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1.0 Executive Summary

1.1 Production Assessment Overview

On December 15, 2022, the California Public Utilities Commission (CPUC) adopted
Decision 22-12-055 (Decision), which authorized Southern California Gas Company
(SoCalGas) to establish the Angeles Link Memorandum Account to record the costs of
performing Angeles Link Phase 1 feasibility studies. The Decision requires SoCalGas to
identify potential sources of hydrogen generation for Angeles Link and its plans to
ensure the hydrogen quality meets the clean renewable hydrogen standard set forth in
the Decision. Accordingly, this Hydrogen Production Planning & Assessment
(Production Study) analyzes clean renewable hydrogen production potential focused on
SoCalGas’s service territory through 2045.

SoCalGas does not intend to own or operate hydrogen production facilities. This
assessment was conducted to evaluate potential sources of clean renewable hydrogen
and assess the techno-economic feasibility of various options that may be available to
third-party producers. The production from renewable energy resources such as solar
and wind, input requirements, and estimated cost of production are presented in this
report.

1.2 Stakeholder Feedback

The input and feedback from stakeholders, including the Planning Advisory Group
(PAG) and Community Based Organization Stakeholder Group (CBOSG), has played
an important role in the development of this Production Study. Key feedback received
related to the Production Study is summarized in Section 12.0 below. All feedback
received is included, in its original form, in the quarterly reports submitted to the CPUC
and published on SoCalGas’s website.*

For example, in response to stakeholder input, the Production Study assesses
hydrogen produced via electrolysis but also includes other potential technology
pathways (e.g., biomass/biogas) that could meet the CPUC’s definition of clean
renewable hydrogen? (included in Sections 3, 4, and 5). Additionally, in consideration of
feedback received, the current SoCalGas used a conservative assumption is that
renewable power requirements would be incremental and met with power generation
that is not grid connected (i.e., does not tie into high voltage transmission lines), along

1 https://www.socalgas.com/sustainability/innovation-center/angeles-link

2 Decision (D).22-12-055 specifies use of clean renewable hydrogen, which is hydrogen
produced with emissions less than 4 kg CO2 for each kg H2 and not derived from fossil
fuels.
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with local utility distribution power for minimum power needs to enable startup and shut
down (Sections 2 and 9). The study further explores the role of hydrogen storage that
can help balance clean renewable hydrogen production and demand profiles (Section

8).

1.3 Key Findings

Solar power paired with electrolyzers is expected to be the primary renewable
energy source and technology used for hydrogen production at scale for
transport by Angeles Link. This considers that solar irradiance in most of
SoCalGas’s territory (Central and Southern CA) is some of the best in the
country. Solar is also a mature technology, among the least expensive
renewable energy generation options available, and can be co-located near
hydrogen production.

Proton Exchange Membrane (PEM) electrolyzers are expected to be a
suitable technology to pair with intermittent and variable power supplies such
as solar. This is due to the operational attributes of PEM electrolyzers such as
startup times (process to turn on and activate the electrolyzer that is in an off
state), ramp rates (ability to adjust hydrogen production rate), and turndown
ratios (the ability to operate over different production rates). Third-party
producers may also employ other electrolyzer technologies (e.g., Alkaline,
Solid Oxide Electrolyzer Cell), in combination with renewable sources of
power, depending on various design and operational requirements.

Other renewable energy sources are expected to be utilized on a smaller
scale than solar due to their resource limitations in Central and Southern
California. Small-scale biomass hydrogen production facilities are anticipated
to be sited near opportunistic fuel supply sources found throughout the
region.

Based on preliminary analysis, approximately 2 million acres of potentially
available land for energy development was identified in three primary
production locations within the SoCalGas service territory. Potential
production locations include San Joaquin Valley (SJV), Lancaster, and Blythe.
These locations could alone, or in some combination (depending on the
throughput levels), meet the 0.5 million — 1.5 million metric tonnes per year
(MMTPY) Angeles Link throughput range. The land required to support a
production volume of 1.5 MMTPY is estimated to be 240,000 acres, which
represents approximately 12% of the land identified as potentially available
for hydrogen production from all three production areas. For the 1.5 MMTPY
case, just under 15% of the land area within the Lancaster and SJV
production areas would be required in a scenario assuming production from
only those two production areas.

Production Planning & Assessment - Final Report
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e As the hydrogen market develops, hydrogen storage could play an important
role in balancing hydrogen supply with demand, primarily due to the
intermittent nature of renewables and the expected demand profiles of the
power generation, mobility, and industrial sectors. Angeles Link could support
the transportation of hydrogen from production, in and out of third-party
storage, and to demand locations. Storage volumes would be dependent on
various factors, such as the type of renewable power source used to make
hydrogen, the anticipated hourly demand profiles for power generation,
mobility, and industrial sectors, and the system hydrogen demand volumes.
Depending on the volume required, storage could be provided in a number of
manners, including line pack (e.g., storage within the pipeline), construction of
a parallel pipe in a portion or portions of the pipeline system, on-site storage
at third-party clean renewable hydrogen producers or end users, and/or
dedicated above-ground or underground storage.

e System curtailments will likely be sporadic and seasonal. If production
facilities were grid-connected, curtailed energy could be used
opportunistically to produce hydrogen that Angeles Link could transport,
resulting in additional hydrogen production capacity beyond that addressed in
this Study.

Production Planning & Assessment - Final Report
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2.0 Introduction

2.1 Background

Today, there are approximately 10 million metric tons of hydrogen produced in the
United States each year, with petroleum refining and ammonia production currently
driving the primary demand.® As California’s decarbonization goals to achieve carbon
neutrality by 2045 or earlier are considered, it is important to understand various
hydrogen production pathways and technologies, including their suitability to support
local, state, and national decarbonization goals. This report aims to analyze potential
hydrogen production that meets the California Public Utilities Commission’s (CPUC)
clean renewable hydrogen specifications in D.22-12-055 (see Section 2.2 for more
details).

Hydrogen has potential applications across multiple sectors and could enable zero or
near-zero emissions, such as in transportation, power generation, and other chemical
and industrial processes. As the CPUC has recognized, “Clean renewable hydrogen is
one of the only few viable carbon-free energy alternatives for the hard-to-electrify
industries and the heavy-duty transportation sector in the Los Angeles Basin.”
Similarly, the Alliance for Renewable Clean Hydrogen Energy Systems (ARCHES) has
identified clean renewable hydrogen as “the most scalable zero-carbon alternative to
natural gas for use in gas power plants required by state planning to remain operational
to ensure reliability.”

In California today, the increasing emphasis on reaching a net-zero carbon future is
catalyzing the development of projects focused on clean renewable hydrogen that could
begin to transform California’s hydrogen economy. Several technologies are
commercially available for the industrial production of hydrogen from biomass
gasification, to steam methane reforming of renewable natural gas, to the electrolysis of
water to produce pure hydrogen. While electrolysis of water to produce hydrogen dates
back to the 1920s, deploying clean renewable hydrogen technologies at scale is not
without challenges, including the need to lower clean renewable hydrogen production

3 Department of Energy U.S. National Clean Hydrogen Strategy and Roadmap, pg. 14,
available at: https://www.hydrogen.enerqy.gov/docs/hydrogenprogramlibraries/pdfs/us-
national-clean-hydrogen-strateqy-roadmap.pdf?sfvrsn=c425b44f 5.

4 CPUC, Decision (D).22-12-055, see Summary, page 2 at
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M500/K167/500167327.PDF.
5> ARCHES H2, Frequently Asked Questions (March 2024) at 2, available at:
https://archesh2.org/wp-content/uploads/2024/03/ARCHES-FAQ-Basic-1.pdf.

Production Planning & Assessment - Final Report
4


https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf?sfvrsn=c425b44f_5
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf?sfvrsn=c425b44f_5
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M500/K167/500167327.PDF
https://archesh2.org/wp-content/uploads/2024/03/ARCHES-FAQ-Basic-1.pdf

M SoCalGas.

costs. This is expected to occur as the clean hydrogen economy matures, with technical
advancements and larger scale deployments of hydrogen production.

This report aims to capture the status of clean renewable energy-based hydrogen
production technologies that are anticipated to be commercially available through 2045.

2.2 Purpose and Objectives

On December 15, 2022, the CPUC adopted Decision (D).22-12-055 (Decision),
authorizing Southern California Gas Company (SoCalGas) to establish the Angeles Link
Memorandum Account (ALMA) to record the costs of performing Angeles Link Phase 1
feasibility studies. The Decision requires SoCalGas to identify potential sources of
hydrogen generation for Angeles Link and its plans to confirm the quality meets clean
renewable hydrogen standards set forth in the Decision.® The Production Study is one
of the Angeles Link feasibility studies being performed as part of Phase 1 and analyzes
clean renewable hydrogen production potential focused on SoCalGas’s service territory
through 2045. This study evaluates potential sources of clean renewable hydrogen
production from renewable energy resources such as solar and wind, inputs such as
land and the supporting auxiliary infrastructure components (i.e., balance of plant
(BOP)) required for hydrogen production, and the estimated cost of production. This
report sets forth the scope, methodology, and results of the study.

2.3 Definition of Clean Renewable Hydrogen

The objective of Angeles Link is to develop a non-discriminatory pipeline system that is
dedicated to public use and aims to facilitate transportation of clean renewable
hydrogen’ from multiple third-party sources to various end users in Central and
Southern California, including the Los Angeles Basin. While the CPUC may consider
future modifications to the definition adopted by the Decision, for the purposes of this
Angeles Link feasibility study, “clean renewable hydrogen” is defined as:

“‘Hydrogen which is produced through a process that results in a lifecycle (i.e., well-to-
gate) GHG emissions rate of not greater than 4 kilograms of CO2e per kilogram of

6 Refer to Section 2.3 for the applicable clean renewable hydrogen definition.

” The Angeles Link Phase 1 studies are restricted to studying the transport of only clean
renewable hydrogen as directed by the Commission in D.22-12-055 at 73 (OP 3(a))
(“...carbon intensity equal to or less than four kilograms of carbon dioxide-equivalent
produced on a lifecycle basis per kilogram and does not use any fossil fuel in the
production process”).

Production Planning & Assessment - Final Report
5



M SoCalGas.

hydrogen produced and does not use fossil fuel as either a feedstock or production
energy source.”®

This definition is consistent with other CPUC decisions, policies, and directives,
including Order Instituting Ratemaking R. 20-01-007 (Long-Term Gas Planning Order
Instituting Ratemaking) and R.13-02-008 (Biomethane Standards and Requirements
and Pipeline Open Access Rules Order Instituting Ratemaking).

2.4 Clean Renewable Hydrogen Standards

On September 22, 2022, the U.S. Department of Energy (DOE) released draft guidance
for a Clean Hydrogen Production Standard (CHPS)® developed to meet the
requirements of the Infrastructure Investment and Jobs Act of 2021, also known as the
Bipartisan Infrastructure Law (BIL), Section 40315.1° The initial proposal of the CHPS
establishes a target for well-to-gate lifecycle greenhouse gas emissions of less than or
equal to four kilograms of carbon dioxide-equivalent produced on a lifecycle basis per
kilogram of hydrogen ( <4.0 kgCO2e/kgH2). The term well-to-gate generally includes
emissions created at and upstream of the production facility (e.g., emissions to bring
feedstocks to the production location as well as at the production facility).!! The
establishment of a well-to-gate target aligns with statutory requirements to consider not
only emissions at the site of production but also technological and economic feasibility,
and to support clean hydrogen production from diverse energy sources.

8 The term “fossil fuel” is consistent with the definition found in Pub. Util. Code § 2806.
The prohibition on the use of fossil fuel does not apply to an eligible renewable energy
resource that uses a de minimis quantity of fossil fuel, as allowed under Pub. Util. Code
§ 399.12 (h)(3).

9 https://www.hydrogen.energy.gov/library/policies-acts/clean-hydrogen-production-
standard.

10 https://www.congress.gov/bill/117th-congress/house-bill/3684/text.
https://www.congress.gov/117/plaws/publ58/PLAW-117publ58.pdf.

11 The Department of Energy defines well-to-gate as “the aggregate lifecycle GHG
emissions related to hydrogen produced at a hydrogen production facility during the
taxable year through the point of production. It includes emissions associated with
feedstock growth, gathering, extraction, processing, and delivery to a hydrogen
production facility. It also includes the emissions associated with the hydrogen
production process, inclusive of the electricity used by the hydrogen production facility
and any capture and sequestration of carbon dioxide (CO2) generated by the hydrogen
production facility.” (https://www.energy.gov/sites/default/files/2024-05/45vh2-greet-
user-manual_may-2024.pdf).
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On December 22, 2023, the U.S. Department of the Treasury released a proposed
rulemaking for the clean hydrogen production tax credit (45V) under the Inflation
Reduction Act (IRA).1? The IRA offers a production tax credit of up to $3 per kg of
hydrogen produced based on carbon intensity. Electrolytic hydrogen, produced by using
electricity to split water into hydrogen and oxygen, could be eligible for the highest-level
tax credit if zero-carbon electricity is used. In addition, the DOE released the 45VH2-
GREET model,'?® which was adopted by the U.S. Department of the Treasury, to
determine emissions rates for purposes of the Clean Hydrogen Production Tax Credit.
In April 2024, the Treasury Department issued draft guidance for producers to meet
“clean hydrogen” standards to be eligible for 45V tax credits.'* The draft guidance
includes a discussion of three elements commonly referred to as the “three pillars”
(temporal matching, additionality, and deliverability). As of the date of this report, the
Treasury Department has not issued final 45V tax credit guidance, and it is unknown
whether the” three pillars” will be a requirement in the final guidance.

While the CPUC definition of clean renewable hydrogen does not currently require
adherence to the three “pillars,”*® further discussion of these terms and how the
concepts are being considered with respect to potential clean renewable production that
could be served by Angeles Link are provided below.16

12 https://www.federalregister.gov/documents/2023/12/26/2023-28359/section-45v-

credit-for-production-of-clean-hydrogen-section-48al5-election-to-treat-clean-hydrogen.

13 https://www.energy.gov/eere/greet and

https://www.energy.gov/sites/default/files/2024-05/45vh2-greet-user-manual _may-

2024.pdf.

14 “Assessing Lifecycle Greenhouse Gas Emissions Associated with Electricity Use for

the Section 45V Clean Hydrogen Production Tax Credit.” DOE. December 2023.

https://www.enerqy.gov/sites/default/files/2023-

12/Assessing_Lifecycle Greenhouse Gas Emissions Associated with Electricity Use
for the Section 45V_Clean Hydrogen Production Tax_ Credit.pdf

15 Some stakeholders submitted comments supporting making the three pillars a
requirement for Angeles Link. SoCalGas is committed to transporting clean renewable
hydrogen that meets the applicable regulatory requirements set for by the CPUC.

16 Temporal matching refers to the requirement to match the amount of electricity being

used in hydrogen production to the amount of zero-carbon electricity being produced
within a specified time period. Treasury’s proposed guidance requires annual matching
up to 2027 and phases-in hourly matching from 2028 onwards. This study assumes
standalone clean, renewable resources will be used to meet the requirement of
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Although the CPUC and the DOE have established working definitions for “clean
renewable hydrogen” and “clean hydrogen,” it is anticipated that these standards will
continue to evolve as the industry matures and as the U.S. progresses towards goals
laid out in the U.S. National Clean Hydrogen Strategy and Roadmap.!’ Several
European regulatory standards have already set lifecycle emission targets for clean
hydrogen ranging from 2.4-3.4 kgCO2e/kgHz2.

While official regulatory guidance on how to certify well-to-gate emissions of hydrogen
projects in CA has not been determined, the CPUC Decision calls for SoCalGas to
consider plans to confirm hydrogen that is transported by Angeles Link meets its clean
renewable hydrogen standards. Section 2.5 explores details of potential plans/methods
that demonstrate transported hydrogen meets the Decision requirements. Finally, the
Greenhouse Gas Emissions Evaluation captures an analysis of associated emissions of
different hydrogen production pathways.

2.5 Plans to Confirm Adherence to Clean Renewable Hydrogen
Standards: Clean Renewable Hydrogen Certification and Other
Measures

Identical hydrogen molecules can be produced and combined from sources that have
different carbon intensities. Accounting standards for different sources of hydrogen
along the supply chain are required to create a market for clean renewable hydrogen.

temporal matching, and grid-supplied electricity will not be allowed to support hydrogen
production during hours when zero-carbon electricity is not available.

Incremental Generation (“Additionality”) requires that electricity used for electrolytic
hydrogen production is new and explicitly dedicated to hydrogen production. The
proposed Treasury guidance requires new renewable generation or new carbon capture
and storage (CCS) installed at existing fossil fuel power plants within three years of
hydrogen production. In the Angeles Link Decision, the CPUC does not allow for
consideration of fossil fuel-based production for Angeles Link. This study assumes all
renewable energy supply options will be considered “additional” to projects already
installed or planned to support the bulk electric system.

Geographic Matching (“Deliverability”) — focuses on the geographic boundaries, e.g.,
how close hydrogen production needs to be located to renewable electricity generation.
The proposed guidance requires renewable energy supply to be in the same region as
defined by DOE’s National Transmission Needs Study, which is mapped to balancing
authorities. For Angeles Link, all renewable electricity generation is assumed to be built
within SoCalGas’s service territory and delivered to a co-located hydrogen production
facility that is not connected to the transmission electric grid.

17 https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-
clean-hydrogen-strategy-roadmap.pdf?sfvrsn=c425b44f 5.
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Currently, there is no industry-wide standard for certification of “clean renewable
hydrogen” under the CPUC’s definition. There are several agencies developing “green
hydrogen” guidelines to address emissions associated with the hydrogen production
supply chain.'® However, producers and consumers can generally choose to participate
and adopt any method that aligns with their goals. Nonetheless, an appropriate
certification framework is an important component to create a set of common and
standard practices to measure the carbon intensity of different types of hydrogen
production methods. Over time, as certification policies, procedures, and practices
mature, confidence will increase that hydrogen produced meets the applicable
standards as set by regulatory and/or legal requirements. As Angeles Link continues to
develop, potential measures SoCalGas could take to confirm that hydrogen transported
by Angeles Link meets applicable clean renewable hydrogen standards include:

1. On-going Monitoring: Monitor industry guidance or regulatory requirements from
applicable regulatory agencies that define standards for “clean renewable
hydrogen” or establish certification standards.

2. Tariffs: As authorized by the CPUC, consider developing appropriate tariffs
and/or interconnection with quality-specific requirements for the hydrogen that
would be injected into Angeles Link.

3. Contractual Arrangement with Third-Party Certification Agencies: SoCalGas
does not intend to become an accrediting body and would likely rely on third-
party certification body(ies) to certify hydrogen producers as a contractual
condition of access to the Angeles Link pipeline. Currently, certification of
hydrogen qualified to receive Section 45V credit for the production of clean
hydrogen requires the production and sale or use of such hydrogen to be
verified by an unrelated party. To the extent such certifications, which have been
established in the proposed federal regulation,'® meet or exceed CA regulatory
requirements of “clean renewable hydrogen,” they could be relied upon.
SoCalGas envisions using certification and accreditation agencies that would
typically define the measuring, monitoring, reporting, and verification procedures
to confirm clean renewable hydrogen meets the governing requirements.

4. Contractual Terms and Conditions: To the extent authorized by the applicable
regulators, SoCalGas procurement of hydrogen from third-party producers would
have terms and conditions in the contracts that require hydrogen to be produced
according to the applicable standards.

5. Other Measures: Various controls such as inquiries, surveys, examination of
records, and inspections could further be implemented as determined necessary

18 Example: https://www.gti.energy/OHI/
19 Section 45V(c)(2)(B)(ii).
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to help confirm that hydrogen produced meets the clean renewable hydrogen
standards.

SoCalGas plans could involve a combination of the various measures identified above.
SoCalGas will continue to assess other potential measures that could further confirm
that the hydrogen quality meets applicable clean renewable hydrogen standards.

2.6 Scope of Study

This Production Study identifies (1) the potential sources of hydrogen generation for
transport via Angeles Link and (2) potential measures to confirm the produced hydrogen
meets the clean renewable hydrogen standards set forth in the Decision. The main
objectives include:

1. Evaluate potential renewable energy sources such as solar and wind to provide
clean, renewable electricity for hydrogen production.

2. Evaluate land for potential clean renewable hydrogen production facilities that
could be supported by the proposed Angeles Link system.?°

3. Assessment of potential clean renewable hydrogen production volumes.

4. Estimate costs of clean renewable hydrogen production.

2.7 Statement of Limitations

Information to support the Production Study was provided by vendors where possible.
Professional judgement was used to select parameters to characterize each production
technology. As such, the information contained in this report does not represent a
particular Original Equipment Manufacturer (OEM) within the technology class. Where
vendor data could not be obtained, publicly available data was relied upon.

This report is screening-level and includes a comparison of the technical features, cost,
performance, and operating characteristics of commercially available “clean renewable
hydrogen” production technologies. This report is not intended to conclude on a specific
technology for future clean renewable hydrogen production that Angeles Link could
transport; however, a hydrogen production technology is selected to serve as the basis
of design for study purposes. It is also assumed third-parties would be responsible for
hydrogen production, which would be outside the scope of Angeles Link.

20 While this analysis focuses on potential production locations in SoCalGas’s service
territory, production locations (such as projects included as part of ARCHES hydrogen
hub application) that are outside the territory could still potentially benefit from an
interconnected, open access pipeline system.
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3.0 Overview of Hydrogen Technologies

3.1 Hydrogen Production Technology Pathways

Several pathways currently exist to produce clean renewable hydrogen, some of which
involve producing hydrogen from fossil fuels and capturing carbon emissions for storage
or usage. Under the CPUC'’s “clean renewable hydrogen” definition, these fossil fuel-
based pathways are omitted from this study. The following summarizes the various
hydrogen technology pathways that have the potential to meet the CPUC’s definition of
“clean renewable hydrogen.” Information in this section was provided by vendors where
possible, and publicly available data for information not directly obtained through vendor
solicited requests.

3.1.1  Electrolysis

Electrolysis is based on splitting water (H20) into hydrogen and oxygen, which can be
powered by zero-carbon energy sources such as wind and solar. Various technologies,
including low-temperature Alkaline and Proton Exchange Membrane electrolyzers as
well as higher-temperature Solid Oxide electrolyzers, are seeing cost reductions
associated with conversion efficiency and scale up. Electrolyzer technologies are
commercially available and provide the most near-term potential for electrolytic
hydrogen at scale. The status, applicability, and selection of electrolyzer technology for
the basis of the Production Study assessment is presented in this report. Renewable
energy technologies for electrolysis power supply are evaluated in Appendix A —
Renewable Energy Technology Assessment for Hydrogen Production.

3.1.2 Thermal Conversion

Thermal conversion processes use heat as a primary energy source to drive chemical
reactions that convert carbon-based feedstocks into hydrogen and other byproducts.
Examples include reforming, gasification, and pyrolysis processes. Under the definition
of “clean renewable hydrogen,” only renewable, biomass fuels are considered for
thermal conversion into hydrogen. See Section 5 for further details on biomass
pathways that leverage thermal energy to convert biomass directly or indirectly into
hydrogen production.

3.1.3 Advanced Pathways

Clean renewable hydrogen can also be produced through a variety of new and
advanced pathways including photoelectrochemical and thermochemical processes
facilitating direct solar H20 splitting that does not require electricity, and biological
processes that can convert biomass or waste streams into hydrogen with value-added
co-products. While these technologies provide promise, they remain at the laboratory-
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scale development stage and more information needs to be understood on these
hydrogen pathways’ performance and cost trajectories.

Accelerating technological breakthroughs will be key to reducing hydrogen production
costs and reaching net-zero carbon emission goals. To achieve national carbon
emission reduction goals, the DOE has launched a “Hydrogen Shot” Initiative, as part of
the National Clean Hydrogen Strategy and Roadmap, to help advance clean hydrogen
technologies. While each of these advanced pathways is not discussed in detail in this
assessment, further information on the status of electrolytic hydrogen production
technologies can be accessed in the DOE Hydrogen Shot Technology Assessment
report.?!

21 “Hydrogen Shot Technology Assessment,” December 5, 2023.
https://netl.doe.qov/projects/files/HydrogenShotTechnologyAssessmentThermalConvers
ionApproachesRevised 120523.pdf
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4.0 Electrolysis®

4.1 Technology Overview

Various electrolyzers are explored in this assessment, including Alkaline, Proton
Exchange Membrane (PEM), Solid Oxide Electrolyzer Cell (SOEC), and Anion
Exchange Membrane (AEM) technologies. In general, electrolysis is the method of
using electricity to split water molecules into hydrogen and oxygen. The electrical
current drives chemical reactions at each of the two electrodes — the anode and
cathode. Hydrogen gas (H2) is produced at the cathode, and oxygen is produced at the
anode. An electrolyte spans between the two electrodes to facilitate the exchanging of
ions. The ions transferred are OH", H* or O2" depending on the type of electrolyzer. The
three most common electrolyzer technologies are Alkaline, Proton Exchange
Membrane, and Solid Oxide Electrolyzer Cell. Anion Exchange Membrane is a novel
electrolyzer technology that is commercially available only at small (<1 MW) scale.
Large scale AEM electrolyzer design is currently under development. There continues
to be global interest in electrolyzer technologies, and the number of patents being
issued suggest technology is being developed to make electrolyzers “more efficient,
cheaper and scalable up to market needs.”??

411 Alkaline

Alkaline electrolysis is the oldest and most well-established technology for producing
hydrogen from water. As shown in Figure 4.1, liquid Alkaline electrolysis uses two metal
electrodes submersed in a liquid electrolyte, typically a 20% to 30% potassium
hydroxide (KOH) solution. At the cathode, electricity causes water to convert to a
hydrogen molecule and two hydroxide ions. At the anode, the hydroxide ions transform
into oxygen and water molecules. Hydrogen and oxygen molecules are the net reaction
products. The two electrodes are separated by a membrane that is permeable to
hydroxyl ions (OH") but is impermeable to hydrogen (Hz2) and oxygen (Oz). The
electrodes for Alkaline electrolyzers are typically nickel-plated steel (anode) and steel
(cathode) and contain primarily nickel-based catalysts.

Cathode: 2H20() + 2e" — Hz(g) + 20H"(aq)
Anode: 20H @aq) — 7202(g) + H20() + 2e"
Overall: H20¢) — Hz(g) + ¥202()

22 Information in this section was provided by vendors where possible, and publicly
available data for information not directly obtained through vendor solicited requests.
23 hitps://www.irena.org/publications/2022/May/Innovation-Trends-in-Electrolysers-for-
Hydrogen-Production
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Figure 4.1 Alkaline Process Diagram

2H. 0 + 2¢ »H, + 20H

ELECTROLYTE
KOH/H,0

CATHODE ANODI

The main advantage of Alkaline electrolysis is the maturity of the technology, being
used for more than a century.?* Alkaline electrolyzers require approximately 52-60 kWh
of energy per kg of hydrogen produced (see Section 4.2 for electrolyzer efficiency
comparisons). In addition, Alkaline electrolyzers may also have lower capital cost at
larger scale (see Section 4.3.1 Electrolyzer Technology Comparison Table), depending
on system requirements. Potential drawbacks include having to dispose of a caustic
waste stream and turndown limitations. Alkaline electrolyzers are typically restricted in
their ability to operate at low turndown conditions and have slower ramp times, making it
challenging to integrate Alkaline electrolyzers with intermittent renewable electricity
sources without a grid connection. At lower power availability, the gas mixture within the
electrolyzer becomes more impure, and are typically shut down below certain power
levels to maintain safety. Alternate electricity sources and power storage solutions must
be considered when evaluating Alkaline electrolysis to produce clean renewable
hydrogen.

4.1.2 Proton Exchange Membrane

Proton Exchange Membrane (PEM) technology is one of the fastest growing clean
renewable hydrogen electrolysis technologies. PEM was developed to address the

24 Alkaline electrolyzers: Powering industries and overcoming fundamental challenges -
ScienceDirect
https://www.sciencedirect.com/science/article/abs/pii/S2542435124000953#:~:text=Alka
line%20electrolysis%20is%20the%20most%20mature%2C%20being%20used,in%20th
€%20production%200f%20ammonia%20fertilizers%20and%20explosives
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partial load (turndown) restrictions associated with Alkaline electrolyzers. As shown in
Figure 4.2, PEM electrolysis uses two metal electrodes separated by a membrane. PEM
contain catalysts such as platinum and iridium and uses a solid polymer electrolyte
which is the membrane that conducts protons. The intermediate reactions in a PEM
electrolyzer differ from an Alkaline electrolyzer in that a hydrogen ion (H+, proton) is
exchanged rather than a hydroxyl (OH-).

