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EXECUTIVE SUMMARY 
 

Aera Energy LLC (Aera) is requesting approval to re-establish oil production within the designated 

Cat Canyon Oil Field.  The main property entrance is located at 6516 Cat Canyon Road, south of 

the community of Sisquoc.  As part of this project, SoCal Gas will construct, operate, and maintain 

an 8-inch diameter natural gas transmission pipeline to feed natural gas to the East Cat Canyon 

Project site.  Aera has requested that MRS Environmental, Inc. modify and update a previously 

prepared Pipeline Quantitative Risk Assessment (PQRA), prepared by Dixon Consulting, to 

assess the significance of risks to the public associated with the proposed pipeline. 

 

This PQRA has been performed to calculate the public risks associated with operation of the 

proposed SoCal Gas transmission pipeline.  The pipeline will follow a 14-mile route within the 

town of Orcutt, at a maximum allowable operating pressure of 500 pounds per square inch 

gauge(psig). 

 

This report describes the following QRA methodology: 
 

 Evaluation of proposed pipeline route for population and terrain characteristics. 

 Divide the route into segments with similar characteristics. 

 Identify potential release scenarios. 

 Estimate the probability of release for each cause of failure, size of release and ignition, 

using historical incident data. 

 Determine the consequences and potential impact to the public. 

 Combine the likelihood and consequences of a release to calculate the public societal risk 

for the combined length of the pipeline, and present as risk profiles. 

 Assess the significance of the risk of serious injury or fatality against the Santa Barbara 

County (SBC) Risk Profile Criteria. 

 

The risks of serious injury and fatality to the public have been calculated for the total risk along 

the pipeline route. 

 

The significance of risk has been assessed utilizing the SBC Risk Profile for fixed facilities.  The 

thresholds for acceptable risk to the public are defined by the SBC Risk Criteria in three zones: 

green, amber and red.  Multiple modifications to the design of the pipeline were implemented to 

ensure that the risk levels were mitigated to the maximum extent feasible.  The risks associated 

with the total pipeline route are within the following zones for acceptability: 
 

 Risk of serious injury profile is within the green “Insignificant Risk” zone for acceptability. 

 Risk of fatality profile is within the green “Insignificant Risk” zone for acceptability. 

 

The highest risk segments were identified as being on Clark Avenue, where the pipeline would 

pass through residential and commercial areas of the town of Orcutt.   
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1. INTRODUCTION 

1.1 Background 

The East Cat Canyon Oilfield Redevelopment Project (Project) is located approximately 10 miles 

southeast of Santa Maria in northern Santa Barbara County.  Aera Energy LLC (Aera) is requesting 

approval to re-establish oil production within the designated Cat Canyon Oil Field.  The main 

property entrance is located at 6516 Cat Canyon Road, south of the community of Sisquoc. 

 

Based on the proposed construction and operational activities, the Project is subject to 

discretionary land use permits and environmental review by the County of Santa Barbara.  This 

includes the analysis of potential short- and long-term safety risks associated with the oil 

production and transportation activities.  The Project will require a new natural gas pipeline to be 

constructed, in order to supply natural gas to the Project site, primarily for steam generation.  

Southern California Gas (SoCal Gas) will construct, operate, and maintain the transmission 

pipeline to carry natural gas to the Project site.  Aera has requested that MRS Environmental 

review and modify, as needed, a Pipeline Quantitative Risk Assessment (PQRA) conducted by 

Dixon Risk Consulting (DRC) to assess the significance of risks to the public associated with the 

proposed pipeline. 

 

1.2 Scope of Work 

This pipeline QRA has been performed to calculate the public risks associated with operation of 

the proposed SoCal Gas transmission pipeline.  An 8-inch gas pipeline to the East Cat Canyon 

(ECC) Project site is proposed to follow a 14-mile route via the town of Orcutt. The pipeline will 

start at the SoCal Gas main transmission pipeline at Graciosa Canyon Divide Station, and then 

travel east under roadways and road shoulders through the town of Orcutt, under US Highway 

101, and under rural road easements to the ECC Project site.  Figure 2.1 shows the route of the 

proposed natural gas pipeline. 

 

The public risks of a natural gas release from the utility pipeline have been assessed.  The 

combined risk of the total length of the pipeline has been used to calculate the potential for serious 

injury and fatalities.   

 

The significance of public risk has been assessed utilizing the Santa Barbara County (SBC) Risk 

Profile(21).  The thresholds for acceptable risk of serious injury or fatality to the public are as defined 

by the SBC Risk Criteria.  The County has published thresholds of acceptability in order to 

determine the significance of impacts in a consistent manner. 
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1.3 Pipeline Quantitative Risk Assessment Methodology 

Quantitative Risk Assessment (QRA) is an established methodology to quantify the risk of a 

potential incident, by estimating the likelihood and consequences of an event.  The risk of serious 

injury or fatality has been assessed using the following steps: 

 

 Evaluation of proposed pipeline route for population and terrain characteristics. 

 Divide the route into segments with similar characteristics. 

 Identify potential release scenarios. 

 Estimate the probability of release for each cause of failure, size of release and ignition, 

using historical incident data. 

 Determine the consequences and potential impact to the public. 

 Combine the likelihood and consequences of a release to calculate the public societal risk 

for the combined length of the pipeline, and present as risk profiles. 

 Assess the significance of the risk of serious injury or fatality against the SBC Risk Profile 

Criteria. 

 

QRA provides an estimate of the risks, which tends to err on the side of conservatism.  The 

approach is to make reasonable assumptions on the likelihood and severity of an incident, and 

the potential impact of a release.  In the process of QRA, numerous assumptions must be made, 

based on best available information.  Where appropriate, sources of these assumptions, 

estimates and reasoning have been described. 
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2. NATURAL GAS PIPELINE TO EAST CAT CANYON PROJECT 

2.1 Project Overview 

The East Cat Canyon Project site is located approximately 10 miles southeast of Santa Maria, 

within an existing oil and gas production area.  The facility is located in a rural area, with neighboring 

oil and gas production facilities, and grazing land.  As part of this Project, SoCal Gas will construct, 

operate, and maintain an 8-inch diameter natural gas transmission pipeline to feed natural gas 

from SoCal Gas’s existing 16-inch mainline transmission pipeline, southwest of the town of Orcutt, 

to the ECC Project site. 

 

Figure 2.1 shows the location of the pipeline route, from the SoCal Gas mainline transmission 

pipeline to the ECC Project site.  The route passes through the town of Orcutt, under US Highway 

101, and along rural roads to the Project site. 

 

2.2 Pipeline Description 

The new SoCal Gas 8-inch transmission pipeline will transfer natural gas from the existing SoCal 

Gas 16-inch mainline transmission pipeline, located southwest of the town of Orcutt, and feed gas 

to the ECC Project site.  The pipeline will provide 13 million cubic feet per day of utility grade 

natural gas at a delivery pressure of 50 to 300 pounds per square inch gauge (psig).   

 

The pipeline will be designed, constructed, operated, and maintained in accordance with all 

applicable requirements, including: 
 

 United States Department of Transportation (US DOT) Title 49 of the Code of Federal 

Regulations (CFR) Section 192, transportation of Natural and Other Gas by Pipeline.  

 California Public Utility Commission (CPUC) standards, General Order 112-F.   

 

The underground pipeline will consist of steel pipe with the following design characteristics: 
 

 Maximum Allowable Operating Pressure (MAOP) = 500 psig 

 Delivery pressure to ECC Project site = 50 to 300 psig 

 Nominal Pipeline Size (NPS) = 8 inches  (0.203 meters) 

 Minimum wall thickness = 0.322 inches  (8.2 millimeters) 

 Steel pipe grade API 5L X-52 

 Pipeline design factor < 0.2 

 

The pipeline will be installed within a trench approximately 42 inches below the surface in rural 

areas, and 60 inches below the surface through the town of Orcutt.  The pipeline depth is 

proposed to increase to 60 inches before passing through the town of Orcutt, up to US Highway 

101.  After the pipeline passes under the highway, the depth of cover will be nominally 42 inches 

along the rural road easements to the Project site.  This exceeds the minimum 36-inch depth of 

cover required by the US DOT.   
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Horizontal directional drilling (HDD) will be used for crossing under US Highway 101.  The pipeline 

will be installed a minimum 35 feet under Highway 101 for a length of approximately 1,650 feet.  

 

In addition to the pipeline, SoCal Gas will also construct and maintain appurtenant facilities, 

including a pressure reduction station at the Graciosa Road Divide Station, two aboveground 

isolation valves, four underground isolation valves, and a metering station at the terminus of the 

pipeline.  Three of the isolation valves will be automatic shut-off valves with supervisory control 

and data acquisition (SCADA) equipment.  These will be located as follows: 
 

 Graciosa Road Divide Station – below ground 

 Approximate milepost 8.2 – below ground 

 Delivery point at Project site – aboveground  

 

The below ground valves will have an eight-inch access hole with a steel lid and actuator.  The 

actuator will be protected by a cage, fenced enclosure, and/or bollards.  At the Divide Station, all 

of the equipment will be located within existing fenced limits.   

 

At each end of the pipeline, equipment will be installed to enable pig launching and receiving 

facilities to be attached.  These will be used for future pipeline inspection.   

 

2.3 Pipeline Route Description 

The proposed pipeline route was surveyed by driving along the route, completing a form to 

describe the population categories estimate distances and road usage, and identify potentially 

sensitive populations.  The route was divided into segments with similar characteristics, such as, 

for example, the density of housing/businesses, land use, and traffic density.  The proposed 

pipeline route is described below, and the route segments are listed in Table 2.1. 

 

From Graciosa Divide Station to ECC Project Site via the town of Orcutt 

The pipeline route is approximately 14 miles in length and has been divided into 16 segments: 1-

1 to 1-16.  The pipeline route starts at Graciosa Road Divide Station, and runs north under 

Graciosa Road, a rural two-lane road parallel to California State Route 1.  The pipeline then runs 

east through a residential area underneath Graciosa Road, and then turns north underneath 

Orcutt Road to Clark Avenue.  At Clark Avenue, the pipeline runs east under Clark Avenue, a 

four-lane arterial road, through mainly residential areas, and then under US Highway 101.  The 

pipeline then runs under rural two-lane roads past ranchland, vineyards, farmland, oil 

developments and the Lake Marie housing area and terminates at the ECC Project site, Central 

Processing Facility (CPF). 
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2.4 Pipeline Operation and Control 

SoCal Gas staff will operate and maintain the new pipeline, and perform routine maintenance and 

inspection.  SoCal Gas will also respond to emergency situations in accordance with their 

operation and maintenance procedures.  These procedures include emergency planning, on-call 

response, and incident reporting. 

 

The three automatic shut-off valves will be provided with supervisory control and data acquisition 

equipment.  The SCADA system will shut down the pipeline if conditions are detected outside pre-

set pressure and flow conditions.  Alarms will also sound, alerting operators to exceedance 

conditions. 

 

2.5 Population Densities 

The public population primarily at risk from a natural gas release will be those in close proximity 

to the pipeline, either in a vehicle on the road, in buildings adjacent to the road, or outside.  

 

The population density has been assessed along the proposed pipeline route.  The density has 

been assigned to a category for each route segment, based on population densities published in 

the ADL NGL report (1990)(3) and the TNO Green Book(10).  These categories are described in 

Table 2.2, and have been assigned for each pipeline segment as shown in Table 2.1.  

 

The population present at night will not be the same as during the day for commercial or rural 

areas.  The population densities listed in Table 2.2 are daytime averages and have been adjusted 

for nighttime densities as listed below.  The distribution of people indoors and outdoors also varies 

depending on the population category and whether it is day or night.  Population distributions 

have been estimated from those published in the TNO Green Book(10) as follows: 

 

Day:  100% of population listed in Table 2.3 

Night:  100% present in residential areas 

  20% present in industrial areas 

  5% present in commercial and agricultural areas 

 

Day:  80% indoors, 20% outdoors in all residential, commercial, and industrial 

areas, 

  20% indoors, 80% outdoors in agricultural areas  

Night:  95% indoors, 5% outdoors for all areas. 

 

Public populations within vehicles along the pipeline route have been estimated from traffic 

volumes.  Annual average daily traffic (ADT) is the primary measure used to evaluate traffic 

volumes.  California Department of Transportation(22) has published these volumes for regional 

highways, which were used to calculate ADTs for adjacent highways.  Traffic volumes on ECC 

access roads east of US Highway 101 were measured by Associated Transportation Engineers 

(2014)(4)  for the assessment of local roads.  Other traffic volumes were estimated from road usage 

during a site visit.  Vehicle ADTs are list in Table 2.1. 
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2.6 Sensitive Populations 

The proposed pipeline route was surveyed on local maps and by driving the route to identify 

potentially sensitive populations.  Five schools were identified within 0.25 miles (1,500 feet) of the 

proposed route, and there were also three churches located along the route.  The identified 

schools and churches are listed in Table 2.3. 

 

All pipelines to be located within 1,500 feet of a California Public School are likely to require an 

assessment of the safety hazard, as described in Section 3.2.2.  The Local Education Authority 

has the discretion to define what constitutes a safety hazard, and detailed protocols have been 

developed by the California Department of Education (CDE) to assess the risk.  Appendix D 

presents the results of the protocol analysis for the Project pipeline. 

 

The Delta Charter High School / ROP-North School is the closest school to the proposed pipeline 

route.  The pipeline will be approximately 100 feet from the property line, and 250 to 300 feet from 

the nearest school building (depending on the exact location of the pipeline in the roadway).  The 

three churches listed in Table 2.3, have buildings within approximately 50 feet of the proposed 

pipeline route.  

 

2.7 Earthquake Hazards 

An earthquake could result in the failure of a pipeline, and where pipelines cross active faults, 

there is a significant risk of failure.  A review has been conducted of potential earthquake hazards 

in the vicinity of the proposed pipeline routes.   

 

The proposed routes are located in California’s seismically active central coast region where there 

are a number of active faults with the potential to produce strong ground motion.  According to 

the United States Geological Survey (USGS), the proposed route crosses the Casmalia fault, 

which is less than 130,000 years old and is considered inactive by the USGS.   

 

The likelihood of ground shaking is reported on hazard maps by the USGS(27).  These hazards 

are expressed in terms of the probability of exceeding a calculated strength.  From the USGS 

maps, the likelihood of peak ground acceleration (PGA) along the pipeline route is reported as: 

 

Probability of 

Exceedance 

Frequency PGA (g) 

10% in 50 years 2 x 10-3 /year (1 in 475 years) 0.26 g 

2% in 50 years 4 x 10-4 /year (1 in 2,475 years) 0.49 g 

 

Where:   PGA = Peak Ground Acceleration 

g = acceleration due to gravity 

 

A report published by the California State Fire Marshal(6) examined the history of underground 

hazardous liquid pipeline failures due to earthquake damage, and provides a prediction of the 

number of incidents expected.  The following incident rates were calculated:   
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0.2 to 0.3g PGA 0.00039 incidents per mile 0.39 per 1000 mile-years 

0.3 to 0.65g PGA 0.0035 incidents per mile 3.5 per 1000 mile-years 

 

The incident rates were based on 3 leaks/cracks of less than 0.5-inches equivalent diameter over 

the 10-year study(6).  Assuming a release size distribution of 60-percent pinhole / crack, 27-

percent hole and 13-percent rupture, the pipeline failure rates due to earthquake hazards have 

been estimated as: 
 

Release Size Failure rate 

Hole 0.00054 per 1000 mile-years 

Rupture 0.00026 per 1000 mile-years 

 

The predicted earthquake failure rates have been added to the Project-specific pipeline failure 

rates, as described in Section 5.8. 
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Figure 2.1 Map of Pipeline Route to Aera ECC Project Site 

 

 

 
  



 

Aera Energy LLC,  

East Cat Canyon Redevelopment – SoCal Gas Pipeline Draft QRA 1/2018 

Page - 9 

 

Table 2.1 Description of Proposed Pipeline Route Segments 

 

ID 

Road / 

Route 

Name 

Segment  

From / To 

Length  

(miles) 

Depth of 

Cover 

(inches) 

Population 

Category** 

DOT 

Location 

Class*** 

Vehicle 

ADT## 
Description 

1-1 Graciosa Rd Divide Station to 

Elkhorn Ln 

2.2 42-in Rural Class 1 300 

(estimate) 

West:  Undeveloped, and approx. 200 

ft to CA SR-1 (ADT=17,000) 

East:  Ranchland 

1-2 Graciosa Rd Elkhorn Ln to 

Antelope Trail 

0.2 60-in Rural /  

Res-ML 

Class 3 1,500 

(estimate) 

North:  Undeveloped, and approx. 100 

ft to CA SR-135 (ADT=10,000) 

South:  Medium/Low density housing 

1-3 Graciosa Rd Antelope Trail to 

Rice Ranch Rd 

0.3 60-in Res-M /  

Res-ML 

Class 3 1,500 

(estimate) 

North:  Medium density housing 

South:  Medium/Low density housing 

1-4 Orcutt Rd Rice Ranch Rd to 

End of residential 

housing 

0.4 60-in Res-M Class 3 2,000 

(estimate) 

West and East of pipeline:  Medium 

density housing 

1-5 Orcutt Rd End of residential 

housing to 

Clark Ave 

0.1 60-in Com-L Class 3 2,000 

(estimate) 

West and East of pipeline:  Low 

density commercial 

1-6 Clark Ave Orcutt Rd to 

El Portal St 

0.9 60-in Res-M /  

Res-ML 

Class 3 10,000 

(estimate) 

North:  Medium density housing 

South:  Medium/Low density housing 

and one church 

1-7 Clark Ave El Portal St to 

Harp Rd 

0.3 60-in Com-M Class 3 15,000 

(estimate) 

North and South of pipeline:  Shopping 

and commercial area with 2 churches 

1-8 Clark Ave Harp Rd to  

HDD entry at  

US Hwy 101  

0.9 60-in Res-M Class 3 10,000 

(estimate) 

North and South of pipeline:  Medium 

density housing  

1-9 Clark Ave HDD under 

US Hwy 101 

0.3 60-in to 

35 feet to 

42-in 

Highway / 

Unpop 

N/A 5,180 /  

42,000 

North and South of pipeline:  High 

density road traffic.  Clark ADT=5,180.  

US Hwy 101 ADT=42,000 

1-10 Clark Ave US Hwy 101  

HDD exit to 

Telephone Rd 

0.6 42-in Ag Class 1 5,180 North and South of pipeline:  

Agricultural fields 
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Table 2.1 Description of Proposed Pipeline Route Segments 

 

ID 

Road / 

Route 

Name 

Segment  

From / To 

Length  

(miles) 

Depth of 

Cover 

(inches) 

Population 

Category** 

DOT 

Location 

Class*** 

Vehicle 

ADT## 
Description 

1-11 Clark Ave Telephone Rd to 

end Lake Marie 

Estates 

0.5 42-in Res-M / 

Rural 

Class 1 3,000 North:  Medium density housing 

South:  Ranchland 

1-12 Clark Ave Lake Marie 

Estates to 

Dominion Rd 

1.5 42-in Ag / Rural Class 1 3,000 North:  Farmland, greenhouses and 

ranchland 

South:  Farmland and ranchland 

1-13 Dominion 

Rd 

Clark Ave to 

Palmer Rd 

3.5 42-in Rural Class 1 1,050 Ranchland, oil and gas production, and 

farmland. 

1-14 Palmer Rd Dominion Rd to 

Cat Canyon Rd 

0.5 42-in Rural Class 1 1,050 Oil and gas production 

1-15 Cat Canyon 

Rd 

Palmer Rd to  

Cat Canyon Creek 

Crossing 

1.7 42-in Ind-L /  

Rural 

Class 1 850 Oil and gas production and offices, and 

ranchland 

1-16 Aera ECC 

Project 

Cat Canyon Rd to 

ECC Processing 

Facility 

0.1 42-in Rural Class 1 N/A Oil and gas production 

Route Length (miles) 14.0   

 

**  Population density categories defined in Table 2.2 

**  DOT Location Class defined in Section 3.1.2 

##  Vehicle ADT = Annual Average Daily Traffic 

 

 



 

Aera Energy LLC,  

East Cat Canyon Redevelopment – SoCal Gas Pipeline Draft QRA 

1/2018 

Page - 11 

Table 2.2 Population Density Categories 

 

 

Code / Category Description Population Density  

(per square mile) 

Com-H  - 

Commercial – High 

Office buildings and shopping areas 

in a town center 

10,000 

Com-M 

Commercial – Medium 

Office buildings and shopping areas 

with space surrounding the buildings 

5,000 

Com-L   

Commercial – Low 

Scattered buildings 1,000 

Res-H 

Residential – High 

Busy residential area with a number 

of multi-family homes 

10,000 

Res-M 

Residential – Medium 

Quiet residential, single family homes 3,000 

Res-L 

Residential – Low 

Scattered housing, semi-rural 1,000 

Mixed-H 

Mixed Use - High 

Mix of office buildings and  multi-

family homes 

10,000 

Mixed-M 

Mixed Use - Medium 

Mix of spaced office buildings and 

single-family homes 

4,000 

Mixed-L 

Mixed Use - Low 

Scattered buildings 1,000 

Ind-M 

Industrial - Medium 

One and two-story buildings with 

industrial facilities surrounding offices 

2,000 

Ind-L 

Industrial - Low 

Scattered industrial facilities with low 

density offices 

1,000 

Ag 

Agricultural 

Cultivated Fields 200 

Rural  Ranchland / Low density oil 

development 

20 

UnPop 

Unpopulated 

Undeveloped land, forest or hills 2 
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Table 2.3 Sensitive Populations Along Pipeline Route 

 

 

Population 

Type 

Pipeline to 

Property 

Line 

Facility Name Address 

School 100 feet Delta Charter High School, and 

Santa Barbara County Regional 

Occupational Program (ROP)-North 

School 

4893 Bethany Lane, 

Santa Maria 

School 210 feet St Louis de Montfort Catholic School 5095 Harp Rd, 

Santa Maria 

School 660 feet Patterson Road Elementary School 400 Patterson Rd, 

Santa Maria 

School 500 feet Orcutt Academy K-8 and High 

School 

610 Pinal Ave,  

Santa Maria 

School 1,300 feet Ralph Dunlap Elementary School 1220 Oak Knoll Rd, 

Santa Maria 

Church 15 feet Central Coast Missionary Baptist 

Church 

598 E Clark Ave, 

Santa Maria 

Church 15 feet South Valley Community Church 1054 E Clark Ave, 

Santa Maria 

Church 15 feet St Louis de Montfort Church 1190 E Clark Ave, 

Santa Maria 
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3. OVERVIEW OF APPLICABLE REGULATIONS AND STANDARDS 

This section of the report provides a summary of the key regulations and standard that apply to 

the proposed natural gas pipeline. 

 

3.1 Federal Regulations 

The Office of Pipeline Safety (OPS) of the US DOT is responsible for regulating interstate natural 

gas transmission and establishing minimum safety standards.  States are responsible for 

regulating and ensuring the safety of intrastate pipelines.  In order to minimize the hazard to 

people who live and work near transmission pipelines, more stringent design and operating 

standards may be required in populated areas. 

3.1.1 Natural Gas Pipeline Safety Act of 1968 

The Natural Gas Pipeline Safety Act of 1968 gave the Federal Energy Regulatory Commission 

(FERC) jurisdiction over the siting of new interstate natural gas pipelines and required the US 

DOT to establish minimum federal safety standards for interstate natural gas transmission and 

distribution lines.  The OPS is responsible for regulating the safety of natural gas transportation 

pipelines, including safety aspects related to design, construction, operation, and maintenance.  

Minimum safety requirements for gas pipelines are described in the Code of Federal Regulations 

49 CFR Parts 191, 192 and 193. 

3.1.2 Pipeline Area Classifications - 49 CFR 192 

Under natural gas pipeline regulation 49 CFR 192, pipeline operators must classify the area 

through which the pipeline travels, on the basis of population density in the vicinity.  The area 

classification is defined by the population density that extends 660 feet (1⁄8 mile) on either side of 

the centerline of any continuous 1-mile length pipeline.  More rigorous safety requirements are 

proscribed as the population density increases.  These requirements include depth of cover, pipe 

wall thickness, MAOP, pipeline design factor, valve spacing, frequency of inspection and 

frequency of leak surveys.  The determination of the pipeline design factor is specified in 49 CFR 

192.105 and essentially determines the allowed design pressure of the pipeline with all other 

factors (steel yield strength, pipeline diameter, wall thickness) being the same.  For a higher-Class 

area, such as an area with high populations, the pipeline is required, through the use of a lower 

design factor, to operate at a lower pressure than it would be allowed in less populated areas.   

 

Four area classifications are defined as follows (49 CFR 192.5):  
 

 Class 1. Locations with 10 or fewer buildings intended for human occupancy. 

 Class 2. Locations with more than 10 but fewer than 46 buildings intended for human 

occupancy. 

 Class 3. Locations with 46 or more buildings intended for human occupancy or where the 

pipeline lies within 100 yards of any building or small, well-defined outside area occupied 

by 20 or more people during normal use. 

 Class 4. Locations where buildings with four or more stories above ground are prevalent. 
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3.1.3 Pipeline Incident Reporting - 49 CFR 191 

Significant natural gas pipeline incidents are required to be reported to the Pipeline and 

Hazardous Materials Safety Administration (PHMSA) of the DOT.  A DOT reportable incident is 

currently defined as an event that results in one or more of the following consequences:  
 

 A death, or personal injury necessitating in-patient hospitalization;  

 Estimated property damage of $50,000 or more in total costs, measured in 1984 dollars, 

excluding the cost of gas released;  

 Unintentional estimated gas loss of three million cubic feet or more; or  

 An event that is significant in the judgment of the operator, even though it did not meet the 

above criteria. 

 

The definition of a reportable incident has changed since the original regulations were established 

in 1970.  At the time, an incident was defined as that which required taking any segment of a 

transmission pipeline out of service, or caused estimated damage of $5,000 or more.  In 1984, 

the total estimated damage value was increased to $50,000 or more for an incident to be 

reportable.  This resulted in fewer incidents being reportable, including smaller diameter pipeline 

ruptures, and holes for all pipeline sizes.  In 2010, the reporting criteria changed again to exclude 

the cost of gas released.   

3.1.4 Integrity Management Program - 49 CFR 192 Subpart O 

In 2003, the OPS implemented the Integrity Management Program (IMP), described in 49 CFR 

192 Subpart O.  This regulation requires pipeline operators to assess, identify, and address the 

safety of pipeline segments that are located in areas where the consequences of a pipeline failure 

could be significant.  These are called High Consequence Areas (HCAs).   

 

Under the IMP, pipeline operators are required to; identify all segments of the pipeline that pass 

through a high consequence area, conduct a baseline assessment of the integrity of these 

segments, address any safety issues, reassess the integrity of the pipeline at intervals not to 

exceed 5 years, and establish performance measures to assess the program’s effectiveness. 

 

HCAs are defined as: 
 

 Current Class 3 and 4 areas; or 

 Any area with a potential impact radius (PIR) greater than 660 feet, or an impact circle 

that contains 20 or more buildings intended for human occupancy; or 

 An “identified site” (for example; recreational or religious facilities, or other areas where 

high concentrations of the public may gather periodically). 

 

The Pipelines and Informed Planning Alliance (PIPA) has recommended guidelines for safe 

distances from pipelines which are described in the 2010 document on Risk-Informed Land Use 

Planning(18).  The PIR is a site-specific distance based on the pipeline contents, pressure, 

population and vicinity.  The PIR was developed by Stephens (2000), and published in a report 

to the Gas Research Institute(19).  The PIR is used to determine which pipeline segments fall within 

the HCA requirements.   
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The PIR is defined as: 
 

R = 0.69 x d x p 0.5 
 

Where: 

d = pipeline diameter in inches. 

p = pipeline maximum operating pressure in psig. 

R = the radius in feet. 

 

3.2 State Regulations 

States are responsible for regulating and ensuring the safety of intrastate pipelines, including 

environmental permitting, local routing decisions for new pipelines, emergency response 

planning, training, and exercises. 

3.2.1 California Public Utilities Commission - General Order 112-F 

State regulations are specified by the CPUC in General Order 112-F.  The regulations incorporate 

the federal regulations by reference and provide additional state safety requirements for automatic 

shut-off valves, operations, maintenance, inspection, increased frequency of leak surveys, 

emergency planning and incident notification.   

3.2.2 California Department of Education 

California regulations require that school sites shall not be located within 1,500 feet of an 

easement of an underground pipeline that can pose a safety hazard (Title 5, California Code of 

Regulations, Division 1, Chapter 13, Standards for School Site Selection).  These regulations 

went into effect in the year 2000.   

 

The California Department of Education have developed an advisory protocol to assist Local 

Education Agencies assess the safety of pipelines within 1,500 feet of a school.  The acceptability 

of a new school or pipeline proposal is determined by an estimation of individual risk at the school 

site.  If the estimated risk of fatality is less than one in a million years (1 x 10-6 per year), it is below 

the threshold of significance, and no significant safety hazard is predicted.  If the estimated risk 

of fatality is greater than one in a million years, mitigation measures are required to reduce the 

risk to acceptable limits. 

 

The CDE protocol was developed to ensure that risks are calculated in a consistent manner.  The 

methodology uses historic data to estimate the probability of a pipeline release, models to 

determine the consequences of a release, the probability of fatality for different exposures, and 

school attendance hours.  These are combined to estimate the risk of fatality. The CDE protocols 

are provided in the Guidance Protocol for School Site Pipeline Risk Analysis, 2007(5).     

 

3.3 Local Ordinances 

Local government requirements for pipeline safety may also be imposed.  These have been 

developed in response to specific incidents, such as the model ordinance in Bellingham, 

Washington, which was developed after a pipeline incident in 1999 resulted in the deaths of three 
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boys.  The model ordinance recommends a setback distance consistent with the PIR developed 

in a report for the Gas Research Institute(19).  A setback is the minimum distances from a pipeline 

within which permanent structures, such as houses or buildings, are prohibited.  Santa Barbara 

County has no setback requirements for the gas pipeline proposed.   
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4. HAZARD SCENARIOS 

The primary hazard to the public associated with a natural gas transmission pipeline is a 

flammable gas release and ignition.  In populated areas the impact of a failure can cause 

extensive casualties and property damage.  This has occurred in some high-profile cases, such 

as the pipeline rupture in 2010 in San Bruno, California, which resulted in a total of 8 fatalities, 51 

injuries, and numerous homes destroyed.   

 

The hazards associated with a pipeline failure will depend on the size of the release.  Natural gas 

is buoyant, and, unless confined in a nearby structure, will dissipate vertically depending on 

temperature.  A small hole release from an underground pipeline will result in gas seeping through 

the covering soil and dissipating.  A large hole or rupture may release gas with sufficient energy 

to remove the covering soil and/or pavement to form a crater.  On ignition, a fireball and/or crater 

fire can occur.   

 

The hazards have been identified and quantified by a review of pipeline incidents.  Pipeline 

failures in the US that meet the reporting threshold are recorded in the US DOT PHMSA database.  

Releases have been categorized by size as follows: 

 

 Pipeline Releases: 

- Pinhole / Crack 

- Hole 

- Rupture 

 Releases from ancillary equipment 

 

A pinhole/crack release is likely to percolate through the soil to the surface and dissipate without 

forming a flammable vapor cloud.  Small holes and pinhole/cracks are very unlikely to result in 

public casualties or property damage and have not been considered further in the risk analysis. 

 

A hole release may result in damage if the hole is large enough to remove the covering soil and/or 

pavement, or if the pipeline is exposed due to excavation for nearby, un-related construction or 

maintenance activities.  On ignition, a sustained jet fire or crater fire may occur.   

 

The primary hazard to the public is associated with a pipeline rupture, which would involve a 

release through a large hole, close to the pipeline diameter.  A rupture may occur suddenly and 

explosively, throwing debris a significant distance and causing a crater.  If the release is ignited, 

there may be an initial fireball that can cause casualties and extensive property damage due to 

the high heat radiation.  The escaping gas will continue to burn as a crater fire until the gas supply 

is shut off. 

 

Incidents associated with ancillary equipment such as valves and metering may result in a hole-
sized release.  These have been assessed separately from pipeline hazards.   
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5. RELEASE FREQUENCY ANALYSIS 

The likelihood of a pipeline failure has been estimated from published national and international 

data.  In the event of a failure and natural gas release, a serious injury or fatality to the public may 

occur on ignition of a flammable release.   

 

Generic failure rate data has been developed by an analysis of the US DOT PHMSA incident 

database(25).  The data has been collected over many years, and represents an extensive history 

of pipeline operation in the US.  The generic data has been filtered as appropriate to represent 

the proposed 8-inch natural gas transmission pipeline.    

 

5.1 Pipeline Incident Databases 

Pipeline incident rates are typically quoted in literature as failures per thousand mile-years.  An 

assessment has been made of US DOT PHMSA incident data, and compared to data published 

in Europe.  Historical failure rate data for this PQRA has primarily been developed from the US 

DOT PHMSA data, although there are limitations in the data reported.  Incident data from other 

countries may not be directly applicable to the US because of differences in the design and 

maintenance standards, the age of the distribution systems, and the terrain and population density 

around the pipeline.  Incident data from other countries has therefore only been used to 

supplement the US data and for analysis of trends.   

5.1.1 US Department of Transportation Incident Data 

The Pipeline and Hazardous Materials Safety Administration (PHMSA) of the US DOT has been 

collecting data from pipeline incidents since 1970(25).  Incidents are reported to the US DOT that 

meet the minimum reporting threshold, as described in Section 3.1.3.  Data reporting 

requirements were changed in 1984 and 2002, so only consistent data from the years 2002 to 

2016 were selected for analysis.  The definitions of some release causes were also changed in 

2010, so adjustments had to be made in the data analysis.   

 

Reporting thresholds may result in an inaccurate depiction of the types of transmission pipeline 

releases, ignition probabilities and their effects.  All incidents that result in a fatality or personal 

injury necessitating in-patient hospitalization are reported.  The rupture of a smaller diameter 

pipeline or hole that does not ignite or result in a casualty may not meet the reporting threshold.  

Therefore, the probabilities of ignition and casualty are likely to appear higher.  

 

The US DOT collects data about pipeline infrastructure from operator annual reports.  This 

includes information on the total length, diameter, installation date, population class, and 

commodities transported by pipeline.  This data has been used to calculate incident rates by mile 

and diameter of pipe.   

 

The US natural gas transmission pipeline network consists of 293,000 miles of pipelines.  

Exposure for the 15 years analyzed from 2002 to 2016 is approximately 4.4 million mile-years.   

 

PHMSA incident data has been analyzed and sorted to extract only pipe incidents that meet the 

following criteria: 
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 Natural gas transmission pipelines,  

 Onshore pipelines; and 

 Below ground pipelines. 

 

Incidents associated with ancillary equipment such as compressors, valves, metering and storage 

were excluded from the pipeline analysis.  Failure rates for ancillary equipment and valves that 

are proposed for the SoCal Gas pipeline have been assessed separately, as discussed in Section 

5.9. 

5.1.2 European Incident Data 

The European Gas Pipeline Incident Data Group (EGIG) is a cooperation of European gas 

transmission system operators.  This group has expanded since its initial set up in 1982, to include 

seventeen major gas transmission system operators.  The group has compiled an extensive 

database of pipeline incident data, covering the years 1970 to 2013, and is reported in the 9th 

EGIG report, 2015(14).  The natural gas pipeline system includes 89,000 miles of pipe, and the 

total exposure for the database is 2.5 million mile-years.   

 

All pipeline release events in the group are reported, and the failures are categorized into three 

different hole sizes; pinhole, hole and rupture.  The same definitions and release categories have 

been used for the entire period of incident data, which makes the database useful for analyzing 

trends.   

5.1.3 United Kingdom (UK) Incident Data 

The UK Onshore Pipeline Operators Association (UKOPA) database is a record of pipeline 

failures and faults in the UK(23).  The database was initiated to estimate pipeline failure rates in 

the UK and to measure the effectiveness of design changes.  Pipeline failure data has been 

collected since 1952, with a total operating experience of 0.54 million mile-years from 1952 to 

2014.  The network in 2014 includes 12,700 miles of natural gas pipelines.   

 

The UKOPA database is more detailed than any other pipeline incident database.  The database 

includes detailed information on all recorded pipeline releases and faults, including those that did 

not result in a release.  Documented faults include pipeline defects of coating damage or pipe 

defects confirmed by field inspection.   

 

5.2 Pipeline Failure Rates by Hole Size 

Pipeline failure databases from the US and Europe have been assessed to select appropriate 

failure rates for the proposed SoCal Gas 8-inch transmission line.  Releases have been 

categorized by size of release as follows: 
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Pinhole /Crack: A failure size smaller or equal to the area of a 0.5-inch diameter 

hole. 

Hole: Effective failure diameter of greater than 0.5 inches and less than 

or equal to the diameter of the pipeline. 

Rupture: Effective diameter of the failure greater than the pipeline diameter. 

 

US DOT PHMSA Database 

Incidents associated with pipeline releases have been extracted for the years 2002 to 2016, and 

release sizes assigned.  Transmission line inventory for these 15 years have been totaled to 

calculate the average failure rate by release size as follows: 

 

Release Size 

US DOT Data for Years 2002 to 2016 

Number of Pipe 

Releases 
% 

Failure Rate per 

1,000 mile-years 

Pinhole /Crack 209 29% 0.047 

Hole 251 35% 0.057 

Rupture 252 35% 0.057 

Total 712  0.161 

 

The PHMSA data only includes incidents that meet the DOT reporting threshold, which results in 

a lower apparent incident rate, and an unrealistic release size distribution.  For example, it is 

unlikely that the failure rate for hole sized releases is the same as the rupture failure rate, as 

indicated above.  Most large diameter pipeline rupture incidents will meet the reporting threshold, 

whereas smaller releases may not be reported.  The PHMSA frequency of ruptures has therefore 

been used as the basis for predicting failure rates for the proposed SoCal Gas pipeline. 

 

EGIG European Database 

Failure rate data on the European natural gas transmission system has been assessed to 

compare the incident rates and causes to those reported in the PHMSA database.  The European 

pipeline system is not as extensive as the US gas transmission system, regulatory requirements 

are different, and the average pipeline age is lower in Europe.  The following European incident 

rates have been calculated for the years 1994 to 2013: 

 

Release Size 

EGIG European Data for Years 1994 to 2013 

Number of Pipe 

Releases 
% 

Failure Rate per 

1,000 miles-years 

Pinhole /Crack 253 60% 0.170 

Hole 117 27% 0.079 

Rupture 56 13% 0.038 

Total 426  0.286 
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The release size distribution calculated for the EGIG data is likely to be similar to the distribution 

of release sizes in the US, if all incidents in the US were reported.  Therefore, the EGIG data has 

been used to adjust the PHMSA release size distribution.  It has been estimated that a hole-sized 

release will occur with approximately twice the frequency of a pipeline rupture (27 percent as 

opposed to 13 percent).   

 

5.3 Pipeline Failure Rates by Pipeline Diameter 

Pipeline failure rates by line diameter have been analyzed for both PHMSA and EGIG data.  The 

pipeline sizes were grouped by US pipeline inventory reporting sizes for the years 2002 to 2009.  

US pipeline data after 2009 and EGIG data were adjusted to the same size categories.  The 

average US line size was calculated as 19 inches for the years 2002 to 2016, and the average 

EGIG pipeline size for the years 1994 to 2013 was 20 inches.  Due to similar average pipeline 

sizes, the distribution of rupture failures rates by pipeline diameter are expected to be similar.   

 

US failure rates for ruptures are listed below by pipeline diameter.  The change in failure rate by 

diameter has been assigned a diameter factor, with pipeline diameters of 10 to 20 inches assigned 

a value of 1.  Diameter factors were also calculated for EGIG data for comparison.  Details of the 

failure rates are provided in Tables 5.1 and 5.2.   

 

Pipeline 

Diameter 

Range 

(inches) 

US Ruptures  

per 1,000  

mile-years 

US  

Diameter 

Factor 

EGIG 

Diameter 

Factor 

Adjusted* US 

Ruptures  

per 1,000  

mile-years 

d=<4 0.04 0.5 2.3 0.18 

4<d=<10 0.06 0.7 1.5 0.12 

10<d=<20 0.08 1.0 1.0 0.08 

20<d=<28 0.06 0.8 0.6 0.06 

d>28 0.03 0.4 0.3 0.03 

Total 0.057   0.082 

* Adjusted to account for the under-reporting of smaller diameter pipeline releases associated with releases 

that occur at levels below the US reporting thresholds. 

 

Failure frequencies are described in literature as increasing with decreasing pipeline diameter.  

However, the reported rupture frequency for US pipelines of 4-inch diameters or smaller was 

calculated to be approximately half the rupture frequency of a pipeline measuring in diameter 

between 10 and 20 inches.  This is likely due to underreporting of smaller pipeline diameter 

releases in the US, which may not meet the US DOT reporting criteria.  All releases are reported 

in the EGIG data, and the failure rates by pipeline diameter show the expected trend, with ruptures 

occurring more frequently on smaller diameter pipelines.  To correct for underreporting, the failure 

rates for US pipelines measuring smaller than 10 inches in diameter have been adjusted as shown 

above using the EGIG diameter factors.  
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5.4 Pipeline Failure Rates With Year of Installation 

Pipeline failure rates have decreased over the years since 1970 when the US DOT started to 

document incident data.  This has been attributed to more stringent regulatory requirements, 

better pipeline construction and inspection, condition monitoring using in-line inspection, 

improved one-call systems, and new integrity management programs.   

 

The decrease in pipeline failure rates since 1970 cannot be readily assessed using the PHMSA 

database alone because reporting requirements in the US have changed significantly over the 

years.  However, the trend of improving safety can be clearly seen in the EGIG European 

database because reporting requirements have been consistent.  Since the 1980s, there has 

been a 3- to 4-fold reduction in the overall failure rate in Europe(14), from approximately 1.0 failures 

per 1,000 mile-years, to 0.3 failures per 1,000 mile-years.  Although pipeline and regulatory 

requirements in the US are different than Europe, similar improvements in safety, construction 

and maintenance standards have been adopted.  A similar trend in reduced pipeline failure rates 

is therefore likely in the US.    

 

The average ages of the natural gas transmission systems in the US and Europe have been 

calculated as follows: 

 

Natural Gas Transmission 

Pipeline System 

Average Pipeline 

Age 

Inventory Greater 

Than 50 years old 

US DOT 45 years 45% 

European EGIG Data 31 years 8% 

 

In the US, 47 percent of the natural gas pipelines in current operation were built between 1950 

and 1969, before the Natural Gas Pipeline Safety Act of 1970 was implemented, and before 

pipelines were required to have cathodic protection to reduce corrosion potential.  Gas 

transmission systems in Europe are newer, and more pipelines were constructed to modern 

standards.  This has likely contributed to the higher rupture failure rate calculated for the US 

pipeline systems compared to the EGIG data as described in Section 5.2 and 5.3. 

 

5.5 Causes of Pipeline Failure 

An analysis of the causes of pipeline failures has been conducted for PHMSA data for the years 

2002 to 2016.  In 2010 some changes were made in the failure cause categories, and earlier data 

was adjusted to be consistent with categories from 2010 onwards.  The following incident cause 

categories have been used for analysis: 
 

 Corrosion 

 Natural Force Damage 

 External Impact 

 Material Failure of Pipe or Weld 

 Equipment and Operations 

 Other 
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For US pipeline ruptures, the primary causes of failure have been roughly equally due to 

corrosion, external impact and material failure, which are 27 percent, 32 percent and 27 percent 

respectively.  A detailed list of the failure causes by pipeline diameter is provided in Table 5.3, 

and summarized in the chart below: 

 

 
 

 

For comparison, the causes of failure for rupture events in the EGIG database(14) have been 

calculated for the years 1970 to 2013 as shown below.   
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The primary cause of rupture for European transmission pipelines is external impact. The total 

EGIG rupture failure rate is approximately half of that for the US pipelines, yet the frequency of 

rupture due external impact per 1,000 mile-years is approximately the same.  The European 

rupture rate due to corrosion and material failure is significantly lower than for US pipelines.  This 

may be due to the higher average age of the US pipeline system, as discussed in Section 5.4.   

5.5.1 Corrosion 

Corrosion may occur due to external or internal corrosion.  These failures typically result in small 

holes, although some have resulted in pipeline ruptures.  Most small corrosion events will not be 

recorded in the PHMSA database because a leak is unlikely to cause sufficient damage to meet 

the reporting threshold.   

 

Corrosion failures have caused 27 percent of all rupture events over the last 15 years within the 

US pipeline system.  Corrosion has minimal impact on releases in Europe, which is likely due to 

the greater age of the US pipeline system.  Nearly 50 percent of the US gas transmission system 

was installed prior to 1965, before the use of modern external protective coatings, and before 

cathodic protection was required.   

 

External Corrosion 

External corrosion has been the cause of 74 percent of the corrosion rupture events within the 

US pipeline system, as listed in Table 5.3.  This occurs when the pipe metal is exposed to water 

in the soil.  The risk of external corrosion is a function of the pipeline coating, cathodic protection 

system, pipeline age, maintenance and inspection history, and soil conditions.  The SoCal Gas 

pipeline will be protected from external corrosion by a polyethylene coating and cathodic 

protection.   

 

Internal Corrosion 

Typically, sales-quality dry gas will not cause corrosion of pipeline interior surfaces.  Water or 

other aqueous materials are needed to initiate corrosion, which may occur if there are small 

quantities of water or contaminants from inadequate gas treatment.  The likelihood of internal 

corrosion will be minimized by the use of periodic in-line inspection and pipeline surveys.  

5.5.2 Natural Force Damage 

Natural force damage includes events such as earth movement due to landslide, subsidence, 

seismic activity, flooding and erosion.  Other natural force damage failures have occurred due to 

lightning or extreme temperatures.  

 

The proposed pipeline route is primarily located under roadways and road shoulders, which are 

not prone to instability.  The road gradient is shallow, with a slope of 2 to 3 percent in suburban 

areas, and 1 to 4 percent under rural roads with one rural section of 10 percent slope.  Due to the 

protected location under roadways and shallow slopes, the probability of failure due to earth 

movement is likely to be significantly lower than average.  A conservative reduction factor of 50 

percent has been applied.   

 

The area is located in California’s seismically active central coast region where there is the 

potential for ground shaking due to faults in the vicinity.  The pipeline route crosses the Casmalia 
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fault, which is considered inactive by the USGS.  The following failure rates have been added to 

the pipeline failure frequency to account for the increased potential seismic events, as discussed 

in Section 2.7: 
 

Release Size Failure rate 

Hole 0.00054 per 1000 mile-years 

Rupture 0.00026 per 1000 mile-years 

 

5.5.3 External Impact 

External impact is primarily due to pipeline damage from excavation activities, drilling or other 

surface intrusion activities associated with construction at nearby, but unrelated, sites.  Impact 

damage may cause failure at the time, or a gouge may fail catastrophically at a later time due to 

crack propagation.  Pipeline failure rates are influenced by a number of parameters including 

pipeline diameter, pipe wall thickness, design factor (pipeline operating stress), area 

classification, pipeline depth, and control of dig activities.  Failure rates due to external impact 

have been significantly reduced by the use of one-call systems in the last couple of decades, but 

remain a major cause of failure.   

 

Failure at Time of Impact 

In general, smaller diameter pipelines are more vulnerable to external interference than larger 

diameter pipelines, and are more likely to fail at the time of impact.  Smaller diameter pipelines 

can be more easily hooked during ground excavation, and have less resistance to external impact 

due to lower wall thickness.  The influence of pipe wall thickness and design factor on failures 

due to external impact is discussed further in Section 5.6. 

 

Delayed Failure After Impact 

Pipelines may be gouged by excavation equipment, but not fail at the time of impact.  Larger 

pipelines are stronger in comparison to the impact force and may fail at a later time due to the 

stress caused by a gouge which may result in a crack that propagates to a rupture.  This is more 

frequently a failure cause for larger diameter pipelines.  As shown in Table 5.3, 30 percent of the 

pipeline ruptures caused by external impact had delayed failure.   

5.5.4 Material Failure of Pipe or Weld 

Material and weld defects can occur in the initial construction and installation of the pipeline and 

also due to subsequent maintenance activities.  Construction and maintenance standards have 

improved significantly over the last 50 years.  The SoCal Gas pipeline will be constructed in 

compliance with modern pipeline industry design and construction standards, which will minimize 

the likelihood of material failure.   

 

Environmentally Assisted Cracking 

Environmentally Assisted Cracking (EAC) is caused by the combined effect of tensile stress in a 

corrosive environment, and falls within the National Association of Corrosion Engineers (NACE) 

definition of corrosion.  This includes Stress Corrosion Cracking (SCC), corrosion fatigue, 

Hydrogen Induced Cracking (HIC) and Sulfide Stress Cracking (SSC).  In the US, there have 

been a number of identified incidents of EAC which have resulted in large holes or ruptures.   
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Since 2010, EAC incidents have been reclassified as material/construction defect in the PHMSA 

data.  For consistency, EAC failures from 2002 to 2009 have been reassigned to the 

material/construction defect category and are listed in this category in Table 5.3. 

