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2 Ibid at pp 2-3.
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Executive Summary

Incident Summary

On April 2, 2010, the Tesoro Refining and Marketing Company LLC (“Tesoro™) petroleum refinery* in
Anacortes, Washington (“the Tesoro Anacortes Refinery”), experienced a catastrophic rupture of a heat
exchanger in the Catalytic Reformer / Naphtha Hydrotreater unit (“the NHT unit”). The heat exchanger,
known as E-6600E (“the E heat exchanger”), catastrophically ruptured because of High Temperature
Hydrogen Attack (HTHA).> Highly flammable hydrogen and naphtha at more than 500 degrees
Fahrenheit (°F) were released from the ruptured heat exchanger and ignited,® causing an explosion and an
intense fire that burned for more than three hours. The rupture fatally injured seven Tesoro employees
(one shift supervisor and six operators) who were working in the immediate vicinity of the heat exchanger
at the time of the incident. To date this is the largest fatal incident at a US petroleum refinery since the
BP Texas City accident in March 2005.”

The NHT unit at the Tesoro Anacortes Refinery contained two parallel groups, or banks, of three heat
exchangers (A/B/C and D/E/F) used to preheat process fluid before it entered a reactor, where impurities
were treated for subsequent removal. The E heat exchanger was constructed of carbon steel.® A
schematic of the six heat exchangers is illustrated in Figure 1.

At the time of the release, the Tesoro workers were in the final stages of a startup activity to put the
AJ/B/C bank of heat exchangers back in service following cleaning. The D/E/F heat exchangers remained
in service during this operation. Because of the refinery’s long history of frequent leaks and occasional
fires during this startup activity, the CSB considers this work to be hazardous and nonroutine.” While the
operations staff was performing the startup operations, the E heat exchanger in the middle of the
operating D/E/F bank catastrophically ruptured.

Tesoro purchased all of the Shell Oil Company’s stock in the Shell Anacortes Refining Company in 1998.
Approximately 350 employees are at the Anacortes refinery and 185 of them are operations and maintenance
workers who are represented by the United Steelworkers union (USW).

HTHA is a damage mechanism that results in fissures and cracking and occurs when carbon steel equipment is
exposed to hydrogen at high temperatures and pressures.

The autoignition temperature of a material is defined as the temperature at which it will ignite spontaneously on
contact with oxygen, without spark or flame. The Tesoro Material Safety Data Sheet (MSDS) for naphtha listed
autoignition temperature as 437 °F. As the process temperature was more than 500 °F, autoignition was likely.

" The 2005 BP Texas City incident resulted in 15 fatalities and 180 injuries.

The portion of the E heat exchanger that failed was constructed of carbon steel. The details of the exchanger
materials are addressed in Section 4.2.1, NHT Heat Exchanger Construction.

Nonroutine does not refer to the frequency at which the activity occurs. Nonroutine refers to whether the activity
is part of the normal sequence of converting raw materials to finished products. Startup is considered a
nonroutine activity. Center for Chemical Process Safety (CCPS), Guidelines for Risk Based Process Safety.
2007; p 286.
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Temperature = 550 °F
Pressure = 630 psig

| Temperature = 625 °F |
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E Reactor
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=T
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Figure 1. Schematic of the Tesoro Anacortes Refinery NHT Unit Heat Exchangers. There are two
banks of three heat exchangers: A/B/C bank and D/E/F bank. The E heat exchanger catastrophically
ruptured on April 2, 2010.

1.2 Key Findings

1.2.1 Technical Findings

1. The rupture of the E heat exchanger was the result of the carbon steel heat exchanger being
severely weakened by a damage mechanism known as HTHA. The B heat exchanger did not fail,
but was constructed with the same materials and operated under the same conditions as the E heat
exchanger. The B heat exchanger was also severely weakened by HTHA damage. HTHA is a
damage mechanism that results in fissures and cracking and occurs when carbon steel equipment

2 U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD
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is exposed to hydrogen at high temperatures and pressures.’® The resulting damage severely
degrades the mechanical properties of the steel.™* (Section 4.1)

2. HTHA can accumulate in high-stress areas in carbon steel, such as non-post-weld heat-treated
welds. The welds of the B and E carbon steel heat exchangers were not post-weld heat-treated.
The high stress areas near the welds of these heat exchangers were found to contain HTHA
damage. The rupture location of the E heat exchanger was along these high-stress weld regions
and was attributable to cracks caused by HTHA. (Sections 4.1.2 and 4.2.1)

3. In 1970, the American Petroleum Institute (API) published APl Recommended Practice (RP) 941
Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum Refineries and
Petrochemical Plants. This document provides Nelson curves to predict the occurrence of HTHA
in various materials of construction as a function of temperature and hydrogen partial pressure.*?
The Nelson curves are predicated on past equipment failure incidents and are plotted based on
self-reported process conditions that are ill-defined and lack consistency. (Section 4.4.1.1)

4. The CSB performed computer reconstruction®® of the process conditions within the NHT heat
exchangers. The results of the computer reconstruction show that the portion of the carbon steel
E heat exchanger that ruptured was estimated to have operated below the applicable Nelson
curve. This was considered the safe region of operation where HTHA could not occur.
Therefore, the carbon steel Nelson curve methodology is inaccurate, cannot be depended on to
prevent HTHA equipment failures, and cannot be reliably used to predict the occurrence of
HTHA equipment damage. (Section 4.4.1.1)

5. The hottest portion of the B and E heat exchangers was clad with stainless steel, which improved
resistance to HTHA. On the basis of CSB computer reconstruction of the process conditions in
the heat exchangers, the CSB estimates that this stainless steel-clad portion of the heat exchangers
operated at process conditions that were at times above the carbon steel Nelson curve. However,
the unclad portion where the rupture of the E heat exchanger occurred, and where HTHA existed
in the B and E heat exchangers, was estimated to have operated below the Nelson curve.
(Sections 4.2.1 and 4.4.1.2)

10

11

12

13

Mclntyre, Vogelsange, Progress in Corrosion- The First 50 Years of the EFC; Maney Publishing 2009; Section
12.5.1.

Shih, H.M. and Johnson, H.H. A Model Calculation of the Nelson Curves for Hydrogen Attack; Acta
Metallurgica, Volume 30. 1982; pp 537-545.

Hydrogen partial pressure is a calculated parameter. It is the pressure that would be exerted by a single
component of a gas mixture. For example, the hydrogen partial pressure of a 500 psia gas mixture in a vessel
that contains 50 mol% hydrogen and 50 mol% propane equals 250 psia.

The CSB modeled the exchanger process conditions using Aspen HYSYS® and Aspen Exchanger Design and
Rating. The model required the use of several assumptions, such as fouling distribution, because of a lack of
both process and fouling data gathered by Tesoro. As a result, all model results are estimates. Due to limitations
in historical data, modeling estimates were limited to 2007-2010. See Appendix C for a detailed description of
the modeling assumptions and results.
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6.

1.2.2

10.

It is very difficult to inspect for HTHA because the damage might not be detected; it can be
microscopic and may be present only in small localized areas of equipment. In addition,
equipment must already be damaged by HTHA for equipment inspection to identify HTHA.
Successful identification of HTHA is highly dependent on the specific techniques employed and
the skill of the inspector, and there are few inspectors who have this expertise. Inspection is
therefore not sufficiently reliable to ensure mechanical integrity and prevent HTHA equipment
damage. (Section 4.1.4)

Equipment inspections and post-weld heat treating rely on procedures and human
implementation, which are low on the hierarchy of controls™ and thus are weaker safeguards to
prevent HTHA failures than the use of materials that are less susceptible to HTHA damage.
(Section 4.1.2)

Inherently safer design is a better approach to prevent HTHA. API has identified high chromium
steels that are significantly more resistant to HTHA than carbon steel. The B and E heat
exchangers were not constructed from these inherently safer materials. (Sections 4.1.3 and 4.1.4)

Organizational Findings

The startup of the NHT heat exchangers was hazardous nonroutine work. Leaks routinely
developed that presented hazards to workers conducting the startup activities. Process Hazard
Analyses (PHASs) *° at the refinery repeatedly failed to ensure that these hazards were controlled
and that the number of workers exposed to these hazards was minimized. (Section 5.2.3)

The Shell Anacortes Refining Company was owned and operated by the Shell Oil Company
(“Shell Oil”) prior to 1998. The 1996 Shell Oil NHT unit PHA simply cited ineffective, non-
specific, judgment-based, qualitative safeguards to prevent equipment failure from HTHA.
However, the effectiveness of these safeguards was neither evaluated nor documented; instead the
PHA merely listed general safeguards. Had the adequacy of the safeguards been verified,
improved safeguards intended to protect against HTHA failure could have been recommended.
The 2001 and 2006 Tesoro PHA revalidations did not address or modify the analysis performed

1 An effectiveness ranking of techniques used to control hazards and the risk they represent can be described as a

15

hierarchy of controls — the higher up (further left) on the hierarchy, the more effective the risk reduction achieved
(Figure 17).

A PHA is a hazard evaluation to identify, evaluate, and control the hazards of a process. Facilities that process a
threshold quantity of hazardous materials, such as the Tesoro Anacortes Refinery, are required to conduct a PHA
per the Washington Administrative Code (WAC) Title 296 Chapter 67, Safety standards for process safety
management of highly hazardous chemicals (1992). See: http://apps.leg.wa.gov/wac/default.aspx?cite=296-67
(accessed September 29, 2013) PHAs are also required by the federal EPA Risk Management Program.
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in the 1996 Shell Oil PHA. The Tesoro 2010 NHT unit PHA failed to identify HTHA as a hazard
for the shell of the B and E heat exchangers.'® (Sections 5.3.4.1, 5.3, and Appendix D)

11. For the 15 years before the April 2010 incident, assumptions used by PHA teams at the Anacortes
refinery contributed to ineffective safeguards, ineffective hazard identification, and ineffective
control of hazards to prevent equipment failures from HTHA damage, such as the E heat
exchanger in the NHT unit.'” (Section 5.3.4.1 and Appendix D)

12. Shell Oil completed a PHA in 1995 related to process modifications that could increase the
hydrogen partial pressure in the NHT heat exchangers. However, when managing this change no
consideration, evaluation, or recommendations were made to address the potential for HTHA
damage to the NHT heat exchangers. (Section 5.3.4 and Appendix D)

13. Shell Oil and Tesoro periodically performed damage mechanism hazard reviews (DMHRS),
called corrosion reviews. However, these reviews did not identify HTHA as a credible failure
mechanism for the B and E heat exchangers. These reviews were weakened by primarily relying
on design operating parameters for these heat exchangers rather than data from actual process
operating conditions.'® (Section 5.3.3 and Appendix D)

14. Tesoro did not monitor actual operating conditions of the B and E heat exchangers within the
NHT heat exchanger banks, even though it would have been technically feasible to do so. Rather,
corrosion experts hired by Tesoro primarily relied on design operating conditions that when
evaluated using the Nelson curve indicated lower susceptibility to HTHA damage than the
operating conditions estimated by CSB models.” The use of the design temperatures contributed
to the incorrect conclusion that the heat exchangers were not susceptible to damage from HTHA.
As a result, Tesoro was not aware that the hottest section of the B and E heat exchangers (Can

16

17

18

19

The term “shell” in this context refers to the pressure containing carbon steel wall of the heat exchanger. The
2010 Tesoro NHT unit PHA did identify HTHA as a possible hazard for the tube side of the B and E exchangers.
Heat exchangers of this design have process flow through two sides, separated by mechanical design. Heat is
transferred from one side to the other to exchange heat. Flow on the inside of the tubes through the heat
exchanger is commonly referred to as “tube-side,” while flow on the outside of the tubes is called “shell-side.”
The B and E exchangers had HTHA damage to the pressure containing portion on the shell-side. The 2010
Tesoro NHT unit PHA did not identify HTHA as a hazard where HTHA occurred on the shell-side of the
exchanger.

Tesoro issued a new PHA procedure in 2012 that removed the list of assumptions that had previously limited the
PHA teams’ analyses. Now, the PHA procedure requires that all assumptions can and should be challenged at
any point in the PHA process. Furthermore, if a credible challenge is made, the assumption is eliminated for the
duration of the study. This change to Tesoro’s PHA procedure should help ensure that process safety hazards
and proposed safeguards are more effectively evaluated in the future.

Design operating conditions include estimated and calculated conditions used to design the exchangers and the
thermal profile developed.

Tesoro hired corrosion experts to evaluate damage mechanisms at the Anacortes refinery. These external experts
were not Tesoro employees.
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4)® at times likely operated above the carbon steel Nelson curve. If Tesoro had measured or
otherwise technically evaluated the actual operating conditions of these heat exchangers, existing
company procedures required HTHA inspection.? Although HTHA may have been identified,
inspection for HTHA is not sufficiently reliable. (Sections 5.3.3.1, 4.1.4, and Appendix D)

15. Tesoro procedures did not prohibit or effectively limit the use of additional personnel during the
nonroutine hazardous startup of the NHT heat exchangers. The heat exchanger startup procedure
specifies the use of only one outside operator to perform startup operations of the NHT heat
exchanger banks. However on the day of the incident, a supervisor requested five additional
operators to assist with the startup of the A/B/C heat exchanger bank. (Section 5.2.3)

16. The NHT heat exchangers frequently leaked flammable hydrocarbons during startup, sometimes
resulting in fires. Tesoro management had been complacent about these hazardous leaks and did
not always investigate the cause of the leaks. Tesoro did take some actions to prevent the leaks,
but these actions did not effectively prevent the leaks before the April 2010 incident. Additional
operators, such as those present during the April 2010 heat exchanger startup, were frequently
needed during startup of the NHT heat exchanger banks to respond to potential hydrocarbon leaks
or fires. This past practice contributed to the presence of the six additional workers in the unit
during the April 2010 incident. (Sections 5.1 and 5.2)

17. The NHT heat exchanger banks were designed with large, difficult-to-manipulate manual block
valves on different levels of the NHT heat exchanger structure. These valves were used to start
up the NHT heat exchanger banks and typically required numerous adjustments to maintain
temperature specifications. The difficulties with valve operation during startup typically resulted
in the need for additional operator assistance. This past practice contributed to the presence of
some of the six additional workers in the NHT unit during the April 2010 incident.??