Anode: H20¢) — 7202(g) + 2H*(@aq) + 2€"
Cathode: 2H*@aq) + 26~ — Hz(g)
Overall: H2Og) — Hzg) + %202(g)

Figure 4.2 PEM Process Diagram

PEM/H,0

CATHODE ANODE

Significant advancements have been made in recent years in terms of the scale and
capacity of PEM electrolyzers. The main advantage of PEM electrolysis is the ability for
low turndown ratios (the ability to operate over different production rates) and quick
ramp rates (ability to adjust hydrogen production rate), making it a complementary
pairing for fluctuating power supplies such as intermittent renewable electricity sources.
It also does not have a caustic waste stream (in contrast to Alkaline electrolyzers).
Potential drawbacks include a modestly higher capital cost than Alkaline (see Section
4.3 for cost details) with today’s technology. Another challenge facing PEM electrolyzers
is the availability, cost, and supply chain for raw materials such as titanium, nickel, gold,
platinum, and iridium.
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4.1.3 Solid Oxide Electrolyzer Cell
Solid Oxide Electrolyzer Cell (SOEC) technology is an efficient, emerging technology in
the electrolyzer space. With only one U.S. manufacturer, it is the newest electrolyzer
technology to reach the market. As shown in Figure 4.3, SOEC uses two porous
electrodes and a dense ceramic electrolyte. The intermediate reactions in an SOEC
electrolyzer differ from Alkaline and PEM electrolyzers.

Cathode: H20() + 2e — O%(aq) + Hz(g)
Anode: 0% (q) — ¥202() + 2€
Overall: H20q) — Hz) + ¥202(9)

Figure 4.3 SOEC Process Diagram

ELECTROLYTE
SOLID OXIDE

CATHODE ANODE

Based on vendor information, an advantage of SOEC is the potential 20-30%
improvement in efficiency versus Alkaline and PEM electrolyzer technologies. This can
further take advantage of waste heat or waste steam streams available to be utilized by
the electrolyzer. SOEC also does not require any rare metals. One key potential
drawback to current SOEC designs is the lack of flexibility to quickly adjust to operating
ranges as compared to PEM. While SOEC stacks are efficient near their full capacity,
efficiency significantly declines at low turndown. Also, SOEC electrolyzers have a
relatively slower start time than PEM and often require energy for “hot standby” (i.e.,
keeping the electrolyzer running during periods of low demand to facilitate faster ramp
up of the electrolyzer when called on). Overall, these factors make SOEC challenging to
pair with intermittent renewable electricity sources unless also supplemented by
additional electricity.
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4.1.4  Anion Exchange Membrane

Anion Exchange Membrane (AEM) electrolyzers were developed to combine some of
the benefits of both Alkaline and PEM electrolyzers. As shown in Figure 4.4, Like
Alkaline electrolyzers, AEM electrolyzers exchange a hydroxide ion (OH") across a
membrane. Since the reaction occurs across a membrane, it can be kept at higher
pressures similar to PEM. With PEM electrolysis, the protons (H*) create an acidic
environment, which necessitates platinum group metal catalysts and titanium bipolar
plates. Since the AEM reaction occurs in a slightly alkaline environment, no noble
metals are required. Therefore, the AEM stacks can be built for lower cost than PEM.

Cathode: 2H20() + 2e- — Hz(g) + 20H(aq)
Anode: 20H(@aq) — Y202 + H20¢) + 2e-
Overall: H20q) — Hz(g) + %202()

Figure 4.4 AEM Process Diagram

2H,0 + 2e"»H, + 20H l l

CATHODE ANODE

Currently, AEM electrolyzers have smaller hydrogen production capacities than other
technologies, and their manufacturing and production rates make them difficult to use
for projects larger than 1 MW.

Production Planning & Assessment - Final Report
17



M SoCalGas.

4.2 Electrolyzer Technology Comparison

421 Energy Requirements

The efficiency of an electrolyzer can be measured by the amount of electrical energy
required to produce a certain amount of hydrogen. The electrolyzer efficiency considers
the energy losses in the entire process of producing hydrogen. Advancements in
technology have improved the energy efficiency of electrolyzers. Table 4.1 below shows
the anticipated energy requirements provided by technology suppliers. Vendors typically
state energy required for the electrolyzer scope, which excludes Balance of Plant (BOP)
auxiliary loads and electrical losses.

Table 4.1 Comparison of Electrolyzer Efficiencies

Alkaline PEM SOEC AEM
Electrolyzer
Power
Requirement 52-60 kWh | 50-58 kWh | 37.5-42 kWh 54 kWh
per Kilogram of
hydrogen

4.2.2  Operational Flexibility

The various electrolyzer technologies differ in their operational flexibility, especially
regarding start-up times (required to bring the electrolyzer from off status to minimum
production capacity), ramp rates, and turn-down ratios.

PEM electrolyzers boast the quickest startup times, ramp rates, and have favorable
turndown capabilities. This makes them the most suitable technology to pair with
intermittent and variable power supplies such as PV solar. PEM can be turned down to
10-20% of nameplate capacity while achieving better-than-published efficiencies. It
takes less than 5 minutes to cold start a PEM electrolyzer and once warm, it can ramp
at 1% per second. This means that a PEM electrolyzer can go from completely shut
down to full rate in less than 7 minutes.

Alkaline electrolyzers can be turned down to 15-20% of nameplate capacity and have a
cold-start time of approximately 10 minutes. It takes an additional 10 minutes to ramp
from minimum rates to full capacity. Constant ramping and frequent starts/stops make
Alkaline electrolyzers a more challenging pairing with behind-the-meter renewables
without increased investment in batteries or another form of energy storage.

SOECs have a cold upstart time of 15 hours, which is much longer than PEM or
Alkaline. Once warm, SOECs can ramp up to full rates within minutes. SOECs
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complement existing industrial facility co-location where waste heat or steam can be
utilized to improve electrolyzer efficiencies. However, SOEC electrolyzers are best
suited for stable operating conditions. Compared to PEM, SOEC electrolyzers are not
as capable of operating with load variations and frequent starts/stops that come with
behind-the-meter renewables. SOECs can be turned down to 10-20%. However,
efficiency declines quickly below 40% capacity and declines severely below 20%
capacity. If paired with renewables, SOECs would best be used in applications where
they are able to be supplemented by other, more stable, energy sources such as grid
power or stored renewable energy (hydroelectric, geothermal, etc.) to keep the SOEC at
steady operating conditions near nameplate capacity.

423 Maintenance

Electrolyzers are complex systems and performance will degrade over time due to
kinetic, electrochemical, and thermophysical phenomena. As electrolyzer stacks are a
significant cost component of an electrolyzer production facility, the speed of
performance degradation (and therefore need for stack replacements to regain new and
clean performance) can be a significant factor in lifecycle hydrogen production costs.

Given the lack of electrolyzer operating data tied to highly variable renewable power
and the relatively early maturity of PEM, SOEC, and AEM technologies, the effect of
operations on stack degradation is not well understood. Vendors are projecting a range
of stack replacement intervals of approximately 80,000 hours for Alkaline and PEM,
50,000 plus hours for SOEC, and likely shorter lifespans for AEM.

In addition to stack replacements, vendors recommend quarterly and annual inspection
and maintenance requirements for water treatment and electrolyzer equipment.
Quarterly maintenance/inspection is expected to take a few hours, while annual
maintenance is expected to take less than a day.

4.2.4 Water / Wastewater

The electrolysis reaction requires approximately 9 kg (9 liters or 2.4 gallons) of water to
create 1 kg of hydrogen. This water must be pure, demineralized quality water. In
addition to the water needed for conversion to hydrogen, water is also required to
support balance of system cooling requirements. Refer to the Water Study for additional
information on water required for hydrogen production.

425 Compression

Alkaline and SOEC electrolyzers discharge hydrogen near atmospheric pressure. PEM
and AEM electrolyzers discharge hydrogen at 30 to 40 barg (or 435 to 580 psig).
Hydrogen from Alkaline or SOEC electrolyzers would therefore need more compression
(and therefore more auxiliary power requirements) for transportation via pipeline and
storage.
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42.6 Land Requirements

The land required for electrolyzers and related equipment will be much smaller than the
land required for the renewable power used to supply the electrolyzer. The land
required for PV solar power to support an electrolyzer facility will be approximately 200
times the land required for the electrolyzer facility itself. Additionally, electrolyzers can
be stacked vertically, saving space, and reducing the overall land footprint further. While
the plot space required for the electrolyzer facility will not significantly vary between
electrolyzer technologies, the efficiency difference between technologies will impact
total land requirements due to differences in power requirements.

4.3 Cost Comparisons

The Alkaline electrolyzer technology is the most mature technology and is currently the
lowest capital cost option on a nameplate capacity basis. However, other technologies
may be lower on a levelized cost basis in certain applications depending on power
profiles and other factors. See Section 4.3.1 Electrolyzer Technology Comparison Table
for cost comparisons between different electrolyzer technologies.

PEM technology uses rare minerals in the electrode design which are found in low
concentrations. While PEM efficiencies and manufacturing capabilities have improved
over recent years, the availability and cost of critical metals continue to put upward
pressure on costs. The price and availability of iridium and nickel alloys contribute to
higher PEM price volatility as compared to Alkaline electrolyzers. Nonetheless, overall
PEM costs are expected to decline as manufacturing and technological developments
progress.

PEM operating capabilities allow for a close time match of intermittent renewable power
supply and hydrogen production. This flexibility is becoming increasingly important in
determining the levelized cost of hydrogen production. Even with higher capital costs,
PEM technology should be evaluated against Alkaline to determine the most
economically beneficial technology for each specific potential project.

SOEC electrolyzers are currently more expensive than Alkaline and PEM electrolyzers.
SOEC technology is newer than Alkaline and PEM and is expected to have improved
cost efficiencies as the technology matures. SOEC electrolyzers have the best
efficiency and economics for applications with a constant electrical supply.

Electrolyzers manufactured in China offer lower price points than electrolyzers
manufactured in North American and European countries, primarily due to differences in
manufacturing labor costs, material and sub-supplier sourcing standards, national,
state, and local code requirements, and typical U.S. owner-driven technical and
commercial requirements. The costs referenced in this study rely on prices obtained
from North American and European suppliers.
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4.3.1 Electrolyzer Technology Comparison Table

The table below summarizes the techno-economic comparison of the electrolyzer
technologies.

Table 4.2 Electrolyzer Technology Comparison

Proton Anion Solid Oxide
: Exchange Exchange Electrolysis
Alkaline Membrane Membrane Cell
(=) (AEM) (SOEC)
Costs
Capex ($M /tpd H2) —
Installed Plant 4-6 > Note 1 6-8
Opex ($k /tpd H2) 50 50 Note 1 50
Stack/Electrode
Replacement Cost ($M 1.2 Note 1 0.8
/tpd H2)
El Lif
Stack/Electrode Life 8-10 years 8-10 years Note 1 5+ years
Expectancy
Operating Parameters
System Power
Consumption (kWh/kg 52 -60 50 - 58 ~54 37.5*-42
Hz)
Demin Water
Consumption 2.7 2.7 2.7 2.7
(gal / kg H2)
% Turndown 15 - 20% 10 - 20% 3% 10-20%
:;(:S Start Time (0-min ~10 minutes | <5 minutes | 30 minutes 15 hours+
Full Rate in 1% per Full Rate in | Full Rate in
Warm Ramp Rate <10 minutes second 10 Minutes Minutes
22‘;”"“”9 Temperaure | 55 _ g0 50 — 220 55 600 — 1000
Hydrogen Pressure at
: -1 -4 -2
Site Boundary (barg) 0-10 30 -40 35 0
. 99.1 -
0 0, 0, 0f - 0,
Hydrogen Purity (%) 99.998% 99 9995% 99.9900% | 85% - 99.8%
Technology
Readiness
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. Commercially | Commercially . Commercially
Commercial Status . . Developing .
Operational Operational Operational

TRL Level 9 9 5 **
Size of Largest
Operating Facility (tpy 20,338 2,920 0 876
H2)
Size of Largest

. . 1 2 4
Operating Facility (MW) S0 0 0
2023 Existing Ez Mfg
Capacity (MW/yr) 2,840 4,700 2.9 2,000

Note 1: Technology still in development status, costs and life expectancy pending
commercial operation status
* Assumes steam
**Reached Commercial Operation in 2023

4.4 Electrolyzer Manufacturing and Supply

44.1 Commercialization and Deployment Plans

Most of the electrolyzer facilities constructed over the last 50 years have been 25 MW
or smaller and mostly concentrated in Europe. In the last 10 years, electrolyzers have
received a significant increase in global interest and the total manufacturing capacity of
electrolyzers has rapidly increased worldwide from 100 MW per year in 2000 to 25 GW
per year in 2023. The rapid scale-up in electrolyzer capacity is expected to continue in
the coming years as announced projects suggest an installed electrolyzer capacity
reaching 230 GW globally by the year 2030. However, only 8% of these announced
projects have reached a Final Investment Decision (FID).?®

In the United States, current installed capacity of electrolyzers is approximately 67 MW,
with electrolyzer plants ranging from 120 kW to 40 MW in size. Planned capacity is
approximately 3.6 GW with sizes ranging from 120 kW to 1.25 GW.?¢ Table 4.3 below
shows the top 11 planned electrolyzer projects in the United States ranked by size as of
Q1 2024:

25 See full report: https://www.iea.org/reports/global-hydrogen-review-2024
26 hitps://www.energy.gov/eere/fuelcells/articles/electrolyzer-installations-united-states
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Table 4.3 Top 11 Planned Electrolyzer Projects in the United States

Power

No. Location (MW) Status
1 | Corpus Christi, TX 1,250 Planned
LaSalle, IL 320 Planned
3 Amarillo, TX 240 Planned
4 Laramie County, 240 Planned
WY
5 | Lubbock County, 240 Planned
TX
5 Pueblo County, 240 Planned
CcoO
7 Delta, UT 220 Planned
3 Alabama, NY 200 Planned/Under
Construction
9 Nederland, TX 120 PIanned/Ur_Ider
Construction
10 Young County, TX 120 Planned/Under
Construction
11 Yuma, AZ 120 Planned

Source: https://www.energy.gov/eere/fuelcells/articles/electrolyzer-installations-united-

states

Focusing on California projects, Table 4.4 below shows the top 10 planned/installed

electrolyzer projects by size (MW):
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Table 4.4 Top 10 Planned/Installed Electrolyzer Projects in California

Estimated Total

Location Status Hydrogen
Production (tpd)
1 Fresno, CA 80 Planned 32
5 Ontario, CA 5 Planned/Under 2

Construction

Mountain View,

3 CA 4 Installed/Operational 2
4 Palm Springs, CA 2 Installed/Operational 1
5 CA 195 PIanned/Urllder <1
Construction
5 Borrego Springs, 1 Planned/Under <1
CA Construction
7 CA 0.9 PIanned/Urllder <1
Construction
8 Sonoma, CA 0.5 Installed <1
9 CA 0.25 Installed/Commissioning <1
10 CA .18 Installed <1
Source: https://www.energy.qgov/eere/fuelcells/articles/electrolyzer-installations-united-
states?’

4.4.2 Manufacturing Capacities

Electrolyzer manufacturers have responded to the anticipated demand by investing
heavily in new manufacturing facilities. The global electrolyzer manufacturing capacity,
based on manufacturers projections, could reach 165 GW/year by 2030 with Europe
and China accounting for 50% of the growth.?® North America is expected to expand its
electrolyzer production capacity from 550 MW (2022) to an estimated 2 GW of
electrolyzer manufacturing capacity by 2030. Nel, a Norwegian-based supplier, is
currently planning to expand manufacturing capacity in Connecticut by adding 500 MW

27 Other announcements include Element Resources planned 20,000 tonnes per year
electrolyzer plant in Lancaster, CA (https://www.elementresources.com/element-
resources-awards-lancaster-clean-energy-center-feed/).

28 See full report: https://www.iea.org/reports/global-hydrogen-review-2024
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of PEM capacity by 2025.2° Nel also has recently announced plans to build a 4 GW
capacity manufacturing facility in Michigan.*® Bloom Energy is projecting 4-5 GW of
future electrolyzer cell capacity at their facilities in California and Delaware. Accelera by
Cummins has recently completed a PEM electrolyzer manufacturing facility in
Minnesota with an annual production capacity of 500 MW and plans to scale up to 1
GW of capacity in the future.

Overall, it is projected by electrolyzer suppliers that the manufacturing capacity will
outpace the electrolyzer demand over the next 5-10 years.

4.4.3  Supply Chain Considerations

By the end of 2022, Alkaline electrolyzers comprised approximately 60% of the
worldwide installed electrolyzer capacity, while PEM electrolyzers represented
approximately 30% of installed capacity. Based on announced projects, PEM appears
to be gaining market share as technology costs decline and the value of operational
flexibility increases as intermittent renewable capacity increases.

Nickel, steel, and aluminum are the main raw materials for Alkaline electrolyzers. Nickel
is the world’s fifth-most common element on earth and Australia, Indonesia, South
Africa, Russia, and Canada account for more than 50% of the global nickel resources.
Today, nickel is primarily used for making stainless steel and batteries and has well
established resources and supply chain. Based on 2022 metal prices, nickel, steel, and
aluminum account for approximately 4% of total Alkaline electrolyzer production costs.
Platinum and iridium are the key raw materials for PEM technology electrolyzers.
Platinum and iridium production is largely concentrated in South Africa and Russia.
Since these two countries account for ~80% of global supply, the prices for platinum
and iridium can be volatile. Analyzing 2022 metal prices, platinum, and iridium account
for approximately 12% of total PEM costs.3!

Over the past few years, precious metal price increases have contributed to an increase
in the supply cost of electrolyzers. This cost increase is occurring at a time when
suppliers are attempting to ramp up production while maintaining or lowering production
costs. Electrolyzer prices will likely continue to fluctuate based on a variety of factors,
including, but not limited to, supply and demand, mining capacity, environmental

29 https://nelhydrogen.com/articles/in-depth/expanding-production-capacity-in-
wallingford/

30 https://nelhydrogen.com/articles/in-depth/nel-plans-gigafactory-in-michigan/
31 “2022 Global Hydrogen Review.” International Energy Agency (IEA).
https://www.iea.org/reports/global-hydrogen-review-2022/executive-summary

Production Planning & Assessment - Final Report
25


https://nelhydrogen.com/articles/in-depth/expanding-production-capacity-in-wallingford/
https://nelhydrogen.com/articles/in-depth/expanding-production-capacity-in-wallingford/
https://nelhydrogen.com/articles/in-depth/nel-plans-gigafactory-in-michigan/
https://www.iea.org/reports/global-hydrogen-review-2022/executive-summary

M SoCalGas.

regulations, economic conditions, and geopolitical events. Reducing critical metal use is
a priority focus of ongoing electrolyzer R&D and commercialization efforts.

4.4.4  Electrolyzer Emissions

Electrolytic hydrogen that uses renewable electricity is expected to have zero
associated greenhouse gas emissions as would be considered clean renewable
hydrogen. Please refer to the GHG Study Report Appendix for information regarding a
summary of carbon intensity values compiled based on a review of existing literature.
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5.0 Biomass Derived Hydrogen Technologies

5.0 Biomass in California

Biomass is organic materials “utilized as fuels for producing energy. Examples include
forest slash, urban wood waste, lumber waste, agricultural wastes, etc.” 32 Biomass has
been a subject of interest in California’s transition to a zero-carbon future for some time.
In 2022, the CPUC implemented California Senate Bill 1440 by setting renewable
natural gas (RNG??) procurement targets and goals for each Investor-Owned Utility in
California. The California Energy Commission (CEC) executed a study of potential
sources and volumes of RNG production within California and the carbon intensities for
different sources. Figure 5.1 summarizes the results of this study, showing various
sources of RNG and the respective potential to displace traditional natural gas.

Woody biomass as a source of RNG may be a key pathway as the removal and use of
forest material in overly dense ecosystems increases habitat potential for many species
and decreases the risk of catastrophic forest fires. Using woody biomass for fuel
generation could create market demand to offset a forests landowner’s cost of forest
thinning.

An additional benefit to the production of RNG from woody biomass is that this RNG
can be further converted into renewable hydrogen. After considering existing uses of
woody biomass in the state of California, the remaining available amount is estimated to
be 14.3 million bone dry tons per year (MBTDT/year).** If these resources were
converted to renewable hydrogen, just under 1 million tons of hydrogen would be
produced each year. Following woody biomass, RNG produced from municipal solid
waste, landfills, and agricultural residues are the next largest biomass resource in
California, with a collective potential to produce another approximately 1 million tonnes

32 https://www.energy.ca.gov/data-reports/california-power-generation-and-power-
sources/biomass/biomass-energy-california

33 Renewable Natural Gas (RNG) is a combustible gas produced from the anaerobic
decomposition of organic materials (i.e., biogas) that is captured and then purified to a
guality suitable for injection into an I0U-operated gas pipeline. Major sources of
biomethane include non-hazardous landfills, wastewater treatment facilities, organize
waste, and animal manure. Biomethane can capture methane emissions from the waste
sector and be used as a direct replacement for fossil natural gas to help California
reduce its GHG emissions. Biomethane also includes woody biomass as described in
California Public Utilities Code section 650.

34 California Biomass Consortium, 2013 projections.
https://ucdavis.app.box.com/s/ke4a3us8gtkmffmo2|2gkfrmhad8d654
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of hydrogen annually. Further studies would be needed to address biomass availability
specifically within SoCalGas’s service territory.

Figure 5.1 Comparison of Renewable Natural Gas Sources®

Potential Displacement of California's Natural Gas Consumption

« Production Potential: ~ « Production Potential: « Production Potential: « Production Potential: « Production Potential:
1-3% <1% 6 - 10% 1-3% 3-7%

« Technical Potential: « Technical Potential: « Technical Potential: « Technical Potential: « Technical Potential:
4% <1% 15% 11% 17%

Cost to Produce RNG [$/MMBtul
$25.50 $16.75 $13.00 §23.25 $30.75

Carbon Intensity Compared to the Baseline (Flaring or Venting) [gCO2e/MJ]*
-341 +28 +42 +13 -23
Reduction in Carbon over Natural Gas [gC02e/MJ]

417 47 34 62 99

LCFS Incentive [$/MMBtul
$53.85 $6.12 $4.40 $8.06 $12.79

Notes: WRREF is water resource and recovery facilities.
HSAD is high-solids anaerobic discharge (green waste from municipal sources,
food processing plants etc.)

5.1 Biomass to Hydrogen Technologies

Biomass to hydrogen pathways can be generally divided into two categories: 1) direct
production routes and 2) conversion of storable intermediates (indirect routes). Direct
production routes have the benefit that they are the most simplistic. Indirect routes have
the advantage that they can store and distribute production of the intermediate “biogas,”
which could minimize transportation costs of the biomass.3® Biogas can be transported
by pipelines to centralized larger-scale hydrogen production facilities. This section
describes the most common pathway for both indirect and direct biomass to hydrogen
technologies.

5.1.1 Steam Methane Reforming (Indirect) of Biogas/Biomethane

Steam methane reforming (SMR) is the most common hydrogen production method in
the U.S. The raw biogas is typically produced from anaerobic digesters, which requires

35 Renewable Natural Gas in California: Characteristics, Potential, and Incentives: 2023
Update. Verdant. August 2023. https://www.energy.ca.gov/sites/default/files/2023-
08/CEC-200-2023-010.pdf

36 https://www.nrel.gov/docs/leqgosti/old/36262.pdf
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cleaning and upgrading, with the separation of impurities such as sulfur and siloxanes.
This upgraded biogas (i.e., biomethane) is then sent to a SMR, where it is reacted with
steam to produce a hydrogen-rich syngas, which is then processed through a water-
shift-reaction to separate the hydrogen. Since converting RNG to hydrogen involves an
extra processing step to separate the CO2, the cost to produce hydrogen from raw
biogas is higher compared to the cost of producing pipeline quality RNG. Renewable
natural gas and biogenically derived hydrogen will compete for the same feedstocks.

5.1.2 Biomass Gasification (Direct)

A more efficient and cost-effective approach to convert solid biomass to hydrogen
involves directly converting the fuel stock to hydrogen without creating RNG as the
intermediary fuel. Biomass can be converted to hydrogen using various thermal
conversion processes which use heat as the energy source to drive chemical reactions
releasing (or capturing) the carbon byproduct. Gasification conversion technologies
have been commercially proven to convert coal and solid biomass to renewable fuels.
To date, there are no pathways that have reached a demonstration phase using
biomass gasification to produce hydrogen. Gasification coupled with water-gas shift is a
widely practiced process that involves the reaction of carbon monoxide and water vapor
to form carbon dioxide and hydrogen. This process has the highest technology
readiness level (TRL) to convert biomass to hydrogen.®’ Figure 5.2 below shows the
conversion process.

Figure 5.2 Biomass Gasification to Hydrogen Process Diagram
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Source: “Hydrogen Production and Storage: Research Priorities and Gaps.” IEA 2006

37 Hydrogen Production and Storage: Research Priorities and Gaps. IEA 2006.
https://iea.blob.core.windows.net/assets/e19e0c2a-0cef-4de6-a559-
59d0342974c3/hydrogen.pdf
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Direct hydrogen production from biomass has challenges from a commercialization
perspective. At present, there are only a few sustainably sourced biomass to renewable
fuel demonstration plants in California, and there are no demonstration plants producing
hydrogen from forested biomass operating today.3® The components of biomass
gasification to hydrogen (gasification, gas cleaning and upgrading) are all based on the
utilization of developed and technologically proven operation units. It is the process
chains of integrating these components to produce hydrogen that still need to be tested
to mature the market for biomass to hydrogen production. Because the technology
components themselves have been proven, it is possible there will be a faster path to
market maturity once further testing and development is completed.

5.1.3 Biomass Conversion to Electricity for Electrolysis

There are three ways to release biomass energy to produce power for electrical
generation: burning in a conventional steam generation plant, bacterial decay
(anaerobic digestion) to create a biogas for powering a gas turbine, and chemical
conversion to gas or liquid fuel which can be used to power a turbine or engine. Each of
these biomasses to electricity conversion pathways have been commercially
demonstrated, and there are currently utility scale plants using these methods operating
in California. Biomass power plants in operation are further discussed in Appendix A,
Renewable Energy Technology Assessment. As compared to intermittent renewable
resources, biomass is able to provide dispatchable, baseload generation. However,
biomass to electricity is currently reliant on a constant supply of a homogenous
feedstock. Biomass must be supplied to a single facility within a narrow fuel quality
range, meaning that a power plant designed to accept forested biomass to produce
hydrogen requires homogenous forested biomass sources that can be economically
delivered to the power plant. This constraint currently limits biomass to electricity
facilities to a smaller size relative to other power supply options.

The potential for biomass as a renewable energy source for electrolyzer based
hydrogen production is evaluated in the Renewable Energy Technology Assessment
provided in Appendix A. In the near term, biomass to electricity to power electrolyzers is
the only commercially available hydrogen production technology and is considered to be
a more feasible biomass to hydrogen pathway (as compared to other biomass to
hydrogen pathways) for future hydrogen production.

5.2 Biomass Emissions

Hydrogen created from biomass generates greenhouse gas emissions during
harvesting, transporting, and conversion to electricity or directly to hydrogen. Because

38 hitps://www.enerqy.ca.gov/data-reports/california-power-generation-and-power-
sources/biomass/biomass-enerqgy-california
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growing biomass removes carbon dioxide from the atmosphere, the net carbon
emissions can be neutral or low. In addition, concerns about the impacts of forest waste
currently burned in wildfires can be mitigated by the collection of forest waste for
productive use. Carbon emissions can be further reduced to the extent biomass
hydrogen production is coupled with carbon capture and storage. The use of carbon
capture will depend on the biomass feedstock and the final regulations that determine
the lifecycle well-to-gate GHG emissions rate associated with biomass to hydrogen
production. For additional information regarding a summary of carbon intensity values
compiled based on a review of existing literature, please refer to the GHG Study Report
Appendix.

