsea pipelines scenario is
attributable to the pipe cost.  Considerable initial capitalization is also necessary to upgrade the
pipe-size handling capability of a J-lay barge from 20 to 30 inches.  But once the barge has been
upgraded and fully utilized, the capital cost of laying pipelines to other sites will be lower.
Purchase of refrigerated tankers consumes 90% of the capital costs for CO2 transportation to the
offshore floating structure. Figure 7 compares the estimated capital expenses for three different
options as a function of disposal distance.  Corresponding annual operation and maintenance
costs for these options are plotted in Figure 8.  Tanker transportation and operation costs
represent the bulk of the O&M expenses.
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Table 2.  Estimated capital, O&M, and ocean disposal costs of CO2 by subsea pipelines
Capital Equipment and Installations Cost (1999 US Dollars)
Piping material, collars, and corrosion anodes 1,212,800,000
Pumping stations 131,100,000
Upgrading the J-lay barge 250,000,000
Pipe-joint marshaling 100,000,000
Trenching and pipe burial in surf zone 8,200,000
Pipe laying operations (S-lay, J-lay, pipe supply to lay vessels) 382,600,000

Capital Cost ($) 2,084,700,000

Interest Rate (%) 8
Lifetime (years) 20

Annualized Capital Cost ($/year) 212,400,000

Total O&M Cost ($/year) 81,800,000
Annualized Capital + O&M Costs ($/year) 294,200,000

$/ton CO2 Disposed 1.5

Table 3.  Estimated capital, O&M, and ocean disposal costs of tanker-transported CO2

Cost (1999 US Dollars)
Capital Equipment and Installations Small Tanker CaseLarge Tanker Case
Refrigerated oceanic tankers 1,900,000,000 1,400,000,000
Offshore floating structure with mooring system 100,000,000 100,000,000
Marshalling the 3000-m pipe, attaching buoys
and corrosion anodes

31,500,000 31,500,000

Towing the 3000-m pipe to offshore structure 300,000 300,000
Upending the pipe, securing it to platform,
and anchoring it to seafloor

3,000,000 3,000,000

Capital Cost ($) 2,034,800,000 1,534,800,000

Interest Rate (%) 8 8
Lifetime (years) 20 20

Annualized Capital Cost ($/year) 207,300,000 156,400,000

Total O&M Cost ($/year) 151,000,000 122,700,000
Annualized Capital + O&M Costs ($/year) 358,300,000 279,100,000

$/ton CO2 Disposed 1.8 1.4



Research and Development Division McDermott Technology, Inc.
a McDermott company

Phase I Final Report  – DE-AC26-98FT40412                            Page 15 of 25

Figure 7. Variation of capital costs with transport distance for disposal of 200x106 tons
CO2/year at 3000-m below the ocean surface by three options:  (a) subsea
pipelines, (b) 22,000 m3 tanker transport to offshore location, and (c) 135,000 m3

tanker transport to offshore location.

Figure 8. Variation of operation and maintenance (O&M) costs with transport distance
for disposal of 200x106 tons CO2/year at 3000-m below the ocean surface by
three options:  (a) subsea pipelines, (b) 22,000 m3 tanker transport to offshore
location, and (c) 135,000 m3 tanker transport to offshore location.
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Figure 9 shows the disposal costs on a $/ton of CO2 basis.  Our analysis indicates that
subsea pipeline transportation is more cost-effective when the disposal site is less than 400 km
from the shoreline. Other studies [7,26] have shown that for distances greater than 250-300 km
from the shoreline, pipeline transportation of liquid CO2 to the seafloor becomes more expensive
than delivery by tankers for offshore disposal.

Figure 9. Variation of storage cost with transport distance for disposal of 200x106 tons
CO2/year at 3000-m below the ocean surface by three options:  (a) subsea
pipelines, (b) 22,000 m3 tanker transport to offshore location, and (c) 135,000 m3

tanker transport to offshore location.

According to Table 1, five of the fifteen suitable disposal sites are within 400 km of the
coast and could be reached by subsea pipelines.  For the other ten sites that are farther away, CO2

transport by large tankers to an offshore floating structure would be more economical.  Another
benefit of the tanker transport approach is the flexibility and low cost of relocating the offshore
structure that supports the large vertical pipe.

