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Introduction

In late 2015, southern California experienced a large natural gas leak that resulted in the
displacement of thousands of residents in the surrounding community. An underground
storage facility at Aliso Canyon, the second-largest facility of its kind in the United States,
began leaking in October, and the Governor proclaimed a state of emergency on January 6,
2016. The leak was contained in February 2016. Approximately 100,000 tonnes of methane
were emitted into the atmosphere.

To address part of the Governor’s state of emergency proclamation, the State of California
sought more information about all of the underground natural gas storage fields in California,
and the California Council on Science and Technology (CCST) was asked to provide the State
with an up-to-date technical assessment. In consultation with the California Public Utilities
Commission (CPUC), the State Energy Resources Conservation Commission, the State Air
Resources Board, and the Division of Oil, Gas, and Geothermal Resources, the assessment
includes a broad review of the potential health risks and community impacts associated with
their operation, fugitive gas emissions, and the linkages between gas storage, California’s
current and future energy needs, and its greenhouse gas reduction goals. A scope of work was
developed that includes three key questions:

= Key Question 1: What risks do California’s underground gas storage facilities pose
to health, safety, environment and infrastructure?

= Key Question 2: Does California need underground gas storage to provide for
energy reliability through 20207

= Key Question 3: How will implementation of California’s climate policies change
the need for underground gas storage in the future?

ABOUT CCST

CCST is a nonpartisan, nonprofit organization established via the California State
Legislature in 1988 to provide objective advice from California’s best scientists and
research institutions on policy issues involving science. CCST responds to the Governor, the
Legislature, and other State entities who request independent assessment of public policy
issues a ecting the State of California related to science and technology.

STUDY PROCESS

CCST organized and led the study reported on here. Members of the CCST Steering
Committee were appointed based on technical expertise and a balance of technical
viewpoints. (Appendix C in the Summary Report provides information about CCST’s
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Steering Committee membership.) All experts who contribute to the study were evaluated
for potential conflicts of interest. Under the guidance of the Steering Committee, a team

of experts (science team) assembled by CCST developed the findings based on original
technical data analyses and a review of the relevant literature. Appendix D of the Summary
Report provides information about the science team. Each key question had a lead team
member who was also an ex o cio Steering Committee member. In order for the Steering
Committee to oversee the work of the science team and develop recommendations and
conclusions based on the findings of the science team, it was important for the Steering
Committee to interact regularly with the lead science team members. Therefore, in order
for the Steering Committee to receive regular updates on the progress and direction of the
study, lead science team members were included as ex-o0 cio non-voting Steering Committee
members.

The science team studied each of the issues identified in the scope of work, and the science
team and the Steering Committee collaborated to develop a series of findings, conclusions,
and recommendations defined as follows:

= Finding: Facts we have found that could be documented or referenced and that
have importance to our study.

= Conclusion: A deduction we made based on findings.

= Recommendation: A statement that recommends what an entity should consider
doing as a result of our findings and conclusions.

The committee process ensured that conclusions were based on findings (facts), and
recommendations were based on findings and conclusions. Both the science team and the
Steering Committee members proposed draft conclusions and recommendations. These
were modified based on peer review and discussion within the Steering Committee, along
with continued consultation with the science team. Final responsibility for the conclusions
and recommendations in this Executive Summary lies with the Steering Committee. All
Steering Committee members have agreed with these conclusions and recommendations.
Any Steering Committee member could have written a dissenting opinion, but no one
requested to do so. The conclusions and recommendations expressed in this publication are
those of the Steering Committee, and do not necessarily reflect the view of the organizations
or agencies that provided support for this project.

This report has undergone extensive peer review; peer reviewers are listed in Appendix E
of the Summary Report, “Expert Oversight and Review”. Fourteen reviewers were chosen
for their relevant technical expertise. More than 1,000 anonymous review comments were
provided to the science team and Steering Committee (study team). The study team revised
the report in response to peer review comments. In cases where the authors disagreed with
the reviewer, the response to review included their reasons for disagreement. A report
monitor, appointed by CCST, reviewed the responses to comments to ensure an adequate
response and when satisfied, approved the report.
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Numbering the conclusions and recommendations for easy reference proved challenging
in this Executive Summary and the underlying report chapters because the materials di er
significantly among the three key questions. Each conclusion and recommendation has a
unique number, but the numbering protocol is slightly di erentin di erent parts of the
report.

In Chapter 1, individual recommendations are typically aligned directly with an associated
conclusion, though there are a few conclusions that stand alone without a recommendation.
In order to make it clear which conclusions go with which recommendations in Chapter 1,
the recommendation has been given the same number as the prior conclusion. This means
that the numbering of recommendations in Chapter 1 is not sequential because not every
conclusion results in a recommendation. In Chapters 2 and 3, a large number of findings
and conclusions support a very small number of recommendations. For these chapters,

the conclusions are numbered sequentially and the recommendations are independently
numbered sequentially.

DATA AND LITERATURE USED IN THE REPORT

The science team reviewed and analyzed existing data from both voluntary and mandatory
reporting sources relevant to underground gas storage, peer-reviewed scientific literature,
as well as non-peer reviewed reports and documents if they were topically relevant and
determined to be scientifically credible by the authors and reviewers of this volume.