(Section 5.2.3)

18. The CSB found several indications of process safety culture deficiencies at the Tesoro Anacortes
Refinery. Refinery management had normalized the occurrences of hazardous conditions,
including frequent leaks from the NHT heat exchangers, by using steam to mitigate leaks,
ineffectively identifying methods to prevent leaks from the heat exchanger flanges and gaskets,

20

21

22

The general construction of each heat exchanger shell consisted of a series of four steel sections, called “Cans”
welded to form a cylinder (exchanger shell). This construction required a longitudinal weld to form each “Can”
or section, and three circumferential welds to join the four sections end to end. The temperature profile is such
that Can 1 is the coolest and temperature increase towards the hottest section at Can 4.

Tesoro’s inspection procedure would have required HTHA inspection if operating conditions were found to be
within 25 pounds per square inch absolute (psia) or 25 °F of the Nelson curve.

The new design of the NHT heat exchangers has eliminated the need to clean the exchangers while the unit is
operating. Post-incident, Tesoro performed a study to evaluate hazardous equipment that is cycled more
frequently than the unit. This study took two months to complete and resulted in 53 recommendations. One of
the recommendations is intended to ensure that a hazard review is conducted before cycling equipment that was
not included in this study.

U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD



Tesoro Anacortes Refinery Investigation Report May 2014

19.

1.2.3

20.

21.

22.

23.

commonly requiring additional operators during NHT heat exchanger startups, and exceeding the
staffing levels that procedures specified. (Section 5.0)

The refinery process safety culture required proof of danger rather than proof of effective safety
implementation. For years, technical experts used design parameters to evaluate the B and E heat
exchangers for HTHA susceptibility. Data for actual operating conditions were not readily
available, and these technical experts were not required to prove safety effectiveness in reaching
their conclusion that the B and E heat exchangers were not susceptible to HTHA damage.
(Section 5.0)

Industry Codes and Standards Findings

API RP 941 - Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum
Refineries and Petrochemical Plants is written permissively such that there are no minimum
requirements to prevent HTHA failures. Currently APl RP 941 uses the term “should” 27 times
and the word “shall” only once. As used in a standard, “shall” denotes a minimum requirement to
conform to the standard, while “should” denotes a recommendation that is advised but not
required to conform to the standard. APl RP 941 does not require users to verify actual operating
conditions when establishing operating limits or to confirm that the selection of construction
materials will prevent HTHA. (Section 6.1.1)

API RP 941 provides industry guidance to predict the occurrence of HTHA in various materials
of construction by using the Nelson curves. The Nelson curves are predicated on past equipment
failure incidents and are plotted based on self-reported process conditions that are ill-defined and
lack consistency. The API Technical Report 941 notes, “The concept of a simple boundary
between safe and unsafe operating conditions in hydrogen for common alloys, of the type
depicted by the Nelson curves should not be expected.”? (Sections 4.1.1 and 6.1.3)

The CSB has learned of at least eight recent refinery incidents where HTHA reportedly occurred
below the carbon steel Nelson curve. In 2011, API issued an industry alert on HTHA in refinery
service.?* The API alert noted multiple incidents of carbon steel equipment at operating
conditions where carbon steel was previously thought to be resistant to HTHA. These refinery
incidents and the subsequent API response strongly suggest an industry-wide problem with the
carbon steel Nelson curve. (Section 6.1.4.2)

The CSB found that the carbon steel Nelson curve is inaccurate and cannot be relied on to prevent
HTHA equipment failures or accurately predict HTHA equipment damage. (Section 6.1.4)

28 API Technical Report 941. The Technical Basis Document for API RP 941. 2008; p 47.

4 See: http://www.api.org/publications-standards-and-statistics/hidden-pages/industry-alert (accessed January 19,
2014).
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24.

25.

26.

1.24

27.

28.

API RP 941 does not require industry to use inherently safer materials to prevent HTHA failures.
(Section 6.1.1)

API RP 581: Risk-Based Inspection Technology allows users to calculate a damage factor to
determine the HTHA susceptibility of various materials of construction. Tesoro hired damage
mechanism experts to help ensure that damage mechanism hazards were properly identified. API
RP 581 does not require users to verify actual operating conditions when determining applicable
damage mechanisms. The calculation for carbon steel using the design conditions applied in
damage mechanism reviews results in the conclusion that the B and E heat exchangers had a
“Low Susceptibility” to HTHA. The API RP 581 calculation is therefore unreliable for
preventing HTHA failure or predicting the probability of HTHA damage in carbon steel
equipment. (Section 6.2)

API RP 581: Risk-Based Inspection Technology is written permissively, so that there are no
minimum requirements to prevent HTHA failures. There are 19 uses of “shall” in RP 581, but
none is substantive—nearly all the uses of “shall” are in formulas or requirements for damage
factor or inspection effectiveness calculations that are themselves non-mandatory. There are
three uses of “shall” in the HTHA section, but they are again used for calculations that are not
required, preceded by language such as “the following procedure may be used” or if HTHA is
detected, “fitness for service should be performed.” An instructive example of the
permissiveness of APl RP 581 is the important guidance that the document provides for
conditions that would make equipment susceptible to HTHA damage. However, if the equipment
is identified as meeting the criteria that would indicate HTHA is a credible damage mechanism,
according to API RP 581 guidance, the equipment “should” be evaluated for HTHA
susceptibility.”® (Section 6.2)

Regulatory Findings

Despite the fact that the nation’s roughly 150 petroleum refineries represent only a small fraction
of the thousands of chemical processing facilities throughout the United States, the CSB has
noted a considerable frequency of significant and deadly incidents at refineries over the last
decade. In 2012 alone, the CSB tracked 125 significant incidents at US petroleum refineries.?®
(Section 7.1)

The draft CSB Chevron Regulatory Report recommends that the state of California improve the
oversight of petroleum refineries by supplementing the existing process safety management

regulations with more rigorous features such as requiring companies to reduce risks to as low as
reasonably practicable, or ALARP; requiring the effective implementation of safeguards and the

% API RP 581, Risk-Based Inspection Technology. 2008; pp 252-258.

% These incidents were reported to the Department of Energy or the National Response Center and were examined
by the CSB Incident Screening Department. The CSB has concluded that incidents that result in disruptions to
the national energy supply, produce serious injuries, or receive high levels of media attention are all significant.
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29.

30.

use of the hierarchy of controls; and providing for the development of a more well-funded,
technically competent regulator. In the draft Chevron Regulatory Report, the CSB concluded that
the existing regulatory regimes for onshore petroleum refineries in the United States and
California: (Appendix F)

a. Rely on a safety and environmental management system framework that is primarily activity-
based rather than goal-based risk reduction to as low as reasonably practicable (ALARP) or
equivalent.

b. Are static, unable to adapt to innovation and advances in the management of major hazard
risks.

c. Place the burden on the regulator to verify compliance with the regulations rather than
shifting the burden to industries by requiring duty holders to effectively manage the risks they
create and also ensure regulator acceptance of their plans for controlling those risks.

d. Do not effectively incorporate lessons learned from major accidents; nor do they have the
regulatory authority to require duty holders to address newly-identified safety issues resulting
from such incidents.

e. Do not effectively collect or promote industry use of major accident performance indicators
to drive industry to reduce risks to ALARP.

f. Do not require the use or implementation of inherently safer systems analysis or hierarchy of
controls.

g. Do not effectively involve the workforce in hazard analysis and prevention of major
accidents.

h. Do not provide the regulator with the authority to accept or reject a company’s hazard
analysis, risk assessment, or proposed safeguards; and

i. Do not employ the requisite number of staff members with the technical skills, knowledge,
and experience necessary to provide sufficient direct safety oversight of petroleum refineries.

The Washington State Department of Labor and Industries (L&I), which oversees workplace
safety in the state, does not have sufficient personnel resources to verify that process safety
management (PSM) requirements are being implemented adequately. L&I enforces state PSM
requirements that are based on the federal OSHA PSM standard for hazardous chemical facilities.
However, the state of Washington has only four PSM specialists in its compliance section to
regulate and inspect nearly 270 PSM-covered facilities, including five petroleum refineries. Of
these four specialists only one has a technical background. (Section 7.2)

Washington L&I completed an audit of the Tesoro NHT unit under the refinery National
Emphasis Program (NEP) in March 2009, one year before the incident. The Tesoro Anacortes
NEP audit is noteworthy, as it was the only audit conducted pursuant to the federal OSHA NEP
that focused on a unit that subsequently experienced a catastrophic accident that the CSB has
investigated. The heat exchanger that failed, the E heat exchanger, was a fundamental component
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31.

32.

33.

of the Tesoro NEP audit. However, no citable mechanical integrity or other process safety
management deficiencies related to the heat exchanger were found. (Section 7.3.3.1)

Shell Qil and Tesoro PHAs conducted on the NHT unit cited non-specific, judgment-based
qualitative safeguards that in light of the April 2010 incident were not effective. Following the
April 2010 incident the L&I Division of Occupational Safety and Health (DOSH) issued citations
to Tesoro relating to its PHA program, but they were not associated with evaluating the
effectiveness of safeguards such as the robustness of the HTHA prevention program. If the
Washington PSM standard had required an evaluation and documentation of safeguard
effectiveness, Shell Oil and Tesoro would have been obligated to conduct such an analysis.
(Section 7.4)

In the 2006 Tesoro NHT unit PHA, Tesoro discontinued a review of its corrosion control program
and a specific mechanical integrity checklist associated with the corrosion program after
concluding that they were “not a legal requirement.” The state of Washington PSM regulation
did not require this review. Tesoro conducted the optional review ineffectively and then
terminated it when the company determined that it was not strictly required. An enhanced
regulatory system with goal-setting attributes would require continual risk reduction and
performance of an effective DMHR. This review is not just an activity but must meet the goal of
preventing equipment failures. (Sections 5.3.4 and 7.2.1)

Under the existing US and Washington regulatory systems, including the PSM standard and the
U.S. Environmental Protection Agency (EPA) Risk Management Program (RMP), there is no
requirement to reduce risks to a specific risk target such as ALARP. While the Clean Air Act
(CAA) directed the EPA to promulgate the RMP regulations “to provide, to the greatest extent
practicable, for the prevention and detection of accidental releases of regulated substances,”*’
there is no RMP ALARP requirement. Under both the PSM and RMP regulations, an employer
must “control” hazards when conducting a PHA of a covered process. However, there is no
requirement to address the effectiveness of the controls or to use the hierarchy of controls. Thus,
a PHA can satisfy the regulatory requirements even though it might inadequately identify or
control major hazards. In addition, there is no requirement to submit PHAs to the regulator, and
the regulator is not responsible for assessing the quality of the PHA or the effectiveness of
proposed safeguards, resulting in a regulatory system that is often reactive and frequently
becomes involved in examining the details of process safety programs only after a major process
accident. (Section 7.4)

2742 U.S.C. §7412(r)(7)(B)(i) (1990).

10
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1.2.5 Similar Findings in CSB Investigations of the Tesoro Anacortes and Chevron

11

34.

35.

36.

37.

38.

Richmond Refinery Incidents

The CSB conducted an investigation of the August 6, 2012, Chevron Richmond Refinery
incident. That incident was also the result of a metallurgical failure caused by a well-known
damage mechanism called sulfidation corrosion, and Chevron process safety programs failed to
effectively control the hazard before the major incident that endangered the lives of 19 Chevron
employees. The CSB identified a number of similar causal findings common to both the April
2010 Tesoro Anacortes Refinery incident and the August 2012 Chevron Richmond Refinery
incident. (Section 7.7)

Mechanical integrity programs at both Tesoro and Chevron emphasized inspection strategies
rather than the use of inherently safer design to control the damage mechanisms that ultimately
caused the major process safety incidents. These inspections were unreliable and failed to
prevent the incidents. Since the Richmond and Anacortes incidents, both Chevron and Tesoro
have upgraded the materials of construction for the equipment that failed, using inherently safer
design that significantly reduced the risk of the applicable damage mechanism hazards.
(Section 7.7.1)

Both Tesoro and Chevron PHAS were ineffective in identifying the significant hazards of HTHA
and sulfidation corrosion, respectively. Rather than performing rigorous analyses of damage
mechanisms during the PHA process, both companies simply cited non-specific, judgment-based
qualitative safeguards to reduce the risk of damage mechanisms. The effectiveness of these
safeguards was neither evaluated nor documented; instead, the PHA merely listed general
safeguards. (Section 7.7.2)

The Anacortes and Richmond refineries relied on API standards to assist in the selection of
construction materials for the Tesoro NHT heat exchangers and the Chevron piping circuit,
specifically APl RP 941 and API RP 939-C Guidelines for Avoiding Sulfidation (Sulfidic)
Corrosion Failures in Oil Refineries. The documents provide guidance on how to avoid HTHA
and sulfidation corrosion failures, respectively, but neither document establishes minimum
requirements to evaluate and minimize the risks of equipment failure from the damage
mechanism hazard. (Section 7.7.3)

Neither the Washington nor the California process safety regulations were successful in
preventing major process safety incidents. Neither set of regulations required DMHRSs, reduction
of risk to ALARP, evaluation of effectiveness of controls, or use of the hierarchy of controls. In
addition, there is no requirement to submit PHAS to the regulator, and the regulator is not
responsible for assessing the quality of the PHA or the proposed safeguards. Furthermore, neither
Washington nor California required the use of inherently safer design to the greatest extent
practicable. A regulatory system that contains more robust goal-setting attributes would help to
ensure that all of the refineries in these states rigorously apply process safety concepts that focus
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39.

40.

more effectively on prevention. The new regulatory framework would also emphasize the
implementation of inherently safer designs and the hierarchy of controls to prevent major process
safety incidents. (Section 7.7.4)

Both Washington and California have significant weaknesses in the staffing of PSM inspectors.
Both Washington L&I (the Washington PSM regulator) and the California Occupational Safety
and Health Administration (Cal/OSHA) (the California PSM regulator) lack sufficient technically
experienced and qualified staff members to verify that PSM requirements are being implemented
adequately. It is essential that regulators of high-hazard facilities are independent, well funded,
well staffed, and technically qualified. These individuals must be able to communicate
effectively with refinery personnel and to monitor the adequacy of refinery process safety
practices. (Section 7.7.4)

Both the Chevron and Tesoro incidents could have been prevented if inherently safer equipment
construction materials had been used. Although inherently safer technology (IST) is the most
effective major accident prevention approach in the hierarchy of controls it is not enforced by the
EPA through the General Duty Clause or other provisions of the Clean Air Act. The EPA has the
authority to require the application of IST through the General Duty Clause. Furthermore, the
Clean Air Act provides the authority for the EPA to develop and implement new regulations
requiring the use of inherently safer systems analysis and the hierarchy of controls to establish
more effective safeguards for identified process hazards to prevent major accidents. (Section 7.8)
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Recommendations

As a result of the findings and conclusions of this report, the CSB makes recommendations, summarized
below, to the following recipients:

The U.S. Environmental Protection Agency

Revise the Chemical Accident Prevention Provisions under 40 CFR Part 68 to require the documented use
of inherently safer systems analysis and the hierarchy of controls to the greatest extent feasible in
establishing safeguards for identified process hazards. Until this revision is in effect, enforce through the
Clean Air Act’s General Duty Clause the use of inherently safer systems analysis and the hierarchy of
controls to the greatest extent feasible when facilities are establishing safeguards for identified process
hazards. In addition, effectively participate in the oversight of the process safety culture program at the
Tesoro Anacortes Refinery.