5.3 Conclusions

Biomass is a potential feedstock source for hydrogen that could provide several
environmental benefits, including support of forest restoration. Currently, biomass to
hydrogen technology is still in its early stages, with research and development efforts
focused on improving efficiency of direct biomass to hydrogen technology and reducing
costs.

Biomass to electricity for electrolysis is considered the most feasible biomass to
hydrogen pathway based on current technology status. Biomethane and biomass
projects in SoCalGas'’s service territory are currently limited by the costs to transport the
biomass to processing facilities, resulting in a smaller scale of these renewable
resources. It is anticipated biomass may play an important role for clean renewable
hydrogen production to support hydrogen production in the future, with increasing
opportunities once direct hydrogen conversion technologies mature and cost and
efficiency improvements are realized.
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6.0 Hydrogen Production Technology

6.0 Hydrogen Production Technology and Size

Electrolyzers for dedicated hydrogen production have traditionally been built in small
volumes for niche markets. Larger sized production facilities are expected to meet the
higher demand volumes anticipated in a decarbonized California economy (see
Demand Study for projected market demand in SoCalGas’s service territory) and
reduce electrolyzer investment costs through design optimization and economies of
scale. Research and development are currently focused on improving the design and
performance of electrolyzer technology and the associated BOP equipment, which is
expected to further reduce total costs. For the purpose of the Study, an electrolyzer
technology was selected to develop a reference design to approximate hydrogen
production technical requirements and costs. PEM technology was currently selected
based on commercially available designs indicating PEM electrolyzers offer suitable
operating flexibility across a wide range of hydrogen production volumes expected when
using intermittent and variable renewable energy.

The highest capacity commercially available PEM electrolyzer units are between 10 —
18 mWe (the term mWe is referring to the consumed electrical power), depending on
the supplier. Multiple units can be installed at a single production facility to increase total
facility hydrogen production. The size, technology, and renewable energy supply source
for hydrogen producers in the Angeles Link system is expected to vary due to several
factors including locational constraints, renewable resource availability, technological
improvements, future policy drivers, and economic factors. A 20 x 10 mWe PEM
electrolyzer (200 mWe nominal total) industrial scale production facility is assumed as
the design basis for this production study.

6.1 Renewable Energy Technology

The Renewable Energy Technology Assessment included in Appendix A summarizes a
range of viable renewable energy resources to support electrolytic hydrogen production.
The report concludes that solar is the most widely suitable power resource for
SoCalGas’s service territory, which serves Central and Southern California. Solar
irradiance in most of SoCalGas’s territory is some of the best in the country and is the
lowest cost source of renewable energy in the area. On-shore wind is also suitable for
serving hydrogen production. However, above average locations for wind speed are not
abundant in SoCalGas’s service territory. Other renewable power resources, including
biomethane, biomass, geothermal, hydroelectric, and offshore wind, are expected to
support total hydrogen production on a smaller scale than solar due to their resource
limitations in Southern California.
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While solar was selected as the design basis for this production study, additional
analysis to assess whether solar should be paired with lithium-ion batteries from an
optimization standpoint is further explored in Section 6.3 and 6.4.

6.2 Renewable Energy Resource Profiles

Burns & McDonnell utilized the System Advisor Model (SAM) toolkit available via the
National Renewable Energy Lab (NREL) website to develop annual hourly (8760) solar
profiles. The Renewable Energy Assessment concluded that capacity factors for solar
varied from 28-34% among sites evaluated across the SoCalGas service territory. For
purposes of design optimization and energy estimation, a representative average solar
profile near Bakersfield, CA was selected with a capacity factor of 30%.

6.3 Hydrogen Production Optimization

Due to the intermittent nature of renewables, there may be periods where supply
exceeds demand, resulting in the curtailment of renewable generation. There will also
be periods of demand where the renewable energy source cannot supply electricity for
hydrogen production. To meet a steady hydrogen demand when using intermittent
resources, three options exist:

1. Store intermittent electricity in periods of excess generation, and discharge from
battery storage in times of renewable energy supply shortage.

2. Store excess hydrogen in periods of excess generation, and withdraw it from
storage in times of hydrogen production shortage.

3. A combination of options 1 and 2

To evaluate the impact of electricity storage, an analysis of adding various amounts of
solar and 4-hour Li-ion battery energy storage system (BESS) was performed to
increase the hydrogen production capacity factor. High ratios of solar and solar+BESS
energy capacity relative to the peak electrolyzer capacity were analyzed. The results
showed the potential impact of increasing annual electricity production compared to the
need for increasing pipeline capacity and volumes of annual hydrogen storage. The
following section describes the analysis and outcomes of adding batteries to the solar
facility to increase electrical production.

6.3.1  Configuration

The solar and BESS can be configured in either a DC coupled or an AC coupled
arrangement. In an AC coupled system, the BESS and solar are co-located but do not
share an inverter. An AC coupled system is inherently more reliable than a DC coupled
system since the solar and BESS systems do not share common inverters. In an AC
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coupled system, the BESS is centralized into a single container or building next to the
solar array, which reduces footprint and simplifies DC cabling.

In a DC coupled system, the solar and BESS are coupled on the DC side and share a
bi-directional inverter. This system eliminates the need for a set of inverters, switchgear,
and other BOP costs. Electrical losses through the inverter are also eliminated. In this
arrangement, single BESS containers will be co-located next to inverters throughout the
solar array, which may increase the solar facility footprint.

For the purposes of this study, the solar and BESS facility was assumed to be AC
coupled. A medium voltage (MV) AC tie to the hydrogen production facility MV
switchgear is assumed, where a rectifier will convert the AC power to DC power for the
electrolyzers. Additional analysis considering site layout, costs, reliability, operating
requirements, and potential grid connection options could be performed to further refine
configurations for a potential hydrogen production facility.

6.3.2 Solar and Battery Sizing

It is common for solar energy facility design to include some amount of solar “clipping,”
which refers to the situation where the amount of solar energy produced by the PV
system exceeds the capacity of the inverter to convert it to usable electricity. This
happens when the PV system is exposed to high levels of sunlight, such as during peak
daylight hours. When this happens, the excess energy cannot be utilized by the system.
However, over-sizing solar increases the amount of usable electricity during times of
earlier solar ramp up or decreasing ramp down, which may improve the overall design
optimization. Figure 6.1 below conceptually shows the impact of designing a solar
system with a higher DC-AC ratio to increase energy output).
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Figure 6.1 Impact of Solar Sizing — AC to DC Ratios

Inverter Clipping
1

I
I 1

I I Envergy lost to
I
I

: inverter clipping

Energy gained
with higher
oh D AC Ratio DC-AC ratio

Inverter AC Power Output

Time of Day

When a solar facility is directly connected to a hydrogen production facility, the usable
solar output is further “curtailed” to the maximum electrical demand of the electrolyzers.
This creates a second point of electrical capacity limitation at the facility point of
interconnect (POI). While it may not intuitively seem reasonable to build a solar facility
that can deliver more AC power than required by the electrolyzers, this design will
increase the electricity sent to the hydrogen production facility during early and late
times of the day when there is less sunlight. Annual hydrogen production output can
therefore be increased.

Using BESS to take advantage of unused solar is an efficient way to increase the
benefits of the solar panels. The batteries can charge with the extra solar capacity
during peak hours, and discharge during periods of cloudiness or nighttime hours to
level out electricity sent to the electrolyzers and increase hydrogen production. Figure
6.2 illustrates this concept.
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Figure 6.2 Conceptual Solar + BESS Facility Sizing Comparison
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Note that the maximum power sent to the hydrogen facility is limited by the hydrogen
facility’s electricity demand. Therefore, if the PV rated power is above approximately
226 MWac at the solar and BESS facility POI, then the PV facility will clip energy
production during peak production hours. If the BESS rated power is above
approximately 226 MWac at the POI, the BESS will discharge a maximum of
approximately 226 MWac for a longer duration than its nominal rating of 4 hours.

6.3.3 Methodology

Burns & McDonnell used a proprietary in-house modeling tool to analyze hourly
hydrogen production from electrolyzers with hybrid solar (PV) and lithium-ion BESS to
evaluate the various solar and BESS configurations. Each configuration and logical
inputs are used to generate a hybrid facility hourly production profile in MWh at the
hydrogen production facility POI for all 8,760 hours in Year 1. The model begins by
establishing the following inputs:

« BESS power and energy ratings for each case

e Solar PV power ratings for each case

e AC BESS coupling configuration

e Hourly solar generation profile

e Hourly electrolyzer load profile (constant hourly demand)
e« BESS charge / discharge logic

e« Maximum electrolyzer plant energy requirement
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Using the assumptions and configurations above, the modeling process begins with the
solar energy available each hour from the solar profile. Each hour, the model
determines the behavior of the BESS using coded logic that dictates the BESS’
operational behavior based on the load-following use case and system technical
characteristics during that hour. The BESS’ sole operation is to meet the hydrogen load
every hour.

During hours where the PV energy generated will go directly to the hydrogen production
facility, the model applies the proper system losses and constraints as the energy
traverses the electrical system to the POI at the production facility. During BESS
charging events, the model applies charging losses and considers the state of charge
and other technical constraints to determine the amount of DC energy charged during a
particular hour. Similarly on the discharge side, the model applies losses to the BESS
energy alongside applying discharging losses to PV energy while also considering load
constraints at the hydrogen facility.

6.3.4  Optimization Input Parameters

The following 2023 cost projections, inputs, and assumptions in Table 6.1 and Table 6.2
were used to build the CAPEX and OPEX estimates for the purpose of developing an
economic comparison of PV + BESS options. A discount rate of 7% was assumed,
consistent with projected costs of generating electricity (IEA 2020).

Production Planning & Assessment - Final Report
37



M SoCalGas.

Table 6.1 Optimization Cost Parameters

CAPEX $/kW $1,080/kWac 2021 NREL ATB,

OPEX $/KW/yr $19/kWac escalated to 2023 USD

CAPEX $/kW $330/kWac 2021 NREL ATB,

Replacement $/kw 38% of Initial escalated to 2023 USD

Cost CAPEX

OPEX $IkW/yr $33/kWac

CAPEX $kW $3,000/kWac In-house estimating for

Electrolyzer optimization purposes

Facility

Eggacement $/kW c A;QEOQ 222;;'2' yrs Vendor provided data
/KW/yr 0.7% of Initial Vendor provided data

OPEX ® ’ CAPEX P
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Table 6.2 Modeling Inputs and Assumptions

Parameter

Project Life (PV, BESS, and Hydrogen

Facility)

Value

35

Solar Installed Power (MWdc)

Optimization Parameter

Solar Rated Power (MWac)

Optimization Parameter

Solar DC:AC Ratio @ PV/BESS POI 1.25

Solar MWac Maximum @ PV/BESS POI 226 MWac

Solar Panels 550 Wp mor_lofaC|aI w/
tracking

Annual Solar Production Degradation

0.5%l/yr for Years 2-35

BESS Rated Power (MW)

Optimization Parameter

BESS Rated Energy Capacity (MWh)

4 * BESS Rated Power

Minimum state of charge 0%
Maximum charge rate BESS Rated Power
Maximum discharge rate 226 MWac

Number of Electrolyzer Stacks

Optimization Parameter

Electrolyzer plant efficiency
(@ Ez plant POI)

60 kWh / kg H2

Efficiency degradation

Excluded from model

Stack replacement frequency

9 years

Note that the installed BESS energy capacity would be larger than the rated energy
capacity to accommodate for electrical losses, inefficiencies, and aux loads. This allows
the minimum state of charge to be 0% from a BESS rated power perspective.

6.3.5 Optimization Results

The result of the modeling is an hourly hybrid energy output at the hydrogen POI.
Multiple cases of varying solar and BESS sizes were analyzed for a 200 MW hydrogen
production capacity. Assuming a constant hourly electric demand is required at the
hydrogen facility to produce hydrogen at full output, the graph below shows what
percentage of the hydrogen facility’s electricity requirement can be met with various
solar and solar + BESS configurations. The hydrogen production capacity is expressed
as the total tonnes per hour that can be generated by the electrolyzers (the maximum
tonnes per hour that could be generated by the electrolyzers * 8760). The graph shows
that as PV solar and BESS sizes increase, more of the hydrogen facility’s load will be
met by the solar and BESS facility.
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Figure 6.3 Solar + BESS Configuration Impact on Hydrogen Production
Capacity

Hydrogen Production Capacity vs. Solar + BESS MW*

100%

- ——9® No BESS
£ 80%
= 400 MW BESS
o
S 60% —e— 600 MW BESS
e
o 1000 MW BESS
S /
2 40%
o
- )
S 20%

0%

0 500 1000 1500 2000 2500

PV MW

In order to understand the economic benefit associated with increasing the hydrogen
capacity from a single production facility, a preliminary economic model was developed.
A simplified 35-year cash flow was used to quantify lifetime projected costs across the
solar, BESS, and hydrogen facilities against hydrogen facility load coverage. The intent
of the analysis was not to determine the absolute levelized cost of hydrogen (LCOH),
but rather to assess the comparative impact of renewable energy capacity and
configuration on the total cost of hydrogen produced.
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Figure 6.4 Solar + BESS Configuration Impact on LCOH
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At each BESS size, the lowest cost is the minimum point on the curve. The table below
describes the lowest levelized costs for a solar-only scenario and a solar + BESS
scenario.

Table 6.3 Lowest LCOH Cases

Facility Rating Unit = SolarOnly  Solar + BESS
BESS Rated Power MWac 0 400
BESS Rated Energy Capacity | MWhdc 0 1,600
Solar Installed Power Mwdc 375 1,000
Solar Rated Power MWac 300 800
Renewable Energy POI limit MWac 226 226
Electrolyzer Size (EZ) MWac 200 200

Two factors that significantly affect project economics are hydrogen production capacity
and capital costs. As each curve in Figure 6.3 reaches an asymptotic maximum
potential production, the electrolyzer experiences diminishing marginal returns for the
incremental hydrogen produced. The BESS charging limits prevent capturing additional
clipped solar energy, which reduces the value of oversized solar at such high solar
capacities. For capital costs, a constant $/kW capital cost value was used for all projects
to show that utility-scale PV and BESS project costs at this size are linear in nature.
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When considering these two factors, the minimum point on each curve in Figure 6.4
approximately corresponds to the point on each curve in Figure 6.3 where slope starts
to decrease e.g., the beginning of diminishing marginal returns. Levelized cost curves
begin to increase in Figure 6.4 because the additional cost incurred by building larger
solar and BESS sizes grows faster than the additional hydrogen production capacity.

6.4 Conclusions

Adding BESS to the solar energy facility increases the electrolyzer capacity factor,
reducing the storage volumes of hydrogen and pipeline size requirements to meet
modeled demand for this use case. However, continuing to add incremental BESS to
increase the hydrogen production capacity factor beyond 50-80% in all cases has
significantly diminishing returns. With today’s commercially available technology, Li-ion
BESS alone may not economically support solar production to provide a steady supply
of hydrogen due to limitations on the technology’s duration and technology costs.

Based on the analysis performed, increasing the solar capacity relative to the power
demand of the electrolyzer increases hydrogen production during the “shoulder hours”
and improves hydrogen production economics to a point. Beyond a sizing philosophy of
around 1.75 MW of DC solar capacity to 1 MW of DC electrolyzer capacity, adding solar
does not improve hydrogen production economics. If BESS is included, the system is
improved if solar size is increased to 8 MW of DC solar capacity to 1 MW of DC
electrolyzer capacity along with 1.6 MWh of BESS DC capacity to 1 MW of solar DC
capacity.

Considering the economic impacts of using: 1) only solar or 2) solar with BESS, the
solar only option has the lowest potential economic configuration. The narrow margin in
comparative costs is highly sensitive to economic inputs, particularly tax incentives
(which were excluded from evaluation), discount rate, and future pricing and efficiency
projections. Furthermore, the optimization results do not consider pipeline,
compression, and storage impacts, which could change total system design costs.

Two options — a solar only and solar + BESS option — were selected for further
evaluation of potential hydrogen storage volumes and required pipeline capacities.

e Solar only - 375 MWdc Solar / 200 MWdc Electrolyzer

e Solar + BESS - 1,000 MWdc Solar / 400 MW (1600 MWh) BESS / 200 MWdc
Electrolyzer
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7.0 Hydrogen Production to Meet Demand

7.1 Hydrogen Demand Assessment

As part of the Angeles Link Phase 1 Studies, the Demand Study projected demand for
clean renewable hydrogen across the mobility, power generation, and industrial sectors
in SoCalGas’s service territory through 2045. Three scenarios were modeled over the
time period of 2025-2045 with the results indicating 1.9 MMTPY of hydrogen demand by
2045 in its conservative scenario, 3.2MMTPY in the moderate scenario, and 5.9
MMTPY in the ambitious scenario.

As noted in the Demand Study, the proposed Angeles Link system would transport a
portion of that overall projected demand, with a proposed throughput of approximately
0.5 MMTPY under a low case scenario (1.9 MMTPY total demand in the conservative
scenario) and up to 1.5 MMTPY under a high case scenario (5.9 MMTPY total demand
in the ambitious scenario).

7.2 Matching Production to Meet Demand

Hydrogen production from renewable energy resources such as solar and wind is
inherently variable. Demand for hydrogen in end-use applications such as heavy
industry and transport is generally consistent and predictable (albeit only partially
constant). However, hydrogen demand for the power sector is expected to be highly
variable and less predictable.3?

One method of meeting demand in times when the solar facility is not producing
adequate energy for hydrogen production is to supplement the electricity supply with
grid-supplied power. This option was not the focus of this report as grid electricity
currently relies on some fossil fuel sources and therefore is assumed not to meet CPUC
clean renewable hydrogen requirements.

To assess the hydrogen production requirements needed to serve the anticipated
market, an hourly demand profile was analyzed against the hourly production profile
utilizing both a solar-only profile and solar + BESS profile.

7.2.1 Industrial Sector Hydrogen Demand

Petroleum refineries typically decrease output during the spring and fall for
maintenance. Food and beverage industries typically decrease output during the
summer months (e.g., tomato processing) while other industries have no other seasonal

39 Based on work performed for the Demand Study.
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variations. For other industrial sectors, no seasonal variations are anticipated.*® For the
purposes of the study, a constant annual demand was assumed for the industrial sector.

7.2.2  Mobility Sector Hydrogen Demand

Hydrogen demand throughout the year for the mobility sector is assumed to vary like
current gasoline retail fuel sales. Historical data shows slightly higher demand in late
summer months and slightly lower demand in the winter, although demand does not
vary significantly from month to month. #* Additional phases of analysis can evaluate
displacement at a more granular level across mobility applications and fuel types. For
the level of detail of the analysis conducted in this phase of analysis, a constant annual
demand was assumed for the mobility sector.

7.2.3 Power Sector Hydrogen Demand

The Demand Study assessed the role clean renewable hydrogen could play in providing
a zero-carbon pathway for power generation to maintain necessary grid reliability. The
growing amount of variable renewable resources is not expected to provide the
consistent, dispatchable, and firm generation needed to balance supply and demand on
the grid at both the daily level — when the sun sets at night — and at the seasonal level —
when sunlight decreases during wintertime. Hydrogen for power generation is projected
to be used in peak situations that will require high flow rates of hydrogen to the units to
fill the need for generation when wind and solar cannot generate. Subsequently,
hydrogen will need to ramp quickly to make up for power lost as wind and solar go
offline. This demand will be most significant when events such as extreme weather or
net load ramps are widespread across SoCalGas’s service territory and beyond.

To assess potential long term storage volumes to support the power generation sector
in the future (described below in Section 8), a hypothetical power sector annual hourly
demand profile was developed considering the trends from LA100*2 and Burns &
McDonnell integrated power resource planning knowledge. An assumed power sector
demand profile with a 15% capacity factor was created as shown in Figure 7.1. The

40 Based on discussions with the consultant who performed the Demand Study.
41 Based on discussions with the consultant who performed the Demand Study.
42 Using the NREL LA100 Study Data Viewer, generation dispatch for hydrogen
combustion turbine trends were examined across each of the scenarios, with the
following trends noted:

e Peak generation occurs between July and October, peaking in September.

e Minimal or no generation anticipated between March through June.

¢ Moderate generation required from October through February.

e Hourly peak demand varies significantly by scenario. Most scenarios assume

generation coming online at 5 am and offline around 4 pm at Peak Summer.
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analysis was conducted using an hourly basis. While hydrogen turbine operation
forecasts are challenging to accurately project given the hydrogen industry market
maturity, the complex power market forecast modeling work required, and the numerous
and highly variable set of assumptions, the chart below shows illustrative daily power
sector demand for one hypothetical use case scenario.

Figure 7.1 Power Sector Demand Profile

Daily Power Sector Demand for the 1.5 Million TPY Throughput Scenario
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In summary, this section establishes the evaluation of the potential production facilities
that could produce the hydrogen that Angeles Link would transport to meet potential
demand.

8.0 Evaluation of Potential Hydrogen Storage
I ——————————

Hydrogen has the ability to provide energy flexibility and security as it can be stored in
large volumes for long periods of time. Accordingly, it is important to examine how
storage interacts with the variable production*® and demand of clean renewable
hydrogen, which could be effectively transported by the connective infrastructure of
Angeles Link.

A wide range of drivers can influence how various storage options may support the
balance of supply and demand, including:

43 Referring to hydrogen supplied via solar/electrolyzers (and solar + BESS /
electrolyzers).
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e Projected supply and demand, including the specific timing (e.g., hourly profiles)
of supply, the type of clean renewable hydrogen production (e.g., electrolytic,
biomass, SMR of RNG), and the specific demand for different sectors

e Production facilities configurations (e.g., availability of on-site storage, role of the
grid, the extent batteries are utilized, degradation and outage considerations)

e Attributes of the connective pipeline infrastructure such as the size and
compression

e End-use facilities configurations (e.g., availability of on-site end user storage,
location of end-use relative to upstream connective infrastructure)

e Other factors such as the potential role of demand response, the ability to use
other technologies during times of potential supply/demand imbalances, and
potential reliability requirements for outages

Clean hydrogen production and aboveground and underground storage is not currently
part of Angeles Link. As Angeles Link is further designed and, in alignment with the
development of system requirements, the role of storage to support regional hydrogen
producers and end users should be considered. Distributed storage equipment located
at third-party production and end user sites, along with line pack (storing and then
withdrawing gas supplies from the pipeline), can provide storage capacity while larger
scale storage technologies are developed over time to support regional requirements.

To assess the potential long-term role and scale of storage in 2045, two potential
production configurations were evaluated: 1) a solar PV only and 2) a solar PV with
BESS. The evaluation conservatively assumed no end user facility storage, no on-site
production storage, and no line pack. In addition, the potential role of demand response
or the use of back up fuels were also excluded. It is important to highlight that these two
scenarios are intended to be illustrative only, and actual conditions will depend on a
number of factors, including the type of renewable power source used to make
hydrogen, the anticipated hourly demand profiles for power generation, mobility, and
industrial sectors, and the system hydrogen demand volumes. Depending on the
volume required, storage could be provided in various ways, including line pack,
construction of a parallel pipe in a portion or portions of the pipeline system, on-site
storage by clean renewable hydrogen producers or end users, and/or dedicated above-
ground or underground storage.

Hydrogen Production Profile: The evaluated hydrogen supply is based on the
renewable energy generation profiles for solar PV only and solar PV + BESS as
described in Appendix A. Figure 8.1 shows the hydrogen production profiles for the
solar and solar + BESS configurations for the 1.5 MMTPY Angeles Link throughput
scenario. The production profile assumes the same solar profile for the cumulative of all
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production facilities. The same hourly production profile was assumed for the other
Angeles Link throughput scenarios of 1 MMTPY and 0.5 MMTPY cases.

Figure 8.1 lllustrative 2045 Hydrogen Production Profiles for Solar Only and
Solar + BESS Scenarios
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Hydrogen Demand Profiles: Section 7 describes assumptions for hydrogen demand
for the mobility, power, and industrial sectors. The composite demand profile is shown
in Figure 8.2 below. The total demand by sector varies in each Angeles Link throughput
scenario (.5SMMTPY, IMMTPY, 1.5MMTPY), and varies across the projected years.
Potential storage volumes were analyzed for the year 2045, and demand volumes were
adjusted accordingly based on the assumed demand sector volumes under each
scenario. In 2045, the power sector is expected to make up 45% of demand in the
ambitious case, 51% in the moderate case, and 38% in the conservative case. The 1.5
MMTPY Angeles Link throughput scenario, conservatively assuming solar-only
production (no batteries) is shown below for illustrative purposes.
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Figure 8.2 lllustrative 2045 Ambitious Demand Profile vs Production Profiles
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Storage Cycles: For both Solar Only and Solar+BESS production profiles, the
difference between the amount of hydrogen produced in each hour versus the amount
of hydrogen required to meet potential demand in the same hour was analyzed. Where
production values exceed demand, the difference represents a hydrogen surplus that
can be stored for later use. When demand exceeds production, the difference indicates
a need for the demand to be met by withdrawing hydrogen from storage inventory
(whether from line pack or dedicated storage). The cycles used in the analysis to
estimate total storage sizing were set on an hourly basis. For illustrative purposes,
Figure 8.3 and Figure 8.4 below show the daily storage inventory drawn and built for the
Solar Only and Solar+BESS production cases. The second figure below shows the daily
build and draw for storage as well as the total storage inventory. The withdrawal and
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injection cycles for the Solar+BESS case is slightly dampened compared to the Solar
Only case, resulting in a slightly lower need for storage working capacity.

Figure 8.3 lllustrative 2045 Hydrogen Storage Cycles
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Figure 8.4 lllustrative 2045 Hydrogen Storage Cycles — Solar and Solar +
BESS Production

Hydrogen Storage Inventory and Daily Change
Storage
Build
yya I‘
/ e /
N LI v \ ’
‘ \
WA
\
Storage “"'., l\
Draw
January April July October January April July
Solar Only Solar+BESS

Potential Long-Term Role of Hydrogen Storage for Two lllustrative Production
Configurations: (1) Solar and (2) Solar + Bess

As described above, illustrative hydrogen production and demand profiles were
assessed to develop an assumption on the potential role of storage to help balance
supply and demand. Table 8.1 shows the storage working capacities that could support
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the assumed solar and solar + BESS production scenarios to meet: 1) a constant flat
demand for mobility, industrial, and power sectors and 2) a demand profile based on the
more variable power sector.

Table 8.1 2045 Hydrogen Storage Sizing

Hydrogen Storage Working Capacity, tonnes

Tonnes

400,000

: I In

Demand Prefile Flat Demand Demand Profile Flat Demand

Solar Only Solar + BESS

Annual H2 Production ® 1.5MTPY u 1.0 MTPY 0.5 MTPY

This analysis is highly dependent upon the initial analysis of the power sector demand
profiles. While the solar + BESS option reduces the overall storage volume to meet the
assumed demand profile, the results illustrate the importance of further analyzing the
potential for storage options to support production and demand balancing as more
detailed information is developed. This information could include:

e Detailed projections of production supply forecasts, including technology(ies),
mix of renewable energy hourly supply projections, outages, and degradation
considerations

¢ In-depth market/end-user analysis and hourly demand forecasts

e Storage characteristics such as sizing for reliability requirements for planned and
unplanned outages

e Other factors such as end-use facility configurations, location of end use,
potential role of demand response

8.1 Hydrogen Storage Operating Assumptions

It is assumed that the hydrogen production facilities will supply hydrogen to demand
centers, supplemented by storage if demand exceeds the production rate at any given
time. Hydrogen can be stored at various points in the supply chain, including the
demand locations (e.g., ports, refueling stations, power plants), production facilities, or
any point on the pipeline in the form of line pack or process equipment (e.g., pressure
vessels and cylinders) between production and demand. For discussion on how
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hydrogen may be stored and accessed within the pipeline system using pack and draft,
refer to the Pipeline Sizing and Design Criteria study.

A discussion of aboveground and underground storage technologies is detailed in
Appendix B — Hydrogen Storage. This section provides a summary of those options.

e Storage Technologies
o Commercially available aboveground storage technologies include
compressed gas, liquid hydrogen, metal hydride and iron oxide storage
systems
o Depleted oil and gas fields are promising candidates to provide local
underground storage in California*

Aboveground storage. While aboveground hydrogen storage technologies are
technically viable, storing hydrogen aboveground comes with significant costs at limited
capacities, making it challenging to use as a means of steadying the energy production
from renewable sources at large volumes in a centralized location. More likely,
aboveground hydrogen storage will be used by producers and end users in a distributed
fashion. Some technologies, like compressed gas and liquid hydrogen storage, require
high initial investment and ongoing operating expenses. Despite these challenges,
ongoing research and development efforts are focused on improving the efficiency and
cost-effectiveness of these storage methods.