The science team did not collect any new data solely for this report, but did do original
analysis of available data from a variety of sources. Significant gaps and inconsistencies
exist in available voluntary and mandatory data sources, both in terms of duration and
completeness of reporting. Gaps and data quality issues in the reporting limited this
analysis and may warrant adoption of additional quality assurance, reporting, and data
handling requirements. When appropriate, proprietary data were requested by CCST from
the CPUC and from utilities. Not all requests were honored. Despite the data limitations,
information gathered from multiple independent sources gives largely consistent results,
and the authors think the report findings are generally accurate and representative of
underground gas storage in California. Additional data in the future might change some
of the quantitative findings about underground gas storage in the report, but, absent some
major external influence, it is unlikely these will fundamentally alter the report findings.

SITE VISITS

The study team made two site visits during the course of the study to better understand the
layout and operations of UGS facilities. On June 14, 2017, the team visited the McDonald
Island UGS facility owned by PG&E (Pacific Gas & Electric, Co.). The visit included a tour
of the compressor station, storage wells, and the infrastructure to control the pressure and
distribution of the gas. After the tour, a team of PG&E operators answered many questions
ranging from safety procedures to emissions testing.
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Figure SR-1.1. Underground gas storage facilities with active gas storage in California as of 2016.
Gas injection via storage wells ceased in the Montebello facility at the end of 2016.

To address Key Question 1, we provide a review of the state of underground gas storage in
California in the context of the risks entailed by the practice of underground gas storage,
and how those risks can be managed and mitigated. Potential consequences arising from
underground gas storage failures, such as large-scale loss-of-containment by well blowouts,
include threats to safety and loss of life, in addition to potential environmental impacts
and impacts to the underground gas storage infrastructure itself. Lower flow-rate loss-of-
containment through surface infrastructure such as leaky valves may also be a concern
foritse ectson climate, because methane is a powerful greenhouse gas, and subsurface
leakage of reservoir gases and associated components is a concern for contamination of
groundwater. In addition, failure of underground gas storage can lead to the inability to
provide gas to the energy network, a hazard to the stability and reliability of California’s
energy infrastructure.

Each underground gas storage facility in California is a combination of surface and

subsurface systems (as shown by the schematic in Figure SR-1.2) designed to compress,
inject, contain, withdraw, and process natural gas through wells that access the deep pore
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space of the storage reservoir. At the surface, underground gas storage facilities utilize a
pipeline (referred to as the interconnect) to deliver and receive natural gas to and from the
transmission pipeline. The interconnect delivers gas to and receives gas from compressors
and gas-processing facilities, respectively. These facilities are connected to the wells through
flowlines, which are typically relatively small-diameter pipelines. Although transmission
pipelines are referred to as high-pressure pipelines, gas for storage normally must be
compressed further in order to be injected through the wells into the storage reservoir. Upon
withdrawal, gas is normally expanded to lower its pressure, and must be processed (e.g.,
dehydrated and stripped of chemical impurities) before delivery back to the transmission
pipeline. Some processed natural gas may be utilized on-site for powering system
components such as turbine compressors.

The subsurface part of underground gas storage comprises the reservoir for storage, the
associated deep aquifers that may be present to provide pressure support, the caprock for
keeping buoyant gas from flowing upward, the overburden that contributes to additional
storage security, and the wells and wellheads used for injection and withdrawal of

gas. Additional wells at underground gas storage facilities may include observation or
monitoring wells. Other wells not formally part of the underground gas storage system may
also be present, e.g., for oil production from reservoirs not connected to the gas storage
reservoir. All wells connected to hydrocarbon reservoirs must be sealed to contain high-
pressure gas or oil in the reservoirs. The wells connected to the high gas pressure in the
storage reservoir must contain that pressure all the way to the wellhead, after which the
surface infrastructure is relied on to contain the gas.

12



Side Bar: Hazard, Risk, and Impact

The terms hazard, risk, and impact are often used interchangeably in everyday conversation, whereas

in a regulatory context they represent distinctly di erent concepts with regard to the formal practice

of risk assessment and risk management. A hazard is defined as any biological, chemical, mechanical,
environmental, or physical stressor that is reasonably likely to cause harm or damage to humans,

other organisms, the environment, and/or engineered systems in the absence of control. The term risk
incorporates the likelihood that a given hazard plays out in a scenario that causes a particular harm, loss,
or damage. Impact (or consequence) is the particular harm, loss, or damage that is experienced if the risk-
based scenario occurs. In quantitative risk assessments, risk is calculated as likelihood multiplied by impact.
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documented in incident databases. Consequences of failure can be assessed by review of
historical incidents, and by modeling and analysis.