5.5.5 Equipment/Operations 

Equipment Failures 

Equipment failures include events such as malfunction of pressure control or relief equipment.  

The use of a SCADA system on the proposed pipeline, and operations and maintenance 

procedures will minimize the likelihood of these type of failures.   

 

Incorrect Operation 

Incorrect operations such as inadequate procedures or failure to follow procedures, may lead to 

an event where the pressure exceeds the MAOP.  This also includes events that may result in a 

leak not being identified quickly by staff.  Engineering controls, such as automatic shut-off valves, 

will reduce the likelihood of an extended duration release.  

5.5.6 Other/Unknown Causes of Failure 

Other or unknown causes of failure have included events where there was a combination of 

events that resulted in failure.  There were also incidents categorized as unknown in the PHMSA 

database because the pipeline was not inspected after failure, but was isolated and then 

abandoned in place.   

 

5.6 Pipeline Failure Rates by Design Factor 

The pipeline design factor is defined as the ratio of operating stress to specified minimum yield 

stress (SMYS).  This is dependent on the strength and thickness of the pipeline material.  A lower 

design factor means that the pipeline operates at a lower pressure or has a greater wall thickness 

and will therefore be under lower operating stress.   

 

DOT regulation 49 CFR 192 Subpart C-Pipe Design(24) requires pipelines to be designed to meet 

minimum design factors for the population location class.  This has been incorporated into the 

DOT regulations to reduce the likelihood of a rupture in more populated areas.   

 

The minimum design factors specified in DOT regulations(24) are: 
 

 Class 1 location (rural)   0.72 

 Class 2 location (low population area) 0.60 

 Class 3 location (suburban area)  0.50 

 Class 4 location (urban area)   0.40 

 

Pipelines with a greater wall thickness are less likely to fail due to external impact.  At lower 

operating stress, a crack or hole is also less likely to propagate to a rupture.   



 

Aera Energy LLC,  

East Cat Canyon Redevelopment – SoCal Gas Pipeline Draft QRA 

1/2018 

Page - 27 

5.6.1 US Pipeline Design Factors 

The US DOT collects data about pipeline infrastructure from operator annual reports.  This 

includes information on the total length, diameter, installation date and the population area 

classification.  In 2010, annual reporting requirements were changed to include data on pipeline 

design factors within the four DOT defined area classifications.  This data has been analyzed to 

calculate average design factors by area classification. 

 

Pipeline operator reports have been analyzed to calculate the following: 

 

Location Class 

Minimum 

Required 

Design 

Factor 

% of Pipeline Miles 
Average 

Design 

Factor 

Meets 

Minimum 

Design Factor 

Lower 

Design 

Factor 

Lower 

Design 

Factor 

Class 1 (rural) < 0.72 95% < 0.6   51% < 0.5   35% 0.6 

Class 2 (low population) < 0.6 79% < 0.5   58% < 0.4   37% 0.45 

Class 3 (suburban) < 0.5 87% < 0.4   53% < 0.3   32% 0.4 

Class 4 (urban) < 0.4 97% < 0.3   51%  0.3 

 

In 2010, most pipelines met the minimum required design factors.  At least half met the 

requirements of a location one class higher, and approximately one-third met the design factor 

for a location two classes higher.   

5.6.2 US Pipeline Failure Rates by Location Class 

An assessment has been conducted to calculate the historical rupture frequency due to external 

impact by location class.  It has been reported in literature(15) that there is an increased likelihood 

of external impact within suburban areas.  This may be from construction projects and servicing 

of other underground utilities that share the pipeline right-of-way.   

 

The PHMSA database was analyzed for the years 2002 to 2016 for ruptures and location class.  

A total of 81 pipeline rupture incidents were identified as being due to external impact, as listed 

in Table 5.3.  Using the number of identified ruptures and the reported lengths of pipelines in each 

location class, the following rupture frequencies were calculated: 

 

Location Class 

Exposure 

106 miles 

Number of Ruptures 

due to External 

Impact 

Ruptures per  

1,000 mile-years 

Class 1 3.48 64 0.018 

Class 2 0.45 5 0.011 

Class 3 0.50 11 0.022 

Class 4 0.02 1 0.056 

Total 4.45 81 0.018 

 

Within location Classes 1 and 3, a similar rupture frequency has been calculated due to external 

impact.  From historical data, smaller diameter pipelines are expected to experience a higher 
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rupture frequency, and external interference is also more likely in suburban areas.  Smaller 

transmission lines are more likely to be located beneath public streets than large diameter 

pipelines, which are more likely to be located in rural easements.  It is not possible to analyze all 

contributing factors to the rupture frequency, but it is likely that the lower pipeline design factors 

within suburban areas, offsets the high rupture frequency due to the smaller diameter pipelines 

and higher rates of external interference.   

5.6.3 Reduction in Pipeline Failure Rate Due to Reduced Design Factor 

The average design factor for a gas transmission pipeline located within a suburban Class 3 area 

has been calculated above as 0.4.  The proposed SoCal Gas pipeline will operate at a design 

factor of less than 0.2 (<20% SMYS).  Correction factors have therefore been applied to the 

pipeline failure rate to account for the lower design factor and associated increased wall thickness.   

 

The methodology selected to predict the change in failure rate due to a reduced design factor has 

been published in literature by Lyons et al(16) and adopted by the Institute of Gas Engineers and 

Managers(15).  The methodology uses fracture mechanics to predict failure rates, based on 

historical data and research performed on pipelines to measure crack propagation.  Pipeline 

failure and rupture rates are predicted using correction factors for pipeline diameter, design factor 

and wall thickness. 

 

Using the Lyons methodology, the reduction in rupture frequency due to external impact for an 8-

inch pipeline with a 0.322-inch wall thickness has been calculated as follows: 

 

Location Class 
Average Design 

Factor for Class 

Proposed SoCal 

Pipeline Design Factor 

Reduction in Rupture 

Rate due to External 

Impact 

Class 1 0.6 0.2 - 80% 

Class 3 0.4 0.2 - 70% 

 

An increase in wall thickness and reduction in pipeline design factor will also reduce the likelihood 

of pipeline rupture due to corrosion or material/construction failure.  The rupture failure rates due 

to these causes have been modified similarly to account for the reduced design factor for the 

proposed pipeline.  Due to the large forces associated with ground movement, rupture failure 

rates due to ground movements have not been modified for the reduction in design factor.   

 

5.7 Pipeline Burial Depth 

The depth at which a pipeline is laid has a significant effect on the likelihood of external impact.  

At a greater depth, it is less likely that dig activities will reach sufficient depth to impact the pipeline.  

 

The relationship between the pipeline depth and external impact has been reported in numerous 

studies over the years.  The original work using the UK gas pipeline data was derived from British 

Gas Company data in 1989.  This work has been updated to include data up till 2013, as and 

described in a report by Mumby for UKOPA(17).  The methodology provides a simple relationship 

between the depth of cover and pipeline failure rate due to external impact and has been adopted 

for the IGEM pipeline risk assessment code(15).  
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The proposed SoCal Gas pipeline will have a minimum depth of cover of 42 inches in rural areas, 

and an increase in depth to 60 inches in populated areas.  The increase in depth to 60 inches 

corresponds to a 30-percent reduction in pipeline external interference rate using the IGEM 

methodology.   

 

A review was also conducted of European pipeline data in the EGIG database(14).  Pipeline depth 

of cover is assigned into three depth ranges and is not as detailed as the UK data.  For an increase 

in pipeline depth from 42 inches to 60 inches, the pipeline failure rate due to external impact has 

been calculated to be reduced by approximately 30 percent, which is consistent with the IGEM 

risk assessment code.  

 

5.8 Project Specific Pipeline Failure Rates 

Failure rates for the proposed SoCal Gas 8-inch diameter pipeline have been developed using 

historical PHMSA data for the years 2002 to 2016.  These average pipeline failure rates include 

pipelines that were installed prior to the implementation of modern construction and maintenance 

standards.  The failure rates have, therefore, been adjusted to reflect modern pipeline 

construction, maintenance, operation, and project specific conditions (such as deeper burial and 

thicker pipe walls). 

 

Project Specific Adjustment for New Pipeline Standards 
Construction and maintenance standards have improved significantly over the last 50 years.  The 

SoCal Gas pipeline will be constructed in compliance with modern pipeline industry design and 

construction standards, which will minimize the likelihood of failure.   

 

An assessment of US pipeline age indicates that approximately 50 percent of the US gas 

transmission network was installed prior to 1970 and the implementation of the Natural Gas 

Pipeline Safety Act of 1970, and before pipelines were required to have cathodic protection.   

 

A review of pipeline failure rates due construction defect with date of installation shows a 

significant reduction of failure rate for pipelines constructed after 1965 and a further reduction in 

failure rate after 1975.  An analysis performed by EGIG(14) indicates a 75-percent reduction in 

failure rate due to material failure and corrosion for pipelines constructed after 1965.   

 

For the assessment of the proposed SoCal Gas pipeline, a reduction of 60 percent has been 

applied to the average pipeline rupture rates for material and corrosion failures to account for 

modern pipeline construction.  The same reduction has been applied to the category Other and 

Unknown.   

 

Project-Specific Adjustment for Ground Stability 

The proposed pipeline route is primarily located under roadways and road shoulders, which are 

less prone to instability.  The probability of failure due to earth movement is likely to be significantly 

lower than average.  A conservative reduction factor of 50 percent has been applied, as described 

above in Section 5.5.2. 
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Project Specific Adjustment for Design Factor 
The proposed SoCal Gas pipeline will operate at a design factor of less than 0.2 (<20% SMYS).  

The average design factor for a gas transmission pipeline located within a suburban Class 3 area 

has been calculated as 0.4, within a Class 1 rural area as 0.6.  Correction factors have, therefore, 

been applied to the average pipeline failure rates.  Within suburban Class 3 segments, a reduction 

in design factor from 0.4 to 0.2 is predicted to provide a 70-percent reduction in rupture frequency 

due to associated causes.  In Class 1 rural areas, the reduction in design factor is predicted to 

provide an 80-percent reduction in rupture frequency, as described above in Section 5.6.3.   

 

Project Specific Adjustment for Increased Pipeline Depth 

The proposed SoCal Gas pipeline will have a minimum depth of cover of 42 inches in rural areas, 

and an increase in depth to 60 inches in populated areas.  The increase in pipeline depth in 

residential and commercial areas of Orcutt corresponds to a 30-percent reduction in pipeline 

external interference rate, as described above in Section 5.7. 

 

Summary of Project-Specific Pipeline Failure Rates 

Project-specific reduction factors applied to average pipeline failure rates are listed in Table 5.4.  

These are summarized below for location Class 3 and a pipeline depth of 60 inches: 

 

Rupture Cause 

Pipeline Rupture Rate per 1,000 mile-years 

Base Rate 

Reduction Factor 

for Class 3 at  

60-inch Depth 

Project Specific 

Rate for Class 3 at 

60-inch Depth 

Pipeline Diameter 4”<d=<10” 0.12   

   Corrosion 27% of 0.12 0.12 0.0039 

   External Impact 32% of 0.12 0.21 0.0081 

   Material Failure 27% of 0.12 0.12 0.0039 

   Natural Force Damage 9% of 0.12 0.5 0.0054 

   Other and Unknown 5% of 0.12 0.12 0.0007 

Earthquake Hazard   0.0003 

Adjusted Rupture Frequency   0.022 

 

Pipeline failure rates for holes of 1 inch or greater have been estimated to occur at twice the 

frequency of a pipeline rupture, as discussed in Section 5.2.  The following failure rates have been 

applied for hole and rupture sized releases: 

 

Location Class 
Pipeline Depth of 

Cover 

Failure Rate per 1,000 mile-years 

Holes > 1-inch Rupture 

1 42 inches 0.038 0.019 

3 42 inches 0.051 0.026 

3 60 inches 0.045 0.022 
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5.9 Component Failure Rates 

Valve isolation equipment will be installed at the start, at approximately the 8.2 milepost (near 

Clark Avenue and Dominion Road) and terminus of the pipeline.  All equipment outside the ECC 

Project site will be located below ground or inside a protected area.  The potential for failure of 

component equipment has been excluded from the pipeline failure analysis, and a separate 

assessment has been conducted to estimate the failure rate associated with valves sites, the 

letdown station, and pipe connections. The results of this separate analysis were then added to 

the overall risk profiles.  

 

Most incident releases associated with valves and instrument connections will be below the US 

DOT reporting threshold.  A review was conducted of failures associated with pipeline connections 

in the PHMSA database that resulted in casualties and were, therefore, reportable.  For the years 

2002 to 2016, there were five reported events associated with transmission pipeline component 

failures.  These were: 
 

 1 contractor injury due to an ignited release when making modifications to connections. 

 3 third party vehicle impacts with above ground equipment that resulted in non-ignited 

releases. 

 1 employee injury due to impact from a valve actuator failure. 

 

Outside the ECC Project site, component equipment will be located below ground and not 

vulnerable to third party or other external interference.  Due to the lack of historical data, failure 

rates for pipeline components have been selected from generic equipment failure rates published 

in the TNO Purple Book(11). 

 

For piping of diameter greater than 6 inches: 

 

 1-inch leak on a line or segment including valves and instrument connections = 5 x 10-6 

per year. 

 At each valve location, equivalent of 2-line segments, 1-inch release = 1 x 10-5 per year. 

 At the pressure reduction station, with valve isolation and pipeline inspection attachments, 

equivalent of 4-line segments, 1-inch release = 2 x 10-5 per year. 

 

Potential releases associated with the pipeline regulator station have not been included in the 

analysis, because this equipment will be located within the Aera ECC Project site where there is 

no significant risk to the public.   

 

5.10 Ignition Probability 

Ignition probabilities for hole and rupture releases have been selected from historical data and 

published literature.   

 

Accidental gas releases from high-pressure natural gas pipelines may be ignited by an ignition 

source nearby, or the release itself may cause the generation of a spark.  Even though natural 

gas is lighter than air and the momentum of the release would cause released gas to flow 
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upwards, flammable gas may be present at ground level due to the gas temperature reductions 

due to gas expansion (cooling of the gas and increased density due to depressurization).  Large 

transmission pipeline failures have historically ignited despite the fact that the incidents occurred 

in remote rural locations, with no nearby sources of ignition.  It has been reported in literature that 

ignition may occur due to rock and metal debris impacting at high velocity and causing a spark.   

5.10.1 PHMSA Database - Ignition Probability 

The PHMSA incident database has been analyzed to estimate ignition probabilities for a release 

of natural gas.  In 2002, the incident reporting format was improved to include data on ignitions 

and explosions.  However, only incidents that meet the US DOT reporting threshold are required 

to be reported, making analysis of ignition probability for releases from small diameter pipelines 

and holes unreliable.   

 

The PHMSA release and ignition data for reported releases between 2002 and 2016 are shown 

in Table 5.4.  For rupture and hole releases, the ignition rates were calculated as: 
 

 31% ignition rate for pipeline rupture event 

 5% ignition rate for a hole release of 1-inch or greater 

 

These ignition rates may over-sample ignited releases because it is more likely that an ignited 

release will meet the reporting threshold.  An analysis of ignition rates for pipeline ruptures by line 

diameter is shown in Table 5.5.  The ignition rate has been adjusted for underreporting of smaller 

diameter ruptures as described in Section 5.3.  The following adjusted ignition rates were 

calculated by assuming all ignited releases from smaller diameter pipeline ruptures were reported:     
 

 22% average ignition rate for pipeline rupture events 

 7% ignition for a rupture of pipeline diameter 4″<d=<10″ 

5.10.2 EGIG European Database - Ignition Probability 

The EGIG database provides information on the likelihood of ignition based on hole size and 

pipeline diameter.  The following probabilities of ignition by release size were published in the 

2015 report(14): 

 

Size of Leak Ignition Probability 

Pinhole 4.4% 

Hole 2.3% 

Rupture (16-inch diameter and below) 10% 

Rupture (more than 16-inch diameter) 32% 

 

5.10.3 PIPESAFE Ignition Probability for High Pressure Gas Transmission Pipelines 

An international group of pipeline companies from Europe and Canada established the 

PIPESAFE Group in 1994 to collaborate in the study of gas transmission pipeline risk analysis.  

Pipeline transmission incident data was analyzed for the period of 1970 to 2004.  The assessment 
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of ignition probability from large natural gas pipeline releases was reported in a paper presented 

by Acton and Baldwin to the International Pipeline Conference in 2008(1) and has been adopted 

by the Institute of Gas Engineers and Managers (IGEM)(15) to predict ignition probabilities in risk 

assessment.   

 

The PIPESAFE analysis of rupture and ignition events found that ignition probability increased 

with pipeline pressure multiplied by the diameter squared.  It was noted that the ignition probability 

due to external interference was lower than that for other causes of failure.  This indicates that 

the primary cause of ignition was not due to nearby ignition sources, but may be caused by sparks 

from rock and metal debris impacting at high velocity.  

 

The ignition probability was predicted using the following relationship: 

 

 Pign = 0.0555 + 0.0137 pd2;  for 0 =< pd2 =< 57    

 

Where: 

Pign = probability of ignition 

p = pipeline operating pressure (bar), (1 bar = 14.5 psi) 

d = pipeline diameter (meter), (1 meter = 39.37 inches) 

 

The analysis focused on rupture events, and recommended estimating hole ignition probabilities 

in the same way, but halving the ignition probability due to the release being from one hole instead 

of a double ended rupture event.   

 

For the proposed SoCal Gas line, the ignition probabilities calculated using this methodology are 

as follows: 
 

 8% ignition for an 8-inch diameter pipeline rupture 

 3% ignition for a hole release of 1 inch or greater 

5.10.4 Project Ignition Probabilities 

The probability of ignition for an 8-inch pipeline failure has been calculated using US and 

European data sources.  All three methods discussed above predict similar ignition probabilities 

for rupture and hole releases.  For this pipeline QRA, the probability of ignition has been selected 

as: 
 

 8% ignition for a pipeline rupture  

 3% ignition for a hole release of 1 inch or greater 

 

Incident data does not normal distinguish between immediate and delayed ignition.  The hazards 

associated with time of ignition can be different for a large pipeline rupture where the release rate 

decays rapidly, and the gas disperses quickly due to momentum and buoyancy.  Therefore, an 

estimate has been made of the probability for immediate and delayed ignition.  A review was 

conducted of the PHMSA database for pipeline rupture events where an explosion was also 

reported.  The explosion is likely due to a pressure wave caused by a fireball on immediate 

ignition.  The numbers of explosions reported are listed in Table 5.5 by pipeline diameter.  
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Approximately 50 percent of pipeline rupture events were reported to ignite with an explosion.  

Therefore, immediate ignition has been assumed to occur in 50 percent of ignition events for the 

proposed SoCal Gas pipeline. 

 

The UK pipeline risk methodology, published by IGEM(15), recommends ignition probabilities be 

split 50/50 between immediate and delayed ignition.  This is consistent with the ignition and 

explosion data in the PHMSA database.  

 

For hole sized failures, the release rate is assumed to be sustained until the pipeline is 

depressurized.  The hazards associated with immediate and delayed ignition are similar, and no 

distinction has been made for the time of ignition.   

 

5.11 Frequency of Public Casualties Due to Pipeline Releases 

A release of any quantity of natural gas that results in a significant injury or fatality must be 

reported to the US DOT.  A search was performed of the PHMSA database to identify casualties 

due to exposure to natural gas releases for the period 2002 to 2016.  The causes of the events 

are listed in Table 5.6, and summarized as follows: 
 

Event 

Number of Casualty Events (Years 2002 to 2016) 

Casualty 

Events 
With Ignition Non-Ignition Fatality Serious Injury 

Rupture 22 14 8 11 11 

Hole 6 3 3 2 4 

Total 28 17 11 13 15 

 

Event Number of Events Casualty Events % 

Rupture 252 22 8.7% 

Hole 523 (estimate) 6 1.1% 

 

The 28 casualty events resulted in a total of 20 fatalities and 95 serious injuries.  The average 

number of casualties per event was significantly increased by one incident in 2010 in San Bruno, 

California, which caused 8 fatalities and 51 injuries. 

 

Non-Ignition Casualty Events 

There were 11 casualty events (40 percent of the total) due to the release of blast energy on 

pipeline failure.  Of these, 10 were associated with casualties to third party or contract personnel 

working in the pipeline right of way, and one event occurred when a vehicle was impacted by 

debris being ejected due to a pipeline rupture.  Fatalities occurred in 3 of these events. 

 

Pipeline Failure Due to External Impact 

Of the 28 casualty incidents, 20 involved excavation or digging activities and 2 involved personnel 

working on the pipeline when failure occurred.  Clearly, workers in the pipeline right-of-way are in 

close proximity to the pipeline if a failure occurs, and are vulnerable to a release of high pressure 

unignited gas, or fire on ignition.   
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There were a total of 57 pipeline rupture events for which failure occurred at the time of external 

impact, as listed in Table 5.3.  These failures resulted in 15 casualty events involving equipment 

operators in the immediate vicinity (9 fatality and 6 serious injury events).  For ignited rupture 

releases, the casualty rate for workers in the pipeline right-of-way was approximately 70 percent.  

For non-ignited releases, the casualty rate was approximately 15 percent.  

 

Debris 

There were 2 incidents reported due to debris being ejected from pipeline rupture events.  Both 

events involved occupants of vehicles on adjacent roads.   

 

Public Casualties 

During the 15 years of PHMSA data assessed, 7 of the 28 casualty events (25 percent) involved 

casualties to the general public, excluding workers in the pipeline right-of-way.  These incidents 

were: 
 

 2 events involved casualties to occupants of vehicles on adjacent roads, 

 4 events impacted the general public in nearby homes, and 

 1 event involved workers nearby at the time a pipeline was ruptured by earth moving 

equipment. 

 

The most vulnerable groups are workers in the pipeline right-of-way during excavation activities.  

Less likely, is a higher casualty event impacting the general public in populated areas.   
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Table 5.1 US DOT Pipeline Releases by Pipeline Diameter (2002 to 2016) 

 

 

Release Event 

Pipeline Diameter (inches) 

Total d=<4 4<d 

=<10 

10<d 

=<20 

20<d 

=<28 

d>28 

Number of Releases by Pipeline Diameter 

   Pinhole/Crack 11 26 79 49 44 209 

   Hole 31 67 93 35 25 251 

   Rupture 13 54 103 46 36 252 

Total Releases 55 147 275 130 105 712 

Exposure 106 mile-years 0.33 0.98 1.29 0.72 1.12 4.43 

   Pinholes per 1,000 mile- years 0.03 0.03 0.06 0.07 0.04 0.05 

   Holes per 1,000 mile-years 0.10 0.07 0.07 0.05 0.02 0.06 

   Ruptures per 1,000 mile-years 0.04 0.06 0.08 0.06 0.03 0.06 

All Releases per 1,000 mile-years 0.17 0.15 0.21 0.18 0.09 0.16 

 

Average US DOT pipeline diameter 2002 to 2016 = 19 inches 

 

 

 

Table 5.2 EGIG European Pipeline Release by Pipeline Diameter (1970 to 2013) 

 

 

Release Event 

Pipeline Diameter (inches) 

Total d=<4 4<d 

=<10 

10<d 

=<20 

20<d 

=<28 

d>28 

Exposure 106 mile-years 0.27 0.66 0.58 0.39 0.57 2.47 

   Pinholes per 1,000 mile- years 0.72 0.46 0.29 0.22 0.10 0.28 

   Holes per 1,000 mile-years 0.43 0.32 0.20 0.09 0.03 0.18 

  Ruptures per 1,000 mile-years 0.21 0.10 0.09 0.05 0.04 0.08 

All Releases per 1,000 mile-years 1.37 0.88 0.59 0.35 0.16 0.53 

 

Average EGIG Data pipeline diameter 1970 to 2013 = 19 inches 

Note:  Failure rates over the years have decreased significantly, and this represents 44 years of 

data.  The failure rate for the last 20 years has reduced from 0.53 to 0.29 per 1000 mile-years.   
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Table 5.3 US DOT Pipeline Rupture Events by Pipeline Diameter 

 

 

Cause 

Pipeline Diameter (inches) 

Total d=<4 4<d 

=<10 

10<d 

=<20 

20<d 

=<28 

d>28 

   External Corrosion 0 9 17 13 12 51 

   Internal Corrosion 0 8 8 2 0 18 

Total Corrosion 0 17 25 15 12 69 

   Ground Movement 1 3 9 3 6 22 

   Other Force 0 0 0 0 0 0 

Total Natural Force 1 3 9 3 6 22 

   External Impact Failure 9 22 20 4 2 57 

   Delayed Failure After Impact 1 4 14 3 2 24 

   Intentional Damage 0 0 0 0 0 0 

Total External Impact 10 26 34 7 4 81 

   Material failure of pipe or weld 2 5 15 11 9 42 

   Environmental Cracking 0 1 13 8 4 26 

Total Material Failure 2 6 28 19 13 68 

   Equipment Failure 0 1 2 0 0 3 

   Incorrect Operation 0 0 2 0 0 2 

Total Equipment/Operations 0 1 4 0 0 5 

   Miscellaneous 0 0 1 2 1 4 

   Unknown 0 1 2 0 0 3 

Total Other 0 1 3 2 1 7 

Total Number of Ruptures 13 54 103 46 36 252 

Exposure 106 mile-years 0.325 0.976 1.289 0.719 1.117 4.426 

Ruptures per 1,000 mile-years 0.040 0.055 0.080 0.064 0.032 0.057 

Adjusted Ruptures per 1,000 mile-

years 

0.184 0.120 0.080 0.064 0.032 0.057 

 

US DOT pipeline data for years 2002 to 2016 

Average pipeline diameter for US DOT transmission pipelines = 19 inches 

Adjusted to account for the under-reporting of smaller diameter pipeline releases that occur under 

the US reporting thresholds. 
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Table 5.4 Project Specific Pipeline Rupture Frequency Rates 

 

 

Rupture Cause 

Base Rate 

Rupture per 

1,000 mile-

years 

Project Specific Adjustments 
Project Specific Rates 

Rupture per 1,000 mile-years 

New 

Pipeline 

Standards 

Ground 

Stability 

Design Factor 0.2 Increased 

Pipeline 

Depth 

Class 1 

42-inch 

depth 

Class 3 

42-inch 

depth 

Class 3 

60-inch 

depth Class 1 Class 3 

Pipeline Diameter 

4”<d=<10” 

0.12         

   Corrosion 27% of 0.12 - 60%  - 80% - 70% - 0.0026 0.0039 0.0039 

   External Impact 32% of 0.12 -  - 80% - 70% - 30% 0.0077 0.0115 0.0081 

   Material Failure 27% of 0.12 - 60%  - 80% - 70% - 0.0026 0.0039 0.0039 

   Natural Force Damage 9% of 0.12  - 50% - - - 0.0054 0.0054 0.0054 

   Other and Unknown 5% of 0.12 - 60%  - 80% - 70% - 0.0005 0.0007 0.0007 

Earthquake Hazard -      0.0003 0.0003 0.0003 

Adjusted Rupture 

Frequency 

      0.019 0.026 0.022 
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Table 5.5 US DOT Pipeline Releases with Ignition (2002 to 2016) 

 

 

Release Event 

Pipeline Diameter (inches) 

Total d=<4 4<d 

=<10 

10<d 

=<20 

20<d 

=<28 

d>28 

Number of Releases by Pipeline Diameter 

   Pinhole/Crack 11 26 79 49 44 209 

   Hole 31 67 93 35 25 251 

   Rupture 13 54 103 46 36 252 

Total Releases 55 147 275 130 105 712 

Number of Ignited Releases 

   Pinhole/Crack with ignition  6 

   Hole with ignition  12 

   Rupture with ignition 2 8 26 16 27 79 

   Rupture ignition with explosion 2 2 16 5 20 45 

Ignition Probability 

   Pinhole/Crack  3% 

   Hole  5% 

   Rupture 15% 15% 25% 36% 71% 31% 

Rupture ignition probability 

corrected for DOT underreporting** 

3% 7%    22% 

 

 

** Smaller pipeline diameter rupture events may not meet the US DOT reporting threshold.  To 

calculate the potential range of ignition probability, it was assumed that all rupture events involving 

ignition were reported, and the ignition probabilities corrected as described in Section 5.3.  
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Table 5.6 US DOT Pipeline Releases with Casualty Events  (2002 to 2016) 

 

 

Pipeline Failure Type Casualty Events ** 

Cause Size 

Ignited 

Releases 

Unignited 

Releases 

Fatality 

Events 

Serious 

Injury 

Events 

Corrosion Rupture 3 1 1 3 

Hole - - - - 

Natural Force Rupture - - - - 

Hole - - - - 

External Impact Rupture 9 6 9 6 

Hole 3 2 2 3 

Material Failure Rupture 1 1 1 1 

Hole - 1 - 1 

Equipment/Operations Rupture - - - - 

Hole - - - - 

Other Rupture 1 - - 1 

Hole - - - - 

Incidents all Causes Rupture 14 8 11 11 

Hole 3 3 2 4 

Total Number of Incidents  17 11 13 15 

Number of Casualties  Rupture  18 88 

Hole  2 7 

Total Casualties   20 95 

 

 

** Highest casualty level for each event. 
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6. CONSEQUENCES OF RELEASE 

In the event of a pipeline failure, a release of natural gas may cause a hazard to the public in the 

immediate vicinity.  In the following section, the potential hazards associated with an accidental 

release have been assessed. Appendix C provides the consequence modeling input and output 

files. 

 

6.1 Material Properties 

Natural gas is comprised primarily of methane.  It is colorless, odorless, and non-toxic.  An odorant 

is added to natural gas in pipelines so that leaks can be detected during delivery and at customer 

sites before a flammable concentration can accumulate.  In high concentrations, natural gas can 

cause asphyxiation and the odorant added to the gas can be very unpleasant.   

 

Natural gas is flammable at concentrations of approximately 5 to 15 percent in air.  It is lighter-

than-air, so an unignited release will dissipate vertically.  The typical composition of natural gas 

is shown in Table 6.1. 

 

6.2 Pipeline Release Events 

A high-pressure pipeline rupture may occur suddenly and explosively.  For a buried line, the force 

of the high-pressure release can blow away the soil covering the pipeline and form a large crater 

around the release location.  The ejected debris may be thrown a significant distance causing a 

hazard to persons outside or within vehicles nearby.   

 

The release rate from a pipeline rupture decays rapidly as the contents of the high-pressure line 

are released.  Within seconds of failure, the rate of release will have dropped to a fraction of the 

peak initial value.  The maximum hazard distance, therefore, occurs within the first minute if 

ignition is immediate.  After the initial release, if there is ignition, a jet fire will continue to burn as 

a crater fire until the gas source is isolated upstream and downstream, and the pressure within 

the line falls.   

 

The rapid release of natural gas from a pipeline rupture may burn as a fireball if ignited 

immediately.  This causes intense radiation from a rising and expanding fire, which typically 

decays within 30 seconds to a crater fire.   

 

A crater/ trench fire is a jet fire in which the discharging gas jet impinges upon the side of the 

crater.  Impingement dissipates some of the momentum and redirects the jet upwards.  This 

produces a jet that is wider, shorter and more vertically orientated than for an unobstructed jet 

fire.  The hazard can therefore be greater for a crater fire than an unobstructed jet fire because 

more of the radiant heat is concentrated near the ground. 

 

Methane vapors in open conditions are not typically explosive, although an expansion burst may 

occur due to the rapid release of high pressure vapor from a pipeline rupture.  An expansion burst 

may have a similar impact and may be heard as an explosion.  A large turbulent jet with partial 

confinement has also been reported in literature to cause an explosion on ignition(8), although the 
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overpressures recorded were much lower than those associated with a large partially confined 

vapor cloud explosion.   

 

For gas pipelines, the possibility of a significant flash fire resulting from delayed remote ignition is 

extremely low due to the buoyant nature of the vapor.  Released vapors will disperse upward 

away from potential ignition sources.  The hazards associated with a delayed ignition are, 

therefore, a crater fire or sustained jet. 

 

Small leaks from natural gas pipelines do not generally cause property damage or a major hazard 

to the public.  The buoyant gas seeps through the covering soil and dissipates vertically.  Events 

that may cause a public hazard occur when the pipeline is exposed due to excavation work, or a 

large hole has sufficient energy to remove the covering soil and/or pavement.  On ignition, a 

sustained jet fire or crater fire will occur.   

 

A release of flammable natural gas may result in one or more of several different hazards, 

depending on the size of release.   

 

Two accident scenarios have been evaluated: 
 

 A rupture equal in area to the pipeline diameter which results in: 

- Immediate ignition with a fireball then subsequent crater fire.  

- Delayed ignition with crater fire.  

- High energy gas release, then un-ignited dispersion of buoyant vapor. 

 

 A leak equal in area to a 1-inch diameter hole or greater which results in: 

- Ignition with jet or crater fire.  

- Un-ignited dispersion of vapor. 

 

The probabilities of ignition for a rupture or hole release are discussed in Section 5.9.  For this 

pipeline QRA, the probability of ignition has been selected for an 8-inch pipeline as: 
 

 8% ignition for a pipeline rupture, (50% immediate, 50% delayed ignition). 

 3% ignition for a hole release of 1 inch or greater. 

 

6.3 Hazardous Release Modeling 

The methodology for calculating the release rates and hazards of a potential release are 

described in the following section.  Published formulas and publicly available hazard models have 

been used for the analysis.  These methodologies are expected to provide conservative results. 

6.3.1 Release Rate Calculations 

Release rates were calculated using standard engineering equations for gas releases.  It has 

been assumed that rupture release rates will decay rapidly as the pipeline depressurizes, and 

that hole sized releases are essentially steady state.    
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Pipeline Rupture Release Rate 

When a line ruptures, the pressure and release rate decays rapidly over the first minute.  The 

initial release rate was calculated using the widely used gas discharge equation for choked flow 

as provided in the EPA RMP Guidance for Offsite Consequence Analysis(26).  The release rate 

decay was calculated using the Wilson decay model described in the TNO Yellow Book(9), which 

predicts the mass flow rate as a function of time.  

 

Pipeline Hole Release Rate 

The equation for estimating the release rate of gas from a hole under choked conditions was as 

provided in the EPA RMP Guidance(26).  A continuous steady state release was assumed.   

6.3.2 Radiation/Blast Hazards 

Casualties may occur due to exposure to heat radiation from a fire or blast overpressure from a 

pipeline rupture.  The radiant heat is expressed as energy per unit time and area, in British thermal 

units per hour per square foot (Btu/hr-ft2).  The hazard depends on the intensity and duration of 

exposure.   

 

Fireball Radiation 

Intense thermal radiation occurs when a burning fireball is caused by the rapid release of a large 

quantity of flammable material.  An ignited release burns as an expanding, rising ball which lasts 

only a few seconds.  The radiant heat is calculated from the duration of the fireball and intensity 

of the radiation.  The calculation method used is the Hymes point-source model as described in 

the EPA RMP Guidance for Offsite Consequence Analysis(26).   

 

Jet Fire Radiation 

Thermal radiation associated with a steady state gas jet have been estimated using the jet flame 

length calculations of Wertenbach (1971), and radiation hazard calculations described in API 

Recommended Practice 521, Guide for Pressure-Relieving and Depressuring Systems(2).  This 

methodology provides conservative estimates of hazard distances.   

 

Crater Jet Fire 

The hazards associated with a large crater fire have been calculated using the equations 

developed by Stephens for the Gas Research Institute (GRI)(19).  The purpose of the methodology 

was to define potential hazard areas around high pressure natural gas pipelines, and was adopted 

by the US DOT and PIPA to identify potential HCAs.   

 

In the Stephens model, a simplified calculation for the PIR for natural gas pipelines was developed 

to provide a hazard distance based on the pipeline pressure and diameter.  The decaying nature 

of a pipeline rupture was considered in the selection of heat intensity levels.  The hazards 

associated with an initial fireball were accounted for by overestimating the intensity of the 

sustained crater fire that remains following dissipation of the fireball. 

 

The PIR hazard area is calculated using the Stephens formula as: 
 

R = 0.69 x d x p 0.5 
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Where: 

d = pipeline diameter in inches. 

p = pipeline maximum operating pressure in psig. 

R = the radius in feet. 
 

The PIR calculated for the proposed SoCal Gas transmission line is 123 feet.  
 

d = 8 inches 

p = 500 psig 

R = 123 feet 
 

The calculated PIR radius corresponds to an estimate of the radiant heat exposure in the event 

of a pipeline rupture and ignition(19).  The PIR heat intensity level selected was 5,000 Btu/hr-ft2, 

which corresponds to a 99-percent survival rate for persons exposed for 30 seconds without 

moving away from the source of heat.   

 

The model was validated against pipeline incident reports prepared by the National Transportation 

Safety Board (NTSB) and the Canadian Transportation Safety Board (TSB).  The PIR hazard 

areas calculated were greater than the actual areas of burnt ground from incident reports and 

significantly exceeded the maximum reported distance to injury or fatality.  It was concluded that 

the model provides a reasonably conservative estimate of the hazard area.  However, the 2010 

San Bruno, California, incident illustrated that greater damage may be possible in a confined 

suburban area.  The calculated PIR for the San Bruno pipeline was 414 feet, but property damage 

extended up to 600 feet.  This may have been due to the extended duration of the release.   

 

Blast Energy 

On sudden release of high pressure gas, a blast wave may occur that has similar impacts to an 

explosion.  Blast waves from unignited releases have resulted in 11 casualty incidents over the 

last 15 years.  Three of these incidents caused fatalities.   

 

The following incidents illustrate the potential hazards of an explosive high-pressure gas release: 
 

 5/4/2009  An 18-inch pipeline ruptured causing a large blast crater, and a 100-foot section 

of pipe weighing 5,000 pounds was ejected from the crater in 2 pieces.  2 occupants in a 

vehicle were injured when the vehicle crashed after impact from flying debris.   

 9/9/2010  In San Bruno, California, a 30-inch pipeline ruptured in a suburban 

neighborhood.  The rupture produced a crater approximately 72-foot long and 26-foot 

wide.  A 28-foot section of pipe weighing approximately 3,000 pounds was ejected, landing 

100 feet from the crater.  

 11/8/2010  A man was working near an 8-inch pipeline when it ruptured due to external 

impact.  He was reported to have been thrown 80 feet by the unignited energy blast, 

causing fatality. 

 

The blast wave has been modeled using the TNO Yellow Book(9) method.  This uses the Baker 

method to calculate the energy released and estimate the effect of the blast wave.  This 

methodology is also described in the 1994 CCPS book, Evaluating the Characteristics of Vapor 
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Cloud Explosions, Flash Fires, and BLEVEs(8).  The Baker method was developed to estimate the 

blast effects from vessel failure and has been used here to estimate the potential impact distances 

from a high-pressure pipeline failure. 

 

6.4 Levels of Concern and Vulnerability Criteria 

The following levels of concern have been selected as minimum exposure levels that may result 

in a serious injury or fatality.  Personnel exposed to a minimum level of exposure are not 

necessarily seriously or fatally injured.  Personnel may be sheltered within vehicles or buildings, 

or be able to find shelter from exposure.  This is called the vulnerability and is the probability that 

a person exposed within the distance to a level of concern will suffer a serious injury or fatality.   

 

The hazardous exposures are not at the same intensity within the distance to a level of concern.  

Closer to the fire or blast, the vulnerability will be higher.  Average vulnerabilities have been 

estimated within the distance to a level of concern. 

6.4.1 Fire Radiation Levels of Concern 

Jet fires produce radiant heat, and the effects are dependent on the level of intensity and the 

duration of exposure.  Thermal radiation levels of 1,600 Btu/hr-ft2 and 3,200 Btu/hr-ft2 correspond 

to approximately the minimum level for serious injury (second degree burns) and potential fatality.  

A radiation level of 11,000 Btu/hr-ft2 is a level of concern at which a person outside would be 

seriously injured or would suffer a fatality due to high-heat radiation and ignition of clothing. 

 

The probability of fatality outdoors has been calculated as 1 percent for an exposure of 3,200 

Btu/hr-ft2 for 30 seconds.  This is based on the radiation probit equations published in the TNO 

Green Book(10).  The fatality rate will decease within the distance from the fire to the minimum 

fatality distance.  Within the area from the fire to 11,000 Btu/hr-ft2, all persons outside are assumed 

to be fatalities or suffer serious injuries.  An average vulnerability of 10 percent has been 

estimated within the area from 11,000 Btu/hr-ft2 to 3,200 Btu/hr-ft2.  An average of 20 percent of 

serious injuries has also been estimated between the radiation levels of 11,000 Btu/hr-ft2 to 1,600 

Btu/hr-ft2. 

 

Personnel within buildings have protection from radiant heat, but may be vulnerable to burning 

debris or high radiant heat causing the house to catch fire.  For radiation levels greater than 

11,000 Btu/hr-ft2, a casualty rate of 50 percent has been assumed.  Buildings provide significant 

protection from radiant heat, and at radiations levels less than 11,000 Btu/hr-ft2, only those near 

open windows or doors who are unable to escape may suffer casualties. 

 

The following average fire vulnerabilities have been applied: 
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Severity Level Thermal Radiation Range 

Average 

Vulnerability 

of People In 

Buildings 

Average 

Vulnerability 

of People 

Outdoors 

Potential Fatality Fire to 11,000 Btu/hr-ft2 0.10 0.50 

Significant Injury Fire to 11,000 Btu/hr-ft2 0.40 0.50 

Potential Fatality 11,000 Btu/hr-ft2 to 3,200 Btu/hr-ft2 0.01 0.10 

Significant Injury 11,000 Btu/hr-ft2 to 1,600 Btu/hr-ft2 0.04 0.20 

 

6.4.2 Fireball Radiation Levels of Concern 

The effect of a fireball on exposed persons will depend on the radiant heat and the duration of 

exposure.  The exposure time is the duration of the fireball, which is typically only a few seconds.  

Personnel outside within the fireball area are assumed to be unable to escape and are likely to 

be casualties due to the intense heat.  Personnel within a building or vehicle will have some 

protection, although they are vulnerable to being trapped inside a burning building.  

 

The potential levels of injury and fatality have been estimated using the same radiation probit 

equations as for fires, adjusted for the shorter duration of a fireball.  The following average 

vulnerability levels have been estimated: 
 

Severity Level 
Thermal Radiation 

Range 

Average 

Vulnerability of 

People In Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to Fireball Radius 0.10 0.50 

Significant Injury Source to Fireball Radius 0.40 0.50 

Potential Fatality Fireball to 1% lethality 0.01 0.10 

Significant Injury Fireball to 1% injury 0.04 0.20 

 

6.4.3 Blast Energy Levels of Concern 

Most injuries and fatalities which result from an explosion or blast occur due to falling masonry or 

equipment, not directly from the overpressure.  Personnel within buildings are, therefore, more 

vulnerable to injury or fatality.  Personnel outside can physically withstand much high levels of 

overpressure, and mainly suffer casualties due to debris.   

 

The effects of overpressure on personnel and buildings are summarized as follows: 
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Overpressure 

(psi) 
Description of Human Impact 

Description of Building 

Impact 

0.5 Possible minor injury from broken glass or 

falling fixtures 

Windows may be broken 

1 Skin laceration from flying glass and other 

debris may require medical attention. 

Creates equivalent wind gust of 40 mph. 

Internal damage to buildings.  

Glass breaks with force 

3 May be blown off feet.  Possible eardrum 

rupture.   

Serious injury inside buildings due to 

building damage. 

Steel frame buildings may be 

distorted, partial collapse of 

wall. 

6 Eardrum rupture. 

Injury due to flying debris outdoors, or from 

being blown off feet 

Potential fatality within buildings. 

Heavy damage to unreinforced 

buildings.  

 

10 Threshold for lung hemorrhage.   

Potential fatality outdoors due to impact. 

Multiple fatalities within buildings. 

Buildings totally destroyed 

 

These human and equipment damage levels have been used to derive casualty probabilities.  An 

assessment has also been made of casualties that occurred in the last 15 years due to blast 

overpressure.  For non-ignited pipeline releases, the casualty rate was calculated as 

approximately 15 percent for workers outside and in the immediate vicinity of a pipeline failure, 

as discussed in Section 5.11.  Average vulnerabilities within overpressure ranges have been 

conservatively estimated as follows: 

 

Severity Level 
Overpressure Range 

(psi) 

Average 

Vulnerability of 

People In Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Greater than 10 psi 0.50 0.10 

Significant Injury Greater than 6 psi 0.30 0.20 

Potential Fatality 3 psi to 10 psi 0.20 - 

Significant Injury 1 psi to 6 psi 0.20 - 
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6.5 Calculation of Hazard Distances 

Hazard distances for the identified release scenarios have been calculated as described in 

Section 6.3 to the vulnerability levels of concern defined in Section 6.4 above.  These represent 

the minimum exposure levels that may result in a serious injury or fatality, and average 

vulnerabilities have been estimated within these areas.   

 

Hazard zones have been calculated to the selected levels of concern using the natural gas 

properties, release quantities, and typical weather conditions.  The following assumptions were 

made in calculating the hazard distances: 
 

 A pipeline rupture is assumed to be a guillotine failure, with gas being released from both 

the upstream and downstream sides of the failure.   

 Release quantities from a pipeline rupture have been estimated by calculating the rapid 

decay in flow rate during the first few seconds of release.   

 The flammable mass within an initial fireball is equal to the mass released in the first 5 

seconds, which is the approximate duration of the fireball.  

 The blast energy on pipeline rupture has been estimated from the first 1 second of high 

pressure gas released, and assuming all the energy is converted into the blast wave.   

 A hole release is assumed to be continuous for the purpose of quantifying the maximum 

hazard distance. 

 A hole release of 1-inch diameter or greater is represented by a 2-inch hole for the 

calculation of hazard distances.   

 Hole releases are represented as crater or trench fires, due to the likelihood of a flame 

impacting the crater or trench wall.   

 

The calculated radiation and blast energy hazard distances are shown in Table 6.2.   
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Table 6.1 Natural Gas Properties 

 

 

Property Natural Gas  

Composition % mol:  

 N2/O2 1.14 

 CO2 1.49 

 C1 87.2 

 C2 7.71 

 C3 1.89 

 C4 0.40 

 C5 0.13 

 C6 + 0.05 

  

Average properties:  

MW 18.5 

LFL %  mol 4.8 

UFL % mol 14.7 

Specific Gravity (Air=1) 0.64 

Ratio of Specific Heats Cp/Cv 1.30 

Heat of Combustion 21,000 Btu/lb 

 

 

 

  



 

 

Aera Energy LLC,  

East Cat Canyon Redevelopment – SoCal Gas Pipeline Draft QRA 

1/2018 

Page - 50 

Table 6.2 Release Hazard Distances 

 
 

Hazard Release Quantity 

Hazard Distance from Release (ft) 

High 

Casualty** 

Fatality** Injury** 

Pipeline Rupture 

Fireball 2,600 lb in 5 secs 100 250 360 

Crater Fire Initial release rate 

35,000 lb/min 

82 150 220 

Blast – Indoor 

Hazard 

Pipeline burst energy 25 40 90 

Blast – Outdoor 

Hazard 

Pipeline burst energy - 20 25 

Pipeline Hole Releases 

Crater Fire 

2-inch hole 

1,100 lb/min 20 40 50 

Crater Fire 

1-inch hole 

270 lb/min 10 20 30 

 

 

**   Fire radiation hazards: 

High casualty level = 11,000 Btu/hr-ft2  (35 kW/m2) 
Potential fatality = 3,200 Btu/hr-ft2  (10 kW/m2) 
Potential injury = 1,600 Btu/hr-ft2  (5 kW/m2) 

     Fireball radiation hazards: 
High casualty level = fireball radius 
Potential fatality = equivalent dose of 3,200 Btu/hr-ft2  (10 kW/m2) for 40 seconds 
Potential injury = equivalent dose of 1,600 Btu/hr-ft2  (5 kW/m2) for 40 seconds 

     Blast overpressure hazards indoors: 
High casualty level = greater than 6 psi overpressure 
Potential fatality = 3 psi to 6 psi overpressure 
Potential injury = greater than 1 psi overpressure 

     Blast overpressure hazards outdoors: 
Potential fatality = greater than 10 psi overpressure 
Potential injury = greater than 6 psi overpressure 
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7. CALCULATION OF PIPELINE SOCIETAL RISK 

The public risk of a hazardous release from the proposed 8-inch SoCal Gas pipeline has been 

calculated in terms of the public risk of serious injury and fatality.  The acceptability of these risks 

has been evaluated against the Santa Barbara County societal risk criteria for total public risk 

along the pipeline route.   

 

The risks have been calculated by combining the likelihood of a release, as discussed in Section 

4, the hazards of the event, as described in Section 5, and the number of persons potentially 

exposed, as described in Section 2.3, Population Distribution.  The probabilities of various 

outcomes were estimated using event tree analysis, as discussed below.   