Washington State Legislature, Governor of Washington

Augment the existing process safety management regulatory framework with the more rigorous safety
management attributes identified in this report for petroleum refineries in the state of Washington.

Washington State Division of Occupational Safety and Health — Labor
and Industries

Perform verifications at all Washington petroleum refineries to ensure prevention of equipment failure
because of HTHA and that effective programs are in place to manage hazardous nonroutine work. In
addition, effectively participate in the oversight of the process safety culture program at the Tesoro
Anacortes Refinery.

American Petroleum Institute

Revise APl RP 941 and API RP 581 to prohibit the use of carbon steel equipment in HTHA-susceptible
service and require verification of actual operating conditions. Make additional revisions to APl RP 941
to establish minimum requirements to prevent HTHA failures and to require the use of inherently safer
design.
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Tesoro Refining & Marketing Company LLC

Participate with API in the APl RP 941 revisions to establish minimum requirements to prevent HTHA
failures and to require the use of inherently safer design. Following the API RP 941 revisions, develop
and implement a plan to meet the new APl RP 941 requirements. Improve process safety management
programs for damage mechanism hazards to require the hierarchy of controls and the use of inherently

safer design.

Tesoro Anacortes Refinery

Implement a process safety culture program that will assess and continually improve any identified
process safety culture issues at the Tesoro Anacortes Refinery.

United Steelworkers Local 12-591

Effectively participate in the process safety oversight committee to continually improve any identified
process safety culture issues at the Tesoro Anacortes Refinery.

Section 8.0 details the recommendations.
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Tesoro Refining & Marketing Company LLC

Tesoro Corporation was founded in 1968 as a petroleum exploration and production company. In 1969,
Tesoro began operating its first refinery near Kenai, Alaska. A Fortune 100 company, Tesoro now
operates six refineries in the western United States. These refineries have a combined capacity of
approximately 850,000 barrels per day (bpd).?®

Anacortes Refinery

Tesoro purchased the Anacortes refinery from Shell Oil Company in August 1998. Located
approximately 70 miles north of Seattle (Figure 2 and Figure 3), the Tesoro Anacortes refinery has a total
crude-oil capacity of 120,000 bpd. The refinery has been in operation since 1955.2°

The Anacortes refinery primarily supplies gasoline, jet fuel, and diesel to markets in Washington and
Oregon. It also manufactures heavy fuel oils, liquefied petroleum gas, and asphalt. Approximately 350
employees and 50 contractors work at the refinery.®

Figure 2. Tesoro Anacortes Refinery

%8 See http://tsocorp.com/about-tesoro/locations/ and http://tsocorp.com/about-tesoro/company-history/ (accessed
January 4, 2014).

# Statement of Basis for the Final Air Operating Permit — Final, July 26, 2010, p 6.

0 The United Steelworkers (USW) represents approximately 185 of the operations and maintenance workers at the
refinery. See http://www.usw.org/media_center/releases_advisories?id=0521, (accessed November 9, 2013).
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Anacortes, Washington

Tesoro Refinery
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Figure 3. Aerial View of the Tesoro Anacortes Refinery.

Other Tesoro Refineries

Beginning in the late 1990s, Tesoro made a series of refinery acquisitions. In 1998, Tesoro acquired
refineries in Kapolei, Hawaii*' (from BHP Americas), and Anacortes, Washington (from Shell Oil
Company). In 2001, the company purchased refineries in Mandan, North Dakota, and Salt Lake City,
Utah (both from Amoco). In 2002, Tesoro acquired the Golden Eagle refinery in Martinez, California

%1 Tesoro no longer owns this refinery.
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(from Ultramar, now Valero), and in 2007 Tesoro acquired its Los Angeles refinery (from Shell Oil) and
USA Gasoline retail stations (from Chevron).* Tesoro purchased its Carson, California, refinery in 2013
(from BP).®

Tesoro Anacortes Refinery NHT Unit

The April 2, 2010, incident occurred in the Tesoro Anacortes Refinery Catalytic Reformer / Naphtha
Hydrotreater unit (“the NHT unit”), which includes a naphtha hydrotreating process unit. Hydrotreating
is a process that removes sulfur, nitrogen, and oxygen impurities from petroleum feedstock and
intermediate products by reacting with hydrogen in the presence of a catalyst. Hydrotreating serves two
purposes: >

1. Itimproves the quality and environmental impact of products, especially quality specifications
mandated by law (for example, benzene reduction in motor gasoline).

2. It protects sensitive and costly downstream catalysts from contamination.

The Tesoro NHT unit was originally constructed in 1972 with a rated capacity of 24,800 bpd.
Modifications and upgrades resulted in a rated capacity at the time of the incident of 40,550 bpd, a 64%
capacity increase.

2.3.1 Catalytic Reformer

Catalytic reforming is a chemical process used to convert petroleum refinery naphtha,® typically having
low-octane ratings,*® into high-octane liquid products called reformates. The Catalytic Reformer uses a
system of fixed bed catalytic reactors to increase the octane rating of gasoline blending stock. The
reformate product is then sent to gasoline component storage for use in fuel blending. The reforming
reaction generates hydrogen, which is used in the NHT.

2.3.2 Naphtha Hydrotreater — A/B/C & D/E/F Feed/Product Heat Exchangers

The removal of sulfur, nitrogen, and oxygen impurities in the NHT unit requires heating the naphtha to
over 600 °F at greater than at 600 pounds per square inch gauge (psig) and mixing it with hydrogen. The
initial portion of this heating took place in the NHT unit’s E-6600 A/B/C and D/E/F feed and product

%2 See http://www.tsocorp.com/TSOCorp/AboutUs/CompanyHistory/061236, (accessed April 24, 2013).
% See http://tsocorp.com/about-tesoro/company-history/ (accessed January 4, 2014).

Hydrocarbon Publishing Company, Worldwide Refinery Processing Review (Individual Technology),
Hydrotreating summary. 2Q 2012, Item No. B1014

Naphtha is a fraction of crude oil that boils between approximately 85 °F and 400 °F. It includes hydrocarbons
ranging from Cs to Cy,. Naphtha comprises approximately 15-30 weight % of raw crude oil. See Prestvik, R.;
Moljord, K.; Grande, K.; Holmen, A. Compositional Analysis of Naphtha and Reformate. In G.J. Antos & A.M.
Aitani (Eds.), Catalytic Naphtha Reforming (p. 2). New York, NY: Marcel Dekker, Inc.

Octane rating represents gasoline-burning efficiency. The higher the octane rating, the less likely it is for gasoline
to knock, or produce harmful, small explosions that reduce efficiency, in an engine. See Van Dyke, K. (1997).
Fundamentals of Petroleum (4™ ed.) (p 318). Austin, Texas: The University of Texas at Austin.
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(effluent) heat exchangers,®” as depicted in Figure 4. (These heat exchangers are referenced throughout
this report as the NHT heat exchangers.)

Temperature =550 °F
Pressure = 630 psig

| Temperature = 625 °F |

Furnace

Isolation block valve opened during

- o Temperature = 630 °F — 710 °F
A/B/C startup on night of incident

Pressure = 590 psig

X

Exchanger A Il Exchanger D
Reactor

Exchanger B : ) Exchanger E

Rupture Location

Impurities
removed from|
naphtha

Major Crack Location

Exchanger F

1
P T T =
] | Temperature = 270 °F
| N

Isolation block valve opened during
—

Combined Naphtha and Hydrogen Feed A/B/C startup on night of incident

$

Temperature = 130 °F

Exchanger C

Pressure = 640 psig

Figure 4. Process Flow of NHT Unit

The function of the NHT A/B/C and D/E/F heat exchangers is to conserve energy by using the hot NHT
reactor effluent to heat the cooler reactor feed and thus reduce the energy input needed for the reactor
furnace. The cool NHT liquid naphtha feed is pumped from storage and/or other active units and mixed
with a stream of hydrogen-rich gas, becoming a combined liquid and gas feed stream. The resulting
liquid-gas mixture is then fed to the tube-side®® of two parallel groups, or banks of three heat exchangers
(A/B/C and D/E/F) to be heated by the shell-side®® fluid. As the liquid-gas mixture inside of the tubes is

" The A/B/C and D/E/F exchangers are single-pass shell and tube heat exchangers. A heat exchanger allows heat
to be transferred from one process fluid to another. One fluid gets hotter while the other gets cooler. A shell and
tube—type heat exchanger consists of a large pressure vessel exterior (shell) with a group (bundle) of small thin-
walled pipes (tubes) that reside inside the shell. One process fluid flows through the tubes, and the other process
fluid flows through the shell, over the tubes. Heat is transferred (exchanged) from one to the other through the
walls of the tubes.

% “Tube-side” refers to process fluid that flows inside of heat exchanger tubes.

% «“ghell-side” refers to process fluid that flows inside of the heat exchanger shell and on the outside of the tubes.
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heated, the liquid portion vaporizes completely. Now liquid free, the naphtha and hydrogen vapors enter
a furnace where they are further heated and then fed to the NHT reactor. The reactions to remove sulfur,
nitrogen, and oxygen take place in this reactor. The hot reactor effluent® is then fed through the shell-
side of the heat exchangers to preheat the incoming tube-side feed. The impurity-free naphtha is then fed
to other processes in the refinery.

0 Effluent is flow exiting a vessel or piece of equipment.
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Incident Description

Pre-Incident Operations

During normal operation at the Tesoro Anacortes Refinery, the A/B/C and D/E/F heat exchangers were all
in use. Because of the original Shell Oil Company design and the process operating conditions, the heat
exchangers would foul during operation; that is, they would develop a buildup of process contaminant
byproducts both inside of the heat exchanger tubes, as illustrated in Figure 5, and outside of the tubes.
The fouling inhibited heat transfer between the tube-side and shell-side process fluid, thus reducing the
heat transfer efficiency.

Clean Tube Fouled Tube

Figure 5. Example of Fouling Deposits on the Inside of Heat Exchanger Tubes. Fouling greatly
reduces heat transfer between the shell-side and tube-side process fluids.*!

Because the heat exchangers fouled, they required periodic cleaning so that process temperature
requirements could be maintained. Cleaning was typically required after about six months of continuous
operation. When performing this cleaning, one bank of heat exchangers was taken out of service while
the other bank continued operating. The cleaned heat exchangers would then be placed back into service
by slowly introducing the hot naphtha and hydrogen feed into the heat exchangers. Because of a long
history of frequent leaks and occasional fires when putting these heat exchangers back into service
(Section 5.1), startup, shutdown, and cleaning activities were a hazardous nonroutine operation.** By
employing this nonroutine operation, Shell Oil and Tesoro avoided a total shutdown of the NHT unit.

On March 28, 2010, five days before the incident, the A/B/C heat exchanger bank was taken offline so
that the fouled tubes in each heat exchanger could be cleaned. The D/E/F heat exchanger bank and the

1 Photograph of fouled tube from http://www.tekleen.com/it/water-filtration-101/ (accessed December 4, 2013).

2 Nonroutine does not refer to the frequency at which the activity occurs. Nonroutine refers to whether the activity
is part of the normal sequence of converting raw materials to finished products. Startup and shutdown of
equipment are considered a nonroutine activity. Center for Chemical Process Safety (CCPS), Guidelines for Risk
Based Process Safety. 2007; p 286.
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rest of the NHT unit remained in operation. On March 31, 2010, the three-day maintenance cleaning
activity was completed and the equipment was reassembled and prepared for operation.

Night of the Incident

On the evening of April 1, 2010, Tesoro initiated startup of the A/B/C heat exchanger bank. The NHT
unit was staffed in a typical manner, with one inside board operator who monitored the console and one
outside operator. An aerial view of the unit is shown in Figure 6.

— ._-—.__.....'_,.__,_

cr/nHT [
g Control Room e
2 rl 1

L

NHT Heat
Exchangers

Source: Google Earth
Figure 6. Aerial View of CR/NHT Unit

The inside NHT operator and the outside NHT operator began the process of placing the heat exchangers
back in service. The inside operator used a step-by-step task list for the startup process, physically
checking off the steps on a hardcopy of the procedure while maintaining radio communication with the
outside operator. Interviews conducted by the CSB indicate that the startup of the heat exchangers was a
very difficult assignment for only a single outside operator. The startup procedure required manipulation
of several isolation block valves as illustrated in Figure 7, which necessitated a significant amount of
manual effort to open.
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Figure 7. CSB Animation of Operator Opening Long-Winded Valve on Night of Incident. Valves on
heat exchanger structure had to be opened concurrently when performing the heat exchanger bank
startup

These valves had to be gradually and concurrently opened, so the operator could not simply stay by each
valve until it was fully opened or closed. Also, four steam lances were staged and ready for use during
the startup to mitigate any leaks or fires that might occur.*® These valves and steam lances were located
at different positions in the vicinity of the A/B/C and D/E/F heat exchangers. At approximately 10:30
p.m., six additional Tesoro employees (five operators and one supervisor)* joined the outside operator, at
the request of the supervisor, to assist in bringing the A/B/C heat exchanger bank online. The startup
procedure did not specify defined roles for these six additional personnel.

The Incident

The operators continued the A/B/C heat exchanger bank startup as planned. Two leaks from the heat
exchangers were reported during the startup. These leaks did not stop operations however, because leaks
during startup of these heat exchangers were frequent and had become a “normal” part of the startup.
Furthermore, based on past operating experience, these leaks were expected to cease when the heat
exchangers reached typical operating temperature.

3 Three of the four steam lances were likely in use at the time of the incident. See Section 5.0 for additional
discussion on the use of steam lances.

* The five additional operators that assisted in the NHT heat exchanger startup were assigned to the Crude,
Utilities, Vacuum Flasher, ROSE, and CFH/DHT units.
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At 12:30 a.m. on April 2", while the seven outside personnel were still performing A/B/C heat exchanger
bank startup operations, the E heat exchanger on the adjacent, in-service bank catastrophically ruptured.
The pressure containing “shell” of the heat exchanger separated at weld seams,* as depicted in Figure 8,
expelling a large volume of very hot hydrogen and naphtha.*®

N, : -

Figure 8. Post-Incident View of D/E/F NHT Heat Exchanger Bank

The naphtha and hydrogen likely autoignited upon release into the atmosphere, creating a large fireball as
depicted in Figure 9.