Previous economic assessments have shown a wide variation in the estimated costs.
Generally speaking, the cost of transportation and storage of carbon dioxide is less than
smokestack scrubbing and compression.  Options that utilize high-capacity tankers or large-
diameter pipelines cost less (on a $/ton CO2 basis) than their smaller size counterparts.
Conservative estimates for transportation and storage of captured CO2 in 4000-meter deep waters
range from $27/ton to $47/ton for 942 km and 1550 km pipelines, respectively [27].  Fujioka et
al. [26] compared the costs of ocean disposal for 7.4x106 tons CO2/year over a 200 km distance
by a subsea pipeline and carrier tankers.  Their respective transportation and disposal costs
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(inferred from their bar charts) were equivalent to $17 and $9/ton CO2 avoided1 ($11 and $6/ton
CO2 captured).  Estimated cost of CO2 transportation and ocean disposal according to Herzog et
al. [4] is $5-15 per ton.

Our economic analyses indicate that the lowest costs for transporting and sequestering
200x106 tons CO2/year over a reference distance of 500 km from the U.S. coasts are about
$1.4/ton and $1.5/ton for the large tanker and subsea pipeline options, respectively.  These figure
are comparable to values assessed by Reimer [28] and Skovholt [21].   Reimer [28] reported an
ocean disposal cost of $1.1/ton CO2 for transporting about 5x106 tons CO2/year across a 1000-
km pipeline.  Skovholt’s figures [21] for carrying 3 million m3/year (about 3x106 tons/year) of
liquid CO2 per 250-km are 1.0 to 2.1 $/ton for onshore transportation and 0.5 and 1.2 $/ton for
offshore delivery to a depth of 3000 meters using 64-inch and 30-inch pipelines, respectively.

In retrospect, economics of ocean disposal are highly favorable.  Future technological
advances in CO2 capturing and compression processes could reduce the overall CO2 control costs
and decrease the projected high prices for electricity.

                                                          
1 Separation of CO2 from other combustion products requires significant capital investment and process energy for
operation.  More CO2 is formed as the fuel consumption is increased to compensate for the efficiency losses.  For
this reason, capturing costs are often reported on the basis of avoided emissions (difference between CO2 emitted to
the atmosphere without and with capture).  Typically, the captured CO2 is about 1.5 times the avoided CO2.
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4.0  SCHEDULE AND MILESTONES

Table 4 shows the project schedule and milestones for Phase I.

Table 4.  Program Schedule
Month

Description Task Aug Sept Oct Nov Dec Jan Feb Mar
Assessment of technical
feasibility

1.1 O O O O O O
�

Phase II proposal &
workplan preparation

1.2 O
�

Final report preparation 1.3 O O O
�

O – Planned work
� - Key milestone
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5.0  CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Our preliminary analyses bear the fact that large-scale CO2 transportation and deep ocean
disposal is technologically feasible.  Two options were examined for transporting and disposing
the captured CO2.  In one case, CO2 was pumped from a land-based collection center through
long pipelines laid on the ocean floor.  Another case considered oceanic tanker transport of liquid
carbon dioxide to an offshore floating structure for vertical injection to the ocean floor.  In the
latter case, a novel concept based on subsurface towing of a large-diameter, 3000-meter pipe,
and attaching it to an offshore structure was considered.  Implementing a practical CO2

transportation system via these options requires upgrading and adapting existing equipment
designs.  Environmental impacts are minimized when liquid CO2 sinks to the bottom and creates
a “deep lake” on the ocean floor at depths of greater than 3000 meters.

Budgetary cost estimates indicate that for distances greater than 400 km, tanker
transportation and offshore injection through a large-diameter, 3000-meter vertical pipeline from
a floating structure provides the best method for delivering liquid CO2 to deep ocean floor
depressions.  For shorter distances, CO2 delivery by parallel-laid, subsea pipelines is more cost-
effective.  Estimated costs for 500-km transport and storage at a depth of 3000 meters by subsea
pipelines and tankers were 1.5 and 1.4 dollars per ton of stored CO2, respectively.

5.2 Recommendations

Based on the results of the current investigation, future efforts in Phase II should focus on
the following activities:

� Laboratory-scale corrosion performance evaluation of carbon steel CO2 transport
pipe in the acidic carbon dioxide/water environment and selection of alternative
materials if necessary

� Analytical and experimental simulations of CO2 discharge and dispersion as well as
the impact on the benthic layer

� Structural performance simulations of vertical, 3000-meter pipelines and
determination of wall thickness requirements under field conditions

� Computer-aided structural analyses of maximum tensions, tower angles and
reactions (J-lay), dynamic effects, pipe bending strains, barge thrusts, and required
buoyancy to avoid damage to the pipeline