Underground Storage. Underground Hydrogen Storage (UHS) in geologic formations
can support deploying clean renewable hydrogen at scale due to its volumetric capacity
and low-cost relative to aboveground storage technologies. Appendix B examined three
options for underground storage of hydrogen in geologic formations in the Area of
Interest (AOI) which include California, Arizona, Nevada, and Utah — salt caverns,
porous rocks, and abandoned mines. While underground natural gas storage is
commonplace, underground hydrogen storage is in the early phases of technological
adaptation. UHS in solution-mined salt caverns is the most active commercially, with
three projects currently operating and at least one under construction. Two field-scale
pilot studies in Austria and Argentina for hydrogen storage in depleted oil and gas
reservoirs are under way. Research in this area is ongoing; for example, the CEC has

44 While existing SoCalGas facilities were evaluated for geologic adequacy because
they are located within the study area, they are not currently being considered as
storage options for Angeles Link.
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issued a solicitation to fund a project that will evaluate the feasibility of using existing
underground gas storage facilities to store clean renewable hydrogen in California.*®

Potential UHS sites to support regional hydrogen producers and end users include
depleted reservoirs in oil and gas fields, salt caverns, and abandoned underground
mines. The analysis in Appendix B considers a dataset of identified potential UHS sites
across California, Arizona, Nevada, and Utah. Evaluation criteria for adequacy of
hydrogen storage were developed for all three storage types. However, due to a lack of
data regarding abandoned mines and saline aquifers, only oil and gas fields within
California and salt basins across the 4-state area could be evaluated using these
criteria.

Six salt basins within the Angeles Link project area were evaluated for confidence of
adequacy to support solution-mining of caverns capable of hydrogen storage. The
Sevier Valley, Luke Basin, and Red Lake basins yielded the highest composite in
geologic confidence of adequacy value, primarily due to salt thickness and salt purity.

A total of 297 oil and gas reservoirs were evaluated to assess the technical geologic
feasibility of the reservoirs to provide UHS and identify candidate reservoirs for further
analysis. In addition to the geologic conditions needed for viable storage in depleted
reservoirs, other factors were considered, such as population density, land designation,
and proximity to seismic faults.

4 https://www.energy.ca.gov/solicitations/2024-04/gfo-23-503-feasibility-underground-
hydrogen-storage-california.
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9.0 Hydrogen Production Facility Design Basis

9.1 Production Facility Design Basis

The basis of design conveys the assumptions for hydrogen production such as the
production rates and cost estimates that support other Phase 1 studies, such as the
High-Level Economic Analysis & Cost Effectiveness study and the Pipeline Sizing &
Design Criteria. Table 9.1 summarizes the assumptions further described in this section.

9.2 Production Facility Scope
An illustrative diagram of a hydrogen production facility is show below in Figure 9.1:
Figure 9.1 Hydrogen Facility Flow Diagram
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Table 9.1 Hydrogen Facility Scope Assumptions

Hydrogen Production Technology PEM Electrolyzers

Co-located direct tie Solar PV (tracking)
with no battery storage

Flat, greenfield land, no demolition or
extensive earthwork

Delivered as municipal water quality to

Power Source

Site Condition

Water Supply fenceline
Waste Water Disposal Water discharge to fenceline
Hydrogen Compression Excluded from Scope
On-site Hydrogen Storage Excluded

Interconnect from the local utility is
Bulk Power Grid Interconnect assumed to service loads required for

start-up and safe shutdown operations.

Land Area Required per Production
Facility

226 MW Gross Facility Load (accounting
for BOP auxiliary loads)

1800 acres for production and solar facility

Assumed Production Facility Size Basis

Configuration of Electrolyzer Modules 20 x 10 MW Electrolyzer Modules
Max (Design) Hydrogen Throughput per 180 kg/h max per electrolyzer module
Production Facility (3.6 tph total facility max)

~60 kWh/kg, including BOP auxiliary

Electrolyzer Efficiency loads and compression

Cooling Process cooling via fin-fan air coolers
Oxygen By-product oxygen vented to atmosphere
Electrolyzer modules in standard OEM
Enclosures
enclosures
Electrolysis discharge pressure 30 barg

On-site hydrogen compressor discharge

pressure to pipeline

H2 Purity at Fenceline >99.999%

Switchgear MV collection system
Production Facility Performance

Annual Hydrogen Production per Facility 11,400 tpy

Excluded from scope
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Max Hourly Hydrogen Production per

Facility 3.6 tph

Hydrogen Facility Utilization Rate 36%

Turndown Ratio 10-100% per cell stack
Ramp Rate <1 min from min to full load
Annugl Production Related Water Refer to Water Study
Required

Co-Located Renewable Energy Supply Assumptions

Assumed Solar Profile NREL SAM San Bernardino, CA
375 MWdc / 300 MWac / 226 MWac at
Solar Facility POI

Assumed Solar Facility Size Basis

Tracker Design Single Axis Tracker

Solar Panel Design 550 Wp monofacial

Land Area Required per Solar Facility 6 Acres /| MW
Substation to step-up from solar facility to

Interconnection production facility, 1 mi of T-line
interconnect

Energy Yield (P50, Year 1) 694,000 GWh @ POl

Solar Facility Capacity Factor 26%

9.2.1 PEM Electrolyzer Unit

The electrolyzer scope consists of electrolyzer stacks, water separators, polishing
tanks, circ pumps, plate & frame heat exchangers, gas dryers, and all interconnecting
piping.

9.2.2 Hydrogen Compression

A PEM electrolyzer is capable of supplying hydrogen up to 30 or 40 bar. The Study
assumes the minimum pressure requirement at the production facility fenceline will be
500-600 psig. Compression is excluded from the production scope and is included in
the Angeles Link Pipeline Sizing & Design Criteria study.

9.2.3 Hydrogen Storage

Hydrogen storage volumes are assumed to be located between production and demand
locations to handle daily and seasonal production/demand variations. For purposes of
this study, no on-site storage is assumed in the production scope.
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9.2.4 Closed Cooling Water

A 50% propylene glycol / 50% water mixture will be used to provide the adequate
equipment cooling needs for the facility within a closed cooling water (CCW) system.
The CCW system will include a CCW tank, circulating pumps, and an air-cooled heat
exchanger.

9.2.5  Water Supply and Treatment

To achieve the required demineralized water quality, a two-pass reverse osmosis (RO)
system followed by electrodeionization (EDI) will be required at the production facility.
Municipal quality water is assumed to be received at the site boundary and will enter
feedwater and firewater storage tanks. Chemicals will be stored on-site, including
provisions for antiscalant upstream of the ROs and sodium bisulfite for de-chlorination
of the municipal water to protect RO membranes from fouling.

The study assumes municipal water supplied at site boundary with 350 ppm total
dissolved solids (TDS). Producing hydrogen through the process of electrolysis
theoretically requires 9 kg (equivalent of 9 liters) of demineralized water per kg of
hydrogen based on the stoichiometric values. Additional water is required to support
balance of plant cooling requirements of the electrolyzer. Based on electrolyzer supplier
guotes, 11 to 13 kg of municipal water is assumed to be required for every 1 kg of
hydrogen production. Water to support pipeline compressor intercooling and
aftercooling is also required but is beyond the scope of the Hydrogen Production
Assessment. Information regarding the supply and treatment of raw water to the
production site boundary is discussed in the Angeles Link Phase 1 Water Resources
Evaluation.

9.2.6 Wastewater Collection and Discharge

This study assumes the wastewater from the water treatment would be collected in a
network of plant drains located throughout the site and sent to a wastewater treatment
facility or treated on-site (not included in scope). A sump in the water treatment building
would collect wastewater from the demineralized water system, such as RO and EDI
reject. A pump would transfer wastewater to the site boundary. Water treatment
processes are discussed further in the Angeles Link Phase 1 Water Resources
Evaluation.

9.2.7  Fire Protection

Fire protection is assumed to be fed from the municipal water tie-in and stored in a
combined firewater / feedwater storage tank. Electric and diesel driven fire pumps are
assumed to be required along with firewater piping, hydrants, and post indicators.
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9.2.8  Auxiliary Electrical Supply

The electrical system will be fed by a single overhead medium voltage transmission line
coming from the solar facility medium voltage collector system. Each electrolyzer train
consists of medium voltage transformers and rectifiers to provide the regulated DC
current required for the electrolysis process. Medium voltage switchgear will also feed
station service transformers for BOP auxiliary power requirements.

The scope does not assume batteries or on-site generators are included for start-
up/shutdown/upset conditions. A utility power feed is assumed to be required for
minimum power needs to enable startup shutdown.

9.2.9 Development and Construction Timeline

The expected project duration to design, procure, and construct a nominal 200 MW
electrolyzer and solar energy facility will depend highly on manufacturing lead times and
local labor availability. A 200 MW hydrogen production facility from start of design to
operation is expected to take 3 years in a supply chain balanced market. A 375 MWdc
solar facility is anticipated to require the same construction timeline, and may be
constructed concurrent to the electrolyzer facility. Site development activities including
permitting and regulatory approvals are highly site-specific and would occur after land
acquisition.

9.3 Limitations and Qualifications

Commissioning and operational modes such as start-up, shut-down, and upset
requirements were not analyzed in determining required facility scope. Equipment
design margins, spare parts philosophy, production make-up to support system losses,
and production overbuild capacities to support facility outages, performance
degradation, weather variability, etc. were not considered in this phase of study.
Production design requirements to meet overall system reliability and resiliency needs
could be evaluated in subsequent phases of study.
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10.0 Production Land Assessment

10.1 Hydrogen Production Land Assessment

Burns & McDonnell conducted a production land assessment to determine if land in
SoCalGas’s territory can support development of enough renewables to support high
levels of hydrogen production and expected electric system needs. The assumption
was made that solar based energy requires the largest land area per MW and therefore
is the most conservative assumption when assessing how much land is required for
renewable based hydrogen production. An evaluation of land available to support only
solar development is conservative because additional renewable resources may be
used, at a scale much smaller than solar, to meet electricity demand in Southern
California.

10.2 Land Assessment Methodology

The Phase | study land assessment scope was limited to desktop screening focused on
SoCalGas’s service territory to identify land areas suitable for hydrogen production.
ArcGIS software was used to identify large, contiguous areas of land that met the
following criteria:

o Areas devoid of significant urban/suburban development, areas in the
lesser developed portions of Southern and Central California were
identified

o National and state parks, government refuges, preserves, and military
ranges were avoided

o Topography greater than 15% slope was avoided

For utility scale power projects, proximity to transmission lines with adequate line
capacity is typically a critical requirement for siting. However, this study assumes that
renewable power requirements would be incremental and met with power generation
that is not grid connected (i.e., does not tie into high voltage transmission lines), along
with local utility distribution power for minimum power needs to enable startup and shut
down. This results in more potentially viable locations for hydrogen production. The
yellow area shown in Figure 10.1 was identified as potentially suitable, large, contiguous
land areas using this desktop screening criteria.
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Figure 10.1 Broad Screening of Land Area Available for Production
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The potential land area was overlayed with conceptual pipeline routing options
evaluated in the Pipeline Routing Assessment Study (which considered existing natural
gas lines) to help identify potential pathways to deliver hydrogen to demand centers in
the LA Basin. In addition, participation in ARCHES provided an understanding of
potential production projects being considered*® in California. Three production area
boundaries were developed to further assess production land constraints and to define
production areas for further production analysis. Within each production area, the
following constraints were applied (see Figure 10.2) in addition to the constraint layers
used in the broad land area assessment:

o 50 ft setback from Interstate and State Highways
o 50 ft setback from bodies of water, wetlands, and floodplains

46 https://archesh?2.org/wp-content/uploads/2023/10/Meet-Arches October-2023.pdf
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o 50 ft setback from culturally and environmentally sensitive areas
o 75 ft setback from transmission lines

o Buildings / structures excluded using Microsoft Buildings Footprints

Figure 10.2 Assumed Production Areas
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10.3 Land Availability

Production of the maximum case of 1.5 MMTPY of clean renewable hydrogen
throughput is assumed to require 39 GW of solar capacity assuming the solar only
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design. Assuming 6 acres per MWac of solar output, the land area required for this
capacity is estimated to be 240,000 acres (375 square miles).*’

Land area available within each Production Area after constraints were applied (see
section 10.2) are below:

o San Joaquin Valley — 535,000 acres (836 square miles)
o Lancaster — 1,124,000 acres (1,756 square miles)
o Blythe — 273,000 acres (427 square miles)

The area required for solar represents 12%% of the total land area identified within the
target production areas. In a scenario assuming production from only two production
areas such as Lancaster and SJV, less than 15% of the land area within those
production areas would be required. While the three production areas were identified
due to their large available land areas, this does not preclude hydrogen production from
other areas within the SoCalGas service territory.

10.4 Limitations and Qualifications

The available land area does not consider existing structures and buildings not
identified in the source filter, contiguous land areas of minimum size adequate for large
scale production, population densities, state and local zoning and land use ordinances,

47 For comparative purposes, Environmental Defense Fund’s (EDF) study “California
needs clean firm power, and so does the rest of the world” reviews land requirements
for decarbonized electricity systems with clean firm power and compares it to those
without clean firm power in California. The study summarizes that electricity systems
without clean firm power require 3-10 times as much land as compared to systems with
clean firm power. See
https://www.edf.org/sites/default/files/documents/SB100%20clean%20firm%20power%?2
Oreport%20plus%20SI.pdf

48 Stakeholder feedback included analysis that stated the overlay of additional CEC data
onto the available land identified in the Production Study analysis would result in a
reduction in available land for the different production areas. While SoCalGas did not
validate the independent analysis performed, SoCalGas did consider the potential
acreage and percentage impact on the three production areas. SoCalGas calculated the
land available would be approximately 1.3 million acres with these additional constraints
applied and that the land required to produce up to 1.5 MMTPY of hydrogen as a
percentage of total land available across production areas using identified land available
in this study compared to the land available suggested by this stakeholder feedback
would increase from 12% to 18% across the three identified production areas (San
Joaquin Valley, Lancaster, Blythe).
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land purchase values, and other technical, environmental, or economic constraints
which may further prohibit renewable energy and/or hydrogen production development.
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11.0 Hydrogen Production Cost Estimates

11.1 Cost Estimate Methodology

Burns & McDonnell solicited high level budgetary cost information from electrolyzer
technology providers to determine the electrolyzer equipment costs. Where technology
provider information was limited or unavailable, Burns & McDonnell relied upon in-
house information from other similar project quote requests or historical databases to
develop high level cost estimates. BOP equipment and installation costs were prepared
using similar project estimates and performing a “top down” Association for the
Advancement of Cost Engineering (AACE) Class V cost estimate, adjusting for scope
and scaling for size.

11.2 Cost Estimate Basis and Assumptions
The following assumptions and scope of supply forms the basis of the cost estimates:

e Estimated Project Cost (EPC) Basis of estimate including all overhead, profit,
and contingency

e Overnight cost in 2023$, escalation excluded

e Construction estimates are based on factored estimates from Burns & McDonnell
internal database and construction estimating knowledge

e Hydrogen compression and onsite storage excluded

e BOP Equipment: in-house information from similar projects

Major scope assumptions are shown in Table 9.1.

11.3 Cost Estimate Exclusions

e Water infrastructure and delivery to site

e Hydrogen delivery pipeline, storage, and compression costs

e Owner’s costs (e.g., project development, permitting, staffing, owner’s
engineering, legal)

e Land costs

e Escalation, sales tax, financing fees, interest during construction

e Production and investment tax credits.

11.4 Capital and Operating Cost Estimates

Capital cost assumptions summarized in Table 11.1 for the .5 MMTPY, 1 MMTPY, and
1.5 MMTPY Angeles Link throughput scenarios. The estimated capital and operating
costs for third-party producers to achieve the projected throughput scenarios are
approximately $2,600/kW and $18/kW (annual operational expense calculated as 0.7%
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of capital) annually for the electrolyzer facility, and approximately $1,100/kW and
$20/kW annually for the solar facility, respectively.

Table 11.1 Hydrogen Production Facility Cost Estimates

Average Annual. Hydrogen Sln.g.le 05MMTPY 1MMTPY 1.5MMTPY
Production Facility

Solar, MW 300 13,000 26,000 39,000

200 8,800 17,600 26,400

Electrolyzer, MW

Production Capital Costs

$MM @ Year 9

Solar Facility, SMM $320 $14,000 $28,000 $42,000
;\3;'?\;096” Production Facility, $520 |  $23,000 | $45,000 $68,000
TOTAL $MM $840 $37,000 $73,000 $110,000
Production Operating Costs

Solar, $MM/yr $5.8 $250 $500 $750
Electrolyzer, SMM/yr $4 $170 $340 $520
Electrolyzer Stack Replacement, $100 $4,300 $8,600 $12,900
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12.0 Stakeholder Feedback

SoCalGas presented opportunities for the Planning Advisory Group (PAG) and
Community Based Organization Stakeholder Group (CBOSG) to provide feedback at
four key milestones in the course of conducting this study: (1) the draft description of the
Scope of Work, (2) the draft Technical Approach, (3) Preliminary Findings and Data,
and (4) the Draft Report. These milestones were selected because they are critical
points at which relevant feedback can meaningfully influence the study. Key milestone
dates summarized in Table 12.1 below.

Table 12.1 Key Milestone Dates

Responses to
Date Provided to Comment Due Comments in
Milestone PAG/CBOSG Date Quarterly
Report
1. Draft Scope of | July 6, 2023 July 31, 2023 Q3 2023
Work
2. Draft Technical | September 7, 2023 November 3, 2023 Q3 2023/
Approach Q4 2023
3. Preliminary April 11, 2024 May 3, 2024 Q2 2024
Findings and
Data
4. Draft Report July 19, 2024 August 30, 2024 Q3 2024

The input and feedback from stakeholders including the PAG and CBOSG has played
an important role in the development of the Production Study. Table 12.2 below is a
summary of some of the feedback received that was incorporated throughout the
development of the Production Study. All feedback received is included, in its original
form, in the quarterly reports submitted to the CPUC and published on SoCalGas’s
website.*°

49 hitps://www.socalgas.com/sustainability/innovation-center/angeles-link.
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Table 12.2 Summary of Incorporation of Stakeholder Feedback

Summary of Incorporated Stakeholder Feedback

Thematic Comments from

Incorporation of and Response to

PAG/CBOSG Members

Production Study Assumptions and
Criteria

Stakeholders suggested specifying the
assumptions used regarding production
capacity for various technologies and
projects and how those assumptions
were determined. Stakeholders also
suggested setting forth the criteria used
to determine the locations of potential H2
and renewable energy production, in
addition to when those projects would
come online.

Stakeholders also suggested clarifying
whether the space requirements account
for energy storage needs, what utilization
rates have been assumed for the
electrolyzers, and whether this utilization
has been factored into the number of
electrolyzers and solar needed.

Feedback

Consistent with this feedback, the criteria
and assumptions relied on in the study are
detailed in various sections of the study
(e.g., Section 9 describes production
facility design basis assumptions, and
Section 11.2 has cost assumptions). For
the production locations specifically,
factors that were considered included
availability of land as described in Section
10, solar irradiance (Appendix A), existing
pipeline and transportation corridors
(Section 10), etc. Appendix A also has a
market assessment of current and
planned renewable projects and a
discussion on storage technologies
including lithium-ion battery storage.
Section 9 describes potential measures
that hydrogen producers may implement
to reliably produce hydrogen (e.g., grid
connection for safe start-up and
shutdown).
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Hydrogen Production Methods and
Assumptions

Stakeholders commented that the study
should focus on hydrogen production
through electrolysis using renewable
electricity, adhering to the “three pillars”
(temporal matching, additionality, and
deliverability).

Other feedback was received suggested
further exploration beyond solar
resources, such as geothermal
resources, should be included in further
analysis.

Consistent with this feedback, during
development of this study, how the
concepts of the three pillars could be
considered with respect to potential clean
renewable production that could be
served by Angeles Link, is discussed
further below.

For Phase 1 design purposes, this study
assumes renewable energy power
requirements will be met with islanded
power generation and potentially local
utility distribution power for start-up/shut-
down operations, which do not need to tie
into high voltage transmission lines on the
electric grid. The current assumption is
that renewables would be incremental, as
described in Section 2. The study also
explores how renewables on the CAISO
grid that are curtailed may potentially be
reused for hydrogen production in
Appendix A.8 (Renewable Curtailments).

In addition, consistent with this feedback,
while hydrogen produced via electrolysis
is central to Angeles Link, a high-level
analysis of other potential technology
pathways (e.g., biomass/biogas) that
could meet the CPUC’s definition of clean
renewable hydrogen in Decision 22-12-
055 (i.e., be produced with emissions less
than 4kg CO2 for each kg H2 and not be
from fossil fuels) are included in sections
3, 4, and 5. Until a final route is
determined, SoCalGas will continue to
assess where 3" party producers are
developing clean renewable hydrogen
production as a factor for consideration.
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Hydrogen Storage

Stakeholders emphasized the need to
understand the role of storage,
highlighting potential risks related to
underground and aboveground storage.
Stakeholders requested consideration of
competition with existing solar projects,
the role of battery storage, land
requirements for aboveground storage
and other facilities, and the suitability of
underground storage locations.
Additionally, stakeholders requested that
the production study describe and
analyze the roles of storage and curtailed
renewable generation.

Consistent with this feedback, Section 8
in this study evaluates the role of third-
party hydrogen storage options that could
help balance clean renewable hydrogen
production and demand profiles. Potential
third-party hydrogen storage options are
discussed in Section 8 and Appendix B.
As noted in those sections, Angeles Link
could provide transportation of clean
renewable hydrogen to or from future
storage locations, if developed, and could
also provide storage in the pipeline via
line pack. Curtailed renewable generation
is discussed in Appendix A and as noted,
the curtailed energy is expected to be
used opportunistically to produce
hydrogen.

Hydrogen Production Costs
Stakeholders requested clarity on
production costs, including costs
associated with building electrolyzers,
electrolyzer facilities, additional
renewable energy sources, and
producing hydrogen.

Consistent with this feedback, capital and
operating costs were estimated and are
described in Section 11.

Land Requirements

Stakeholders expressed concerns about
potential competition for the land needed
to produce enough hydrogen for the
assumed throughput volume of 1.5
MMTPY. They requested specific details
about the acreage calculation
assumptions and what production and
storage elements are included in the
acreage calculations, like battery energy
storage for electrolyzers and above-
ground H2 storage. Stakeholders also
suggested adding additional limitations on
potential land availability, including
applying data related to land constraints
from the California Energy Commission
(CEC).

Consistent with this feedback, Section 10
of this study discusses the assumptions
supporting the analysis of land
requirements for solar power coupled with
electrolyzers to determine feasibility of
hydrogen production for 1.5 MMTPY.

In addition, in response to feedback
related to data from the CEC, a footnote
has been added to Section 10.3
considering the potential acreage impacts
on the three production areas of the
additional constraints suggested by this
feedback.
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Hydrogen Purity/Quality

Some stakeholders recommended
detailing purity specifications for different
end uses, which could impact production

Consistent with this feedback, various
electrolyzer technologies were evaluated
to determine the expected hydrogen
purity/quality for different technologies as
described in section 4 (Electrolyzer
Technology Comparison Table) and the
expected purity at the production facility
(see Hydrogen Facility Scope
Assumptions in section 9).

Permitting/Land Use

Some stakeholders requested that the
production study identify whether there
are any legal or land use policy limitations
that would impact production

Consistent with this feedback, permitting
and land use considerations for hydrogen
production took into account various
factors as described in section 10.2, which
included the location of national and state
parks, government refuges, preserves,
and military ranges as well as setbacks
from culturally and environmentally
sensitive areas. Permitting considerations
for Angeles Link more generally are
discussed in the High-Level Feasibility
Assessment and Permitting Analysis.
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13.0 Appendices

13.1 Appendix A: Renewable Energy Technology Assessment for
Hydrogen Production

Renewables Energy Assessment

The Renewables Energy Assessment provides an overview of various renewable
power sources and applies various criteria to assess their potential suitability to support
clean renewable hydrogen production in SoCalGas'’s service territory. The assessment
also explores various operational characteristics and costs. Finally, potential hydrogen
production that uses energy curtailed from the electric grid is evaluated. The analysis in
this assessment is meant to inform the reader on how clean renewable hydrogen
production may develop.

The Decision states on page 73, “...the Angeles Link Project shall be restricted to the
service of clean renewable hydrogen that is produced with a carbon intensity equal to
or less than four kilograms of carbon dioxide-equivalent produced on a lifecycle basis
per kilogram and does not use any fossil fuel in its production process.” Consequently,
this assessment begins by considering renewable sources from the renewable
technologies identified in the California Energy Commission’s (CEC) RPS Eligibility
Guidebook, Ninth Edition (see Table 13.1):
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Table 13.1 CEC Defined Renewables

Technology Special Requirements

Biodiesel

Biomass

Biomethane Digester or landfill gas only; pipeline and fuel container
restrictions

Fuel Cell Use RPS eligible renewable energy source or hydrogen
gas powered by RPS eligible renewable source

Geothermal

Small Hydroelectric Nameplate capacity of <=30 MW

Conduit Hydroelectric | Small hydroelectric using potential of an existing manmade
conduit (e.g., pipe, canal, tunnel) built before January 1,

2008

Municipal Solid Waste | Combustion is not eligible; Conversion is dependent on
technology

Ocean Thermal

Ocean Wave

Solar

Tidal Current

Wind

Renewable Power Sources - Criteria Assessment

The analysis of renewable technologies considered criteria such as: maturity, feasibility,
scale, and land requirements.

Mature technologies are considered commercially viable technologies with established
equipment production cycles and established skilled development, operations, and
maintenance labor forces.

Feasible technologies are those that can be developed to required sizes with
manageable uncertainty around development timeline and costs.

Scalability of a technology considers how much a technology can be developed at
project sizes large enough to satisfy electricity demand. Scalability of technologies in
SoCalGas'’s territory, as an example, can be examined by considering renewable power
generation that already exists in SoCalGas’s service territory. See Table 13.2:
SoCalGas Territory Renewable Project Counts and Sizes by Technology below shows
the count, average size, and maximum size for various renewable projects.
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Land requirements considers how much land is needed and available for development.

Another factor considered in determining the suitability of renewable resources was the
ability to serve hydrogen production without interconnecting to an existing electric
transmission system. This study assumes that some electricity produced from carbon-
emitting resources would exist on all electricity systems without a firm mandate for zero
emissions from any electric generating resource. Currently, California SB 100 calls for
100 percent clean, zero carbon, and renewable energy policy for California’s electricity
system by 2045. Thus, it is assumed that renewable resources must be able to serve
hydrogen production without connection to a grid.

Table 13.2 SoCalGas Territory Renewable Project Counts and Sizes by

Technology
I B Cou_nt of Avera_ge of Project Maxir_num Project
Projects Size (MW) Size (MW)
Biomethane 18 8 26
Biomass 19 7 50
Geothermal 51 27 127
Hydro 5 529 903
Solar 296 44 395
Wind 82 59 272

Source: CPUC IRP Resource Cost & Build Workbook (June 2023 MAG) for SCE, IID
and LADWP, included in file CPUC IRP Resource Cost & Build - - Draft 2023 I&A —
v2.xlsx tab “Gen List,” found at https://www.cpuc.ca.gov/-/media/cpuc-
website/divisions/energy-division/zipped-files/supporting _materials v2.zip.

Considering the criteria above, several renewable power technologies were screened
for further analysis. Specifically, ocean thermal, ocean wave, and tidal current
technologies are not as mature and do not appear able to produce electricity at a scale
required for hydrogen production. Biodiesel and municipal solid waste (MSW) were
excluded from further consideration because they emit CO2. MSW can qualify as a
renewable resource if clean-burning gaseous or liquid fuel can be derived from waste
with non-combustion thermal processes. However, the requirements on processing are
very restrictive for clean fuel from MSW to qualify as renewable. One of the
requirements of MSW to qualify as a renewable is to not use air or oxygen in the
conversion process. This restriction eliminates pyrolysis as an option to produce clean
fuels using MSW.
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Biomass: Biomass renewable energy is produced when solid waste from wood,
agricultural or other plant-derived processes is used as a fuel for electricity production.
Like biomethane, biomass renewable technologies are mature and used throughout the
country. Also, like biomethane, biomass projects in SoCalGas’s service territory are
smaller in size due to their resource limitation in Southern California. As a result,
biomass may complement other renewable power sources to support hydrogen
production but is not expected to be the primary power source.