> The failure occurred at both circumferential and longitudinal weld seams from fabrication of the exchanger.

“® The naphtha began to condense to liquid in the B and E heat exchangers. The material in the process was above
its atmospheric boiling temperature, so it vaporized when released to atmospheric conditions.
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Figure 9. CSB Animation of the Fire Following the NHT Heat Exchanger Failure. The hot naphtha
and hydrogen likely autoignited upon release to the atmosphere. The fire engulfed the entire heat
exchanger structure.

The operator in the NHT control room told the CSB that he felt the impacts of the rupture at his desk 350
feet away. The CSB determined that at the time of the incident two of the outside operators were likely
on the top level of the heat exchanger structure (Figure 10), and the remaining five operators were most
likely at ground level. All seven outside operations personnel were badly burned, and within 22 days of
the incident, all succumbed to their injuries.
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Figure 10. Six NHT Heat Exchangers in Two Banks of Three Heat Exchangers Each
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Technical Analysis

High Temperature Hydrogen Attack

Post-incident metallurgical analysis determined that the carbon
steel E heat exchanger ruptured because it was in a highly
weakened state because of high temperature hydrogen attack
(HTHA). The HTHA damage mechanism occurs when steel
equipment is exposed to hydrogen at high temperatures and partial
pressures. The resulting damage severely degrades the mechanical
properties of the carbon steel.*’

HTHA occurs when atomic hydrogen diffuses into the steel walls of
process equipment, as illustrated in Figure 11. The hydrogen
reacts*® with carbon in the steel, producing methane gas,* as
depicted in Figure 12. This reaction removes carbon from the steel,
a process commonly referred to as “decarburization.”*

Carbon steel is more
susceptible to HTHA
than all other materials

of construction

considered by
API RP 941.

47" Shih, H.M. and Johnson, H.H. A Model Calculation of the Nelson Curves for Hydrogen Attack; Acta

Metallurgica, Volume 30. 1982; pp 537-545.
48

Sources differ on whether atomic hydrogen directly reacts with carbon in steel to produce methane or whether

the hydrogen recombines inside the steel to form molecular (diatomic) hydrogen before reacting with carbon to

form methane.

9 API Technical Report 941. The Technical Basis Document for API RP 941. 2008; pp 7-8.
% Weiner, L.C. Kinetics and Mechanism of Hydrogen Attack of Steel. Corrosion, 1961, VVolume 17, pp 109-115.
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’ co

Figure 11. Atomic Hydrogen Diffuses Through Steel. In HTHA, molecular hydrogen dissociates at the
vessel wall to form atomic hydrogen, which diffuses through the steel.
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Atomic Hydrogen Free Carbon Methane Gas

Figure 12. Decarburization Process. When the atomic hydrogen encounters free carbon inside of the
steel, hydrogen and carbon react to produce methane gas.

Methane, a much larger molecule than atomic hydrogen, cannot diffuse out of the steel. Rather, it
accumulates inside the vessel walls,** exerting force on the surrounding steel. As more methane gas is
formed, the methane pressure increases. The very high pressure exerted by the methane gas inside the
steel can form fissures, as illustrated in Figure 13 or blisters in the steel, as shown in Figure 14.%

L API Technical Report 941. The Technical Basis Document for API RP 941. 2008; pp 7-8.

52 Allen, R.E., Jansen, R.J., Rosenthal, P.C., and Vitovec, F.H., The Rate of Irreversible Hydrogen Attack of Steel
at Elevated Temperatures. 26" Midyear meeting of AIChE. May 9, 1961.
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Figure 13. Methane Fissures. When methane molecules cannot diffuse out of the steel, they
accumulate inside of the steel, creating high pressure that forms fissures in steel.

Figure 14. Methane Blisters. Accumulation of methane in steel can also form blisters in the metal.

29 U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD



Tesoro Anacortes Refinery Investigation Report May 2014

As more fissures are formed, they can link, forming microcracks in the steel.>® The linkage of fissures
into microcracks is shown in Figure 15. Microcracks can also link to form larger cracks, which greatly
weaken the steel and can lead to rupture of the vessel.>* This process occurred in the E heat exchanger at
the Tesoro Anacortes Refinery.

— - “yP ~ ! 8o
- > q "} s 1 x}’

L
- -

. _ Y [ tyer, O s
Fissures e~ ) Sy ) y '
%‘ 7 Decarburized
» - o L iy Zone

4

Linked Fissures:
A Micro-Crack

. ¢ Non-Decarburized
] P -‘A—““ Zone

o 2'-' Y '
- Saay

Source: APl RP 941, Figure 2
Figure 15. Microcrack Resulting from Linked-HTHA Fissures. This image from AP1 RP 941 shows

fissures formed as a result of HTHA linked together to form a microcrack. Decarburized regions
appear lighter in color (because of an absence of carbon) than unaffected regions.

*% Lai, George. High Temperature Corrosion and Materials Applications. Materials Park: ASM International,
2007.

> bid.
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4.1.1 Predicting the Occurrence of HTHA

Industry relies on a graph in API RP 941 Steels for Hydrogen Service at Elevated Temperatures and
Pressures in Petroleum Refineries and Petrochemical Plants to predict the occurrence of HTHA in
various steels. The lines in that graph are known as Nelson curves, developed in 1949 by George
Nelson,> who created these curves based on observed industry experience with HTHA. The curves have
been adjusted over the years based on additional industry experience.® The most recent version of the
API RP 941 Nelson curves is shown in Figure 16. Industry uses these curves as a line of demarcation to
predict HTHA. At temperatures above each curve, HTHA is possible for that material of construction,
and at temperatures below the curve, the
prediction is that HTHA will not occur for that
material.

s

Nelson curves include

The Nelson curves predict HTHA based on
process temperature, hydrogen partial pressure,®
and material of construction. Carbon steel is
represented by the lowest curve, indicating that
this material is the most susceptible to HTHA
when compared to the other materials of
construction shown in Figure 16. For a given

consideration of these
HTHA variables:
* Material of construction

* Temperature

* Hydrogen partial pressure

material of construction, the Nelson curve
indicates that a higher temperature increases the
probability that HTHA will occur.*®*

® G. A. Nelson, Hydrogenation Plant Steels. 1949 Proceedings, Volume 29M, API; pp. 163 -174.
% API Technical Report 941. The Technical Basis Document for AP1 RP 941. 2008; p 127.

" Hydrogen partial pressure is a calculated parameter. It is the pressure that would be exerted by a single
component of a gas mixture. For example, the hydrogen partial pressure of a 500 psia gas mixture in a vessel that
contains 50 mole percent (mol%) hydrogen and 50 mol% propane equals 250 psia.

For most materials included on the Nelson curves, increasing hydrogen partial pressure also increases the
probability of HTHA. However, in some areas for some materials, the Nelson curves do not predict a higher
probability of HTHA when hydrogen partial pressure is increased.

Low carbon steels, which contain very little alloying additions of chromium and molybdenum, are the most
susceptible to HTHA. Chromium-rich and molybdenum-rich carbides are inherently more stable than iron
carbides, and they resist dissolution of carbon with hydrogen to form methane. Therefore, the alloys containing
chromium and molybdenum resist HTHA at higher temperatures and hydrogen pressures. See CSB’s E-6600E
and E-6600B Metallurgical Analysis report (Appendix I).
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4.1.2 Conditions that increase HTHA susceptibility

Welding performed on steel process vessels creates additional HTHA risk factors, such as residual
stress.®® Post-weld heat treatment is a method that can reduce the stress in steel that was generated from
the welding process. The process of post-weld heat treatment consists of a sequence of controlled heating
and cooling steps applied to the welded structure using externally applied heating elements.®* This
process gives the metal time to readjust to its original, prefabrication state®® and removes residual stress.
The carbon in the steel becomes less reactive, inhibiting the reaction with hydrogen to form methane.
Chemical resistance to HTHA is thus modestly improved in post-weld heat-treated steels.®®

As will be discussed in Section 4.2.1, the carbon steel shells of -
the B and E heat exchangers were not post-weld heat-treated, and
therefore the steel surrounding the welds may have been high- Post-weld heat treating
stress areas.** HTHA was only found in the areas near the welds is a weaker safeguard
in both the B and E heat exchangers. than using materials

o o that are not susceptible
Post-weld heat treating is a manual activity and therefore low on to HTHA damage.

the hierarchy of controls.®® Consequently, post-weld heat
treating carbon steel is a weaker safeguard to prevent HTHA
failures than the use of materials that are not susceptible to
HTHA damage.®®®’

% API Technical Report 941. The Technical Basis Document for AP1 RP 941. 2008; p 163.

81 Krishnan, J. and Ahmed, Khaleel; Post-Weld Heat Treatment- Case Studies. BARC Newsletter. Centre for
Design and Manufacture, Bhabha Atomic Research Centre, May 2002.

Gillissie, J.G., Heat Treatment- What Is It?. The National Board of Boiler and Pressure Vessel Inspections.
October 1981.

8 API Technical Report 941. The Technical Basis Document for API RP 941. 2008; p 162.

% Ppost-weld heat treatment is generally avoided unless specified as mandatory by codes or standards. Incorrect
post-weld heat-treatment procedures can result in metal that is out of specification for the service. In the United
States, the ASME Boiler Code is the authority that mandates post-weld heat treatment. If the code requires post-
weld heat treatment, it is performed, but if the code does not specify the requirement for post-weld heat
treatment, then the heat treatment is generally not performed. The ASME Boiler Code did not require post-weld
heat treatment for the B and E heat exchangers. See 2011 ASME Boiler and Pressure Vessel Code; Paradowska
A., Price J.W.H, and Dayawansa P. Measurement of Residual Stress Distribution in Tubular Joints Considering
Postweld Heat Treatment Materials Forum Volume 30- 2006. Institute of Materials Engineering Australasia
Ltd.; and Funderburk, R. Scott, Postweld Heat Treatment. Welding Innovation, Vol. XV, No. 2, 1998.

An effectiveness ranking of techniques used to control hazards and the risk they represent can be described as a
hierarchy of controls — the higher up (further left) on the hierarchy, the more effective the risk reduction achieved
(Figure 17).

Improper post-weld heat treating can lead to vessel failure. Steward, M. and Lewis, O. Pressure Vessels Field
Manual Common Operating Problems and Practical Solutions, 2013; pp 236-237.

Post-weld heat treating problems include heat treating errors such as inadequate time at temperature, inadequate
or excessive temperature rate, inadequate temperature, cooled too rapidly, cooled too slowly, and cooled to the
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65

66

67

33 U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD



Tesoro Anacortes Refinery Investigation Report May 2014

Despite the improved HTHA resistance of post-weld heat-treated vessels compared with non-post-weld
heat-treated vessels, upgrading vessel materials to inherently safer materials of construction is a better
approach to prevent equipment failure from HTHA. This approach is discussed further in Section 4.1.3.

4.1.3 Inherently Safer Design

As defined in the Center for Chemical Process Safety (CCPS)® book Inherently Safer Chemical
Processes, 2™ ed., inherently safer design is the process of identifying and implementing inherent safety
in a specific context that is permanent and inseparable from the process.*® In the book Guidelines for
Engineering Design for Process Safety, 2™ ed., the CCPS states that “inherently safer design solutions
eliminate or mitigate the hazard by using materials and process conditions that are less hazardous.””

Inherently safer technologies are relative; a technology can be described as inherently safer only when
compared to a different technology with regard to a specific hazard or risk.”* A technology can be
inherently safer with respect to one risk but not inherently safer from another risk. Consequently, it is
important to carry out a comprehensive documented hazard analysis to identify the individual and overall
risks in a process and assess how the risks can be effectively minimized to control hazards. An inherently
safer systems or hierarchy of control review details a list of choices that offer varying degrees of
inherently safer implementation. The review should include risks of personal injury, environmental harm,
and lost production, as well as an evaluation of economic feasibility.”

It is simpler, less expensive, and more effective to introduce inherently safer features during the design
process of a facility rather than after the process is already operating.”® Process upgrades, rebuilds, and
repairs offer additional opportunities to implement inherently safer design concepts. Conducting a
comprehensive hazard review to determine risks and identify ways to eliminate or reduce those risks
constitutes an important step in implementing an inherently safer process.

wrong temperature. Canale, L., Mesquita, R., and Totten, G., Failure Analysis of Heat Treated Steel
Components, 2008; pp 106-109.

The Center for Chemical Process Safety (CCPS) is a corporate membership organization that identifies and
addresses process safety needs within the chemical, pharmaceutical, and petroleum industries.

Center for Chemical Process Safety (CCPS). Inherently Safer Chemical Processes — A Life Cycle Approach.
2009; section 2.2.

" Ibid at Section 5.1.1.

™ 1bid at Section 5.2.

2 \bid at p 184.

™ Kletz, Trevor and Amyotte, Paul. Process Plants: A Handbook for Inherently Safer Design. 2010; p 14.
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An effectiveness ranking of techniques used to control hazards
and their associated risks can be described as a hierarchy of
controls. As depicted in Figure 17, the further left on the
hierarchy continuum, the more effective the technique is in
reducing risk. All concepts in the hierarchy of controls should
be included in the process of risk assessment and reduction.
Upgrading the equipment material of construction to a more
HTHA-resistant steel is a high-ranking, inherently safer choice
in material selection. Holding other variables constant,
upgrading the material of construction can eliminate the
potential for HTHA. As previously discussed, post-weld heat
treating to modestly reduce HTHA susceptibility is low on the
hierarchy of controls and thus is a weaker safeguard to prevent
HTHA failures than the use of materials that are not susceptible
to HTHA damage.

< 3

Upgrading metallurgy

to prevent HT'HA is an

inherently safer

approach in major

accident prevention.

> Segregate

Hazards Hazards Hazards Severity Likelihood

Passive
Safeguards

k.

Active
Safeguards

Procedural _J

Safeguards

Residual
‘ Reduction

Identify _)Understand}_‘ Avoid L, Reduce L, Reduce

Inherently Safer Principles

Figure 17. Hierarchy of Controls. The highlighted boxes reflect inherently safer controls, based on
Process Plants: A Handbook for Inherently Safer Design Second Edition; Kletz, Trevor Amyotte, Paul;

CRC Press 2010.