History of Failure Rates of Underground Gas Storage Facilities in California

Using compilations of underground gas storage incidents worldwide and in California, we
have analyzed relevant failure modes and their likelihood of leading to loss-of-containment
in underground gas storage facilities. In general, failure can occur in the subsurface part of
underground gas storage, where well integrity and reservoir integrity are needed to contain
natural gas, and in the surface part, where failure can occur by damage to, or defects in,
pipelines, valves, and other components. Gas storage has been carried out in California

for over 70 years at about 20 di erent sites. Of the twelve facilities operating today, seven
have recorded loss-of-containment incidents. While these statistics must be used cautiously
because the overall number of events is relatively small—and reporting of incidents has not
been regulated or standardized—the record of reported incidents suggests that on average
about four incidents of severity significant enough to be reported will occur every year in a
underground gas storage facility somewhere in California, presuming continued operation
of twelve facilities. Nearly all of these recorded incidents are minor and do not involve
injuries, evacuations, or significant costs, and they are easily fixed. But some incidents can
be major, the most recent of which was the 2015 Aliso Canyon well blowout that occurred
in awell in which a single barrier, the 62-year-old steel production casing wall, was relied
upon to contain high-pressure gas. This steel casing wall likely corroded, or otherwise
degraded over time, before rupturing and producing a leakage pathway to the surface.
Analysis of underground gas storage incidents worldwide and in California generally shows
that loss-of-containment incidents are often caused by a chain of events. These events
involve system component failures and external events, as well as human and organizational
factors. Although possibly artifacts of reporting or the fact that California’s larger facilities
are larger than the worldwide average, the failure rate of underground gas storage in
California appears to be higher than the worldwide failure frequency, which is about the
same or lower than the failure frequency of oil and gas extraction operations.

Conclusion 1.1: Analysis of historic failure-rate statistics of California’s
underground gas storage facilities points to a need for better risk management

and improvement in regulations and practices. The Steering Committee views the
new regulations proposed by DOGGR as a major step forward to reduce the risk of
underground gas storage facilities, provided they are consistently and thoroughly
applied and enforced across all storage facilities. In the future, careful re-evaluation
of failure statistics, based on ongoing reporting and evaluation of incidents, can
help determine whether and to what degree incident reductions have indeed been
realized.

Recommendation 1.1: At regular intervals in the future, DOGGR should assess—
by re-analyzing incident reports—whether the frequency of underground gas

17
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proposed by DOGGR currently under consideration e ectively ban single-point-failure
configurations.

Conclusion 1.3: The Steering Committee views the requirement in the new
DOGGR regulations of a two-point failure configuration for all underground gas
storage wells as an important step in preventing major well blowouts and low-flow-
rate loss-of-containment events.

If the SS-25 well at Aliso Canyon had been operated using tubing and packer for injection
and withdrawal, the hole in the casing that is suspected to have been caused by corrosion
would not have allowed gas to escape to surface. Thisdi erence in behavior arises because
there would be no reservoir pressure support and gas supply to the A-annulus to feed an
ongoing blowout (major loss-of-containment incident) through a hole caused by corrosion.

Natural Hazards Can Affect Integrity of Underground Gas Storage Facilities

Some California underground gas storage facilities are located in regions with particular
hazards that can a ect underground gas storage infrastructure, among which are seismic,
landslide, flood, tsunami, and wildfire hazards. The risk arising from these hazards,
along with monitoring, prevention, and intervention needs, is now being assessed in

the risk management plans that new DOGGR regulations now require from each facility.
Some natural hazards are more easily evaluated and mitigated than others; e.g., facilities
potentially a ected by periodic flooding are often protected by dams or placed on
elevated land. Earthquake risk, on the other hand, is harder to assess and mitigate. Fault
displacement and seismic ground motion can directly a ect the surface infrastructure.
Fault displacement can also a ect wells at depth through shearing of the well casing if
the well crosses the plane of the fault. Earthquake risk is a concern in several California
facilities, such as Aliso Canyon, Honor Rancho, and Playa del Rey. SoCalGas is currently
conducting an in-depth analysis of the risk related to the Santa Susana Fault near the Aliso
Canyon facility, including a probabilistic seismic hazard analysis and a probabilistic fault
displacement analysis.

Conclusion 1.4: Natural hazards can significantly a ect the integrity of
underground gas storage facilities.

Recommendation 1.4a: Regulators need to ensure that the risk management
plans and risk assessments required as part of the new DOGGR regulations focus
on all relevant natural hazards at each facility. In-depth site-specific technical or
geological studies may be needed to evaluate potential natural hazards associated
with underground gas storage facilities. For some facilities, earthquake risks fall
under that category.

Recommendation 1.4b: Agencies with jurisdiction should ensure that earthquake
risks (and other relevant natural hazards) are specifically investigated with in-

19
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new facility or community construction projects. Such setbacks would ensure
that people located in and around various classes of buildings such as residences,
schools, hospitals, and senior care facilities are located at a safe distance from
underground gas storage facilities during normal and o -normal emission events.

Occupational Health and Safety Considerations

Based on toxic chemicals known to be present on-site, and publicly available emission
reporting to air regulators under the Air Toxics Hot Spots Program, we have developed a list
of probable toxic chemicals used at and emitted from underground gas storage facilities.
These chemicals include, but are not limited to, hydrogen sulfide, benzene, acrolein,
formaldehyde, and 1,3 Butadiene. Currently, we have found no available quantitative
exposure measurements.

Conclusion 1.8: Workers at underground gas storage facilities are likely exposed
to toxic chemicals, but the actual extent of those exposures is not known. Without
quantitative emission and exposure measurements, we cannot assess the impact of
these exposures on workers’ health.

Recommendation 1.8a: Underground gas storage facilities should make
quantitative data on emissions of, and worker exposures to, toxic chemicals from
facility operations available to the public and to agencies of jurisdiction—e.g.,
California Occupational Safety and Health Administration (CalOSHA), California
Public Utilities Commission (CPUC)—to enable robust risk assessments. It may be
advisable to require that underground gas storage facilities be subject to the Process
Safety Management of Highly Hazardous Chemicals Standard (29 CFR 1910.119),
which contains requirements for the management of hazards associated with
processes using highly hazardous chemicals.