Biomethane: Often referred to as biogas, biomethane is made from waste that
produces primarily methane through digesters or landfills. Biomethane is used to fuel
combustion processes that generate electricity. Biomethane-fueled electric generation is
a mature renewable technology and is used throughout the country. However,
biomethane-fueled electric generation relies on access to biomethane sources of
significant quantity. Biogas projects are smaller in size due to their resource limitations
in Southern California. As a result, biogas may complement other renewable power
sources to support hydrogen production but is not expected to be the primary power
source.

Geothermal: Geothermal generation resources can provide reliable baseload
generation. However, geothermal resources must be sited in locations suitable for
providing heat necessary for the geothermal process. Two categories of geothermal
technologies exist currently — hydrothermal and enhanced geothermal systems (EGS).
Hydrothermal involves the recovery of water or steam from deep below the earth’s
surface. EGS technologies exhibit naturally occurring zones of heat but lack sufficient
fluid flow. EGS processes require engineering to enhance permeability. Geothermal
resource development relies on the ability to locate and successfully access sub-
surface heat sources. In addition, success of a hydrothermal resource relies heavily on
water flow rate and minimum water temperatures. No EGS geothermal projects current
exist in the U.S. and the technology is still in a research and development phase.
Geothermal technologies were excluded from further analysis primarily due to project
feasibility. Feasibility challenges related to geothermal projects include exploration and
discovery efforts needed to locate project sites, uncertainty around access to adequate
fluid temperatures and flows, uncertainty around project location relative to locations of
energy need and uncertainty around technology and project costs.

Hydroelectric: Southern California currently benefits from significant hydroelectric
generation throughout California. While hydro represent projects with the largest
average size, there are few hydro projects in SoCalGas’s service territory and the
feasibility to scale is unlikely since for new hydroelectric to be considered renewable
under the CEC’s RPS standards, projects must be below 30 MW. This limitation results
in a scalability issue for serving hydrogen production. In addition, new hydroelectric
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development faces locational challenges as most suitable locations have already been
exploited.

Hydroelectric power was not considered to support hydrogen production for this study.

Off-shore Wind: Off-shore wind technology is developing quickly, with fixed-bottom off-
shore wind projects seeing the most development in the U.S. Because of water depths
off the coast of Southern California, off-shore wind serving hydrogen production in
SoCalGas’s service territory would likely need to be floating, which would come at a
higher cost than fixed-bottom offshore wind. Currently, there are no floating offshore
wind projects off the California coast. Also, the infrastructure needed to develop and
deploy offshore wind structure has not yet been developed in California. While floating
offshore wind technology may prove to be a suitable renewable resource to serve
hydrogen production, it is not expected to be the primary power source.

Solar and wind represent technologies considered to be more appropriate to support the
production of hydrogen at levels contemplated by the Hydrogen Production Assessment
Study due to the following:

Wind: Wind renewable technology is proven worldwide and is a mature technology.
Wind projects can be developed at a large scale given enough land and there is
significant land available for wind projects in SoCalGas’s service territory. Wind can also
be developed without an interconnection to a grid and at capacity sizes that are
relatively large compared to alternative renewable power sources. The potential for wind
depends on the wind generation profiles, which vary throughout Southern California,
with sites at higher elevations typically being the most efficient. However, relative to
other parts of the U.S., the wind potential in SGC territory is weak to average depending
on location. The figure below developed by AWS Truepower and NREL shows wind
speed potential across the country.
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As can be seen from Figure 13.1 above, the strong wind potential in the U.S. can be
found in the center of the country. An NREL’s SAM model was used to develop wind
generation profiles for 42 sites in SoCalGas’s territory. From these 42 solar generation
profiles, generation outlooks for three (3) sites that represent low, average, and high
generation performances for an average weather year were evaluated. Three projects,
Cuerno Grande, Ventoso, and North Sky River are representative of low, average, and
high wind performance, respectively. A fourth project, Sandstorm, was also evaluated to
show that while average on an annual basis, projects can be significantly different
monthly. The monthly capacity factors for these projects are shown in the figure below.
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Figure 13.2 Range of Wind Capacity Factors in SGC Territory

Average Capacity Factors by Month
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As can be seen in Figure 13.2, Southern California sees the most wind in the spring.
The highest performing project, North Sky River Wind, has a May capacity factor over
60 percent while the lowest performing project, SandStorm, has a May capacity factor of
about 35 percent. This range demonstrates that wind performance across Southern
California can vary significantly that could impact the feasibility of wind for large scale
hydrogen production for Angeles Link.

Solar: Of the various renewable technologies evaluated, solar is considered the most
suitable to provide clean renewable hydrogen production since the technology is
proven, the solar irradiance is high in SoCalGas’s service territory, and land is expected
to be available for solar project development. There are more solar projects in
SoCalGas’s service territory than for any other technology and the scale is larger for
solar than many alternatives. Solar can also be developed without an interconnection to
a grid. Figure 13.3: NREL Solar Irradiance Across the U.S. shows relatively high solar
potential in SoCalGas’s service territory compared to the rest of the country.
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Figure 13.3 NREL Solar Irradiance Across the U.S.
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Burns & McDonnell used NREL’s SAM model to develop solar generation profiles for
221 sites in SoCalGas’s service territory. From these 221 solar generation profiles,
generation outlooks for three (3) sites that represent low, average, and high generation
performances for an average weather year were evaluated. The solar sites evaluated
are Ariella Solar in Tulare County (representative low profile), Northern Orchard Solar in
Kern County southwest of Bakerfield (representative average profile), and Chaparral
Solar in Kern County north of Lancaster (representative high profile). The annual
capacity factors for the solar projects evaluated range from 28 percent to 34 percent.
Figure 13.4, Figure 13.5, and Figure 13.6 show low, average, and high monthly solar
production profiles, respectively for the three sites evaluated.
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Figure 13.4 Low Monthly Solar Capacity Factors
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Figure 13.5 Average Monthly Solar Capacity Factors
Northern Orchard Solar - 30% CF - 100 MW -
Kern County
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Figure 13.6 High Monthly Solar Capacity Factors
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Each of the projects depicted in the figures above have very high summer capacity
factors. However, the lowest production occurs in December, when peak capacity
factors are 39 percent, 48 percent, and 61 percent for the low, average, and high
profiles, respectively.

Conclusions

The renewable power source most suitable for serving hydrogen production in Central
and Southern California is solar. Solar irradiance in most of SoCalGas’s service territory
is some of the best in the country. Other renewable technologies, including wind,
biomethane, biomass, geothermal, hydroelectric, and offshore wind, may have roles
supporting hydrogen production but are not expected to play the same role as solar
generation.

Renewable Power Sources — Cost Assessment

Burns & McDonnell developed AACE Class 5 capital and operational cost estimates for
renewable technologies that support the production of clean renewable hydrogen using
publicly available information from NREL’s ATB data, the Energy Information
Administration (EIA) and Lazard. These sources are consistent with sources used for
the CPUC 2022-2023 Integrated Resource Plan (IRP). Costs by resource type have
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been included in a financial pro forma model to allow for the calculation of renewable
resource costs over the life of the resource. Renewable costs included in the pro forma
model include costs to develop renewable resources and costs to operate renewable
resources. Renewable resource costs include tax credits defined in the Inflation
Reduction Act of 2022 (IRA).

Costs for renewable technologies included the compilation of renewable technology
development costs, renewable technology operating costs, and renewable tax credits.
Production tax credits and investment tax credits according to the IRA have been
modeled to determine the optimal tax credit to apply to renewable resource costs.

A.4 Analysis of Renewable Technology Costs

NREL 2023 ATB provides estimates of levelized cost of energy (LCOE) for various
renewable technologies. LCOE calculates discounted cashflow of technology’s
development and operations costs over the expected life of a technology and divides
this total discounted cashflow by total expected energy from the technology. While
LCOE is a simplified version of total renewable project costs, it does allow for an easy
comparison of renewable technology costs across technologies.

Table 13.3 below includes NREL LCOE for various renewable technologies along with
the primary inputs used to derive LCOE.
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Table 13.3 Renewable Technology Characteristics and Costs

Hydro —

Wind — Wind -

Biomass Geothermal Run of Solar PV Onshore | Offshore

River

Assumed Useful

) 4 1

Life (Years) 5 30 00 30 30 30
0f - 0, 0f - 0,

Capacity Factor 64% 80% 66% 28 A)1/34 %|19 /01/37 o 52%
Construction 4 3 3 1 3 3
Years
Recommendation
- Earliest Start 2040 2040 2040 2040 2040 2040
Year
Assumed Project |,/ 2040 2040 | 2040 2040 2040

Completion Year
CAPEX (2021
$/kW)

Fixed O&M Costs
(2021 $/kWlyear)
Variable O&M
Costs (2021 $5.04 $0.00 $0.00 $0.00 $0.00 $0.00
$/MWh)
LCOE (2021
$/MWh)

$4,186 $7,010 $7,553 $764 $1,299 $4,149

$157.22 | $124.10 | $47.00 | $14.84 $25.90 $70.44

$147.93| $81.01 $69.25 | $19.25 $33.71 $72.40

Source: 2023 NREL Annual Technologies Baseline. Found at
https://atb.nrel.gov/electricity/2023/data.
1/ Capacity factors ranges are based on NREL SAM'’s data for SoCalGas’s territory.
Note: PVsyst Solar Model capacity factor of 26.4% for Bakersfield, CA is considered
more accurate and is used in the detailed analysis.

As seen in Table 13.3, NREL is forecasting solar will be the lowest cost renewable
technology, followed by onshore wind.

A.5 Electrical Storage Technologies and Costs

Several electricity storage technologies were considered that could support clean
renewable hydrogen production, including:

e Ultility Scale Lithium-ion Batteries
e Pumped Hydro Storage
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e Utility Scale Flow Batteries
e Compressed Air Energy Storage

Of these technologies, lithium-ion batteries and pumped hydro are mature technologies
with demonstrated operational success. Flow batteries and compressed air storage are
developing technologies that have yet to achieve utility-scale commercial success.
Thus, these technologies were not considered to support Phase 1 clean renewable
hydrogen production. Pumped hydro storage, while a mature technology, faces
feasibility and cost challenges in SoCalGas’s service territory as suitable sites are not
readily available, especially sites that could be tied directly to clean renewable hydrogen
production facilities. Thus, pumped hydro storage was not considered to support Phase
1 hydrogen production. The storage technology considered suitable to support Phase 1
hydrogen production at utility scale is lithium-ion batteries. Lithium-ion battery
technology is mature and lithium-ion battery projects can be scaled and co-located near
renewable technologies such as solar and wind.

NREL also develops cost estimates for various storage technologies. Because storage
technologies are transferring energy, it is not appropriate to develop LCOE’s for storage
resources. Table 13.4 includes estimated storage costs for various technologies based
on assumed development and operations inputs.
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Table 13.4 Electrical Storage Technology Characteristics and Costs

Utility Scale
Lithium-lon
Battery 4-
hour

Pumped

Storage
Hydro Energy

Utility Scale
Flow Battery
1/

Compressed
Air Energy
Storage
(adiabatic) 1/

Typical Project Size (MW) 60 879 10 100 - 1,000 2/
Assumed Useful Life 15 100 12 60
(years)

Duration 2 - 10 hours 8 - 12 hours 10 hours 12 - 24 hours
Roundtrip Efficiency 85% 80% 65% 52%
Construction Years 3/ < 2 years 4/ 3 2 5

Year Cost Basis 2021 2021 2022 2022
Year of Cost 2040 2040 2030 2030
CAPEX ($/kW) $1,018 $2,250 $3,386 $1,639
Fixed O&M Costs

($/kWiyear) $25.46 $18.66 $10.63 $10.04
Variable O&M Costs

($/MWh) $0.00 $0.54 $0.00 $0.00

Source (unless otherwise noted): 2023 NREL Annual Technologies Baseline. Found at
https://atb.nrel.gov/electricity/2023/data.
1/ From PNNL 2022 Grid Energy Storage Technology Cost and Performance Assessment
2/ No projects currently exist. Reflects PNNL assumption (see footnote 1/).
3/ Excludes time for permitting and generation interconnection requirements.
4/ Construction years were not provided by NREL on its ATB. Construction times will vary
depending on configurations.

Utility-scale lithium-ion batteries are the least expensive of the storage technologies. In
addition, there is less uncertainty around lithium-ion battery costs than there is around
the other storage technologies. Pumped storage hydro costs are highly influenced by
locations that can accommodate the technology, and thus costs for pumped storage
hydro can vary significantly depending on a project is developed. Both utility scale flow
batteries and compressed air energy storage are early in their development, meaning
costs are likely to be uncertain until these technologies become commercially

acceptable.

A.6 Renewable Power — CA Market Assessment

Analyses from public sources have been examined to form a view on the demand for
renewables in Central and Southern California. Analysis from the CPUC in its 2022-
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2023 IRP was examined for a view of SoCalGas’s service territory generation resource
mix into the future. Generation resources in the electric service territories of Southern
California Edison (SCE), Imperial Irrigation District (IID) and Los Angeles Department of
Water and Power (LADWP) were assumed to be reflected of resources in SoCalGas’s
service territory.

Table 13.5 below shows the generation capacity outlook for SCE, IID and LADWP
developed by the CPUC in its 2022-2023 IRP.

Table 13.5 WECC Generation Capacity Outlook by Technology

Capacity (MW)

Technology Type 2022 2030 2040
Coal 480 - -
Geothermal 1,348 1,392 1,392
Hydro 4,303 4303 4,303
Natural Gas Combined Cycle
(NGCCQC) 9,160 10,609 10,609
Natural Gas Combustion Turbine
4. 64 4.7

(NGCT) ,648 4,738 738
Battery Storage 3,193 5.636 5,636
Natural Gas Steam Turbines (NG
Steam) 3,886 186 186
Nuclear 1,042 1,042 1,042
Other 2,759 2076 2,041
Solar 11,533 13,161 13,161
Wind 4.654 4.828 4,828
Total 47,005 | 47,971 47,935

Source: CPUC IRP Resource Cost & Build Workbook (June 2023 MAG)),
included in file CPUC IRP Resource Cost & Build - - Draft 2023 I&A — v2.xIsx tab

“Gen List,” found at https://www.cpuc.ca.gov/-/media/cpuc-
website/divisions/enerqy-division/zipped-files/supporting materials v2.zip.

The outlook shows coal generation as well as nearly all natural gas steam turbine
generation retired by 2030. These retirements are expected to be offset primarily by
additions to solar and battery storage. Nuclear (Palo Verde) is assumed to continue
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beyond 2040. The electric service territories of SCE, IID and LADWP already have
significant renewable generation capacity, which is expected to continue to be
augmented by natural gas combined cycle generation and nuclear generation out
through 2040.

To gain insights on where existing and planned renewable projects are located within
SoCalGas’s service territory, Burns & McDonnell evaluated EIA Form 860 data, which
includes county information for generation plants. Table 13.6 below shows existing and
planned renewable projects by counties located in SoCalGas’s service territory.

Table 13.6 Existing and Planned Renewable Capacity by Counties in
SoCalGas Service Territory (MW)

Planned/Under

Existi
xisting Development Total

County Solar Solar Solar
Batteries Wind PV Batteries Wind PV Batteries Wind PV

Kern 718 3,655 4,283 2,332 16 | 2,217 3,049 [3,671| 6,500

:'Vers'd 1545 | 590 | 3,089 | 2,060 | 27 | 1.682 | 3.605 |617| 4,771

Imperial 155 265 | 1,977 922 - 1,282 1,077 265 | 3,259

Los 376 | 2 | 1286 | 841 - | 497 | 1217 | 2 | 1,783

Angeles

Kings 225 - 1,319 360 - 917 585 - 2,235

San Luis ; - | 1127| 525 - | 300 | 525 - | 1,427

Obispo

San

Bernardi 80 7 752 641 - 22 721 7 773

no

Tulare - - 356 380 - 10 380 - 366

Orange 128 - 15 80 96 - 208 96 15

Ventura 113 - 9 89 - 20 202 - 29

Santa 10 - | 67 ; ; 2 10 - | 69

Barbara

Total 3,350 (4,520|14,278| 8,228 | 138 | 6,948 | 11,579 |4,658|21,226

Source: EIA Form 860, 2022.

As can be seen in Table 13.6 above, Kern County has the most existing and planned
renewable resources, followed by Riverside County. The existing and planned
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resources in Kern and Riverside Counties account for over half of all existing and
planned renewable resources in SoCalGas’s service territory.

A.7 Summary of Projects in the CAISO Queue

Another indication of expected renewable project development in California can be
provided by examining the proposed projects in CAISO’s generation interconnection
gueue. Renewable developers must request a generation interconnection from CAISO
prior to project development. CAISO studies projects in its interconnection queue to
estimate interconnection costs as well as additional costs a project may impose on the
CAISO system. Many projects in CAISO’s generation interconnection queue may not be
completed.

Table 13.7 summarizes the generation projects currently in CAISO’s generation
interconnection queue by number of projects, average project size, maximum project
size and total capacity by technology.

Table 13.7 Summary of Renewable Projects in CAISO’s Generation
Interconnect Queue

Average Maximum
Number of . . Project  Total Capacity
Technol . P '
echnology Projects roject Size Size (MW)
Battery 194 270 1,434 52,296
Natural Gas 1 656 656 656
Other 2 516 520 1,032
Pumped-Storage 3 1,108 1.417 3,324
hydro
Solar 118 243 1,182 28,677
Wind Turbine 12 574 1,518 6,890
Source: CAISO PublicQueueReport.xIsx, found at
http://www.caiso.com/PublishedDocuments/PublicQueueReport.xIsX.

Generation interconnection requests for batteries and solar make up the majority of
request, with battery capacity reflecting 56 percent of the MW requested and solar
reflecting 31 percent of the MW requested.

The expected demand for renewable generation resources is significant. The Energy
Information Administration (EIA), in its Annual Energy Outlook for 2023 (AEO23),
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provides a forecast of generation needs by technology out through 2050. Table 13.8
below shows EIA’s expected renewable resource needs for Southern California.

Table 13.8 EIA AEO23 Expected Capacity Additions - Southern California

Southern California (Net Summer Capacity GW)

Technology 2023 2030 2040 2050 % Change
Hydroelectric Power 1.8 1.8 1.8 1.8 0%
Geothermal 0.3 0.6 0.8 1.1 239%
Municipal Waste 0.2 0.2 0.2 0.2 57%
Wood and Other 00| 00| 00| 00 0%
Biomass
Solar Thermal 1.0 1.0 1.0 1.0 0%
Solar Photovoltaic 157 | 19.1 | 36.4 | 59.2 276%
Wind 5.1 4.8 4.5 6.1 20%
Offshore Wind - - - - -
Total 242 | 275 | 449 | 69.6 188%

Source: EIA Annual Energy Outlook 2023.

Table 13.8 above shows renewable resource demand is expected to result in the most
growth in solar on a MW basis.

A.8 Renewable Curtailments

Electric curtailment occurs when a generating resource is turned down or limited
because the electric system cannot take the energy as the transmission system is
constrained or there is not enough demand for energy. In California, CAISO manages
two types of curtailments that occur on the electric grid: 1) system and 2) local.

System curtailment occurs when energy supply is greater than demand, even if the
curtailed resource is a least-cost resource. An example of a system curtailment would
be when, on a sunny, cool summer day, there are more solar resources online than
needed, even after backing down dispatchable generation. Local curtailments occur
when energy is unable to flow from an area of oversupply to an area of need due to
transmission constraints. Transmission constraints can occur due to transmission ties
that are insufficient to handle certain flows, unit outages near areas of high demand,
transmission line outages or any combination of the aforementioned.

Distinguishing between local and system curtailments is important because system
curtailments represent the excess energy that could be used for hydrogen production.
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Figure 13.7 and 13.8: CAISO Solar/Wind Curtailments show curtailed energy for both
the past 10 years ending May 2024 as well as the two years ending July 2023 and
includes system and local curtailments.

Figure 13.7 CAISO Solar/Wind Curtailments — 10 Years Ending May 2024

850,000
800,000
750,000
700,000
650,000
600,000

£550,000

= 500,000

3 450,000

2

= 400,000

g

% 350,000

o

£500,000
250,000
200,000
150,000
100,000

50,000
i) .|||| ....... II||||._I||| -||‘ II||I|| || |”||II I

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Source: https://www.caiso.com/about/our-business/manaqing-the-evolving-grid

Figure 13.8 CAISO Solar/Wind Curtailments — 2 Years Ending July 2023
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Figures 13.7 and 13.8 show that curtailed solar and wind energy amounts are generally
more significant between March and May, with peaks in April. For instance, April 2023
saw 702,833 MWhs of solar and wind curtailments in CAISO, with 672,010 MWhs, or 96
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percent related to solar generation. In April 2023, total solar generation serving load
was 3,409,117 MWhs.

The next several figures show a breakdown of solar curtailments for April 2023. Figure
13.9 shows solar serving load, system solar curtailments and local solar curtailments,
for all hours in April 2023. In Figure 13.9, 3,409,1117 MWhs of solar generation served
load in April 2023. Of the total solar curtailment amount of 672,010 MWhs, 132,507

MWhs were system curtailments and 539,503 were local curtailments.
g o o
RS 3

Figure 13.9 CAISO Solar Generation — April 2023
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Figure 13.10 shows only solar curtailments for April 2023 on an hourly basis.

Production Planning & Assessment - Final Report
89


https://www.caiso.com/informed/Pages/ManagingOversupply.aspx

M SoCalGas.

Figure 13.10 CAISO Solar Curtailments — April 2023

10,000
9,000
8,000
7,000
6,000
w
=
= 5,000
=
4,000
3,000
2,000
o d 1 l
_ i = | | l | . ll
‘—cNm:rn.nc.Dr--@cnc:‘—cNmﬁ-mwrmmmo‘—cmmﬁ-mwrmmmo‘—cmmwm
o~ = W oo © o™ [r= T = I s o T o T e = s T I s o Ty T o e T Y I~ S e = e S o = L U= B == B oy T ¥ T e = ) B
e I B B B T o Y o B A o I I o o T o T s T o T o L L S e T ¥ o T T T ¥ o V= T e Y Y= A T= T
Hour of the Month
m System Curtailments Local Curtailments
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ProductionAndCurtailmentData_2023.xIsx.

Significant local curtailments occurred every day in April 2023 while significant system
curtailments occurred only a handful of days. Figure 13.11 shows only system solar
curtailments for April 2023 on an hourly basis.

Figure 13.11 CAISO Solar System Curtailments — April 2023
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Source: https://www.caiso.com/informed/Pages/ManagingOversupply.aspx,
ProductionAndCurtailmentData_2023.xIsx.

In Figure 13.11, the three (3) largest days of system solar curtailments make up 75
percent of all system solar curtailments for the month of April 2023.

The previous several figures show during a month of high solar curtailments, system
solar curtailments make up a minority of total solar curtailments (20 percent in April
2023) and occur sporadically during a month. System curtailments, while significant, are
expected to continue to be sporadic and seasonal. As a result, the curtailed energy is
expected to be used opportunistically to produce hydrogen.
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13.2 Appendix B: Hydrogen Storage

B.1 Aboveground Storage

Commercially available aboveground storage technologies include compressed gas,
liquid hydrogen, metal hydride and iron oxide storage systems. Each option provides
distinct differences in terms of safety, capacity, and operational flexibility, catering to
diverse applications across industries.

B.1.1 Compressed Hydrogen Gas Storage

Compressed hydrogen gas storage involves storing hydrogen at high pressures,
typically between 350 to 700 bar (5,000-10,000 psi), in cylindrical tanks made of steel or
composite materials. This method requires moderate to high capital expenditure due to
the cost of high-pressure tanks and compression equipment. Operating expenses are
moderate, primarily attributed to the energy required for compression and periodic tank
inspections. The technology for compressed hydrogen storage is mature and widely
adopted, with tanks typically lasting 15 to 20 years with proper maintenance. Auxiliary
equipment such as compressors, pressure relief devices, and safety sensors are
essential components of this storage system.°

B.1.2 Liquid Hydrogen Storage

Liquid hydrogen storage requires cooling hydrogen to cryogenic temperatures of -423
°F (-253 °C). This method incurs high capital expenditure mostly from the cost of
cryogenic storage tanks and refrigeration systems. Operating expenses are also high,
largely stemming from energy consumption for refrigeration and management of boil-off
gas. Boil-off occurs when liquid hydrogen absorbs heat, typically from its surroundings,
and must be reliquefied or vented.>! To prevent hydrogen losses, energy-intensive
reliquification is required. The technology for liquid hydrogen storage is mature and
commonly utilized in space and specialized applications, like hydrogen fuel stored for
NASA launches. Cryogenic tanks typically have a lifespan of 15-20 years with proper
maintenance. Auxiliary equipment such as refrigeration systems, boil-off gas
management systems, and insulation materials are integral to the storage system,
which typically employs double-wall vacuum-insulated tanks. This technology is mature,
with ongoing advancements in storage capacities and technology. The US Department
of Energy is funding research through the Hydrogen and Fuel Cell Technologies Office
to develop spheres up to 100,000 m? (6250 tonnes) in capacity (DOE H2@Scale, n.d.-

50 Eberle, Mueller, & von Helmolt, 2012.
51 Gllzow, E., & Bohn, L. (2010). Cryogenic Storage of Hydrogen. Wiley-VCH Verlag
GmbH & Co. KGaA.
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a). Several commercially available options for liquid hydrogen storage vessels,
capacities, and cost ranges are provided for reference.

B.1.3 Metal Hydrides Hydrogen Storage

Metal hydrides hydrogen storage involves the absorption of hydrogen into a metal alloy,
creating a solid metal hydride. This method requires high capital expenditure due to the
cost of metal hydrides and containment systems. Operating expenses vary from low to
moderate, contingent upon the hydride material and the necessity for thermal
management.>? The technology for metal hydride hydrogen storage is still emerging,
undergoing continuous development to achieve commercial viability. The lifespan of
metal hydride storage systems depends on cycling stability but is shorter than
compressed or liquid systems. Auxiliary equipment such as heat management systems
is necessary to control the exothermic and endothermic reactions during charging and
discharging processes. This is an emerging technology, with active development
focused on efficiency and cost-effectiveness. A commercially available option for metal
hydride hydrogen storage, capacity, and cost estimate is provided below for reference.

B.1.4 Iron Oxide Hydrogen Storage

The Iron Oxide Hydrogen Storage technology employs reduction and oxidation
reactions of iron (Fe) for hydrogen storage. During the loading phase, hydrogen reduces
iron oxide, releasing steam that can be utilized in electrolysis. Conversely, during
discharge, steam is introduced to oxidize iron, yielding hydrogen. Commercial units
have been available since early 2022, with plans to release 20-foot standard containers
by 2024. Iron Oxide Hydrogen Storage demonstrates the highest storage density
among energy storage systems, capable of storing over 2 kWh of hydrogen per liter,
surpassing traditional methods such as pressure vessels or liquid hydrogen. Integrated
with steam-driven electrolysis and fuel cells, Iron Oxide Hydrogen Storage achieves
significantly higher long-term power storage efficiencies, thereby reducing hydrogen
generation and storage costs. Moreover, this technology reduces the space requirement
for hydrogen storage, increases capacity per truck, and lowers overall generation and
storage expenses. While currently more costly than batteries for larger storage systems,
Iron Oxide Hydrogen Storage remains competitive with the aid of investment subsidies
and possesses potential for cost reduction in the medium term. Details for commercially
available options for Iron Oxide hydrogen storage, capacity, and cost estimate are
provided for reference.