Since the April 2010 incident, Tesoro has installed new NHT heat exchangers, incorporating aspects of an

inherently safer design.” As discussed in Section 4.4.1.3, the materials of construction of two heat

exchangers have been upgraded to significantly reduce the potential for HTHA.

™ While the material of construction is upgraded in the new exchangers, portions of the heat exchangers that are

manufactured with carbon steel are still designed to operate at temperatures higher than 400 °F.
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4.1.4 HTHA Inspection Strategy Limitations

While inspection is an important mechanical integrity program component, there are significant
limitations with relying solely on inspection strategies to prevent equipment failure from HTHA. For
example, refinery equipment must already be damaged by HTHA for equipment inspection to identify
HTHA. HTHA damage is also extremely difficult to identify by conducting an inspection. API RP 941
includes a discussion of these difficulties:

High temperature hydrogen attack is a difficult inspection challenge.
The early stages of attack with fissures, or even small cracks, can be
difficult to detect. The advanced stage of attack with significant cracking
is much easier to detect, but at that point there is already a higher
likelihood of equipment failure.”

Some existing inspection methods attempt to
identify HTHA, as described in Appendix E.
However, inspection should not be solely relied 71

on to identify and control HTHA. Inspection .
results can be unreliable and misleading. Inspection should not be

Successful identification of HTHA is highly solely relied on to prevent
dependent on the specific techniques employed

and the skill of the inspector, and few inspectors
have this level of expertise.”

HTHA equipment failures.

Supporting inherently safer

Inspection thus ranks very low on the hierarchy of design, API has identified
controls. APl RP 571 Damage Mechanisms materials that are not
Affectlng_lee_d_Eqmpment in the Refining Suscepﬁble to HTHA.
Industry implicitly supports the concept of
inherently safer design by describing material
selection to avoid HTHA failures noting, “300
Series SS, as well as 5Cr, 9Cr and 12Cr alloys,
are not susceptible to HTHA at conditions
normally seen in refinery units.””’

" APIRP 941. Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum Refineries and
Petrochemical Plants. 2008; p 11.

® “HTHA is dangerous, difficult to detect and can be missed. The reliability of HTHA inspections depends on the
skill of the inspector.” See: Birring, A., Ultrasonic Testing - Detection of Hydrogen Attack, See:
http://www.nde.com/hydrogen.htm, (accessed June 13, 2013).

" API RP 571. Damage Mechanisms Affecting Fixed Equipment in the Refining Industry. 2003; p “5-83".
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Tesoro Heat Exchanger Failure

4.2.1 NHT Heat Exchanger Construction

The NHT heat exchangers were constructed in 1971 and installed and placed in service in Anacortes. The
two banks of three heat exchangers were metallurgically identical; the pressure containing “shell” base
material for each heat exchanger in the bank was specified based on the design operating conditions.

Exchanger Shell-Side Materials of Construction

A/D Mn-0.5Mo steel (SA-302-B), factory clad’® with 1/8” thick Type 304 stainless
steel.

B/E Carbon steel (SA-515-70), factory clad with 1/8” thick Type 316
stainless steel applied to the 4’ Section 4 (Can 4) as shown in Figure 18.”

C/IF Carbon steel (SA-515-70).

The general construction of each heat exchanger shell consisted of a series of four steel sections, called
“Cans” welded to form a cylinder (exchanger shell). This construction required a longitudinal weld to

form each “Can” or section, and three circumferential welds to join the four sections end to end. The B
and E heat exchanger design is shown in Figure 18.

Non post weld heat treated

circumferential welds \
T // -

ryg CAN _1 (Carbon Steel) C_AN 3_ e

I _ i
H _J‘ (Carbon Steel) ™ _CAN_Z \ A (Carbon Steel)  / CAN/.i /]JH

ga=u II' T _
| | (Carbon Steel clad with
) Y 1/8” Stainless Steel)
Non post weld heat treated

longitudinal welds

Figure 18. Fabrication Layout of the B and E Heat Exchangers

Design data representing anticipated normal operation and the APl RP 941 Nelson curves were used to
select materials of construction for the NHT heat exchangers. Carbon steel was selected for the B and E
heat exchangers because the design temperatures were below the carbon steel Nelson curve. “Can” 4 of
the B and E heat exchangers, the hottest portion of the heat exchangers, was lined on the interior surface
with a layer of Type 316 stainless steel on top of the carbon steel. The interior stainless steel was applied
in a process known as “cladding.” The stainless steel was selected for protection against another damage

"8 Cladding is a process used to join dissimilar metals together to form a single metal piece.
™ The remaining portions of the exchanger shell (Cans 1, 2, and 3) did not have a 316 stainless steel cladding.
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mechanism called sulfidation corrosion.® Although protection from sulfidation corrosion is the intent of
the stainless steel cladding, the cladding also can be used to reduce the risk of HTHA. The stainless steel
cladding reduces the effective hydrogen partial pressure that is acting on the carbon steel beneath the
cladding.®*

The welding construction method used to manufacture the B and E heat exchangers resulted in a large
heat-affected zone (HAZ).#* An example of the welds used to construct the E heat exchanger is shown in
a cross-section micrograph in Figure 19.% The top of the micrograph is the outside of the heat exchanger
shell carbon steel wall.*

©
o

Sulfidation is a damage mechanism that causes thinning in iron-containing materials, such as steel, because of the
reaction between sulfur compounds and iron at temperatures ranging from 450 °F to 800 °F. This damage
mechanism causes the metal to gradually thin over time.

API RP 941. Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum Refineries and
Petrochemical Plants. 2008; p 10.

The process of welding requires substantial heat that alters the material properties of the material near the weld.
This affected area near the weld is commonly referred to as the “heat-affected zone” or “HAZ”, shown in Figure
19.

8 Beta Laboratory, Beta Lab N0.M10198, Tesoro Ls2 And Ls2/Cs2 Tee Findings, October 13, 2010 (Appendix H)
Figure 19 also shows the elements of a typical weld in the B and E heat exchangers.

©

1

38 U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD



Tesoro Anacortes Refinery Investigation Report May 2014

s
* ////””// :

G/ 14000047
s Ny 2 Ll

‘‘‘‘‘‘‘‘‘‘

" ERCHT I//lff///fff/

. < 293
oot . 29
s WM

WM —~ Weld Metal HAZ — Heat Affected Zone
BM — Base Metal CGHAZ - Coarse Grained HAZ
RH-WM - Reheated Weld Metal

Figure 19. Cross-Section of Sample NHT Heat Exchanger Weld.®® The cross-section of a multipass

weld in the upper graphic is typical of the heat exchangers, and the schematic in the lower graphic
defines the terms associated with the weld.

The welds in the B and E heat exchanger shells were not post-weld heat-treated.?® As a result, the heat-
affected zones illustrated in Figure 19 were likely high-stress areas where HTHA damage ultimately
accumulated.

8 See Appendix I, Figure 5.
8 Some components of the heat exchangers were post-weld heat-treated, where wall thickness was at least one inch.
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4.2.2 Post-Incident Metallurgical Analysis

BETA Laboratory, located in Mayfield Village, Ohio, conducted metallurgical testing of the B and E heat
exchangers through an agreement among Tesoro, the Washington Division of Occupational Safety and
Health (DOSH), and the CSB. BETA Laboratory compiled a series of reports, included in Appendix H,
on the failed heat exchanger (E) and the exemplar heat exchanger (B)®' that was removed from service
after the accident at Tesoro. Test results indicate that the E heat exchanger failed at the heat-affected
zones of the welds surrounding and within “Can” 3, as illustrated in Figure 20.

Hot Reactor
Effluent from
D exchanger
I oy A — "\ é?
H Tl T " CAN 1 (Carbon Steel) —-_—\>(%AN3 Yo N Heated Fesd to
[ . - - = = I e e p—— __/H]F[___,Tube Side of
{
H | l (Carbon Steel) CAN 2 | == : CAN 4 A D exchanger
sk T w==r i
I‘ = | (Carbon Steel clad with
| 1/8" Stainless Steel)

Tube Side Feed Cooled Reactor
fromF exchanger  Etflyent to Shell

Side of F
exchanger

Figure 20. E Heat Exchanger Failure Schematic

The CSB contracted with the National Institute of Standards and Technology (NIST)® to perform an
independent analysis of the BETA Laboratory reports and to prepare a report that states a professional
opinion of the failure mechanism that caused the rupture of the E heat exchanger.®* NIST metallurgical
experts conducted the analysis.

-
NIST determined that the metallurgical damage that caused the
failure of the E heat exchanger was a result of HTHA, with other
. o gerw : HTHA was the
possible contributing co-mechanisms such as hydrogen-induced
cold cracking that may have served as HTHA initiation points in immediate cause of
the heat affected zones. The full metallurgical analysis is the heat exchanger

included in Appendix I.

failure.

The documented HTHA damage for the failed E heat exchanger
is extensive. Damage is evident in the base metal but only in the
heat-affected zone adjacent to welds and along fusion boundaries

8 The B exchanger was used as an exemplar during metallurgical testing because it experienced nearly identical
process conditions and had the same geometry and materials as the E exchanger.

8 NIST is a non-regulatory federal agency in the U.S. Department of Commerce. The NIST mission is to promote
US innovation and industrial competitiveness by advancing measurement science, standards, and technology in
ways that enhance the economic security of the nation and improve the quality of life of citizens. See
http://www.nist.gov/public_affairs/general_information.cfm (accessed December 30, 2013).

8 See CSB’s E-6600E and E-6600B Metallurgical Analysis report (Appendix I).
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in the welds. No HTHA damage is evident in the base metal outside of the heat-affected zone.*® Because
the fracture paths followed the narrow damaged regions along the welds, much of the damage in these
regions was incorporated into the fracture surfaces during the failure as these damaged regions connected
to form the macro-fracture.

Similar HTHA damage is also evident and documented in the exemplar B heat exchanger that was
unaffected by the incident. The HTHA damage in this heat exchanger is similar to the damage
documented in the uncompromised portions of the E heat exchanger. Long and deep subsurface cracks
are evident. In the case of the B heat exchanger, one circumferential weld heat-affected zone crack
extends over 50 percent of the way around the circumference and more than one third of the way through
the thickness of the heat exchanger shell wall,** as shown in Figure 21 and Figure 22.

tainless Steel Cladding

Circumferential
Weld CW4 Joint
hetween Stainless
Steel Cladding and
“aron steel Shell

'"FMT found the Linear Indication on ID surface 48" long.
ost are located at top side of shell

(Carbon Steel Shell

Figure 21. Circumferential Weld Damage in the B Heat Exchanger. This photograph from the
Spectrum inspection report on the B heat exchanger (Appendix G) shows the large crack directly
downstream of the stainless steel clad portion of the heat exchanger. (The light green line below the
dark black area is the crack; the dark portion is the edge of the stainless steel cladding.) This
macrocrack formed in the high-stress region near the weld because of the linkage of microcracks and
fissures caused by HTHA.

% See Appendix J
%1 See CSB’s E-6600E and E-6600B Metallurgical Analysis report (Appendix 1).
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Figure 22. Comparison of Damage Locations in the B and E Heat Exchangers. Severe HTHA damage
is found in the B heat exchanger in the same locations where the E heat exchanger ruptured.

NIST determined that without the HTHA damage, it is unlikely that the E heat exchanger would have
ruptured under the conditions that occurred during the April 2010 start-up. However, both the B and E
heat exchangers were severely degraded and had the potential to suffer a catastrophic rupture because of
the advanced stages of HTHA evident in both heat exchangers.
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Timing of the Incident

Process data indicate that the D/E/F tube outlet temperature increased about 75 °F over a span of three
minutes immediately before the rupture, as graphed in Figure 23. The CSB compared these changes in
temperatures to those from the previous three startups. This magnitude of temperature increase is typical
compared to the previous startups (Appendix B) and is likely explained by the difficulty of trying to
maintain process control by manually operating large isolation block valves that were not designed as
flow control valves.*

The E heat exchanger was in a severely degraded mechanical condition because of long-term cracking
damage from HTHA. In addition to the increased mechanical stress from the startup of the A/B/C heat
exchangers, this momentary increasing temperature appears to have been sufficient to cause the actual
material strength of the critically weakened heat exchanger to be exceeded, rupturing the E heat
exchanger at its weakest point — the area of the heat exchanger that was most damaged by HTHA. This
scenario is the most likely explanation of the timing of the failure of the heat exchanger during the A/B/C
heat exchanger startup, but it did not cause the failure.

% A block valve is a manually operated valve that is normally fully open or fully closed. Block valves are typically
designed for tight shutoff when closed and for minimal obstruction of flow when open. These valves are not
designed to throttle or control flow.
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Figure 23. Temperature and Pressure Trends before the Anacortes Incident

4.3.1 NHT Heat Exchanger Startup Conditions

The CSB examined startup activities and process data at the time of the incident and concluded that no
equipment mechanical integrity code parameters were exceeded. Temperature trends from the time when
the A/B/C heat exchanger bank was coming on-line were compared to those from the three previous
startups (as explained in Appendix B). All of the temperature trends are similar. The maximum
allowable working pressure of the E heat exchanger was 655 psig at 650 °F. The operating data indicate
that the design temperature of 650 °F was not exceeded before the rupture.

The E heat exchanger was protected from excessive pressure by a pressure relief valve on a downstream
vessel, which was set to relieve the pressure at 585 psig.*® Operating data indicate that the pressure relief
valve was not challenged and did not open before the incident. The relief valve was inspected and tested
after the incident, and it opened at the designated set pressure.

% This relief valve is located further downstream in the process. As a result the exchanger pressure is higher than
the relief valve set pressure. This pressure difference is accounted for by the engineering design and documented
in the relief system calculations.
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As a result of this analysis, the CSB excluded improper operation of the NHT heat exchangers during
startup as a plausible contributing cause of the incident.

Process Conditions of the B and E Heat Exchangers

In refineries and chemical plants, key temperatures, pressures, flow rates, and other data are typically
measured using a distributed control system (DCS). This system tracks and records data reported to the
system via instrumentation in the plant and can visibly display important variables to control room
operators. Operators also can manually record data from field instrumentation that does not report to the
DCS.

Tesoro monitored temperatures and pressures of the process fluid entering and exiting the NHT heat
exchanger banks, via both local field instrumentation and instrumentation that reported to the DCS. The
locations of the temperature (T1) and pressure (PI) indicators are shown in Figure 24.