Recommendation 1.8b: The State should require that underground gas storage
workplaces conform to requirements of CalOSHA and federal OSHA, and impose
additional requirements to protect the health and safety of on-site workers
(employees, temporary workers and contractors), whether or not they are legally
bound to comply. These requirements include that (1) all training and preparation
for incidents and releases be fully concordant with best practices (see Appendix 1.G
in Chapter 1); (2) all safety equipment be fully operational and up to date, readily
available, and all workers trained in equipment location and proper use; (3) all
incident commanders be provided with su cient, current training; (4) all health
and safety standards be observed for all workers on site; and (5) air sampling of
workers’ exposures be required during routine and o -normal operations to ensure
that exposures are within the most health-protective occupational exposure limits.

The exact chemicals to be monitored should be evaluated when more data are available
about potential exposures, but some important ones include hydrogen sulfide where it

23
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are required to continuously monitor meteorological conditions, including temperature,
pressure, humidity, and wind speed and direction, monitor predominantly upwind
(background) and downwind methane concentrations in the air, and carry out daily gas
hydrocarbon concentration measurements at each injection/withdrawal wellhead and
attached pipelines. If anomalous concentrations of hydrocarbons persist above certain
thresholds for certain periods of time, notification must be made to CARB, DOGGR, and
the local air district. It is important to note that the purpose of the CARB monitoring
requirements is to detect and locate leakage, not quantify emissions (i.e., leakage rates).
Once leaks are detected and located, they can be addressed. However, wellhead-focused
leak monitoring may not detect leakage coming out of the ground away from the wellhead,
which may be indicative of a nascent or well-developed subsurface blowout. We also note
that the measurements under these regulations are concentration measurements used to
detect leakage, rather than to quantify emissions (leakage rates).

Atmospheric Monitoring of GHG Emissions from Underground Gas Storage Facilities

We compared the recent (June through August 2017) airborne measurements of methane
emissions from gas storage facilities with annual GHG reports that gas storage facilities
provide to the California Air Resources Board. We note that the directly observed emissions
are about 2.6 times higher than the average of emissions reported by the facilities to CARB.
Those emissions are dominated by three facilities: Honor Rancho, Aliso Canyon (after the
SS-25 well leak repair), and McDonald Island contribute on average 45%, 16%, and 14%,
respectively, of all underground gas storage emissions. In terms of emission rates, most
sites were found to emit less than 100 kg/hr (kilogram/hour)(<1 Gg CH,/yr, or <0.052
Bcf/yr = 142 Mcf/d = 1476 therms/d); the three larger emitters mentioned above were
found to have occasional readings of up to 1000 kg/hr. (These emission rates remain very
small, however, compared to the 35,000 kg/hr emitted on average during the Aliso Canyon
well blowout.) Taken together, the methane emissions from California’s underground gas
storage facilities are ~9.3 GgCH,/yr (=1% of California’s total methane emissions), which
is <0.1% of California’s GHG emissions. Compressors and aboveground infrastructure
apparently contribute the majority of the emissions. In comparison, the total emissions from
the Aliso Canyon incident over nearly four months, beginning in late October 2015, were
more than 100 Gg (—5 Bcf). Thus, the current annual emissions of all underground gas
storage facilities in the State are roughly equivalent to one Aliso Canyon incident every 10
years.

Conclusion 1.11: Though there are discrepancies between directly observed
greenhouse gas emissions and those reported to CARB, average methane emissions
from underground gas storage facilities are not currently a major concern from a
climate perspective compared to other methane and GHG sources, such as dairies
and municipal solid waste landfills. However, average methane emissions from
underground gas storage facilities are roughly equivalent to an Aliso Canyon
incident every 10 years, and hence worthy of mitigation.
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monitoring now required by the new DOGGR regulations for storage wells—by
providing improved situational awareness of overall facility integrity. In addition
to supporting proactive integrity assessments, methane emissions monitoring also
helps improve accounting of GHG emissions and timely evaluation of co-emitted
toxic compounds in response to potential future incidents.

Recommendation 1.12: An optimized methane emission monitoring system
strategy should be devised to provide low latency, spatially complete, and high-
resolution information about methane emissions from underground gas storage
facilities and specific components of the gas storage system. A program based on
this strategy could benefit from a combination of persistent on-site measurements
and higher accuracy, periodic independent surveys using airborne- and surface-
based measurement systems. These emissions measurements would complement
the on-site wellhead and upwind-downwind concentration-based leakage-detection
measurements now required by CARB. The scientific community should be
engaged in helping underground gas storage operators and regulators design such
a monitoring strategy, and should be serving in an ongoing advisory capacity to
ensure that best practices and new developments in monitoring technology can be
implemented in the future.