 

7.1 Release Events Trees 

Incident event trees have been used to calculate the probability of each potential outcome for 

each release event.  The likelihood for public impact depends on the release size, cause of failure, 

release location, and probability of ignition.  Event trees for pipeline rupture and leak releases are 

shown in Figures 7.1 and 7.2 respectively.  The following event tree conditional probabilities have 

been applied: 

 

Branch 1:  Ignition 

The probabilities of ignition for a pipeline release are discussed in Section 5.10.  Historical ignition 

data and published research have been assessed to select the following probabilities for an 8-

inch pipeline: 
 

 8% ignition for a pipeline rupture. 

 3% ignition for a hole release of 1 inch or greater. 

 

Branch 2:  Immediate Ignition 

Ignition may occur within the first 30 seconds due to the energy of the release, the activity causing 

the incident, vehicles in the vicinity, or other electrical source.   It has been estimated that 50 

percent of ignitions will be essentially immediate.   

 

Immediate ignition of a pipeline rupture will result in a short duration fireball followed by a crater 

fire.  A crater fire will burn until the source of gas can be isolated.  For hole sized releases, the 

consequences for an immediate or delayed ignition are similar, and no distinction has been made 

for the time of ignition.   

 

The probabilities of the various outcomes of a natural gas pipeline rupture are illustrated as an 

event tree in Figure 7.1 as follows: 
 

 Fireball and crater fire     0.04 (4%) 

 Crater fire      0.04 (4%) 

 Blast overpressure and vapor dispersion  0.92 (92%) 

 

The probabilities for a pipeline hole release are illustrated as an event tree in Figure 7.2 as follows: 
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 2-inch hole crater fire     0.03 (3%) 

 Vapor dispersion     0.97 (97%) 

 

7.2 Calculation of Societal Risks 

The risks to public populations have been calculated and summated as societal risk.  For each 

release scenario, the potential number of serious injuries or fatalities is calculated from the area 

that may be impacted, the probability of ignition, the number of people within the impacted area, 

and then applying a vulnerability based on if the populations are located inside buildings or 

vehicles, or outside.   

 

Three population categories have been assessed to calculate the total number of public 

casualties: 

 

General Population 

General population densities have been assigned to each pipeline segment, as described in 

Section 2.5.  The distributions of people indoors and outdoors, and during the day and night, have 

been estimated for the calculation of vulnerability to a hazardous release.   

 

Vehicle Occupants 

The proposed pipeline route is located under public roads or road shoulders for most of the route.  

In the event of a pipeline failure, vehicle occupants may be in close proximity to the release.  

Traffic densities on adjacent roads have, therefore, been added to the general population 

densities.  Road traffic densities listed in Tables 2.1 and 2.2 have been used to estimate the 

number of vehicles, and it was assumed that there were two people per vehicle.   

 

Workers in the Right-of-Way 

In the event of a pipeline failure due to external impact, workers may be within the pipeline right-

of-way conducting excavation or other surface intrusion activities that cause the failure.  These 

are typically third-party contractors or farm workers, who may be in close proximity to a hazardous 

energy blast or fire.  The potential for exposure has been calculated from the likelihood of pipeline 

failure due to external impact, as discussed in Section 5.11.   

 

The area of the impact zone that is located within the roadway is not included in generating an 

estimate of the number of persons exposed, except for persons located within vehicles and 

workers in the right of way.   

 

Calculation of Risk 

The risks have been calculated for each pipeline route segment with similar characteristics using 

the following equation: 
 

Likelihood of release  X  Probability of serious injury or fatality =  Risk 
 

The public risks for each pipeline segment have been summed to calculate the total risk along 

the pipeline route.  Ancillary equipment risks were added for those segments that contain the 

ancillary equipment. 
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Societal risks are presented as F-N curves, also called risk profiles.  F-N curves are logarithmic 

plots of the cumulative frequency (F) of an event against the number of N or more potentially 

serious injuries or fatalities.  Societal risk provides a measure of one or more public casualties 

along a pipeline route.  Appendix B provides the detailed risk calculation for the pipeline route. 

 

7.3 SBC Societal Risk Criteria 

Santa Barbara County requires an assessment of the significance of impacts to public safety 

associated with an application for a land-use permit.  The safety thresholds are intended to 

measure the acceptability of involuntary public exposure to hazardous materials.  Such activities 

include facilities that handle or transport hazardous materials.   

 

A societal risk profile is required for gas and hazardous liquid pipelines(20).  The thresholds for risk 

acceptability of serious injury or fatality to the public are defined by the SBC societal risk criteria(21).  

The SBC definition of a “serious injury” is physical harm to a person that requires significant 

medical intervention.  These thresholds provide three zones of significance; green, amber and 

red, for determining the acceptability of involuntary public exposure to acute hazardous material 

risks resulting from new or modified developments.  The three zones are defined as follows and 

shown on the societal risk profiles in Figures 7.3 through 7.6: 

 

Green: Less than significant impact to public safety and no mitigation (or additional 

mitigation) is required for purposes of compliance.   

Amber: Potentially significant public impact, which can be reduced or avoided by 

implementation of mitigation measures. 

Red: Significant public impact, which can be reduced by implementation of 

mitigation measures. 

 

Fixed facility societal risk criteria have been widely utilized in international countries.  The 

development and implementation of societal risk criteria has been described in the CCPS book, 

Guidelines for Developing Quantitative Safety Risk Criteria (2009)(7).  This book primarily focuses 

on the use of risk criteria for fixed facilities.  The SBC Significant Risk (Red) criterion is equivalent 

to the most stringent international criteria for maximum tolerable risk for fixed facilities.   

 

7.4 Pipeline Societal Risk Profiles 

The total risk along the pipeline route has been calculated by summing the risk of serious injury 

and fatality for each pipeline segment as described above in Section 7.2.  Risk profiles for the 

combined length of the pipeline route are shown as F-N curves in Figures 7.3 and 7.4 against the 

SBC acceptability criteria.  These risks are within the following zones for acceptability:



 

 

Aera Energy LLC,  

East Cat Canyon Redevelopment – SoCal Gas Pipeline Draft QRA 

1/2018 

Page - 54 

 

 Risk of serious injury profile is within the green “Insignificant Risk” zone for acceptability. 

 Risk of fatality profile is within the green “Insignificant Risk” zone for acceptability. 

 

 

7.5 Conclusions 

The public risk of a hazardous release from the proposed 8-inch SoCal Gas utility pipeline has 

been calculated in terms of the public societal risk of serious injury and fatality.  The pipeline route 

has been assessed for acceptability of the risk of the combined pipeline length against the SBC 

risk profiles.   

 

The pipeline route passes through the town of Orcutt, where the highest risk segment is located 

on Clark Avenue in a residential and commercial area.  The risks of serious injury and fatality for 

the combined pipeline length are within the SBC Insignificant Risk zone.  The proposed route also 

passes within 1500 feet of five schools, which may require an assessment of the safety hazard, 

following California Department of Education protocols to assess the acceptability of the risk.  

Appendix D presents the results of the CDE protocol analysis for the closest school tot eh piepline 

route.  Risk levels are in the CDE acceptable category. 

 

Pipelines typically have an operational life of 50 years or more.  During this time, there is likely to 

be additional residential and commercial development on land adjacent to the pipeline.  The risk 

calculations have been performed using conservative assumptions, although with a significant 

increase in population density, the risks associated with the pipeline may change and should be 

reassessed.   
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Figure 7.1 Event Tree for Pipeline Rupture Release 
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Figure 7.2 Event Tree for Pipeline Hole Release 
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Figure 7-3  FN Curve for Pipeline Fatality 
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Figure 7-4  FN Curve for Pipeline Serious Injury 
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APPENDIX A 

 

 

ACRONYMS AND ABBREVIATIONS 
 

 

ADL Arthur D. Little 

ADT Average Daily Traffic 

Aera Aera Energy LLC 

API American Petroleum Institute 

BLEVE boiling liquid, expanding vapor explosion 

Btu British thermal unit 

Btu/hr-ft2 British thermal units per hour per square foot 

CA California 

CCPS Center for Chemical Process Safety of the American Institute of Chemical 

Engineers 

CDE California Department of Education 

CFR Code of Federal Regulations 

CPF Central Processing Facility 

CPUC California Public Utility Commission 

DOT U.S. Department of Transportation 

DRC Dixon Risk Consulting 

EAC Environmentally Assisted Cracking 

ECC East Cat Canyon 

EGIG European Gas Pipeline Incident Data Group 

EPA US Environmental Protection Agency 

F Frequency 

F-N Cumulative Frequency-Number of 1 or more 

FERC Federal Energy Regulatory Commission 

ft feet/foot 

g acceleration due to gravity 

GRI Gas Research Institute 

HazMat Hazardous Material 

HCA High Consequence Area 

HDD horizontal directional drilling 

HIC Hydrogen Induced Cracking 
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hr hour 

Hwy Highway 

IGEM Institute of Gas Engineers and Managers 

IMP Integrity Management Program 

km kilometer 

kW/m2 kilowatts per meter squared 

lb pound 

lb/min pounds per minute 

LFL lower flammability limit 

MAOP Maximum Allowable Operating Pressure 

min minute 

mm millimeter 

m/s meters per second 

mph miles per  hour 

MW molecular weight 

N number of casualties 

NACE National Association of Corrosion Engineers 

NGL natural gas liquids 

NPS Nominal Pipeline Size 

NTSB National Transportation Safety Board 

OPS Office of Pipeline Safety 

PGA peak ground acceleration 

PHMSA Pipeline and Hazardous Materials Safety Administration 

PIPA Pipelines and Informed Planning Alliance 

PIR Potential Impact Radius 

PQRA Pipeline Quantitative Risk Assessment 

Project East Cat Canyon Redevelopment Project  

psig pounds per square inch gauge 

QRA Quantitative Risk Assessment 

RMP Risk Management Program 

ROP Regional Occupational Program 

SBC Santa Barbara County 

SCADA supervisory control and data acquisition 

SCC Stress Corrosion Cracking 

secs seconds 

SMYS specified minimum yield stress 
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TNO Toegepast Natuurwetenschappelijk Onderzoek (The Netherlands 

Organization for Applied Scientific Research) 

TSB Canadian Transportation Safety Board 

UFL upper flammability limit 

UK United Kingdom 

UKOPA UK Onshore Pipeline Operators Association 

US United States 

US DOT United States Department of Transportation 

USGS United States Geological Survey 
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RISK CALCULATIONS 

 

 



Pipeline Route  for 500 psig and 20% SMYS - Combined Route

Calc of Project Adjustment Factors
Base Rate 8-inch Rupture per mile-yr = 1.20E-04
Base rate is the corrected rate from PHMSA, corrected for smaller diamter releases that are underreported

Rupture Cause New Increased    Rupture Project Specific Rates Hole Release Project Specific Rates
Cause Fraction Pipeline 

Standards
Ground 
Stability

Class 1 Class 3
Depth of 

Cover

Class 1 
42-inch 
Depth

Class 3
42-inch 
Depth

Class 3
60-inch 
Depth

Class 1 
42-inch

Class 3
42-inch

Class 3
60-inch

Class 1 
42-inch

Class 3
42-inch

Class 3
60-inch

Corrosion 0.27 0.40 1.00 0.20 0.30 1.00 0.08 0.12 0.12 2.59E-06 3.89E-06 3.89E-06 5.18E-06 7.78E-06 7.78E-06
External Impact 0.32 1.00 1.00 0.20 0.30 0.70 0.2 0.3 0.21 7.68E-06 1.15E-05 8.06E-06 1.54E-05 2.30E-05 1.61E-05
Material Failure 0.27 0.40 1.00 0.20 0.30 1.00 0.08 0.12 0.12 2.59E-06 3.89E-06 3.89E-06 5.18E-06 7.78E-06 7.78E-06

Natural Force Damage 0.09 1.00 0.50 1.00 1.00 1.00 0.5 0.5 0.5 5.40E-06 5.40E-06 5.40E-06 1.08E-05 1.08E-05 1.08E-05
Other / Unknown 0.05 0.40 1.00 0.20 0.30 1.00 0.08 0.12 0.12 4.80E-07 7.20E-07 7.20E-07 9.60E-07 1.44E-06 1.44E-06

Earthquake Hazard 2.60E-07 2.60E-07 2.60E-07 5.40E-07 5.40E-07 5.40E-07
Total  Frequency 1.90E-05 2.57E-05 2.22E-05 3.80E-05 5.14E-05 4.45E-05

PA Adjustment, 60" Class 3 --> 0.19

Calc of ROW workers present at time of failure

    Rupture Project Specific Rates Hole Release Project Specific Rates
Rupture Cause Class 1 

42-inch
Class 3
42-inch

Class 3
60-inch

Class 1 
42-inch

Class 3
42-inch

Class 3
60-inch

External Impact 0.28 0.31 0.25 0.28 0.31 0.25

Right of way workers are present during external impact failures.  
70% of external impact events, fail at the time of impact

      Correction FactorsDesign Factor 0.2
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Pipeline Route-1   for 500 psig,  20% SMYS
and Urban Depth of Cover Increase
Modeling Probabilities and Hazard Distances/Areas

Release and Event Tree Probabilities Rupture Hole RoW Prob

Class-1/DoC 42in per mile-yr = 1.90E-05 3.80E-05 0.28

Class-3/DoC 42in per mile-yr = 2.57E-05 5.14E-05 0.31

Class-3/DoC 60in per mile-yr = 2.22E-05 4.45E-05 0.25

Rupt: Rupture ignition = 0.08

Immediate Igntion = 0.5 Not in tree, ext imp

Workers in pipeline RoW = 0.26

Fireball 0.04

Crater Fire 0.04

Exposure to blast/debris 0.92

Holes Hole Ignition = 0.03

2-inch Crater fire 0.03

Vulnerabilities

For crater, jet and fireball (equiv dose for short duration)

Fire Vulnerabilities Fire to Fire to

Fire Fire 10kW/m2 5kW/m2

Fatal Injury Fatal Injury

Outdoor 0.5 0.5 0.1 0.2

Indoor 0.1 0.4 0.01 0.04

Blast Vulnerabilities

>10psi >6psi 3-10psi 1-6psi

Fatal Injury Fatal Injury

Outdoor 0.1 0.2 0 0

Indoor 0.5 0.3 0.2 0.1

Roadway 1/2 Width, ft 32.5

Area

Rupture Hazard Distances Fire Roadway Area minus fire

Fireball (ft) (ft2) (ft)2 & rdwy (ft)2

Fire high casualty (ft) = 100 12,767 18,649 18,649

Distance to Fatality = 250 32,408 163,941 145,293

Distance to Injury = 360 46,736 360,414 341,766

Area

Fire Roadway Area minus fire

Rupture Crater (ft) (ft2) (ft)2 (ft)2

Fire high casualty (ft) = 82 10,374 21,124 21,124

Distance to Fatality = 150 19,346 70,686 49,562

Distance to Injury = 220 28,496 152,053 130,929

Area

Roadway Area minus high

Blast - Outdoors (ft) (ft2) (ft)2 (ft)2

High casualty (ft) = 0 0 0 0

Distance to Fatality = 20 0 1,257 1,257

Distance to Injury = 25 0 1,963 1,963

Area

Roadway Area minus high

Blast - Indoors (ft) (ft2) (ft)2 (ft)2

No houses in 30ft High casualty (ft) = 0 0 0 0

Distance to Fatality = 40 4,551 5,027 5,027

Distance to Injury = 90 11,440 25,447 25,447
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Pipeline Route-1   for 500 psig,  20% SMYS
and Urban Depth of Cover Increase
Modeling Probabilities and Hazard Distances/Areas

Area

Hole Hazard Distances Fire Roadway Area minus fire

2-inch Hole Crater (ft) (ft2) (ft)2 (ft)2

Fire high casualty (ft) = 20 0 1,257 1,257

Distance to Fatality = 40 4,551 5,027 3,770

Distance to Injury = 50 6,008 7,854 6,597

Probability of Population In/Out

80% 20% 95% 5%

Day Day-In Day-Out Night Night-In Night-Out

Resid / Rural 1 0.8 0.2 1 0.95 0.05

Commercial 1 0.8 0.2 0.05 0.0475 0.0025

Industrial 1 0.8 0.2 0.2 0.19 0.01

Agricultural 1 0.2 0.8 0.05 0.0475 0.0025

Mixed Res/Com 1 0.8 0.2 0.525 0.4988 0.0263

Agricultural / Rural 1 0.2 0.8 0.1 0.095 0.005

Industrial-L / Rural 1 0.8 0.2 0.2 0.19 0.01

Unpop 1 0 1 1 0 1

Vehicle Impacts Fireball to high radiation limit only

Non-Highway streets add 0.25 vehicles per ADT max day = 3.51E-05

Non-Highway streets for night, 0.20 of max day = 7.01E-06

Highways add 2.5 vehicles per ADT 3.51E-05

Highway streets for night 0.2 of max day = 7.01E-06

Pipeline Right-of-Way workers

During day only. Prob of external impact cause cells G4 to G6 Example Class 3 depth-of-cover 60 in

C3 / 60-in prob of excavation rupture during day 0.25 x 2 = 0.51

70% of ruptures occur at time of impact 0.51 x 0.7 = 0.36

Assumed 3 persons in RoW area 3

Day Prob per person = 1.524248425

Ancilliary Equipment, Public or 3rd party Worker Exposure

Risk of release at each location = 1.00E-05

Ignition Prob 0.03 x immediate ignition 0.5 = 0.015

Event frequency for crater fire, immediate ignition = 1.50E-07

Overall prob of public, 50% presence at time of failure 50/50 3rd party = 0.25

Assumed 3 persons in equipment area 3

Prob of exposure per person = 0.75

Crater fire vulnerability fatality = 0.1

Crater fire vulnerability injury = 0.2

Vehicles Per Foot Calc

ADT 15000

Speed, mph 45

Vehicles/foot 0.00263047

Fireball exposed veh 0.53 vehicles total exposed

vehicles/ADT 3.5073E-05
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Probs of Population Locations

Section Name Section Population Day / Day / Pop Density
Group 

Density

DOT  
Location 
Class / Road

Number 
Vehicles 
Fireball

Number 
RoW 

Workers

Prob of 
RoW 

Workers Day / 
ID miles Type Night Night Inside Outside per mile2 per ft2 DoC ADT Impact Present Night
1-1 Graciosa 2.2 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in 300 0.011 3 0.40 Day

Night 0.5 0.95 0.05 0.002 0 0 Night
1-2 Graciosa 0.2 Rural / Res-ML Day 0.5 0.8 0.2 1010 3.62E-05 C3 - 60 in 1500 0.053 3 0.36 Day

Night 0.5 0.95 0.05 0.011 0 0 Night
1-3 Graciosa 0.3 Res-M / Res-ML Day 0.5 0.8 0.2 2500 8.97E-05 C3 - 60 in 1500 0.053 3 0.36 Day

Night 0.5 0.95 0.05 0.011 0 0 Night
1-4 Orcutt Rd 0.4 Res-M Day 0.5 0.8 0.2 3000 1.08E-04 C3 - 60 in 2000 0.070 3 0.36 Day

Night 0.5 0.95 0.05 0.014 0 0 Night
1-5 Orcutt Rd 0.1 Com-L Day 0.5 0.8 0.2 1000 3.59E-05 C3 - 60 in 2000 0.070 3 0.36 Day

Night 0.5 0.0475 0.0025 0.014 0 0 Night
1-6 Clark Ave 0.9 Res-M / Res-ML Day 0.5 0.8 0.2 2500 8.97E-05 C3 - 60 in 10000 0.351 3 0.36 Day

Night 0.5 0.95 0.05 0.070 0 0 Night
1-7 Clark Ave 0.3 Com-M Day 0.5 0.8 0.2 5000 1.79E-04 C3 - 60 in 15000 0.526 3 0.36 Day

Night 0.5 0.0475 0.0025 0.105 0 0 Night
1-8 Clark Ave 0.9 Res-M Day 0.5 0.8 0.2 3000 1.08E-04 C3 - 60 in 10000 0.351 3 0.36 Day

Night 0.5 0.95 0.05 0.070 0 0 Night
1-9 Clark Ave 0.3 Road-H Day 0.5 0 1 2 7.17E-08 C3 - 420 in 42,000 0.133 3 0.36 Day

Night 0.5 0 1 0.027 0 0 Night
1-10 Clark Ave 0.6 Ag Day 0.5 0.2 0.8 200 7.17E-06 C1 - 42 in 5180 0.182 3 0.40 Day

Night 0.5 0.095 0.005 0.036 0 0 Night
1-11 Clark Ave 0.5 Res-M / Rural Day 0.5 0.8 0.2 1510 5.42E-05 C3 - 42 in 3000 0.105 3 0.44 Day

Night 0.5 0.95 0.05 0.021 0 0 Night
1-12 Clark Ave 1.5 Ag / Rural Day 0.5 0.2 0.8 110 3.95E-06 C1 - 42 in 3000 0.105 3 0.40 Day

Night 0.5 0.095 0.005 0.021 0 0 Night
1-13 Dominion 3.5 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in 1050 0.037 3 0.40 Day

Night 0.5 0.95 0.05 0.007 0 0 Night
1-14 Palmer 0.5 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in 1050 0.037 3 0.40 Day

Night 0.5 0.95 0.05 0.007 0 0 Night
1-15 Cat Canyon 1.7 Ind-L / Rural Day 0.5 0.8 0.2 510 1.83E-05 C1 - 42 in 850 0.030 3 0.40 Day

Night 0.5 0.19 0.01 0.006 0 0 Night
1-16 ECC Project 0.1 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in N/A 0.000 3 0.40 Day

Night 0.5 0.95 0.05 0 0 Night
Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divided by group number

B-5



Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Frequ of 
Rupture

Frequ of 
Hole

Frequ of 
Fireball

Frequ of 
Crater F

Frequ of 
Blast

Frequ of 2" 
Hole Fire

Frequ of 
Fireball

Frequ of 
Crater F

Frequ of 
Blast

Frequ of 2" 
Hole Fire

per year per year per year per year per year per year per year per year per year per year
2.09E-05 4.18E-05 5.05E-07 5.05E-07 1.16E-05 7.58E-07 3.31E-07 3.31E-07 7.62E-06 4.97E-07
2.09E-05 4.18E-05 8.36E-07 8.36E-07 1.92E-05 1.25E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2.22E-06 4.45E-06 5.73E-08 5.73E-08 1.32E-06 8.59E-08 3.16E-08 3.16E-08 7.27E-07 4.74E-08
2.22E-06 4.45E-06 8.89E-08 8.89E-08 2.04E-06 1.33E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-06 6.67E-06 8.59E-08 8.59E-08 1.98E-06 1.29E-07 4.74E-08 4.74E-08 1.09E-06 7.12E-08
3.33E-06 6.67E-06 1.33E-07 1.33E-07 3.07E-06 2.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
4.44E-06 8.89E-06 1.15E-07 1.15E-07 2.63E-06 1.72E-07 6.32E-08 6.32E-08 1.45E-06 9.49E-08
4.44E-06 8.89E-06 1.78E-07 1.78E-07 4.09E-06 2.67E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.11E-06 2.22E-06 2.86E-08 2.86E-08 6.59E-07 4.30E-08 1.58E-08 1.58E-08 3.64E-07 2.37E-08
1.11E-06 2.22E-06 4.44E-08 4.44E-08 1.02E-06 6.67E-08 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.00E-05 2.00E-05 2.58E-07 2.58E-07 5.93E-06 3.87E-07 1.42E-07 1.42E-07 3.27E-06 2.13E-07
1.00E-05 2.00E-05 4.00E-07 4.00E-07 9.20E-06 6.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-06 6.67E-06 8.59E-08 8.59E-08 1.98E-06 1.29E-07 4.74E-08 4.74E-08 1.09E-06 7.12E-08
3.33E-06 6.67E-06 1.33E-07 1.33E-07 3.07E-06 2.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.00E-05 2.00E-05 2.58E-07 2.58E-07 5.93E-06 3.87E-07 1.42E-07 1.42E-07 3.27E-06 2.13E-07
1.00E-05 2.00E-05 4.00E-07 4.00E-07 9.20E-06 6.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-06 6.67E-06 8.59E-08 8.59E-08 1.98E-06 1.29E-07 4.74E-08 4.74E-08 1.09E-06 7.12E-08
3.33E-06 6.67E-06 1.33E-07 1.33E-07 3.07E-06 2.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
5.70E-06 1.14E-05 1.38E-07 1.38E-07 3.17E-06 2.07E-07 9.03E-08 9.03E-08 2.08E-06 1.36E-07
5.70E-06 1.14E-05 2.28E-07 2.28E-07 5.25E-06 3.42E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
6.42E-06 1.28E-05 1.44E-07 1.44E-07 3.31E-06 2.16E-07 1.13E-07 1.13E-07 2.60E-06 1.69E-07
6.42E-06 1.28E-05 2.57E-07 2.57E-07 5.91E-06 3.85E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.43E-05 2.85E-05 3.44E-07 3.44E-07 7.92E-06 5.17E-07 2.26E-07 2.26E-07 5.19E-06 3.39E-07
1.43E-05 2.85E-05 5.70E-07 5.70E-07 1.31E-05 8.56E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-05 6.65E-05 8.03E-07 8.03E-07 1.85E-05 1.21E-06 5.27E-07 5.27E-07 1.21E-05 7.91E-07
3.33E-05 6.65E-05 1.33E-06 1.33E-06 3.06E-05 2.00E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
4.75E-06 9.51E-06 1.15E-07 1.15E-07 2.64E-06 1.72E-07 7.53E-08 7.53E-08 1.73E-06 1.13E-07
4.75E-06 9.51E-06 1.90E-07 1.90E-07 4.37E-06 2.85E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.62E-05 3.23E-05 3.90E-07 3.90E-07 8.98E-06 5.86E-07 2.56E-07 2.56E-07 5.89E-06 3.84E-07
1.62E-05 3.23E-05 6.46E-07 6.46E-07 1.49E-05 9.70E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
9.50E-07 1.90E-06 2.30E-08 2.30E-08 5.28E-07 3.45E-08 1.51E-08 1.51E-08 3.46E-07 2.26E-08
9.50E-07 1.90E-06 3.80E-08 3.80E-08 8.74E-07 5.70E-08 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2.80E-04 5.61E-04 9.04E-06 9.04E-06 2.08E-04 1.36E-05 2.17E-06 2.17E-06 4.99E-05 3.26E-06

No ROW workers, Rupture Events / Group With RoW workers, even public distrib
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Groups Even Dist

High 
Casualty A

Area to 
10kw Area to 5kw

RoW 
Workers

High 
Casualty 

Group 

Area to 
10kw 
Group

High 
Casualty 

Group
Vehicle 

Casualty

Area to 
10kw 
Group

Non-RoW 
Fireball

Fatal

RoW 
Fireball

Fatal
Population Population Population Number Number Number Number Number Number Number Number
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0021 0.0008 0.0074 1.5074

0.0000 0.0003 0.0005 0.0013 0.0004 0.0010 0.0035 0.0035
6.76E-01 5.26E+00 1.24E+01 1.5000 0.0676 0.1053 0.0540 0.0105 0.0421 0.2795 1.7795

0.0000 0.0169 0.0263 0.0642 0.0021 0.0500 0.1595 0.1595
1.67E+00 1.30E+01 3.06E+01 1.5000 0.1672 0.2606 0.1338 0.0105 0.1042 0.6764 2.1764

0.0000 0.0418 0.0651 0.1589 0.0021 0.1238 0.3917 0.3917
2.01E+00 1.56E+01 3.68E+01 1.5000 0.2007 0.3127 0.1605 0.0140 0.1251 0.8130 2.3130

0.0000 0.0502 0.0782 0.1906 0.0028 0.1485 0.4703 0.4703
6.69E-01 5.21E+00 1.23E+01 1.5000 0.0669 0.1042 0.0535 0.0140 0.0417 0.2804 1.7804

0.0000 0.0008 0.0013 0.0032 0.0028 0.0025 0.0106 0.0106
1.67E+00 1.30E+01 3.06E+01 1.5000 0.1672 0.2606 0.1338 0.0701 0.1042 0.7360 2.2360

0.0000 0.0418 0.0651 0.1589 0.0140 0.1238 0.4036 0.4036
3.34E+00 2.61E+01 6.13E+01 1.5000 0.3345 0.5212 0.2676 0.1052 0.2085 1.4369 2.9369

0.0000 0.0042 0.0065 0.0159 0.0210 0.0124 0.0600 0.0600
2.01E+00 1.56E+01 3.68E+01 1.5000 0.2007 0.3127 0.1605 0.0701 0.1251 0.8691 2.3691

0.0000 0.0502 0.0782 0.1906 0.0140 0.1485 0.4815 0.4815
1.34E-03 1.04E-02 2.45E-02 1.5000 0.0007 0.0010 0.0000 0.0265 0.0000 0.0282 1.5282

0.0000 0.0007 0.0010 0.0000 0.0053 0.0000 0.0070 0.0070
1.34E-01 1.04E+00 2.45E+00 1.5000 0.0535 0.0834 0.0027 0.0363 0.0021 0.1780 1.6780

0.0000 0.0003 0.0005 0.0013 0.0073 0.0010 0.0104 0.0104
1.01E+00 7.87E+00 1.85E+01 1.5000 0.1010 0.1574 0.0808 0.0210 0.0630 0.4232 1.9232

0.0000 0.0253 0.0393 0.0960 0.0042 0.0748 0.2395 0.2395
7.36E-02 5.73E-01 1.35E+00 1.5000 0.0294 0.0459 0.0015 0.0210 0.0011 0.0990 1.5990

0.0000 0.0002 0.0003 0.0007 0.0042 0.0005 0.0059 0.0059
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0074 0.0008 0.0127 1.5127

0.0000 0.0003 0.0005 0.0013 0.0015 0.0010 0.0046 0.0046
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0074 0.0008 0.0127 1.5127

0.0000 0.0003 0.0005 0.0013 0.0015 0.0010 0.0046 0.0046
3.41E-01 2.66E+00 6.25E+00 1.5000 0.0341 0.0532 0.0273 0.0060 0.0213 0.1418 1.6418

0.0000 0.0017 0.0027 0.0065 0.0012 0.0051 0.0171 0.0171
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0000 0.0008 0.0053 1.5053

0.0000 0.0003 0.0005 0.0013 0.0000 0.0010 0.0031 0.0031
24.000 1.664 2.593 1.972 0.507 1.536 8.2727 32.2727

0.5 0.5 0.1 0.1 0.1 0.01

Population Exposed

FIREBALL FATALITY

Outdoor Fatality Indoor Fatality

B-7



Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Groups Even Dist

High 
Casualty A

Area to 
10kw Area to 5kw

RoW 
Workers

High 
Casualty A

Area to 
10kw

High 
Casualty A

Area to 
10kw

Non-RoW 
Crater
Fatal

RoW Crater
Fatal

Population Population Population Number Number Number Number Number Number Number
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
7.65E-01 1.80E+00 4.74E+00 0.7500 0.0765 0.0359 0.0612 0.0144 0.1880 0.9380

0.0000 0.0191 0.0090 0.0727 0.0171 0.1179 0.1179
1.89E+00 4.44E+00 1.17E+01 0.7500 0.1894 0.0889 0.1515 0.0356 0.4654 1.2154

0.0000 0.0474 0.0222 0.1800 0.0422 0.2918 0.2918
2.27E+00 5.33E+00 1.41E+01 0.7500 0.2273 0.1067 0.1819 0.0427 0.5585 1.3085

0.0000 0.0568 0.0267 0.2160 0.0507 0.3501 0.3501
7.58E-01 1.78E+00 4.70E+00 0.7500 0.0758 0.0356 0.0606 0.0142 0.1862 0.9362

0.0000 0.0009 0.0004 0.0036 0.0008 0.0058 0.0058
1.89E+00 4.44E+00 1.17E+01 0.7500 0.1894 0.0889 0.1515 0.0356 0.4654 1.2154

0.0000 0.0474 0.0222 0.1800 0.0422 0.2918 0.2918
3.79E+00 8.89E+00 2.35E+01 0.7500 0.3789 0.1778 0.3031 0.0711 0.9308 1.6808

0.0000 0.0047 0.0022 0.0180 0.0042 0.0292 0.0292
2.27E+00 5.33E+00 1.41E+01 0.7500 0.2273 0.1067 0.1819 0.0427 0.5585 1.3085

0.0000 0.0568 0.0267 0.2160 0.0507 0.3501 0.3501
1.52E-03 3.56E-03 9.39E-03 0.7500 0.0008 0.0004 0.0000 0.0000 0.0011 0.7511

0.0000 0.0008 0.0004 0.0000 0.0000 0.0011 0.0011
1.52E-01 3.56E-01 9.39E-01 0.7500 0.0606 0.0284 0.0030 0.0007 0.0928 0.8428

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
1.14E+00 2.68E+00 7.09E+00 0.7500 0.1144 0.0537 0.0915 0.0215 0.2811 1.0311

0.0000 0.0286 0.0134 0.1087 0.0255 0.1762 0.1762
8.33E-02 1.96E-01 5.17E-01 0.7500 0.0333 0.0156 0.0017 0.0004 0.0510 0.8010

0.0000 0.0002 0.0001 0.0008 0.0002 0.0013 0.0013
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
3.86E-01 9.07E-01 2.40E+00 0.7500 0.0386 0.0181 0.0309 0.0073 0.0949 0.8449

0.0000 0.0019 0.0009 0.0073 0.0017 0.0119 0.0119
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
12.000 1.885 0.885 2.234 0.524 5.5276 17.5276

0.25 0.5 0.1 0.1 0.01

Population Exposed Outdoor Fatality Indoor Fatality

CRATER FATALITY
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Ind Fatality Groups Even Dist

Area to 
10psi

Area to 
6psi

Area to 
3psi

Area to 
1psi

RoW 
Workers Area to 10psi

Area to 
3psi

Non-RoW 
Blast
Fatal

RoW Blast
Fatal

Population Population Population Population Number Number Number Number Number
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
4.55E-02 7.11E-02 1.82E-01 9.22E-01 0.3000 0.0009 0.0009 0.3009

0.0000 0.0002 0.0002 0.0002
1.13E-01 1.76E-01 4.51E-01 2.28E+00 0.3000 0.0023 0.0023 0.3023

0.0000 0.0006 0.0006 0.0006
1.35E-01 2.11E-01 5.41E-01 2.74E+00 0.3000 0.0027 0.0865 0.0892 0.3892

0.0000 0.0007 0.1028 0.1034 0.1034
4.51E-02 7.04E-02 1.80E-01 9.13E-01 0.3000 0.0009 0.0009 0.3009

0.0000 0.0000 0.0000 0.0000
1.13E-01 1.76E-01 4.51E-01 2.28E+00 0.3000 0.0023 0.0023 0.3023

0.0000 0.0006 0.0006 0.0006
2.25E-01 3.52E-01 9.02E-01 4.56E+00 0.3000 0.0045 0.0045 0.3045

0.0000 0.0001 0.0001 0.0001
1.35E-01 2.11E-01 5.41E-01 2.74E+00 0.3000 0.0027 0.0027 0.3027

0.0000 0.0007 0.0007 0.0007
9.02E-05 1.41E-04 3.61E-04 1.83E-03 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
9.02E-03 1.41E-02 3.61E-02 1.83E-01 0.3000 0.0007 0.0007 0.3007

0.0000 0.0000 0.0000 0.0000
6.81E-02 1.06E-01 2.72E-01 1.38E+00 0.3000 0.0014 0.0014 0.3014

0.0000 0.0003 0.0003 0.0003
4.96E-03 7.75E-03 1.98E-02 1.00E-01 0.3000 0.0004 0.0004 0.3004

0.0000 0.0000 0.0000 0.0000
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
2.30E-02 3.59E-02 9.20E-02 4.66E-01 0.3000 0.0005 0.0005 0.3005

0.0000 0.0000 0.0000 0.0000
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
4.8000 0.0224 0.1893 0.2117 5.0117

0.1 0.1 0.2

Outdoor Fatality

BLAST FATALITY

Population Exposed
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Groups Even Dist

High 
Casualty A

Area to 
10kw

Area to 
5kw

RoW 
Workers

High 
Casualty A

Area to 
10kw

None.  
Min 

distance
to houses 

35 ft

Non-RoW 
Hole Fire

Fatal

RoW Hole 
Fire
Fatal

Frequ of 1" 
Hole Fire

Ancill 
Public 

Population Population Population Number Number Number Number Number per year Number
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501 1.50E-07 0.075

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
4.55E-02 1.37E-01 2.39E-01 0.7500 0.0046 0.0027 0.0000 0.0000 0.007 0.7573

0.0000 0.0011 0.0007 0.0000 0.0000 0.002 0.0018
1.13E-01 3.38E-01 5.92E-01 0.7500 0.0113 0.0068 0.0000 0.0000 0.018 0.7680

0.0000 0.0028 0.0017 0.0000 0.0000 0.005 0.0045
1.35E-01 4.06E-01 7.10E-01 0.7500 0.0135 0.0081 0.0000 0.0000 0.022 0.7716

0.0000 0.0034 0.0020 0.0000 0.0000 0.005 0.0054
4.51E-02 1.35E-01 2.37E-01 0.7500 0.0045 0.0027 0.0000 0.0000 0.007 0.7572

0.0000 0.0001 0.0000 0.0000 0.0000 0.000 0.0001
1.13E-01 3.38E-01 5.92E-01 0.7500 0.0113 0.0068 0.0000 0.0000 0.018 0.7680

0.0000 0.0028 0.0017 0.0000 0.0000 0.005 0.0045
2.25E-01 6.76E-01 1.18E+00 0.7500 0.0225 0.0135 0.0000 0.0000 0.036 0.7861

0.0000 0.0003 0.0002 0.0000 0.0000 0.000 0.0005
1.35E-01 4.06E-01 7.10E-01 0.7500 0.0135 0.0081 0.0000 0.0000 0.022 0.7716

0.0000 0.0034 0.0020 0.0000 0.0000 0.005 0.0054
9.02E-05 2.70E-04 4.73E-04 0.7500 0.0000 0.0000 0.0000 0.0000 0.000 0.7501

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0001
9.02E-03 2.70E-02 4.73E-02 0.7500 0.0036 0.0022 0.0000 0.0000 0.006 0.7558

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
6.81E-02 2.04E-01 3.57E-01 0.7500 0.0068 0.0041 0.0000 0.0000 0.011 0.7609

0.0000 0.0017 0.0010 0.0000 0.0000 0.003 0.0027
4.96E-03 1.49E-02 2.60E-02 0.7500 0.0020 0.0012 0.0000 0.0000 0.003 0.7532

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501 1.50E-07 0.075

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
2.30E-02 6.90E-02 1.21E-01 0.7500 0.0023 0.0014 0.0000 0.0000 0.004 0.7537

0.0000 0.0001 0.0001 0.0000 0.0000 0.000 0.0002
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
12.0000 0.1121 0.0673 0.0000 0.0000 0.179 12.179

0.25 0.5 0.1 0.1

Public Density x Impact Area Outdoor Fatality Indoor Fatality

HOLE FATALITY

Ancilliary Equipment
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Group
Even Dist 
w/ ROW Group

Even Dist 
w/ ROW

RoW High 5kW High Vehicle 5kW Fireball Fireball RoW High 5kW High 5kW Crater Crater
Number Number Number Number Number Number Number Number Number Number Number Number Number Number Number
1.5000 0.0013 0.0098 0.0043 0.0253 0.0078 0.0485 1.5485 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0051 0.0093 0.0222 0.0222 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.0676 0.4953 0.2162 0.1263 0.3962 1.3015 2.8015 0.7500 0.0765 0.1897 0.2449 0.1518 0.6629 1.4129
0.0000 0.0169 0.1238 0.2567 0.0253 0.4705 0.8932 0.8932 0.0000 0.0191 0.0474 0.2908 0.1802 0.5376 0.5376
1.5000 0.1672 1.2259 0.5351 0.1263 0.9807 3.0353 4.5353 0.7500 0.1894 0.4696 0.6062 0.3757 1.6410 2.3910
0.0000 0.0418 0.3065 0.6355 0.0253 1.1646 2.1736 2.1736 0.0000 0.0474 0.1174 0.7198 0.4462 1.3308 1.3308
1.5000 0.2007 1.4711 0.6422 0.1684 1.1769 3.6592 5.1592 0.7500 0.2273 0.5636 0.7274 0.4509 1.9692 2.7192
0.0000 0.0502 0.3678 0.7626 0.0337 1.3975 2.6117 2.6117 0.0000 0.0568 0.1409 0.8638 0.5354 1.5969 1.5969
1.5000 0.0669 0.4904 0.2141 0.1684 0.3923 1.3320 2.8320 0.7500 0.0758 0.1879 0.2425 0.1503 0.6564 1.4064
0.0000 0.0008 0.0061 0.0127 0.0337 0.0233 0.0766 0.0766 0.0000 0.0009 0.0023 0.0144 0.0089 0.0266 0.0266
1.5000 0.1672 1.2259 0.5351 0.8418 0.9807 3.7508 5.2508 0.7500 0.1894 0.4696 0.6062 0.3757 1.6410 2.3910
0.0000 0.0418 0.3065 0.6355 0.1684 1.1646 2.3167 2.3167 0.0000 0.0474 0.1174 0.7198 0.4462 1.3308 1.3308
1.5000 0.3345 2.4518 1.0703 1.2626 1.9615 7.0807 8.5807 0.7500 0.3789 0.9393 1.2124 0.7514 3.2819 4.0319
0.0000 0.0042 0.0306 0.0635 0.2525 0.1165 0.4674 0.4674 0.0000 0.0047 0.0117 0.0720 0.0446 0.1331 0.1331
1.5000 0.2007 1.4711 0.6422 0.8418 1.1769 4.3326 5.8326 0.7500 0.2273 0.5636 0.7274 0.4509 1.9692 2.7192
0.0000 0.0502 0.3678 0.7626 0.1684 1.3975 2.7464 2.7464 0.0000 0.0568 0.1409 0.8638 0.5354 1.5969 1.5969
1.5000 0.0007 0.0049 0.0000 0.3182 0.0000 0.3238 1.8238 0.7500 0.0008 0.0019 0.0000 0.0000 0.0026 0.7526
0.0000 0.0007 0.0049 0.0000 0.0636 0.0000 0.0692 0.0692 0.0000 0.0008 0.0019 0.0000 0.0000 0.0026 0.0026
1.5000 0.0535 0.3923 0.0107 0.4360 0.0196 0.9122 2.4122 0.7500 0.0606 0.1503 0.0121 0.0075 0.2305 0.9805
0.0000 0.0003 0.0025 0.0051 0.0872 0.0093 0.1044 0.1044 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.1010 0.7405 0.3232 0.2525 0.5924 2.0096 3.5096 0.7500 0.1144 0.2837 0.3661 0.2269 0.9911 1.7411
0.0000 0.0253 0.1851 0.3838 0.0505 0.7034 1.3481 1.3481 0.0000 0.0286 0.0709 0.4348 0.2695 0.8038 0.8038
1.5000 0.0294 0.2158 0.0059 0.2525 0.0108 0.5144 2.0144 0.7500 0.0333 0.0827 0.0067 0.0041 0.1268 0.8768
0.0000 0.0002 0.0013 0.0028 0.0505 0.0051 0.0600 0.0600 0.0000 0.0002 0.0005 0.0032 0.0020 0.0059 0.0059
1.5000 0.0013 0.0098 0.0043 0.0884 0.0078 0.1117 1.6117 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0177 0.0093 0.0349 0.0349 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.0013 0.0098 0.0043 0.0884 0.0078 0.1117 1.6117 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0177 0.0093 0.0349 0.0349 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.0341 0.2501 0.1092 0.0715 0.2001 0.6650 2.1650 0.7500 0.0386 0.0958 0.1237 0.0766 0.3348 1.0848
0.0000 0.0017 0.0125 0.0259 0.0143 0.0475 0.1020 0.1020 0.0000 0.0019 0.0048 0.0294 0.0182 0.0543 0.0543
1.5000 0.0013 0.0098 0.0043 0.0000 0.0078 0.0233 1.5233 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0000 0.0093 0.0172 0.0172 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
0.0000 1.664 12.199 7.888 6.082 14.457 42.2903 66.2903 0.0000 1.885 4.674 8.935 5.538 21.0324 33.0324

0.5 0.5 0.2 0.40 0.40 0.04 0.25 0.5 0.2 0.4 0.04

Indoor Injury

CRATER INJURY

Outdoor Injury Indoor Injury

FIREBALL INJURY

Outdoor Injury
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Ind Injury Group
Even Dist 
w/ ROW Indoor Injury Group

Even Dist 
w/ ROW

RoW 6psi 1psi Blast Blast RoW High 5kW No High OrcuttRd Hole Hole 1" hole Public
Number Number Number Number Number Number Number Number Number Number Number Number per year Number
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503 1.50E-07 0.15
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0028 0.0738 0.0766 0.6766 0.7500 0.0046 0.0096 0.014 0.7641
0.0000 0.0007 0.0876 0.0883 0.0883 0.0000 0.0011 0.0024 0.004 0.0035
0.6000 0.0070 0.1826 0.1896 0.7896 0.7500 0.0113 0.0237 0.035 0.7849
0.0000 0.0018 0.2168 0.2185 0.2185 0.0000 0.0028 0.0059 0.009 0.0087
0.6000 0.0085 0.2191 0.2275 0.8275 0.7500 0.0135 0.0284 OrcuttRd 0.0227 0.065 0.8146
0.0000 0.0021 0.2601 0.2623 0.2623 0.0000 0.0034 0.0071 0.0270 0.037 0.0375
0.6000 0.0028 0.0730 0.0758 0.6758 0.7500 0.0045 0.0095 0.014 0.7640
0.0000 0.0000 0.0043 0.0044 0.0044 0.0000 0.0001 0.0001 0.000 0.0002
0.6000 0.0070 0.1826 0.1896 0.7896 0.7500 0.0113 0.0237 0.035 0.7849
0.0000 0.0018 0.2168 0.2185 0.2185 0.0000 0.0028 0.0059 0.009 0.0087
0.6000 0.0141 0.3651 0.3792 0.9792 0.7500 0.0225 0.0473 0.070 0.8199
0.0000 0.0002 0.0217 0.0219 0.0219 0.0000 0.0003 0.0006 0.001 0.0009
0.6000 0.0085 0.2191 0.2275 0.8275 0.7500 0.0135 0.0284 0.042 0.7919
0.0000 0.0021 0.2601 0.2623 0.2623 0.0000 0.0034 0.0071 0.010 0.0105
0.6000 0.0000 0.0000 0.0000 0.6000 0.7500 0.0000 0.0001 0.000 0.7501
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.000 0.0001
0.6000 0.0023 0.0037 0.0059 0.6059 0.7500 0.0036 0.0076 0.011 0.7612
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0043 0.1103 0.1145 0.7145 0.7500 0.0068 0.0143 0.021 0.7711
0.0000 0.0011 0.1309 0.1320 0.1320 0.0000 0.0017 0.0036 0.005 0.0053
0.6000 0.0012 0.0020 0.0032 0.6032 0.7500 0.0020 0.0042 0.006 0.7561
0.0000 0.0000 0.0010 0.0010 0.0010 0.0000 0.0000 0.0000 0.000 0.0000
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503 1.50E-07 0.15
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0014 0.0372 0.0387 0.6387 0.7500 0.0023 0.0048 0.007 0.7571
0.0000 0.0001 0.0088 0.0089 0.0089 0.0000 0.0001 0.0002 0.000 0.0004
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
9.6000 0.0701 2.6910 2.7611 12.3611 12.0000 0.1121 0.2355 0.0497 0.397 12.397

0.2 0.2 0.1 0.25 0.5 0.2 0.4 0.04 0.2

Outdoor Injury

BLAST INJURY

Outdoor Injury

HOLE INJURY

Ancilliary Equipment
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CONSEQUENCE MODELING INPUT AND OUTPUT FILES 

 

 

 



Gas release rate from a hole - EPA RMP Guidance Doc

Input Values and Constants Outputs

Unit Name
Release 

Type

Release 

size 

(inches)

Release 

size    

(m)

Pressure 

(bara)

Discharge 

Coeff

Gas 

Release 

Rate

 (kg/s)

Gas 

Release 

Rate 

(lb/min)

Pipeline Rupture 8 0.203 35.5 0.62 138 18321

Pipeline Hole 2 0.0508 35.5 0.8 8.3 1095

Pipeline Hole 1 0.0254 35.5 0.8 2.1 274
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TNO Yellow Book Calcs - Gas flow from a pipeline - Section 2.5.2.5

Input Constants

dp pipeline diameter 0.203 m 8 inches

lp pipeline length 2.25E+04 m 14 miles

Po initial pipeline pressure 35.5 bara 500 psig

To initial temperature 288 K 15 C

ρ gas density 27.4 kg/m3

MW molecular weight 18.5 g/mol

Cp/Cv specific heat ratio 1.3

R gas constant 8314

 wall roughness 3.00E-05

Outputs

Q0 Initial mass in line 2.00E+04 kg 44093 lb

us Sonic Velocity 410 m/s

fD Darcy friction factor 0.013

tB Time Constant 1585

tE Max time validity 55 s

Mass Flow at Time

0 secs, initial release rate qs 138 kg/s

1 secs 129 kg/s

2 secs 121 kg/s

3 secs 113 kg/s

4 secs 105 kg/s

5 secs 98 kg/s

8 secs 81 kg/s

10 secs 71 kg/s

15 secs 52 kg/s

20 secs 39 kg/s

30 secs 24 kg/s

60 secs 12 kg/s

Mass in 5 secs one end = 586 kg 1292 lb

Mass in 5 secs both ends = 1171.754 kg 2584 lb
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Fireball Calcs - EPA RMP Guidance Doc - Equation D-36

and CCPS / AiChe Guidelines for Evaluation of …., BLEVES 1994

Input Values and Constants

Mass in fireball 1172 kg 2584 lb

Heat of Combustion 48600 kJ/kg

Radiation Fraction 0.3

Min injury dose = 3420000 (Watts/m
2
)
4/3

-second

Min fatal dose = 8620000 (Watts/m
2
)
4/3

-second

Outputs

Fireball duration 4.7 s (for mass < 30,000 kg)

Fireball Diam 61.2 m

Fireball Radius 30.6 m 100 ft

Min injury distance 108 m 356 ft

Min fatality distance 77 m 251 ft
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Crater Fire Calcs - Gas Research Institute

Report GRI-00/0189, October 2000

Input Values and Constants

initial pipeline pressure 35.5 bara 500 psig

pipeline diameter 0.203 m 8 inches

Min injury radiation 5 kw/m
2

1,585 Btu/hr-ft
2

Min fatal radiation 10 kw/m
2

3170 Btu/hr-ft
2

High casualty radiation 35 kw/m
2

11100 Btu/hr-ft
2

Outputs

Distance to injury 218

Distance to fatality 154

Distance to high casulaty 82
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Expansion Blast Calcs

TNO Yellow Book Calcs - Section 7.5

Input Values and Constants

gas pressure p1 3.55E+06 N/m2

ambient pressure p0 1.01E+05 N/m2

initial release rate m1 138 kg/s

duration of release in explosion 0.5 secs

gas density ρ 27.4 kg/m3

volume of gas V 2.5 m3

specific heat ratio Cp/Cv 1.3

ground location factor 2.0

Outputs

Energy of compressed gas Ea 2.89E+07 J

Effective energy Eex 5.78E+07 J

Output interation OverPressure Distance

psi barg ft m

1 0.07 89 27

3 0.21 40 12.2

6 0.41 26 7.8

10 0.69 20 6.1
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Crater Fire Calcs - Gas Research Institute

Report GRI-00/0189, October 2000

Input Values and Constants

initial pipeline pressure 35.5 bara 500 psig

pipeline diameter 0.203 m 8 inches

hole diameter 0.0508 m 2 inches

Hole release rate 8.27 kg/s 1095 lb/min

Min injury radiation 5 kw/m
2

1,585 Btu/hr-ft
2

Min fatal radiation 10 kw/m
2

3170 Btu/hr-ft
2

High casualty radiation 35 kw/m
2

11100 Btu/hr-ft
2

Outputs

Distance to injury 54

Distance to fatality 38

Distance to high casulaty 21

Input Values and Constants

initial pipeline pressure 35.5 bara 500 psig

pipeline diameter 0.203 m 8 inches

hole diameter 0.0254 m 1 inches

Hole release rate 2.07 kg/s 274 lb/min

Min injury radiation 5 kw/m
2

1,585 Btu/hr-ft
2

Min fatal radiation 10 kw/m
2

3170 Btu/hr-ft
2

High casualty radiation 35 kw/m
2

11100 Btu/hr-ft
2

Outputs

Distance to injury 27

Distance to fatality 19

Distance to high casulaty 10
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CALIFORNIA DEPARTMENT OF EDUCATION 

RISK PROTOCOL SPREADSHEET OUTPUTS 
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California Department of Education Risk Protocol Discussion 

The California Department of Education (CDE), School Facilities Planning Division (SFPD) has 

established standards for use by Local Educational Agencies (LEAs) (i.e., school districts, county 

offices of education and charter school entities) in the selection of safe and educationally 

appropriate school sites (authority per Education Code section 17251).   These standards have 

been adopted by the State Board of Education in the California Code of Regulations Title 5, 

Section 14010 – Standards for School Site Selection. Both locally funded and state funded new 

school sites, and land expansions of existing sites, must comply with these standards as well as 

other requirements not described herein.  CDE also requires that when seeking approval for new 

construction or modernization plans on existing school sites, LEAs certify that the project will not 

create nor substantially exacerbate an existing safety hazard, including those listed in Title 5 

related to pipelines. 