= Temperature Instrumeant
= Pressure Instrument

<> This temperalure is recoded
A\~ /manually once per shift

20N . -

Figure 24. Temperature and Pressure Indicators for the NHT Heat Exchanger Banks. This isometric
process flow view depicts the lack of temperature indication on both the shell-side and tube-side of the
B and E heat exchanger inlets and outlets.
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Although some temperature and pressure measurements were
taken surrounding the NHT heat exchanger banks, no temperature
measurements were made between the heat exchangers. Thus,
Tesoro did not know the operating temperature of the process fluid
entering and exiting the B and E heat exchangers.” Had Shell Oil
or Tesoro performed a technical evaluation or installed
instrumentation to monitor temperatures at these locations, a better
evaluation of potential HTHA hazards could have been performed,
and more effective safeguards could have been implemented.

4.4.1 CSB Modeling of the NHT Heat Exchangers

7

The B and E heat
exchangers lacked
instrumentation to

monitor shell-side

inlet temperatures.

Because of the minimal temperature measurements of the NHT heat exchanger banks, the CSB performed
process modeling to estimate the operating temperatures and hydrogen partial pressures of the B and E
heat exchangers by using computer-based chemical process design software packages.” The model
required the use of several assumptions, such as fouling distribution, because of a lack of both process
and fouling data gathered by Shell Oil and Tesoro. Consequently, all model results are estimates of the
actual process conditions experienced by the NHT heat exchangers. The CSB used the model to estimate
the operating conditions of each heat exchanger based on the available Tesoro operating data, including
temperatures, pressures, flow rates, and fluid composition data. The model development process and
associated results are described in Appendix C. A summary of the modeling results is depicted in Figure

25, Figure 26, and Figure 27.

% A single external surface temperature measurement of 455 °F was taken in October 1998 on the inlet to either the

B or E exchanger.
% Aspen HYSYS and Aspen Exchanger Design and Rating.
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Figure 25. Model Results for Can 4. The stainless-steel-clad portion of the carbon steel B and E heat
exchangers was estimated to occasionally operate above the carbon steel Nelson curve. No HTHA was
found in this region, likely because stainless steel cladding reduced the potential for HTHA in the
carbon steel beneath it. Tesoro’s design B and E process condition used for HTHA evaluation (504 °F

and 291 psia hydrogen partial pressure) did not represent the entire range of heat exchanger operating
conditions.
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Figure 26. Model Results for the Weld Downstream of Can 4. The circumferential weld immediately
downstream of the stainless-steel-clad portion of the carbon steel B and E heat exchangers was
estimated to operate just below the carbon steel Nelson curve. Extensive HTHA was found in this
region, the hottest rupture location of the E heat exchanger and the major crack location of the B heat
exchanger.
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Figure 27. Model Results for the Coldest Region of the E Heat Exchanger. The coldest region of the E
heat exchanger with evident HTHA was estimated to operate as much as 120 °F below the carbon steel

Nelson curve.

4.4.1.1 HTHA Occurred Below the Nelson Curve

CSB process modeling estimates demonstrated that the hottest
portion of the B and E heat exchangers with evident HTHA, the

circumferential weld between “Can” 3 and “Can” 4, operated below

the carbon steel Nelson curve. HTHA

was also identified at the

circumferential welds between “Can” 2 and “Can” 3, and also

between “Can” 1 and “Can” 2. Modeling results also indicate that

49

HTHA was found
in locations that were
estimated to operate

up to 120 °F below
the carbon steel
Nelson curve.
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the coldest region in the E heat exchanger®® with identified HTHA was estimated to have operated up to
120 °F below the carbon steel Nelson curve. This finding suggests that the long-standing industry carbon
steel Nelson curve is inaccurate—it cannot be relied on to prevent HTHA equipment failures, and it
cannot be reliably used to predict HTHA equipment damage.

4.4.1.2 Estimate That a Portion of the B and E Heat Exchangers Operated Above the
Nelson Curve

The CSB modeling analysis estimated that during operation while fouled, the stainless-steel-clad portion
of the B and E heat exchangers at times likely operated above the carbon steel Nelson curve. This section
was not damaged by HTHA, probably because the stainless steel cladding protected the carbon steel
beneath it. As discussed in Section 5.3.3, operation near or above the carbon steel Nelson curve should
have triggered an inspection for HTHA by Tesoro, but the company never performed such an inspection.

4.4.1.3 Tesoro’s Replacement Heat Exchangers

Since the April 2010 incident, Tesoro has installed new NHT heat exchangers with upgraded materials of
construction to significantly reduce the potential for HTHA.®” In addition, an advanced process control
system is in place to minimize fouling. The heat exchangers are also constructed using only one bank of
exchangers. The entire NHT unit now must be shut down for cleaning, eliminating the hazards of online
switching and creating a much safer approach for maintenance. The new heat exchangers also
incorporate additional instrumentation to allow the monitoring of each heat exchanger for fouling and
decrease the likelihood of operation in HTHA-susceptible conditions.

% HTHA was not conclusively identified in the B heat exchanger in this region. Only a limited metallurgical
analysis was performed on the seam between Can 1 and Can 2 of the B heat exchanger.

°7 Although the materials of construction are upgraded in the new exchangers, portions of the heat exchangers that
use carbon steel are designed to operate at temperatures of more than 400 °F.
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Organizational Deficiencies

Similar to the results of the CSB investigation of the disastrous March 2005 explosion at the BP Texas
City site, the CSB identified deficiencies in the process safety culture and organization at the Tesoro
Anacortes Refinery that contributed to the April 2, 2010, incident. At the time of the incident,
deficiencies in the Tesoro process safety culture and organization coincided, with catastrophic
consequences. The organizational deficiency allowed many personnel in a hazardous region, and the
process safety culture problems led to a failure to control HTHA hazards, resulting in a major fire and the
loss of seven lives.

NHT Heat Exchanger Flanges — A History of Leaking

During startup following cleaning, the NHT heat exchangers would frequently leak from flanges,
occasionally resulting in fires that created hazardous conditions for workers. This hazard had persisted
for more than a decade; the CSB found that the earliest documentation of these leaks was from 1997,
when Shell Oil owned the refinery.

Over the years, Tesoro attempted maintenance and engineering
solutions to stop the heat exchanger leaks. In 2008, management
and labor even jointly conducted a triangle of prevention (TOP)*
investigation that analyzed, in part, the NHT heat exchanger Tesoro accepted and
leaks. However, these attempts did not effectively resolve the normalized the
problem of the heat exchangers leaking during startup; as a result, hazardous condition of
various operational techniques were developed to accommodate
the fact that the leaking would typically cease once the heat
exchangers stabilized at their normal operating temperatures. The
leaks were very hazardous as the hot naphtha was highly
flammable®® and had the potential to be operating above its
autoignition temperature. However, because these leaks were
never effectively prevented, the leaks from the NHT heat
exchangers during startup became an accepted and normalized condition at Tesoro.

-

frequent leaks during

exchanger startup.

% The TOP program is a joint union-management workplace safety program that applies the knowledge of the
workforce to understand and eliminate workplace hazards.

% The flash point is defined as the minimum temperature at which a liquid gives off sufficient vapor to form an
ignitable mixture with air near the surface. The Tesoro Material Safety Data Sheets (MSDSs) for naphtha list its
flash point as -7.1 °F. Liquids with a flash point of less than 23 °F fall into the highest hazard category of the
Globally Harmonized System of Classification and Labeling of Chemicals (known as the GHS). See:
https://www.osha.gov/dsg/hazcom/ghs.html#3.1 (accessed December 31, 2013).
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5.1.1 Incident Report That Demonstrates Normalization of Hazardous Conditions

The CSB identified an incident report describing a startup of the NHT D/E/F heat exchanger banks in
March 2009, a year before the April 2010 incident, that resulted in the exposure of workers to hazards
from both hot steam and leaking hydrocarbons while they put the NHT heat exchangers back in service.
This incident report demonstrates the normalization of hazardous conditions that had been established at
the refinery.

The 2009 report states that the “exchangers leaked substantially” and that the leaks were “steady streams”
flowing from each of the three heat exchangers being put in service. The incident report then describes
how workers responded to the leaks by continuing the startup, while wearing only standard refinery
personal protective equipment, to reach the desired heat exchanger temperatures. This long-standing
practice was used to stop atmospheric hydrocarbon releases from the NHT heat exchangers. The report
states that “[s]team lances were positioned at all leak locations.” Tesoro employees “continued the
startup of the heat exchangers while monitoring leak status....” Eventually, the target exchanger
temperatures were achieved, and the leaks stopped.

This continuation of the startup — despite the exposure of workers to significant hazards — demonstrates
the normalization of the extremely hazardous NHT heat exchanger leaks. The leaking of high-
temperature, highly flammable process fluids constitutes a serious process safety incident. However,
during the 2009 incident, the refinery alarm was not sounded; an emergency response team was not
activated; the leak was not isolated from the unit; and the unit was not shut down. The incident report
also did not address the need for permanent corrections to stop the leaks. Although Tesoro did make
additional attempts to correct the heat exchanger leaks as discussed in Section 5.1.4, ultimately these
efforts were unsuccessful and the CSB found that leaks did occur during the startup of the NHT heat
exchangers on the night of the April 2010 incident.

5.1.2 TOP Investigation of Fires

In 2008, a TOP investigation team was assembled to begin what would become a ten month investigation
into a series of loss of containment incidents at the Tesoro Anacortes Refinery, including some that
resulted in fires. In all, fourteen refinery incidents that occurred between May 2003 and December 2007
were investigated during this process. The TOP team investigation included the frequent leaks from the
NHT heat exchangers during startup.

The findings of the Tesoro TOP investigation team included the following:

e Tesoro classified incidents involving incipient fires'® as “level 1” incidents that are reported but
do not require investigation. The 2008 TOP investigation was launched after multiple level 1

190 1n 29 CFR 1910.155(c)(26), OSHA defines “incipient stage fire” as a fire that is in the initial or beginning stage
and that can controlled or extinguished by portable fire extinguishers, a class Il standpipe, or small hose systems
without the need for protective clothing or breathing apparatus.
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incidents appeared to have common causal factors. The report noted that it was very difficult to
complete a proper TOP investigation when many of the incidents were so far in the past.

e NHT heat exchanger leaks were common during startup. However, because the leaks tended to
stop after operating temperatures were reached, incident reports were sometimes not filed. The
incidents were treated as “normal” startup events, and steam lances were considered to be
acceptable leak mitigation. The TOP investigation team noted complacency at the refinery
because these events were so common and also cited a growing lack of concern toward activating
emergency response.

e A Tesoro mechanical engineer had at one time actively pursued mitigation of NHT heat
exchanger leaks. Procedural changes for startup and shutdown were made, and the heat
exchanger gasket surfaces were repaired. However, the engineer left Tesoro, and no further
progress was made because of a combination of poor communication and a lack of
implementation tracking.

¢ Only one of the fourteen incidents investigated had prompted a previous TOP investigation, even
though five of the fourteen investigated incidents involved fires in process units. The TOP
investigation team concluded that this complacency in investigation practices caused associated
complacency in the workforce toward process-related fires.

5.1.3 MOCs Did not Effectively Control Hazardous Conditions

A contributing factor to the presence of some of the six additional personnel in the NHT unit at the time
of the April 2010 incident was likely the need for them to assist with steam lance use in anticipation of
leaks during startup.’®* Relying on steam suppression to mitigate leaks during NHT heat exchanger
startups was a common practice and was part of the startup procedure. In October 2009, Tesoro approved
a Management of Change (MOC) to install two new permanent steam stations near the NHT heat
exchangers, shown in Figure 28.1%

191 The CSB identified four steam lances near the NHT heat exchangers following the April 2010 incident. Three of
the four steam lances were likely active at the time of the incident.

192 The “Purpose” of the change was to “Provide improved response time and safety when responding to flange fires
in the vicinity of the E-6600 exchanger structure.” However, the steam equipment was installed in the
immediate vicinity of the exchangers and nothing prohibited this steam suppression equipment from being used
to mitigate a leak from the exchangers. The project to install additional steam suppression equipment was
competed in January 2010. One of the new steam stations is shown in Figure 28.
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Figure 28. Steam Station and Steam Lance. This post-incident photograph shows a new steam station
(left) with a connected steam lance (right).

MOC is one of the 14 elements of the state of Washington PSM regulations.'®® Although the PSM
regulations impose a general requirement to perform a PHA ' at least every 5 years, a formal hazard
evaluation is not required for an MOC. The Tesoro MOC policy states, “Management of Change helps
ensure that changes to a process do not inadvertently introduce new hazards or unknowingly increase the
risk of existing hazards.” However, Tesoro decided that a hazard evaluation of the addition of steam
stations was not required under their procedures because additional steam stations only involved a minor
change to a utility system. Yet, the installation of the additional steam equipment enhanced the ability of
the field operator(s) to confront hazardous leaks and extinguish fires in the area of the NHT heat
exchangers, and the safety implications of these activities were not considered.

193 MOC is one of the 14 elements of the WAC rules for PSM of highly hazardous chemicals. See
http://www.Ini.wa.gov/wisha/rules/hazardouschemicals/#WAC296-67-045 (accessed December 25, 2013).
MOC is also required by EPA RMP (See http://www.epa.gov/oem/content/lawsregs/rmpover.htm. (accessed
December 25, 2013)) and is an element of the federal OSHA PSM regulations (See
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p _id=9760 (accessed
December 25, 2013).

104 A PHA is a hazard evaluation to identify, evaluate, and control the hazards of a process. Facilities that process a
threshold quantity of hazardous materials, such as the Tesoro Anacortes Refinery, are required to conduct a PHA
per the WAC Title296 Chapter 67, Safety standards for PSM of highly hazardous chemicals (1992). See:
http://apps.leg.wa.gov/wac/default.aspx?cite=296-67 (accessed September 29, 2013) PHAS are also required by
the federal EPA RMP.
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Good practice guidelines such as those published by the CCPS advise that a hazard assessment should be
performed during MOC reviews.’® Tesoro should have conducted a formal hazard evaluation for the
MOC and should have considered more robust alternatives to steam lances such as protecting workers by
effectively correcting the mechanical problems that were causing the leaks.

Washington PSM regulations require MOC reviews to consider the impact of proposed changes on
operating procedures.'® However, operating procedures were not reviewed or modified as part of the
MOC review conducted for the new steam suppression equipment. The existing NHT heat exchanger
startup procedure only addressed field tasks for a single NHT outside operator. The procedure instructed
the operator to have a steam hose (lance) ready in case a leak developed and to warm the heat exchangers
slowly to prevent leaks, but if leaks did occur, to continue the startup as follows:

Keep an active steam hose on hand in case of leaks.
Slowly heating the bundle up to prevent leaks.