� Conceptual engineering and economic evaluation for large-scale ocean sequestration
of CO2 produced from 37% of the fossil fuel-burning power plant population
(equivalent to 200 GWe electric generating capacity)
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Details of the technical approach and workscope have been presented in a separate Phase
II proposal.  McDermott Technology Inc. and its team of J. Ray McDermott Company and the
Hawaii Natural Energy Institute at the University of Hawaii are ready to make further advances
in Phase II toward the application of  “Large-Scale CO2 Transportation and Deep Ocean
Sequestration.” A preview of the proposed Phase II activities is given in the next section.
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6.0  PREVIEW OF PHASE II ACTIVITIES

Work in Phase II will address major technical issues that are critical to the deployment of
a large-scale CO2 transportation and disposal system.  Pipe corrosion, structural design of the
transport pipe, and dispersion characteristics of sinking CO2 effluent plumes have been identified
as areas that require further attention.  Our planned activities include laboratory-scale corrosion
testing, structural analysis of the pipeline, analytical and experimental simulations of CO2

discharge and dispersion, and the conceptual economic and engineering evaluation of large-scale
implementation as outlined below.

Laboratory-scale corrosion assessment - A series of electrochemical tests will be performed to
determine the corrosion performance of a typical carbon steel pipe material in the acidic carbon
dioxide/water environment.  These tests will be performed in an autoclave to simulate deep
seawater temperature and pressure.  The test environment will be chosen to simulate a worst case
scenario as determined from a brief review of the open literature.  The electrochemical tests will
include open circuit measurements, AC Impedance, and Linear Polarization.  These techniques
provide complementary information which will permit a complete characterization of the
corrosion behavior of the test material under the specified environmental conditions.  The results
will then be analyzed to make engineering evaluations and recommendations.  And if necessary,
alternative pipe construction materials will be selected.

Structural analysis of CO2 transport pipe - A large-diameter free dangling pipe for offshore
vertical injection will be thick-walled.  This is necessitated by high axial stresses, strong
hydrodynamic forces from wave motions at the ocean surface, and internal pressures to keep
CO2 in liquid form.  A detailed structural analysis of the pipeline and wall thickness requirement
at typical field conditions will be performed with ABAQUS/Aqua computer code using a beam
model of a top-suspended, bottom-anchored, 3,000-meter pipeline.  Arbitrary motion (time-
domain) of the platform can be accommodated based on information supplied by the
manufacturer of the platform/barge.  Wave loading on the region of the pipe near the surface can
be applied based on available information for a particular installation.  Depending on the
location, deeper currents can produce oscillating loads (vortex-induced vibration) as well as
"constant" drag loads on the pipeline.  All these loads in combination can produce complicated
oscillating or pendulum-like motion of the pipeline, depending on how it is tethered at the lower
end and/or along its length.  Anchoring requirements of the vertical pipe to the seabed will be
determined on the basis of these structural analyses.

Analytical and experimental simulations of CO2 discharge and dispersion - The Hawaii Natural
Energy Institute (HNEI) of the University of Hawaii will assist McDermott Technology, Inc. by
conducting studies to: (1) evaluate the potential for hydrate blockage at discharge depths of
3,000 m or greater and develop operating procedures and/or discharge system design options that
minimize this problem; (2) quantify the spatial dispersion characteristics of sinking CO2 effluent
plumes; and (3) evaluate impacts on the benthic layer.  These studies primarily will entail
analytical modeling, although some supporting laboratory experiments may be conducted if
required utilizing the available high pressure hydrate cells and CO2-sea water mixing facility.  In
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addition, HNEI offers the option to conduct process simulations of large-scale extraction and
disposal systems utilizing the industry standard ASPEN PLUS computer code.  These
simulations will support the proposed Phase II effort to pursue conceptual economic and
engineering evaluations of large-scale CO2 sequestration in deep oceans

Full-scale conceptual economic and engineering evaluation - Potential CO2 sequestration in
oceans will be quantified for three of the ten geographical areas within the DOE's Federal
Regional System.  These regions encompass 16 southern states with over 200 GWe of electric
generating capacity and roughly 1300x106 tons of annual CO2 production that could be
transported and sequestered in deep waters.  High-resolution (30-second or 1 km grid)
bathymetric data will be acquired from the National Geophysical Data Center upon release and
used for a more precise route selection.  Available marine surveys will be used to define the
seabed conditions (i.e., sedimentary channels, earthquake potential, and unstable slopes) along
the pipeline route or pipe anchoring locations.  Capital, and operation and maintenance costs will
be estimated and compared to corresponding figures from the present Phase I study.
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