 

Although this project does not require the installation of any school facilities, the risk assessment 

approach was performed as per the CDE protocol5 to inform the public as to the level of risk that 

the pipeline would present to neighborhood schools. 

 

The CDE protocol5 requires estimates of pipeline failure and resulting impact zones, similar to the 

analysis in this report.  The closest school site would be the Delta Charter School.  The impacts 

are accessed at the closest location of the school site to the pipeline and the frequency of impacts 

are determined by examining the length of pipeline that, if a release were to occur, could impact 

any portion of the school site.  A default assumptions are made as detailed in the CDE protocol 

in regards to impact conditional probabilities.  These assumptions are detailed in the protocol 

spreadsheets as provided by the CDE.  These spreadsheets are attached as completed for the 

proposed project pipeline.  For more information on the approach and analysis, please refer to 

the CDE protocol5. 

 

The results of the CDE protocol analysis indicate that risk levels for the closest school site would 

be acceptable.   

 

 



.

California Department of Education                           

PIPELINE RISK ANALYSIS PROTOCOL 
TOTAL INDIVIDUAL RISK (TIR) ESTIMATING AID

To be used in conjunction with 
the CDE Guidance Protocol for School 

Site Pipeline Risk Analysis

March 2007

Aera East Cat Canyon Project
Natural Gas Pipeline

CDE provides this template for the convenience of Protocol users as a template. It is 
the responsibility of the user to ensure that calculations match and are appropriate for 

the risk analysis being conducted for a particular case. While both CDE and its 
contractor have sought to make this spreadsheet free of errors there is no expressed 

or implied warranty to that it is so.

Workbook: TIR CALCS 3.07
Sheet: Title
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Aera East Cat Canyon Natural Pas Pipeline Project

Pipe 
Size Press.

Hazard 
X

RX 
(1%) R0 XSEG

RX  
(1%) R0 XSEG

RX  
(1%) R0 XSEG

RX 
(1%) R0 XSEG

(in) (psig) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

8 500 LJF 50 75 0 50 290 0 50 500 0 50 1000 0
8 500 RJF 250 75 477 250 290 0 250 500 0 250 1000 0
8 500 LFF 0 75 0 0 290 0 0 500 0 0 1000 0
8 500 RFF 250 75 477 250 290 0 250 500 0 250 1000 0
8 500 LEX 0 75 0 0 290 0 0 500 0 0 1000 0
8 500 REX 0 75 0 0 290 0 0 500 0 0 1000 0

End Zone 3 -Back 
Property Line

XSEG Calculations
Pipe Size, 

Pressure, and 
Hazard Type 

Front Property 
Line - Begin Zone 

1

Begin Zone 2
First Building

Begin Zone 3
Back of Building

Green cells (B6-B11, C6-C11, E6-E11, F6-F11, I6-I11, L6-L11, and O6-O11) indicate where input data 
are entered for the case being analyzed.

The numbers shown apply for a the specific example illustrated.  Substitute the appropriate values for 
the actual number being analyzed. 

The Pipe Size is the pipe diameter in inches. The Pressure is the operating pressure in punds per 
square inch gage (psig). 

Hazard acronyms are defined in the Protocol. 

The 1% mortality (0.01) probability impact distance RX for each hazard is obtained from the appropriate 
hazard figure in the Protocol, Chapter 4. 

R0 is the receptor distance being analyzed and is explained in the Protocol, Chapter 4.

XSEG is as described in the Protocol, Chapter 4.

Zones 1, 2, and 3 are defined in the Protocol, Chapter 4 for use in the TIR calculations. If more than 
three zones are used, as explained in the Protocol, Section 4, more worksheets of the same type as 
shown can be added.

Workbook: TIR CALCS 3.07
Sheet: XSEG Calculations
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TIR CALCULATIONS - BEGIN ZONE 1 - FRONT PROPERTY LINE
Aera East Cat Canyon Natural Pas Pipeline Project

Green cells (B19, B21, B47-53, D4-7, D10-15, H19, and H20) indicate data entry cells.                                                                                                           

Product natural gas
Diameter 8 inches
Pressure 500 psig
R0 250 ft

XSEG RX(1%) Units
XSEG(LJF) 0 ft
XSEG(RJF) 477 ft
XSEG(LFF) 0 ft
XSEG(RFF) 477 ft
XSEG(LEX) 0 ft
XSEG(REX) 0 ft

F0 1.2E-04 PC(L) 0.8 PC(R) 0.2 PC(OCC) 0.16
P0 1.2E-04 PC(LIG) 0.3 PC(RIG) 0.45 PC(OUT) 0.25
PAF 0.19 PC(FIG) 0.99 PC(FIG) 0.99
PA 2.3E-05 PC(JF) 0.98 PC(JF) 0.98

PC(FF) 0.01 PC(FF) 0.01
PC(EIG) 0.01 PC(EIG) 0.01

Calculated Values:
PA(LJF) 0.0E+00 PCI(LJF) 0.233 PCI(RJF) 0.087
PA(RJF) 2.1E-06 PCI(LFF) 0.002 PCI(RFF) 0.001
PA(LFF) 0.0E+00 PCI(LEX) 0.002 PCI(REX) 0.001 PC(EXPO) 0.04
PA(RFF) 2.1E-06
PA(LEX) 0.0E+00
PA(REX) 0.0E+00

PC(LJF) = PA(LJF) x PCI(LJF) x PC(EXPO) = 0.0E+00 0.23 0.040 0.0E+00
PC(RJF) = PA(RJF) x PCI(RJF) x PC(EXPO) = 2.1E-06 0.09 0.040 7.2E-09
PC(LFF) = PA(LFF) x PCI(LFF) x PC(EXPO) = 0.0E+00 0.002 0.040 0.0E+00
PC(RFF) = PA(RFF) x PCI(RFF) x PC(EXPO) = 2.1E-06 0.001 0.040 7.3E-11
PC(LEX) = PA(LEX) x PCI(LEX) x PC(EXPO) = 0.0E+00 0.002 0.040 0.0E+00
PC(REX) = PA(REX) x PCI(REX) x PC(EXPO) = 0.0E+00 0.001 0.040 0.0E+00

Based on data from impact distance figures in Section 4.6 and mortality figures in Section 4.5, enter 
the maximum impact probability at receptor location for each hazard in MAX PF(X) column.

IR Calculation
MAX PF(X) PC(X) IR(X)

IR(LJF) = 0.00 0.0E+00 0.0E+00  
IR(RJF) = 1.00 7.2E-09 7.19E-09  
IR(LFF) = 0.00 0.0E+00 0.00E+00
IR(RFF) = 1.00 7.3E-11 7.34E-11
IR(LEX) = 0.00 0.0E+00 0.00E+00
IR(REX) = 0.00 0.0E+00 0.00E+00

7.3E-09  

1.0E-06

0.01

0.25

Leak Rupture Exposure 

Impact Probability Calculations

Input Data

Base and Conditional Probability Calculations
Base

PROTOCOL TIR INDICATOR RATIO 

CDE INDIVIDUAL RISK CRITERION, IRC 

TIR/IRC RATIO

Probability Term Values 

TOTAL INDIVIDUAL RISK, TIR  

1. These instruction boxes apply to 
Worksheets TIR1, 2, 3, and 4. 
2. Enter the Input Data indicated for the 
case under analysis. 
3. Enter the XSEG values from 
Worksheet "XSEG Calculations".
4. In the table below enter the F0 data 
for the appropriate type pf pipeline from 
the failure frequency data in the 
Protocol, Chapter 4. 
5.Enter a value for the other green cell 
variables as explained in Chapter 4.

6. Enter the maximum fatality probability 
that corresponds to the maximum 
impact for each hazard type according 
to the Protocol, Chapter 4.

Workbook:TIR CALCS 3.07
Sheet: TIR1 
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March 8, 2016 
 

Mr. Eric Paulson 

Senior Staff Facilities Engineer 

Aera Energy LLC 

10000 Ming Avenue 

Bakersfield, CA  93311-1302 

 

Re: Master Fire Protection Plan Summary Report, Revision 2 

East Cat Canyon Development Project 

Santa Barbara County, California 

 

Dear Mr. Paulson: 

Per the your request, we have developed this master fire protection plan evaluation summary 

report to address recommendations for site fire protection systems based upon the drilling and 

development of oil and natural gas production at the proposed East Cat Canyon lease in Santa 

Barbara County. 

 

The information in this report is based upon our understanding of the project through our 

review of the documentation provided by the Aera Energy LLC regarding the project and 

communications with Aera Energy LLC staff.   Its intent is to provide recommendations for 

inclusion in a comprehensive site safety plan for the protection of the facility and to provide 

firefighting resources for responding emergency personnel.   

 

This report is divided into the following sections: 

 

I. Project Description 

II. Site Description 

III. Aera Energy’s Emergency Response Policy 

IV. Fluid Classification 

V. Fire Hazard Scenarios 

VI. Prescriptive & Performance Based Code Requirements 

VII. Calculation of Preliminary Water Storage Requirements 

VIII. Summary Recommendations 

  

The references utilized in this review are as follows: 

 

 California Fire Code, 2013 Edition (CFC) 

 NFPA 30, Flammable & Combustible Liquids Code, 2010 Edition  

 NFPA 11, Standard for Low Expansion Foam, 2012 Edition  

 API 2021, Management of Atmospheric Storage Tank Fires  

 Santa Barbara County Fire Department Requirements 

 Aera Energy Project Description Narratives,  Attachment A 

 Preliminary TJ Cross Progress Project Drawings  

 Collings & Associates Master Fire Protection Site Plan, Sheets MFPP-1 through -5 
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East Cat Canyon Lease Development Project                                        March 8, 2016 

Santa Barbara County, California 

 

  Collings & Associates, LLC 

 

 

I. Project Description 

 

Per the information provided by Aera Energy LLC, the East Cat Canyon Oil Field 

Redevelopment Project will re-establish oil production in an existing oil field by implementing 

a thermal enhanced oil recovery process that is technically, economically, and environmentally 

feasible for oil recovery.   

 

Project plans include construction and restoration of approximately 72 well pads, construction 

and restoration of over nine miles of field access roads, and drilling of up to 296 wells.  

Planned wells include oil/gas production wells, steam injection wells, observation wells, water 

production wells, water injection wells, and fresh groundwater wells.     

 

New processing facilities and field systems will be constructed to support the production.  

Processing facilities will include:  

 

1)    A production group station for bulk separation of produced gas and liquids. 

 

2)    A central processing facility for oil cleaning, water cleaning, water softening, oil  

       storage and oil sales.  

 

3)     A steam generation site (up to six once through steam generators rated at 85  

        million BTU/hour each) for production of saturated steam to be used for thermal  

        enhanced oil recovery.  An additional 62.5 MMBTU/hr steam generator will be  

        used to generate steam from the project’s produced gas.  No fresh water will be  

        used to generate steam; only non-potable water will be used.  

 

Field systems will include: 

 

 1)    A production gathering network. 

 

 2)    A steam distribution network.  

 

 3)     Electrical power distribution and supervisory control and data acquisition  

 (SCADA) networks.   

 

Project infrastructure will also include an office building, a multipurpose building, a warehouse 

and maintenance building, and a facility control building.  A fresh water system with a 3,000 

barrel tank and water distribution pipelines is also planned for utility purposes including fire 

protection, lavatories, showers, equipment cleaning, dust control, and minor landscape 

irrigation.   

 

The Project has been designed to minimize grading and land disturbance by maximizing the 

use of existing roads, well pads, cleared areas, and contours wherever possible.  Out of the 

approximate total 2,108-acre Project site, approximately 300 acres, or 14 percent will be 

graded.  Earthwork volumes will be balanced across the Project site in order to minimize the 

need for import or export of significant amounts of soil.   
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Santa Barbara County, California 

 

  Collings & Associates, LLC 

 

The primary Project site entrance is located at 6516 Cat Canyon Road.  Vehicles and 

equipment entering the Project site travel across Cat Canyon Creek via an existing culvert 

crossing located just outside of the Aera Energy LLC property boundary. As proposed, the 

Project would utilize the existing crossing during the initial Project construction, while 

concurrently constructing a new Project site entrance located approximately 300 feet north 

(upstream) of the existing entrance.  The Project will also include construction of a secondary 

access located along Long Canyon Road, on the eastern boundary of the Project site along with 

two smaller east side entrances from Long Canyon Road, which will be constructed to provide 

adequate access new well pads.  Project site entrances will be connected via a primary site 

access road, which will be graded and paved concurrently with site entrance construction 

activities.   

 

The Project will be implemented in phases to maximize efficiency and help moderate 

construction peak activity levels.   Phase I will include the construction of the production group 

station, central processing facility, steam generation site , fresh water distribution system, 

office building, main roadways and a beneficial reuse facility for soil and sand.  Four of the 

seven steam generators will be installed.  Some of the project’s well pads and wells will be 

restored/developed during Phase I, along with the roadways, electrical distribution lines, and 

gathering and distribution pipelines to support those wells.   Phase I activities will last 

approximately four years.   

 

During Phase II, the remaining well pads will be restored/developed, the new wells will be 

drilled, along with the construction of associated roadways, electrical distribution lines, and 

gathering and distribution pipelines.  Phase II will also expand the processing facility 

capacities, and add three additional steam generators.  Phase II construction will start 

approximately three years after Phase I completion and is expected to take up to two years.  

Phase II well drilling, along with the construction of roadways, electrical distribution lines, and 

gathering and distribution pipelines to support those wells, is planned to take place over a 

period of up to ten years.  Production from the project is expected to continue for more than 30 

years.    

 

The Central Processing Facility (CPF) will consist of storage tanks, produced fluids separation 

equipment, support facilities and truck loading facilities.  The CPF will be designed to separate 

and condition crude oil, water and natural gas.  Pipelines will be constructed to process and 

transport crude oil and natural gas to commercial sales points via pipeline installations.  

Produced water will be separated from the crude oil and re-injected back into the producing 

zone where it was produced from via water injection wells.  The associated produced natural 

gas will be consumed on site and used to fuel the steam generators, or flared if the generators 

are off line.    

 

A permanent truck loading facility will be constructed to allow the sales oil to be trucked from 

the project site.  In addition, an office building, a warehouse, an employee parking lot, fire 

protection systems, fencing and safety systems and other ancillary facilities will be constructed 

at the project site to support the oil and gas recovery facilities. 
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II. Site & Process Description 

 

The detailed site information, including full site maps, topo maps, property lines, general 

layout and legal descriptions are not included within this report to avoid redundancy, but can 

be found in the Aera Energy LLC Oil and Gas Drilling/Production Plan Permit Application  

(Section 2.0 - Project Description).      

 

As a supplemental reference to this report, a general fire protection master site plan drawing 

package has been developed by our firm to illustrate the fire protection requirements and 

resources described in this evaluation.    Sheets MFPP-1 through 5 include an overall site plan  

with well sites, access roads and the planned facility areas.  The drawing package also includes 

enlarged areas of the Central Process Facility, Steam Generator Site and the office building 

site.   

 

Access to the project field site will be controlled at the two main entrances (from Cat Canyon 

Road and from Long Canyon Road) with electric rollaway, key pad operated gates.  The gates 

will allow fire department emergency entrance utilizing Knox box units and will likely include 

continuous video surveillance.  The CPF will be fenced and access to process areas will be  

controlled.  The truck loading and unloading area will not be within this fence; its access will 

be controlled at the field entrances only.  Entrance to the CPF process areas will be controlled 

by key pad electric gates.  CPF entrance will likely require sign-in at the CPF control building.  

 

The East Cat Canyon (ECC) oil cleaning plant (OCP) will receive gross oil production from a 

centralized production group station (GS). The GS will include vapor liquid separation 

equipment.  The GS will be located adjacent to the field steam generation site (SGS). 

 

Gross production leaving the GS facility will flow through two (2) production pipelines to 

the OCP into two (2) parallel treating trains. The OCP will be located in the CPF. One treating 

train and pipeline will be constructed during the first production development phase, and a 

second train and pipeline will be added during the second production development phase. 

 

Per reservoir modeling forecasts, the gravity of the ultra-heavy bituminous EEC produced 

oil is expected to be about 9.0 API during the early years of the first production phase, and 

the oil gravity is expected to increase to around 7.6 API, during the later production years. 

To treat the ultra-heavy production, light crude oil (LCO) will be blended with the heavy 

produced oil entering each treating train to produce treatable oil having a target gravity 

of 12 API.  

 

After LCO blending, the blended production to each train will undergo de-sanding.  The 

degassing vessels will include de-sanding units to remove oily solids that will deposit in the 

degassing vessels.  Produced gas will be treated in the SGTP.  The treated gas will be used 

as supplemental fuel for the produced gas steam generator (PGSG).  The oily solids from 

the vessels will be treated in the solids concentrating plant (SCP) to recover any residual oil 

from the oily solids.   

 

Following desanding, the LCO blended production will undergo further dehydration in FWKO 

vessels.  Gas from the FWKO vessels will be mixed with the degasser produced gas and 

treated in the SGTP. Produced water from the FWKO vessels will go to the clarifier tanks at 

the inlet of the water cleaning plant (WCP). The FWKO vessels will have de-sanding units 

that will transfer FWKO oily solids to the SCP for residual oil recovery.   After primary 
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dehydration, emulsion from the FWKO vessels will be de-hydrated to sales oil specifications in 

electrostatic coalescer vessels. 

 

The hot sales oil and produced water from the FWKO and coalescer outlets will be used as 

part of the plant heat integration system to heat softened produced water prior to steam 

generation.  The coalescer heating system will be sized for cold startup situations. 

 

The sales oil and produced water from the OCP will require further cooling upstream of 

the respective tanks that the streams go to. These streams will be cooled by fin-fan type heat 

exchangers. The crude oil coolers will be part of the crude oil storage (COS) plant 

equipment, and the produced water coolers will be part of the OCP equipment. 

 

Detailed production and process descriptions planned for the site are not included within this 

report to avoid redundancy.  A description of the planned oil production and subsequent 

processing is included in Attachment A of this report which was used as the basis of the fire 

protection recommendations included in this report. 

 

The principal fire protection hazards in terms of potential fire size would be located at the CPF 

at the crude and light oil storage tanks, due to quantities of flammable/combustible liquids to 

be stored in those tanks.   The proposed tank summary is as follows: 

Date: 8/16/14 
    

Rev: Tank Equipment List; Flammable/Combustible Liquid Storage and Handling Elements 

East Cat Canyon Field Re-Development Project 
   Aera Energy LLC 

 
    Tag Tag 

Number 
Description   Plant Capacity Size 

V 1040 FWKO OCP 18,000 BPD 12'-0" DIA x 60'-0" S/S 

V 1060 Electrostatic Coalescer OCP 6,000 BPD 12'-0" DIA x 60'-0" S/S 

V 1070 Scrubber OCP     

V 1220 Desanding Vessel OCP 18,000 BPD 8'-0" DIA x 16'-0" S/S 

V 1230 Desanding Vessel OCP 18,000 BPD 8'-0" DIA x 16'-0" S/S 

V 1240 FWKO OCP 18,000 BPD 12'-0" DIA x 60'-0" S/S 

V 1260 Electrostatic Coalescer OCP 6,000 BPD 12'-0" DIA x 60'-0" S/S 

V 1270 Scrubber OCP     

T 2040 Tank LOS 6,500 BBL 44'-0" DIA x 24'-0" H 

T 2050 Tank LOS 6,500 BBL 44'-0" DIA x 24'-0" H 

T 2170 Tank COS 10,000 BBL 55'-0" DIA x 24'-0" H 

T 2180 Tank COS 10,000 BBL 55'-0" DIA x 24'-0" H 

T 7030 Sludge Tank SCP 1,500 gpm 24'-0" DIA x 36'-0" (6'-0" Cone) 

T 7070 Skim Oil Tank SCP 1,000 BBL 21'-6" DIA x 16'-0" 

T 7140 Sludge Tank SCP 1,500 gpm 24'-0" DIA x 36'-0" (6'-0" Cone) 

T 7180 Skim Oil Tank SCP 1,000 BBL 21'-6" DIA x 16'-0" 

V 7340 Electrostatic Coalescer SCP 6,000 BPD 12'-0" DIA x 60'-0" (OAL) 

V 9560 Tank CPP 100 BBL 6'-0" DIA x 20'-0" S/S 

V 9600 Tank CPP 100 BBL 6'-0" DIA x 20'-0" S/S 

       

Tanks T-2040, T-2050, T-2170 and T-2180 represent the oil storage tanks in contained areas 

within the CPF (reference C&A Sheet MFPP-3).  The tanks are to be located within subdivided 
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masonry containment areas, that in turn drain to a remote impound area containment basin at 

the CPF.  The containment basin has a volumetric capacity of 3,181 cubic yards (15,300 bbl) 

and is designed for 1.5 times the largest tank volume.  Vapor recovery systems will be installed 

for these tanks in accordance with AB 1960, with backup compressors and electrical power. 

 

The remaining process equipment, tanks (water treatment), heater treaters, etc., are indicated  

in detail in the TJ Cross Engineers design documents and listed in referenced spread sheets.   

 

III. Aera Energy’s Emergency Response Policy 

 

Aera Energy’s fire protection priorities are, in order of importance: 

 

1. Life safety 

2. Environmental protection 

3. Asset protection 

 

Aera Energy employs a policy of fire prevention through proper design, equipment/process 

maintenance and strict safety procedures to protect life, the environment and assets.  These 

include the following: 

 

1. Prevention through design, safe practices and standard operating procedures 

2. Immediate reporting of a fire incident to supervision 

3. Fire department notification 

4. Isolation of the fuel supply to a fire incident 

5. Emergency process shut down procedures 

6. Limited personnel firefighting (utilizing fire extinguishers or portable units), trained for 

incipient fire-fighting incidents 

7. Coordination and support for responding local fire department agencies 

 

Aera Energy LLC has an established Code of Safe Practices, which includes a section focused 

on fire prevention.   Section 12 of the Aera Energy Program’s Code of Safe Practices includes 

guidelines for employees for the prevention, control and reporting of fire incidents.    

Subsection 12.3 of the Code of Safe Practices includes the following instructions for reporting 

fires: 

 

12.3  Fire 

1. Report fires to your supervisor right away.  Report it directly to the fire department or 

follow local rules if your supervisor is not available. 

2. Give the fire department the information below and  stay on the line until the fire 

department tells you to hang up! 

 Your name, company, and purpose of your call, 

 Exact location of the fire, 

 Brief description of the type of fire (e.g., brush, well, or tank fire) 

 Your phone number if you are using a phone, 

 Location where someone will meet the fire department, and name of the person who will 

meet them. In remote areas, someone may have to lead them to the fire. 

3. Stay out of the way when the fire department comes.  Be ready to help if needed (if you have 

the right training and authorization). 

4. Try to put out the fire if you have the proper equipment and know how to use it.  Never put 

yourself at risk to fight a fire! 

 

Fig. 2 
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IV. Fluid Classifications: 
 

As stated above, principal fire protection hazards in terms of potential fire size would be 

located at the CPF at the crude and light oil storage tanks due to quantities of 

flammable/combustible liquids to be stored in those tanks.   Combustible liquids that are 

heated and/or maintained at temperatures exceeding their flash point can present fire protection 

challenges equivalent to flammable liquids.   

 

The NFPA flammable and combustible liquid classifications for the produced fluids will be 

based upon the closed cup flash point data as provided by Aera Energy LLC for the anticipated 

crude oil produced at the lease, and also for the blend oil to be transported, stored and utilized 

at the CPF.    

 

Per Aera Energy transmittals, the anticipated gravity of the crude oil to be produced from the 

formations will be approximately 7 to 9 API.   The results of laboratory flashpoint analysis for 

the produced crude oil (from core samples) were above reporting limits.  Consequently, the 

flash point of the produced crude oil will not be exceeded until the produced crude is blended 

with the light crude oil. 

 

The light oil to be brought to the site for blending purposes will be approximately 29 API 

degrees with an anticipated flash point of less than 40 F.  The final blended oil product will be 

approximately 12 API blend at anticipated flash point exceeding 350 F. 

 

Combustible liquids that are heated and/or maintained at temperatures exceeding their flash 

point can present fire protection challenges equivalent to flammable liquids.     

 

With respect to the process flow description and locations where crude oil flash points would 

be exceeded, per Aera Energy:  

 

As previously transmitted, the flash point for light crude oil is expected to be <40F.  

Consequently, this material will be above flash point where present in the process 

(receiving, storage and pre-blend pump and piping).  Flash point for 12 API blend is 

expected to be >350F.  Since we do not have process temperatures expected to exceed 

300F, flash point will not be exceeded anywhere in the CPF, loading or transport for the 

blend.  Flash point for native resource was not measureable and consequently will not be 

exceeded from well bores through gathering up to blending with LCO at the CPF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 
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V. Fire Hazard Scenarios 

 

A. Central Processing Facility: 

 

The primary fire hazards requiring in-place fire protection resources will be at the proposed 

Central Processing Facility.  In order to provide a performance based fire protection approach 

for the site, a risk assessment of the potential tank fire scenarios should be determined.  The 

largest fire scenario incident would be based upon a failure in the crude oil storage tanks.  The 

following Table (derived from API 2021) lists different types of tank fires which could be 

encountered based upon the fixed cone roof tanks proposed to be installed within the storage 

tank containment area: 

 

The scenarios listed in the table assume an upset condition of the facility safeguards or an act 

of nature. 

 

Fire Scenario 
Potential Cause 

of Ignition Resultant Fire Recommended Response 

Tank Vent Fire 
Lightning, Static 
Electricity, Hot 

Work 

Small fire which can usually be 
extinguished with minimal 
damage and low risk to 

personnel 

Extinguish fire by using dry 
chemical fire extinguishers or by 
reducing pressure in the tank 

Leakage or 
Overfill Ground 

Fire 

Open flame, Hot 
Work, Static 
Electricity, 
Lightning, 

Sparks 

Liquids should be contained 
within diked area with potential 
for pool fire within containment 

area 

Exposure protection (water 
cooling) for crude oil storage 
tanks should be first priority. Fire 
suppression of dike area with 
foam is second priority 

Unobstructed full 
liquid surface 

area fire 

Lightning, Static 
Electricity 

Full surface area of tank will be 
involved. Unobstructed would 

assume the roof has separated 
from tank at the frangible seam 
joint and the surface is open to 

atmosphere 

Suppression effort should focus 
on topside application of a 
compatible foam 

Obstructed full 
liquid surface 

area fire 

Lightning, Static 
Electricity 

Partial or full surface area of tank 
may be involved. Obstructed 

assumes a portion of the roof is 
obstructing some of the burning 

surface area 

Suppression effort should focus 
on topside application of a 
compatible foam with the 
potential for a greater amount 
required due to obstruction 

 

 

Based upon the scenarios listed in Table 1, in the event of a fire, a fire suppression strategy 

would be evaluated and selected for the appropriate scenario.  Referring to API 2021, Section 

6.6, three general strategies may be used for tank fires, including “passive, defensive or 

offensive” strategies.   
 

Fig. 2 
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A passive strategy involves no firefighting activity, and allows the fire to burn out and the area 

evacuated for personnel safety.  This philosophy would be applied in scenarios involving the 

potential boilover of a crude oil tank.  Locations where passive fire protection may be adopted 

include “remote storage facilities and facilities without adequate water supply.”   Aera Energy 

accepts a passive strategy in accordance with the fire protection priorities of life safety and 

environmental protection followed by asset protection. 

 

A defensive strategy “protects personnel and exposed equipment and allows the fire to burn 

out.”    Examples of defensive strategy situations include large diameter full liquid surface fires 

with no boilover potential. 

 

An offensive strategy is an aggressive attempt to extinguish tank fires.  An offensive strategy is 

considered to support rescue when life is endangered, when exposure dangers exist to adjacent 

facilities, and when adequate resources are available within acceptable time frames and a 

reasonable probability to extinguish a fire.  Examples of situations that may be appropriate for  

these strategies are vent fires, ground fires, and unobstructed full liquid surface fires in small to 

medium diameter tanks. 

 

In addition to tank fires, the potential for smaller localized fires at the CPF will be present in 

the oil dehydration equipment locations.  Although rare, the potential for localized ground fires 

due to spills and subsequent vapor ignition from heat sources is possible. 

 

The Santa Barbara County Fire Department’s typical policy requires the resources on site to 

provide an offensive firefighting strategy in the event of a fire incident at the tank battery.  The 

SBCFD is requiring a fixed water supply and pressurized fire hydrants at the CPF and tank 

battery for firefighting in the event of a fire incident.  Although Aera Energy believes in a 

passive strategy, the facility will be designed in accordance with SBCFD typical policy 

requirements for the option to respond to a fire incident if they choose to do so once on site. 

 

In the event of a full surface tank fire or ground fire within a containment area, fire suppression 

tactics will most likely consist of the following: 

 

 The initial attack response will likely be four Type 2 fire engines with 500 gallons of 

water and 10 gallons of Class B Foam on each plus one water tender with 2500 gallons 

of water. The total will be 4500 gallons of water and 40 gallons of foam on scene 

within 15 to 30 minutes. In addition, a second alarm can provide an additional 4 type 2 

engines and additional water tender, which would double the aforementioned water and 

foam within 10-30 minutes of request by the incident commander.  (This information 

has been provided by SBCFD) 

 

 Mutual aid response from neighboring communities is available if necessary. 

 

 Application of AFFF foam solution over small containment areas and liquid surface 

areas of a full surface tank fires.   Foam will be applied using fixed monitors or fire 

department hand-lines with foam nozzles attached.  
 

 Application of cooling water to adjacent tanks and equipment as necessary, from both 

pressurized hydrant supplies using hand lines, or from the fixed monitors from the 

pressurized water supply system.    
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B. Steam Generating Site: 

 

Six pre-fabricated, “Once Through Steam Generator” (OTSG) units will be installed at the 

Steam Generator Site (SGS) as shown on C&A Sheets MFPP-1 and MFPP-4.  An additional 

62.5 MMBTU/hr steam generator will be used to generate steam from the project’s produced 

gas.  These units will provide steam for continuous pattern injection and to cyclic steam 

stimulation (CSS) in the formation. CSS is used initially for production wells to develop 

early reservoir heat around producers, to provide void space for steam pattern development 

and to assist early resource production.  A detailed description of the proposed OTGS 

installation and equipment is found in Attachment A of the Appendix. 

 

The natural gas fired OTGS units are essentially non-combustible in general construction, and 

are located on a dedicated site pad indicated on Sheet MFPP-1.    Natural gas fuel for steam 

generation will be obtained with new pipeline connection to Southern California Gas Company 

(SCG).  A new 8-inch fuel line will be installed from the arriving location for SCG at the CPP 

to the SGS.  The fuel gas may be preheated prior to pressure reduction in order to improve 

process thermal efficiency and to avoid hydrate formation during cold weather. A fuel gas 

scrubber, nominally operating at 100 psig will be provided to capture any free liquids. 

 
 
Each OTSG will be provided with a programmable logic controller (PLC) and flame 

management system for process control, combustion control, and combustion safety.  These 

controls will be located on each OTSG skid.   An additional PLC will be provided to control of 

the balance of plant equipment.  Operating data and alarms will be available on the field Local 

Area Network (LAN) in real time and on Aera’s Wide Area Network (WAN).  A prefabricated 

communications building will house the balance of plant PLC and communications equipment. 

 

The principal process hazard at this location would likely involve a gas fuel supply or burner 

failure at one or more units, resulting in a continuous natural gas fueled fire.  With very limited 

combustible components and recommended brush clearances and vegetation management, 

emergency shutdown of the natural gas fuel supply to the entire OTSG site would be the 

obvious fire protection control scenario.  This would be expected to be accomplished by two 

local emergency shutdown stations (ESD) with a remotely actuated location on the main gas 

supply line to the SGS as well. 

 

Per Aera Energy’s current design documentation, automated shut-down valves will be 

provided on the fuel gas supply system at:  

 

1)    The point of receipt from So. Cal. Gas in the CPF area 

2)    The inlet to central fuel gas scrubber on the Steam Generation Site (SGS) 

3)     On each OTSG as part of the burner management system 

 

With the expedient shutoff of the gas fuel supply, we would expect the risk of a continuing fire 

to be removed due to the non-combustible construction of the OTGS equipment.  A fire 

protection water supply at the SGS would not be generally required.  Localized fire protection 

for small incipient fires would be addressed through the use of fire extinguishers provided at 

the site and on personnel vehicles. 
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C. Office, Control and Warehouse Buildings: 

 

The office, control and warehouse buildings present the usual types of fire hazards and risks 

associated with these types of general occupancies.  The risks would be mitigated by proper 

code compliant construction and safe operations within the facilities.  Monitored, automatic 

wet fire sprinkler systems will be installed to control an interior fire and to automatically 

communicate a system activation to the SBCFD. 

 

 

VI. Prescriptive & Performance Based Code Requirements: 

 

CFC Section 5704.2.9.2 requires aboveground storage tanks holding flammable or combustible 

liquids (other than pressure tanks operating at or above 1 psig) to be protected by foam fire 

protection when required by the fire code official when a tank or group of tanks placed less 

than 50 feet apart measured shell to shell, has a liquid surface area in excess of 1,500 sf and is 

in accordance with one of the following criteria: 

 

 Used for the storage of Class I or Class II liquids.  

 

 Used for the storage of Crude Oil. 

 

 Used for in-process products and is located within 100 feet of a fire still, heater, related 

processing apparatus or similar device at a processing plant as here defined. 

 

 Considered by fire code official as posing an unusual exposure hazard because of 

topographical conditions, the nature of the occupancy, character of the liquids stored 

and the facilities of the fire department to cope with flammable liquid fires. 

 

At this time, the CPF design includes two blended oil stock tanks and two light crude oil 

storage tanks, located in the CPF and indicated on C&A Sheet MFPP-3.   The tanks all exceed 

1,500 sf in area, and are within 50 feet of each other between shells.  Per the CFC and SBCFD 

requirements, this area would require foam fire protection. 

 

The tanks are within a common primary containment area, but have drain lines to a secondary 

containment remote impound area also indicated on C&A Sheet MFPP-3.  The design intent is 

for the drain lines to be sized adequately to conduct a primary tank contents release away from 

the tanks and into the remote impound area. 

  

NFPA recognizes two types of secondary containment structures. One type is a diked area that 

surrounds the existing tanks. The other is a remote impoundment area in which the liquid is 

drained into a pond area away from the tank field.  Remote impounding is an acceptable 

secondary containment method under NFPA 30 because the code primarily focuses on fire 

safety and emphasizes the importance of moving leaked or spilled flammable liquids away 

from the tank by adequate draining. A remote impoundment must be able to contain the 

contents of the largest tank.  

 

Section 7-22 of the 20th edition of the NFPA Handbook recognizes that remote impound areas 

are an acceptable fire protection method when an area can be created and states “divert 

spillage away from all tanks and into an impounding basin where the liquid could burn safely 

without exposing other tanks, property or water ways.“ 
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Section 22.11.1 of the 2010 edition of NFPA 30 delineates the requirements for a remote 

impound containment system, which must include the following: 

 Constructed so that spills cannot  collect around tanks 

 Drainage route shall have a minimum slope of 1% away from the tank for at least 

50 feet toward the impound area 

 Impounding area must be able to contain the maximum contents of the largest tank 

 The drainage route shall be located so that if the liquid in the drainage system is 

ignited, the fire will not seriously expose tanks or adjoining property 

 The impound area shall be located such that contained liquid will not be within 50 

feet from any property line that is or can be built upon, or from any tank. 

 

Fixed fire protection systems are not required for remote impound areas, when designed and 

constructed in accordance with the provisions of NFPA 30. 

 

 

VII. Calculation of Preliminary Water Storage Requirements: 

 

A. Central Processing Facility: 

 

Based upon the above scenarios, pressurized fire protection water supplies would be required 

to support the CPF storage tanks for both cooling, extinguishment and foam system 

application.    The provisions of NFPA 11, Low, Medium, and High Expansion Foam would be 

utilized to establish the required foam firefighting system requirements.  The following 

application rates and discharge times would apply to the identified fire scenario along with the 

required amount of foam concentrate and water: 

 

1. Tank Liquid Surface Area Fire  

 

 .16 gpm/s.f. for 65 minutes (Largest Crude Oil Storage Tank) 

 

 Foam Monitor Application of 3% AFFF solution to containment area:   

          (Foam solution application by foam monitors) 

 

 Based upon the largest tanks (T-2170 and T-2180, 10,000 bbl, 55’-0” 

diameter x 24’-0” height): 

3% AFFF Solution Flow Rate:    380 gpm   

Minimum Required Water Storage:  24,710 gallons 

(65 Minute Duration) 

Minimum Required AFFF Concentrate: 741 gallons 

 

 

2. Ground Fire in Remote Impound Containment Area  

 

 Foam fire protection system resources not required by NFPA. 
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3. Cooling Water for the Largest Un-involved Tanks (API RP 2030 Sec. 7.3.13) 

 

 .10 gpm/s.f. for 65 minutes (Worst case assumption, assume full surface 

areas cooling of tanks) 

 

 Total water required, based upon cooling two largest adjacent tanks: 

   Minimum Flow Rate:     840 gpm x Duration (65 minutes)  

                                       Minimum Required Water Storage:    53,900 gallons of water 

                                      (65 Minute Duration) 

 

B. Office, Control, Shop and Warehouse Buildings: 

 

Per the provisions of NFPA 13, the warehouse and shop area occupancies represent the highest 

fire sprinkler hazard category of the proposed buildings.  We would anticipate an Ordinary 

Hazard Group 2 fire sprinkler system basis of design to be required for these buildings.     

 

Based upon the requirements of the 2013 edition NFPA 13, the minimum design discharge 

density for these areas will be .20 gpm/sf over a minimum 1,500 sf design area. The fire 

sprinkler system design area is also required to be increased by an additional 30% for ceiling 

pitches exceeding 2:12 pitch.    The expected maximum sprinkler demand will be 

approximately 507 gpm which includes a 30% design cushion.  Additional combined hose 

stream demand would be 250 gpm based upon an Ordinary Hazard Group II requirement. 

 

Two sets of fire flow storage calculations are permitted by the NFPA 13, both of which are 

contingent upon the installation of a central station fire alarm system.  An un-monitored system 

requires a 90 minute fire flow water storage, and a monitored system requires a 60 minute 

duration.  If the sprinkler system is monitored by a central station alarm firm, it is anticipated 

that the local fire department will be quickly notified in the event of a fire and be able to attack 

the fire at an earlier stage of fire growth.  A monitored fire sprinkler system will be required to 

be installed for the proposed buildings, allowing the 60 minute duration calculation. 

 

Assuming a combined fire sprinkler system/hose stream discharge demand of 757 gpm for the 

described scenario for a 60 minute duration (reference 2013 NFPA 13, Table 11.2.3.1.2), a 

minimum of 45,600 gallons of stored fire protection water would be required for the buildings’ 

fire sprinkler systems. 

 

C. Fire Protection Water Supply Requirements Summary: 

 

In summary, the above calculations for the water required for fire suppression efforts would be 

based upon the most demanding condition of a full tank liquid surface area fire and cooling 

water for exposure protection of adjacent uninvolved tanks.  The calculated storage 

requirements for this condition exceed the building fire sprinkler requirements.   Based upon 

the above, our recommendations for the dedicated on-site fire water storage  are as follows: 

 

Minimum Recommended Fire Protection Water Storage: 76,500 gallons  

(This is addition to domestic and process stored water) 
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Water would be delivered to the required site locations from a new dedicated fire protection 

piping system connected to an elevated 3,000 BBL (126,000 gallon) on-site water tank.   New 

8” dedicated fire service piping would be connected to the water tank, which would be routed 

to an 8” fire loop serving the CPF and the site buildings (see C&A Sheets MFPP-1 through -5).  

The loop would provide pressurized water delivery to the following: 

 

 Site Hydrants 

 Fire Protection Monitors 

 Building Fire Sprinkler Systems. 

 

 

VIII. Summary Recommendations 

 

The following recommendations are focused upon providing a readily available water supply, 

AFFF foam concentrate supply and firefighting resources for emergency responders in the 

event of a fire emergency at the lower tank battery.  The following recommendations are not 

intended as a substitute for or to preclude safe operating procedures, proper equipment 

maintenance or code compliant operation of electrical equipment in hazardous areas.  

 

Section 5706.3 of Article 57, Flammable and Combustible Liquids, of the CFC contains 

specific requirements for the drilling, operation and maintenance of oil and natural gas wells.  

This section specifically addresses well and equipment locations, clearances, sumps, storage 

tanks, signs, and other related provisions.  The provisions of this section will apply to the 

proposed drilling operations including ignition source control, signage, waste control, blowout 

prevention and field loading racks. 

 

Based upon the above summary analysis, our recommendations for the lower tank battery 

include the following (see Collings & Associates, Sheets MFPP-1 through -5 for corresponding 

descriptions and locations): 

 

1. The CPF area would be provided with a dedicated fire protection system which would 

include the following:    

 Dedicated fire water storage (tank) supply 

 Nine (9) new SBCFD compliant fire hydrant connections 

 Five (5) new fixed monitors with eductors to be installed to apply either  

   water or 3% AFFF foam solutions to the tanks and loading rack areas, with  

a single 265 gallon AFFF concentrate tote located adjacent to each monitor, 

with weatherproof coverings.  This would provide a minimum fixed on-site 

1,060 gallon bulk supply of AFFF foam concentrate maintained at the monitor 

locations indicated on the attached drawings. 

 

2. We recommend a minimum of 76,500 gallons of dedicated fire protection water storage 

for this proposed project. We recommend the following to be implemented:     

 

 The tank is to be provided with automatic fill capability and sight gages 

 The tank is to be equipped with low level fill controls and low level notification,  

arranged to maintain the required minimum water storage supply at all times.      
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3. The CPF hydrants and monitors will be hard piped and supplied by a new 8” dedicated 

fire service water supply line/looped system serving the site.  The piping sizes and 

suggested routes are indicated on C&A Sheets MFPP-1 through -5, and are to be 

installed in accordance with NFPA Standards 13 and 24.   

 

4. The pressurized hydrant piping system would include new hydrants as indicated on 

Sheets MFPP-1 through -5. The new hydrants shall contain one 4-inch outlet and two 2 

½-inch outlets and shall be spaced not to exceed 500-foot intervals (300 feet in noted 

areas near buildings), and to be in accordance with SBCFD standards.  Minimum fire 

flow will be 750 gpm.    

 

5. The application of the foam solution shall be accomplished by on-site foam delivery 

systems.  We recommend the installation of five fixed master water/foam monitors with 

self-educting nozzles, to provide firefighting resources for a tank surface area fire, for 

containment area fires, loading rack area fire, for the application of cooling water, and 

for the extinguishments of minor spill fires.   The fixed master foam monitors (Ansul 

Model 427469 Monitor & Ansul Model 427461 Self-Educting Master Foam Nozzle, or 

approved equivalent) would utilize AFFF foam concentrate totes at their individual 

locations.  We recommend providing a minimum of one 265 gallon tote or the 

equivalent amount in 55 gallon protected drums at each master foam monitor.     

SBCFD personnel will also be able to utilize their normal truck foam supplies with the 

monitors.  Each of the new foam monitors will be capable of providing up to170 feet of 

total throw based on a 500 gpm water supply at 100 psi, and a 30’ high vertical throw 

with at a 140’ range. The nozzles are user adjustable between a 120° wide fog and a 

straight stream.     

  

6. The existing emergency access roads must meet SBCFD requirements, including the 

following: 

 Primary fire access roads to be 24 feet in width and 13’-6” vertical clearance,  

minimum. 

 Secondary fire access roads to be 20 feet in width and 13’-6” vertical clearance,   

minimum. 

 Fire lanes shall be provided as set forth in CFC Section 902. 

 Fire access to be provided within 150 feet of outside building perimeter. 

 Fire access road to be able to support 40,000 pound emergency vehicles. 

 Install Knox box with proper access at the main entrance gate as required by  

SBCFD standards 

 

7. Brush and vegetation clearance must be maintained in accordance SBCFD Standard 6, 

which specifies that clearances must be as follows: 

 Ground areas must be kept free of weeds, trash and other combustible materials 

 Remove vegetation within 10 feet from power poles 

 Remove flammable vegetation within 10 feet from roads, or reduce to a 

maximum of 4” stubble height.   
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 Remove vegetation within 30 feet from structures, tanks and containment areas 

(exception:  vegetation less than 18” in height above the ground need not be 

removed where necessary to stabilize the soil and prevent erosion.)   

 

Exceptions:   

(a)  If protected species vegetation occurs within the clearance areas noted 

above, then Aera shall coordinate with a County approved biologist, 

Aera and the SBCFD is to ensure that disturbance to protected species 

is minimized to the extent possible. 

(b)  If specific site conditions prevent the implementation of the above 

clearances, location specific coordination between Aera and the SBCFD 

is to take place to address these areas.  