52 7iittel et al, 2010.
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B.1.5 Aboveqground Storage Options Comparison

Storage Type Physical Physical Chemical Chemical
Storage Storage Storage Storage
Compressed Liquid Metal Hydrides Compact Iron
Gas Oxide
Equipment Cylinders, Insulated Metal hydrides Proprietary
Type pressure spherical stored in containerized
vessels, tubes  vessels, containment storage
cylindrical systems
tanks
Pressure 5,000-10,000 Up to 150 psi, Varies depending 400 - 1,400 psi
Range psi, on absorption
process
Temperature -40 to 185 °F -423 °F Ambient to 400+  Ambient to 300 °F
Range (cryogenic) °F
Commercially Upto 20 tonnes Upto 312 Up to 0.25 tonnes Up to 100 tonnes
Available tonnes
Capacity per
unit
(20,000 kg) per (312,000 kg) (250 kg) per unit (8300 kg) per unit
cylinder per sphere

B.2 Underground Storage

Underground Hydrogen Storage (UHS) in geologic formations offers potential benefits
to large-scale deployment of hydrogen as an energy source including storage capacity,
low relative cost, and protection from natural hazards or anthropogenic threats. As part
of Angeles Link Phase 1, evaluations were performed for the potential of UHS within an
Area of Interest (AOI) that includes the SoCalGas service area within California as well
as potential resources in Nevada, Utah, and Arizona, as indicated in Appendix C.1.
UHS options evaluated included rock salt provinces capable of supporting solution-
mined salt caverns, depleted reservoirs in oil and gas fields, abandoned underground
hard rock mines, and saline aquifers.

Void space created in geologic rock salt formations by solution-mining techniques is the
only commercially deployed UHS technology at present. Within the AOI, there are six
geologic provinces with salt formations (salt basins) where solution-mining of salt
caverns may be feasible. All six salt basins are outside of California. Solution-mined
caverns are operational for fuel storage near Delta, Utah. Additionally, green hydrogen
generation and storage projects were announced at Delta, Utah (ACES project) and
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near Kingman, Arizona (Mohave Green Energy Hub), both of which have stated intent
to solution-mine salt cavern for underground storage of hydrogen.

Within the SoCalGas general service area in California, there is significant UHS
capacity in existing depleted oil and gas reservoirs. There is a consensus among the
scientific and engineering community that hydrogen storage in depleted oil and gas
reservoirs is likely feasible,>® but the community also acknowledges uncertainty in the
commercial application of depleted oil and gas reservoirs for UHS. As such, there are
many ongoing research projects in this area as stated below in Section B.2.3.2.1.
These uncertainties are related to subsurface processes, cost, and permitting, including
the following:

e Lack of an established regulatory framework for permitting and operating a UHS
facility and associated project timeframes

e Lack of commercially operable projects and thus estimates of capital and operational
costs

e Potential for loss of hydrogen by microbial activity

e Leakage through sealing rocks and/or wells penetrating the sealing rocks
e Environmental permitting and social considerations

e Site preparation

e Acquisition of land and/or pore space rights

A total of 297 oil and gas fields and 6 salt basins were evaluated using rubrics

developed to assess certain geologic characteristics impacting the feasibility of utilizing
the fields or basins as UHS facilities. The final evaluation of each oil and gas field are

53 Foh, S., Novil, M., Rockar, E., and Randolph, P., 1979. Underground hydrogen
storage. final report. [salt caverns, excavated caverns, aquifers, and depleted fields]
(No. BNL-51275). Brookhaven National Lab., Upton, NY (USA).

Amid, A., Mignard, D. and Wilkinson, M., 2016. Seasonal storage of hydrogen in a
depleted natural gas reservoir. International Journal of Hydrogen Energy, 41, 5549—
5558, https://doi.org/10.1016/j.ijhydene.2016.02.036.

Heinemann, N., Alcalde, J., Miocic, J.M., Hangx, S.J., Kallmeyer, J., Ostertag-Henning,
C., Hassanpouryouzband, A., Thaysen, E.M., Strobel, G.J., Schmidt-Hattenberger, C.
and Edlmann, K., 2021. Enabling large-scale hydrogen storage in porous media—the
scientific challenges. Energy & Environmental Science, 14(2), pp.853-864.
Muhammed, N.S., Haq, M.B., Al Shehri, D.A., Al-Ahmed, A., Rahman, M.M., Zaman, E.
and Iglauer, S., 2023. Hydrogen storage in depleted gas reservoirs: A comprehensive
review. Fuel, 337, p.127032.
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presented on “stop-light” maps, where fields with the most favorable characteristics
appear green, fields for which information is lacking or with certain unfavorable aspects
were noted appear yellow, and fields that are inadequate appear red. These maps
provide a scientific baseline assessment of the geologic feasibility of UHS in each field.
In addition to maps showing the geologic feasibility of UHS within the oil and gas fields,
maps showing population density and potential earthquake faults are included, as these
aspects may impact the ability to permit a UHS facility in the AOI.

In addition to a review of oil and gas fields and salt basins, abandoned underground
mines and saline aquifers were also considered. A comprehensive database of
locations of abandoned underground mines was compiled and mapped. Other than
location information, no data regarding depth, size, or host rock was identified in this
phase of work for abandoned underground mines to screen their potential for UHS.
Mine specific data is necessary to determine the potential feasibility of UHS at any
abandoned mine.

There is UHS potential in saline aquifer systems in the AOI. However, subsurface
investigations in the AOI, and in California in particular, have been focused on
discovering, delineating, and producing oil and gas accumulations, not saline aquifers.
Therefore, locating suitable structures in saline aquifers with the potential to contain
hydrogen would require significant exploration and characterization activities. Due to the
lack of available data, abandoned mines and saline aquifers, while having potential, are
not considered prospective for UHS soon and therefore no evaluation frameworks were
applied.

B.2.1 Technology Evaluation Approach

This UHS evaluation aims to screen the AOI for suitable geologic conditions for
hydrogen storage. All methods of subsurface storage share the goal of safely meeting
storage capacity needs with suitable injection and withdrawal rates to meet production
and consumption needs. Available subsurface storage options are geologically distinct,
and each has unique geologic characteristics and commercial limitations.

B.2.2 Statement of Limitations

This evaluation was completed utilizing publicly available data and published materials,
and as such, the accuracy and completeness of the information presented herein are
dependent upon the accuracy and completeness of the references cited. Except for salt
caverns, the science and engineering aspects of UHS have not advanced to the
commercial deployment stage. This assessment is therefore intended as a screening
tool and any prospective UHS prospects will require further assessment in future
Angeles Link phases.
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B.2.3 Underground Hydrogen Storage in Geologic Formations: The State of the Practice

Potential UHS options include the following:
e Solution-mined salt caverns in geologic salt basins
e Porous rock formations including depleted oil and gas reservoirs and saline
aquifers
e Mechanically excavated void space
I. Constructed specifically for gas storage purposes
il. Mine shafts and chambers created during extraction of other ores
Refer to Appendix C.1 for a map of all potential storage locations in the AOI considered
in this evaluation.

The geologic storage options each have their own advantages and challenges. UHS
options offer greater storage capacity compared to surficial storage in spheres or
pipelines (see Figure 13.12), and levelized costs of storage presented in literature
suggest that depleted reservoirs in oil and gas fields offer the most economical
options.>*

Figure 13.12 Indicative H2 Storage Options by Unit Capacity
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54 Lord, A.S., Kobos, P.H. and Borns, D.J., 2014. Geologic storage of hydrogen: Scaling
up to meet city transportation demands. International journal of hydrogen

energy, 39(28), pp.15570-15582.

Chen, F., Ma, Z., Nasrabadi, H., Chen, B., Mehana, M.Z.S. and Van Wijk, J., 2023.
Capacity assessment and cost analysis of geologic storage of hydrogen: A case study
in Intermountain-West Region USA. International Journal of Hydrogen Energy, 48(24),
pp.9008 9022.
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B.2.3.1 Salt Caverns

Hydrogen has been safely and effectively stored in underground geologic salt
formations in solution mined caverns for many decades. Caverns are constructed by
drilling a well into a geologic body of salt and injecting water into the well to dissolve the
salt. The solution brine is circulated out of the well leaving a void space in the salt that
can be used for storage of gases or liquids. The salt cavern undergoes mechanical
integrity testing to make sure potential leakage from the storage facility meets permit
standards. The size, shape, and working pressure of the salt cavern depend on the salt
body composition, shape, and burial depth below ground surface.

Solution mining techniques used to construct salt caverns for petroleum storage are
technologically mature and there is a high degree of confidence that storage facilities
can be constructed and operated safely for many decades in suitable geologic
environments. In addition to proven viability through commercial operations for four
decades, salt caverns offer certain advantages including: 1) increased certainty of
feasibility of construction, permitting, and operation,2) increased ability to accurately
estimate cost to construct, 3) increased ability to design the size of salt cavern or
caverns to optimize storage efficiency, 4) limited potential for hydrogen loss by
degradation or leakage, and 5) limited potential for contamination by other fluids in the
subsurface.

While salt caverns, at present, represent the most commercially tested method of UHS,
the basins where salt caverns may be constructed via solution mining techniques are
geographically limited and are not present in California (refer to map of UHS options in
Appendix C.1). Instead, they are geographically isolated within the AOI to Nevada,
Utah, and Arizona and pipeline infrastructure would be required to access them.

The size of any single salt cavern is limited by geotechnical considerations and multiple
caverns may be required to satisfy storage needs due to the low density of hydrogen.
Key geologic aspects of salt basins that impact the feasibility of salt cavern construction
in a particular salt basin include depth, form (domal vs. bedded), rock composition and
presence of impurities in the salt basin.

B.2.3.2 Proposed Salt Cavern Storage Projects Inside and Outside the AOI

There is a site under construction in Utah, and a proposed storage project in Arizona.
Brief descriptions of each project are provided below.

ACES Delta Hydrogen Hub (Delta, UT)

The feasibility of solution mining storage caverns in the AOI has been demonstrated
near Delta, UT for fuels storage (Sawtooth Storage, LLC). The ACES Delta hub has
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drilled wells and is permitted to develop salt cavern storage facilities for hydrogen. Two
salt caverns will be capable of storing up to 5,500 tonnes of working capacity. The hub
will initially run on a blend of 30% green hydrogen and 70% natural gas starting in 2025
and will incrementally expand to 100% green hydrogen in 2045. Chevron New Energies
Inc. acquired a majority stake in the project in 2023. Press releases indicate that test
wells were drilled, and solution mining of salt caverns is imminent or underway as of
December 2023.

Mohave Green Energy Hub (Mohave County, AZ)

Mohave Green Energy Hub, LLC has stated intent to develop a salt cavern hydrogen
storage facility via solution-mining in the Red Lake Salt Basin in Mohave County in
Western Arizona (Mohave Green Energy Hub, LLC), though this project is less
advanced than the Delta Utah ACES project.

B.2.3.2.1 Depleted reservoirs in oil and gas fields

Oil and gas fields and their associated depleted reservoirs are targets for UHS for many
reasons, including widespread distribution, large potential storage capacities, presumed
low cost compared to above-ground storage, and safety from natural disaster or
sabotage compared to above-ground containers due to distance from ground surface
affected by flood, extreme weather, or attack by foreign or domestic terrorists.
Furthermore, the geologic structures represented by oil and gas fields have provided
containment of buoyant fluids (oil and/or gas and/or natural gas liquids) and prevented
or limited upward migration of the fluids to the ground surface over timespans of millions
of years. This supports their potential to contain natural gas and other gases, including
hydrogen, under a wide variety of pressures. The technical aspects of storage and
recovery of hydrogen in depleted reservoirs have been investigated by applying
geologic principles, reservoir simulations, and early-stage pilot projects. There is broad
consensus within the scientific and engineering community that UHS in porous rocks
(and specifically in depleted reservoirs) is technically feasible,> but there is ongoing
research into the geologic site selection criteria and engineering design guidance.

% Foh, S., Novil, M., Rockar, E., and Randolph, P., 1979. Underground hydrogen
storage. final report. [salt caverns, excavated caverns, aquifers, and depleted fields]
(No. BNL-51275). Brookhaven National Lab., Upton, NY (USA).

Amid, A., Mignard, D. and Wilkinson, M., 2016. Seasonal storage of hydrogen in a
depleted natural gas reservoir. International Journal of Hydrogen Energy, 41, 5549—
5558, https://doi.org/10.1016/j.ijhydene.2016.02.036.
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Another advantage of depleted reservoirs in oil and gas fields is that because they held
economically attractive accumulations, extensive effort and cost has been expended to
understand the fluid flow characteristics of the depleted reservoirs and individual fields
in general throughout the AOI. This includes aspects of field depths, pressures, and
dimensions, as well as fluid flow characteristics such as porosity, permeability, and
potential production rates due to extensive development and data collection activities
during operation and production. Intragranular porosity, or simply “porosity,” refers to
the void spaces between individual grains of sand, silt, or gravel which host subsurface
fluids such as groundwater, oil, or gas. These data reduce uncertainties regarding
important material parameters for UHS in the fields such as gas flow rates and volumes.
Many fields have existing well and pipeline infrastructure which may be acceptable for
hydrogen injection and withdrawal and/or monitoring purposes in reducing CAPEX for
storage facility development (subject to engineering evaluation in future Angeles Link
phases). However, due to the unique properties of hydrogen gas, there remain
uncertainties with respect to the movement and recoverability of hydrogen injected for
storage in depleted reservoirs, primarily relating to loss of hydrogen via biological and
geochemical activity, and leakage through sealing rocks and improperly sealed
wellbores. Additionally, interaction of hydrogen with existing field infrastructure originally
implemented for oil and gas storage and extraction may cause adverse effects such as
embrittlement of casing and tubing, which has the potential to lead to well integrity
issues and potential leak pathways.>®

There are currently no permitted examples of UHS in depleted reservoirs, and
engineering and geological requirements for UHS are currently not defined. The lack of
a regulatory framework may result in delays and challenges to implementation.

For a depleted field to perform adequately as a UHS facility, it must be capable of
storing the necessary quantity of hydrogen to release during periods when demand
outpaces supply. Pressure in a depleted field can be restored to a desired pressure
over time through injection of gases. Depending on the volume of the depleted
reservoir, and the reservoir pressure desired for operations, pressure can be restored in
the reservoir with a “cushion gas” such as nitrogen or natural gas (i.e., the pressure

Heinemann, N., Alcalde, J., Miocic, J.M., Hangx, S.J., Kallmeyer, J., Ostertag-Henning,
C., Hassanpouryouzband, A., Thaysen, E.M., Strobel, G.J., Schmidt-Hattenberger, C.
and Edlmann, K., 2021. Enabling large-scale hydrogen storage in porous media—the
scientific challenges. Energy & Environmental Science, 14(2), pp.853-864.

5 (n.d.). Subsurface Hydrogen Assessment, Storage, and Technology Acceleration
(SHASTA) program website, DoE, accessed 11/17/2023,
https://edx.netl.doe.gov/shasta/well-integrity-issues-for-hydrogen-storage/.
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need not be built with pure hydrogen).5” Cushion gas can constitute a major CAPEX
cost, especially for highly depleted, larger fields.>® Residual natural gas in depleted
reservoirs in oil and gas fields will serve as a cushion gas already in place, which could
significantly reduce CAPEX.>®

There is extensive research on UHS underway in academic, industry, and government
organizations. Areas of investigation include reservoir simulation studies of hydrogen
gas behavior during storage,®® containment mechanisms and security, economic
analysis, and cost estimation.®? In addition, multiple universities maintain consortia
focused on UHS and other aspects of hydrogen as an emerging energy source. Notable
consortia and their areas of focus include but are not limited to:

Project SHASTA (Subsurface Hydrogen Assessment, Storage, and Technology
Acceleration, DOE National Laboratories

« Laboratory, field, and simulation studies of pure hydrogen and hydrogen blended
with natural gas underground storage.

57 Kanaani, M., Sedaee, B., & Asadian-Pakfar, M, 2022. Role of Cushion Gas on
Underground Hydrogen Storage in Depleted Oil Reservoirs. Journal of Energy Storage
(ISSN 2352-152X), 103783.

58 Chen, F., Ma, Z., Nasrabadi, H., Chen, B., Mehana, M.Z.S. and Van Wik, J., 2023.
Capacity assessment and cost analysis of geologic storage of hydrogen: A case study
in Intermountain-West Region USA. International Journal of Hydrogen Energy, 48(24),
pp.9008 9022.

Heinemann, N., Alcalde, J., Miocic, J.M., Hangx, S.J., Kallmeyer, J., Ostertag-Henning,
C., Hassanpouryouzband, A., Thaysen, E.M., Strobel, G.J., Schmidt-Hattenberger, C.
and Edlmann, K., 2021. Enabling large-scale hydrogen storage in porous media—the
scientific challenges. Energy & Environmental Science, 14(2), pp.853-864.

59 Chen, F., Ma, Z., Nasrabadi, H., Chen, B., Mehana, M.Z.S. and Van Wik, J., 2023.
Capacity assessment and cost analysis of geologic storage of hydrogen: A case study
in Intermountain-West Region USA. International Journal of Hydrogen Energy, 48(24),
pp.9008 9022.

60 Lysyy, M., Ferno, M., & Ersland, G., 2021. Seasonal hydrogen storage in a depleted
oil and gas field. International Journal of Hydrogen Energy, 25160-25174.

61 Khadka Mishra, S., Ganguli, S., Freeman, G., Moncheur de Rieudotte, M., & Huerta,
N, 2023. Local-Scale Framework for Techno-Economic Analysis of Subsurface
Hydrogen Storage, SAND2023-1724049/PNNL-35058;. Richland, WA: U.S. Department
of Energy, Sandia National Laboratories and Pacific Northwest National Laboratory.
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« Topics include material compatibility with hydrogen, rock-gas interactions, flow
characterization and dynamics, microbial interactions, and interactions with
geologic materials, among others.

GeoH: program, Bureau of Economic Geology, University of Texas, Austin:

o Geological storage of gaseous hydrogen
e Techno-economic and value-chain analysis
e Novel concepts including in situ generation and natural hydrogen

Stanford Hydrogen Initiative, Stanford University

e Hydrogen storage feasibility in a variety of underground systems
e Hydrogen gas behavior during storage
e Hydrogen loss through biogeochemical reactions

o Risks of loss of containment from storage reservoirs, through caprock, faults,
fractures, or leaky wells

« Development of real-time monitoring technologies to assure storage integrity and
safety

« Levels of support from key stakeholders and the public
o Expected regulatory environment

In addition, the CEC recently issued a solicitation to fund a project that will evaluate the
feasibility of using existing underground gas storage facilities to store clean renewable
hydrogen in California.®?

B.2.3.2.2 Saline Aquifers

Saline aquifers share many characteristics of depleted reservoirs in oil and gas fields in
that they potentially have tremendous pore space volume representing potential
hydrogen storage space. Hydrogen-rich manufactured gas (also sometimes referred to
as “town gas”) has been stored in relatively shallow saline aquifers and recovered for
many decades in relatively small quantities.®® However, as is the case with oil and gas

62 https://www.energy.ca.gov/solicitations/2024-04/gfo-23-503-feasibility-underground-
hydrogen-storage-california.

63 Heinemann, N., Wilkinson, M., Adie, K., Edimann, K., Thaysen, EM.,
Hassanpouryouzband, A., Haszeldine, RS., Cushion Gas in Hydrogen Storage—A
Costly CAPEX or a Valuable Resource for Energy Crises? Hydrogen, 2022; 3(4):550-
563. https://doi.org/10.3390/hydrogen3040035.
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fields, a structural trap is required to limit vertical and lateral migration of hydrogen and
enable recovery of hydrogen from storage (Figure 13.13).

Figure 13.13 Schematic saline aquifer conversion to hydrogen storage
(Wallace et al., 2021)
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Subsurface exploration in sedimentary basins worldwide has historically been focused
on exploring for and characterizing oil and gas accumulations instead of deep saline
aquifers, and as a result, little data exist with which to site UHS facilities in saline
aquifers. Thus, identifying structural containers (traps) in which to inject and store
hydrogen would entail extensive and time-consuming exploration work including surface
and subsurface data collection.®* Due to insufficient or incomplete data regarding
potential trapping configurations in deep saline aquifers in the AOI, no screening of
saline aquifers could be performed as part of this phase.

B.2.3.2.3 Loss Mechanisms of Hydrogen in the Subsurface

Hydrogen is reactive and mobile in the subsurface. When injected into depleted
reservoirs or saline aquifers, it is stored in the pore space and can migrate along
pressure gradients as a gas, mix with residual gases present within the reservoir and
dissolve within formation fluids. The main mechanisms for hydrogen loss include

64 Zoback, Mark & Smit, Dirk., 2023. Meeting the challenges of large-scale carbon
storage and hydrogen production. Proceedings of the National Academy of Sciences of
the United States of America. 120. €2202397120. 10.1073/pnas.2202397120.
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biodegradation, dilution, migration, dissolution, and chemical transformation (reaction).
The likelihood and rate of loss will depend on site characteristics and there is active
research in both the processes (e.g., microbial metabolic rates under investigation by
Project SHASTA and GeoH2) and the physical properties of hydrogen at reservoir
conditions (e.g., relative permeability and interfacial tension angles for hydrogen that

determine seal capacity and reservoir flow).

Figure 13.14 Diagrammatic illustration of storage in depleted reservoirs or
saline aquifers with associated potential loss mechanisms
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Figure 13.14 shows from left to right, leakage through diffusion into sealing rock
(caprock), microbial degradation, injection withdrawal cycles, fingering in cushion gas,
geochemical reaction, and leakage through fault planes.®®

einemann et al, 2021 Energy Environ. Sci,, 2021,14, 853

B.2.3.3 Abandoned Mines and Constructed Voids
Due to the abundance of existing abandoned underground mines worldwide, the
potential to repurpose the void space for hydrogen storage is being considered.%¢

6 Heinemann, N., Alcalde, J., Miocic, J.M., Hangx, S.J., Kallmeyer, J., Ostertag-
Henning, C., Hassanpouryouzband, A., Thaysen, E.M., Strobel, G.J., Schmidt-
Hattenberger, C. and Edlmann, K., 2021. Enabling large-scale hydrogen storage in
porous media—the scientific challenges. Energy & Environmental Science, 14(2),

pp.853-864.
66 Lemieux, A., Shkarupin, A. and Sharp, K., 2020. Geologic feasibility of underground

hydrogen storage in Canada. International Journal of Hydrogen Energy, 45(56), pp.
32243-32259.
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Hydrogen gas could potentially be sealed in the mines with hydrostatic pressures from
groundwater or water curtains, or through engineered linings.6” However, the principal
obstacle to development is rock tightness to hydrogen under pressure. It would need to
be determined that the host rock (rock surrounding the void space) and shafts or
openings to the surface are sufficiently impermeable, capable of holding desired
pressures, and withstand cyclic pressure variations without sacrificing the structural
integrity of the mine. Alternatively, the mine and shafts could theoretically be sealed with
impermeable liners. Abandoned mines have been repurposed for natural gas storage in
Sweden and Czechia,®® but this is not a common practice.

Research into repurposing of abandoned coal mines is active,®® presumably due to their
large size and abundance across the globe. However, it is expected that liners for
sealing void space in porous sedimentary rocks would be needed and the technology is
not commercially demonstrated.

In addition to retrofitting abandoned underground mines to UHS facilities, there also
exists the potential to excavate new shafts and/or caverns in any rock type as storage
containers (silos) which could theoretically be operated in a manner similar to operation
of a solution-mined salt cavern.”® The advantage of such built structures is that they can
theoretically be constructed in any location, regardless of the geologic conditions.
However, excavation could be time-consuming, require large CAPEX, and generate
significant greenhouse gas emissions resulting from heavy machinery operation.
Deployment of liners may also be expensive and have a significant carbon footprint
resulting from extraction of raw materials and manufacturing processes. No existing
examples of built hard-rock UHS facilities were identified during this review.

67 Lemieux, A., Shkarupin, A. and Sharp, K., 2020. Geologic feasibility of underground
hydrogen storage in Canada. International Journal of Hydrogen Energy, 45(56), pp.
32243-32259.

68 HyUnder. Overview on all known underground storage technologies for hydrogen.
https://hyunder.eu/wp-content/uploads/2016/01/D3.1 Overview-of-all-known-
underground-storage-technologies.pdf (Accessed 11/8/2023).

69 Liu, W. and Pei, P., 2021. Evaluation of the Influencing Factors of Using Underground
Space of Abandoned Coal Mines to Store Hydrogen Based on the Improved ANP
Method. Advances in Materials Science and Engineering, 2021, pp. 1-9.

0 Lemieux, A., Shkarupin, A. and Sharp, K., 2020. Geologic feasibility of underground
hydrogen storage in Canada. International Journal of Hydrogen Energy, 45(56), pp.
32243-32259.
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B.2.4 Assessment of Potential Underground Hydrogen Storage Prospects within the
Area of Interest

Available subsurface storage options are geologically different, and each has unique
geologic characteristics as described in previous sections. The chosen assessment
approach is to evaluate geological chance of success and commercial viability
separately for each type of storage evaluated. Both geologic and commercial factors are
critical for a final design choice and by separating them we can define site storage site
options with more clearly documented technical selection criteria. Angeles Link Phase 1
includes a high-level study of these technologies and locations from a geologic
feasibility standpoint to inform routing, sizing, and safety considerations. The geologic
suitability assessment criteria developed is modeled on a play and prospect evaluation
for oil and gas deposits. Each underground storage site was evaluated by these criteria.
There are four areas of review: depth, structure, roof or seal stability, and rock
composition. Within these four overall categories, there are different geologic elements
that can be identified based on the type of storage being assessed. These geologic
criteria were evaluated individually to develop a holistic assessment for the site.

Process:

1. Identify the main categories for each underground storage technology.

2. ldentify the geologic suitability for each.

3. Identify for each: 1 = High Confidence of Adequacy, 0.5 = High Uncertainty of
Adequacy, 0 = High Confidence of Inadequacy.

4. Multiply the confidence level identified for each criterion to generate a composite
value.

Each element was assigned a confidence level from 0 to 1: zero (0) would indicate a
high confidence of inadequacy, while one (1) would indicate a high level of confidence
of adequacy for that element. A value of 0.5 indicates uncertainty; in which either there
is little data available to evaluate the element, or the data available do not clearly point
to adequate or inadequate confidence. The geologic elements are multiplied together to
arrive at a composite relative “chance of success” confidence level. If any single value is
0, the storage candidate would then yield a composite value of “0”, reflecting that it is
considered geologically unsuitable and should generally be removed from
consideration.

As a basis for developing the evaluation criteria, there was no minimum volume
threshold assigned to either salt formations or depleted oil and gas fields. The goal was
to identify underground storage site candidates that can potentially, either individually or
in aggregate, support regional hydrogen producers and end users.
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This method is intended to provide a consistent but flexible evaluation that is self-
documenting. The evaluation for each site reflects the information available at the time
of evaluation, inclusion of additional data or more detailed analysis may change the
evaluation. For the Phase 1 assessment, the goal was to identify sites with
inadequacies that preclude development and can be removed from future study. Sites
considered may change over the life of the project as results are received from related
studies of storage volume requirements, pipeline design, pipeline routing, and
environmental permitting. The sections below briefly describe the risk elements
considered for each geologic setting and the suitability evaluation criteria are included
as Appendix B.

B.2.4.1 Salt Caverns

There are six known salt basins within the AOI that were considered, and solution
mining of caverns may be feasible in all six of the salt basins, all of which are located
outside of California. The rock salt provinces present in the AOI include the Virgin Valley
Salt Basin (NV and AZ), the Red Lake Basin (AZ), the Luke Basin (AZ), the Supai Basin
(AZ), the Sevier Valley Basin and Paradox Basin (UT). Of these salt basins, the Sevier
Valley Basin and Paradox Basin are known to contain salt that has flowed from the
original depositional geometry due to buoyancy forming salt diapirs and domes. The
Luke and Red Lake basins salt formations have evidence of salt deformation but there
are no reported diapirs or domes.

B.2.4.1.2 Development of Evaluation Criteria

The evaluation criteria developed for underground hydrogen storage in salt caverns is
provided in Appendix B.

The evaluation approach in this case differs from depleted oil and gas fields or
abandoned underground mines in that there are published best practice guidelines for
gas storage salt cavern construction and operation (SMRI Research Report RR2012-
03, APl Recommended Practice 1114).

Depth - Depth of the salt cavern exerts the primary control on pressure. At greater
depths, higher geo-pressures allow hydrogen to be stored at a higher pressure, thus
increasing the amount that can be stored.

Form - Storage in salt caverns has to date been mostly in domal salts. Domal salts can
have tall, wide caverns that allow for large hydrogen storage volumes. Contrastingly,
bedded salts tend to be thinner and interbedded, constraining storage volume and
potentially introducing leak pathways, respectively.

