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Abstract

Several fiery rail accidents in 2013-2015 in the U.S. and Canada carrying crude oil
produced from the Bakken region of North Dakota have raised questions at many
levels on the safety of transporting this, and other types of crude oil, by rail. Sandia
National Laboratories was commissioned by the U.S. Department of Energy to
investigate the material properties of crude oils, and in particular the so-called “tight
oils” like Bakken that comprise the majority of crude oil rail shipments in the U.S. at
the current time. The current report is a literature survey of public sources of
information on crude oil properties that have some bearing on the likelihood or
severity of combustion events that may occur around spills associated with rail
transport. The report also contains background information including a review of the
notional “tight oil” field operating environment, as well a basic description of crude
oils and potential combustion events in rail transport.
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1. EXECUTIVE SUMMARY

The U.S. Department of Energy commissioned a technical team' through Sandia National
Laboratories to examine the properties of tight crude oils as they relate to potential combustion
events in the rail transport environment. Key objectives of this investigation are to characterize
and define tight crude oils based on their chemical and physical properties, and identify
properties that could contribute to increased potential for accidental combustion. This
investigation was commissioned in response to the occurrence of several rail accidents involving
crude oil combustion in the U.S. and Canada during 2013-2014, some of which involved loss of
life, property damage, and environmental impacts. The repeat appearance of crude oil as a factor
in rail accidents is a relatively new phenomenon, as U.S Department of Transportation data
indicate that more oil was spilled from rail cars in the single year 2013 than the total spilled from
railcars in the 30 years prior. A significant factor behind this increase in spilled oil is the
increase in oil-by-rail transit in the U.S., which the American Association of Railroads reported
as 9,500 carloads in 2008, growing to 407,761 carloads in 2013. This recent increase in oil-by-
rail volume is in response to the dramatic increase in U.S. production of crude oil from “tight”
shale formations, with rail helping to close gaps in transport capacity where pipelines and trucks
cannot meet demand.

As the first step in the investigative process, this initial report is a compilation and summary of
publicly available literature and data pertaining to the chemical and physical properties of tight
crude oils. Key literature/data sources reviewed include recent reports on Bakken crude
properties commissioned by the American Fuel & Petrochemical Manufacturers, North Dakota
Petroleum Council, and U.S. Department of Transportation Pipeline and Hazardous Materials
Safety Administration, and data from the U.S. Strategic Petroleum Reserve. This initial
investigation identified gaps in important crude oil characterization data, uncertainty regarding
how best to sample and analyze crude oil to ensure that its properties are accurately determined,
and deficiencies in the understanding of how crude oil properties impact its potential for
accidental ignition, combustion, and explosion.

Based on these findings, it is recommended that a subsequent effort focus on preparation of a
report that comprises:

e A sampling and analysis plan to close gaps in existing knowledge of tight crude oil
properties.

e An experimental plan for numerical modeling of combustion events and testing from small to
large scale to obtain data for hazard evaluation.

Key findings of this initial literature-based investigation are summarized below.

1. Due to significant variability in criteria and procedures utilized in selection, acquisition, and
analysis of crude oil samples, the available data are of insufficient quality to enable a
meaningful comparison of crude oils—either to each other or against a designated standard.

Although a large volume of crude oil characterization data is available for review, the
samples used to derive the data were acquired from a wide range of supply chain points using

! Team includes Sandia National Laboratories, University of North Dakota Energy & Environmental Research
Center, Allen Energy Services, and GRAM, Inc.
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a variety of open and closed sampling techniques and characterized via a variety of analysis
methods. In many cases, limited information was provided regarding where and how samples
were acquired and analyzed. In addition to making oil-to-oil comparison difficult (especially
for tight oils that typically contain significant quantities of dissolved gases and volatile liquid
species), this variability makes it difficult to establish a set of properties that could be used to
define a certain oil type and/or identify an oil as—for example—a conventional oil, or a tight
oil.

In addition to variability due to sampling and analysis methods, variability may also be
introduced through crude oil conditioning, storage. and transport.

“Conditioning” refers to processing conducted—typically at or near the well site—to remove
crude oil impurities prior to transport. Impurities include gases, water, and solids that were
produced with the crude oil. Although a fairly limited range of equipment is utilized to effect
removal of gases from crude oils, the equipment can be operated at varying levels of rigor to
meet specifications for transport and sale. Variations in oil reservoir conditions, well-site
processing operations, residence time in storage tanks, and transportation method (truck,
pipeline, or rail) may all influence crude oil composition and properties.

Currently used methods for assignment of crude oil transportation hazard classification and
packing group are often inadequate.