 

8. With regard to the truck loading rack station, operational compliance with CFC Section 

3406.5 must be confirmed regarding the transfer of crude oil from the shipping tank to 

the tanker trucks. Most of the compliance requirements involve the prevention of 

overflow and spills, with related requirements concerning the avoidance of static 

charges through appropriate grounding.   

 

9. Electrical grounding or bonding must be provided in accordance with sections 6.5.4.1 

through 6.5.4.5 of NFPA 30.  This will apply to all tanks and associated piping at the 

site. 

 

10. A means to quickly shut down the facility in the event of an emergency shall be 

provided.  Emergency operations procedures (EOP) shall be developed and provided to 

the SBCFD for inclusion in their emergency response plans. 

 

11. Provide accessible, well-labeled emergency gas line shutoff valves on supply lines to 

all gas fired equipment at the site. 

 

12. Portable Fire Extinguishers with a minimum rating of 20-A:B:C shall be provided 

where required by SBCFD, at a maximum of 75’ between extinguisher locations.  

Extinguishers mounted on trucks may be approved in lieu of fixed locations if approved 

by the SBCFD in site specific locations. 

   

13. Provide premises identification at the main gate entrance to the facility in accordance 

with SBCFD Standard 2. Provide site MSDS sheets in secure box or container at main 

gate entrance for SBCFD use in an emergency condition. 

    

14.  All new tanks holding hazardous, toxic, flammable or combustible liquids are to be 

provided with NFPA 704 identification, with markings located where they can be 

readily seen by the SBCFD on approach from fire department access roads.    

 

15.  Install new NFPA 13 compliant monitored fire sprinkler systems in the control, 

warehouse, shop and office buildings. 

 

16.  A fire sprinkler fire alarm monitoring system, which has central station water 

flow alarm monitoring service, must be installed and maintained for automatic fire 

department notification in the event of flow switch activation for all buildings.    
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17. The steam generator site is to be provided with portable fire extinguishers in 

accordance with CFC and SBCFD requirements.  A fixed fire protection water supply 

will not be required at this location.   Local and remote emergency shutdown of the 

natural gas fuel supply to the entire OTSG site will be required and accomplished by 

two local emergency shutdown stations (ESD) in addition to a remotely actuated 

location on the main gas supply line to the SGS. 

 

18. A pre-incident plan is to be developed and provided to SBCFD. Items addressed in the 

plan should include but not be limited to the following: 

 Staging area for emergency vehicle response 

 Plans to handle the accumulation and drainage of fire suppression water 

 Traffic control plan 

 Mutual aid agreement 

 Established training at site 

 Documentation of all Hazardous Materials on-site 

 

19.  Aera Energy and the SBCFD will coordinate and schedule operational fire drills on an 

annual or bi-annual basis.  These drills will include resource deployment and exercising 

of the ICS. 

 

Thank you for the opportunity to submit this preliminary fire protection master site plan 

evaluation with recommendations.  Please contact our office with any questions. 

 

Sincerely, 

  

 

 

  

 

 

 

 

Jack Collings, FPE 
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1 OIL PROCESSING INFRASTRUCTURE 

The following is a summary of the oil processing facilities and infrastructure planned for East Cat Canyon Field 

Redevelopment.   

1.1 OVERVIEW OF PROCESSING SYSTEMS 

Produced fluids and brackish water production are gathered from production well pads.  Gas is separated from produced 

fluids at the Group Station (GS).  From the group station, separated liquids flow to the Central Processing Facility (CPF) for oil 

cleaning, water cleaning, water softening, oil storage and oil sales.  Separated gas from the GS also flows to the Produced Gas 

Treatment Plant (PGTP) for treatment and use in thermal enhanced oil recovery steam generation.  From the CPF softened 

produced water and softened brackish water are sent to the Steam Generation Site (SGS) where once through steam 

generators create a wet, saturated steam.  The steam is then distributed back to well pads for thermal enhanced oil recovery 

(TEOR) injection. 

 

 

1.2 PRODUCTION GATHERING 

The production gathering system connects the well pads to the CPF.  Production gathering includes: the production gathering 

system pipe network, the upper Sisquoc brackish water production gathering system pipe network and the Production Group 

Station (GS). 

 

JCollings
Text Box
ATTACHMENT A
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1.2.1 PRODUCTION GATHERING SYSTEM (GS) 

The reservoir fluids will the brought to the surface and routed into a common Production Gathering System.  Below is a 

summary of the operations of the GS: 

1. Reservoir fluids will be pumped to the surface using artificial lift systems. 

2. Once on the surface, produced fluids (and vapors) from individual wells will be routed through insulated 

carbon steel flowlines. 

3. Well flowlines will combine into a piping network routing field fluid production to the Production Group 

Station. 

  

1.2.2 PRODUCTION GROUP STATION (GS) 

The Production Group Station consists of two vessels, one installed in Phase I, and the second installed in Phase II.  The GS 

receives produced fluids from the Production Gathering System, separates liquid and gas and routes the liquids to the Oil 

Cleaning Plant (OCP) within the CPF and the gas to the PGTP.  Below is a summary of the treating operations in the OCP:   

1. Degassing vessels will separate produced gas within the production stream 

2. Produced gas will be cooled and transferred to the PGTP for sulfur removal.   

 

 

 

1.3 CENTRAL PROCESSING FACILITY (CPF) 

With the exception of gas-liquid separation, produced gas treatment, and steam generation, fluid processing will take place 

within a single complex of process called the Central Processing Facility (CPF).  CPF oil processing will include: 

• Oil Cleaning Plant (OCP) 

• Light Oil Storage and unloading (LOS) 

• Clean Oil Storage and loading (COS) 

• Solids Concentrating Plant (SCP) 

The following processes are also part of the CPF but are not part of the oil processing systems. 
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• Water Cleaning Plant (WCP) 

• Water Softening Plant (WSP) 

 

1.3.1 OIL CLEANING PLANT (OCP)  

The Oil Cleaning Plant receives fluids from the GS.  The OCP will consist of two equipment “trains”, one train will be 

constructed during Phase I, and the second will be added during Phase II. The primary function of the OCP is to remove water 

and solids from the produced crude.   Clean oil leaving the OCP will be sent to storage tanks at the Crude Oil Storage (COS) 

and separated produced water will be sent to Water Cleaning Plant (WCP).  Produced gas from the PGS and OCP will be cooled 

and transferred to the PGTP.  Below is a summary of the treating operations in the OCP:   

1. Field production will be blended with light crude oil to form a blended, approximately 12° API production 

to enhance gravity separation of oil and produced water 

2. De-sanding vessels will settle and remove produced sand and solids from the blended production 

3. Most produced water will be separated from blended production in horizontal, free water knockout (FWKO) 

vessels 

4. Remaining produced water will be separated from blended production in horizontal coalescer vessels 

 

 

1.3.2 CRUDE OIL STORAGE (COS) 

The Crude Oil Storage (COS) plant receives and stores clean blended crude from the OCP.  The primary functions of the COS 

is to store clean blended crude prior to sales.  Below is a summary of the treating operations in the OCP:   
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1. Clean crude will be inventoried in oil stock tanks 

2. Haulers will remove clean oil at Truck Loading Stations (sales point)  

3. Tank vapors will be collected and transferred to the PGTP.  

 

 

1.3.3 LIGHT OIL STORAGE (LOS) 

Lighter, higher API gravity crude oil will be handled in the Light Oil Storage (LOS) plant.   The primary functions of the LOS are 

to receive and inventory light crude oil prior to blending with production in the OCP.  Below is a summary of the treating 

operations in the OCP:   

1. Haulers will deliver light crude oil to Truck Unloading Stations (sales point) 

2. Light crude will be inventoried in light oil stock tanks 

3. Light crude oil will be metered and pumped to the OCP for blending with field production 

4. Tank vapors will be collected and transferred to the PGTP.  

1.3.4 SOLIDS CONCENTRATING PLANT (SCP) 

The Solids Concentrating Plant (SCP) serves two roles: 1) dewater solids collected in and 2) recover residual oil from various 

processes in the CPF. Slop oil and solids from various plant processes will be directed to skim oil or sludge tanks.  Wet oil will 
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be cleaned in a “slop oil” treater.  Recovered oil will be transferred to Crude Oil Storage.  Wet solids will be dewatered with 

a centrifugal process and collected for beneficial re-use.  Separated water will be returned to the WCP.  Below is a summary 

of treating operations in the SCP: 

1. Wet, separated solids are further concentrated in sludge tanks 

2. Sludge is mechanically dewatered and deposited into transport bins 

3. Wet oil streams are collected in “slop oil” tanks 

4. Water is removed from wet oil with a steam-heated coalescing treater. 
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1 STEAM GENERATION INFRASTRUCTURE 

The following is a summary of the steam generation infrastructure planned for East Cat Canyon Field Redevelopment.   

1.1 STEAM GENERATION SITE (SGS) 

The Steam Generation Site burns natural gas to convert soft water from the WSP into high pressure steam for distribution to 

individual wells.  The SGS consists of six (6) once-through steam generators (OTSG), three installed in Phase I, and three 

installed in Phase II, each fitted with 85 mmbtu/hr gas fired burners.  The site also contains a (1) smaller 62.5 mmbtu/hr steam 

generator design for continuous consumption of field produced gases or utilty grade gas.  The SGS includes associated 

ancillary equipment to support the OTSGs, such as high-pressure feedwater pumps, and feedwater pre-heaters.  The steam 

will be routed to the downstream steam distribution system. 

Below is a summary of the operations in the SGS: 

1. The six 85 mmbtu/hr OTSG will have a dedicated feedwater pump and pre-heater. 

2. The feedwater pump will boost the pressure sufficiently to allow for steam generation and subsequent 

injection. 

3. The pre-heater will reclaim waste heat from the produced gas by preheating the cooler OTSG feed water. 

 

 

1.2 STEAM DISTRIBUTION AND INJECTION 

The steam from the SGS is distributed to the injection sites via a carbon steel piping network.  Each well requiring steam 

injection will be connected to the distribution system with a Steam Injection Measurement Skid (SIMS) which will monitor, 

measure, and control steam injection pressure and volume. 
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1.3 SGS EQUIPMENT 

Pre-fabricated, OTSG units will be installed at the Steam Generator Site (SGS), provide steam for continuous pattern injection 

and to cyclic steam stimulation (CSS). Softened feedwater from the CPP Water Softening Plant (WSP) will be delivered to the 

SGS through an insulated feedwater distribution pipelines.  Soft water distribution will operate at approximately 100 psig and 

160°F. Steam quality will be determined in operation as a function of feedwater composition (e.g., silica content, hardness) 

and generator operating pressure.  A target set-point of 70% steam quality has been found to represent a good balance in 

OTSG reliability and reservoir performance.   

Each OTSG at the SGS will have an individual feedwater pump, individual steam separator and individual heat exchanger.  

Saturated liquids will be separated from steam vapor and used to preheat OTSG feedwater. Separated, sub-cooled liquids 

will then be used for water injection in the Sisquoc formation reservoirs.   

Design basis for the SGS includes the following equipment, components and features: 

• Six (6) 85 MMBTU/hr high efficiency, once through, split-flow steam generators with Low NOx burners.  

2,600 psig MAWP 

ASME B31.1 ANSI Class 1500 piping 

60% - 75% steam quality 

85% steam generator thermal efficiency based on fuel gas HHV. 

• One (1) 62.5 MMBTU/hr high efficiency, once through, split-flow steam generators with Low NOx burners.  

2,600 psig MAWP 

ASME B31.1 ANSI Class 1500 piping 

60% - 75% steam quality 

• 33,000 barrels per day (BWPD) of softened feedwater converted to saturated steam.  New feedwater supply 

pipeline from new CPP 

• Individual positive displacement feedwater pumps, up to 300 HP (5900 BPD at 2,600 psig). 

• Individual feedwater/steam liquids heat exchangers. 

• One utility fuel gas scrubber (12 MMSCFD); One produced gas scrubber (2 MMSCFD) 

• Drain/blow down Tank (40 BBL) HOLD 

• Control/SCADA building: (10’ by 15’ by 9’) 

• MCC/switchgear: outdoor rated 480 VAC 

• Power transformers:  

• Instrument air skid: 125 psi; 276 acfm 

• Chemical injection skids; set-up for multiple chemicals (up to four) 

 

1.4 FUEL GAS SYSTEM 

Natural gas fuel for steam generation will be obtained with new pipeline connection to Southern California Gas Company 

(SCG).  A new 8-inch fuel line will be installed from the arriving location for SCG at the CPP to the SGS.    Fuel gas may be 

preheated prior to pressure reduction in order to improve process thermal efficiency and to avoid hydrate formation during 

cold weather. A fuel gas scrubber, nominally operating at 100 psig will be provided to capture any free of condensed liquids.  

 

1.5 STEAM GENERATION PROCESS CONTROL 

Each OTSG will be provided with a programmable logic controller (PLC) and flame management system for process control, 

combustion control and combustion safety.  These control will be located on each OTSG.   
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An additional PLC will be provided to control of the balance of plant equipment.  Operating data and alarms will be available 

on the field Local Area Network (LAN) in real time and on Aera’s wide Area network (WAN).   A prefabricated 10 ft. by 15. 

Communications building will house the balance of plant PLC and communications equipment. 

 

1.6 STEAM GENERATION PROCESS SAFETY 

The OTSG will be in full accordance with the latest edition of ASME Boiler and Pressure Vessel Code Section I, California 

Building Code, National Electric Code, National Fire Protection Association NFPA 85: Boiler and Combustion Systems Hazards 

Code latest edition, Rules and Best Performance Standards (as approved) of the San Joaquin Valley Air Pollution Control 

District and shall meet OSHA and all other fire, electrical and safety codes and orders of applicable city, county, State of 

California and United States governments.  

Aera conducts regular inspection and testing of fired equipment safety and pressure protection systems.  A mechanical 

integrity program specifying the frequency and procedures for additional testing and inspection of steam equipment will also 

be put into place.  
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1. INTRODUCTION 

1.1 Background 

The East Cat Canyon Oilfield Redevelopment Project (Project) is located approximately 10 miles 

southeast of the Santa Maria in northern Santa Barbara County.  Aera Energy LLC (Aera) 

proposes to re-establish oil production there within the designated Cat Canyon Oil Field.  The 

main property entrance is located at 6516 Cat Canyon Road.  

 

Based on the proposed construction and operational activities, the Project is subject to 

discretionary land-use permits and environmental review by the County of Santa Barbara.  Aera 

has requested that Dixon Risk Consulting (DRC) conduct a Quantitative Risk Assessment 

(QRA) to assess the significance of risks to the public associated with the proposed oil 

production activities.  

 

1.2 Scope of Work 

The QRA assesses risks to the public from the proposed crude oil and gas processing facilities, 

the on-site natural gas pipeline, and the on-site portion of loading and shipment of light crude oil 

and on-site produced heavy oil using tanker trucks.  The risks associated with offsite portions of 

the natural gas pipeline and tanker truck transportation will be addressed by a separate 

transportation QRA study.   

 

The potentially acutely hazardous risks associated with the following operational activities at the 

Project Site are: 

 

 Fire, explosion and spill at the Central Processing Facility (CPF) located east of Cat 

Canyon Road, 

 Fire, explosions, and spill from proposed offloading of light crude oil and loading of 

heavy crude oil using tanker trucks, within the Project Site, 

 Fire and explosions from the natural gas pipeline within Aera property supplying fuel to 

the project site, 

 Hydrogen sulfide release from petroleum production and processing facilities, and 

 Emissions from the emergency flare. 

 

The significance of risk to the public associated with exposure to acutely hazardous materials 

has been assessed.  The thresholds for acceptable risk of fatality or serious injury to the public 

are as defined by the Santa Barbara County (SBC) risk criteria.  The County has published 

thresholds of acceptability in order to determine the significance of impacts in a consistent 

manner. 
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1.3 Quantitative Risk Assessment Methodology 

Quantitative Risk Assessment is an established methodology to quantify the risk of a potential 

event, by estimating the likelihood and consequence of the event.  The risk of fatality or serious 

injury to the public has been assessed using the following steps: 

 

 Identify potential release scenarios. 

 Quantify the likelihood of these scenarios. 

 Determine the consequences and potential impact on the public. 

 Combine the likelihood and consequences to calculate the societal risk, presented as a 

risk profile. 

 Assess the risk of significant injury/fatality against the SBC risk profile criteria. 

 Develop potential mitigation measures to reduce the public risk profile to insignificant, if 

necessary. 

 

QRA provides an estimate of the risks, which tends to err on the side of conservatism.  The 

approach was to make reasonable assumptions on the hazards, likelihood of failure and 

potential impact on the public.  In the process of QRA, numerous assumptions must be made, 

based on best available information.  Where appropriate, sources of these assumptions, 

estimates and reasoning have been described. 
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2. EAST CAT CANYON OIL FIELD DESCRIPTION 

2.1 Facility Overview 

The Project site is located approximately 10 miles southeast of Santa Maria, within an existing oil 

and gas production area.  The facility is located in a rural area, with neighboring oil and gas 

production facilities, grazing land.  The Project site and surrounding properties are agriculture 

zoned with minimum parcel sizes of 10, 40 and 100 acres.   

 

Figure 2.1 shows the location of the proposed Project site.  The surrounding land use is as 

follows, 

 

North Grazing, Oil Production, AG-I-10, AC-40, AG-II-100 

East Grazing, AG-I-10, AC-40, AG-II-100 

South Grazing, Oil Production, AC-40, AG-II-100 

West Grazing, Oil Production, AC-40, AG-II-100 

 

The Project involves the drilling and production of crude oil at well depths of about 3,000 ft, 

using the enhanced oil recovery method of steam injection.  An expected total of 141 production 

wells and 113 continuous steam injection wells will be utilized.  In addition, there will be 7 steam 

generators, a processing plant, gathering and distribution pipelines, and related ancillary 

equipment.  Well drilling will occur from Year 1 through Year 19 of the project.  The majority of the 

construction of related infrastructure will occur in two phases of development.   

 

The oil produced from the site is expected to have an average gravity of about 9 API which is 

very viscous.  Lighter crude oil will be used to blend with the heavy oil to reduce the viscosity for 

separation and transportation. 

 

Production Facilities 
The wells will yield heavy crude oil, produced water and small quantities of gas.  Steam injection 

into the reservoir will be used to heat the oil and reduce its viscosity.  Reservoir fluids will be 

lifted to the surface with positive displacement, rod-pump systems.  

 

When the field is at full capacity (currently forecasted in 2032), there will be an expected total of 

141 production wells producing the following estimated quantities: 

 

Produced Oil: 10,000 BOPD (9.0 API initial to 7.6 API at full production) 

Produced Water: 36,000 BWPD 

Produced Gas: 1,000 MSCFD (5 to 10% H2S) 

 

Well production will be monitored using a Supervisory Control and Data Acquisition (SCADA) 

system.  Oil, water and gas will be recovered from one casing pipe, and this combined 

production will flow at about 250 psig and 400oF via gathering lines to the Group Station (GS) 

for separation.  This will be located in the central area of the site.   

 



 

Aera Energy LLC,  

East Cat Canyon Redevelopment –QRA 5/2018 
Page - 4

Two parallel group production separators will be installed, the second one being added for 

phase 2 production.  At the group separators, produced gas and vapor will be separated from 

the liquids at approximately 25 psig and 260oF. 

 

Production liquids from each group separator will flow through separate transfer lines to parallel 

oil treating trains at the Central Processing Facility.  Production gas will be combined and 

transferred to the Produced Gas Treatment Plant (PGTP), located next to the Group Station. 

 

Imported light crude oil will be blended into the produced fluids at the Oil Treating Plant.  

Produced water and sand will then be separated from the produced oil.  Blended produced oil 

will be stored in two 10,000 barrel tanks prior to transportation off-site by truck. 

 

Steam Generation 
The produced water will be treated at the CPF then used as feed for the steam generators.  

Seven steam generators will be located in a central area, at the Steam Generator Site (SGS).  

Six generators will burn natural gas, and one steam generator will burn a mix of natural gas and 

treated produced gas.  Additional makeup water for steam production will be supplied from on-

site water wells.  At full production, the produced water and steam generation water 

requirements will be almost balanced. 

 

Truck Loading and Unloading 
Light crude oil will be brought to the Project site by truck to facilitate production oil dehydration 

and treatment, and meet transportation requirements for oil export.  Light crude will be unloaded 

at four unloading racks, and stored in two 6,500 barrel tanks prior to use.   

 

Blended produced oil will be loaded from storage at eight loading racks.   

 

The following average daily truck traffic is projected when production is at full capacity: 

 

 95 trucks per day at 140 barrels per truck export of blended produced crude. 

 21 trucks per day at 160 barrels per truck import of light crude. 

 

2.2 On-Site and Off-Site Populations 

On-Site Personnel 
After the construction phase, it is projected that there will be up to 50 Aera personnel working 

on-site during regular business hours, and 2 during off-hours (nights and week-ends).  In 

addition, there will be contractors performing well maintenance activities, and truck drivers 

loading and unloading.  Aera personnel and directly hired contractors are not included in the 

assessment of risks to the public, although they are considered for purposes of identifying 

potential vehicle ignition sources.   

 

On-Site Public Population 
Inside the Project boundary, there are wells operated by another production company, ERG 

Resources, LLC (ERG).  There are also some areas included in the project scope, that are not 

owned by Aera.  These include the road on the Fleisher lease, the wells and roads on the 
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Bonetti lease, the proposed entrance to the site on ERG property, and the proposed electric 

power line location, owned by ERG. 

 

Personnel associated with production from the ERG wells are considered “public” personnel, as 

they are not hired or contracted by Aera.  There are currently 5 wells in the Bonetti, Fleisher and 

West lease areas in operation.  It is anticipated that the number of non-Aera operated wells will 

increase during the duration of the Project, and have therefore assumed that a total of 10 non-

Aera wells will be in operation.  The locations of non-Aera operated wells are shown on Figure 

2.1, and the number of associated personnel working regularly at these operating wells have 

been estimated as: 

 

 2 ERG personnel within the Project site, 50% of the time during normal work hours. 

 

Off-Site Public Population 
The off-site area was reviewed to identify populations that may be impacted by a hazardous 

release.  The locations of off-site residences are shown on Figure 2.1.  There are also several 

residential 10-acre plots to the north and east where dwellings may be located in the future.  

Several of these plots are currently up for sale.   

 

The nearest residence to the CPF is located 2,600 feet to the south-south east of the proposed 

vapor recovery transfer line.  This is outside the potential area for serious injury or fatality, and 

impacts would be less than significant.  Other residences are located to the north and south-

east.  Distances to the nearest dwellings and residential plots are shown in Table 2.1 

 

To the west and south of the Aera site are oil production facilities, some of which currently have 

idle wells.  We have assumed that these wells will be redeveloped, increasing the off-site 

activity and numbers of workers associated with production at these sites.  The currently active 

and idle wells adjacent to the Aera site are shown on Figure 2.1. 

 

The offsite populations have been estimated as follows: 

 

 Oil production area immediately west = average of 2 personnel during the day 

 Oil production area immediately south = average of 2 personnel during the day 

 Each dwelling = 2 persons, outside 10% of the time 

 Cat Canyon Road = 2 vehicles per mile, 1 person per vehicle 

 

2.3 Weather Data 

The nearest weather station to the Project Site is at the Santa Maria airport.  Meteorological 

data from the California Air Resources Board (CARB) internet site was utilized to characterize 

the wind speed and direction.  The data is plotted as a wind rose in Figure 2.2, to illustrate the 

wind direction and speeds.  The predominant wind blows from directions to the west and north-

west 62 percent of the time.  The average wind speed is approximately 4 meters per second. 
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Wind Direction Percent Occurrence 

N 5.7 

NE 5.6 

E 8.5 

SE 7.2 

S 3.7 

SW 7.1 

W 34.0 

NW 28.2 

 

 

Two meteorological conditions have been selected to represent worst case and more typical 

conditions.  A worst case of “F” stability and 1.5 meters per second wind speed, represents low 

wind speed during the night when flammable vapors may accumulate.  A more typical case of 

“D” stability and 4 meters per second wind speed, represents average weather conditions during 

the day and part of the night hours. 

 

Stability Class Wind Speed Percent Occurrence 

F 1.5 m/s  (3.5 mph) 35 % 

D 4 m/s  (9 mph) 65 % 
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Figure 2.1 Map of Aera East Cat Canyon Oil Field 
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Table 2.1 Distances to Public Populations 

 

Potential Release 

Source 

Public Receptor Direction Minimum 

Distance (ft) 

1. Production Well Nearest Residence 

Off-Site Oil Production Area 

Nearest Non-Aera Well Site 

SE 

S, W 

all 

1,300 

500 

100 

2.1 Gathering Lines, 

      3-inch 

Nearest Residence 

Off-Site Oil Production Area 

Nearest Non-Aera Well Site 

SE 

S, W 

all 

1,300 

500 

100 

2.2 Gathering Lines,  

       6-inch 

Nearest Residence 

Off-Site Oil Production Area 

Nearest Non-Aera Well Site 

SE 

S 

all 

3,000 

1,200 

100 

2.3  Gathering Lines,  

       8-inch 

Nearest Residence 

Off-Site Oil Production Area 

Nearest Non-Aera Well Site 

SW 

SW 

W 

3,800 

1,700 

100 

3. Group Station Nearest Residence 

Nearest Non-Aera Well Site 

On-Site Access Road 

S 

WWN 

NE 

4,600 

620 

100 

4.1 Produced Gas 

Treatment Plant 

Nearest Residence 

Nearest Non-Aera Well Site 

On-Site Access Road 

SSW 

WWN 

NE 

4,400 

940 

200 

4.2 Emergency Flare Nearest Residence 

Nearest Non-Aera Well Site 

On-Site Access Road 

SSW 

WWN 

NE 

4,600 

620 

120 

5. Tank Vapor Recovery 

(TVR) Gas Transfer Line 

Nearest Residence 

Off-Site Oil Production Area 

SSE 

W 

2,600 

540 

6. Oil Cleaning Plant  Nearest Residence 

Off-site Oil Production Area 

SE 

W 

3,100 

450 

7.1 Fuel Gas Line – Inlet 

to Property 

Nearest Residence 

Off-site Oil Production Area 

SSE 

W 

2,400 

740 

7.2 Fuel Gas Line – Inlet 

to Steam Generator Site 

Nearest Residence 

Off-Site Oil Production Area 

Nearest Non-Aera Well Site 

SSW 

W 

WNW 

4,300 

2,300 

1,200 

8. Steam Generation Nearest Residence 

Off-Site Oil Production Area 

Nearest Non-Aera Well Site 

SSW 

W 

WNW 

4,300 

2,300 

1,200 

9. Crude Oil Storage Nearest Residence 

Public Road 

S 

SW 

2,000 

500 

10. Crude Oil 

Loading/Unloading Area 

Public Road SW 650 
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Figure 2.2 Wind Rose Plot - Santa Maria Meteorological Station 
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3. HAZARD IDENTIFICATION 

 

A review of the proposed Project operations has been made to identify potential hazards to the 

public of flammable and/or toxic releases.  For each identified hazard scenario, an assessment 

was made of the maximum potential release and distance to off-site and on-site public 

populations.  All other scenarios, even though they could produce on-site impacts in the 

immediate vicinity such as fires, steam or toxic hazards, are considered to be outside the scope 

of this study. 

 

The following hazard identification methods were used: 

 

 Identification of the material properties and process conditions.    

 The potential consequences of a loss of containment for each system. 

 Review of historical incident records. 

 

A list of selected worst-case release scenarios are shown in Table 3.1 and discussed below.   

 

3.1 Loss of Well Control 

A well failure may occur during the development, production, maintenance, idle or abandonment 

phases, resulting in a potential hazard.  This may involve a well blow-out or oil spill at the well 

site.   

 

A blowout is an uncontrolled release of crude oil and/or natural gas and steam from an oil well 

when pressure control systems have failed.  During drilling, a blowout could occur when the drill 

meets an area of high pressure, and the weight of the drilling fluid (mud) is insufficient to contain 

the reservoir fluids.  Blowout preventers (BOPs) are installed at the top of the well during drilling 

and well maintenance, which can be closed in the event of loss of well control.   

 

Hazards associated with loss of well control include high temperature oil and steam burns, toxic 

H2S and flammable vapors.  The maximum H2S concentration in the produced gas is estimated 

to be between 5 and 10%.  A maximum concentration of 10% has been assumed for this 

analysis.  After the initial development phase, a release from the well will include large 

quantities of steam, making it unlikely that a flammable atmosphere could occur.   

 

Development 
During drilling operations in the development phase, the reservoir will be at low temperature and 

pressure.  The crude oil is highly viscous and the reservoir is not anticipated to have sufficient 

pressure to free-flow to the surface and produce a blowout type of scenario; therefore the loss 

of well control during the development phase  is considered an insignificant hazard.   
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Production 
A production failure may occur due to failure of wellhead equipment, operator error, steam 

breakthrough or vehicle impact.  As the reservoir temperature and pressure increases during 

operation, there will be a greater likelihood of an uncontrolled well release. 

 

Well-Maintenance 
Well servicing releases may occur during maintenance or well-kill.  A blowout preventer failure 

or well failure when the BOP is being installed or removed can result in an uncontrolled release.  

It has been assumed that one-well servicing operation will be needed on each well per year.   

 

3.2 Gathering Lines 

Gathering lines will transfer the combined production fluids to a central Group Station.  The lines 

are estimated to be sized from 2 to 8-inch in diameter.  The pipe thickness will have an 

allowance for erosion (due to sand in the oil) and the presence of H2S.   

 

A gathering line failure may cause a hazardous release of produced gas, oil, water and steam.  

Due to the high temperature, a release will cause some of the water to flash to steam, diluting 

the produced gas and H2S.   

 

The Group Station is to be located in the central area of the site.  A gathering line failure closest 

to off-site public will be on smaller lines with lower flow rates.  The larger main gathering lines 

will be located closer to the central area of the site. 

 

The total length of gathering lines at full production is projected to be about 70,000 feet.  The 

gathering system will operate at approximately 250 psig and 400oF.  The well and gathering 

system pressure will be maintained by pressure control at the production group separator to 

reduce flashing of the produced water in the well tubing and surface piping. 

 

Gathering line lengths, sizes and flow rates have been estimated as follows: 

 

Gathering Line 

Diameter 

Line Lengths Gas Flow Rates Liquid Flow Rates 

ft miles MCFD lb/min MBPD lb/min 

2 to 3 inches 21,000 4.0 60 3.3 2.8 675 

4 to 6 inches 35,000 6.6 250 14 12 2800 

8 inches 14,000 2.7 500 28 23 5,600 

 

 

3.3 Group Station 

The combined production of oil, water and gas will be separated at the Group Station, located 

near the central steam generators.  The pressure will be reduced to 25 psig immediately 

upstream of the group separators.  Two parallel trains will be installed, the second one being 

added for phase 2 production. 
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At the group separators, produced gas and vapor will be separated from the liquids at 

approximately 25 psig and 260oF.  The horizontal pressure vessels will have about 5 minutes 

liquid retention time and provide surge capacity.   

 

The worst case hazard will be a line or vessel failure that results in the release of the production 

gas flow from one of the separation trains.  A worst case release of 500 MCFD production gas 

at 10% H2S has been assumed.  Failures could also occur due to operational or equipment 

errors leading to a release of production gas through the relief system to the 20-feet vent stack.  

Either scenario is unlikely to impact offsite due to the central location of the Group Station.   

 

3.4 Produced Gas Treatment Plant and Emergency Flare 

Produced gas from the Group Separators will be cooled to remove water, then compressed.  

The produced gas will combined with Tank Vapor Recovery (TVR) gas transferred from the 

CPF.  The combined sour gas will be treated in sulferox and sulfurtreat units to remove H2S.  

The treated gas will then be used as fuel in the produced gas steam generator located at the 

Steam Generator Site.  A line or vessel failure at the Produced Gas Treatment Plant (PGTP) 

may result in a worst case release of 2,000 MCFD produced gas at 10% H2S. 

 

An emergency flare, with a continuous pilot flame, will be used to dispose of gas from process 

safety valves or a failure at the Produced Gas Treatment Plant.  The elevated flare will be 35 

feet high, 6-inch diameter, and located at the Group Station.  A worst case release would occur 

if the flare release was unignited.   

 

A second flare will also be provided for stand-by purposes.  The stand-by flare will be in 

operation during planned outages of the produced gas steam generator, and will burn 

sweetened produced gas.   

 

3.5 Oil and Gas Transfer Lines 

Production liquids from each Group Separator will flow through separate transfer lines to parallel 

oil treating trains in the Central Processing Facility.  Production gas from both separation trains 

will be treated in the Produced Gas Treatment Plant. 

 

A release of oil from one of the two produced oil and water transfer lines would not result in an 

offsite toxic or flammable hazard.  There will be dissolved H2S in the produced water, although 

not in sufficient quantities to result in a significant hazard except in the immediate vicinity.  The 

flashing of steam on release will disperse and dilute any H2S and flammable vapors released.  

The hazards to personnel will include hot oil, steam and H2S exposure.   

 

Compressed sour vapors from the Tank Vapor Recovery Units at the CPF will flow to the PGTP 

for treatment.  A line failure or large hole in the TVR transfer line could produce a flammable 

and toxic vapor cloud.  Ignition of the flammable vapor could result in a jet flame and local 

thermal radiation hazard. 

 

The following line conditions have been assumed: 

  



 

Aera Energy LLC,  

East Cat Canyon Redevelopment –QRA 5/2018 
Page - 13

Transfer Line 

Diameter 

Line Conditions Line Length Flow Rate 

Pressure Temp ft miles  lb/min 

TVR Gas 

4 inch 

30 psig 120oF 2,800 0.5 1000 MCFD 34 

Production Liquid 

2 x 8 inch 

150 psig 260oF 2,800 2 x 0.5 23 MBPD 5,600 

 

 

3.6 Oil Cleaning Plant 

Produced oil and water will be treated in two parallel cleaning plants.  The heavy bituminous oil 

will be about 9.0 API during the early years of production, and the gravity increase to about 7.6 

API during peak production in later years.  To treat the heavy oil, imported light crude oil will be 

blended into the cleaning plant feed.  The oil will pass through a series of vessels to remove 

sand, gas and free water.  Gas from oil cleaning will be combined with the TVR gas, 

compressed, and transferred to the Produced Gas Treatment Plant.   

 

A line or vessel failure at the oil cleaning plant may result in the release of sour gas.  Most 

production gas will be removed at the Group Separator, although some H2S and gas will remain 

dissolved in the liquids.  However, the quantities of gas would be small and unlikely to result in a 

significant hazard to the public.   

 

3.7 Fuel Gas Lines 

Natural gas will be obtained via a new pipeline connection to a Southern California Gas 

Company pipeline.  The natural gas will be used as fuel in the steam generators, and makeup 

gas for storage tanks.  A failure of a natural gas line could create a potential fire and/or 

explosion hazard.  The line lengths and sizes assumed are listed below.  The fuel gas 

composition is shown in Table 5.1.   

 

Fuel Gas Line 

Diameter 

Line Conditions On-Site Line Length Gas Flow Rate 

Pressure Temp ft miles MCFD lb/min 

6 inches to main 

steam generators 

250 psig 60oF 2,800 0.5 12,000 400 

3 inch lengths to 

each generator 

250 psig 60oF 200 0.04 2,000 66 

3 inch length to 

produced gas 

steam generator 

250 psig 60oF 50 0.01 1,500 50 
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3.8 Steam Generation, Distribution and Injection 

A total of seven (7) steam generators will be built with a nominal steam rate of 33,000 BSPD.  

Saturated steam will be produced at approximately 2,400 psig, 662oF and 70% quality, with 

steam injection into the well at 1,900 psig.  The following steam generators will be installed: 

 

6 x 85 MMBtu/hr units, (5,000 BSPD) located in a central area of the site. 

1 x 62.5 MMBtu/hr unit, (3,000 BSPD) to utilize sweetened produced gas and SoCal Gas fuel 

supply. 

 

The following potential hazards are associated with steam generator operation: 

 Vapor cloud hazard due to the release of fuel gas 

 Steam generator boiler explosion 

 Release of high temperature steam 

 

Steam generation and distribution creates a high temperature hazard in the immediate vicinity of 

the release, but does not pose a significant risk to public populations.  A release of fuel gas due 

to a line failure is discussed above in Section 3.7.   

 

3.9 Crude Oil Storage 

Produced heavy crude oil mixed with imported light crude oil will be stored in two 10,000 barrel 

tanks prior to transportation by truck.  Light crude oil (approximately 29 API) will be imported via 

truck and stored in two 6,500 barrel tanks for mixing with the heavy crude prior to treatment.  

The lighter crude oil is needed to decrease the produced crude oil API density to a minimum of 

12 API for separation and transportation.  A list of the crude oil storage tanks, containment 

basin, and sizes is shown below.  A separate lined basin will provide additional containment in 

the event of a large tank release. 

 

The tank vapor recovery system is assumed to maintain a vapor pressure of 0.06 psig.  Make-

up gas will be added to the vapor space to maintain a slight pressure, and any produced vapors 

will be recovered, compressed, and treated in the PGTP.   

 

A major storage tank failure may occur due to catastrophic tank failure, connection failure, tank 

overfill, earthquake or boil-over after a prolonged tank fire.  A release of crude oil into the dike 

area will cause a flammable vapor cloud.  If a release is ignited, a dike fire may escalate to 

involve the storage tank.  An uncontrolled crude oil tank fire may result in a boil-over if sufficient 

water is present, and eject boiling oil up to 1,300 feet. 
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Tank 

Number 

Tank Description Capacity

(bbls) 

Temp 

(oF) 

Diameter

(ft) 

Height 

(ft) 

Approx Dike 

Dimensions 

(ft) 

T-2170 Produced Oil 10,000 190 55 24 158 x 95 

T-2180 Produced Oil 10,000 190 55 24 158 x 95 

T-2040 Light Crude Oil 6,500 80 44 24 158 x 95 

T-2050 Light Crude Oil 6,500 80 44 24 158 x 95 

Basin Lined Containment 15,300    8,600 ft2 

 
 

3.10 Crude Oil Loading/Unloading 

Crude oil production and light crude for mixing will be transported via truck.  When the field is at 

full capacity, it is estimated that 3,300 BOPD of light crude oil will be needed to blend with the 

heavy production crude.  The light crude oil will be imported by MC 306 or MC 307 cargo trucks 

in 160 barrel loads.  This will require an average of 21 truck loads per day.   

 

A total of 13,300 BOPD of blended production crude oil will be exported by trucks in 140 barrel 

loads.  An average of 95 trucks per day will be utilized. 

 

A potential hazard may occur due to a loading/unloading error, or a truck vehicle collision that 

causes a rupture or leak of the tanker on site.  A maximum spill size of 140 barrels has been 

assumed.   

 

3.11 Earthquake Hazards 

The risk of an earthquake causing a hazardous release has been examined and included in the 

overall likelihood of release.  An earthquake could result in the failure of a gathering line, gas 

transfer line, processing equipment or storage tank.   

 

Above ground pipelines and tanks have more flexibility and are less at risk of seismic failure.  

Pipelines and equipment will be designed to seismic safety standards, which allow some 

flexibility and movement, although a large earthquake has the potential to exceed the design 

limits. 

 

A review was made of earthquake reports to assess the likelihood of earthquake damage to 

process equipment.  An assessment was then made of the probability of an earthquake 

occurring that could cause this damage. The potential for equipment damage is reported as 

peak ground acceleration (PGA).  This provides a measure of the strength of ground shaking, 

and is used in literature studies to predict damage and analyze historical incidents.   
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Table 3.1 Summary of Worst-Case Release Scenarios 

 

 

Release Source Scenario 

1. Loss of Well Control 

 Development Phase 

 Production Phase 

 Well-Maintenance 

Well blow-out or oil spill.  Release of hot oil, steam and 

production gas at maximum conditions. 

Loss of well control unlikely during development phase due 

to low reservoir pressure and temperature. 

2. Gathering Lines Gathering line failure and release of hot oil, water, H2S and 

produced gas.  Line sizes estimated from 2 to 8-inch in 

diameter.  Worst case conditions 500 MCFD gas, 10% H2S, 

250 psig and 400oF. 

3. Group Station Line or vessel failure that results in the release of the 

production gas flow from one of the group separation trains.  

Potential relief gas release to atmosphere. 

4. Produced Gas Treatment Plant 

and Emergency Flare 

Worst case release of 2,000 MCFD produced gas at 10% 

mol H2S. 

Unignited release of H2S from 35 feet, 6-inch diameter 

emergency flare. 

5. TVR Gas Transfer Line Gas transfer line failure at 30 psig and 120oF, 4 inch line at 

34 lb/min flow rate. 

6. Oil Cleaning Plant Line or vessel failure resulting in the release of gas with 

high H2S content.  Entrained gas quantities will be low and 

may result in an on-site hazard in the immediate vicinity.  

7. Fuel Gas Lines Failure of a 3 or 6-inch natural gas line.  Potential fire 

and/or explosion hazard. 

8. Steam Generation No significant risk to offsite populations.  Fuel gas line 

failure addressed above. 

9. Crude Oil Storage Major storage tank failure resulting in pool evaporation, 

vapor cloud fire, tank fire and possible boil-over.   

10. Crude Oil Loading/Unloading Release due to truck loading/unloading incident. 

Potential vehicle collision on site and spill of crude oil 

resulting in flammable vapor and /or fire hazard. 
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4. RELEASE FREQUENCY ASSESSMENT 

 

The likelihood that a hazardous release will occur, and the potential size of the release has 

been estimated using published generic failure rate data.  The data has been generated from 

incident records gathered over a variety of installations and therefore represents an industry 

average.   

 

The failure rate of a piece of equipment is influenced by a large number of factors, including: 

design specification, manufacture, application, operating conditions and maintenance.  The 

same piece of equipment may be used in a wide variety of operating conditions and 

environments, and some attempts have been made to allow for these factors as described in 

the derivation of equipment failure rates.   

 

The likelihood of failure for each potential release source is described below, and summarized 

in Table 4.1. 

 

4.1 Well Failure Rates 

A blowout is defined as an uncontrolled release from a well.  Most well control problems are 

either quickly controlled by the normal safety equipment, or result in a minor release and are not 

included in the category of “blowout” in published incident data.   

 

Statistics on the number of uncontrolled well releases for onshore production wells are not 

widely available.  There are news releases on major incidents and some limited reporting on 

incidents in California(5) and Texas.  Data on well blowouts is readily available for offshore 

incidents in the Gulf of Mexico and the North Sea.  The US Bureau of Safety and Environmental 

Enforcement (BSEE, formerly BOEMRE and MMS) publish data on offshore incidents in the 

Gulf of Mexico, and the international E&P Forum(13) publish data on the frequency of 

international blowouts.   

 

The likelihood of a well failure resulting in an oil spill at Cat Canyon Oil Field is expected to be 

lower than industry average due to the following: the oil is highly viscous, reservoir pressure is 

low, and the liquid does not flow to the surface without lift assistance (e.g. a pump).  

 

Failure rates are reported by BSEE and the E&P Forum for oil wells as follows: 

 

Drilling and completion 8.2 x 10-4 per well (one every 1200 wells drilled) 

Well Servicing 4 x 10-4 per well servicing 

Production 4.6 x 10-5 per well-year 

 

The likelihood of a loss of well control during the drilling and completion phase is highly unlikely.  

The reservoir is at low pressure and the viscous oil does not flow without lift assistance.  Only 

failure rates for well servicing and production have been considered.   
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Failure rates for oil and gas wells in California have been analyzed from a report on the History 

of Oil and Gas Well Blowouts in California, 1950 to 1990, published by the California Division of 

Oil, Gas and Geothermal Resources, 1993(5).  The data is based on a smaller population of 

wells than the BSEE and E&P Forum data, and the incident reporting for earlier years may not 

be as complete as the offshore data.  The following failure rates have been calculated from this 

data: 

 

Well Servicing and Production 3.1 x 10-4 per well-year 

Well Idle 1.4 x 10-4 per well-year 

 

The failure rates reported in California are very consistent with those published by the BSEE 

and E&P Forum.  We have selected the failure rate for California onshore production to 

represent the likelihood of well failure.  The overall failure rates for loss off well control are: 

 

Operational Phase Well Failure Rate Count Release 

Frequency 

  Production 3.2 x 10-5 /well 141operational wells/year 4.5 x 10-3 /yr 

  Well Servicing 2.8 x 10-4 /servicing 141services/year 3.9 x 10-2 /yr 

  Well Idle 1.4 x 10-4 /well-year 10% of wells idle/year 2.0 x 10-3 /yr 

Total Well Failure Rate 4.6 x 10-2 /yr 

(1 in 22 yrs) 

 

 

4.2 Gathering Line Failure Rates 

The likelihood of a release from a gathering or production line or has been developed by 

analyzing published failure rate data for pipelines, gathering lines and process stream lines.  

Pipeline failures resulting in oil spills or gas release have been reported in both the US and 

Europe for many years, providing an excellent source of detailed information on failure rates.  

Reports from the California State Fire Marshal(6, 7), Alberta Energy and Utilities Board(1), 

American Gas Association(18, 19), European Gas Data(14), the API(2) and CONCAWE(12) have 

been used to develop failure rates and scenarios for gathering line releases at the Project site. 

 

Each of the reports on pipeline failures provides data on “reportable incidents”.  The reporting 

criteria for each of the studies vary, making direct comparisons difficult.  The line size, service, 

corrosion protection and operation of the pipelines in each of the studies also vary.  However, 

many of the sources provide details that allow some “normalization” of data for comparison.  

The release sizes and causes of release have been assessed to select appropriate incident 

rates for oil gathering lines.  
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4.2.1 Reported Line Failure Rates 

The following incident rates have been reported in literature: 

 

Source Incident rate 

per 1,000 mile-

years 

Damage 

Criteria 

Average 

Diameter 

(in) 

California State Fire Marshal (CSFM) 

Hazardous Liquid Pipelines(7) 

     Crude Oil Lines Only 

5.3 

4.4 

9.9 

>$5,000 

>$50,000 

All Leaks 

12 

12 

15 

California State Fire Marshal (CSFM) 

Low Pressure Crude Oil and Gathering 

Lines(6) 

6.7 

1.3 

>$1,000 

>$10,000 

7.5 

Alberta EUB(1) 

     Multiphase Gathering Lines 

 

13.0 

 

All leaks 

 

5.5 

American Gas Association AGA 

US Gas Transmission and Gathering 

Lines 1970-1984(18) 

 

1.3 

 

> $5,000 

 

17 

CONCAWE 

42 year Performance Statistics – 2012(12) 

0.85 >6 bbls 15 

US DOT 

Pipeline and Hazardous Materials Safety 

Administration 1986-1992 

1.3 > $5,000 

or > 50 bbls 

 

 

The study published by the CSFM on Low Pressure Crude Oil and Gathering Lines in 1997 

provides a comparable set of data to the lines at the Aera Cat Canyon project, but is based on a 

small population of pipelines, only 1,486 mile-years.  The average pipe diameter was 7.5-

inches, and the lines included in the study were primarily rural crude oil gathering lines at 

ambient temperature. 

 

Oil and gas pipeline operators in Alberta, Canada are required to report all leaks to the Energy 

Resources Board (EUB).  This data provides information on failure rates by type of pipeline, 

including multi-phase lines.  The gathering lines are typically underground small diameter 

pipelines located in rural areas.  The overall failure rate for EUB gathering lines appears higher 

than that reported in the CSFM reports, but the average pipeline diameter is smaller.   

4.2.2 Release Cause 

From reported data, small releases were predominantly caused by corrosion leaks, with a 

median spill quantity of 3 barrels.  Larger releases were more often caused by third party impact 

or interference and construction or material defect.  
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In the QRA study, only larger releases that may result in risks to the public have been 

considered.  Therefore, small releases from the CSFM and EUB data have been excluded 

which then provides the following release cause distribution: 

 

 40%  Third Party  

 20% Corrosion 

 20% Construction / Material Defect 

 20% Operator Error, Natural Hazards and Miscellaneous 

 

Internal corrosion rates for gathering lines are reported to be higher than product lines due to 

the higher percentage of water and other impurities.  External corrosion rates are reported to be 

higher on lines operating at higher product temperatures.   

4.2.3 Pipeline Diameter 

Pipeline incident rates are reported to be highly dependent on the diameter of the line.   The 

incident rate may vary by nearly an order of magnitude between 4-inch and 28-inch  

pipelines(7, 14, 18).  This has been largely attributed to the increase in pipe wall thickness with 

larger diameter lines.  From literature reports, a pipeline diameter factor has been developed as 

follows: 
 

Pipeline Diameter Diameter Factor 

2 to 3 inches  3 

4 to 6 inches  1.6 

8 to 10 inches  1.2 

12 to 16 inches  1 

 

4.2.4 Distribution of Release Sizes 

The distribution of release sizes has been estimated from the reported frequencies of hole size 

and resulting release quantity(1, 12, 14): 

 

Large / Rupture  15% 

Medium Hole (1-inch)  30% 

Small Hole (<1/2-inch) 55% 

4.2.5 Operating Temperature 

The CSFM Liquid Pipeline study indicates that operating temperature has an effect on leak 

incident rates.  It was reported that the higher the operating temperature, the higher the incident 

rate.  An increase in average temperature from 75oF to 178oF was found to increase the incident 

rate by a multiple of 3.6, primarily due to an increase in external corrosion rate.  A similar 

temperature effect was found by CONCAWE, where heated fuel oil lines had a reported incident 

rate of approximately 4 times higher than pipelines at ambient temperature.  The higher incident 

rate for hot pipelines has been attributed to external corrosion issues when metal pipes are in 

contact with soil moisture.    
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The maximum operating temperature on the oil gathering lines at the Cat Canyon Project is 

projected to be about 400oF.  This is significantly higher than any of the pipelines in published 

data.  Gathering lines at the Cat Canyon Project will be above ground, and may not be exposed 

to the same external corrosion issues as buried lines in published data.  At road crossings, the 

gathering lines will be protected within a concrete vault.   