Heating the exchanger too fast can cause leaks. If the heads begin to
leak, they will usually reseal themselves as they come up to temperature.

When the ability to use multiple steam lances on the NHT heat exchanger leaks was provided, the
operating procedure was not updated to reflect the ability for, and likely presence of, additional personnel
to operate those steam lances. In addition, no guidance was developed or provided to establish how large
a leak or fire the field operator(s) was expected to fight and no evaluation was made to assure there was
proper allowance for emergency egress from a large leak or fire. Tesoro did not view the NHT heat
exchanger startup and history of leaks as high hazard activity—a reflection of the normalization of the
hazardous conditions.

5.1.4 Unsuccessful Tesoro Attempts to Prevent Heat Exchanger Flange Leaks

Tesoro sporadically made attempts to prevent the leaking of the NHT heat exchangers. These attempts
included: gasket modifications, changes to torque and bolting practices, resurfacing of flange surfaces,
and the installation of warm-up piping to smooth the transition from cold to hot equipment during heat
exchanger startup. Following the severe leaks from the NHT heat exchangers during the March 2009
startup, in August 2009 Tesoro installed a different type of gasket in the NHT heat exchangers. During
the startup that followed, Tesoro records indicate that no leaks from the heat exchangers occurred. Tesoro
representatives told the CSB that this startup was evidence of “success” in correcting the NHT heat

1% An important aspect of an MOC is assessing the hazards associated with proposed changes. The MOC team
should determine the level of hazard evaluation needed for specific types of changes, but site management may
decide that formal hazard evaluations are necessary for certain types of changes. The MOC process should
provide sufficient information about the change to conduct a hazard evaluation. Center for Chemical Process
Safety (CCPS). Guidelines for the Management of Change for Process Safety. 2008; pp 52-54.

1% Modification to operating procedures is part of the MOC requirements addressed by the WAC process safety
management regulations. See http://www.Ini.wa.gov/wisha/rules/hazardouschemicals/#WAC296-67-045
(accessed December 25, 2013).
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exchanger leaks. However, this was the last startup before the April 2010 incident, and a single
successful startup without leaks is not evidence of long-term success.'®” One of the four steam lances
likely used for leak mitigation on the night of the April 2010 incident is shown in Figure 29.

Figure 29. Post-Incident Steam Lance. This photograph shows a steam lance that was likely used
during the startup.

In addition, the Tesoro Anacortes Refinery has a history of incidents related to flange leaks.'® Despite
industry best practices that require use of new heat exchanger gaskets, Tesoro documents indicate that the
company noted that the new NHT heat exchanger gaskets, installed to prevent future startup leaks, could
be re-used after subsequent cleaning cycles.’®® In contrast, gasket manufacturer guidance and industry

197 On the night of the April 2010 incident, two different operators reported two leaks during the startup of the heat
exchangers. One leak was reported just before the incident.

198 Tesoro incident reports document a history of gasket failures at the refinery. A variety of causes were identified
for these past failures including loose bolts, damaged gaskets, installation of the wrong gasket, defective gaskets,
and other installation-related causes. The Tesoro 2008 TOP investigation identified a contributing cause to the
fires in the NHT unit was that “[f]langes and/or gaskets may have been damaged due to poor access and high
maintenance frequency.”

1% The notation indicated that the gasket vendor informed Tesoro that these gaskets could be re-used. Maintenance
records indicate that the job plan did call for new gaskets.
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best practice guidance indicate that new gaskets should be installed and that gaskets should not be re-
Used.llo'lll

Regardless, Tesoro’s perceived “success” in resolving the NHT heat exchanger leaks in August 2009 did
not result in the presence of fewer personnel during the April 2010 startup. In fact, Tesoro normalization
of the hazardous NHT heat exchanger leaks ultimately contributed to the presence of a significant number
of additional workers near the NHT heat exchangers at the time of the incident and thus a larger number
of fatalities as a result of the heat exchanger failure.

Hazardous Nonroutine Work

Nonroutine work can be a highly hazardous operation. Work is performed on equipment that might or
might not be shut down while adjacent equipment containing hazardous process material continues to
operate. This type of operation places maintenance and operations personnel at risk. The CCPS provides
the following guidance:

Experience indicates that many accidents do not occur during “normal”
operation but, rather, during such nonroutine modes of operation.™?

By its nature, nonroutine work carries with it the potential for
unrecognized hazards that sometimes has led to a catastrophic
incident.'

During the period 1970 to 1989, 60 to 75% of major incidents in
continuous processes occurred during “non-routine” modes of operation;
i.e., in operating phases other than the continuous operation of the
process after start-up.™

The 1989 Phillips Houston Chemical Complex fire and explosion, which killed 23 workers, expedited
issuance of the PSM standard. Similar to the April 2010 Tesoro Anacortes Refinery incident, it involved
the performance of hazardous nonroutine work in a running process unit.**®

119 \When a flanged joint is opened, the gasket should be not be re-used. A new gasket should always be installed.
Mannan, S. Lee’s Loss Prevention in the Process Industries, Hazard Identification, Assessment and Control.
Chapter 21, “Equipment Maintenance and Modification.” p 25.

11| amons. Gasket Handbook. 2012; p 113. See
http://www.lamons.com/public/pdf/lit_reference/LamonsGasketHandbook2012.pdf (accessed December 27,
2013).

112 Center for Chemical Process Safety (CCPS). Revalidating Process Hazard Analyses. 2001; pp 31-32.

113 Center for Chemical Process Safety (CCPS). Guidelines for Auditing Process Safety Management Systems.
2011; p 393.

114 Center for Chemical Process Safety (CCPS), Guidelines for Hazard Evaluation Procedures. 2008; p 257.

15U.S. Department of Labor. A Report to the President: Phillips 66 Company Houston Chemical Complex
Explosion and Fire. April 1990; p 21.

57 U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD



Tesoro Anacortes Refinery Investigation Report May 2014

The state of Washington’s PSM regulations also stress the importance of employers identifying the
hazards of nonroutine work in process areas and then communicating such hazards to those employees
performing the work '

Tesoro acknowledged both the potential hazards and relevance of nonroutine work to the Anacortes
refinery incident in its own investigation report on the April 2010 incident.

Continuous petroleum or chemical processes operate most effectively
when they are in a steady state. Non-routine activities, including startup
or shutdown, can create additional risks because parameters such as flow,
temperature and pressure are in a state of flux."*’

5.2.1 CSB Investigation of Tosco Avon Refinery

On February 23, 1999, a fire occurred in the crude unit at the Tosco Corporation’s Avon oil refinery in
Martinez, California.*® Workers were attempting to replace piping attached to a 150-foot-tall distillation
column**® while the process unit was in operation. During removal of the piping, naphtha was released
onto the hot distillation column and ignited. The flames engulfed five workers located at different heights
on the column. Four workers were killed, and one worker sustained serious injuries.

The CSB investigated the incident and determined that the refinery’s management system did not
recognize or control the serious hazards posed by performing nonroutine repair work while the crude
processing unit remained in operation.*®® Although the piping replacement activities at Tosco were
dissimilar to starting up the heat exchanger bank at the Tesoro refinery’s NHT unit, both involved
hazardous nonroutine work.

A key conclusion and recommendation from the CSB 1999 Tosco investigation addressed the importance
of advance planning and thorough hazard evaluations for the safe performance of higher hazard
nonroutine work. Management has the obligation to identify hazards, implement effective controls and

116 See WAC 296-67-291 Appendix C, Compliance guidelines and recommendations for process safety management
(nonmandatory) http://www.Ini.wa.gov/WISHA/Rules/hazardouschemicals/default.ntm#WAC296-67-021
(accessed December 3, 2013).

117 See TOP Investigation Team Report. Naphtha Hydrotreater E-6600E Failure, 12:35 a.m., April 2, 2010,
Anacortes Refinery, Washington. p 21. http://tsocorp.com/wp-
content/uploads/2014/01/Anacortes final report.pdf (accessed April 2, 2014).

18 Yltramar Diamond Shamrock Corporation purchased the Avon oil refinery in September 2000 and renamed it the
Golden Eagle Refinery. Tesoro purchased the Golden Eagle Refinery in 2002 and was the final party to respond
to the CSB site-based safety recommendations from the 1999 Tosco incident.

119 A distillation column is an oil refinery processing vessel that separates preheated hydrocarbon mixtures into
various components based on boiling point. The separated components are referred to as fractions or cuts. Inside
the column some trays draw off the fractions as liquid hydrocarbon products (such as naphtha), and piping
transports them to storage or other units for further processing.

120 CSB Investigation Report, Refinery Fire Incident — Tosco Avon Refinery, March 2001. See
http://www.csh.gov/assets/1/19/Tosco_Final_Report.pdf (accessed December 4, 2013).
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limit personnel exposure to higher-hazard work — but not meeting this obligation is a common failing,
identified in both the Tesoro and Tosco investigations, that led to the catastrophic incidents. The CCPS
recommends that companies considering tasks that entail employee access to hazardous areas should
“minimize the number of people in harm's way should an incident occur.”**

The likelihood of leaks occurring during the startup of the NHT heat exchangers made returning them to
service a serious hazard to the workers involved. Similar to the Tosco incident, the serious hazards could
have been more effectively controlled through the use of hazard evaluation techniques and more effective
management control of the nonroutine work.

Unlike Tosco, Tesoro had years to evaluate the hazards and effectively control the frequent NHT heat
exchanger leaks. Multiple incident reports were developed and hazard reviews were conducted. Each of
these events presented opportunities for Tesoro to recognize the hazardous nonroutine work and
effectively control the hazards. However, Tesoro never effectively corrected the hazardous startups and
failed to limit access to a minimum number of essential personnel.

5.2.2 NHT Heat Exchanger Cleaning and Startup

While in operation, the NHT heat exchangers fouled, reducing heat transfer between the tube-side and
shell-side process fluids. This reduction in heat transfer both increased shell-side outlet temperatures and
decreased tube-side outlet temperatures. To maintain process requirements, the heat exchangers were
periodically cleaned. Tesoro accomplished this task with hazardous nonroutine work, cleaning one bank
of heat exchangers at a time while the remainder of the process continued to operate.

During this nonroutine work, one bank of heat exchangers was isolated, opened, and cleaned, while the
other bank of heat exchangers remained in operation. This maintenance activity typically lasted at least
three days. During some of the cleaning operations — for example, when the tubes were removed from the
heat exchanger to facilitate the cleaning — contractors and specialized equipment were needed in the unit.
In the past, this operation involved as many as fourteen personnel in the NHT unit at one time while the
other heat exchanger bank and the remainder of the process continued to operate around them.

5.2.3 Tesoro Failure to Control Heat Exchanger Startup Hazards

On April 1, 2010, Tesoro operations staff began implementing the procedure to startup the clean A/B/C
heat exchanger bank. The startup procedure only described roles for the two NHT operators normally
assigned to a shift, one in the control room and one outside in the field. However, additional outside
operators from other units frequently assisted in the heat exchanger startup. In addition to responding to
potential leaks, supplemental personnel were sometimes requested to assist in the NHT heat exchanger
startup operations because of the difficult labor-intensive process involved. When starting up a bank of
NHT heat exchangers, the operator was required to open several large block valves to introduce the

121 Minimize the number of people in harm’s way should an incident occur. See Center for Chemical Process Safety
(CCPS). Guidelines for Risk Based Process Safety. 2007; p 296.
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process fluid to the heat exchanger bank that was shut down. The block valves were located on three
different levels of the NHT structure, as illustrated in Figure 30. The geared mechanisms that opened and
closed these valves were of a type referred to as “long-winded” because they were physically demanding,
requiring over a hundred turns (by hand) of large wheels to fully open the valves. In addition, the heat
exchanger procedures required deliberate and coordinated manipulation of these valves. As a result,
startup by only the one official NHT outside operator was complex and difficult, and additional personnel
often assisted with the heat exchanger bank startups.

‘_L Exchang‘er D

Exchanger E
(Failed)

Exchanger F

=Y v za o L
e S — e
ol e

Figure 30. Unit structure (left) and manual block valve (right)

Tesoro routinely relied on additional staff members during NHT heat exchanger startups but never
assessed the risks or made any attempts to control them. Tesoro did not conduct an MOC to consider the
risks of these organizational changes, despite its policy that required the performance of such a risk
assessment.'??

122 The performance of a MOC review to examine the safety implications of organizational change is not required by
either the federal OSHA PSM standard or the Washington PSM regulation. Although it is noted that Tesoro
MOC procedures went beyond regulatory requirements, its failure to apply its own policy to circumstances that
should trigger a MOOC review underscores the need for a PSM regulatory revision to help ensure that needed
MOOC safety reviews are not voluntary. In the 2007 BP Texas City investigation report, the CSB recommended
to the federal OSHA that it revise the PSM standard to require MOC reviews for organizational changes,
including staffing changes. In response, OSHA sent a memorandum in 2009 to its Regional Administrators,
stating the new agency position that changes to operating procedures that include organizational changes are
subject to MOC requirements, even though they are not explicitly applicable. In August 2013, the CSB Board
voted that the OSHA response was “open-unacceptable.” In December 2013, OSHA published a Request for
Information (RFI) as a step in the rule-making process to revise the chemical accident prevention regulations,
including the PSM standard. The RFI seeks public input on whether to revise the PSM standard to explicitly
require MOC reviews for organizational changes, citing the BP Texas City CSB recommendations. See:
(https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=FEDERAL_REGISTER&p id=24053)
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The Tesoro MOC policy includes a requirement for Management of Organizational Change (MOOC),
which recognizes that ... changes in an organization can ... sometimes result[] in unrecognized negative
effects.” For examples, an MOOC is needed in the case of staffing modifications, changes in
maintenance practices, and shifting of personnel roles and responsibilities — all typical practices used at
the refinery to provide additional operators from other units to assist in startup of the NHT heat
exchangers. The MOOC policy includes provisions for providing “[c]lear documentation and
communication of why the change is necessary” and “[a] clear understanding of the risks involved and
application of effective measures to reduce, eliminate, or mitigate those risks.” The Tesoro MOOC policy
covers “non-routine tasks” and includes requirements for the following:

Document all identified risks; include methods to reduce, eliminate or
mitigate them [...]

Review the risks involved with the changes. Ensure discussions include
human factors, competence, workload issues, and sufficient resources to
ensure the change can be carried out safely.