Protocol for Assessment, Management, and Mitigation Actions In Case of Local
Methane Leakage Observations

At Aliso Canyon, McDonald Island, and Honor Rancho, where total methane emissions
have been measured to be above 250 kg/hr in some of the recent airborne measurement
campaigns, the sources of these emissions were localized in most cases as originating

from aboveground infrastructure such as compressor stations or leaking valves. This is a
maintenance or repair issue but not an early warning indicator for large loss-of-containment
events. (The 250 kg/hr emissions rate is a limit defined by DOGGR in its order allowing
resumption of injection at the Aliso Canyon underground gas storage facility. If this limit is
exceeded, the operator must continue weekly airborne emissions measurements until the
leaks have been fixed, no new leaks have been found, and emissions are below 250 kg/hr.)
But local methane hot spots could also be associated with wellheads or emissions from the
ground near gas storage wells, in which case timely assessment and mitigation response can
be essential in preventing the evolution of a small leak into a major blowout.

Conclusion 1.13: Periodic airborne and surface-based methane monitoring
strategies provide the ability for detection of localized leaks within facilities, which
in turn allow for early identification, diagnosis, and mitigation response to prevent
smaller leaks from becoming a major loss-of-containment incident.

Recommendation 1.13: The Steering Committee recommends that DOGGR

or CARB develop a protocol for all facilities defining the necessary assessment,
management, and mitigation actions for the cases in which periodic airborne and
surface-based methane surveys identify potential emission hot spots of concern.
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For example, if a leakage hot spot is located, the operator would be required within

one week to provide to DOGGR or CARB a detailed assessment of the hot spot(s), with
information on how large the leak is (flux or flow rate), what is leaking, where is it leaking
from, etc. If the leak cannot be immediately fixed, the operator should be required to
develop and present to DOGGR a plan within the following week of how to fix the leak.

The follow-up would consist of agency sta visiting the site to observe the mitigation of

the leak. We note that irrespective of leakage emission rate, the CARB regulations in place
since October 1st, 2017 outline a detailed timeframe for fixing leaks detected on the basis of
anomalous concentration, depending on concentration and duration of thresholds.

RISK MITIGATION AND MANAGEMENT

In California, the subsurface portions of underground gas storage facilities have been
regulated on the State level by DOGGR, both prior to and since the Aliso Canyon incident.
DOGGR considers the subsurface portion as including the reservoir used for storage, the
confining caprock, gas storage wells and wellheads, observation wells, and any other

wells approved for use in the project. The California Public Utilities Commission (CPUC)
regulates the surface infrastructure at underground gas storage facilities. The California Air
Resources Board (CARB) regulates greenhouse gas (GHG) emissions from UGS facilities

as of October 1, 2017. Until early 2017, federal regulation did not provide operational,
safety, or environmental standards for the subsurface portions of underground gas storage.
Although the Natural Gas Pipeline Safety Act of 1968 has been found by a U.S. District Court
to provide authority to the U.S. Pipeline and Hazardous Materials Safety Administration
(PHMSA) over such facilities, until 2017, the agency declined to develop regulations

around them, stating in a 1997 Advisory Bulletin that operators should consult industry
guidelines and State regulations on the subject. Meanwhile, underground gas storage has
been excluded from the U.S. EPA’'s Underground Injection Control program, which regulates
various types of fluid injection into the subsurface under the Safe Drinking Water Act (e.g.,
liquid waste, oil and gas waste water, CO,, etc.).

In the immediate aftermath of the 2015 Aliso Canyon incident, DOGGR moved ahead to
develop emergency regulations for the existing underground gas storage facilities in the
State. These emergency regulations were intended to quickly and e ciently reduce the
loss-of-containment risk of these facilities, focusing mainly on the subsurface portion

of underground gas storage as described above. These emergency regulations will be
superseded in January 2018 by permanent regulations now under development. DOGGR
published on May 19, 2017 a draft of the new permanent regulations, which was reviewed
for the purpose of this study. In addition to various new technical and administrative
requirements, the emergency regulations and the draft permanent regulations require that
each underground gas storage facility in California must develop and implement a Risk
Management Plan (RMP) with certain specified features.

Meanwhile, in December 2016, PHMSA introduced an Interim Final Rule (IFR) that
incorporated two American Petroleum Institute (API) Recommended Practices (RP) (API RP
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Recommendation 1.15: The Steering Committee suggests DOGGR make further
clarifications and specifications in the risk management plan requirements as
follows: (1) the need for each underground gas storage facility to develop a formal
guantitative risk assessment, to understand the risks that the facility poses to
various risk endpoints (such as worker safety, health of the o site population,
release of methane, property damage, etc.); and (2) the need to develop a risk
target or goal for each risk endpoint that each facility should stay below and that
is agreed to by the regulator (DOGGR), rather than written into an enforceable
government regulation. These two needs, if satisfied, will provide the basis for
rational and defensible risk-management decision-making that would not be
possible without results from a formal risk assessment and defined risk targets or
goals. The committee also provides guidance on a range of other attributes that

a risk management plan must contain, including (1) considerations of human

and organizational factors as well as traits of a healthy safety culture; and (2)
recommendations regarding intervention and emergency response planning. These
detailed suggestions are given in Section 1.6 of the main report.