 

Due to the uncertainties in predicting the influence of temperature and increased pipe rating on 

above ground gathering lines, no adjustment has been made on the predicted incident 

frequencies.   

4.2.6 Gathering Line Release Frequencies 

The failure rates presented in the reports on California Low Pressure Crude Oil and Gathering 

Lines, and Hazardous Liquid Pipelines(5, 6) and Alberta EUB gathering lines(1) have been 

selected as the basis for developing gathering line release rates.  These failure rates are higher 

than reported for interstate liquid and gas pipelines, but are more appropriate for the design and 

operating conditions of infield lines.  The published data has been adjusted to take account of 

the average pipe diameter, and exclude small releases.  The release rates applied for above 

ground lines are as follows: 

 

Gathering Line 

Diameter 

Line 

Lengths 

(miles) 

Failure Rate 

(per mile-yr) 

Release Frequency 

(per year) 

Medium Hole

(1-inch) 

Large / 

Rupture 

Medium Hole 

(1-inch) 

Large / 

Rupture 

2 to 3 inches 4.0 8.9 x 10-3 4.5 x 10-3 3.6 x 10-2 1.8 x 10-2 

4 to 6 inches 6.6 4.8 x 10-3 2.4 x 10-3 3.2 x 10-2 1.6 x 10-2 

8 inches 2.7 3.6 x 10-3 1.8 x 10-3 9.7 x 10-3 4.9 x 10-3 

Total 13.3   7.8 x 10-2 

(1 in 13 yrs) 

3.9 x 10-2 

(1 in 26 yrs) 

 

 

4.3 Group Station Failure Rates 

The worst case hazard will be a line or vessel failure that results in the release of the production 

gas flow from one of the separation trains.  A vessel or piping rupture is considered to be a 

complete failure or large hole that results in the rapid release of the contents. 

 

Catastrophic failure of properly designed, constructed and operated pressure vessels is 

comparatively rare.  Most pressure vessel failures occur due to a failure in operating or 

maintenance procedures.  There are several data sources that report on historical failure rates 

process pressure vessels.  These included Center for Chemical Process Safety (CCPS) of the 

AIChE, Smith and Warwick, and Lees(9, 23, 20).  CCPS quote an average failure rate for 

“significant” failures as 1 x 10-4 per year.  From data reported by Smith and Warwick, and Lees, 

a large release or rupture occurs at about 1 x 10-5 per year. 
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The failure of piping associated with a separator vessel may also result in the rapid release of 

the contents.  A study performed by the US Atomic Energy Authority(26) (WASH-1400) has the 

largest population of piping failure rate data.  These represent base failure rates for process 

piping in an environment where there is minimal vibration, corrosion and erosion.  A correction 

factor of 5 has been applied due to the potential for corrosion and erosion.  The failure rates 

reported in WASH-1400 are comparable with other data sources reviewed. 

 

The total line length associated with the 2 separators is estimated to be 100 feet.  The overall 

failure rates have been estimated as follows: 

 

Equipment Hole Size Failure Rate Count 

Release 

Frequency 

(per year) 

Pressure vessel 1-inch hole 1 x 10-4 /yr 2 Separators 2 x 10-4 /yr 

Large / Rupture 1 x 10-5 /yr 2 x 10-5 /yr 

Linework (8-inch 

or greater) 

1-inch hole 2 x 10-7 /ft-yr 100 feet 2 x 10-5 /yr 

Large / Rupture 1 x 10-7 /ft-yr 1 x 10-5 /yr 

Total 1-inch hole   2.1 x 10-4 /yr 

Large / Rupture   3 x 10-5 /yr 

 

Failures could also occur due to operational or equipment errors leading to a release of 

production gas through the relief system to the 20-feet vent stack.  The group separators will be 

provided with high pressure trip systems to shut-in the production wells, and are specified with a 

design pressure of 425 psig MAWP.  An estimate has been made of the likelihood of a release 

to flare as: 

 Automatic shutoff fails to close, 1 in 100 per demand(20, 24), 

 2 demands per year, 

 Frequency of release to vent = 2 x 10-2 (1 in 50 yrs) 

 

4.4 Produced Gas Treatment Plant and Emergency Flare 

A line of vessel failure at the Produced Gas Treatment Plant may result in a release of produced 

gas at ground level.  A release of gas prior to H2S removal will contain up to 10% H2S.  The 

likelihood of release has been estimated from the failure rate of 3 vessels and associated piping 

as follows: 
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Equipment Hole Size Failure Rate Count 

Release 

Frequency 

(per year) 

Pressure vessel 1-inch hole 1 x 10-4 /yr 3 Vessels 3 x 10-4 /yr 

Large / Rupture 1 x 10-5 /yr 3 x 10-5 /yr 

Linework (8-inch 

or greater) 

1-inch hole 2 x 10-7 /ft-yr 150 feet 3 x 10-5 /yr 

Large / Rupture 1 x 10-7 /ft-yr 1.5 x 10-5 /yr 

Total 1-inch hole   3.3 x 10-4 /yr 

Large / Rupture   4.5 x 10-5 /yr 

 

A worst case release of sour gas to the emergency flare may occur due to an operational or 

equipment failure at the plant.  This may occur on average once a year.  The likelihood of 

ignition failure has been assumed to be in the same order of magnitude as the failure of an 

automatic shutoff valve, 1 in 100 demands.  The likelihood of an unignited worst case H2S 

release from the flare is estimated as 1 in 100 years.   

 

4.5 Oil and Gas Transfer Line Failure Rates 

It has been assumed that the oil and gas transfer lines will have the same likelihood of failure as 

the gathering lines described above in Section 4.2.  The overall failure rates have been 

calculated as follows: 

 

Transfer Line 

Diameter 

Line 

Lengths 

(miles) 

Failure Rate 

(per mile-yr) 

Release Frequency 

(per year) 

Medium Hole

(1-inch) 

Large / 

Rupture 

Medium Hole 

(1-inch) 

Large / 

Rupture 

TVR Gas 

4 inches 

0.5 4.8 x 10-3 2.4 x 10-3 2.4 x 10-3 1.2 x 10-3 

Production Liquid 

2 x 8 inches 

1 3.6 x 10-3 1.8 x 10-3 3.6 x 10-3 1.8 x 10-3 

Total 1.5   6.0 x 10-3 

(1 in 170 yrs) 

3.0 x 10-3 

(1 in 330 yrs) 

 

4.6 Oil Cleaning Plant 

A line or vessel failure at the oil cleaning plant may result in the release of sour gas.  The 

quantities of gas would be small and unlikely to result in a significant hazard except to 

employees in the immediate vicinity.  Therefore, no frequencies of failure have been developed 

for this area of the facility.  
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4.7 Fuel Gas Lines 

Failure rates reported by the American Gas Association(18) (AGA) for gas transmission and 

gathering lines has been selected to represent the likelihood of failure of the fuel gas lines.  A 

line diameter correction factor was applied to the base failure rate, which represents an average 

pipeline size of 17-inches.  The minimum reporting damage criteria for the AGA lines was 

$5,000.  We have assumed these represent the medium and large release sizes.  The overall 

failure rates have been calculated as follows: 

 

Fuel Gas Line 

Diameter 

Line 

Lengths 

(miles) 

Failure Rate 

(per mile-yr) 

Release Frequency 

(per year) 

Medium Hole

(1-inch) 

Large / 

Rupture 

Medium Hole 

(1-inch) 

Large / Rupture 

3 inches 0.05 2.6 x 10-3 1.3 x 10-3 1.3 x 10-4 6.5 x 10-5 

6 inches 0.5 1.4 x 10-3 6.9 x 10-4 7.0 x 10-4 3.5 x 10-4 

Total 0.64   8.3 x 10-4 

(1 in 1200 yrs) 

4.2 x 10-4 

(1 in 2400 yrs) 

 

 

4.8 Steam Generation, Distribution and Injection 

Steam generation and distribution creates a high temperature hazard in the immediate vicinity of 

the release, but does not result in a significant public hazard.  Therefore, no frequencies of 

failure have been developed for steam generation and distribution. 

 

4.9 Crude Oil Storage Tank Failure Rates 

A major tank failure may be due to the failure of a pipe connection, failure of the tank shell, 

overfill, ignition of vapor within a tank, or earthquake.   

 

Storage Tank Failures: 
A number of data sources were reviewed for generic failure rates of storage tanks, including the 

CCPS (9), the TNO Purple Book(10), Lees(20) and FEMA(15).  CCPS and FEMA quote an average 

failure rate for “significant” failures as 1 x 10-4 per tank-year.  These include larger hole sizes 

and catastrophic failures.  The likelihood of a catastrophic rupture of a storage tank is reported 

as occurring 5 x 10-6 per tank-year. 

 

Tank Overfill: 
The likelihood of a tank overfill is dependent on the type of instrumentation provided for level 

control and the frequency of filling.  Failure rates are reported in the order of 1 x 10-2 per tank-

year to 1 x 10-4 per tank-year or less(20, 27) (one in 100 to 10,000 years per tank).  It is estimated 

that the overfill rate will be approximately 1 x 10-3 per tank-year (one in 1,000 years).   
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Storage Tank Boil Over: 
A boilover is a sudden and violent ejection of oil from the tank resulting from a reaction of the 

hot layer of burned oil and the accumulation of water at the bottom of the tank.  When the two 

layers meet, the water is superheated and subsequently boils and expands explosively.  In a 

study of storage tank fires(16), approximately 3% of the fires in crude oil tanks have resulted in 

boilovers, giving an incident rate of 4 x 10-5 per tank year.  A boilover may occur in fully 

developed, uncontrolled crude oil or fuel oil tank fire.  The entire contents of the tank may be 

ejected creating a fireball and a wave of burning oil.  This is primarily a hazard to response 

personnel, as boilovers occur several hours after a full surface tank fire develops and all other 

on and off-populations will have been evacuated. 

 

The overall storage tank failure rates have been calculated as follows 

 

Equipment Release Size Failure Rate 

(per tank-yr) 

Count Release 

Frequency 

(per year) 

Storage tank Rupture 5 x 10-6 4 2 x 10-5 

 2-inch hole 1 x 10-4 4 4 x 10-4 

Tank Overfill Production or Loading 

rate 

1 x 10-3 4 4 x 10-3 

Tank Boil Over Boiling oil ejected from 

tank 

4 x 10-5 4 1.6 x 10-4 

 

 

4.10 Crude Oil Loading/Unloading 

A potential hazard may occur due to a loading/unloading error, or an on-site truck vehicle 

collision that causes a rupture or leak of the tanker on site. 

 

The failure rate for loading selected is that reported by the UKHSE(25) as 4 failures per million 

operations at a typical facility.  This assumes that the trucks use wheel chocks and interlock 

bakes, and the facility has an effective hose inspection program.   

 

Truck accident rates are reported in published data as vehicle miles traveled.  These range from 

0.5 to 13 accidents per million miles(17).  The highest accident rate was at collectors, ramps and 

intersections on city streets.  Traffic at the loading facility will be more comparable to conditions 

on city streets than on a highway.  An accident rate of 13 accidents per million miles has been 

conservatively applied, and an equivalent distance of 0.5 miles per truck visit.   

 

The release probability, given an accident, is reported by Harwood(17) to be between 5% and 

9%.  A review of transportation data by Arthur D. Little in 1990(4) reported a conditional 

probability of a large spill from a gasoline truck as 7%.  A release probability of 7% has been 

selected, although at the truck loading facility lower speeds may reduce the potential for a 

severe collision and release.   
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Source Release Size Failure Rate 

Count 

(per year) 

Release 

Frequency 

(per year) 

Loading / 

Unloading 

Large / Rupture 4 x 10-6 

per operation  

46720 load / 

unload 

1.9 x 10-1 

Truck collision Major Tank Failure 13 x 10-6 

accidents per mile  

0.07 major releases 

per accident 

46720 truck 

movements 

0.5 miles per 

truck 

2.1 x 10-2 

 

The light crude oil will be imported by MC306/MC307 cargo trucks in 160 barrel loads at an 

average of 21 truckloads per day at full production.   

 

A total of 13,300 BOPD of blended production crude oil will be exported by MC306/MC307 

cargo trucks in 140 barrel loads.  An average of 95 trucks per day will be utilized. 

 

A potential hazard may occur due to a loading/unloading error, or a truck vehicle collision that 

causes a rupture or leak of the tanker on site.   

 

 

4.11 Earthquake Failure Rates 

The Project site is located in California’s seismically active central coast region where there are 

a number of active faults with the potential to produce strong ground motion.  In the Project 

area, two inactive faults have been mapped, the Garey fault and the Fuglar fault.  Neither fault is 

considered likely to pose a surface rupture hazard capable of causing extensive equipment 

damage.  An inactive fault is a fault which has not moved in the last 500,000 years.  

 

Strong ground shaking due to an earthquake in the region may cause damage to linework, 

piping connections or storage tanks, resulting in a release.  The likelihood of ground shaking is 

reported as hazard maps by the US Geological Survey(32).  These hazards are expressed in 

terms of the probability of exceeding a calculated strength.  For example, the map showing a 

10% probability of exceedance in 50 years show an annual probability of 1 in 475 of the peak 

ground acceleration projected for the area being exceeded each year.  The likelihood of peak 

ground acceleration (PGA) at the Project site is reported by the USGS as: 

 

Probability of 

Exceedance 

Frequency PGA (g) 

10% in 50 years 2 x 10-3 /year (1 in 475 years)  0.26 g 

2% in 50 years 4 x 10-4 /year (1 in 2,475 years) 0.49 g 

 

Where:   PGA = Peak Ground Acceleration 

g = acceleration due to gravity 
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An earthquake which produces a PGA of 0.6g or greater is estimated to occur at a frequency of 

less than 1 in 100,000 years (1 x 10-5 /year).   

 

A report published by the California State Fire Marshal(7) examined the history of underground 

hazardous liquid pipeline failures due to earthquake damage, and provides a prediction of the 

number of incidents expected.  Incident rates were reported as: 

 

0.2 to 0.3g PGA 0.0039 incidents per mile of pipe 3.9 x 10-3 /mile-year 

0.3 to 0.65g PGA 0.035 incidents per mile of pipe 3.5 x 10-2 /mile-year 

 

Above ground linework such as at Project site will have significantly lower failure rates.  The 

lines are not constrained by soil and are designed with some flexibility.  The incident rate for 

above ground lines at the Project site has been estimated to be an order of magnitude lower 

than below ground line, and distributed as two-thirds medium sized failures and one-third large 

failures or ruptures: 

 

Release Size Failure rate 

Medium 1.5 x 10-5 /mile-year 

Large / Rupture 7 x 10-6 /mile-year 

 

Historical damage reports from earthquakes have been reviewed to develop predictions of 

potential damage to storage tanks and connections.  When oil tanks are shaken during an 

earthquake the tank mass vibrates, and the surface of the oil may swing back a forward, 

“sloshing”.  This makes the failure rate of storage tanks higher than other process equipment.  

From a review of damage reports, a facility may experience minor damage to process 

equipment during an earthquake, but major damage and loss of 5 to 10 percent of the storage 

tanks.   

 

Data on storage tank failure due to earthquakes has been compiled by Salzano et al (21) from 

observations of earthquakes from Long Beach 1933 to Northridge 1994.  Damage reports from 

three subsequent earthquakes after the Salzano data was compiled have also been reviewed; 

Kobe, Japan (1995), Kocaeli, Turkey (1999), and Tokacki-oki, Japan (2003).  The probability of 

significant tank or connection damage has been estimated as: 

 

0.2 to 0.3g PGA 0.05 per tank 

0.3 to 0.65g PGA 0.1 per tank 

 

Release Size Failure rate 

Medium 1 x 10-3 /tank-year 

Large / Rupture 5 x 10-4 /tank-year 

 

The predicted earthquake failure rates for lines and storage tanks have been added to the 

generic failure rates shown in Table 4.1. 
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Table 4.1 Summary of Predicted Release Frequencies 

 

Release Source Release Size 

Release 

Frequency 

(per year) 

Likelihood 

1. Loss of Well Control    

   Production Blowout 4.5 x 10-3  1 in 222 years 

   Well Servicing Blowout 3.9 x 10-2  1 in 26 years 

   Well Idle Blowout 2.0 x 10-3  1 in 500 years 

2. Gathering Lines Medium 7.8 x 10-2  1 in 13 years 

 Large / Rupture 3.9 x 10-2   1 in 26 years 

3. Group Station    

   Group Separator Medium 2.1 x 10-4   1 in 4,800 years 

   Group Separator Large / Rupture 3 x 10-5   1 in 33,000 years 

   Release to Vent Production flow rate 2 x 10-2   1 in 50 years 

4.1 Produced Gas Treatment  Medium 3.3 x 10-4  1 in 3,000 years 

Plant Large / Rupture 4.5 x 10-5   1 in 22,000 years 

4.2 Emergency Flare Large Unignited  1 x 10-2   1 in 100 years 

5. Oil and Gas Transfer Lines    

   TVR Gas Medium 2.4 x 10-3  1 in 420 years 

   TVR Gas Large / Rupture 1.2 x 10-3  1 in 830 years 

6. Oil Cleaning Plant No significant potential for public hazard 

7. Fuel Gas Lines Medium 8.3 x 10-4  1 in 1,200 years 

 Large / Rupture 4.2 x 10-4  1 in 2,400 years 

8. Steam Generation No significant potential for public hazard 

9. Crude Oil Storage Tanks    

   Storage tank Medium 4.4 x 10-3   1 in 227 years 

   Storage tank Large / Rupture 2 x 10-3  1 in 500 years 

   Tank Overfill Production or Loading 

Rate 

4 x 10-3   1 in 250 years 

   Tank Boil Over Boiling oil ejected from 

tank 

1.6 x 10-4  1 in 6,300 years 

10. Crude Oil 

Loading/Unloading 

   

   Loading / Unloading Large / Rupture 1.9 x 10-1   1 in 5 years 

   Truck Collision Major Tank Failure 2.1 x 10-2  1 in 48 years 
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5. CONSEQUENCES OF RELEASE 

 

An accidental release of due to equipment failure may present an immediate threat to on and 

off-site personnel.  In the following section, the potential hazards associated with an accidental 

release will be assessed.     

 

5.1 Material Properties 

Material properties from potential production at the Aera Cat Canyon facility have been 

predicted from well test data, and production data from similar oil fields.  These predictions have 

been used to conduct hazard consequence modeling.  A summary of the stream properties 

used to conduct the consequence modeling are shown in Table 5.1.  The following data has 

been selected to represent the worst case hazards for analysis. 

5.1.1 Produced Crude Oil 

The heavy bituminous oil will initially have a gravity of 9.0 API, increasing to 7.6 API during peak 

production.  The produced oil will be mixed with about 25% imported light crude oil at the inlet to 

the Oil Cleaning Plant for treating the crude oil where water and sand will be removed.  The 

concentration of water will be less than 3% after treatment.   

 

The average properties of the treated produced oil are shown in Table 5.1. 

5.1.2 Light Crude Oil 

Light crude oil with a gravity of about 29 API will be imported for treating the produced oil.  On 

release, the light oil fractions in the crude oil will start to evaporate and may produce a vapor 

cloud.  The vapor cloud will be flammable where the concentration is between the lower and 

upper flammable limits of 1.4% and 7.8%.  On ignition of crude oil, the fire will burn with an 

orange flame and emit dense clouds of black smoke 

5.1.3 Produced Gas 

The predicted produced gas composition is shown in Table 5.1.  The composition is based on 

gas sampled from one of the steam pilot wells, and gas from a similar oil field.  The H2S content 

is predicted to be an average 6%, with a possible range of 1.5% to 10%.  A high value of 10% 

H2S has been assumed for hazard calculations.   

5.1.4 Toxicology of Hydrogen Sulfide 

Hydrogen sulfide (H2S) is a flammable, colorless gas which has the smell of rotten eggs.  It is a 

highly irritant gas that attacks the nervous system and causes respiratory paralysis.  At lower 

concentrations (between 0.2 ppm and 100 ppm by volume) H2S has the easily recognizable 

smell of rotten eggs, which alerts people of the need to escape.  However, above about 100 

ppm the sense of smell is inhibited, and at lethal concentrations hydrogen sulfide cannot be 

detected by smell.   
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At concentrations above 1000 ppm, unconsciousness may occur after a single breath, and 

above 2000 ppm exposure is nearly always fatal after 5 minutes.  The toxicological effects of 

H2S are summarized in Table 5.2. 

 

5.2 Flammable and Toxic Release Events 

A release of liquid or vapor may result in a flammable and/or toxic cloud.  The vapor cloud will 

then disperse to the lower flammable limit, or to a toxic concentration of concern.   

 

A release of flammable liquid and/or gas may result in one or more of several different hazards: 

 Immediate ignition causing a jet fire, pool fire, vapor cloud fire or fireball. 

 Pool evaporation and initial dispersion of a flammable vapor cloud, which on delayed 

ignition may result in: 

-   vapor cloud fire or 

-   vapor cloud explosion 

-   confined or spreading liquid pool fire 

 Dispersion with no ignition 

 

A release of hot produced fluids under pressure will have significant quantities of water present 

which will vaporize on release.  The steam produced will disperse and dilute the flammable and 

toxic vapors, making ignition from an uncontrolled well release or gathering line release unlikely.   

 

A release of produced gas will contain up to 10 percent H2S.  A toxic vapor cloud may occur 

from an uncontrolled well release, gathering line failure, failure at the group separator, or failure 

at the Produced Gas Treatment Plant.  Hydrogen sulfide is heavier than air and can collect in 

low areas. 

 

An explosion may occur if there is sufficient material within the flammable cloud or partial 

confinement for the flame front to accelerate.  However, due to the unconfined nature of the 

facility, and low quantities of produced gas, an explosion is unlikely to occur. 

 

The probabilities of ignition are discussed in Section 5.4 

 

5.3 Consequence Modeling 

The methodology for calculating the release rates and hazards of a potential release are 

described in the following section.  Published formulas and publicly available dispersion models 

have been used for the analysis.  These methodologies are expected to provide conservative 

results. 

5.3.1 Release Rate Calculations 

Release rates were calculated using standard engineering equations for liquid and gas 

releases.  It has been assumed that the releases are essentially continuous, and will develop to 

the maximum hazard condition before the source is isolated.  Where the release rate is greater 
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than the flow feeding the line, the flow rate has been assumed to be the maximum release rate, 

except for pipeline releases where there is a large inventory in the line.   

 

Gas Release Rate 
The equation for estimating the release rate of gas from a hole under choked conditions is 

provided in the EPA RMP Guidance for Offsite Consequence Analysis(28) . 

 

Liquid Release Rate 
The release rate of a liquid is calculated as follows using Bernoulli’s equation, as provided in the 

EPA RMP Guidance(28) . 

 

Pipeline Release Rate 
When a line ruptures, the pressure and release rate decays rapidly over the first minute.  The 

release rate from a fuel gas line failure was calculated over time using the TNO calculation 

method(11). 

 

Pool Evaporation 
On release, a liquid will spread to a minimum depth of 1 inch (2.5 centimeters) on a flat non- 

absorbing surface.  If a release is contained, such as in a storage tank dike area, the 

evaporation rate will be dependent on the surface area of the pool.  The evaporation rate was 

calculated using the method as provided in the EPA RMP Guidance(28) and the EPA Technical 

Guidance for Hazards Analysis(30).  

5.3.2 Vapor Dispersion 

Non-Momentum Ground Level Release 
A liquid pool is assumed to produce a continuous evaporating cloud.  This cloud will disperse 

downwind to the Lower Flammability Limit (LFL), unless the cloud is ignited.   

 

For toxic and flammable vapor releases at ground level without significant momentum, the US 

Environmental Protection Agency and National Oceanic and Atmospheric Administration 

ALOHA(31) model was used.  This is a publicly available model and is widely used for estimating 

release distances.  Two types of dispersion may occur; neutrally buoyant and heavy gas 

release.  A neutrally buoyant plume has approximately the same density as air.  This model is 

based on a simple approach described in Turner’s Workbook(24). The heavy gas model in 

ALOHA is based on a simplified form of the DEGADIS model developed by Spicer and Havens 

(1989). 

 

Elevated Release 
Elevated jet releases are vertical gas releases from an elevated vent stack.  These have been 

modeled using the publicly available EPA SCREEN3(29) model.  This gives predictions of ground 

level concentrations from an elevated jet using a Gaussian plume model. 

5.3.3 Radiation Hazards 

Pool Fire Radiation 
Liquid releases from a tank, line failure or tank truck were modeled as a circular pool fire with a 

sooty flame.  The soot absorbs radiation and obscures the flame, thereby reducing the thermal 



 

 

Aera Energy LLC,  

East Cat Canyon Redevelopment –QRA 5/2018 
Page - 32

radiation.  The pool fire model used is based on publicly available correlations described in the 

TNO Yellow Book(11). 

 

Fireball Radiation 
Intense thermal radiation occurs when a burning fireball is caused by the rapid release of a 

large quantity flammable material.  The radiant heat is calculated from the duration of the fireball 

and intensity of the radiation.   

 

The calculation method used is the Hymes point-source model as described in the EPA RMP 

Guidance for Offsite Consequence Analysis(28) .   

 

 

5.4 Levels of Concern and Vulnerability Criteria 

The following levels of concern have been selected as minimum exposure levels that may result 

in a serious injury or fatality.  However, personnel exposed to a minimum level of exposure are 

not necessarily seriously or fatally injured.  Personnel may be sheltered within buildings or cars, 

or be able to find shelter from exposure.  This is called the vulnerability, and is the probability 

that a person exposed within the distance to a level of concern will suffer a serious injury or 

fatality.   

 

The thermal radiation or toxic exposures are also not at the same level within the distance to a 

level of concern.  Closer to the fire or release, the vulnerability will be higher.  Average 

vulnerabilities have been estimated within the distance to a fatality level of concern, and 

between the fatality and serious injury levels of concern. 

 

Vapor Cloud Flash Fire Levels of Concern 
A flammable release may be ignited on release or shortly after release if the concentration is in 

the flammable range between the Lower and Upper Flammability Limits (LFL and UFL).  An 

unignited flammable vapor cloud will drift downwind and start to disperse.  It has been assumed 

that if the release is not ignited immediately, it will not ignite until it has reached its maximum 

dispersion distance. 

 

However, the concentration levels calculated are time-averaged concentrations, and whether or 

not the cloud can catch fire at specific location is determined by the instantaneous concentration 

at a given time.  The concentration of vapor in the air is not uniform; there will be areas where 

the concentration is higher or lower than the average, making escape possible from some area 

of the cloud. 

 

The duration of a flash fire is short, and those outside the flash fire area are unlikely to be 

exposed to thermal radiation for sufficient time to cause serious injury.  The area of the LFL 

cloud is assumed to be the hazard zone for potential fatality.  The area of 1/2 LFL where a flame 

may ignite is assumed to be the hazard zone for serious injury.   

 

From incident reports, the extent of burn injury is dependent on clothing.  Personnel wearing 

flame retardant clothing are less likely to suffer severe burns if caught within the flames.   
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The following average vulnerability levels have been applied. 

 

Severity Level Flammable Range 

Average 

Vulnerability of 

People In Vehicles or 

Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to LFL 0.2 0.5 

Significant Injury Source to 1/2 LFL 0.2 0.5 

 

 

Fire Radiation Levels of Concern 
Pool fires and jet fires produce radiant heat, and the effects are dependent on the level of 

intensity and the duration of exposure.  Thermal radiation levels of 5 kW/m2 and 10 kW/m2 

correspond to approximately the minimum level for serious injury (second degree burns) and 

potential fatality for exposure up to 40 seconds.   

 

A contained pool fire will typically develop slowly allowing personnel outside the burning pool 

time for escape.  In the event of a spreading pool fire, personnel are assumed to be fatalities if 

they are within the pool spread area.  The following average pool fire vulnerabilities have been 

applied: 

 

Severity Level 
Thermal Radiation 

Range 

Average 

Vulnerability of 

People In Vehicles or 

Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to Pool Fire 

Boundary 

0.5 1 

Potential Fatality Source to 10 kW/m2 0.1 0.3 

Significant Injury Source to 5 kW/ m2 0.1 0.3 

 

 

Fireball Radiation Levels of Concern 
The minimum thermal radiation “dose” that could cause significant injury is the equivalent to 5 

kW/m2 for a duration of 40 seconds.  The minimum thermal radiation “dose” for fatality is the 

equivalent to 10 kW/m2 for a duration of 40 seconds.  Personnel within the area of the fireball 

are assumed to be unable to escape.  The following average vulnerability levels have been 

applied: 
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Severity Level Flammable Range 

Average 

Vulnerability of 

People In Vehicles or 

Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to 10 kW/m2 

for 40 seconds 

0.1 0.3 

Significant Injury Source to 5 kW/m2 for 

40 seconds 

0.1 0.3 

 

 

Hydrogen Sulfide Toxic Exposure Levels of Concern 
The toxicological effects of hydrogen sulfide exposure are shown in Table 5.2.  The levels of 

concern selected for significant injury and potential fatality for exposures of up to an hour are 

the ERPG-2 and ERPG-3, Emergency Response Planning Guidelines.  These are defined by 

the American Industrial Hygiene Association (AIHA) as follows: 

 

ERPG-2 = 30 ppm Maximum concentration below which it is believed that nearly all 

individuals could be exposed for up to one hour without irreversible health 

effects or impairment of the ability to escape. 

 

ERPG-3 = 100 ppm Maximum concentration below which it is believed that nearly all 

individuals could be exposed for up to one hour without life threatening 

health effects. 

 

Above an exposure level of about 30 ppm, eye and throat irritation becomes more severe, and 

may cause injury to sensitive population.  At exposure levels above about 100 ppm H2S, the 

sense of smell is inhibited and people may not be alerted by the rotten eggs odor of the need to 

escape.   

 

For short duration events, such as a line or vessel failure when the contents may be released in 

2 minutes or less, the levels of concern were selected as follows: 

 

700 ppm =  Potential level of fatality for short duration events.  Difficulty breathing 

occurs in 1 to 4 minutes, and may be of concern for sensitive populations.   

 

100 ppm =  Level of significant injury for short duration events.  Defined as 

Immediately Dangerous to Life or Health (IDLH) by NIOSH.  Above this 

concentration the sense of smell is inhibited. 

 

Within a toxic cloud, the following average vulnerability levels have been applied up to the 

selected levels of concern: 
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Severity Level Toxic Range 

Average 

Vulnerability of 

People In Vehicles or 

Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to 100 ppm 0.1 0.2 

Significant Injury Source to 30 ppm 0.1 0.2 

 

 

5.5 Calculation of Hazard Distances 

Hazard distances for the identified release scenarios have been calculated as described in 

Section 5.3 to the vulnerability levels of concern defined in Section 5.4 above.  These represent 

the minimum levels for serious injury or fatality.   

 

The following assumptions were made in calculating the hazard distances: 

 

 Two representative weather conditions have been selected for performing the dispersion 

calculations under worst case and typical conditions; stability F with wind speed 1.5 m/s, 

and stability D with wind speed 4 m/s. 

 A release is assumed to be continuous for the purpose of quantifying the maximum 

hazard distance. 

 Rural conditions have been applied for atmospheric dispersion of vapor clouds. 

 Liquid releases are assumed to spill onto a flat non-absorbing surface, and spread to a 

depth of 1 inch (2.5 centimeters). 

 Liquid releases spilled within a dike are contained within the dike area. 

 No allowance was made for topography. 

 

Well Failure Hazard Distances 
A well failure will result in the release of large quantities of steam.  The production gas released 

will be diluted by the flashing steam to an estimated 1% volume, which is below the lower 

flammability limit of 4.2%.   

 

The estimated vapor concentration is consistent with recorded experience of well failures with 

steam stimulated wells in California, where none have been reported to have ignited. 

 

On well failure, the H2S concentration in will also be significantly diluted by steam.  Under worst 

case conditions, a hazardous concentration of 30 ppm H2S was estimated to occur at a distance 

of 18 feet.  No hazards to the public were identified. 

 

Hydrogen Sulfide Release from an Unignited Flare 
Hydrogen sulfide dispersion modeling has been performed for a worst case release from the 

emergency flare, assuming ignition failure.  The maximum ground level H2S concentration has 

been calculated for the worst case weather conditions.  The maximum concentration at the 
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nearest residence was calculated as 2 ppm, which may cause eye and throat irritation but is 

below the level of concern for potential injury.   

 

The results of H2S dispersion to selected toxic concentrations are shown in Tables 5.3 to 5.5.  

The results for flammable and fire radiation hazards are shown in Tables 5.6 and 5.7. 

 

5.6 Ignition Probabilities 

A flammable release may ignite as soon as the release takes place or some time afterwards 

when vapors have started to disperse.  Ignition may occur immediately as a result of the event 

causing the release, resulting in a pool fire, flash fire, jet fire, explosion or fireball.  If a 

flammable release does not ignited immediately, a flammable vapor cloud may form and 

disperse downwind.  As the cloud encounters ignition sources, it may ignite causing either a 

vapor cloud fire or explosion.  Ignition may be due to vehicles, electrical equipment, hot surfaces 

or open flames.  Historical data on ignited hydrocarbon releases has been reviewed to estimate 

the probability of ignition. 

 

5.6.1 Immediate Ignition Probability 

The probability of immediate ignition depends on the cause of the release, the size of the gas 

cloud, and the release material.  For a flammable gas or liquid, the TNO Purple Book(10) and 

Lees publish immediate ignition probabilities depending on the size of the release and 

flammable cloud  

 

For a large release rapid from a fuel gas pipeline, an immediate ignition may result in a fireball.  

An immediate ignition probability of 0.1 has been assumed, based on the historical probability of 

ignition for gas pipelines reported by EGPI(14).  In Europe, CONCAWE(12) report that the ignition 

probability of a large crude oil release at about 4%, mainly due to external impact events. 

 

The likelihood of immediate ignition has been estimated as follows: 

 

Release Size 
Probability of Immediate Ignition 

Gas Release Crude Oil Release 

Medium 0.05 0.025 

Large 0.1 0.05 

 

5.6.2 Delayed Ignition Probability 

The probability of delayed ignition will depend on the type and number of ignition sources that 

are encountered by the flammable cloud.  Delayed ignition probabilities are provided in the TNO 

Purple Book(10) and Lees(20) .  These provide probabilities of ignition for various sources: 
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 Fired Heaters = 0.9 

 Small Process Facility = 0.45 per site 

 Vehicle Ignition = 0.2 

 Residential and employee populations = 0.01 per person.   

 

 



 

 

Aera Energy LLC,  

East Cat Canyon Redevelopment –QRA 5/2018 
Page - 38

Table 5.1 Stream Properties 

 

 

Property 
Produced 

Gas 

Fuel Gas and 

Make-up Gas 

Light Crude 

Oil 

Treated 

Produced 

Crude Oil** 

Composition % mol:     

 H2S 1.5 to 10 

(avg 6.0) 

-   

 N2 2.10 0.31   

 CO2 19.65 3.05   

 H2O - - < 3 < 3 

 C1 54.89 89.6   

 C2 2.01 4.57   

 C3 4.14 1.98   

 C4 3.74 0.35   

 C5 4.85 0.12   

 C6 + 2.63 0.02   

 Crude Oil   >97 >97 

     

Average properties:     

MW 30.5 18.4   

LFL %  mol 4.2 4.8 1.4 1.4 

UFL % mol 16.0 14.7 7.8 7.8 

RVP @ 100oF   3.5 psi 1.6 psi 

Specific Gravity 60/60   0.882 0.986 

Specific Gravity (Air=1) 1.05 0.63   

API Gravity   29 12 

Ratio of Specific Heats 

Cp/Cv 
1.28 1.30 

  

     

 

 

**   Produced Crude Oil treated with 25% Light Crude Oil to reduce API from 7.6 to 12 
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Table 5.2 Toxicological Effects of Hydrogen Sulfide 

 

 

H2S  

(ppm) 
Potential Effects 

0.02 to 0.1 Threshold of smell 

0.1 to 30 Increasingly unpleasant rotten eggs odor.  Eye and throat irritation. 

15 *ACGIH Short-Term Exposure Limit (STEL) for 15 minutes exposure. 

30 **ERPG-2 Maximum concentration below which it is believed that nearly all 

individuals could be exposed for up to one hour without irreversible health 

effects or impairment of the ability to escape. 

100 **ERPG-3 Maximum concentration below which it is believed that nearly all 

individuals could be exposed for up to one hour without life threatening health 

effects. 

 ***Immediately Dangerous to Life or Health (IDLH).  Maximum concentration 

from which one could escape without experiencing escape impairing or 

irreversible health effects. 

100 to 300 Loss of sense of smell.  Throat and eye irritation within 2 to 15 minutes.  

Headache, nausea, blurred vision in 30 minutes.  Difficulty breathing.  Potential 

loss consciousness after 1 hour. 

300 to 700 Difficulty breathing within 1 to 4 minutes.  Collapse, unconsciousness within 15 

minutes.  May be fatal over about 30 minutes exposure. 

700 to 1,000 Coughing, collapse and unconsciousness.  May be fatal within several minutes.

1,000 to 2,000 Unconsciousness within 2 minutes, respiratory failure and death if not revived 

promptly. 

2,000 + Unconsciousness almost immediately.  Respiratory failure and death within 5 

minutes. 
 

*  American Conference of Governmental Industrial Hygienists (ACGIH) 

 

**  ERPG levels are Emergency Response Planning Guidelines, developed by the American 

Industrial Hygiene Association (AIHA).  These were specifically developed for emergency 

response planning, and have been adopted by the U.S. Environmental Protection Agency (EPA) 

to identify levels of concern for hazardous chemicals. 

 

***  IDLH levels are published by the National Institute for Occupational Safety and Health 

(NIOSH).  The IDLH is considered a maximum concentration above which only a highly reliable 

breathing apparatus is permitted.   
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Table 5.3 Toxic Vapor Dispersion from Ground Level Release 

 

 

Release Source 
Release Rate  

(lb/min) 

Weather 

Conditions*

Downwind Distance to 

Toxic Concentration (ft) Potential for 

Public 

Impact **  100 ppm 

ERPG-3 

30 ppm 

ERPG-2 

1. Well Failure 

1. Well “blowout” 1200 F/1.5 - - 

None (estimated 

initial flow) 

D/4 - 18 

2. Gathering Line Releases 

2.1 Large / 

Rupture 3-inch line 

0.4 H2S F/1.5 90 150 Public 

personnel at 

non-Aera 

well pads, 

and driving 

on route to 

the well pads

678 gas+liquid D/4 20 40 

2.2 Large / 

Rupture 6-inch line 

1.6  H2S F/1.5 230 440 

2814 gas+liquid D/4 50 100 

2.3 Large / 

Rupture 8-inch line  

3.1  H2S F/1.5 340 620 

5628 gas+liquid D/4 75 140 

 

 

*     Weather conditions D stability, 4 m/s wind (typical conditions during the day), and F stability 

1.5 m/s wind (worst case weather conditions at night). 

 

**     Public impact with the potential for serious injury or fatality.  
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Table 5.4 Toxic Vapor Dispersion from Short Duration Events 

 

 

Release Source Release 
Weather 

Conditions*

Downwind Distance to 

Toxic Concentration (ft) Potential for 

Public 

Impact ** 
700 ppm 

Fatality 

100 ppm 

Injury 

3. Group Separator / Line Failure 

Line failure / Rupture 

of Separator Vessel 

19 lb H2S F/1.5 670 1400 Public 

personnel 

driving on-

route to non-

Aera well pads

 D/4 160 430 

4.1 Produced Gas Treating Vessel / Line Failure 

Line failure / Rupture 

of Vessel 

8 lb H2S F/1.5 440 1000 Public 

personnel 

driving on-

route to non-

Aera well pads

 D/4 100 270 

5. TVR Gas Transfer Line 

Large / Rupture 4-inch 

line 

10 lb H2S F/1.5 500 1100 Off-site oil 

production 

area to the 

west. 

 D/4 110 310 

 

 

*     Weather conditions D stability, 4 m/s wind (typical conditions during the day), and F stability 

1.5 m/s wind (worst case weather conditions at night). 

 

**     Public impact with the potential for serious injury or fatality.  
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Table 5.5 Toxic Vapor Dispersion from Elevated Releases 

 

 

Release Source 
H2S Release 

Rate  

(lb/min) 

Distance from 

Release 

(ft) 

Weather 

Stability / 

Wind (m/s) 

H2S 

Concentration* 

Potential for 

Public 

Impact ** 

4.2 Unignited 

Emergency Flare 

6 460 C / 1 21 ppm 

(maximum) 

None 

(Maximum H2S 

Flow) 

 1,100  

(to non Aera 

Well Pad) 

D / 1 17 ppm 

  2,000 

(to fenceline) 

D / 1 9 ppm 

  4,600 

(nearest 

residence) 

F / 1 2 ppm 

 

 

*   Maximum ground level concentration under worst case weather conditions. 

 

**     Public impact with the potential for serious injury or fatality.  
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Table 5.6 Flammable Vapor Dispersion 

 

Release Source 

Release Rate / 

Pool 

Evaporation 

Rate (lb/min) 

Weather 

Conditions*

Distance to Flammable 

Concentration (ft) 
Potential 

for Public 

Impact ** LFL 1/2 LFL 

1. Well Failure No flammable concentration due to steam dilution None 

2. Gathering Line 

Releases 

No flammable concentration due to steam dilution None 

3. Group Separator No flammable concentration due to steam dilution None 

4.1 Produced Gas Treatment Plant 

Line failure / Rupture of 

Vessel 

70 F/1.5 20 35 
None 

(1 min average) D/4 15 25 

4.2 Emergency Flare 

Unignited Release No ground level flammable concentration None 

5. TVR Gas Line 

Large hole / Rupture 55 F/1.5 20 30 
None 

(momentum release) (1 min average) D/4 20 30 

6. Oil Cleaning Plant No significant potential for public hazard None 

7. Fuel Gas Line 

Large hole / Rupture 710 F/1.5 85 200 
None 

(momentum release) (1 min average) D/4 85 200 

8. Steam Generation No significant potential for public hazard None 

9. Crude Oil Storage Tanks 

Light Crude Release to  290 F/1.5 180 260 
None 

dike and containment 630 D/4 140 200 

Blended  Crude Release  650 F/1.5 300 430 
None 

to dike and containment 1,400 D/4 200 310 

10. Crude Oil Loading / Unloading Truck Release 

Light Crude Release to 140 F/1.5 120 170 
None 

pavement 300 D/4 90 140 

Blended Crude Release 310 F/1.5 190 280 
None 

to pavement 670 D/4 140 220 

 

*     Weather conditions D stability, 4 m/s wind (typical conditions during the day), and F stability 

1.5 m/s wind (worst case weather conditions at night). 
 

**     Public impact with the potential for serious injury or fatality.  
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Table 5.7 Fire Radiation Hazards 

 
 

Release Source Release Rate  
Weather 

Conditions*

Hazard Distance (ft) Potential for 

Public 

Impact *** Fatality** Injury** 

5. TVR Gas Line 

Large hole / 

Rupture 

55 lb/min F/1.5 20 30 
None 

(1 min average) D/4 20 30 

7. Fuel Gas Line 

Large hole 710 lb/min F/1.5 85 200 
None 

(jet fire) (1 min average) D/4 85 200 

Rupture 710 lb F/1.5 140 200 
None 

(fireball)  D/4 140 200 

9. Crude Oil Storage Tanks 

Release to Dike Dike area = 

11,000 ft2 

F/1.5 110 160 
None 

 D/4 180 240 

10. Crude Oil Loading / Unloading Truck Release 

Crude Release 

to Pavement 

Average pool 

depth = 1-inch 

F/1.5 110 160 
None 

D/4 170 230 

 

 

*     Weather conditions D stability, 4 m/s wind (typical conditions during the day), and F stability 

1.5 m/s wind (worst case weather conditions at night). 

 

**   Pool fire and jet fire radiation hazards: 

Potential fatality = 10 kW/m2 
Potential injury = 5 kW/m2 

     Fireball radiation hazards: 
Potential fatality = equivalent dose of 10 kW/m2 for 40 seconds 
Potential injury = equivalent dose of 5 kW/m2 for 40 seconds 

 

***     Public impact with the potential for serious injury or fatality.  

 

 

  



 

 

Aera Energy LLC,  

East Cat Canyon Redevelopment –QRA 5/2018 
Page - 45

6. SOCIETAL RISK PROFILE 

 

6.1 Hazardous Release Event Trees 

Incident event trees have been used calculate the outcome of each potential release event.  

The potential for damage, and the extent of damage, will depend on the release location, 

likelihood of rapid detection, response and weather conditions at the time of the incident.  These 

have been analyzed by identifying potential release events that may impact public populations, 

and summating the likelihood that the hazard will occur for each scenario.  An example incident 

event tree is shown in Figure 6.1 

 

6.2 Calculation of Societal Risks 

The risks to on and off-site public populations have been calculated and summated as societal 

risk.  For each release scenario, the potential number of serious injuries or fatalities is 

calculated from the area that may be impacted, the wind direction (as appropriate), the 

probability of ignition, number of people within the impacted area, and then applying a 

vulnerability based on if the populations are inside or outside a building.   

 

The risk has been calculated for each potential release source using the following equation: 
 

Likelihood of release  X  Probability of serious injury or fatality =  Risk 
 

Societal risks have been presented as F-N curves, also called the risk profile.  F-N curves are a 

plot of the cumulative frequency (F) of an event against the number of N or more potential 

serious injuries or fatalities.   

 

6.3 Significance of Societal Risk 

Santa Barbara County requires an assessment of the significance of impacts to public safety 

associated with an application for a land-use permit.  Thresholds for the acceptability of risk of 

fatality or serious injury to the public are defined by the SBC societal risk criteria(22).  These 

thresholds provide three zones of significance; green, amber and red, for determining the 

acceptability of involuntary public exposure to acute risks resulting from new or modified 

developments.  The three zones are defined as follows and shown on the societal risk profiles in 

Figures 6.2 and 6.3: 

 

Green: Less than significant impact to public safety and no mitigation (or additional 

mitigation) is required for purposes of compliance.   

Amber: Potentially significant public impact, which can be reduced or avoided by 

implementation of mitigation measures 

Red: Significant public impact, which can be reduced by implementation of 

mitigation measures 
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Mitigation measures may be applied to an identified adverse but not significant impact to 

mitigate the impact to the maximum extent practicable. 

 

 

6.4 Conclusion and Public Risk Profiles 

The QRA results in an insignificant impact to public safety; i.e., Green zone, and no mitigation is 

required for purposes of compliance.  Refer to Figures 6.2 and 6.3.  

 

Mitigations incorporated in the Project conceptual design include the following: 

 

 Vehicle impact protection at piping and well sites 

 Truck flow and loading rack supervision for loading and unloading crude oil 

 Site security and video surveillance 

 

These mitigations were not taken into consideration for determining this QRA and Public Risk 

Profiles.  These design features will decrease the Project Risk Profile shown in Figures 6.2 and 

6.3. 
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Figure 6.1 Example Event Tree for Flammable / Toxic Gas Release 

 

 

 

 

 Conditional Probabilities     Outcome Probability Frequency of Event 

per year 

Gas Transfer 

Line Failure 

Immediate 

Ignition 

Delayed 

Ignition 

Vapor Cloud 

Explosion 
 Day Night Day Night 

         

 0.1   Local Flash Fire 0.1 0.1 1.2 x 10-4  1.2 x 10-4 

         

  YES        

Large         

Gas Release   0 Explosion 0.0 0.0 0 0 

1.2 x 10-3 / yr  0.2 day       

  0.05 night       

  NO        

 0.9  1 Flash Fire  0.18 0.045 2.2 x 10-4 5.4 x 10-5 

         

  0.8 day       

  0.95 night  H2S Dispersion 0.72 0.855 8.6 x 10-4 1.0 x 10-3 
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March 16, 2018 
 
Ms. Susan Perrell 
Environmental Advisor 
Aera Energy LLC 
10000 Ming Avenue 
Bakersfield, CA 93311-1302 
 
 
Re: Modeling Results for Flammable Gas Releases from Gathering Lines - East Cat Canyon 

Project EIR  
 
Dear Susan; 

Santa Barbara County submitted an additional question on the Facility Quantitative Risk 
Assessment (QRA) for the East Cat Canyon Project EIR. The comment from the Santa Barbara 
County was as follows: 

“QRA Table 5.3 summarizes toxic vapor releases from gathering lines. The H2S release scenarios 
also result in flammable gas releases.  Is there a reason why these scenarios are not included in 
Table 5.6 for flammable vapor cloud impacts? Same question for release scenarios in Table 5.4.” 