In post-incident interviews, Tesoro employees described the number of employees in the unit at the time
of the explosion (seven workers) as unusually high. Yet, the CSB learned that it was not unusual for a
shift supervisor to enlist one to four additional staff members from other units to perform the hazardous
nonroutine work associated with the NHT heat exchanger startups. Although some employees might
have perceived this as positive (e.g., reflection on individual willingness to help), the practice actually
exposes a poor company process safety culture. Tesoro required operators who did not have defined roles
in the procedure to assist with the startup, a hazardous activity with a long history of incidents.

An effective PSM system would have corrected the problems with known leaks and fires and would have
controlled all aspects of hazardous nonroutine work. This approach would include taking proactive
measures to eliminate worker exposure hazards and limiting access to only the minimum personnel
needed to perform the tasks.’?® The use of more personnel than the number called for in the procedure
exposed more workers to the high-hazard activity. This higher level of risk to workers should have been
identified in NHT unit procedural reviews, PHAs, or an organizational MOOC.

(accessed January 3, 2014). While the CSB welcomes this positive step, it is important to note that more timely
proactive federal PSM revisions requiring MOOC reviews would also require similar PSM revisions in
Washington’s State Plan OSHA program. If implemented, the revised regulations would have required a safety
review of staffing changes for the NHT exchanger startup and could have had a preventive impact.

123 Minimize the number of people in harm’s way should an incident occur. Center for Chemical Process Safety
(CCPS), Guidelines for Risk Based Process Safety; 2007; p.296.
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For example, in such a review, Tesoro could have
recommended automating the NHT heat exchanger
startup or redesigning the heat exchangers to a single
bank so that online switching was not possible.
Aut(?mation could have Iimit_ed_ th_e role of the single Post—incident, Tesoro
outside NH'!' operator aEnd minimized exposure _to 1'eplaced the NHT heat
hazards. With automation, the task for the outside :

operator could have been reduced to simply opening EXChangers with a
the primary isolation block valves for the A/B/C heat single exchanger bank.
exchangers. If the heat exchanger leaks had been
corrected, there would no longer be a need for multiple
operators to be actively prepared to mitigate a leak or
fire during the startup, and the single necessary operator online switching is not
could leave the immediate area. The remainder of the possible, and
startup could have been performed by the automatic
system and controlled remotely by the NHT operator in
the control room. Such approaches could have
eliminated the need to station personnel in the hazards
immediate vicinity of the heat exchangers. Since the to personnel.
incident, Tesoro has redesigned the NHT heat
exchangers to create a single heat exchanger bank.

Now, online switching is not possible, and automated
startup can be used to minimize hazards to personnel. If
Tesoro had taken such an approach before the incident,
the consequences of the April 2010 incident could have
been significantly reduced.

With the new design,

automated startup can
be used to minimize
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Process Hazard Analyses Failed to Prevent or Reduce the Consequences

CSB process modeling estimates suggest that HTHA occurred at the Tesoro Anacortes Refinery at
temperatures and hydrogen partial pressures below the carbon steel Nelson curve. However, the CSB has
found that both Shell Oil and Tesoro had many opportunities to prevent the damage caused to the B and E
heat exchangers by HTHA long before the April 2010 catastrophic failure. Such opportunities included
the following:

o DMHRs to predict potential HTHA damage
o Verification of operating conditions

e PHAs to identify hazards, evaluate safeguards, and assess considerations for inherently safer
design.

The PSM-required PHAs** conducted on the NHT heat exchangers failed to prevent the April 2010
incident or to reduce the consequences by limiting personnel access to potentially dangerous areas during
the hazardous startup activity. The Shell Oil and Tesoro PHAs conducted on the Anacortes refinery NHT
unit failed to accomplish the following:

o Effectively evaluate and control hazardous nonroutine operations
o Effectively evaluate and control the frequent leaks during startup

e Restrict or limit the number of personnel present during the hazardous nonroutine startup of the
NHT heat exchangers

¢ Identify effective safeguards to control hazards from damage mechanisms such as HTHA.

5.3.1 Hazardous Nonroutine Operations

None of the Anacortes refinery PHAS effectively evaluated and controlled hazards associated with the
nonroutine work necessary to periodically clean the NHT heat exchangers. The Washington PSM
regulations address the need for nonroutine operations to be evaluated and require that at least one
member of the PHA team has expertise in nonroutine tasks."® The CCPS describes the importance of
PHA evaluations, as well as the hazardous potential and frequent problems of PHASs that lack sufficient
analysis of nonroutine work as follows:*?®

124 A PHA is a hazard evaluation to identify, evaluate, and control the hazards of a process. Facilities that process a
threshold quantity of hazardous materials, such as the Tesoro Anacortes Refinery, are required to conduct a PHA
per the WAC, Title 296, Chapter 67, Safety standards for process safety management of highly hazardous
chemicals (1992). See: http://apps.leg.wa.gov/wac/default.aspx?cite=296-67 (accessed September 29, 2013).
PHAs are also required by the federal EPA Risk Management Program.

125 See WAC 296-67-291 Appendix C--Compliance guidelines and recommendations for process safety management
(nonmandatory) http://www.Ini.wa.gov/WISHA/Rules/hazardouschemicals/default.htm#WAC296-67-021
(accessed December 3, 2013).

126 Center for Chemical Process Safety (CCPS). Revalidating Process Hazard Analyses. 2001; pp 31-32.
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It is not uncommon for initial PHAs of continuous processes to focus
only on normal operations, failing to address nonroutine, critical
operating modes such as startup, shutdown, preparation for maintenance,
emergency operations, emergency shutdown, and other activities whose
characteristics may differ considerably from normal operations.

Experience indicates that many accidents do not occur during “normal”
operation but, rather, during such nonroutine modes of operation.
Consequently, it is important that a PHA evaluate the hazards of a
process during nonroutine as well as normal (routine) operating modes.

The 1996 Shell Oil PHA for the NHT unit did not evaluate or identify any issues related to nonroutine
hazardous work associated with the frequent NHT heat exchanger cleaning operations. The 2006 Tesoro
NHT unit PHA revalidation identified startup as a nonroutine operation but noted that existing procedures
were adequately addressing nonroutine work.

5.3.2 Access Was Not Controlled During Hazardous NHT Heat Exchanger Startup

The 1996 Shell Oil NHT unit PHA did not identify or analyze leaks from the NHT heat exchangers, and
no recommendations were made to prevent these leaks. The 2001'?" and 2006 Tesoro NHT unit PHA
revalidations also did not mention the frequent leaks from the NHT heat exchangers.’?® The 2010 Tesoro
NHT unit PHA team reviewed the March 2009 NHT heat exchanger startup incident where a steady
stream of flammable hydrocarbons leaked from the exchangers near workers. In its evaluation of this
incident, the PHA team reviewed unspecified “administrative controls” and determined that they were “in
place and effective.” However, the CSB identified no administrative controls in place to minimize the
number of workers present or their exposure to these startup hazards. In April 2010, less than two months
after the PHA team determined that the “administrative controls” were in place and effective, seven
workers were asked to be present during the hazardous nonroutine startup of the NHT heat exchangers.
According to the Tesoro procedure, a single field operator should have conducted this startup work.

127 The 2001 PHA revalidation conducted by Tesoro did not raise issues related to the NHT heat exchangers. The
only mention of these exchangers is in the process description.

128 The 2008 TOP investigation of fires in the Anacortes refinery NHT unit concluded that complacency about
exchanger leaks was a contributing factor in allowing the problem to persist.
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5.3.3 Failure to Effectively Identify and Evaluate HTHA Hazards

During the 38 years that the NHT heat exchangers were in operation, the Anacortes Refinery had many
opportunities to prevent the April 2010 incident by identifying and effectively controlling the potential for
HTHA in the B and E heat exchangers. Both Shell Qil and Tesoro performed DMHRs, commonly known
as corrosion reviews, of the Anacortes refinery’s process equipment to determine the susceptibility to
damage mechanisms such as HTHA.'*® The first documented corrosion study for the NHT unit occurred
in 1990, with subsequent studies in 1999, 2003, and 2008.**°

A problem common to all of the DHMRs conducted over the 20 years before the April 2010 incident is an
inaccurate understanding the extent of stainless steel cladding covering the inside surface of the of the B
and E heat exchanger shell wall. Each damage mechanism review documents that the B and E heat
exchangers had a protective 316 stainless steel cladding covering the carbon steel wall. However as
shown in Section 4.2.1, the 316 stainless steel cladding was installed only on the hottest section (Can 4)
of the heat exchanger. The other three sections of the B and E heat exchanger shell walls were carbon
steel without any protective cladding.

The 1999 and 2003 DMHRs document both recognition of the need for proper materials of construction
and a good understanding of the need to determine accurate equipment operating conditions:

The prevention of HTHA begins with proper materials selection for the
anticipated process conditions, i.e., hydrogen partial pressure and
temperature. Careful review of these process variables must be made not
only for normal operation but also for any other routine or non-routine
mode of operation to determine the controlling set of conditions for the
materials selection.

Off-normal conditions must be considered in addition to normal
operating conditions.

Despite this recognition that the full range of operating conditions should be determined, none of the
DMHRs requested that a technical evaluation, such as process simulation, be conducted for estimation or
required that instrumentation be installed to measure the full range of operating conditions of the B and E
heat exchangers. There were no temperature instruments installed on the B and E heat exchangers, and
the hydrogen partial pressure is a parameter that must be calculated. Because these values were not

129 Corrosion reviews consist of a process-by-process review of the plant for the susceptibility of APl RP 571
damage mechanisms. A process flow diagram is marked up with process variables (temperature, flow, pressure,
etc.) and evaluated based on current operating data and past equipment repair history.

130 The 1990 review occurred while Shell Qil still owned the refinery, and was conducted by Shell Oil employees
and the Shell Westhollow Corporation of Texas. Following the purchase of the refinery in 1998, Tesoro
contracted with Shell Westhollow for preparation of the 1999 and 2003 study. The 2008 study was conducted by
Lloyd’s Register Capstone.

65 U.S. CHEMICAL SAFETY AND HAZARD INVESTIGATION BOARD



Tesoro Anacortes Refinery Investigation Report May 2014

rigorously evaluated, the Tesoro and Shell damage mechanism hazard reviews relied on design data that
did not reflect all operating conditions.

DMHRs were conducted in 1990, 1999, 2003, and 2008. Highlights of the analyses related to HTHA and
the NHT heat exchangers are summarized in Figure 31.
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DMHR Author Significant HTHA Information and CSB Findings
January Shell Oil | « DMHR: HTHA inspection of carbon steel is never required for
1990 Company operation more than 25 °F below carbon steel Nelson curve.
DMHR: Inspection is required every 2 to 3 years if operation is less than
25 °F below carbon steel Nelson curve.
CSB: No specific recommendations are made for B and E heat
exchangers.
CSB: Entire shells of B and E heat exchangers are listed as fully clad in
Type 316 stainless steel, a material resistant to HTHA. However, only
the hottest section (Can 4) of the heat exchanger is clad in Type 316
stainless steel. '*2
March 1999 Shell QOil DMHR: HTHA occurs before it is detectable.
Company DMHR: HTHA control requires knowing and accommodating actual
Reviewed operating conditions.
again in DMHR: In many older units operation of the reactors and heat
September exchangers up to the HTHA limits is economically attractive.

2003 DMHR: Operating close to the Nelson curves requires very close
control and monitoring of operating parameters, coupled with frequent
inspection for HTHA.

CSB: The B and E heat exchanger shells are considered members of the
same HTHA operating condition — based risk group as the A/D heat
exchangers. However, no specific guidance is offered for the B and E
heat exchangers.
CSB: Entire shells of B and E heat exchangers are listed as fully clad in
Type 316 stainless steel, a material resistant to HTHA. However, only
the hottest section (Can 4) of the heat exchanger is clad in Type 316
stainless steel.

October Lloyd’s DMHR: HTHA not a concern since operating conditions are below the

2008 Register Nelson curve.

Capstone

CSB: Tesoro process engineering provides B and E heat exchanger
shell-side temperatures. The values are lower than design, implying less
risk of HTHA:

Capstone data: 500 °F — (B and E shell-side) — 350 °F

Design: 504 °F — (B and E shell-side) — 405 °F
Capstone data:  hydrogen partial pressure ~ — 240 psia
Design: hydrogen partial pressure — 291 psia

Figure 31. DMHR and CSB Findings on Anacortes HTHA and Heat Exchangers (1990-2008)

131 Recommendations reviewed in December 1993.

132 API RP 941. Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum Refineries and
Petrochemical Plants. Figure 1, Note 2, August 2008. Section 5.5 of APl RP 941 states that it is not advisable
to take credit for the presence of a stainless steel cladding. However, the CSB learned that some experts were
less concerned about HTHA in the B and E exchangers when information provided to them indicates a Type 316
stainless steel cladding is present.
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None of these DMHRs conducted in the 20 years before the incident identified the potential danger of
HTHA in the B and E heat exchangers because they primarily relied on design data instead of measured
process conditions.’** Although all of these design data indicated operation below the Nelson curve, CSB
modeling estimated that the hottest portions (Can 4) of the heat exchangers at times operated above the
Nelson curve. As a result, the B and E heat exchangers were never inspected for HTHA and more
HTHA-resistant materials were never considered until after the April 2010 incident. It is vitally important
to fully understand actual operating conditions of refinery processes to ensure that all damage mechanism
hazards are adequately analyzed.

5.3.3.1 Insufficient Process Instrumentation

An important factor in determining HTHA susceptibility is operating temperature. The Anacortes
refinery HTHA inspection procedure “required” instrumentation to ensure and periodically document that
the operation was appropriately monitored. However, for the instrumentation to be “required” a
determination first had to be made that the process equipment was operating within 25°F or 25 psia*** of
the appropriate Nelson curve. The procedure did not clarify how to make such a determination (which
would necessitate accurate measurement capability) without already having an accurate measurement.
The procedure stated the following:

Accurate measurements/determinations of temperature and
hydrogen partial pressure should be made routinely and the
records maintained to provide assurance that operating
conditions remain compatible with Nelson Curve limits.

Such measurements/determinations/records are required for
equipment/piping that operate[s] within 25°F or 25 psia of the
appropriate Nelson Curve.'®

No temperature instrumentation was on the B or E heat exchangers. Figure 32 shows where temperature
and pressure measurement instruments were located on the heat exchanger banks. Intermediate
temperature and pressure instrumentation was nonexistent. This hazard evaluation barrier adversely
affected all DMHRs at the Anacortes refinery. The operating temperature was unknown at the B and E
heat exchangers, specifically as it increased significantly from heat exchanger fouling. With these key
data absent from the analysis, the technicians, engineers, and damage mechanism experts relied on design
operating conditions.

133 The 2008 Capstone 