As mandated by current federal law, hazard classification and packing group assignment is
done on the basis of crude oil initial boiling point (IBP) and flash point; however, there was
widespread agreement among the studies reviewed that the methods commonly used for IBP
determination are inappropriate for application to crude oils, especially tight crude oils
containing significant quantities of dissolved gases. Major reasons for inappropriateness
include 1) the use of liquid condensation temperature to directly establish IBP (problematic
with crude oils that contain noncondensable gases) and 2) the use of gas chromatography
(GC) to indirectly establish IBP (problematic because GC effects clean separation of
individual crude oil gas and liquid species and does not account for the very real impact of
azeotropes and other intramolecular effects on IBP). While recommendations for improved
methods have been offered, no widespread agreement has been reached regarding the
adoption of more appropriate methods.

Relationships between crude oil properties and probability or severity of combustion events
in rail car spill scenarios have not been established.

Although it is likely that a combination of crude oil properties—especially those associated
with potential for flammable vapor formation—could be used to predict combustibility, no
specific, objective data were found that correlated known crude oil properties with the
likelihood or severity of rail transport-related combustion events. While industry groups
actively working on this problem have been identified, their progress and results have not yet
been released to the public.

General lack of uniformity in methods and QA/QC across industry makes comparison of
crude oil vapor pressure difficult.

There is some literature consensus that vapor pressure of a “flammable liquid” is a property
of interest, as the vapor phase evolved from a liquid actually burns rather than the liquid
phase. Several studies have put an emphasis on measuring the vapor pressure of Bakken oils

12



7.

8.

across a range of locations in the supply chain. Although a large volume of vapor pressure
data have been collected and reported, the wide variability in sample collection methods
(open/unpressurized versus closed/pressurized) and measurement techniques (Reid versus
VPCRXx) utilized make meaningful comparison difficult, because differences seen among oils
in a given study or across studies may be attributable to sampling and measurement
techniques rather than base properties of the oils themselves. Recognition of this problem is
growing, and standards do exist for sample collection and analysis; however, an appropriate
protocol is still being debated via research publications and industry conferences.

Bakken crude is a light, sweet oil that exhibits a statistically higher true vapor pressure than
the slightly heavier, blended sweet and sour oils that are stored at the U.S. Strategic
Petroleum Reserve (SPR).

The SPR inventory was used as a basis for comparison with Bakken due to (i) the availability
of SPR data, and (ii) the fact that current SPR inventory represents a blend of medium-light
(API gravity 30-38) oils that were accumulated over the last ~20 years of SPR operation
from many sources. The body of Bakken samples from public literature was found to exhibit
a statistically higher mean true vapor pressure than the SPR oils, likely due to its slightly
higher mole fractions of ethane, propane, and butanes. True vapor pressure data for other
comparison oils (conventional production, benchmarks crudes, other tight oils) were not
readily available, and should be pursued in order to build better context for how Bakken and
other tight oils compare with other crude oils and flammable liquids currently in the supply
chain.

Numerous combustion events can occur from an accident involving hydrocarbons and
hydrocarbon mixtures including crude oils, with severity dependent on the amount of fuel
involved, surrounding infrastructure, and environment.

Possible combustion events include:
e Pool fire, which results from the burning of a liquid fuel pool.

¢ Boiling liquid expanding vapor explosion (BLEVE), an explosion resulting from the
failure of a vessel containing a liquid at a temperature significantly above its boiling
point at normal atmospheric pressure.

o Fireball, which refers to partially pre-mixed diffusion flames that rapidly combust due
to enhanced turbulent mixing and atomization.

e Deflagration: Classification of an explosion. Burning of a fuel-air mixture where the
flame travels at subsonic velocities.

e Detonation: Classification of an explosion. Burning of a fuel-air mixture where the
flame travels at supersonic velocities.

e Flash fire, which refers to the burning of a fuel vapor cloud that was ignited at a
location away from its release point.

e Flare, which refers to the burning of fuel vapors at the source of a release.

No single parameter defines the degree of flammability of a fuel: rather, multiple parameters
are relevant.
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While a fuel with a lower flashpoint, wider range of flammability limits, lower auto-ignition
temperature, lower minimum ignition energy, and higher maximum burning velocity is
generally considered more flammable, the energy generated from an accident has the
potential to greatly exceed the flammability impact of these and any other crude oil property-
based criteria.
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2. PROBLEM STATEMENT

Sandia was tasked by the United States (U.S.) Department of Energy (DOE)-Oftice of Fossil
Energy (FE) to investigate the properties of crude oils that may have a bearing on the combustion
potential in handling and transport scenarios. Public interest in this area has grown over the last
few years largely due to the increase in awareness brought by several fiery rail accidents that
involved crude oil, particularly crude oil that originated from the tight oils formations such as the
Bakken region of North Dakota. A number of investigations have been launched by government
(PHMSA, 2014) and industry groups (Auers, et al., 2014; Wybenga, 2014) looking at safety
issues around rail transport of crude.