To respond to this comment, MRS Environmental, Inc. conducted modeling to determine the 
potential flammable hazard zones associated with a release from the gathering lines. The results 
of this analysis are presented below. 

Gathering Lines Release 
The gathering pipelines at the oil field are used to collect the production fluids from the wells and 
deliver them to the processing facility.  The QRA produced by Dixon Risk Consulting estimated 
impacts from a release from the gathering pipelines to be associated with hydrogen sulfide 
exposure.  The assumption was made in the QRA report that the high level of water in the gathering 
lines, and resulting steam from the release, would dilute the flammable release and prevent any 
flammable mixture from developing, eliminating the possibility of ignition of a flammable gas 
cloud or thermal radiation from a jet or pool fire.  

In the event of a release, the high levels of water would prevent ignition of a pool fire.  In the event 
of a release, some of the water would vaporize, resulting in a mixture of steam and flammable 
gases, which might be capable of producing a flammable vapor cloud, potentially causing impacts.  
This analysis examines the potential for a flammable vapor cloud forming from a release from the 
gathering pipeline system. 

All of the production from the wells is comingled in a single production fluid gathering pipeline 
from each well pad and no separation of gas/liquids is conducted at the individual well pad sites.  
The gathering pipelines carry the comingled production fluids including crude oil, water and 
produced gas in the same pipeline.  Separation is performed at the processing facility.  As the wells 
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use steam for enhanced production, the production fluids are generally hot.  Although temperatures 
and pressures vary throughout the field, the temperatures and pressures in the gathering pipelines 
are indicated in the application documents to be 400oF and 250 psia, which corresponds to the 
saturation point of water.  Based on field-wide data, the water cut is generally 80 percent, meaning 
that most of the liquid in the gathering pipelines is water. 

A release from the gathering pipeline at this temperature and pressure would cause immediate 
depressurization of the saturated water, causing a portion of the energy in the water to convert 
some of the water to steam.  The fraction of the water that would be converted to steam is called 
the flash fraction and can be estimated by the equation: 

% flash steam = (SH-SL)/H * 100 
Where: 

 SH = Sensible heat in the water in the pipeline 
 SL = Sensible heat in the water at ambient pressure 
 H = Latent heat in the steam at ambient pressure 

Utilizing steam tables, at 400oF and 250 psia, this produces a percent flash of 20.8%.  The 
remainder of the water would pool on the ground at close to boiling temperature but would rapidly 
cool due to thermal conductance with the soil.   

The solubility of methane in water decreases as temperature increases, indicating that for water 
temperatures above about 140oF, almost no methane would be dissolved in the water.  Therefore, 
the majority of the produced gas would be released in to the atmosphere along with the steam and 
would not be dissolved in the resulting pool of water.   

The weight percent of produced gas in the gathering pipelines would be on the order of 5.5 weight 
percent based on the production levels and the gathering pipelines temperature and pressures. 

The initial release rate of fluids would be higher than the production flowrate due to the 
depressurization of the pipeline.  The EPA RMP equations for liquid releases from a pipe (EPA 
2009, equation 7-6) indicate that the initial release rate would be on the order of 1,800 kg/second, 
dropping rapidly to the overall production flow rate of about 42 kg/sec.   

The released vapor/gas composition would be the combined flash fraction of the water and the 
produced gas.  The flash fraction of the water is the dominant portion, making up 85 weight percent 
of the vapor/gas release.   

Not all of the components of the produced gas are flammable, so only the portion that is flammable 
is taken into account in the flammability calculation.  The flammable portion of the produced gas 
would be about 69 weight percent of the produced gas, as the CO2 and nitrogen components are 
not flammable.  In combination, the released vapor/gas composition would have a flammable 
composition about 7.5 mole percent. 
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The lower flammability limit of the produced gas is 4.2 mole percent, based on the reported 
measurements associated with the gas composition and estimates based on mole percentages and 
flammability.  Therefore, the released gas at the source would be close to the lower flammability 
limit.  

As an additional check, the Compressed Gas Association Publication P-23 provides algorithms for 
estimating the level of flammability of gas mixtures.  The application of this technique to the 
released vapor/gas materials indicate that the released vapor/gas is not flammable (Q value of 0.52, 
below the flammability limit of 1.0).  See CGA 2015. 

As flammable conditions can occur below the lower flammability limit due to variations in the 
vapor concentrations in the vapor cloud, modeling was conducted using the EPA SLAB dispersion 
model to account for the jet effects associated with the depressurization of the release.  The SLAB 
runs indicate that the concentration of the flammable components would drop to below ½ LFL 
within about a meter, and below 10% LFL within less than 10 meters from the source location. 
Table 1 provides some of the key input values used in the EPA SLAB modeling. The EPA SLAB 
modeling files are provided in Attachment 1.  

Therefore, as the released vapor/gas is either not flammable or close to the flammability limit, and 
the flammability would rapid drop to below ½ the LFL rapidly, a flammable vapor cloud with 
ignition would not be expected, and therefore flammable hazard zones would not affect the risk 
profiles in the Facility QRA. 

Should you have any questions about this additional scope please give Greg or myself a call. 

Best Regards, 

  
 
Greg Chittick John F. Peirson, Jr.  
Principal Engineer President  
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Table 1  Gathering Lines EPA SLAB Modeling Inputs and Results 

Source Term Value Basis 
Peak release rate, kg/s 1,852 Based on EPA RMP release from 

pipes, equation 7-6.  This value would 
drop rapids as the pipeline 
depressurized 

Production flow release rate, kg/s 42 This is the long term expect release 
rate 

Flash fraction, % 20.8 %  
Heat of saturated liquid, btu/lb 381.6 At 400oF and 250 psia 
Heat of saturated liquid at ambient 
pressure, btu/lb 

180.1 At 14.7 psia 

Latent heat of steam at ambient 
pressure, btu/lb 

970.3 At 14.7 psia 

Weight fractions in gathering lines 0.76 water 
0.19 crude 

0.055 produced gas 

Based on production levels of 23 
MBPD liquid and 500 MCFD 
produced gas 

Flammable gas fraction in 
produced gas 

69.2 weight % Based on C+ and hydrogen sulfide 

Source term produced gas + water 
vapor initial release rate, kg/s 

488 kg/s total 
71 kg/s vapor/gas  

Peak rates 

Produced gas composition N2 + CO2 = 21.75 mole % 
H2S = 6 mole % 

CH4 = 55 mole % 
C2+ = 17.3 mole % 

Based on gas composition in Dixon 
QRA report. 

Initial composition of the 
vapor/gas cloud 

85 weight % water, or 91 mole % 
Flammable portion = 7.5 mole % 

 

Concentration of released 
vapor/gas to be below - 

½ LFL = 280,280 ppm 
10% LFL = 56,056 ppm 

 

SLAB Modeling results ½ LFL = 1.2 meters 
10% LFL = 7.4 meters 

 

 
 
 
References 
CGA 2015, Compressed Gas Association, P-23 Standard for Categorizing Gas Mixtures 

Containing Flammable and Nonflammable Components 
EPA 2006, Risk Management Program Guidance for Offsite Consequence Analysis  
EPA 1990 SLAB Model, https://www.epa.gov/scram/air-quality-dispersion-modeling-

alternative-models 
Steam Tables and Flash Calculations, https://energy.mo.gov/sites/energy/files/steam-

tables_power-plant-service.pdf 
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Gathering Pipeline Release Flammability Calculations

Flash Steam

250 Pressure in pipe, psig

400 Temperature, F

381.6 Heat of saturated liquid, btu/lb

180.07 Heat of saturated liquid at atmospheric pressure, btu/lb

970.3 Latent heat in steam at atmospheric pressure, btu/lb

20.8 % flash steam

https://energy.mo.gov/sites/energy/files/steam‐tables_power‐plant‐service.pdf

RMP Liquid Release from pipes (equation7‐6)

Liquid flow rate

23000 bpd

89.7 ft3/min

62.4 density of water, lbs/ft3

5,596                  flow rate, lbs/min

42                       flow rate, kg/s

0.49 DF water

5569 Flow rate in pipe before release, lbs/minute

8 Pipe diameter, inches

250 Pressure, psia

0 Height differential, feet

255.7 Initial operational flow velocity, ft/min

11225 Release velocity, ft/min

244507 Initial Release rate, pounds/min

1852 Initial Release rate, kg/s

Ideal Gas Law

30 MW, molecular weight, produced gas

8314 R, gas constant, joules per degree‐kilomole

250 P0, psia

400 Temperature, F

204 T, temperature C

477 T, temperature K

1,723,503 P0, pressure in pascals

13.03 Density, kg/m3

0.81 Density, lb/ft3
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Weight fractions in gathering lines

https://www.engineeringtoolbox.com/water‐density‐specific‐weight‐d_595.html

assume gravity of crude equal to water (API=10)

7.175 lb/gal, at 400F

23 daily production level, MBPD

6931050 daily production, pounds

500 gas production, MCFD

0.81 density of produced gas at 250 psi, 400F, ideal gas law, lb/ft3

406500 daily production of gas, pounds

weight fraction

0.80 Assumed water cut

0.76 Fraction water

0.19 Fraction crude

0.055 Fraction produced gas

Initial Source Stream Fractions

20.8 Flash fraction water

385.3 Water vapor fraction, kg/s

102.6 Gas release, kg/s

0.692 Flammable gas weight fraction in produced gas

71.0 Flammable gas release, kg/s

487.9 Total release rate gas phase, kg/s

0.15 Flammable gas release, weight fraction

0.85 Non‐flammable gas/vapor portion

Produced Gas Composition, mole % (as per QRA report)

CGA P‐23 Method

Mole % MW Wt % LEL

NFN2: 

Non‐

Flamm in 

Nitrogen

Mole% x 

NFN2

H2S 6 34 6.80 4 6.7 0.90

N2 2.1 28 1.96

CO2 19.65 44 28.81

Ch4 55 16 29.32 5 14.3 3.85

C2 2 30 2.00 3 12 0.17

C3 4.1 44 6.01 2.1 6.5 0.63

C4 3.7 58 7.15 1.8 5.6 0.66

C5+ 7.48 72 17.95 1.4 4.4 1.70

total 100 30.0 100 4.23 7.90

Frac flamm 78.28 69.23 Q factor =  7.12
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Released Gas Composition

CGA P‐23 Method

Mole % MW Wt %

NFN2: 

Non‐

Flamm in 

Nitrogen

Mole% x 

NFN2

water vapor 90.43 18 85

H2S 0.57 34 1.02 6.7 0.09

N2 0.20 28 0.29

CO2 1.88 44 4.32

Ch4 5.26 16 4.40 14.3 0.37

C2 0.19 30 0.30 12 0.02

C3 0.39 44 0.90 6.5 0.06

C4 0.35 58 1.07 5.6 0.06

C5+ 0.72 72 2.69 4.4 0.16

total 100 19.2 100.00 0.76

% flamm 7.49 10.38 Q factor =  0.52

ppm 74,925

ppm stream 280,280 stream ppm for 1/2 LFL

56,056 stream ppm for 10% LFL

Solubilities

https://www.engineeringtoolbox.com/gases‐solubility‐water‐d_1148.html
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SLAB GATHERING LINE RELEASE
•(10U•&l0O•&k2S•&l6D•

                                                             Scenario __
                                                          Hazard Footprints

              Met Scenario                       c(ppm) ÄÄ 280280.0                             c(ppm) ÄÄ  56056.0
       u    temp    rh   stb  avt      length   width    w_dist    area    fmass      length   width    w_dist    area    fmass
     (m/s)  (øK)   (%)        (s)       (m)     (m)       (m)     (m2)     (kg)        (m)     (m)       (m)     (m2)     (kg)
    ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
     4.0    93.6    0.    7    60.   1.17E+00 3.87E-01 1.05E+00 5.14E-02 3.15E-02   7.42E+00 1.89E+00 3.96E+00 9.54E+00 5.09E+00
    ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
     Composite Maximum               1.17E+00 3.87E-01 1.05E+00 5.14E-02 3.15E-02   7.42E+00 1.89E+00 3.96E+00 9.54E+00 5.09E+00
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SLAB GATHERING LINE RELEASE
•(10U •&l0O •&k2S •&l8D •

          problem input

          idspl =         2
          ncalc =         1
          wms   =   .016000
          cps   =   2240.00
          tbp   =    111.70
          cmed0 =       .00
          dhe   =   509880.
          cpsl  =   3349.00
          rhosl =    424.10
          spb   =     -1.00
          spc   =       .00
          ts    =    373.00
          qs    =    488.00
          as    =       .03
          tsd   =       60.
          qtis  =       .00
          hs    =      1.00
          tav   =     60.00
          xffm  =   9000.00
          zp(1) =       .00
          zp(2) =       .00
          zp(3) =       .00
          zp(4) =       .00
          z0    =   .300000
          za    =      2.00
          ua    =      4.02
          ta    =     93.60
          rh    =       .40
          stab  =       .00
          ala   =     .4880
•

         release gas properties

         molecular weight of source gas (kg)               - wms  =  1.6000E-02
         vapor heat capacity, const. p.  (j/kg-k)          - cps  =  2.2400E+03
         temperature of source gas (k)                     - ts   =  3.7300E+02
         density of source gas (kg/m3)                     - rhos =  5.2276E-01
         boiling point temperature                         - tbp  =  1.1170E+02
         liquid mass fraction                              - cmed0=  0.0000E+00
         liquid heat capacity (j/kg-k)                     - cpsl =  3.3490E+03
         heat of vaporization (j/kg)                       - dhe  =  5.0988E+05
         liquid source density (kg/m3)                     - rhosl=  4.2410E+02
         saturation pressure constant                      - spa  =  8.7843E+00
         saturation pressure constant (k)                  - spb  =  9.8121E+02
         saturation pressure constant (k)                  - spc  =  0.0000E+00

         spill characteristics

         spill type                                        - idspl=           2
         mass source rate (kg/s)                           - qs   =  4.8800E+02
         continuous source duration (s)                    - tsd  =  6.0000E+01
         continuous source mass (kg)                       - qtcs =  2.9280E+04
         instantaneous source mass (kg)                    - qtis =  0.0000E+00
         source area (m2)                                  - as   =  3.2000E-02
         vertical vapor velocity (m/s)                     - ws   =  0.0000E+00
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SLAB GATHERING LINE RELEASE
         source half width (m)                             - bs   =  8.9443E-02
         source height (m)                                 - hs   =  1.0000E+00
         horizontal vapor velocity (m/s)                   - us   =  2.9172E+04

         field parameters

         concentration averaging time (s)                  - tav  =  6.0000E+01
         mixing layer height (m)                           - hmx  =  9.1924E+01
         maximum downwind distance (m)                     - xffm =  9.0000E+03
         concentration measurement height (m)              - zp(1)=  0.0000E+00
                                                           - zp(2)=  0.0000E+00
                                                           - zp(3)=  0.0000E+00
                                                           - zp(4)=  0.0000E+00

         ambient meteorological properties

         molecular weight of ambient air (kg)             - wmae  =  2.8960E-02
         heat capacity of ambient air at const p. (j/kg-k)- cpaa  =  1.0059E+03
         density of ambient air (kg/m3)                   - rhoa  =  3.7706E+00
         ambient measurement height (m)                   - za    =  2.0000E+00
         ambient atmospheric pressure (pa=n/m2=j/m3)      - pa    =  1.0133E+05
         ambient wind speed (m/s)                         - ua    =  4.0200E+00
         ambient temperature (k)                          - ta    =  9.3600E+01
         relative humidity (percent)                      - rh    =  4.0000E-01
         ambient friction velocity (m/s)                  - uastr =  2.1787E-01
         atmospheric stability class value                - stab  =  7.5000E+00
         inverse monin-obukhov length (1/m)               - ala   =  4.8800E-01
         surface roughness height (m)                     - z0    =  3.0000E-01

         additional parameters

         sub-step multiplier                              - ncalc =           1
         number of calculational sub-steps                - nssm  =           3
         acceleration of gravity (m/s2)                   - grav  =  9.8067E+00
         gas constant (j/mol- k)                          - rr    =  8.3143E+00
         von karman constant                              - xk    =  4.1000E-01
•

         instantaneous spatially averaged cloud parameters

            x        zc         h        bb         b        bbx       bx        cv        rho        t         u        ua
         1.00E+00  1.00E+00  1.79E-01  8.94E-02  8.05E-02  0.00E+00  0.00E+00  1.00E+00  5.23E-01  3.73E+02  2.92E+04  1.00E+00
         1.02E+00  1.00E+00  4.65E-01  2.32E-01  1.03E-01  1.61E-02  1.61E-02  3.65E-01  1.41E+00  2.09E+02  6.64E+03  1.16E+00
         1.05E+00  1.00E+00  6.18E-01  3.09E-01  1.12E-01  3.55E-02  3.55E-02  2.64E-01  1.74E+00  1.79E+02  4.46E+03  1.25E+00
         1.08E+00  1.00E+00  7.51E-01  3.75E-01  1.20E-01  5.90E-02  5.90E-02  2.11E-01  1.96E+00  1.63E+02  3.42E+03  1.32E+00
         1.11E+00  1.00E+00  8.83E-01  4.41E-01  1.28E-01  8.74E-02  8.74E-02  1.76E-01  2.14E+00  1.52E+02  2.77E+03  1.39E+00
         1.16E+00  1.00E+00  1.02E+00  5.08E-01  1.35E-01  1.22E-01  1.22E-01  1.50E-01  2.29E+00  1.43E+02  2.31E+03  1.47E+00
         1.21E+00  1.00E+00  1.16E+00  5.79E-01  1.42E-01  1.63E-01  1.63E-01  1.30E-01  2.43E+00  1.37E+02  1.96E+03  1.54E+00
         1.28E+00  1.00E+00  1.31E+00  6.56E-01  1.49E-01  2.14E-01  2.14E-01  1.13E-01  2.55E+00  1.32E+02  1.69E+03  1.63E+00
         1.36E+00  1.00E+00  1.48E+00  7.39E-01  1.57E-01  2.74E-01  2.74E-01  9.96E-02  2.65E+00  1.27E+02  1.46E+03  1.71E+00
         1.45E+00  1.00E+00  1.66E+00  8.31E-01  1.65E-01  3.48E-01  3.48E-01  8.79E-02  2.75E+00  1.23E+02  1.27E+03  1.81E+00
         1.57E+00  1.00E+00  1.87E+00  9.33E-01  1.74E-01  4.37E-01  4.37E-01  7.78E-02  2.84E+00  1.20E+02  1.11E+03  1.92E+00
         1.71E+00  1.00E+00  2.04E+00  1.02E+00  1.81E-01  5.44E-01  5.44E-01  7.09E-02  2.91E+00  1.18E+02  9.98E+02  2.02E+00
         1.88E+00  1.00E+00  2.19E+00  1.10E+00  1.86E-01  6.74E-01  6.74E-01  6.58E-02  2.96E+00  1.16E+02  9.18E+02  2.18E+00
         2.08E+00  1.00E+00  2.36E+00  1.18E+00  1.93E-01  8.32E-01  8.32E-01  6.09E-02  3.01E+00  1.14E+02  8.40E+02  2.34E+00
         2.33E+00  1.00E+00  2.56E+00  1.28E+00  1.99E-01  1.02E+00  1.02E+00  5.61E-02  3.06E+00  1.13E+02  7.66E+02  2.53E+00
         2.63E+00  1.00E+00  2.78E+00  1.39E+00  2.06E-01  1.25E+00  1.25E+00  5.15E-02  3.11E+00  1.11E+02  6.96E+02  2.73E+00
         2.99E+00  1.00E+00  3.03E+00  1.52E+00  2.13E-01  1.53E+00  1.53E+00  4.71E-02  3.15E+00  1.10E+02  6.30E+02  2.96E+00
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         3.43E+00  1.00E+00  3.32E+00  1.67E+00  2.21E-01  1.87E+00  1.87E+00  4.30E-02  3.20E+00  1.08E+02  5.67E+02  3.21E+00
         3.96E+00  1.00E+00  3.64E+00  1.84E+00  2.29E-01  2.27E+00  2.27E+00  3.91E-02  3.25E+00  1.07E+02  5.09E+02  3.48E+00
         4.61E+00  1.00E+00  4.01E+00  2.05E+00  2.38E-01  2.77E+00  2.77E+00  3.54E-02  3.29E+00  1.06E+02  4.55E+02  3.77E+00
         5.38E+00  1.00E+00  4.42E+00  2.28E+00  2.47E-01  3.36E+00  3.36E+00  3.19E-02  3.33E+00  1.04E+02  4.06E+02  4.09E+00
         6.32E+00  1.00E+00  4.88E+00  2.56E+00  2.57E-01  4.08E+00  4.08E+00  2.87E-02  3.37E+00  1.03E+02  3.60E+02  4.43E+00
         7.45E+00  1.00E+00  5.39E+00  2.90E+00  2.69E-01  4.95E+00  4.95E+00  2.57E-02  3.41E+00  1.02E+02  3.19E+02  4.78E+00
         8.83E+00  1.00E+00  5.96E+00  3.29E+00  2.83E-01  6.00E+00  6.00E+00  2.30E-02  3.44E+00  1.01E+02  2.81E+02  5.15E+00
         1.05E+01  1.00E+00  6.60E+00  3.76E+00  2.97E-01  7.28E+00  7.28E+00  2.05E-02  3.48E+00  1.01E+02  2.47E+02  5.55E+00
         1.25E+01  1.00E+00  7.32E+00  4.31E+00  3.13E-01  8.82E+00  8.82E+00  1.83E-02  3.51E+00  9.98E+01  2.17E+02  5.98E+00
         1.49E+01  1.00E+00  8.14E+00  4.95E+00  3.29E-01  1.07E+01  1.07E+01  1.62E-02  3.54E+00  9.91E+01  1.90E+02  6.43E+00
         1.79E+01  1.00E+00  9.07E+00  5.70E+00  3.46E-01  1.29E+01  1.29E+01  1.43E-02  3.56E+00  9.85E+01  1.66E+02  6.91E+00
         2.14E+01  1.00E+00  1.01E+01  6.58E+00  3.63E-01  1.57E+01  1.57E+01  1.27E-02  3.58E+00  9.79E+01  1.45E+02  7.41E+00
         2.57E+01  1.00E+00  1.13E+01  7.61E+00  3.82E-01  1.90E+01  1.89E+01  1.12E-02  3.61E+00  9.74E+01  1.27E+02  7.93E+00
         3.09E+01  1.01E+00  1.26E+01  8.80E+00  4.01E-01  2.29E+01  2.29E+01  9.84E-03  3.62E+00  9.69E+01  1.11E+02  8.48E+00
         3.72E+01  1.01E+00  1.41E+01  1.02E+01  4.18E-01  2.78E+01  2.78E+01  8.66E-03  3.64E+00  9.65E+01  9.73E+01  9.05E+00
         4.48E+01  1.02E+00  1.58E+01  1.17E+01  4.36E-01  3.36E+01  3.36E+01  7.61E-03  3.66E+00  9.62E+01  8.54E+01  9.64E+00
         5.40E+01  1.03E+00  1.77E+01  1.35E+01  4.53E-01  4.06E+01  4.06E+01  6.68E-03  3.67E+00  9.59E+01  7.53E+01  1.02E+01
         6.51E+01  1.05E+00  1.97E+01  1.55E+01  4.71E-01  4.92E+01  4.91E+01  5.86E-03  3.68E+00  9.56E+01  6.66E+01  1.08E+01
         7.85E+01  1.08E+00  2.19E+01  1.79E+01  4.88E-01  5.95E+01  5.95E+01  5.14E-03  3.69E+00  9.53E+01  5.91E+01  1.14E+01
         9.48E+01  1.13E+00  2.43E+01  2.05E+01  5.04E-01  7.19E+01  7.19E+01  4.51E-03  3.70E+00  9.51E+01  5.28E+01  1.20E+01
         1.14E+02  1.22E+00  2.68E+01  2.35E+01  5.20E-01  8.70E+01  8.70E+01  3.96E-03  3.71E+00  9.49E+01  4.75E+01  1.25E+01
         1.38E+02  1.35E+00  2.94E+01  2.69E+01  5.35E-01  1.05E+02  1.05E+02  3.48E-03  3.72E+00  9.48E+01  4.30E+01  1.30E+01
         1.67E+02  1.57E+00  3.21E+01  3.07E+01  5.49E-01  1.27E+02  1.27E+02  3.07E-03  3.72E+00  9.46E+01  3.93E+01  1.35E+01
         2.02E+02  1.90E+00  3.48E+01  3.48E+01  5.62E-01  1.54E+02  1.54E+02  2.71E-03  3.73E+00  9.45E+01  3.61E+01  1.40E+01
         2.44E+02  2.42E+00  3.76E+01  3.94E+01  5.73E-01  1.86E+02  1.86E+02  2.39E-03  3.73E+00  9.44E+01  3.34E+01  1.44E+01
         2.95E+02  3.22E+00  4.03E+01  4.44E+01  5.83E-01  2.25E+02  2.25E+02  2.12E-03  3.74E+00  9.43E+01  3.12E+01  1.48E+01
         3.56E+02  4.42E+00  4.30E+01  4.98E+01  5.91E-01  2.72E+02  2.72E+02  1.88E-03  3.74E+00  9.42E+01  2.93E+01  1.52E+01
         4.31E+02  6.22E+00  4.57E+01  5.56E+01  5.97E-01  3.29E+02  3.29E+02  1.67E-03  3.75E+00  9.42E+01  2.77E+01  1.55E+01
         5.20E+02  8.88E+00  4.83E+01  6.19E+01  6.03E-01  3.98E+02  3.98E+02  1.49E-03  3.75E+00  9.41E+01  2.64E+01  1.58E+01
         6.29E+02  1.28E+01  5.08E+01  6.88E+01  6.08E-01  4.82E+02  4.82E+02  1.33E-03  3.75E+00  9.41E+01  2.53E+01  1.61E+01
         7.61E+02  1.85E+01  5.31E+01  7.62E+01  6.12E-01  5.83E+02  5.83E+02  1.20E-03  3.75E+00  9.40E+01  2.43E+01  1.63E+01
         9.20E+02  2.66E+01  5.52E+01  8.43E+01  6.15E-01  7.05E+02  7.05E+02  1.07E-03  3.75E+00  9.40E+01  2.35E+01  1.65E+01
         1.11E+03  3.76E+01  5.86E+01  9.20E+01  6.15E-01  7.46E+02  7.05E+02  8.76E-04  3.76E+00  9.39E+01  2.29E+01  1.75E+01
         1.34E+03  5.13E+01  6.14E+01  9.93E+01  6.15E-01  7.84E+02  7.05E+02  7.37E-04  3.76E+00  9.38E+01  2.28E+01  1.84E+01
         1.61E+03  6.03E+01  6.32E+01  1.07E+02  6.15E-01  8.14E+02  7.05E+02  6.43E-04  3.76E+00  9.38E+01  2.25E+01  1.88E+01
         1.93E+03  5.95E+01  6.48E+01  1.14E+02  6.15E-01  8.47E+02  7.05E+02  5.63E-04  3.76E+00  9.38E+01  2.19E+01  1.88E+01
         2.31E+03  5.88E+01  6.63E+01  1.22E+02  6.15E-01  8.88E+02  7.05E+02  4.91E-04  3.76E+00  9.38E+01  2.14E+01  1.88E+01
         2.76E+03  5.80E+01  6.78E+01  1.29E+02  6.15E-01  9.38E+02  7.05E+02  4.27E-04  3.76E+00  9.37E+01  2.10E+01  1.88E+01
         3.29E+03  5.73E+01  6.93E+01  1.37E+02  6.15E-01  1.00E+03  7.05E+02  3.70E-04  3.76E+00  9.37E+01  2.07E+01  1.88E+01
         3.93E+03  5.66E+01  7.07E+01  1.45E+02  6.15E-01  1.08E+03  7.05E+02  3.18E-04  3.77E+00  9.37E+01  2.03E+01  1.88E+01
         4.69E+03  5.59E+01  7.20E+01  1.53E+02  6.15E-01  1.17E+03  7.05E+02  2.71E-04  3.77E+00  9.37E+01  2.01E+01  1.88E+01
         5.59E+03  5.52E+01  7.34E+01  1.61E+02  6.15E-01  1.29E+03  7.05E+02  2.30E-04  3.77E+00  9.37E+01  1.99E+01  1.88E+01
         6.67E+03  5.45E+01  7.49E+01  1.70E+02  6.15E-01  1.43E+03  7.05E+02  1.93E-04  3.77E+00  9.37E+01  1.97E+01  1.88E+01
         7.97E+03  5.37E+01  7.65E+01  1.78E+02  6.15E-01  1.61E+03  7.05E+02  1.60E-04  3.77E+00  9.37E+01  1.95E+01  1.88E+01
•

            x        cm        cmv       cmda      cmw       cmwv      wc        vg        ug         w         v        vx
         1.00E+00  1.00E+00  1.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  5.69E+04  1.83E+04  0.00E+00
         1.02E+00  2.41E-01  2.41E-01  7.59E-01  1.74E-22  1.74E-22  3.46E-05  0.00E+00  0.00E+00  1.18E+04  1.54E+03  1.14E+00
         1.05E+00  1.65E-01  1.65E-01  8.35E-01  1.92E-22  1.92E-22  7.85E-05  0.00E+00  0.00E+00  6.02E+03  8.41E+02  1.16E+00
         1.08E+00  1.29E-01  1.29E-01  8.71E-01  2.00E-22  2.00E-22  1.33E-04  0.00E+00  0.00E+00  3.89E+03  5.71E+02  1.18E+00
         1.11E+00  1.06E-01  1.06E-01  8.94E-01  2.05E-22  2.05E-22  1.99E-04  0.00E+00  0.00E+00  2.76E+03  4.24E+02  1.19E+00
         1.16E+00  8.89E-02  8.89E-02  9.11E-01  2.09E-22  2.09E-22  2.79E-04  0.00E+00  0.00E+00  2.05E+03  3.30E+02  1.21E+00
         1.21E+00  7.62E-02  7.62E-02  9.24E-01  2.12E-22  2.12E-22  3.78E-04  0.00E+00  0.00E+00  1.58E+03  2.65E+02  1.23E+00
         1.28E+00  6.60E-02  6.60E-02  9.34E-01  2.14E-22  2.14E-22  4.98E-04  0.00E+00  0.00E+00  1.24E+03  2.17E+02  1.25E+00
         1.36E+00  5.76E-02  5.76E-02  9.42E-01  2.16E-22  2.16E-22  6.43E-04  0.00E+00  0.00E+00  9.80E+02  1.80E+02  1.27E+00
         1.45E+00  5.06E-02  5.06E-02  9.49E-01  2.18E-22  2.18E-22  8.21E-04  0.00E+00  0.00E+00  7.85E+02  1.51E+02  1.29E+00
         1.57E+00  4.45E-02  4.45E-02  9.55E-01  2.19E-22  2.19E-22  1.04E-03  0.00E+00  0.00E+00  6.32E+02  1.28E+02  1.31E+00
         1.71E+00  4.04E-02  4.04E-02  9.60E-01  2.20E-22  2.20E-22  1.33E-03  0.00E+00  0.00E+00  2.15E+02  1.12E+02  1.34E+00
         1.88E+00  3.75E-02  3.75E-02  9.63E-01  2.21E-22  2.21E-22  1.71E-03  0.00E+00  0.00E+00  1.80E+02  1.02E+02  1.37E+00
         2.08E+00  3.46E-02  3.46E-02  9.65E-01  2.22E-22  2.22E-22  2.16E-03  0.00E+00  0.00E+00  1.50E+02  9.14E+01  1.41E+00
         2.33E+00  3.18E-02  3.18E-02  9.68E-01  2.22E-22  2.22E-22  2.70E-03  0.00E+00  0.00E+00  1.24E+02  8.20E+01  1.45E+00
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         2.63E+00  2.91E-02  2.91E-02  9.71E-01  2.23E-22  2.23E-22  3.34E-03  0.00E+00  0.00E+00  1.03E+02  7.32E+01  1.50E+00
         2.99E+00  2.66E-02  2.66E-02  9.73E-01  2.23E-22  2.23E-22  4.10E-03  0.00E+00  0.00E+00  8.43E+01  6.52E+01  1.55E+00
         3.43E+00  2.42E-02  2.42E-02  9.76E-01  2.24E-22  2.24E-22  5.02E-03  0.00E+00  0.00E+00  6.89E+01  5.78E+01  1.61E+00
         3.96E+00  2.20E-02  2.20E-02  9.78E-01  2.24E-22  2.24E-22  6.12E-03  0.00E+00  0.00E+00  5.62E+01  5.11E+01  1.67E+00
         4.61E+00  1.99E-02  1.99E-02  9.80E-01  2.25E-22  2.25E-22  7.45E-03  0.00E+00  0.00E+00  4.57E+01  4.50E+01  1.74E+00
         5.38E+00  1.79E-02  1.79E-02  9.82E-01  2.25E-22  2.25E-22  9.05E-03  0.00E+00  0.00E+00  3.71E+01  3.95E+01  1.82E+00
         6.32E+00  1.61E-02  1.61E-02  9.84E-01  2.26E-22  2.26E-22  1.10E-02  0.00E+00  0.00E+00  3.00E+01  3.46E+01  1.90E+00
         7.45E+00  1.44E-02  1.44E-02  9.86E-01  2.26E-22  2.26E-22  1.33E-02  0.00E+00  0.00E+00  2.43E+01  3.02E+01  1.98E+00
         8.83E+00  1.29E-02  1.29E-02  9.87E-01  2.27E-22  2.27E-22  1.62E-02  0.00E+00  0.00E+00  1.96E+01  2.62E+01  2.07E+00
         1.05E+01  1.14E-02  1.14E-02  9.89E-01  2.27E-22  2.27E-22  1.96E-02  0.00E+00  0.00E+00  1.58E+01  2.28E+01  2.16E+00
         1.25E+01  1.02E-02  1.02E-02  9.90E-01  2.27E-22  2.27E-22  2.38E-02  0.00E+00  0.00E+00  1.27E+01  1.97E+01  2.26E+00
         1.49E+01  9.01E-03  9.01E-03  9.91E-01  2.27E-22  2.27E-22  2.89E-02  0.00E+00  0.00E+00  1.02E+01  1.70E+01  2.36E+00
         1.79E+01  7.97E-03  7.97E-03  9.92E-01  2.28E-22  2.28E-22  3.52E-02  0.00E+00  0.00E+00  8.17E+00  1.47E+01  2.47E+00
         2.14E+01  7.04E-03  7.04E-03  9.93E-01  2.28E-22  2.28E-22  4.27E-02  0.00E+00  0.00E+00  6.53E+00  1.26E+01  2.58E+00
         2.57E+01  6.21E-03  6.21E-03  9.94E-01  2.28E-22  2.28E-22  5.19E-02  0.00E+00  0.00E+00  5.22E+00  1.08E+01  2.69E+00
         3.09E+01  5.46E-03  5.46E-03  9.95E-01  2.28E-22  2.28E-22  6.30E-02  0.00E+00  0.00E+00  4.16E+00  9.27E+00  2.80E+00
         3.72E+01  4.80E-03  4.80E-03  9.95E-01  2.28E-22  2.28E-22  7.65E-02  0.00E+00  0.00E+00  3.31E+00  7.94E+00  2.92E+00
         4.48E+01  4.22E-03  4.22E-03  9.96E-01  2.29E-22  2.29E-22  9.26E-02  0.00E+00  0.00E+00  2.63E+00  6.80E+00  3.03E+00
         5.40E+01  3.70E-03  3.70E-03  9.96E-01  2.29E-22  2.29E-22  1.12E-01  0.00E+00  0.00E+00  2.09E+00  5.81E+00  3.14E+00
         6.51E+01  3.25E-03  3.25E-03  9.97E-01  2.29E-22  2.29E-22  1.35E-01  0.00E+00  0.00E+00  1.66E+00  4.96E+00  3.24E+00
         7.85E+01  2.85E-03  2.85E-03  9.97E-01  2.29E-22  2.29E-22  1.63E-01  0.00E+00  0.00E+00  1.31E+00  4.24E+00  3.33E+00
         9.48E+01  2.50E-03  2.50E-03  9.98E-01  2.29E-22  2.29E-22  1.95E-01  0.00E+00  0.00E+00  1.04E+00  3.62E+00  3.42E+00
         1.14E+02  2.19E-03  2.19E-03  9.98E-01  2.29E-22  2.29E-22  2.34E-01  0.00E+00  0.00E+00  8.23E-01  3.09E+00  3.49E+00
         1.38E+02  1.93E-03  1.93E-03  9.98E-01  2.29E-22  2.29E-22  2.79E-01  0.00E+00  0.00E+00  6.51E-01  2.65E+00  3.56E+00
         1.67E+02  1.70E-03  1.70E-03  9.98E-01  2.29E-22  2.29E-22  3.32E-01  0.00E+00  0.00E+00  5.13E-01  2.27E+00  3.61E+00
         2.02E+02  1.50E-03  1.50E-03  9.99E-01  2.29E-22  2.29E-22  3.92E-01  0.00E+00  0.00E+00  4.04E-01  1.94E+00  3.66E+00
         2.44E+02  1.32E-03  1.32E-03  9.99E-01  2.29E-22  2.29E-22  4.63E-01  0.00E+00  0.00E+00  3.17E-01  1.67E+00  3.69E+00
         2.95E+02  1.17E-03  1.17E-03  9.99E-01  2.29E-22  2.29E-22  5.43E-01  0.00E+00  0.00E+00  2.47E-01  1.44E+00  3.72E+00
         3.56E+02  1.04E-03  1.04E-03  9.99E-01  2.29E-22  2.29E-22  6.35E-01  0.00E+00  0.00E+00  1.92E-01  1.24E+00  3.73E+00
         4.31E+02  9.24E-04  9.24E-04  9.99E-01  2.29E-22  2.29E-22  7.39E-01  0.00E+00  0.00E+00  1.48E-01  1.07E+00  3.71E+00
         5.20E+02  8.25E-04  8.25E-04  9.99E-01  2.29E-22  2.29E-22  8.57E-01  0.00E+00  0.00E+00  1.13E-01  9.29E-01  3.67E+00
         6.29E+02  7.37E-04  7.37E-04  9.99E-01  2.29E-22  2.29E-22  9.91E-01  0.00E+00  0.00E+00  8.61E-02  8.07E-01  3.58E+00
         7.61E+02  6.61E-04  6.61E-04  9.99E-01  2.29E-22  2.29E-22  1.14E+00  0.00E+00  0.00E+00  6.48E-02  7.02E-01  3.41E+00
         9.20E+02  5.94E-04  5.94E-04  9.99E-01  2.29E-22  2.29E-22  1.31E+00  0.00E+00  0.00E+00  4.84E-02  6.12E-01  3.13E+00
         1.11E+03  4.84E-04  4.84E-04  1.00E+00  2.29E-22  2.29E-22  1.35E+00  0.00E+00  0.00E+00  2.17E-01  4.77E-01  2.58E+00
         1.34E+03  4.07E-04  4.07E-04  1.00E+00  2.29E-22  2.29E-22  1.42E+00  0.00E+00  0.00E+00  1.17E-01  3.86E-01  1.82E+00
         1.61E+03  3.55E-04  3.55E-04  1.00E+00  2.29E-22  2.29E-22  1.54E+00  0.00E+00  0.00E+00  7.08E-02  3.24E-01  1.30E+00
         1.93E+03  3.11E-04  3.11E-04  1.00E+00  2.29E-22  2.29E-22  1.67E+00  0.00E+00  0.00E+00  5.73E-02  2.73E-01  1.33E+00
         2.31E+03  2.72E-04  2.72E-04  1.00E+00  2.29E-22  2.29E-22  1.79E+00  0.00E+00  0.00E+00  4.61E-02  2.30E-01  1.36E+00
         2.76E+03  2.36E-04  2.36E-04  1.00E+00  2.29E-22  2.29E-22  1.91E+00  0.00E+00  0.00E+00  3.68E-02  1.94E-01  1.39E+00
         3.29E+03  2.04E-04  2.04E-04  1.00E+00  2.29E-22  2.29E-22  2.01E+00  0.00E+00  0.00E+00  2.94E-02  1.63E-01  1.42E+00
         3.93E+03  1.76E-04  1.76E-04  1.00E+00  2.29E-22  2.29E-22  2.10E+00  0.00E+00  0.00E+00  2.37E-02  1.36E-01  1.45E+00
         4.69E+03  1.50E-04  1.50E-04  1.00E+00  2.29E-22  2.29E-22  2.18E+00  0.00E+00  0.00E+00  1.95E-02  1.13E-01  1.48E+00
         5.59E+03  1.27E-04  1.27E-04  1.00E+00  2.29E-22  2.29E-22  2.23E+00  0.00E+00  0.00E+00  1.65E-02  9.45E-02  1.50E+00
         6.67E+03  1.07E-04  1.07E-04  1.00E+00  2.29E-22  2.29E-22  2.26E+00  0.00E+00  0.00E+00  1.45E-02  7.86E-02  1.53E+00
         7.97E+03  8.85E-05  8.85E-05  1.00E+00  2.29E-22  2.29E-22  2.26E+00  0.00E+00  0.00E+00  1.35E-02  6.55E-02  1.57E+00
•           time averaged (tav =   60. s) volume concentration:  concentration contour parameters

           c(x,y,z,t) = cc(x) * (erf(xa)-erf(xb)) * (erf(ya)-erf(yb)) * (exp(-za*za)+exp(-zb*zb))

                  c(x,y,z,t) = concentration (volume fraction) at (x,y,z,t)
                           x = downwind distance (m)
                           y = crosswind horizontal distance (m)
                           z = height (m)
                           t = time (s)

                         erf = error functon             exp = exponential function
                          xa = (x-xc+bx)/(sr2*betax)      za = (z-zc)/(sr2*sig)
                          xb = (x-xc-bx)/(sr2*betax)      zb = (z+zc)/(sr2*sig)
                          ya = (y+b)/(sr2*betac)         sr2 = sqrt(2.0)
                          yb = (y-b)/(sr2*betac)
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SLAB GATHERING LINE RELEASE
              x        cc(x)     b(x)    betac(x)    zc(x)    sig(x)               t        xc(t)     bx(t)   betax(t)
           1.00E+00  0.00E+00  8.05E-02  2.25E-02  1.00E+00  5.16E-02            0.00E+00  1.00E+00  0.00E+00  0.00E+00
           1.02E+00  2.86E-01  1.03E-01  1.20E-01  1.00E+00  1.34E-01            4.23E-06  1.02E+00  1.61E-02  1.31E-04
           1.05E+00  2.50E-01  1.12E-01  1.66E-01  1.00E+00  1.78E-01            1.38E-05  1.05E+00  3.55E-02  2.90E-04
           1.08E+00  2.27E-01  1.20E-01  2.05E-01  1.00E+00  2.17E-01            2.97E-05  1.08E+00  5.90E-02  4.82E-04
           1.11E+00  2.10E-01  1.28E-01  2.44E-01  1.00E+00  2.55E-01            5.40E-05  1.11E+00  8.74E-02  7.14E-04
           1.16E+00  1.95E-01  1.35E-01  2.83E-01  1.00E+00  2.94E-01            8.96E-05  1.16E+00  1.22E-01  9.94E-04
           1.21E+00  1.83E-01  1.42E-01  3.24E-01  1.00E+00  3.35E-01            1.41E-04  1.21E+00  1.63E-01  1.33E-03
           1.28E+00  1.72E-01  1.49E-01  3.69E-01  1.00E+00  3.79E-01            2.13E-04  1.28E+00  2.14E-01  1.74E-03
           1.36E+00  1.62E-01  1.57E-01  4.17E-01  1.00E+00  4.27E-01            3.14E-04  1.36E+00  2.74E-01  2.24E-03
           1.45E+00  1.53E-01  1.65E-01  4.70E-01  1.00E+00  4.80E-01            4.56E-04  1.45E+00  3.48E-01  2.84E-03
           1.57E+00  1.44E-01  1.74E-01  5.29E-01  1.00E+00  5.39E-01            6.52E-04  1.57E+00  4.37E-01  3.57E-03
           1.71E+00  1.36E-01  1.81E-01  5.79E-01  1.00E+00  6.00E-01            9.20E-04  1.71E+00  5.44E-01  4.44E-03
           1.88E+00  1.23E-01  1.86E-01  6.23E-01  1.00E+00  6.88E-01            1.28E-03  1.88E+00  6.74E-01  5.51E-03
           2.08E+00  1.12E-01  1.93E-01  6.73E-01  1.00E+00  7.87E-01            1.74E-03  2.08E+00  8.32E-01  6.79E-03
           2.33E+00  1.02E-01  1.99E-01  7.30E-01  1.00E+00  9.00E-01            2.36E-03  2.33E+00  1.02E+00  8.34E-03
           2.63E+00  9.41E-02  2.06E-01  7.96E-01  1.00E+00  1.03E+00            3.18E-03  2.63E+00  1.25E+00  1.02E-02
           2.99E+00  8.69E-02  2.13E-01  8.72E-01  1.00E+00  1.17E+00            4.28E-03  2.99E+00  1.53E+00  1.25E-02
           3.43E+00  8.06E-02  2.21E-01  9.57E-01  1.00E+00  1.34E+00            5.75E-03  3.43E+00  1.87E+00  1.52E-02
           3.96E+00  7.50E-02  2.29E-01  1.06E+00  1.00E+00  1.53E+00            7.73E-03  3.96E+00  2.27E+00  1.86E-02
           4.61E+00  7.02E-02  2.38E-01  1.17E+00  1.00E+00  1.74E+00            1.04E-02  4.61E+00  2.77E+00  2.26E-02
           5.38E+00  6.59E-02  2.47E-01  1.31E+00  1.00E+00  1.97E+00            1.40E-02  5.38E+00  3.36E+00  2.74E-02
           6.32E+00  6.20E-02  2.57E-01  1.47E+00  1.00E+00  2.24E+00            1.89E-02  6.32E+00  4.08E+00  3.33E-02
           7.45E+00  5.87E-02  2.69E-01  1.66E+00  1.00E+00  2.54E+00            2.56E-02  7.45E+00  4.95E+00  4.04E-02
           8.83E+00  5.56E-02  2.83E-01  1.90E+00  1.00E+00  2.86E+00            3.48E-02  8.83E+00  6.00E+00  4.90E-02
           1.05E+01  5.29E-02  2.97E-01  2.17E+00  1.00E+00  3.23E+00            4.75E-02  1.05E+01  7.28E+00  5.94E-02
           1.25E+01  5.04E-02  3.13E-01  2.48E+00  1.00E+00  3.65E+00            6.49E-02  1.25E+01  8.82E+00  7.20E-02
           1.49E+01  4.81E-02  3.29E-01  2.85E+00  1.00E+00  4.12E+00            8.89E-02  1.49E+01  1.07E+01  8.72E-02
           1.79E+01  4.59E-02  3.46E-01  3.29E+00  1.00E+00  4.66E+00            1.22E-01  1.79E+01  1.29E+01  1.06E-01
           2.14E+01  4.40E-02  3.63E-01  3.79E+00  1.00E+00  5.26E+00            1.68E-01  2.14E+01  1.57E+01  1.28E-01
           2.57E+01  4.22E-02  3.82E-01  4.39E+00  1.00E+00  5.94E+00            2.31E-01  2.57E+01  1.89E+01  1.55E-01
           3.09E+01  4.06E-02  4.01E-01  5.08E+00  1.01E+00  6.70E+00            3.19E-01  3.09E+01  2.29E+01  1.87E-01
           3.72E+01  3.91E-02  4.18E-01  5.86E+00  1.01E+00  7.57E+00            4.40E-01  3.72E+01  2.78E+01  2.27E-01
           4.48E+01  3.77E-02  4.36E-01  6.75E+00  1.02E+00  8.55E+00            6.08E-01  4.48E+01  3.36E+01  2.74E-01
           5.40E+01  3.65E-02  4.53E-01  7.78E+00  1.03E+00  9.62E+00            8.38E-01  5.40E+01  4.06E+01  3.32E-01
           6.51E+01  3.53E-02  4.71E-01  8.97E+00  1.05E+00  1.08E+01            1.15E+00  6.51E+01  4.91E+01  4.01E-01
           7.85E+01  3.43E-02  4.88E-01  1.03E+01  1.08E+00  1.20E+01            1.58E+00  7.85E+01  5.95E+01  4.86E-01
           9.48E+01  3.33E-02  5.04E-01  1.19E+01  1.13E+00  1.34E+01            2.17E+00  9.48E+01  7.19E+01  5.87E-01
           1.14E+02  3.25E-02  5.20E-01  1.36E+01  1.22E+00  1.48E+01            2.95E+00  1.14E+02  8.70E+01  7.11E-01
           1.38E+02  3.17E-02  5.35E-01  1.55E+01  1.35E+00  1.62E+01            4.01E+00  1.38E+02  1.05E+02  8.59E-01
           1.67E+02  3.11E-02  5.49E-01  1.77E+01  1.57E+00  1.76E+01            5.41E+00  1.67E+02  1.27E+02  1.04E+00
           2.02E+02  3.07E-02  5.62E-01  2.01E+01  1.90E+00  1.90E+01            7.26E+00  2.02E+02  1.54E+02  1.26E+00
           2.44E+02  3.04E-02  5.73E-01  2.27E+01  2.42E+00  2.03E+01            9.69E+00  2.44E+02  1.86E+02  1.52E+00
           2.95E+02  3.03E-02  5.83E-01  2.56E+01  3.22E+00  2.14E+01            1.28E+01  2.95E+02  2.25E+02  1.84E+00
           3.56E+02  3.05E-02  5.91E-01  2.88E+01  4.42E+00  2.23E+01            1.69E+01  3.56E+02  2.72E+02  2.22E+00
           4.31E+02  3.11E-02  5.97E-01  3.21E+01  6.22E+00  2.28E+01            2.21E+01  4.31E+02  3.29E+02  2.69E+00
           5.20E+02  3.25E-02  6.03E-01  3.58E+01  8.88E+00  2.28E+01            2.88E+01  5.20E+02  3.98E+02  3.25E+00
           6.29E+02  3.49E-02  6.08E-01  3.98E+01  1.28E+01  2.19E+01            3.72E+01  6.29E+02  4.82E+02  3.94E+00
           7.61E+02  3.95E-02  6.12E-01  4.41E+01  1.85E+01  2.00E+01            4.79E+01  7.61E+02  5.83E+02  4.76E+00
           9.20E+02  4.93E-02  6.15E-01  4.88E+01  2.66E+01  1.65E+01            6.12E+01  9.20E+02  7.05E+02  5.76E+00
           1.11E+03  4.81E-02  6.15E-01  5.33E+01  3.76E+01  1.69E+01            6.82E+01  1.11E+03  7.05E+02  1.41E+02
           1.34E+03  4.59E-02  6.15E-01  5.76E+01  5.13E+01  1.77E+01            7.81E+01  1.34E+03  7.05E+02  1.98E+02
           1.61E+03  4.47E-02  6.15E-01  6.19E+01  6.03E+01  1.82E+01            9.01E+01  1.61E+03  7.05E+02  2.35E+02
           1.93E+03  4.37E-02  6.15E-01  6.64E+01  5.95E+01  1.87E+01            1.05E+02  1.93E+03  7.05E+02  2.71E+02
           2.31E+03  4.27E-02  6.15E-01  7.10E+01  5.88E+01  1.91E+01            1.22E+02  2.31E+03  7.05E+02  3.12E+02
           2.76E+03  4.19E-02  6.15E-01  7.57E+01  5.80E+01  1.96E+01            1.43E+02  2.76E+03  7.05E+02  3.58E+02
           3.29E+03  4.11E-02  6.15E-01  8.05E+01  5.73E+01  2.00E+01            1.69E+02  3.29E+03  7.05E+02  4.10E+02
           3.93E+03  4.05E-02  6.15E-01  8.55E+01  5.66E+01  2.04E+01            2.00E+02  3.93E+03  7.05E+02  4.71E+02
           4.69E+03  3.99E-02  6.15E-01  9.07E+01  5.59E+01  2.08E+01            2.37E+02  4.69E+03  7.05E+02  5.41E+02
           5.59E+03  3.93E-02  6.15E-01  9.60E+01  5.52E+01  2.12E+01            2.83E+02  5.59E+03  7.05E+02  6.24E+02
           6.67E+03  3.88E-02  6.15E-01  1.01E+02  5.45E+01  2.16E+01            3.38E+02  6.67E+03  7.05E+02  7.21E+02
           7.97E+03  3.83E-02  6.15E-01  1.07E+02  5.37E+01  2.21E+01            4.04E+02  7.97E+03  7.05E+02  8.38E+02
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SLAB GATHERING LINE RELEASE
•

             time averaged (tav =   60. s) volume concentration:  concentration in the z =   .00 plane.

