








Phase 2: Expansion

Phase 2 spans 2030 to 2040 and would lead to the
capture of 20 million tons per year of additional
emissions from the remaining natural gas power
plants not addressed in Phase 1, along with most
of the industrial furnace facilities. It will also use a
new pipeline to access East/Central Texas locations
for geological storage purposes. This phase would
use the model from Phase 1 to guide decision-
making analysis, with business development
beginning during Phase 1.

Capture

Capturing 6 million tons of emissions from the
remaining natural gas plants will require a capital
investment of approximately $2.2 billion, while
capturing 14 million tons/year from industrial
furnaces will require an investment of $6.4 billion.
Total relative capital costs with an 85% utilization
rate for industrial furnaces can be approximated
at $140/ton, more expensive than required capital
capturing emissions at a refinery fluidized catalytic
cracker, about $130/ton. These cracker units

are larger, easier to aggregate emissions and a
more attractive source than the many industrial
furnaces within the complexes. Costs for ongoing
operations and maintenance would be in addition
to these costs. It should be noted that furnaces
provide attractive targets for other decarbonizing
strategies such as electrification or hydrogen fuel.

We want to acknowledge that the targets for point
source emissions reductions used in our study
should not necessarily be the boundary conditions
for the expanded region. Many more point
sources — with lower cost of capture investment

- are additional targets. Hydrogen SMRs are
prevalent throughout the Gulf Coast region, and
we identified 45 units that would be proximal to
geologic storage and transport infrastructure.

Transport

Phase 1 will fill the Denbury pipeline, necessitating
construction of a new pipeline in Phase 2.
Transportation plays a critical role in Phase 2, with
challenges related to policy, permits and pipeline
regulations. The new 250-mile pipeline cited in the
study would be built from Houston to Dallas/Fort
Worth with an available capacity of 20 million tons
per year.

We chose this option to provide choices in terms
of access to CO: storage from both EOR and
pure storage. The implementation of land-based
CO:2 injection is known in terms of costs and
operation al know-how, but it is clearly not the
only option. Offshore geologic storage would
provide optionality with significant advantage in
terms of long-term rights and ownership issues.
While the costs and operation are not yet fully
known, associated site security and the ability to

Figure 9. Phase 2 — Point Source Emissions Facilities and Pipeline Transportation
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Figure 10. Phase 2 — Geologic Storage Target Formations

distinctly separate the injection site ownership
and liability is a critical issue. The state of Texas
has a market construct in place to effectively
implement an offshore program both operationally
and commercially in order to avoid the land and
surface rights ownership issues and as such, the
necessary pipeline access will be critical.

The Expansion phase will be predicated on the
discovery and securing of additional geologic sites
during the Activation phase.

Storage

During the Expansion phase, geologic reservoir
storage in East and Central Texas would provide
EOR or saline storage, enabled by the new pipeline
from Houston to the Dallas/Fort Worth area. A
second pipeline network will not only provide
additional capacity but also open new geologic
options. This creates a step out from the Greater
Houston region. It is just one of several options,
all of which will require competitive alternative
analysis.

Critical Objectives and Aspirations

1) Strategic planning for the Expansion phase
will begin during the next 10 years in order to
prepare for right-of-way access for pipelines, etc.

2) Advanced capture technologies from current
pilot facilities will be readied for deployment
and scaled up for commercial use.

3) 45Q support must be increased to enable
economic returns.

4) Tools and processes that will be significantly
advanced in terms of industrial application

for storage measurement, monitoring and
verification - and the accounting for geologic
storage - would be deployed for long-term
operations. Digitizing the process and operations
will advance the market and enable a broader
group of operators and investors to speed
deployment of CCUS and the effectiveness in
the operations costs and reliability.

5) The market will evolve into commercial

storage of CO.-driven commerce. Geologic
capacity will become a valuable commodity

for owners and the state of Texas in terms of
providing a commercial storage opportunity for
CO2 emissions.

6) Ultimately, the ownership and operations
and maintenance responsibility for the storage
site will be determined by investors, service
companies, offtake agreements and commercial
terms.




Phase 3: At-Scale

At-Scale spans 2040 to 2050 and was defined by
our original scope to create a net-zero emissions
profile for Greater Houston. It focuses on capturing
19 million tons per year of CO: from the remaining
industrial furnaces and refinery catalytic cracker
facilities. It would require a new pipeline to the
Permian, along with use of the Permian’s geologic
storage and EOR capacity.

Capture

Completing capture at industrial furnace facilities
will require $2.8 billion in capital expenditures,
while capture at catalytic cracker facilities will
require $1.4 billion.

This effectively completes all the point-source
emissions in today’s Greater Houston operational
database.

Transport

A so0-mile pipeline from Houston to the
Permian will be required to take Houston to
net-zero, allowing the transport of CO2 from 13
industrial facilities. Projected cost of the pipeline
is $1.5-52 billion but will both provide more

job and economic development opportunities
and ultimately will contribute to the economic
feasibility of CCUS projects nationally.