Roof Stability — Roof stability depends on the thickness and aerial extent of salt
caverns. There must be enough thickness to allow for a tall enough salt cap, and
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enough width to allow for safe web (wall) thickness between caverns. These dimensions
are often determined by regulatory bodies to maintain safe storage operations.

Rock Composition — Rock composition influences geomechanical and geochemical
stability. Halite-dominated “clean” salts are favorable over gypsum-anhydrite dominated
“dirty” salts.

B.2.4.1.3 Application of Evaluation Criteria and Results

The evaluation criteria developed to assess salt caverns is presented in Appendix B.
The criteria were applied to all salt basins within the AOI, and the results are presented
in Appendix C.3, Table of Evaluated Salt Provinces. The geologic requirements for salt
cavern construction could apply at both the level of an entire salt basin and for areas
within a single salt basin. For the initial phase of evaluation, the evaluation was
conducted for the entire basin, indicating if for each basin there are locations that meet
the identified criteria. Data for evaluation was drawn from published maps and geologic
descriptions. A summary of the geology of each salt basin and the references used for
evaluation are presented as Appendix C.3.

B.2.4.1.4 Storage Capacity

Hydrogen storage capacity in salt caverns is determined by the number of constructed
caverns, cavern size (diameter and height), and operating pressure. In the absence of
engineering design for construction and operations, analogous salt caverns — both
operating and planned — are useful guides for hydrogen storage capacity to support
Angeles Link.

According to recent press releases, ACES Delta in Delta, Utah plans to construct two
salt caverns, each capable of storing 5,500 tonnes of working capacity (11,000 tonnes
total). Once constructed, ACES Delta would be the highest capacity underground
hydrogen storage operation in the United States. The highest-capacity operational
hydrogen storage operation is Spindletop (Beaumont, TX), which can store up to 8,230
tonnes. Clemens Dome is the smallest-capacity storage operation with a capacity of
2,400 tonnes.

Storage capacity in salt caverns to support California’s hydrogen hub can be
approximated at 2,000 — 10,000+ tonnes based on currently operating and proposed
projects. Individual cavern storage capacity is a function of cavern design and operating
pressures but can be scaled-up or scaled-down depending on demand and production
requirements. The most significant lever affecting storage capacity is likely to be the
number of constructed caverns.
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B.2.4.2 Abandoned Mines

Due to the widespread nature of ore-bearing geologic formations across Nevada, Utah,
Arizona, and California, many thousands of abandoned underground mines exist, and
these have the theoretical potential to be repurposed as UHS facilities due the fact that
they represent void space underground. Refer to Appendix A of the Pipeline Sizing and
Design Criteria study. The inventory of underground abandoned mines in the AOI
assembled during this study suggests that over 6,600 abandoned structures are present
within the AOI. While these structures represent potential storage locations, little to no
data beyond location is identified with which to screen the structures for viability, such
as depth, size, or host rock. For this reason, no ranking could be performed on the
abandoned mines, and no reliable capex or opex estimates could be generated. If
hydrogen storage were desired in a particular location, the mine could theoretically be
mapped in three dimensions, potentially via unmanned drone survey, and the size and
potential for developing a hydrogen storage structure by sealing or lining the void space
and surface entry points could be evaluated. A potential evaluation for abandoned
underground mines was developed to demonstrate important characteristics of such
structures during this work and is presented in Appendix B.

B.2.4.2.1 Development of Evaluation Criteria

The criteria for geologic success of hydrogen storage in abandoned underground mines
follows. These criteria are grounded in geologic principles but are based primarily on
conceptual research rather than field-tested examples, as the technology is still in its
infancy.

Surrounding Rock Fracture/Fault Development - Fractures and faults in surrounding
rock represent potential leak pathways for hydrogen. Additionally, they impact rock
mass stability and thus the overall competence of the storage facility.

Depth - The depth of abandoned underground mines impacts rock stability, nearness of
hydrogen to the surface, and maximum allowable gas storage pressure. Deeper mines
are more favorable for stable hydrogen storage conditions.

Mine Shaft Dip Angle - The dip of the mine shafts affects subsurface stress
interactions; a larger dip angle means the overburden stress distribution is more
complex. A higher dip angle increases the buoyancy pressure hydrogen would exert on
the mine walls, and dipping beds introduce a potential migration pathway from the
storage site.

Water Table Stability - The water table exerts hydrostatic pressure on underground
mines and its fluctuation can lead to instability of the roof and walls. A stable or well-
constrained groundwater table helps manage pressure and maintain stability when
storing hydrogen.
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Loss Potential - Geochemical reactions between hydrogen and rock or gas
constituents in abandoned mines can lead to hydrogen losses. These reactions may
include pyrite dissolution, microbial consumption, and abiotic sulfate reduction.

Seal and Trap - In the case of hydrogen permeating through surrounding rock, the mine
needs to be overlain by an impermeable seal rock and have a structural trap
configuration that contains the hydrogen. For cavities in hard rock the seal is provided
by a liner.

B.2.4.3 Oil and Gas Reservoirs

Depleted reservoirs in oil and gas fields are abundant in California and offer large
potential natural storage capacity for hydrogen in intragranular pore space (e.g.,
Okoroafor, et. al., 2022). These structures have held accumulations of hydrocarbons
under significant pressure for millions of years, suggesting that they may likely be
capable of containing other gases such as hydrogen and carbon dioxide over the time
scales necessary for UHS. In general, there is broad consensus within the scientific and
engineering community that hydrogen storage in porous rocks is technically feasible;’*
however, no large-scale hydrogen storage projects in depleted reservoirs in oil and gas
fields have been operated, and thus an uncertainty for operations remains.

While it does not appear that there are any projects where pure hydrogen has been
injected, stored, and recovered from depleted hydrocarbon reservoirs, a significant
number of studies have been conducted to assess the potential for hydrogen storage in
existing underground natural gas storage facilities in the United States.”? These studies
have concluded that blended hydrogen and natural gas storage in depleted reservoirs is

L Foh, S., Novil, M., Rockar, E., and Randolph, P., 1979. Underground hydrogen
storage. final report. [salt caverns, excavated caverns, aquifers, and depleted fields]
(No. BNL-51275). Brookhaven National Lab., Upton, NY (USA). Amid, A., Mignard, D.
and Wilkinson, M., 2016. Seasonal storage of hydrogen in a depleted natural gas
reservoir. International Journal of Hydrogen Energy, 41, 5549-5558,
https://doi.org/10.1016/j.ijhydene.2016.02.036.

Heinemann, N., Alcalde, J., Miocic, J.M., Hangx, S.J., Kallmeyer, J., Ostertag-Henning,
C., Hassanpouryouzband, A., Thaysen, E.M., Strobel, G.J., Schmidt-Hattenberger, C.
and Edlmann, K., 2021. Enabling large-scale hydrogen storage in porous media—the
scientific challenges. Energy & Environmental Science, 14(2), pp.853-864.

2 Lackey, G., Freeman, G. M., Buscheck, T. A., Haeri, F., White, J. A., Huerta, N., &
Goodman, A., 2023. Characterizing hydrogen storage potential in U.S. underground gas
storage facilities. Geophysical Research Letters, 50, €2022GL101420.
https://doi.org/10.1029/2022GL101420.
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feasible and has the potential to foster the transition to a hydrogen-based energy
system.

B.2.4.3.1 Development of Evaluation Criteria

The approach taken during the development of the evaluation criteria for depleted
reservoirs in oil and gas fields is adapted from petroleum exploration concepts. These
concepts consider the critical geologic elements that must all be present for an oil and
gas accumulation to be present in the subsurface. The elements include seal, trap, and
reservoir. Additionally, the potential for significant loss due to microbial consumption is
considered. The evaluation criteria developed for underground hydrogen storage in oll
and gas reservoirs is provided in Appendix B.

Seal: Natural accumulations of oil and gas trapped in place by bedrock seals, fine
grained rock units with low porosity and permeability and a high capillary entry pressure.
Seal quality is determined by the formation rock type, properties, and continuity over the
area of interest. Evidence of seal adequacy can either be direct measurements of rock
properties or demonstrated accumulations of hydrocarbon in the subsurface.

Trap: An underground storage facility needs a well understood trap of sufficient size to
meet storage needs. Compartmentalization of a trap by faults or stratigraphic features
increases complexity and may limit storage size and may restrict hydrogen injection and
withdrawal rates.

Reservoir: The porosity and permeability of the storage formation (reservoir) will
determine the potential maximum injection and withdrawal rates and volume for a
storage facility. The reservoir performance of a potential storage site is determined by
reservoir porosity and permeability, the size of the reservoir, and formation pore
pressure.

Biological and Geochemical Consumption: A potentially significant portion of
hydrogen injected into subsurface oil and gas reservoirs could be lost to biological
consumption and chemical reactions. Hydrogen is consumed by multiple metabolic
pathways active in oil and gas fields. Microbial activity in hydrocarbon reservoirs is a
function of temperature with the highest consumption rates occurring at 40-60 °C
decreasing with higher temperatures and little or no evidence of biodegradation of oil
above 90 °C."3 Injected hydrogen could react with pore fluids including hydrocarbon and
carbon dioxide and minerals, consuming hydrogen.

This method intends to provide a consistent but flexible baseline evaluation solely of the
sites’ geologic feasibility. Sites considered may change over the development of the

3 Head, I. M., Jones, D. M. and Larter, S.R., 2003. Biological activity in the deep
subsurface and the origin of heavy oil. Nature, 426(6964), pp. 344-352.
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California hydrogen hub. The geologic evaluation criteria are provided in Appendix B,
and the fields are color coded in stop-light fashion in the attached maps.

B.2.4.3.2 Application of Evaluation Criteria and Results

The evaluation criteria were applied to all California oil and gas fields in or adjacent to
the SoCal Gas Service Territory. Project geologists applied the evaluation framework in
Appendix B to 297 oil and gas fields in California. The evaluation was based solely on
geologic information provided by California Oil and Gas fields (Volume 1 and Volume 2;
TR10-12). Importantly, most oil and gas fields have multiple reservoirs. The evaluation
framework was applied only to the most prospective oil and gas reservoir within a field.

Appendix C.2 presents a series of stop-light maps illustrating the results of the
evaluation of oil and gas fields for geologic confidence of adequacy for conversion to
hydrogen storage facilities. Two maps are presented for each sub-basin in the
SoCalGas service area, one showing only the geologic confidence of adequacy
composite value ranges, and a second map showing the geologic confidence of
adequacy ranges with population density and quaternary faults. While no regulatory
framework exists, population density and proximity to quaternary faults may impact
permitting potential UHS sites in Southern California. If this is the case, high composite
value fields in the Southern San Joaquin and Salinas Basins (Appendix C.2) may prove
to be more straightforward to permit and bring online with fewer regulatory delays.

B.2.4.3.3 Storage Capacity

Petroleum from sedimentary basins in California has been in use by humans for about
13,000 years, with initial collection and use by Indigenous communities. Drilling for
subsurface petroleum accumulations began in 1878 and continues to the present day
(Takahashi & Gautier, 2007) with over 15 billion barrels of oil equivalent production to
date from the San Joaquin basin alone. The SHASTA project has estimated the storage
potential of a selection of ten large gas fields in Northern California. The fields
capacities were estimated to be from 0.4 million tonnes for the smallest field assessed
to 147 million tonnes for the largest field ( (Okoroafor, et al., 2022).
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C.1 Map of Potential Underground Hydrogen Storage Locations in the AOI

Note to viewers;
This map includes all oil and gas fields, salt rock provinces,
and abandoned coal mines across the 4-state area.

This map is intended to represent a starting point from
which specific storage locations can be investigated in
more depth, and ultimately ranked for chance of success.

No storage sites have been excluded from this map. it
includes sites that may have significant environmental,
social, commercial, or engineering constraints.
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C.2 Evaluation Framework for Depleted Oil and Gas Reservoirs, Salt Caverns, and
Abandoned Underground Mines

Evaluation Framework

Depleted Oil and Gas Reservoirs

Geologic Elements Required for Deplated Oil and

Evidence

Gas Reservoirs to be Repurposed for High Confidence of Adequacy High Uncertainty of Adequacy High Confidence of Inadequacy Value
Underground Hydrogen Storage
Seal (Leak Prevention at Top and Sides) Lines of 1 0. 0

Hydrocarbon Accumulation Height

Tall initial hydrocarbon column at discovery

Trap not "filled to spill" despite adequate charge
in the basin indicating weak top or lateral seal

Trap present but minimal or no hydrocarbon
column despite known adeguate charge

Seal Lithology

Seal formations that are regionally continuous and
proven Al for oil or gas accl i

environment of deposition or seismic data

Heavy oil fields known to have tar mat seals

suggests seal facies present but no rock data

Fault Seal Characteristics

Known competent fault seal

Faults are known to be present but sealing
potential is unknown

Sand-sand juxtaposition across faults

Rock Data Availability

Multiple well penetrations of rock types with well-
documented low permeability and high capillary
injection pre in core data

'Well penetrations with geophysical log data
indicating low porosity lithologies are present

'Well penetrations with geophysical log data
indicating a lack of low porosity lithologies

Trap (C Size and Shape) Lines of 1 0.5 0
Evidence .
Trap Structure Seismic or well data indicating adequate trap size, Trap  and crest Seismic or well data indicating insufficient
geometry, and crest elevation y, and crest el i

trap size, g

Area Under Closure

Well-constrained, high-relief four-way closure or simple
[fault and/or stratigraphic trap with proven hydrocarbon

Broad, low-relief trap with potential for significant
lateral loss of hydrogen

Highly faulted structural traps.

Field Data Available

|Abundant highly reliable pressure or production data
indicating single compartment production (may refer to
entire field or single zone within field)

Limited or unverified field data

Pressure or production data indicating
insufficient volume of single, connected
compartment (e.g., known small pressure
compartments, or many distinct

h b vat

!

Reservoir {Acceptable Injection and Recovery

field production rate

data

Performance) Lines of Evidence g 0.5 0
. uliple well penetralions wi Igh poro: an - -
Measured Rock Properties Known permeable and porous reservoir indicated by PO, by iog or core Multiple well penetrations of rock type with

less than 7 % porosity

Field History

Production rate or injectivity tests with high rates

logic environment of dep: that preserve

Pressure Gradient

Sufficient gap between reservoir and fracture pressure
|to allow injection, verified by field, log, and fluid tests

(Conditions favorable to preventing porosity loss
from cements (Cenozoic deposition, reservoirs

less than 100 C)

Fields which required hydraulic fracturing

favorable rock types during primary production

Reservoir pressures near fracture gradient
with history of wellbore breakouts

Loss Potential (Biological and Geochemical
Processes) Lines of Evidence

1

0.5

Reservoir Temperature

Greater than 30 C (~8000 fi deep)

Reservoirs less than 80 C (~8000 ft deep)

Geochemical Compatibility

Formation rock and fluid compositions may be
compatible with hydrogen

Indications that formation rock and fluid
icompositions may react with hydrogen, causing
losses

Motes:

L Each element is assigned a value indicating the chance of adequacy, fram 0 = high confidence of inadequacy, 0.5 = adequacy is uncertain, but may be positive or negative, ta 1
= high confidence in adequacy. The element values are multiplied by each other to generate an averall composite value for the field or field segment under consideration.

2. Inadequacy of any element will remove the field from consideration. For this reason, the "Lass Potential” element does nat have 2 high confidence of Inadequacy entry as the
% hydrogen degradation in the subsurface acceptable to the project is an economic decision.
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C.2 Evaluation Framework for Depleted Oil and Gas Reservoirs, Salt Caverns, and

Abandoned Underground Mines (Continued)

Evaluation Framework
Salt Caverns

m SoCalGas.

Chance of Suitability C g Salt Mines High C of Adequacy High of High C: of Value
Depth
(storage pressure limitations) g o o
Salt body depth is known to be consistent with Salt body thickness / depth is not | Salt body thickness [ depth is too thin /
Hydrogen storage density the pressure desired to meet storage need, proven to have high enough shallow to have high encugh pressure to
existing caverns exist in the province pressure to meet storage need meet storage need
Form
suitability for cavern formation| g Ao v
Salt body type Salt domes, diapirs, or pillows Bedded salts
Roof Stabili u I form constraints| 1 0.5 0
_ Enough thickness to allow a salt cap for roof Too thin to allow for the required salt cap
Thickness stabil Thickenss of salt body unknown roof thickness
subsurface mapping or proven cavem width to
Areal Extent allow for needed storage cavern volumes, with Salt body unmapped, extend Too narrow or of too limited extent for safe
safe web thickness (wall thickness) between uncertain cavern spacing and web thickness
caverns
Rock Composition (g and 1 0.5 o
stabil
- Core data ijlhlchemlca_l ccgmfosl.non and N Geophysical well log data or offset Core data w.iih chemir.a.l orjlmFUs\.l.iun and
Data Availability ical outcrop sample data propi
properties op i
Gypsum-anhydrite dominated salts
N Halite dominated "clean” salts (domal or minimal |or thinly bedded "dirty" (salts with — "
Lithology interbedded clastics / carbonates) abundant interbedded clastics or no halide salts present
carbonates)
Composite Value =
Depth x Form x Roof Stability x Rock
Composition
Notes:
1. Salt cavems differ from other storage options as the team will be working in two stages: identifying salt bodies that meet geologic requirements,
then relying on geologic data to identify areas within salt bodies that can meet design criteria
2. Each element is d a value indi the chance of adequacy, from 0 = high confidence of inadequacy, 0.5 = adequacy is uncertain, but
may be positive or negative, to 1 = high confidence in adequacy. The element values are multiplied by each other to generate an overall composite
value for the field or field segment under consideration.
3. Design and selection criteria may vary by state, best practice guidance is available in:
Commeon Practices = Gas Cavern Site Ch ization, Design, Construction, Mai and Operation, SMRI Research Report RR2012-03
Recommended Practice for the Design of Sclution-Mined L gl d Storage F: — APl Ry ded Practice 1114, API, July 2013
Evaluation Framework
Abandoned Underground Mines
Chance of in Value
! Mines High of High L of High C: of
Rock D Lines 1 0.5 0

of Evidence

‘Geologic containment

Host rock is hard rock with no evidence of faults
or fractures

of faults / fractures, but faults are inactive|
and confined o subsurface

|Extensively faulted and heavily fractured.
Faults are known to be active

Depth Lines of Evidence

1

examples

Neamess to surface (poorly constrained due to lack of

=>1000 feet

500-1000 feet

<500 feet

(& stress

1

Mine shaft dip angle

0-30 degrees

30-90 degrees

Hydrostatic Pressure Stability

1

0

Potentiometric surface fluctuation and uncertainty

Proven year-round stability or well-constrained
predictability of groundwater table

Fluctuating but predictable groundwater table

Highly fluctuating and poorty constrained
groundwater table

Loss Potential 1 0.5 0
Formation rock and fluid compositions are N . " -
- - - » Formation rock and fluid reactwith  |F rock and fluid known
‘Geochemical compatibility compatible with hydl_ogen. venﬁ_ed by rock and hydragen, hydrogen loss expected o be highiy reactive with hydragen
fluid data and
Seal and Trap 1 0.5 0
Core analysis and mapping demonstrate high
confidence in laterally continuous very low- Host rock competence unknown
Host rock host rock No evidence of caprock and/or structural trap

Void structure

Clearly defined large chamber with few shafts

Notes:

complex chambers, poorly constrained extent

chamber insufficient size

1. Each element is assigned a value indicating the chance of adequacy, from 0 = high confidence of inadequacy, 0.5 = adequacy is uncertain, but may be
positive or negative, to 1 = high confidence in adequacy. The element values are multiplied by each other to generate an overall composite value for the field

or field segment under consideration.
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C.3 Table of Evaluated Salt Basins

Qe
BURNS {MEDONNELL

Form Comments Form Value Roof Stability Comments Roof Stability Value Rock Composition Comments Rock Composition Value ~Composite Value
Luke Salt Greater than 1 5% Greatar than 1000 m thick at some locations.. 100% Geochemical data s avalable indicating 2 high 100%
h top or patiern, . but variable proportion of halite, with imited Interbeds of shales.
sround surface
time, with interbeckded shales o the margin. There is thickness at the margins of the it body.
some salt mavement at the center of the depostt. dditionaldata on base ofsalt from either
selsmic or wellbore penetrations would reduce:
uncertointy n the availsble storoge volume:
octentialo
Paradon Salts in the southern porion of the basimare | 100% Saits deposited I the Parados Member of the T00% [Areal extent of 30,000 square Kiometers. Within E Paradx member sats Incluge anhydiite and shale EQ F3
21> 1500 m below ground surface, and Hermsa Farmation (Pennsylvanian). The Paradox interbeds.
shallower in it cored anticines in the Basin can be diided into two pravinces, with bedded| up to 4200 m hick.
northern portion of the basin. catc inthe southern portion and a series of sat cored
anticines inthe northen parton of the basin, sub-
parallel 1o the Umcompahgre Uplift
Sevier The Aces project has demonstrated that the To0% Deposited in the Jurassic a5 part of the Carmel- 00% [The Sevier Valiey sats are less than 30 m thick 0% ihology s dominated by halie within mobile s, 75% T
x P : outside of the central anticline region there s likely
tannes af hyarog and Structures along a central anticine. significantimerbedded sulfate and casi sediments.
There are also exiting liquid petroieum with recent sal.
Savems within dois
Sopar Dt o top of solt s 300-500 mbelow TO0% | The Supe! Formation s begacd sal with thickness | 50% The Upper Supa Formation has interbedded 0 The Upper Supal Formalion has Interbeaded cvaportes % e
ground surtace. variatians attriuted o original deposition exaporites with thickness range of0-145 meter, with thickness rang of 0145 meter, imiting the height
Iimiting the height of potential storage caverms. af potential starage caverns.
Areal extent of the Upper Supa Formation are pe
00 sqsare kiometers Hlometers
Red ke Red Lake 1< one of the thickest and Targest To0% ‘Depositional erironment s accumulation of non 5% | Thickness 15> 1200 m in some areas, thickness 5 00% Evaporite ComposIton i halle Gominated, xtent of =3 3
Intebeds are posrly delineated with present data.
world. There basin e thickness needed for salt cavern
thickness of the sat it exceeds 1200m in and by Iaterhalokinesis, placing the Red Lake sait construciton.
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C.4 Table of Evaluated Depleted Oil and Gas fields

busns FpreooNNELL California Gil And Gas Fields - Evaluation Framework
Reservoir Seal Value Seal Comments Composite Value
R ED e e iy oirs, oot Bk Sapendect S0-100 hic, 00-300 m, pordty 15-3% o0 seep T
5305 i the e, S RADUTER s 0ot ke rom
e Caen Seanam 3 Carren. gas g i 1 Susnce e el Seal o Sy Tk Gupantent o, i ek comiaioed o 7305 pareaiy, £54 =0 n i ) TR0 deus, reseevor tmeeraturs o 80 =3
posencial o i s sk fo propen. singe ot ucks
oo E T TN [P epunde i e, ropariies of tauns inomn | 1008 S FTEIrS O OSES 520, 00 3p ST BERTAR TR T TR percny, permeaniny W00 OO [, 9255 . v ik ol Bodepeacion, need 5 i D
Saal pparies o tha Puseas sed Raper sr Compstmanns. eocharical losspereets 3t igh tamparaturas
‘Siilr i tha . g iy at iaya Dt Ay
Haana = = ey E ey o, Smgaa ey TR Goeae E e =
permeabiiny
T TOo% [ SB0veet o Frearman et e e et e b | 508 o Ty D s 0 g ED [ ey E B e e, G [
Clasa 8 it premic in CA. o 250 o cobam. ol 3 g 80 cr
ey ) TN | 3000 Teet o R M e et Tl e o seal ED SR, . e T e TR T e D 5 i evervo emg. Ll =
Em ED e £ L £ = £ EREr 3
E=n TG | Full caued i Fouyenh e shal (Carcos 38 momberk | 508 T Cnpation a1 55 vk b i e 3 ey nceiai poraic, garm abiy @ ) Raarv Tomg 47 € ey
el bmis i 3 v ol iy 35" oo ks
o = DTS PRIAT O iy Pl UoRUAR 1558 0 | TSR | AR MSpeing B very unGertai, et o S5 En appase e T TEF,parm 7501000 mD, vy o1 TS Bt E T w
adscata s fo hydrogen han by i of pamsaskity 1o haawy il production, rsp ndarmet eycic suam  may have high
complesty uebeamn, dructural coniris e coumn g il il sateaticn,
At S - St oo SO0 Todtof Woraes et sncing Bewart sand T00 | Pinen-out rap geom iy with proven Pysocarmen cohume dp o R kg e (.8 MAICF 0% poroety E ac =]
Feghlia- Cameros Carmaran [ T ExS ot e i | 3 ERRACE Fask s produciio: 138 pwady 7 75 T Termpeeaura 05+ € =3
Bander CCamwILCW 0D D S T o Porcany 35, permaaity 1129 £ B w
st nformation saisbs, oo section =
e i, Ukt 5o ar ot i
sosure.
E = [ T E ] TerGity G tad, 10 T SAaTata i vt E] T ]
ght o8 0 g2 aders wi normal 1S peralie ar 1> il e ypecsaing gt - 32005,
Uicamainy 0l 10 B avadalis wageed data
Earvam e e 04 3-way, raad et W e e, porasey s My e == Figh s aawy i, 50T o W
da rachoes
E3 ET3 ET3 T oy 8 i e FEa T
o s Ty 5066000 m0 pare, 7% g 3 1 Cosservorome. Iy
=4 Rakar on fac seal 3 ol o i sl AT BT 967 o ) 3 3
Ty Foy Bor o compia S £ i e B e Ty Shevens 36 persany 00 =D perm IS ek g3 e §53
Tpans Sas TR [ WA ol Gl o detrine 15 5l G4 T Ty ok dapendant Gones ot owst 18 magpad ks T TR poranty mtarbeaded vaeds wirin 1 MoGH = TrpersSEns Sqter, S FOR 3
ol ol bue, g o e, Multia compartments
By Mowiain |2 i e mwm;nom..u.......m; o mndnd cloars. 3 o Pty G i e Evcen fermaton. o Uajiia | 7% 3
sithin ity e 8 iv s
[oTreTTaTY Stimors Gangon 3 FTrTr e T Combination trap it on ot sl ET3 Loknows porosty { peem F3 EY3 )
skt Corme - Agua Agia D Saaldepicin weciuar, el S| e, e o ear s conlguration. Appear fauned o 5 parn i, 92, 5 R ) E3 E3
Truncation agest Tears uncaeformicy
unconlormiy sual
o G TG £ 7 Cooon and E E e ES T el AT =
[EIRE—————— i 4w o wih o Futs e an mags ey ol i,
Bomwerback - Sions Py = 500 ol Moy 3 Tt ous-way e i shalomer s, unceiai o o TB percity, 75 0 purmeatiiey, J0200r ke = 3 3
Stovurs Broas {low il Sisvens
Bote v [eTy E3 Shrchrs 2 mapped s nor 0 o0 ET3 e 7] ET3 00 L, o0 Wiy nforaton e Typirming resanei, bk o8 TS00R )
B Wiitls uras WO |20 W cctumos o Aaswy o seal sy i part b doamoin| S0 (VeI compartmants wth d et wap st inhaing 3 5] Fusets 20 Bapert can, thesa e ars hgh ualy 3 38001 O
blaca tars way agaea s, siracrashicsnch outs. This is 3 ks Silicn resarvit n e s
baerd ek, ndidusl compacmaoes may ba subbciont n size
Havea vita 555 Stovns G 3 CEE = S Wet s Sreraton o TS0 pareany, 1000 3000 WA e, 300 Tomt Tk ) 3 =
DR Tich T | Appean silsaslieg bur Tich et cocumend asasalieq| 5% Tnfaed, s graghic wap, bt very euad and o el 53 S porasiy, Uk pures, knowesof roducer 15 ) £ s
tacies ok
[ == T aan E mgantermaon | 1004 R mage T et = Wy E 63 E3
EE=E T TER || Sesod by ceconTormiey (8 e W e By | 300 [Fway e g IRt G Tl et F I e e, T WG ek | 10 T F
e — ontan g5 proscton
Caiers e g s Toper St = RS 5 Tt el 08 Tl may o308 5035 E TS S, S 378 o e o T vty 7.5 a g, T neT TR = e W
Camate - Camtan sanc T e D Saaied by e Eadaed s stes f D T Sormaten S| g . ot e . o E rnove sty ] permeabiy, el 17 et ICEnER D E3 3
50 gk s
Carads e S e T cotenn of Tgha T Tl rsipes p b e S 53 Sy it it e Pico Tomati TS GETY rre3
T - Upper Stavars, oo st 100 0 o e s o 5o 200 Unfactod 4-way csur o T2 por D0mc s, 0 i o [ 3 o
ol Fanch - Sewvens T 3 Recumulation: dependar oo e sl E Broad, o reel sractres ke £ Stevors vand. but gy omparenaRed poct o Weatimean ek Sempuratire of e rach S07F [
connessians
Cantam ok = E e PIEr TG, MOGHG Famaten 3 Teparaly E w3 CnMuFaten, 5 Pagpad s 3 Fractured i Fesaree, <0 BB Gy pOBaCten E W
smiprive shde
e Tombior oW [k vechan of Veortarey seal, b type o A oRam| 75N Preduceg 1om unce ] SO poraty, T3040 WA pm, 20 T, Bt e E] 3 ]
onacbaaded sans

e oy aeaine

vty and sty st s (ceaneciaty 5]