The general conclusions from those reports vary on several key issues: (i) whether Bakken oils
are more volatile than other crudes produced or shipped in the U.S., (i) whether Bakken oils are,
in turn, more ignitable or flammable, and (ii1) whether Bakken and/or tight oils in general pose a
greater degree of hazard in transport that would require additional testing or mitigation steps.
The reports do agree that the Bakken is properly classified as a Class 3 flammable liquid under
the current classification system, though there is general concern that the current means to
determine packing group for flammable liquids through standard initial boiling point and
flashpoint measurements give highly variable results and may not be the most appropriate
methods when applied to oils with light components (ANSI/API, 2014; Murray, 2014).

The purpose of this study is to evaluate the current state of understanding of crude oil properties
in the transport system and determine how these relate to hazards associated with handling and
transport, as well as the associated combustion potential. The overall problem scope may be
divided into three phases, listed below:

1) Problem definition phase (currently authorized work scope)

a) Define crude oil properties that have a bearing on handling and transport safety with
attention to flammability risks in spill scenarios

2) Experimental phase (possible future work scope)

a) Measure parameter ranges for relevant crude properties in transport system, compare with
literature and other parallel efforts (Pipeline and Hazardous Materials Safety
Administration (PHMSA), American Petroleum Institute (API), Canadian Crude Oil
Quality Technical Association (CCQTA))

b) Explore if/how these properties affect the degree of hazard realized in scenarios where
fire may be involved

3) Application phase (all stakeholders)

a) Utilize knowledge gained during above phases to inform decisions on industry best
practices, standards, and regulatory requirements in order to assure safe, economical
transport of crude to market

The currently authorized work scope under the problem definition phase includes three tasks: (i)
Literature Survey, (ii) Experimental and Sampling plan, and (iii) Outreach and Peer Review.
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2.1. Scope of Report

The current report is the literature survey identified under the problem definition phase 1 of this
project. This report comprises a review of publicly available studies on crude oil properties and
fire science work relevant to tight crude oils and the operating environment relevant to transport
from the producing field into the rail system.
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3. OPERATING ENVIRONMENT RELEVANT TO STUDY

3.1. Definition of Tight Oils

The U.S. Energy Information Administration (EIA) defines “tight oil” as “oil produced from
petroleum-bearing formations with low permeability such as the Eagle Ford, the Bakken, and
other formations that must be hydraulically fractured to produce oil at commercial rates; shale oil
is a subset of tight oil” (2014a). The term “light tight oil” is also used because the oil produced
from these formations is light crude oil. Light crude oil refers to low-density petroleum that
flows freely at room temperature. Light oils have a higher proportion of light hydrocarbon
fractions resulting in higher API gravities (between 37° and 42°). Not all light oils are tight oils.
The term “shale oil” is also used to refer to tight oil, but is most commonly used to refer to oil
derived by pyrolysis from oil shale which is an organic-rich sedimentary rock containing
kerogen.

3.2. Growth in U.S./Canadian Rail Transport of Crude

As production of tight oil from U.S. shale formations increases, challenges arise in bringing new
production to market. Infrastructure challenges include delivery of materials, equipment, and
energy needed to sustain production. However, assuming these challenges are met and
production increases, the two main challenges of moving increased production to market are
transportation of product and pending regulations.

Almost all oil produced domestically flows to one of the 123 U.S. refineries (Koottungal, 2014),
with nearly 45% of the country’s refining capacity located along the Gulf Coast. Pipelines and
oceangoing tankers still deliver the vast majority of crude to U.S. refineries, accounting for
approximately 90% of total receipts (in barrels) in 2013 (Frittelli, 2014a). The first step in
moving product to market is getting it from the well site to a distribution point (or refinery). In
North Dakota, oil is transported from the well site either by truck (56%) or gathering pipeline
(44%) and delivered to rail terminals or pipelines for shipment out of state (Kringstad, 2014). In
Texas, oil is delivered to regional refineries by pipeline, truck or barge, and a vast majority of
Canadian crude is moved by pipelines (Frittelli, 2014a).

Drilling activities in the Williston Basin have moved from securing leases to the harvesting
phase. This involves drilling multiple wells on a single pad, which will lead to a potential
increase of gathering pipelines and reduce transportation by truck within the state. Since 2009,
there has been a steady increase in the number of miles of pipelines in North Dakota (see
Figure 3-1) with 2,578 additional miles added in 2013 (Kringstad, 2014).
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Figure 3-1. North Dakota Oil and Gas Pipeline Miles, Reproduced with Permission from
Kringstad (2014).

Oil is transported out of North Dakota by pipeline, rail or truck. It is delivered to refineries or to
transfer points where it is loaded onto barges for delivery to refineries. Figure 3-2 plots the
estimated split of transportation of oil out of the Williston Basin, and Figure 3-3 shows projected
production and export capacities for the Williston Basin.

Figure 3-2. Estimated Williston Basin Oil Transportation, Reproduced with Permission
from Kringstad (2014).
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