We recognize the construction of this
infrastructure will be a multi-year task potentially
undertaken in phases. Clearly the Permian is
recognized as the ultimate prize in terms of
connectivity and effectiveness of a broad, At-Scale
approach.

Storage

The Permian has 4.8 billion tons of capacity for
EOR storage and 1 trillion tons of available storage
in saline aquifers.

Permian expansion will require a thorough
examination of offshore options and costs,

both direct and indirect, as well as the risk of
onshore versus offshore injection. But it offers

a large target for EOR with both conventional

and unconventional Residual Oil Zone geologies.
Operational integration advantages will compare
to the lower cost of transport pipeline investment
and risk profile of offshore development.

Expansion to the Permian may be much more
important to the long-term impact for the
entire United States than for just the Houston
region. Connecting the Permian provides access
west and north to Wyoming and would enable
emissions sources from the Gulf Coast and east
to be integrated into the long-term business
development planning.
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Figure 11. Phase 3 — Point Source Emissions Facilities and Pipeline Transportation




Storage

AlUyuE YU
]

WNEW MEXICO
Permian 4.8 o :
EOR s
- TBD
Permian 1000
saline ———ofl Paso

« Large-scale of EOR and saline

)
o

v

storage available in the
Permian Basin

* Storage capacity in the Permian Chtaha
will permit to achieve net-zero g 4 R Osices
in carbon goal 7.

Paeral
°

5
SINALOAE

o % 5
Culiacan, % _f:-

S

CHIHUAHUA', N,

A ey
“sle. 'DURANGO

Morman
ARKANS,

Phase II:
Lubbock Pipeline to
Phase Ili: Dallas/Fort Worth
Pipelineto ¢ yyon Sheeveport
Permian +

TEXAS

7 .
e X E
=g
" :
CORHUILA
Cae
: KEY
T 4 W, [] saline storage
NUEVO LEO
pes B | : [} eoRstorage
Monterre * Adapted from the NETL Carbon
\Toredn Sa!;ullu-sg_ 3] o "

Map data ©2020 Google, INEGI

Figure 12. Phase 3 - Geologic Storage Target Formations

Summary Conclusions

The NPC study states that “the most critical

needs for success reside in effective stakeholder
engagement and public-private policies

to encourage open and transparent CCUS
discussions. Impacts to communities and building
confidence in the technology and operational
footprints are essential for broad acceptance. The
(oil and gas) community and industrial community
will be called to lead with thought and action to
realize CCUS investments to achieve the emissions
reduction goals for the energy transition and to
support the industry transition.”

The study also identified a number of
recommendations in each of the phases that are
critical to overall success. Policy, legal, business,
technology and engineering are all critical, and we
will not repeat those recommendations here.

Key conclusions:

1) The Houston region’s geologic resources
and concentration of point source industrial
emissions are unmatched globally.

2) The region’s infrastructure and pathways for
its expansion will be critical to the success of
CCUS, as will the regional knowledge base and
experience.

3) The workforce’s ability to transform itself is

strongly supported by experiential and higher
education learning opportunities.

4) The business community has a desire for
Houston to continue as the energy capital of
the world, as well as to achieve decarbonization
and the long-term sustainability of the oil

and gas, petrochemical and electric power
industries. This must be cemented with public-
private partnerships in industry, government
and academia to achieve broad commercial
deployment.

5) The concept of creating a Carbon Utilization
Hub to drive utilization of CO: is a natural fit
for Houston to complement the CCUS efforts
discussed here. It is critical to recognize that
opportunities for broad pathways hinge on the
cost of capture and CO» made ready for use.

While the largest use of CO today is EOR, there
are many other potential uses, with CO: positioned
as a source of carbon to make desirable products;
product revenues can offset the costs of capture
and transport.

There are four main pathways for utilizing

CO2 - thermochemical, electrochemical and
photochemical, biological and carbonation -
each of which has large potential and a range of
technology readiness. While we have focused on




the use and combined storage of CO: for EOR,
existing multi-billion dollar markets such as fuels/
chemicals and building materials offer great
potential, despite the fact that the additional
energy and feedstock required currently make
these CO»-based products uncompetitive.

One example: to produce fuels and chemicals
from COz, splitting carbon from other stream
components requires energy, and the carbon then
must be combined with a source of hydrogen,
requiring more energy to produce it. Another
example is that to produce building materials,
the CO2 needs to be combined with a source of
magnesium or calcium.

However, as markets for low-carbon products
and technologies evolve, so too will the potential
for expanded CO: utilization. Houston is well
positioned to become a global Carbon Utilization
Hub by leveraging its energy supplies, port
infrastructure and workforce and academic
capabilities to supply the world with those
products.

CCUS and the geological aspects are strongly
linked to the broader set of complementary
opportunities for utilization and require concurrent
efforts to successfully address the emissions and
climate challenge.
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