We emphasize that the quantitative risk assessment recommended here need not be an
exhaustive probabilistic risk study requiring multiple person-years of e ort for every
conceivable failure scenario. Instead, we recommend that a formal, practical, and

e cientrisk assessment be carried out for each facility, incorporating the most important
site-specific risk categories and failure scenarios. The state-of-the-art quantitative risk
assessments currently o ered by several engineering consulting companies can provide
the adequate rigor. Furthermore, we propose that development of these risk assessments
be accomplished in stages, the first stage being a scoping analysis to provide a short-

term understanding at each underground gas storage facility of the various risks and the
issues that give rise to those risks. These short-term scoping studies, to be supplemented
later by more detailed analyses, can provide early guidance to decision-makers about
what interventions may be needed, if it is concluded that some of the risks require early
intervention to reduce either their likelihood of occurring or their consequences. In parallel,
an activity needs to begin promptly to develop the risk targets or goals that will ultimately
guide risk-mitigation decision-making. Whether this process should be led by the industry
or by a government agency is a decision that is beyond the remit of this CCST study;
however, the development process definitely requires broad stakeholder input.

Recommendations Regarding Specific Well Integrity Requirements

The draft DOGGR regulations contain various technical requirements for (1) well
construction; (2) mechanical integrity testing; (3) monitoring; (4) inspection, testing,

and maintenance of wellheads and valves; (5) well decommissioning; and (6) data and
reporting. Overall, the Steering Committee finds these requirements a major step forward
to improve well integrity in underground gas storage facilities. In terms of the detailed
specifications, the committee has several suggestions for revision, e.g., to clarify ambiguous
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Recommendation 1.17: The Governor should ensure that the e ectiveness of
the DOGGR regulations and the rigor of their application in practice be evaluated
by a mandatory, independent, and transparent review program. Reviews should
be conducted in regular intervals (i.e., every five years) following a consistent set
of audit protocols to be applied across all storage facilities. Review teams would
ideally be selected from a broad set of experts and stakeholders, such as regulators
from related fields and other state, academia, consultants, and environmental
groups. Results from the mandatory review should be published in a publicly
available report with an opportunity for public comment. Responsibility for the
design and executing of the review program should either be with a lead agency
designated by the Governor, or alternatively could be assigned to an independent
safety review board appointed by the Governor.

Emphasizing Human Factors and Safety Culture at Underground Gas Storage
Facilities

Conclusion 1.18: The draft DOGGR regulations ignore how human and
organizational factors as well as a healthy safety culture drive safety outcomes and
performance.

Recommendation 1.18: The final DOGGR regulations for underground gas
storage facilities should explicitly address the importance and role of human and
organizational factors as well as safety culture, commensurate with their impact.
DOGGR could follow the State of California’s Department of Industrial Relations’
(DIR) Occupational Safety and Health Standards Board and at least adopt the
two new “Human Factors” and “Safety Culture” elements in the recently revised
and updated CalOSHA Process Safety Management for Petroleum Refineries
regulation, which became e ective on October 1, 2017. In this context, DOGGR
should also consider applying other related and applicable elements of the new
CalOSHA regulation to underground gas storage safety, such as “Management of
Organizational Change.”

Regular Training of Operators and Maintenance Personnel

Regular training of operators and maintenance personnel can be a significant factor in
decreasing the likelihood as well as the severity of large accidents. This is true even if the
training, which may consist of written material or lectures, is o ered only sporadically.
When this training is linked to the use of written procedures to help the personnel to
respond to o -normal conditions, and when the training involves periodic updates, the
benefits are enhanced.

Conclusion 1.19: There is no California requirement at today’s operating underground

gas storage facilities for the regular training of the operating and maintenance crew,
nor for the use of written procedures to assist the crew in its response to o -normal
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conditions and events that might lead to a severe accident. Regular training and
written procedures have been demonstrated in other industries to improve safety
around o -normal conditions and events. It is likely that underground gas storage
could benefit similarly from analogous training and procedures.

Recommendation 1.19: The Steering Committee recommends that at each
operating underground gas storage facility in California, a requirement be put
in place for the regular training of the operating and maintenance crew, using
written procedures. This could be either a requirement developed and implemented
voluntarily by the industry itself, or a requirement embodied in a government
regulation. It is further recommended that the requirement be placed in the Risk
Management Plan section of the new DOGGR regulations.

Capability to Predict Site-Specific Dispersion and Fate of Accidental Gas Releases
into the Atmosphere

Loss-of-containment incidents can sometimes lead to very large releases such as those that
occur during well blowouts or field line rupture. More often, loss-of-containment incidents
occur without impacts to safety but with potential long-term impact to the environment,
as in the case of chronic low-flow-rate leakage of methane, a potent greenhouse gas. In
either case, the ability of operators to deal with 0 -normal events in terms of intervention
or emergency response depends on fast, reliable predictions, in near real time, of the
atmospheric dispersion of natural gas that has leaked to the surface. Such models would
deliver estimates of the time-dependent spatial distribution of leaked gas (as a function

of leakage rate and location, as well as wind and weather conditions), thereby providing
information on the expected concentrations of methane and other components in the
vicinity of underground gas storage facilities.

Conclusion 1.20: Although a range of practical and sophisticated models are
readily available for predicting the impacts of o -normal loss-of-containment
events, there is currently no requirement for underground gas storage facilities
to possess, or have access to, atmospheric dispersion models that can predict

the fate of natural gas from a facility. Also, the lack of temporal and spatially
varying emission data from each facility, as well as the past lack of reliable local
meteorological data (now addressed by the new CARB regulations for methane
emissions from natural gas facilities), make it di cult to accurately simulate the
atmospheric dispersion and concentrations of gas leakage from underground gas
storage facilities.