BUBNS S MECONNELL

California Oil And Gas Fields - Evaluation Framework

Reservoir

Seal Value
T

Seal Comments

rap Co
Lo it 3-ay st oo coars, ot snal e panso

Production Planning & Assessment — Final Report

117

Capiae Tou i conmn A0 eap n sacpust 2000
Coptcra P - Mot s =3 TRk Mecks Temior) Sam, Bt log sppases mareodsad 3 oo € way clsura, esaent of ap cear £ A% porcaty, 150w, S Dk, o oS (TMACE | 5% e T
Carcaga Canyon = = 3008 T oo soppoeind weus =7 mi T00% | Fau Sapandont 3 way choers, wmal dessndent a3 e EZ3 Fractars Shals, s riduction aves o <50 B/ 42y wpra 1008 8508400 . resarvat smparatars » 0 E
top, ory rpo iid. 2573 i,
‘Carmaras Cua Caomiras Camaras 3 Thics Tumlar (0831 Bt ey fautsa EQ Lt 00 T30 pareciy, 5 1w, 115 B 3 ac 3
on n ckinsa taut bk
Err =TT T TS0 o Pt Sppean 1 0 o oo g e o 5o pnsest 3wy Em e pnty e =3 s
= ot s Lo e L TorRed T way choure, e Tt ety & may o ST T TR 1 poreaity =
T i =3 o i oy s Wi 50 Mol Formi oo Tiacieal Ui 35, 408 e S GBI Faul, T o ErT = E=3
[ERTIE —— Surg o S sty sy o5,
) 152 1o 2000 m
o Campn 3 TER | S i wiin i S formation, apsens ey T3 Ty o Moy, | B% Fald temperstan i 0 3
A, ol DO IR D SESRUEE 314 A Biocks, thay 20 M20E00 35 GngHe s QWA SUTLrD 6 N g 1o T G0 U 5 1h0 S, Dy
P 4ttt s o Bttt the Sdpine 300 e, mith e 27318,
et
Comra Copams Tranch o W oy St Piargaris 2 Kieies e = pri T pamcey £ e 3
Foamans o st i, 0 b
I N ——
Cafis G Wi S, B o oS80 ands e shales i the Fica Foemation and T00% | Bmae way fad depanions chcues, GWE sepears comratig E 0N poreaty ntad in e Matlia 3 Recarvar dopah + G230 1 on average, o & < SO0, =3
-~ iy candsamd ntapeition acees s fsppseting lact !
i il
Charay Rasch e g TOO% | TR TR000T wctn o contenaas Tars Loms Shie 1 =3 TTeaA st T Ex Tricmoses poratty [ peomesbiay, G50 MRICE pask g =3 = =
Chawat e =3 o o matien, -JDUNE | 50X | Mulbple fauts e 00 £ oo E3
EFRR— es
[T ———
T Rupstia s uscanlorméy Sbuve she Modslo. The ‘comparimomaised sn 3 puducicn timescao
ettt s 1 1000 ¥ shs i B
Prv—
Chis Mastinea - EEhagein = = o st thas 116 03l (903 arid k] A £ WA o Sceuseu e PRG3R, Cmd S o B T TIR parcy, D00 WA perT SLSaee Fpecaly Lnown 3| G £l
iy il
T Someat W |00 caumn mi o 0 12265 parcsiy i ans = Deapest imerval £ 21 L3GO 1. 3
ek are the basal mmars o the Ml Morcury and
Soqusl Farmasisas, lisstad v ans numbr
comsalutd seal un ot hallow dopin.
Tonadn = = = Ey et ancerian Fr T povaty, B D, S ek, 33 melton med  yua pask| T 13 ™
Chanaga Canyon - Vaguares. Vaguares EBRE et o 23 e p— T 35 povesity, 50 =D, 1100 BBL pesk sl 23 E 3
e e e P e o
Cadinga Tambier Tamiia TN [casted by Sarma Maxgaris,  vowem coarie cai Lyt 250 Femation e i o8 9 £ 7 558 poroaiy, 300 10,000 WA, s 3o wmcalent | 5% e e
st et o
[ Tt TSN | Wl Sutneatod iub e { pnch ou, S sesing iRy | 7% E ey o O ooy, 131 1 e, w9 15 SIS L T e 3
of Turvinalla Sit and Domangine unci:
Comancna Fowt - Santa Mg otz Macga o SSAE by T 200 Chana, wihch 218 BEMDRG E g ek on tatrap En 30 M2 AN Ao a5 poseh 1o, seglar 203 3 £ &
sand daminated faios e cions g dseisos g 5%
T
o Aty 3 Ty ol v, 3 edograded o pace.n vag E3 a dsta T H avorage don 3
Critaies Goet Vibesk Sand o ot evestigned 0% Very smal srabgpachic g E N dita = e 3
Cymic - Cormires Carmeras B | Mhomsarey mal bt FC3 0 36 poreaiy, 110 d perm, 250 ek, 3 E
Do Crowt - 52eta War gt Saota Mg E] ecznTarmiy saal weth Chanas o 06 - Chanac nmn 25 ] SUTGTaRI o Wi el o Ualion EQ) AN W AT Do pocety So, deglar 0, 10 T3 ]
s dsia syt o o sogpests discract, disconnacisd s boses
ey, 2000 MAS PERM, 2T ik 52005 4 32
T T T E T, T+ ) i Ty = T T E23
he Dt vate ot RS he Lincsin, 3RS )
Dol um, Aertz oy 3 i Kreyeniagen ol funown 12/ source 23 s ety Ll o o 00 Pt o rcks, 115 povzity i 50% ial 55, 508 bk 3 B3 =3
Fock. bt ey ks culd iz utural unsorainsy
penstats seal
e o, ke T 3 o o ianal aal (pneh T Sveran =3 ST, haatie, e # e s e ED ot Eamaton, sRated 2% goreary, 50 WA paT, £ 3 £
Exchagin fsa gt cics. Elmagsin scaly [ ——— S peak 2
it
= Crarer, ot s T i  he Pict 40 PUSiR AT [ Tt 15 mapped Tads, e hkd Spaate Comms, 10 Ex G285, 5 1 T Rt Torm o whih sy R G || Deepet resievow edarmals v 5L -TEDUTL m 3 k. o
appes 10 hars an OWE
Ty g, Tl Tuiae O | Seated by arbusod hales whihn e Tulra Formam | 100K ch 0o 1, It ol cata st Gxacs RO ocaten & E3 it o . o R i 3 wc E=3
Dy Crooh, vedder eder 3 00 ofFruvema fowet a1, b B 523l ichemss 3 et o . g g wal ot morm T, Giaral 0 e e i oo T G 23 ER ™
S0pears GRSt hicw. g ceat ity oo 0 iy Secductan. 1% g
S50 M oy
o R, Excana S = £ oo TP RS 023 Wy TS 0 e = e e e ey Ex ESEEnE T REE RSk k50w 28 RN BBOERR 7T =3 13
Iputontal o actwing] 5% poroar e
==y 3 e 083 Sl 30 ARG, Coksm P urie E ok of etcrmatn £ Tapetia Sl gty SCCspUBLA S T e, | 100% ey £
St 31 8507, DU PICCAN i 315



https://sempra.sharepoint.com/teams/busdevext/AngelesLink_CEI/Shared%20Documents/9.0%20Draft%20Reports/Production%20Planning%20%26%20Assessment%20Draft%20Report%20-%203rd%20Legal%20Review%20IN%20PROGRESS/Appendices/Appendix%20C.4%20-%20Table%20of%20Evaluated%20Depleted%20Oil%20and%20Gas%20Fields.pdf
https://sempra.sharepoint.com/teams/busdevext/AngelesLink_CEI/Shared%20Documents/9.0%20Draft%20Reports/Production%20Planning%20%26%20Assessment%20Draft%20Report%20-%203rd%20Legal%20Review%20IN%20PROGRESS/Appendices/Appendix%20C.4%20-%20Table%20of%20Evaluated%20Depleted%20Oil%20and%20Gas%20Fields.pdf

Califor

Reservoir

il And Gas Fields - Evaluation Framewark
Seal Value
T

Trap Value
[

 compact
siparats & way clsauas Congia Tl Cmpatmantaiation

Duapect reevat sr 8 5500 1 e g Septn, 18 €

nusws SureporELL

Field
ey

Califarnia Oil And Gas

Reservair
=

Fields - Evaluation Framework
Seal Value
[

Seal Comments
Tarsands, hdegraced 1 Lo e 5 030

esastrainad and ssiod

Trap Camments
rag 1 ford oy L v ] 4 and s Ut
L T ——

wap parm

Reservair Comment

ity of 50 s igh, Bt iy B seScod iy

Loss Value
£

Loss Comment
EH

Edion, Edam Groves, Olase. ) = £ 3 i Y 3
15 030 2 o reet
o, epp v = = Bt bocks, Sinctusaly compies o T E] = vy
‘hrcugh eservoi and sas ‘o primary prodectien. 24% poreity, ~500
Eivon, W Area, P ot Tew T [l faded caprcak i fouls hat peestrate comglany] B Wik Tach blocks stractally comslion = Fedtan s 2w resoeeo wih gosd pera/pen, faws = = w0
ihrcugh uservoi and o o prmary prodcion. 14% poresiy, 500 Ml parm
B, Portas-rautas, Noiu o = (= = =) = W =3
mzg st e v,
acn, Race Trck F, Py 10 Frama it = raaly Tattad Frosmsan_Jow, lshy wicartanty on whe| 3 gl sompies ok s = Fhgh poveaty ] parmazbiy, bt extemaly E] EQ [TE3
it s 618 comgatmanialzo and dcsomtiogus
= e Vead ol Vet i Ty & Ry = Tramis Fl odses i E] weE THETE
Saal, Moz dividos the two s and i3 sand
Sak0n, Nambas, Chanze = % TMeeDeq50 Kt R s | GRS, which 1103 e = BT 3R, vory Coms = W E] EQ [0
e it witn
i Eg 3 Whapped 3 sandy anks withi the upoat Saiga, maed by TC | Wiapped as taul Bounded 3 may w] soma Edeganient dosune. ED o data T Er Ty 3
i ing it imied 3 avadatle
olcanic. 15gh Ehance Bt the seals o ot ltsraly
continscus, though i 0 evaan fuan the bmitsd
Haguna Repars Ganss 10 ey s Wi g ps, | SO | 4wyt =R o . B et G5 EQ Prcans RASaTta San, i por iy 613 1160 3 Docpos Miscen gar Buaring wit & =3
ot Bight ascsads IO, conugh mas:
Lo sorsge
Eiaabe Canyen. Gk W |Sed e " [ g s EQ W daia preseetad for pareaity ot pormabiity Logdata | % Dovpos rervar 5 3000 1 dowp 3
gees, e e, st iy Caui vl commgsatesentalzatien. Suggests e 2l 16110 10, bus s nat indicate
(RN —-—— Py
i i, Carmres B T |Theo-s00 1000 hest el 7R |F o o Thich, Hgh poroty permaciiity 142 L reservoe E3 [y 3
e . Se3l 2 385 N Skt which s 3 Rk s
Tovosd Campon Vapueres wd S0 TG | Sastod by o e iecon aed revbed o s i the TR [P G0 o e, on 2 v vt T, e, e Tt o “TER parachy, with an watemaid 300 B purmeay 3 Teserva e R 67C 3
‘Sexp formation, th lowor Hincon s » 1003 1t uf shale
i Gatory, 3623 Stevar EEE— R ey e 3 i | % SHai3ph i o, Map Cortanl & WA £ v s T7% poroity, 11 40 Dty pa Ko = 7T £
i st -
Eparares T N T e e e e o 1% pormsry =3 o =
Erka Canyen Pes B |Accomuations e m seh i e % e ol 3 Tt wal o 2% porcaity, 11050 =0, 3 Duph ramges rom 200-1B000 o
Mol ceifloreiated sarine straa. Up hp st | it saicrt s gaplain tha map pasture.
st panstrated withia the Ful Block i prssantsd o
Dwogestintarva i <1000 A Below g srface.
Fimarn T ar ] e = £ o iy, e oD o Reanvr g 100
ot presames
Fi Pos, Focans E3 o kreyanhagen shasea, bt e coghgaing i Saralirapic tap el knows inEccane sand, norasty EQ [ E3 B E
ke s st coneet rscrveir 1 it abowe il Dumangine [ e ——
sdsaboam
= = [ T £ = TEmChured hale ] (koo xS e T T &
Fermaton a0 setclioa
el eclear i Ful SGgeraen o S0t 1o 0aEa BB,
Fritale, Vaster add TR [ a000Teet ol rasman ewetl wal, b Gol Bock povates| 50 Uk 2 confpuration: EZ Rasaevo propenies ot provded 3 it rvor Smpmraturs sk prowided o
Gattey = £z o EQ 0 E3 ez ol C3
incicst on map, cresssaction enpies 200  esusna, i S e e rivpatny
s it i 150 Bupeti and 3 shale i sona 3t iching et ncar the st o the amicing, cumaltivg
Jor 120 o120 saparta. uncertanty i tha st naign ans| i 0000 B, A iy o
o AT 85 menacatatyCuaring 531 36 I 1dicn
for0:
Witche Sand 3 1200 o San Jaaquin Eichegain, W0 mapeed fau, Bl 0o Unued Tou vy claare i3 ity corinecus, bt Eichogain ke 3 0 E3 ac =3
[ — atarkatud and poory saned. Perity 14% and
cemmeatny 300 A oot atimaten)
G Ranch G, 12 Paoche T £ s Sl sl gy B E=ry 7= g wpmarts steraly conbmns 04 PR £ 13 =
i
oy = T [Fee by L5008 ot share i Tt Feneon Fermabon, <I00R| U Wiazpes 5 HaCgEShE Urap wihn T Vst a1 ETY T30, paruary i e £ T amen o
eotuma. orouion, ot g
Guota o vl milhie S0 23 Uhirnate caal  chals i e e, mapmeg s w0t o 0,000 vl pecion, i3 3 comlen iom Areciora o LB N pareaiy, 200-1000 0 E3 500400 o 3
maal {00 inemation 6 faut mascn).
Gonyer A, G = Tt e she Moda sl Madi s byply ebaredded, | 356 o i Ao comehensty el et sl EQ Gomyer Sand s 118 porety, 150 W perm, bt ond | 508 Tauc =
o0 comianes Jog Spas a3 eterbadtes
T, Uppr S [ =3 TR0 o et 2o eaT Oge B0 = Tt 2, Trap v v T T B o T St v e i T =3 3 =
sands 199 parosity 2ad 100 M paem [ostimatad)
Crvetey, Ve e = T T TR | Faued e, Sepaa et o e o e = e e E=

Composite Value
3

TR Fouyagio sl but o 6 b Tactueid s o
basreq

Production Planning & Assessment — Final Report

118

arodity 14 LEW b low o par 165 75 1 Log
[re—— ks otantilh

G i, Gatchall Gkt 3 120 of unlachod Keyanhagen Shals eal 3 Unfaited sratgraphic 1ap [pinch 2ut) 23 (Gatchall oo o pvaiy (8435 aod lom parmaiy|  400% ET3 3
o)
ey Carmpan [y T | WAook Tt and e S ica e TO0R | 300 0 tich g v ot w3 Tt Woxh 25 . E e e sl Eo) 063 T average sopah £
Lty itz 2 FEIORSIY, dnd 1500 PN i CompsrmMAIAECn B dze.
i cdion,
=y T =3 e i 0 £ = T SR Broad o 1T Ey ey SRS IES TS WA e PORSRRY ] £ =T =
parmaalsity gat3 DK
notssan
T Caon, =] o S o a3 S T 0k e S Srag sapen G 3
Harweste G2, Atwsll il G308 E3 o oacn B Cutter e - ok ke rogonl 0o [T ——"n B o pornaty / peemnaabiity vk provided, rods ection | 5% EX ey
R ————— wmmmmm. enallanging 10 deingats
ot
Fen, B & Coataces Evcane Cratacons 3 A o Copimhagie e el b Eubd TR | Fadtod amiding panietal etuhad seezs v 2rea o 110 23 [y m_n:mmmmmmmn ) 3 T
s, B S =3 R LA Ik o e a0 = e T £ o ™
Faar e E3 mﬁ.nmw\smmnmmh <50, rap aka e | 50t ol ok i ity o o hocars, E o ot ED) SN, i data satatie C
it auts conege by comeartmentaia
o Sk, i ot nd Wy h e | 10% Shais wen the MbGRi0 300 Pt Ferrations T | SUD fonk Ul aacs w0 ARG i O pr 3 TGty T3 pareany 1 s 32080 £ E £
8 1 3 3. Thard ars MOk CompAESATS, e
Veaysid s the argest ane s ot mapped with s Eules
s i, o 3102 T o T Tk Sopandn: o, e o TR T Ty = T
it dipanont aal suppodting s it cokann of MO0 compirtmast, =50 1 st 530 it data
Tt height
Haspes Canyan = E CED 3 Wasped 23 & way o, SNl ompanmen: wih k. E e e ool £ £ =
ey for Zome 1,2 18 a a
Topp Canpon, Rt ey s o o, O 00 1561 ot resocton, e 50 el = T e a1 19T, 5 s e = Toerage Dopth 00T O
Farmation
Forse Moo Tz Medom Zare e the 1 g - = Eaunes mihi the Tuea Catp, 2 povucy iz 2vatable] 05 w=an g
Tena Campan Formation OISR —————
o TR o waa T one T T g T e O0a3, 0 = g g T
‘dapandrn dusurw sn the SE e ol she D . South st s
ey = Wacerey 2 St Mg, 1ocation of o e showes (S Claaacs St e 0 A B g Fractured his o = O
san s g st regioash
TegerJones T asts are eale etorls. in the Regatt e Fommaton: 5 > 35 mapped tau s sheughot the Taid T o 0 EEC (1507, 4300300 i doep. 5
ih0ro 2re many roseevai Howut, tho ipser aea kcwer Jomc| ihichness Ligper and Lowor sanes combings
o hauppar Pusets, saumn.
gl sl 8.0 withintha ald.
Hyearian Fraciured Sohiet, heduar Sele 1 s the e Prorae, 15001 g Sty choaurs 0m 2 Basemarn Mgh, sruchare & smalsed the g Frachana schict 85 [Wadopthor g IO ke . g
0wt oot s0m0 s slco el s bheary 10,35 4b
£ et 3 Wipped poal ihows §o0d T8 0 Sractu, wih 150-200 T 3 R Ml R A g 0 20 E T porasty, 34 20 1 The Sermo =3 107 CRISF o
i wthinsap e comparumeets, s wouta nesaes s, the Santous s 608 ot lows
s ks o s i, b
fauts
T, Tomor T Tow | Waeecaey [ Redt g ced, i, i = i = I peoay. Temar T £ Gl =
[p———— T PP A——————
[Em—— = 3 Thin, taunie e masional al E3 Fautup 3 Famoio b 3 e poory sored, Patarmithc andae; | 500 e 3
Eimated ity 28K, permabilty 200-500 M
Taamin, PyrameE il Py il 3 CENGALSA, e SO f P et Bt E Fautuzs 3 ‘Exiimatod porocty o 375 nd permeaany of LI00wD, | Gt ET3 W
Ty S, ot S Tt £ e C E et pavoaty | per oo e =
Em-pmmdlrlmlnwmi'-a‘lt mastor PR ET——————
jorl
=Ty o= 3 mﬂmum&mam . w5 Moy T[St e mihe s Montey, extont invned poaely o o == £ Sacnnn T
[ x eonrets
claar
T B, Voo edder Eoa Ev & E ok Remrer E £ 3
funher sy Book. e sy
Waen P, Voo edses o |0 B £ IRpLTatoN 11 G Bk Foives E T | U S o1 i LAl i O iedieced 1 G =
funbar ook feuies Juther st
o v, o Vedder 3 S000  Frowman lomett S, utiod 2 dopih Eo Fautuzg = £ c o
o S, s Wt o |0 Bt E Bk R EQ SB[ M armain on i peantl inks O sdieced 1 Galt 3
ook Ragues lurhad nat
Eatteman iy, Vagquercs aguaies T et 1000 £ Sopears sratigraph b =3 oo £
Bagionally ot coarsiativs batusas wslls
e Wik Do, Temai Tomior T OG0 St o Whoecarey (Wiciee] s, e acres, T To-way Gure £ T o S S S Py £ T = =
1t
Ve e S WA 3 3 Wk core e oy G =3 =3 =13 £



https://sempra.sharepoint.com/teams/busdevext/AngelesLink_CEI/Shared%20Documents/9.0%20Draft%20Reports/Production%20Planning%20%26%20Assessment%20Draft%20Report%20-%203rd%20Legal%20Review%20IN%20PROGRESS/Appendices/Appendix%20C.4%20-%20Table%20of%20Evaluated%20Depleted%20Oil%20and%20Gas%20Fields.pdf
https://sempra.sharepoint.com/teams/busdevext/AngelesLink_CEI/Shared%20Documents/9.0%20Draft%20Reports/Production%20Planning%20%26%20Assessment%20Draft%20Report%20-%203rd%20Legal%20Review%20IN%20PROGRESS/Appendices/Appendix%20C.4%20-%20Table%20of%20Evaluated%20Depleted%20Oil%20and%20Gas%20Fields.pdf

C.4 Table of Evaluated Depleted Oil and Gas fields (Continued)
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C.4 Table of Evaluated Depleted Oil and Gas fields (Continued)
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C.4 Table of Evaluated Depleted Oil and Gas fields (Continued)
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C.4 Table of Evaluated Depleted Oil and Gas fields (Continued)
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C.5 Maps of Evaluated Underground Storage Site
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)

N ].-' @z = -
IV smiz) ol 2
|
) N ,‘ A 1
N 2y '
SMOO1, Y
{ Pismo Beach » J
Arroyo Grande, ) 3
Oceano 4 o e
¢ ) .
09 £\ el
y ) ) ; I
U z 3 3 -v{,(
NIPOMO 4 \ T ATRe GO 4
MESA Niportg 5 ) K 5 s SEA
CalGEM 1D Field A LI Y o o Wi 7 Ros
CU002 Cuyama, S Aa N3 N 7 a y
Cu003 Morales Canyon " Y ~‘ ) ) v y X /éQO' ft ‘cuo‘?t k
CU004 Russell Ranch gisauos Ry N BB, { 5 W, %
i:m' Arroyo Grande  sto07 |1 ¥ DMADRE | \ &% » /%, { 24 <. Coyama)Ri,,
4002 Barham Ranch . = .. MOUNTAINS; ) RS Bl = -
SM003 Careaga Canyon 4 » :Santa qua R PR P! 3 P ,// '
SM004 Casmakia v, \ \ DA \( ) 7o )
SM005 Cat Canyon a0 ~</ R . \ y
SM006 Four Deer (Abd ) SMOI5 A2y £ v % \
SMO07 Guadalupe h > Y > A1 8 ’ \ J
SMOO8 Hanis Canyon, NW. (Abd) 9 0 (‘\ Y ) g
SM009 Huasna : R h
SMOT0  Jesus Maria s Orcutt / y |
SMo11 Lompoc ; { :
SM012 Lopez Canyon (Abd ) \ SWOiS SMO16 «
SMO13 Los Alamos — g < B
SMO14 Orcutt » % S
SMO15 Santa Maria Valley e ISOLOMON (oA B
SMO16 Sisquoc Ranch (Abd ) S SMODS HIDLS 13
SMO17 Zaca Sa7p g0 10 Creeg X \ Y S, J
. .
y o) N
SMO03 £ 2 '
1) Oil and gas fields were evaluated BURTON L4
solely on geologic characteristics MESA \ Santa
H e ] 32 - SMO017,
2) Geologic confidence of adequacy value ILL + lswors | Tswonz Barbara
does not consider potential A EA A )
environmental, social, commercial, or HILLS
other potential permitting constraints. SR
Lompoc sy ra RiTA
HILLS
) ) \ Bueliton
. Solvang
2142t o . f H
§al2 \ 3 3
Legend ;
CA O a5 Gos Fiakd Angeles Link Phase 1
T @FW . Underground Hydrogen Storage
Geologic Confidence of Adequacy \\MSDONNELL‘ Evaluation:
>50% . .
>0 Oil and Gas Fields, Santa
20 - 50% 025 5 10 Mari dc Basi
0-20% — — \iles arnaand.Luyamabasin
irce. Oil al el jormia - Caldormia ol ONServ n ssuea ’ !B!

Production Planning & Assessment — Final Report

134



https://sempra.sharepoint.com/teams/busdevext/AngelesLink_CEI/Shared%20Documents/9.0%20Draft%20Reports/Production%20Planning%20&%20Assessment%20Draft%20Report%20-%203rd%20Legal%20Review%20IN%20PROGRESS/Appendices/Appendix%20C.5%20-%20Maps%20of%20Evaluated%20Storage%20Sites.pdf

TSI TS

NIPOMO

MESA Hiponi
CalGEM ID CalGEMID  Field
CU002 Cuyama, S
Cu003 Morales Canyon
CU004 Russell Ranch _5isaquot Ry
SM001 Armoyo Grande SMO07. St =
SM002 Barham Ranch .
smakia 74
SM005 Cat Canyon \ Wl
SMO06 Four Deer (Abd )
SMO07 Guadalupe
SM008 Harris Canyon, NW. (Abd )
SM009 Huasna
SMO10  Jesus Maria st oreutt
SMO11 Lompoc
SMO12 Lopez Canyon (Abd.) SM004
SM013 Los Alamos e SMDOS.

SMO14 Orcutt 3”4‘-

SMO015 Santa Mana Valley GOLO\ON
SM016 Sisquoc Ranch (Abd ) SM010 HI0L S
SM017 Zaca Sary a0 10 Cri¥ey
" SMS
1) Oil and gas fields were evaluated BURTON \
solely on geologic characteristics S anta

4
2) Geologic confidence of adequacy #E4 SMo11 ““ SMo17, Bad b ia Y R4 e,
value does not consider potential Ry 6}
environmental, social, commercial, or £ L;"‘;’L Sz ’é’ A 3
other potential permitting constraints. < \7\.
3) Population density and quaternary
faults shown for reference. Quaternary Lompoc. s wrarriTa W
and inactive faults (not shown) were HILLS a0y g
considered in the geologic evaluation. 5%
2142
4,
Legend
CA Oil and Gas Field Population Density = Al Quaternary Fault Traces (USGS) , \ Angeles Link Phase 1
Geologic Confidence of Adequacy ~[population per square mi] w Underground Hydrogen Storage
O BURNS P
>50% I 56,000 - 261,000 N MEDONNELL Evaluation:
0= 20,000 - 56,000 0 25 5 10 Oil and Gas Fields, Santa
g o —— \Vliles Maria and Cuyama Basin
ree. Oil ar S Fiel Ha - lomia P N n m

Production Planning & Assessment — Final Report
135



https://sempra.sharepoint.com/teams/busdevext/AngelesLink_CEI/Shared%20Documents/9.0%20Draft%20Reports/Production%20Planning%20&%20Assessment%20Draft%20Report%20-%203rd%20Legal%20Review%20IN%20PROGRESS/Appendices/Appendix%20C.5%20-%20Maps%20of%20Evaluated%20Storage%20Sites.pdf

m SoCalGas.

C.5 Maps of Evaluated Underground Storage Site (Continued)
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C.5 Maps of Evaluated Underground Storage Site (Continued)
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