Recommendation 1.20: Each operating facility in California should arrange to
develop a capability to predict the atmospheric dispersion and fate of a large release
of natural gas to the environment in near real time, and the impact of such a release
on workers, the local population, and the broader environment. The simulation
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capability should be developed by an independent (ideally single) institution with
the technical capacity (i.e., modeling skills) and transparency that meet the public’s
demand for trust.

One example of an institution with this skillset is the National Atmospheric Release
Advisory Center at Lawrence Livermore National Laboratory in Livermore, CA, a national
support and resource center for emergency planning, real-time assessment, emergency
response, and detailed studies of atmospheric releases. As discussed in Recommendation
1.12, an optimized combination of on-site measurements and airborne surveys should

be deployed at each underground gas storage facility to provide reliable spatially and
temporally varying input data on gas releases for such analysis. On-site weather stations
should be installed at each underground gas storage facility, following National Weather
Service guidelines, to provide continuous near-real-time meteorological data to the
simulation models.

DATA REPORTING GAPS AND DATA QUALITY ISSUES

Data on past and current practices of underground gas storage facilities in California
have been assembled from various sources and databases for this study. Significant gaps
and inconsistencies exist in available voluntary and mandatory data sources, in terms
of duration, completeness, and accuracy of reporting. Examples of suggested additional
reporting and data quality requirements include:

Improvements to DOGGR’s Well Databases for Gas Storage

DOGGR maintains public databases that provide various types of information about
California’s oil and gas, geothermal, or underground gas storage wells. These are, for
example, the AllWells file for well location and type, or the Annual Production and Injection
Database, with information on fluids produced/withdrawn and/or injected

and pressures.

Conclusion 1.21: While DOGGR'’s public databases provide a wealth of information
on underground gas storage wells, this study finds that there are various obvious
inconsistencies between and apparent inaccuracies within these databases, which
suggests that either quality control processes do not exist or are not uniformly
applied. We could not find information regarding quality control for these public
data sets relevant to underground gas storage.

Recommendation 1.21: The Steering Committee recommends that quality
control plans need to be made available if they exist, or need to be created if they
do not exist. DOGGR needs to check for consistency between data sets and correct
inconsistencies. In the longer term, DOGGR should develop a unified data source
from which all public data products are produced.
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Disclosure of Chemicals Used For Well Drilling and Maintenance

Chemicals used for routine well operations (e.g., for drilling, routine maintenance,
completions, well cleanouts) and well stimulation (e.g., hydraulic fracturing) in oil and
gas production operations in the Los Angeles area are reported to the South Coast Air
Quality Management District. Currently, no such disclosures need to be made for chemical
use in underground gas storage wells statewide. Further, data on chemicals being stored
on-site are reported to the California Environmental Reporting System (CERS), but this
information is not publicly available for all facilities, does not include what the chemicals
are used for, or the mass or frequency of use on-site, and often lists product names without
unique chemical identifiers. As such, it is likely that chemical additive use occurs for routine
well operations, but the composition of those chemicals, the purpose, mass, and frequency
of their use, and their associated human health risks during normal and o -normal events
at underground gas storage facilities, remain unknown.

Conclusion 1.22: To be able to conduct comprehensive hazard and risk assessment
of underground gas storage facilities, risk managers, regulators, and researchers
need access to detailed information for all chemicals used in storage wells and in
associated infrastructure and operations.

Recommendation 1.22: The Steering Committee recommends that operators be
required to disclose information on all chemicals used during both normal and

o -normal events. Each chemical used downhole and on underground gas storage
facilities should be publicly disclosed, along with the unique Chemical Abstract
Service Registry Number (CASRN), the mass, the purpose, and the location of
use. Studies of the community and occupational health risks associated with this
chemical use during normal and o -normal events should be undertaken.

Need for Routine Reporting of Off-Normal Events Relevant to Safety

Although minor o -normal events arising from equipment failures, human errors in
operations or maintenance, or other causes are assumed to occur at today’s operating
underground gas storage facilities in California, just as they do in every other industrial
setting, there is currently no requirement that these events or other failures be routinely
reported and compiled into a shared database.

Conclusion 1.23: Experience from other industries shows that the reporting
of minor o -normal events and failures can be very useful when shared and
aggregated for the purposes of improving operations and learning from mistakes.

Recommendation 1.23: The Steering Committee recommends that a database be
developed for the reporting and analysis of all o -normal occurrences (including
equipment failures, human errors in operations and maintenance, and modesto -
normal events and maintenance problems) at all underground gas storage facilities
in California. An example of one kind of input to this database is the required
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The rows in Table SR-1.1 comprise a short-list of selected descriptive attributes, specific
hazard categories, health- and exposure-related aspects, and GHG emissions; we provide
a more comprehensive table in Section 1.7 of the main report. The columns of the table
list the thirteen names of the California underground gas storage facilities organized by
ownership, with the independent facilities listed first, the northern California utility-
owned facilities listed second, and the southern California facilities listed third. Where
appropriate, we made a judgment about the qualitative relative hazard associated with
each value or descriptor in the table, as shown by the shading of the color. Specifically,
darker shades correspond to larger hazard, while lighter shades correspond to lesser hazard.
We emphasize that this qualitative assessment is independent of (i.e., does not take into
account) any and all risk mitigation actions that may have been implemented at the sites.
In addition, the storage capacity attribute can be seen as both a risk-related characteristic—
more mass available to leak in a blowout—or a benefit—more capacity to store gas, yet the
shadings refer only to the hazard level and not the benefit. Furthermore, the qualitative
comparative assessments made possible by the information in Table SR-1.1 in no way take
the place of the formal risk assessments recommended previously for each facility. Instead,
Table SR-1.1 is useful for comparing underground gas storage sites qualitatively across all
facilities in California. Finally, we note that the Montebello facility was o cially closed
December 31, 2016, following extensive surface leakage of natural gas over decades; it is
included in Table SR-1.1 because it apparently operated for some periods during our 10-
year study period January 1, 2006, to December 31, 2015.

As evident from Table SR-1.1, the hazards and vulnerabilities are generally di erent

for facilities that store gas in former gas fields versus former oil fields, and also di er
qualitatively among individual facilities based on their unique characteristics. Identification
of such di erences allows some preliminary assessments of which underground gas storage
sites in California may present higher risk to health and safety than others, overall or for
certain risk scenarios. As an example of one particular risk scenario, an initiating event for
a large-scale loss-of-containment event might be well integrity failure by corrosion or sand
erosion of steel pipe or casing. Both of these are more likely to become problems for older
and repurposed wells. Therefore, age of wells is a relevant attribute. From the underground
gas storage Characteristics section of the table, we note that the median age of wells open
in 2015 for the Playa del Rey, La Goleta, and Aliso Canyon facilities are all from before the
mid-1950s, and for Playa del Rey, the median age is 1935.

Other initiating events that could rupture a well or flowline leading to significant loss-
of-containment are landslides and earthquakes, especially those that may cause slip on
faults intersected by wells. Table SR-1.1 shows that Aliso Canyon and Honor Rancho have
relatively high landslide hazard, while Aliso Canyon, Honor Rancho, La Goleta, and Playa
del Rey all have relatively high seismic hazard. Wildfire is another hazard that could impact
surface infrastructure and its ability to contain high-pressure gas. Table SR-1.1 also shows
that Aliso Canyon, Honor Rancho, and Playa del Rey all have very high wildfire hazard.
Regarding the likelihood side of this qualitative risk assessment, we note that Aliso Canyon
and Playa del Rey have a history of multiple recorded loss-of-containment incidents and

38












Summary Report

KEY QUESTION 2

Does California need underground gas storage to provide for energy reliability
through 2020?

WHAT IS THE CURRENT ROLE OF GAS STORAGE IN CALIFORNIA?

The Aliso Canyon well blowout in 2015, which caused the largest gas leak in history,
resulted in major disruption and exposures to the Porter Ranch community. The leak
has raised serious questions as to whether and why California needs underground gas
storage and what options might eliminate the need for these facilities. To help answer
these questions, this report describes how California uses underground gas storage and
how storage a ects reliability of gas and electric supply, i.e., it describes the services and
benefits underground gas storage provides. It also identifies and evaluates alternatives
to underground gas storage that California could pursue if a decision is made to forgo
underground gas storage in the near future, i.e., by 2020.

California has a robust and attractive market for natural gas, characterized by a large
number of consumers, many marketers, and a combination of pipeline capacity and
underground gas storage that has (except for a few isolated instances) successfully met
California’s need for gas. California consumes more natural gas per year than any other
state except for Texas. In states that do not have any underground gas storage, local gas
distributors are forced to pay for firm interstate pipeline capacity that is used only in peak
months or to restrict use of natural gas in winter demand months.

The regulatory framework for natural gas in California separates gas supply service from
transportation service and splits customers into core and non-core customers. Residential
and small commercial customers are deemed core customers. The remaining customers

are deemed non-core. California gas utilities should curtail non-core customers first in the
event of a gas supply or a gas capacity shortage. Only core customers are entitled to firm
uninterruptible service because of the high cost and safety issues involved in restoring
service after a curtailment. However, because non-core customers include needed electricity
generation and crucial industrial processes, California essentially provides firm service to all
customers.

Multiple pipelines that bring gas from a variety of gas supply producing areas, in
combination with underground gas storage located near the State’s load centers, give
consumers in California a diversity of supply and flexibility that consumers in other markets
do not have. SoCalGas owns all the gas storage in southern California (Figure SR 2.1).
PG&E owns some of the storage in its region, and independent providers own the rest. The

42












Summary Report

Table SR-2.2. Functions of Underground Gas Storage in California.

Function | Short Description

Physical balancing of supply and demand functions

Storage provides supply when monthly winter needs

1. Monthly Winter Demand . o .
exceed the available pipeline capacity.

Storage provides supply when production does not

2. Gas Production Limit
as Production Limits match demand.

Storage provides supply when daily winter peak day

3. Daily Winter Peak Demand R .
demands exceed pipeline capacity.

Storage provides intraday balancing to support
hourly changes in demand that the receipt point
pipelines cannot accommodate. This service

is essential in allowing the flexible use of gas-
fired electricity generators to back up renewable
generation.

4. Intraday Balancing

Storage provides an in-state stockpile of supply
5. Stockpile in case of upstream pipeline outage or o