             downwind    time of      cloud     effective               average concentration (volume fraction) at (x,y,z)
             distance    max conc    duration   half width        y/bbc=     y/bbc=     y/bbc=     y/bbc=     y/bbc=     y/bbc=
               x (m)        (s)         (s)       bbc (m)             0.0        0.5        1.0        1.5        2.0        2.5
             1.00E+00    3.00E+01    6.00E+01    8.94E-02         0.00E+00   0.00E+00   0.00E+00   0.00E+00   0.00E+00   0.00E+00
             1.02E+00    3.00E+01    6.00E+01    2.32E-01         1.25E-12   8.66E-13   2.84E-13   4.21E-14   2.70E-15   7.30E-17
             1.05E+00    3.00E+01    6.00E+01    3.09E-01         1.48E-07   1.02E-07   3.34E-08   5.04E-09   3.45E-10   1.05E-11
             1.08E+00    3.00E+01    6.00E+01    3.75E-01         1.95E-05   1.35E-05   4.38E-06   6.67E-07   4.67E-08   1.48E-09
             1.11E+00    3.00E+01    6.00E+01    4.41E-01         3.03E-04   2.08E-04   6.78E-05   1.03E-05   7.32E-07   2.38E-08
             1.16E+00    3.00E+01    6.00E+01    5.08E-01         1.74E-03   1.19E-03   3.88E-04   5.93E-05   4.23E-06   1.40E-07
             1.21E+00    3.00E+01    6.00E+01    5.79E-01         5.72E-03   3.93E-03   1.28E-03   1.95E-04   1.40E-05   4.66E-07
             1.28E+00    3.00E+01    6.00E+01    6.56E-01         1.33E-02   9.15E-03   2.97E-03   4.55E-04   3.27E-05   1.10E-06
             1.36E+00    3.00E+01    6.00E+01    7.39E-01         2.45E-02   1.69E-02   5.48E-03   8.39E-04   6.04E-05   2.03E-06
             1.45E+00    3.00E+01    6.00E+01    8.31E-01         3.83E-02   2.63E-02   8.56E-03   1.31E-03   9.45E-05   3.19E-06
             1.57E+00    3.00E+01    6.00E+01    9.33E-01         5.30E-02   3.64E-02   1.18E-02   1.81E-03   1.31E-04   4.43E-06
             1.71E+00    3.00E+01    6.00E+01    1.02E+00         6.63E-02   4.56E-02   1.48E-02   2.27E-03   1.64E-04   5.56E-06
             1.88E+00    3.00E+01    6.00E+01    1.10E+00         8.04E-02   5.53E-02   1.79E-02   2.75E-03   1.99E-04   6.76E-06
             2.08E+00    3.00E+01    6.00E+01    1.18E+00         8.99E-02   6.18E-02   2.01E-02   3.07E-03   2.22E-04   7.57E-06
             2.33E+00    3.00E+01    6.00E+01    1.28E+00         9.49E-02   6.52E-02   2.12E-02   3.25E-03   2.35E-04   8.00E-06
             2.63E+00    3.01E+01    6.00E+01    1.39E+00         9.57E-02   6.58E-02   2.14E-02   3.27E-03   2.37E-04   8.08E-06
             2.99E+00    3.01E+01    6.00E+01    1.52E+00         9.34E-02   6.42E-02   2.08E-02   3.19E-03   2.31E-04   7.89E-06
             3.43E+00    3.01E+01    6.00E+01    1.67E+00         8.89E-02   6.11E-02   1.98E-02   3.04E-03   2.20E-04   7.51E-06
             3.96E+00    3.01E+01    6.00E+01    1.84E+00         8.30E-02   5.70E-02   1.85E-02   2.84E-03   2.05E-04   7.01E-06
             4.61E+00    3.01E+01    6.00E+01    2.05E+00         7.63E-02   5.24E-02   1.70E-02   2.61E-03   1.89E-04   6.46E-06
             5.38E+00    3.01E+01    6.00E+01    2.28E+00         6.93E-02   4.76E-02   1.55E-02   2.37E-03   1.72E-04   5.87E-06
             6.32E+00    3.02E+01    6.00E+01    2.56E+00         6.24E-02   4.29E-02   1.39E-02   2.14E-03   1.55E-04   5.29E-06
             7.45E+00    3.02E+01    6.00E+01    2.90E+00         5.59E-02   3.84E-02   1.25E-02   1.91E-03   1.38E-04   4.74E-06
             8.83E+00    3.03E+01    6.00E+01    3.29E+00         4.97E-02   3.42E-02   1.11E-02   1.70E-03   1.23E-04   4.22E-06
             1.05E+01    3.03E+01    6.00E+01    3.76E+00         4.40E-02   3.03E-02   9.83E-03   1.51E-03   1.09E-04   3.72E-06
             1.25E+01    3.04E+01    6.00E+01    4.31E+00         3.89E-02   2.67E-02   8.68E-03   1.33E-03   9.64E-05   3.30E-06
             1.49E+01    3.05E+01    6.00E+01    4.95E+00         3.42E-02   2.35E-02   7.64E-03   1.17E-03   8.49E-05   2.90E-06
             1.79E+01    3.06E+01    6.00E+01    5.70E+00         3.01E-02   2.07E-02   6.71E-03   1.03E-03   7.46E-05   2.55E-06
             2.14E+01    3.07E+01    6.00E+01    6.58E+00         2.64E-02   1.81E-02   5.89E-03   9.03E-04   6.54E-05   2.24E-06
             2.57E+01    3.08E+01    6.00E+01    7.61E+00         2.31E-02   1.59E-02   5.15E-03   7.90E-04   5.72E-05   1.96E-06
             3.09E+01    3.10E+01    6.00E+01    8.80E+00         2.02E-02   1.39E-02   4.51E-03   6.91E-04   5.01E-05   1.71E-06
             3.72E+01    3.12E+01    6.00E+01    1.02E+01         1.77E-02   1.21E-02   3.94E-03   6.04E-04   4.38E-05   1.50E-06
             4.48E+01    3.14E+01    6.00E+01    1.17E+01         1.54E-02   1.06E-02   3.44E-03   5.28E-04   3.82E-05   1.30E-06
             5.40E+01    3.17E+01    6.00E+01    1.35E+01         1.35E-02   9.26E-03   3.00E-03   4.61E-04   3.34E-05   1.15E-06
             6.51E+01    3.21E+01    6.00E+01    1.55E+01         1.18E-02   8.09E-03   2.63E-03   4.03E-04   2.92E-05   9.97E-07
             7.85E+01    3.25E+01    6.00E+01    1.79E+01         1.03E-02   7.07E-03   2.30E-03   3.52E-04   2.55E-05   8.70E-07
             9.48E+01    3.31E+01    6.00E+01    2.05E+01         9.01E-03   6.19E-03   2.01E-03   3.08E-04   2.23E-05   7.60E-07
             1.14E+02    3.37E+01    6.00E+01    2.36E+01         7.90E-03   5.43E-03   1.76E-03   2.70E-04   1.96E-05   6.71E-07
             1.38E+02    3.45E+01    6.00E+01    2.69E+01         6.95E-03   4.78E-03   1.55E-03   2.38E-04   1.72E-05   5.88E-07
             1.67E+02    3.54E+01    6.00E+01    3.07E+01         6.13E-03   4.22E-03   1.37E-03   2.10E-04   1.52E-05   5.25E-07
             2.02E+02    3.66E+01    6.00E+01    3.48E+01         5.44E-03   3.74E-03   1.21E-03   1.86E-04   1.35E-05   4.58E-07
             2.44E+02    3.79E+01    6.00E+01    3.94E+01         4.84E-03   3.33E-03   1.08E-03   1.66E-04   1.20E-05   4.17E-07
             2.95E+02    3.96E+01    6.00E+01    4.44E+01         4.34E-03   2.98E-03   9.69E-04   1.49E-04   1.08E-05   3.71E-07
             3.56E+02    4.16E+01    6.00E+01    4.98E+01         3.92E-03   2.69E-03   8.74E-04   1.34E-04   9.72E-06   3.35E-07
             4.31E+02    4.40E+01    6.00E+01    5.56E+01         3.56E-03   2.45E-03   7.94E-04   1.22E-04   8.82E-06   3.07E-07
             5.20E+02    4.70E+01    6.00E+01    6.20E+01         3.23E-03   2.22E-03   7.21E-04   1.11E-04   8.00E-06   2.79E-07
             6.29E+02    5.05E+01    6.00E+01    6.89E+01         2.87E-03   1.97E-03   6.40E-04   9.81E-05   7.10E-06   2.45E-07
             7.61E+02    5.48E+01    6.00E+01    7.64E+01         2.28E-03   1.57E-03   5.09E-04   7.81E-05   5.65E-06   1.90E-07
             9.20E+02    6.00E+01    6.00E+01    8.45E+01         1.07E-03   7.37E-04   2.39E-04   3.67E-05   2.66E-06   9.21E-08
             1.11E+03    6.82E+01    6.51E+01    9.23E+01         2.80E-04   1.92E-04   6.25E-05   9.58E-06   6.94E-07   2.36E-08
             1.34E+03    7.81E+01    6.88E+01    9.98E+01         4.26E-05   2.93E-05   9.51E-06   1.46E-06   1.06E-07   3.58E-09
             1.61E+03    9.01E+01    7.23E+01    1.07E+02         1.04E-05   7.17E-06   2.33E-06   3.57E-07   2.58E-08   8.63E-10
             1.93E+03    1.05E+02    7.72E+01    1.15E+02         1.40E-05   9.59E-06   3.11E-06   4.77E-07   3.46E-08   1.18E-09
             2.31E+03    1.22E+02    8.28E+01    1.23E+02         1.79E-05   1.23E-05   3.99E-06   6.12E-07   4.43E-08   1.54E-09
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             2.76E+03    1.43E+02    8.93E+01    1.31E+02         2.20E-05   1.51E-05   4.90E-06   7.51E-07   5.45E-08   1.82E-09
             3.29E+03    1.69E+02    9.69E+01    1.39E+02         2.60E-05   1.78E-05   5.79E-06   8.88E-07   6.44E-08   2.29E-09
             3.93E+03    2.00E+02    1.06E+02    1.48E+02         2.96E-05   2.04E-05   6.61E-06   1.01E-06   7.34E-08   2.46E-09
             4.69E+03    2.37E+02    1.17E+02    1.57E+02         3.28E-05   2.26E-05   7.32E-06   1.12E-06   8.13E-08   2.89E-09
             5.59E+03    2.83E+02    1.30E+02    1.66E+02         3.54E-05   2.43E-05   7.90E-06   1.21E-06   8.78E-08   2.89E-09
             6.67E+03    3.38E+02    1.46E+02    1.76E+02         3.75E-05   2.58E-05   8.37E-06   1.28E-06   9.30E-08   3.24E-09
             7.97E+03    4.04E+02    1.65E+02    1.86E+02         3.93E-05   2.70E-05   8.77E-06   1.34E-06   9.73E-08   3.33E-09
•

             time averaged (tav =   60. s) volume concentration:  maximum concentration (volume fraction) along centerline.

             downwind                 maximum    time of      cloud
             distance     height   concentration max conc    duration
               x (m)       z (m)     c(x,0,z)       (s)         (s)
             1.00E+00    1.00E+00    1.00E+00    3.00E+01    6.00E+01
             1.02E+00    1.00E+00    6.93E-01    3.00E+01    6.00E+01
             1.05E+00    1.00E+00    5.03E-01    3.00E+01    6.00E+01
             1.08E+00    1.00E+00    4.02E-01    3.00E+01    6.00E+01
             1.11E+00    1.00E+00    3.36E-01    3.00E+01    6.00E+01
             1.16E+00    1.00E+00    2.86E-01    3.00E+01    6.00E+01
             1.21E+00    1.00E+00    2.48E-01    3.00E+01    6.00E+01
             1.28E+00    1.00E+00    2.16E-01    3.00E+01    6.00E+01
             1.36E+00    1.00E+00    1.90E-01    3.00E+01    6.00E+01
             1.45E+00    1.00E+00    1.68E-01    3.00E+01    6.00E+01
             1.57E+00    9.98E-01    1.49E-01    3.00E+01    6.00E+01
             1.71E+00    9.92E-01    1.33E-01    3.00E+01    6.00E+01
             1.88E+00    9.67E-01    1.17E-01    3.00E+01    6.00E+01
             2.08E+00    8.95E-01    1.05E-01    3.00E+01    6.00E+01
             2.33E+00    6.95E-01    9.80E-02    3.00E+01    6.00E+01
             2.63E+00    0.00E+00    9.57E-02    3.01E+01    6.00E+01
             2.99E+00    0.00E+00    9.34E-02    3.01E+01    6.00E+01
             3.43E+00    0.00E+00    8.89E-02    3.01E+01    6.00E+01
             3.96E+00    0.00E+00    8.30E-02    3.01E+01    6.00E+01
             4.61E+00    0.00E+00    7.63E-02    3.01E+01    6.00E+01
             5.38E+00    0.00E+00    6.93E-02    3.01E+01    6.00E+01
             6.32E+00    0.00E+00    6.24E-02    3.02E+01    6.00E+01
             7.45E+00    0.00E+00    5.59E-02    3.02E+01    6.00E+01
             8.83E+00    0.00E+00    4.97E-02    3.03E+01    6.00E+01
             1.05E+01    0.00E+00    4.40E-02    3.03E+01    6.00E+01
             1.25E+01    0.00E+00    3.89E-02    3.04E+01    6.00E+01
             1.49E+01    0.00E+00    3.42E-02    3.05E+01    6.00E+01
             1.79E+01    0.00E+00    3.01E-02    3.06E+01    6.00E+01
             2.14E+01    0.00E+00    2.64E-02    3.07E+01    6.00E+01
             2.57E+01    0.00E+00    2.31E-02    3.08E+01    6.00E+01
             3.09E+01    0.00E+00    2.02E-02    3.10E+01    6.00E+01
             3.72E+01    0.00E+00    1.77E-02    3.12E+01    6.00E+01
             4.48E+01    0.00E+00    1.54E-02    3.14E+01    6.00E+01
             5.40E+01    0.00E+00    1.35E-02    3.17E+01    6.00E+01
             6.51E+01    0.00E+00    1.18E-02    3.21E+01    6.00E+01
             7.85E+01    0.00E+00    1.03E-02    3.25E+01    6.00E+01
             9.48E+01    0.00E+00    9.01E-03    3.31E+01    6.00E+01
             1.14E+02    0.00E+00    7.90E-03    3.37E+01    6.00E+01
             1.38E+02    0.00E+00    6.95E-03    3.45E+01    6.00E+01
             1.67E+02    0.00E+00    6.13E-03    3.54E+01    6.00E+01
             2.02E+02    0.00E+00    5.44E-03    3.66E+01    6.00E+01
             2.44E+02    0.00E+00    4.84E-03    3.79E+01    6.00E+01
             2.95E+02    0.00E+00    4.34E-03    3.96E+01    6.00E+01
             3.56E+02    0.00E+00    3.92E-03    4.16E+01    6.00E+01
             4.31E+02    0.00E+00    3.56E-03    4.40E+01    6.00E+01
             5.20E+02    0.00E+00    3.23E-03    4.70E+01    6.00E+01
             6.29E+02    0.00E+00    2.87E-03    5.05E+01    6.00E+01
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             7.61E+02    0.00E+00    2.28E-03    5.48E+01    6.00E+01
             9.20E+02    2.63E+01    1.98E-03    6.00E+01    6.00E+01
             1.11E+03    3.76E+01    1.64E-03    6.82E+01    6.51E+01
             1.34E+03    5.13E+01    1.40E-03    7.81E+01    6.88E+01
             1.61E+03    6.03E+01    1.24E-03    9.01E+01    7.23E+01
             1.93E+03    5.95E+01    1.11E-03    1.05E+02    7.72E+01
             2.31E+03    5.88E+01    9.96E-04    1.22E+02    8.28E+01
             2.76E+03    5.80E+01    8.88E-04    1.43E+02    8.93E+01
             3.29E+03    5.73E+01    7.89E-04    1.69E+02    9.69E+01
             3.93E+03    5.66E+01    6.96E-04    2.00E+02    1.06E+02
             4.69E+03    5.59E+01    6.09E-04    2.37E+02    1.17E+02
             5.59E+03    5.52E+01    5.27E-04    2.83E+02    1.30E+02
             6.67E+03    5.45E+01    4.49E-04    3.38E+02    1.46E+02
             7.97E+03    5.37E+01    3.78E-04    4.04E+02    1.65E+02
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Trans QRA Comments/Responses 

Selected responses to QRA review comments from the preparer are provided herewith for 
amplification of some of the analysis assumptions. There are provided for further clarification of 
the computational process employed by the preparer 

67. Information Request Letter #4 on February 1, 2017, Item #52: The on-road public impacts 
are limited to accidents involving a release of crude oil that ignites. Why have casualties due to 
non-release collisions with other vehicles involving all truck trips been omitted? Note Section 
3.7 of the report states that “In a tank truck collision, the primary cause of fatality or injury is the 
force of the collision, not the release of hazardous material.” 
 
Response: Santa Barbara County (SBC) requires the analysis of acute risks to the public that 
stem from a short-term involuntary exposure to a hazardous material (Ref: SBC 2008). SBC 
requirements and risk criteria are specific to acute hazardous material risks only. For crude oil 
truck transportation the risks of public exposure to a hazardous material are relatively low. The 
risks associated with a vehicle collision due to impact trauma are significantly higher, but are a 
different type of risk that is well known and accepted by the general public. Vehicle traffic 
hazards to and from the Project site have been assessed in a separate report to the County, 
conducted by Associated Transportation Engineers, Jan 2017. 
 

143. Comment from ioMosaic in email dated June 15, 2017: We have been reviewing 
the Aera QRA related information. The Transportation Quantitative Risk Assessment 
Report issued January 2017 describes several consequences such as pool fire and vapor 
dispersion. There are also some values regarding ignition probabilities depending on a small or 
large release, which have been used in the Event Tree on page 46. The question we have is that 
how does the vapor cloud hazard been incorporated in the risk analysis, and how the contribution 
of a delayed ignition has been taken into account? The Event Tree seems not to take into account 
the delayed ignition and the vapor cloud dispersion. 
Is there additional information that should be shared with us to better understand how the 
vapor cloud dispersion has been addressed? 
 
Response: The vapor cloud generated after a release of crude oil is relatively small. Vapor 
cloud and pool fire hazard areas were calculated to determine the extent of each hazard. The 
pool fire hazard areas were larger than the vapor cloud hazards, and resulted in greater threats 
to nearby populations. So as not to double count casualties, only the larger pool fire hazards 
were used in the risk calculations. This assumption was validated by the analysis conducted of 
crude oil and gasoline truck accidents, as reported to the Pipeline and Hazardous Materials 
Safety Administration (PHMSA) of the DOT. All fatalities and serious injuries reported for both 
crude oil and gasoline were due to exposure to pool fires. 
 
The ignition probability was derived from an analysis of 25 years of incidents reported to the 
PHMSA. This is described in Section 3.6 of the report. The incident reports do not distinguish 
between immediate and delayed ignition, although from reading the incident reports, most 
casualties occurred due to rapid ignition. This ignition probability is a combination of both 
immediate and delayed. 
 



Personnel who are able to escape from an advancing pool of crude oil will likely do so, unless 
trapped in a vehicle. The likelihood of casualties to the public trapped in vehicles has been 
calculated from actual incident data, so the separation of immediate and delayed ignition  
probabilities is unnecessary for the calculation of on-road casualties. 
 

154. Additional Comments on RFI Items #68-77 from IoMosaic letter, dated June 29, 2017: 
However, the downwind hazard distance is typically longer for flammable vapor cloud than the 
radius of the thermal radiation hazard. The model results presented in the QRA bear this out (190 
ft. v 170 ft. for fatality and worst weather conditions, 280 ft. v 230 ft. for injury) [2]. ioMosaic 
does not agree with the statement pertaining to double accounting. A single hazardous material 
incident can have multiple outcomes. For example, a pressurized sour gas release that 
immediately ignites results in a jet fire. Delayed ignition can result either in a toxic vapor cloud 
or a flammable vapor flash fire. 
 
Response: This is correct for a pressurized gas release that produces large quantities of vapor 
and develops quickly. However, crude oil is a viscous liquid transported at atmospheric 
pressure. It is assumed that people off-road will have time to move out of the way unless the 
release is rapid and there is immediate ignition. Ignition probabilities were split 50/50 between 
immediate and delayed ignition for the calculation of off-road casualties. This is described in 
Section 4.7. 
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EXECUTIVE SUMMARY 
 

Aera Energy LLC (Aera) is requesting approval to re-establish oil production within the 

designated Cat Canyon Oil Field.  The Project is subject to discretionary land-use permits and 

environmental review by Santa Barbara County (SBC).  Aera has requested that Dixon Risk 

Consulting (DRC) conduct a Transportation Quantitative Risk Assessment (TQRA) to assess 

the significance of risks to the public associated with transportation of crude oil to and from the 

proposed Project site.  This TQRA meets SBC planning requirements and the risk of serious 

injury or fatality has been assessed against the SBC Risk Profile Criteria. 

 

This TQRA assesses hazardous material risks to the public from the proposed shipment of light 

crude oil and produced heavy blended crude oil using single tanker trucks.  The transportation 

routes will be between the East Cat Canyon (ECC) oil field and the Aera Belridge facility in Kern 

County. 

 

This report describes the following TQRA methodology: 
 

 Evaluation of proposed truck routes for road characteristics. 

 Quantify traffic volumes along the proposed routes. 

 Development of accident frequencies utilizing California accident data and published 

national accident data. 

 Estimate the probability of release, size of release, and ignition. 

 Determine the consequences and potential impact of a crude oil release. 

 Combine the likelihood and consequences of a release to calculate the societal risk for 

the highest one kilometer segment, and present as a risk profile. 

 Develop potential mitigation measures to minimize the risk. 

 Assess the risk of serious injury or fatality against the SBC Risk Profile Criteria. 

 

Project site access and highway transportation routes with the lowest potential risk have been 

selected for the assessment of risk.   

 

Mitigation measures have been proposed to minimize the likelihood of a hazardous material 

release.  Aera propose to use contract carriers to haul crude oil for the proposed ECC Project.  

Aera’s contractor selection and auditing procedures will ensure the contractor meets or exceeds 

applicable health, safety, security, and environmental compliance standards.  The following 

mitigation measures will be included in the carrier contract: 
 

 Driver safety program. 

 Drivers will have a minimum of two years of commercial driver experience, plus 

extensive training in defensive driving, emergency response, and other driving skills. 

 Drivers will be trained on Project-specific requirements, including loading and 

transportation procedures, local traffic concerns and hazards, driver safety, and driver 

courtesy. 

 Drivers will be trained to use dedicated routes. 
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 Maximum speed limits will be established for the ECC highway access roads. 

 All trucks will be linked to an integrated fleet geographical information management 

system that provides real-time satellite tracking and mapping of locations, speeds, and 

other parameters. 

 The geographical information system will be used to set and measure compliance to 

speed limits, acceleration, and de-acceleration for trucks in a specific area and/ or at a 

specific time of day. 

 All tanker trucks will be equipped with dual-sided dashboard video cameras. 

 All tanker trucks will be equipped with Roll Stability Control (RSC) systems. 

 The fleet will operate an Electronic Driver Vehicle Inspection Report system, integrated 

with its maintenance system. 

 

The potential benefits of the selected mitigation measures have been quantified, and the risk 

reduction applied to the calculated societal risk. 

 

The significance of risk has been assessed utilizing the SBC Risk Profile.  The thresholds for 

acceptable risk to the public are defined by the SBC Risk Criteria in three zones; green, amber 

and red.  The mitigated risks are within the following zones for acceptability: 
 

 Mitigated risk of serious injury profile is within the green “Insignificant Risk” zone for 

acceptability. 

 Mitigated risk of fatality profile is primarily within the green “Insignificant Risk” zone for 

acceptability. 
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1. INTRODUCTION 

1.1 Background 

The East Cat Canyon Oilfield Redevelopment Project (Project) is located approximately 10 miles 

southeast of Santa Maria in northern Santa Barbara County.  Aera Energy LLC (Aera) is 

requesting approval to re-establish oil production within the designated Cat Canyon Oil Field.  The 

main property entrance is located at 6516 Cat Canyon Road, south of the community of Sisquoc. 

 

Based on the proposed construction and operational activities, the Project is subject to 

discretionary land-use permits and environmental review by the County of Santa Barbara.  This 

includes the analysis of potential short and long term safety risks associated with the oil 

production and transportation activities.  Aera has requested that Dixon Risk Consulting (DRC) 

conduct a Transportation Quantitative Risk Assessment (TQRA) to assess the significance of 

risks to the public associated with transportation of crude oil to and from the proposed Project 

site. 

 

1.2 Scope of Work 

This TQRA assesses risks to the public from the proposed shipment of light crude oil and 

produced heavy blended crude oil using single tanker trucks.  The transportation routes will be 

between the East Cat Canyon (ECC) oil field and the Aera Belridge facility as follows: 

 

 Local Access Roads - ECC central process plant to Clark Ave / U.S. Highway 101 

interchange, using three potential routes. 

 Route A - Clark Ave / U. S. Highway 101 interchange to/from Aera Belridge facility via 

State Routes 166 and 33, (export of blended crude or import of light crude oil). 

 Route B - Clark Ave / U. S. Highway 101 interchange to/from Aera Belridge facility via 

U. S. Highway 101, and State Routes 46 and 33 (export of blended crude or import of 

light crude oil). 

 

The public risks of a hazardous material release have been assessed for the transportation of 

crude oil to and from the Project site.  The accident rate per trip has been calculated for 

potential truck routes, and the route with the lowest combined risk selected.  The highest risk 

per one kilometer (0.62 miles) road segment has been identified for the calculation of potential 

fatalities and serious injury. 

 

The significance of risk has been assessed utilizing the Santa Barbara County (SBC) Risk 

Profile(24).  The thresholds for acceptable risk of fatality or serious injury to the public are as 

defined by the SBC Risk Criteria.  The County has published thresholds of acceptability in order 

to determine the significance of impacts in a consistent manner. 

 

Within this report, an accident is defined as an event that occurs when a vehicle is involved in a 

collision.  The terms accident, collision and crash have been used interchangeably.  An incident 
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is defined as a release of crude oil that may occur as a result of a tanker truck collision, or a 

truck failure of containment in transit.   

 

1.3 Transportation Quantitative Risk Assessment Methodology 

Transportation Quantitative Risk Assessment is an established methodology to quantify the risk 

of a potential incident, by estimating the likelihood and consequence of the event.  The risk of 

fatality or serious injury has been assessed using the following steps: 

 

 Evaluation of proposed truck routes for road characteristics. 

 Quantify traffic volumes along the proposed routes. 

 Development of accident frequencies utilizing California accident data and published 

national accident data. 

 Estimate the probability of release, size of release, and ignition. 

 Determine the consequences and potential impact of a crude oil release. 

 Combine the likelihood and consequences of a release to calculate the societal risk for 

the highest one kilometer segment, and present as a risk profile. 

 Develop potential mitigation measures to minimize the risk. 

 Assess the risk of serious injury or fatality against the SBC Risk Profile Criteria. 

 

TQRA provides an estimate of the risks, which tends to err on the side of conservatism.  The 

approach was to make reasonable assumptions on the likelihood and severity of an incident, 

and the potential impact of a hazardous material release.  In the process of TQRA, numerous 

assumptions must be made, based on best available information.  Where appropriate, sources 

of these assumptions, estimates and reasoning have been described. 
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2. EAST CAT CANYON CRUDE OIL TRANSPORTATION 

2.1 Facility Overview 

The East Cat Canyon Project site is located approximately 10 miles southeast of Santa Maria, 

within an existing oil and gas production area.  The facility is located in a rural area, with 

neighboring oil and gas production facilities, and grazing land.    

 

The Project involves the drilling of crude oil wells, producing the crude oil via a steam enhanced 

recovery, and transporting the produced crude via tanker trucks to offsite sales delivery points.  

The crude oil is highly viscous, with an API gravity of about 9.  The heavy produced oil will be 

blended with light crude oil to decrease its density for separation and transportation. 

 

Light crude oil (approximately 29 API) will be imported to the Project site by truck to facilitate 

production oil dehydration and treatment, and meet transportation requirements for oil export.  

The light crude oil will be blended into the produced fluids at the Oil Treating Plant, and the 

blended produced oil stored in atmospheric tanks prior to transportation off-site by truck. 

 

When the field is at full capacity, there will be an expected total of 141 production wells.  Peak 

production will be limited by the design capacity of the central processing facility to 

approximately 10,000 barrels of oil per day (BOPD).  The transportation QRA has been 

conducted assuming the following peak production quantities: 

 

 Produced Oil: 10,000 BOPD (7.6 to 9.0 API) 

 Imported Light Crude Oil: 3,320 BOPD 

 

The following average daily laden truck traffic is projected: 

 

 95 trucks per day at 140 barrels per truck export of blended produced crude. 

 21 trucks per day at 160 barrels per truck import of light crude. 

 

Produced crude oil will be unloaded into storage tanks at the Aera Belridge facility in Kern 

County, prior to transport via pipeline.   

 

Imported light crude oil and exported blended produced crude oil are classified as hazardous 

materials (HM) according to the Code of Federal Regulations (49CFR).  Hazardous materials 

are classified for transportation into 9 material classes.  The Project imported and exported 

crude oil are both classified as Class 3 Hazardous Materials (HM-3), which include flammable 

and combustible liquids.  

 

Figure 2.1 shows the location of the proposed Project site, and local access routes to U. S. 

Highway 101.   
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2.2 Tank Truck Movements 

Light crude oil will be imported to the Project site from the Aera facility in Belridge, and blended 

produced crude oil exported to Belridge by cargo truck.  At full production, it is estimated that up 

to about 3,320 BOPD of light crude oil will be needed to blend with the heavy produced crude.  

A total of about 13,320 BOPD of blended production crude oil will be exported by truck.  Light 

and produced crude oil will be transported by DOT 406 or DOT 407 cargo trucks in 160 and 140 

barrel loads for light and produced crude respectively.  

 

All trucks delivering light crude from the Belridge facility to the Project site would be used to haul 

blended crude back to Belridge.  Approximately 22 percent of the truck trips would be 

roundtrips, (produced crude from ECC to Belridge then light crude from Belridge to ECC) and 

approximately 78 percent would be one-way.  At full production, the total number of daily one-

way trips has been estimated as follows: 

 

Crude Oil Import/Export 

Average Number of 

One- Way Truck Trips

per Day 

Light Crude Trucks from Belridge to ECC 21 

Light Crude Trucks from ECC to Belridge Unladen 0 

Produced Crude Trucks from ECC to Belridge (Blended Crude) 95 

Produced Crude Trucks from Belridge to ECC Unladen 74 

Total ECC/Belridge Laden Trips 116 

% of Blended Crude Trucks that Back Haul Light Crude 22% 

% of Light Crude Trucks used to Haul Blended Crude 100% 

 

The trucks will use one of three potential routes on local roadways for access to the Project site.  

Two potential routes have been evaluated for transportation north-east to/from the Aera 

Belridge facility via State Route 166 or 46.  The proposed truck routes are described below in 

Section 2.4. 

 

2.3 Truck Descriptions 

Crude oil will be imported and exported by trucks designed to comply with DOT 406 and/or DOT 

407 specifications.  Light crude oil will be imported in 160 barrel loads, and blended produced 

crude will be exported in 140 barrel loads.  These trucks are designed according to construction 

requirements for cargo tank motor vehicles specifications in the Federal regulations, 49 CFR 

178.346 and 178.347.  These regulations prescribe the requirements for packaging and 

containers used in the transportation of hazardous materials.  

 

DOT 406/407 tank trucks are constructed of stainless steel or aluminum steel.  Typical design 

parameters are: 
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DOT 406 Trucks 

 Atmospheric pressure tank, MAWP = 3 psig 

 Test pressure = 5 psig 

 Single shell with wall thickness 0.188 to 0.25 inches 

 Oval shaped cross section 

 Flat or nearly flat tank ends 

 

DOT 407 Trucks 

 Low pressure cargo tank, MAWP up to 40 psig 

 May be double shell with insulation 

 Circular cross section 

 Rounded tank ends 

 

The cargo tank may be divided into compartments by internal bulkheads, which reduces the 

movement of liquid during the road trip.  The inlet/outlet valves are self-closing stop valves 

which are located within the tank to provide protection from damage in the event of a collision.   

 

Cargo trucks are designed for handling a variety of bulk commodities. The majority of bulk 

products carried are liquids, with some dry bulk goods such as flour and sugar.   

 

Aera proposes to use contract carriers to haul the crude oil.  Aera has among the industry’s 

most stringent safety expectations for its employees and contractors.  Aera’s contractor 

selection and auditing procedures will ensure the contractor meets or exceeds applicable 

health, safety, security, and environmental compliance standards, including: 

 

 DOT driver drug and alcohol testing,  

 Cal OSHA Injury and Illness Prevention Program, 

 California Biennial Inspection of Terminals (BIT) program, 

 DOT compliant fleet maintenance program, 

 Driver safety program, 

 Drivers will have a minimum of two years of commercial driver experience, plus 

extensive training in defensive driving, emergency response, and other driving skills, 

and; 

 Drivers will be trained on Project-specific requirements, including loading and 

transportation procedures, local traffic concerns and hazards, driver safety, and driver 

courtesy. 
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2.4 Truck Route Descriptions 

The proposed truck routes were surveyed by driving the routes and completing a form to 

describe the type of road, distances, and road conditions that may impact the transportation 

risk.  The routes were divided into segments with similar characteristics, for example; the 

number of lanes, divided/undivided road, number of interchanges, the density of 

housing/businesses, how traffic feeds onto the road, passing lanes, visibility and topography.  In 

addition, the width of local access roads and road shoulders were measured along proposed 

routes.  The proposed transportation routes are described below, and the road segments shown 

on Figures 2.1 and 2.2 for the local highway access roads, and route segments to the Aera 

Belridge facility respectively. 

 

Three potential local access routes from the Project site to U.S. Highway 101 were surveyed; 

Route Options 1, 2 and 3.  Two potential truck routes to Belridge were surveyed; Route A using 

the State Route 166, and Route B using State Route 46. 

 

Highways may be classified as a freeway or expressway, depending on the type of access 

controls.  A freeway will have road access at designated locations with on and off ramps.  An 

expressway will have intersections that are not controlled by an on or off-ramp.  At some 

locations along U. S. Highway 101 freeway, the freeway designated is changed for short 

distances in rural areas to allow access to properties. 

 

Roads were classified according to the following definitions: 

 

Road Type ID Description 

Urban U Urbanized areas and small urban areas designated by the Bureau of 

the Census as having a population of five thousand (5,000) or more. 

Rural R Rural areas comprise the areas outside the boundaries of small 

urban and urbanized areas. 

Local L Local roads provide primary access to residential areas, businesses, 

farms, and other local areas.  Posted speed limits are usually 

between 20 and 45 mph. 

Collector C Collectors are major and minor roads that connect local roads and 

streets with arterials.  Posted speed limits are usually between 35 

and 55 mph. 

Arterial A Arterials are major through roads that carry large volumes of traffic.  

Arterials are often divided into major and minor arterials. 

Freeway F Limited access roads that provide largely uninterrupted travel, often 

using partial or full access control. 

Divided Road Di Road with division barrier or separation between directions of travel. 

Undivided Road Un Road without division barrier or separation between directions of 

travel. 
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East Cat Canyon Access Routes to U.S. Highway 101 
Potential traffic impacts on local roads associated with the Project have been assessed for 

existing and future traffic conditions in a separate study by Associated Transportation Engineers, 

June, 2014(2).  The traffic study concluded that none of the route options will have a significant 

impact on traffic level of service on the roads and interchanges being travelled. The results of 

the study have been utilized in the risk assessment of local transportation routes. 

 

The roads from the East Cat Canyon facility to U.S. Highway 101 are rural two-lane roads.  The 

roads pass ranchland, farmland, vineyards, oil developments, and some housing areas.  Three 

potential routes have been analyzed, two of which access U.S. Highway 101 at the Betteravia 

Road junction, and one accesses U.S. Highway 101 at Clark Ave.  The highway section 

between Betteravia Road and Clark Ave has been included within the risk calculation of local 

access roads, to quantify the risk of selecting a longer route.  The access road segments are 

described in Table 2.1, and shown in Figure 2.1. 

 

Route A – To/From Aera Belridge Via State Route 166 and State Route 33 
Truck Route A from U.S. Highway 101 and Betteravia Road junction uses State Route 166 from 

Santa Maria east to Maricopa, then north on State Route 33 to the Aera Belridge facility.  The 

route is approximately 120 miles in length, and has been divided into 14 segments, A1 to A14.  

State Route 166 is a two lane undivided arterial road.  The road passes across the Sierra Madre 

Mountains, which are hilly and winding in areas with limited passing sections.  The route is rural 

with some ranch and farm land and passes through the small town of Cuyama.  As the road 

passes down the mountains into the San Joaquin Valley, the gradient is 4 to 7%, and slow truck 

passing lanes are provided.  At Maricopa, the route travels north along State Route 33 to South 

Belridge through mainly oil development and rural areas, with some sections of gently rolling 

hills or flat land.  The route segments are described in Table 2.2, and shown in Figure 2.2. 

 

Route B – To/From Aera Belridge Via U.S. Highway 101, State Route 46 and  
State Route 33 
Truck Route B from U.S. Highway 101 and Betteravia Road junction uses U.S. Highway 101 

from Santa Maria, and passes north to Paso Robles, then east on State Route 46 to the Aera 

Belridge facility.  The route is approximately 128 miles in length, and has been divided into 22 

segments, B1 to B22.  U.S. Highway 101 north from Santa Maria is a four-lane divided highway.  

The road passes rural ranch land, gentle rolling hills, with one steep section of 7% gradient 

across the Los Padres National Forest.  U.S. Highway 101 passes through the coastal cities of 

Arroyo Grande, Pismo Beach and Shell Beach, then to Atascadero and Paso Robles.  At Paso 

Robles, the route travels east on State Route 46 to the San Joaquin Valley.  State Route 46 has 

been improved to a four-lane divided arterial highway along 75% of the route, with one section 

currently under construction.  State Route 46 initially passes through rural areas, ranchland, and 

vineyards, then across the mountains, and down into the rural farmland of the San Joaquin 

Valley.  At the junction with State Route 33, the route travels south to Aera Belridge entrance D.  

The route segments are described in Table 2.3, and shown in Figure 2.2. 
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2.5 Average Daily Traffic 

Annual average daily traffic (ADT) is the primary measure used to evaluate traffic volumes for 

regional highways.  Average daily traffic is measured by the California Department of 

Transportation(26) on a sampling basis, and the numbers adjusted for total annual volumes 

divided by 365 days.  These are published annually by Caltrans for vehicles and trucks.  This 

data was obtained for the years 2009 and 2013, and then used to calculate an average volume 

by route segment.  The average vehicle and truck ADTs are shown in Tables 3.2 and 3.3. 

 

Traffic volumes on ECC access roads from the Project site to U.S. Highway 101 were measured 

by Associated Transportation Engineers (2014)(2) and are listed in Table 3.1.  These are traffic 

counts for all vehicle types, and were not separately counted for truck volumes.  

 

2.6 Population Densities 

The public population primarily at risk from a crude oil release will be those involved in a vehicle 

collision, or a vehicle stopped on the road due to a collision.  There is also the potential for 

public impact to those in buildings and outdoors in areas adjacent to the road. 

 

The population density has been assessed along the proposed transportation routes.  The 

density has been assigned to a category for each road segment, based on population densities 

published in the ADL NGL report (1990)(1) and the TNO Green Book(7).  These categories are 

described in Table 2.4, and have been assigned for each transportation road segment as shown 

in Tables 2.1 through 2.3.  

 

The population present at night will not be the same as during the day for commercial or 

industrial areas.  The population densities listed in Table 2.4 are day time averages, and have 

been adjusted for night time densities as listed below.  The distribution of people indoors and 

outdoors also varies depending on the population category, and whether it is day or night.  

Population distributions have been estimated from those published in the TNO Green Book(7) as 

follows: 

 

Day:  100% of population listed in Table 2.4 

Night:  100% present in housing areas 

  20% present in industrial areas 

  5% present in commercial and agricultural areas 

 

Day:   80% indoors, 20% outdoors in all areas except, 

  20% indoors, 80% outdoors in agricultural areas  

Night:  95% indoors, 5% outdoors  

 

The populations adjacent to the road will not be evenly distributed.  Within an area that may be 

impacted by a hazardous material release, several people may be exposed, whereas other 

areas may be empty.  To account for uneven distribution, residential densities have been 

grouped into three persons in close proximity, which is the average occupancy of a house.  

Industrial and commercial areas are assumed to have six people in close proximity.   
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2.7 Accident Response 

An accident involving a crude oil truck may result in an oil spill or fire.  The California Highway 

Patrol (CHP) responds to accidents that occur on California highways and rural roads outside 

municipalities.  A fire engine may be requested for an accident involving the release, or potential 

for release of a hazardous material, such as crude oil.   

 

A review has been made of Fire Station locations, to determine response times along the 

proposed routes.   

 

Route A – To/From Aera Belridge Via State Route 166 and State Route 33 
State Route 166 from Santa Maria to Maricopa is a 76-mile length of primarily 2-lane rural 

highway.  CHP offices are located at in Santa Maria to the west of the highway, and 

Buttonwillow to the east.  The closest Fire Station to the west of the highway is at East Donovan 

Rd in Santa Maria, there is one Fire Station at New Cuyama, and the Fire Station to the east of 

the highway is in Maricopa, Kern County.   

 

Maximum distance between Fire Stations on route: 

 Santa Maria (Station #3, East Donovan Rd) to New Cuyama (Station #41) = 54.8 miles 

Maximum distance for response = 27.4 miles (35 mins) 

 

Route B – To/From Aera Belridge Via U.S. Highway 101, State Route 46 and  
State Route 33 
CHP offices serving the U.S. Highway 101 route north of Santa Maria are located in Santa 

Maria, San Luis Obispo, and Templeton.  The Templeton CHP office also serves the west 

section of State Route 46, and the Buttonwillow CHP Office serves east sections of State 

Routes 46 and 33.  There are seven Fire Stations on the U.S. Highway 101 route north of Santa 

Maria to Paso Robles.  On the west section State Route 46, east of Paso Robles, there are two 

Fire Stations.  One Fire Station is located immediately east of Paso Robles, and the second at 

Shandon, about 17 miles east of Paso Robles.  At the east end of State Route 46, a Fire Station 

is located in Lost Hills.  San Luis Obispo County has a trained HazMat Team and HazMat 

Vehicle. 

 

Maximum distance between Fire Stations on route: 

 Shandon (Station #51) to Lost Hills (Station #26) = 44.4 miles 

Maximum distance for response = 22.2 miles (22 mins) 
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2.8 Weather Data 

In the event of a crude oil release during transportation, a flammable vapor cloud and/or fire 

may occur.  To characterize these hazards, two meteorological conditions have been selected 

to represent worst case and more typical conditions.  A worst case of “F” stability and 1.5 

meters per second wind speed represents low wind speed during the night when flammable 

vapors may accumulate.  A more typical case of “D” stability and 4 meters per second wind 

speed represents average weather conditions during the day and part of the night hours. 

 

Stability Class Wind Speed Percent Occurrence 

F 1.5 m/s  (3.5 mph) 35 % 

D 4 m/s  (9 mph) 65 % 

 

Weather conditions along truck routes may also have an influence on the likelihood of a 

collision.   

 

The Santa Barbara and Santa Maria region has a sunny climate, moderated by the Pacific 

Ocean, with an average annual rainfall of about 14 inches.  The average high temperature is 70 

degrees F, and average low of 45 degrees F.  Frequent fog occurs during the early summer in 

the Santa Barbara region due to the marine layer influence, which typically burns off by mid-day.  

The moderating influence of moist marine air can also result in a morning fog layer in the Santa 

Maria area during the winter months.   

 

In Kern County the average annual rainfall is typically 6 to 8 inches.  It is hot and dry during the 

summer, and cool and damp in winter, when frequent ground fog known regionally as "Tule fog" 

can obscure vision.  Tule fog is a thick ground fog that settles along the length of the Central 

Valley and occurs during the late fall and winter.  This can be very dense, particularly in the 

southern areas of Kern County.  Visibility in Tule fog is usually less than about 600 feet, but can 

be as low as zero.  Visibility can vary rapidly, and in only a few feet visibility can go from 10 feet 

to near zero, which has been the cause of many chain-reaction pile-ups. 
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Figure 2.1 Map of East Cat Canyon Highway Access Route Options 
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Figure 2.2 Map of Truck Route Segments to Aera Belridge Facility 
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Table 2.1 Description of Highway Access Route Options 

 

ID Road 
Section  

From / To 

Length

(miles) 

Route Option 
Road Type 

Population 

Category** 
Description and Road Width 

1 2 3 

L1 U.S. 

Highway 

101 

Clark Ave. to  

Betteravia Rd.  

4.2 X   Freeway Mixed-M Divided freeway, 6 lanes 

L2 Clark Ave Telephone Rd to 

U.S 101 

0.7 X   Arterial Ag Straight road, wide shoulders. Farmland.   

Lanes 12.5 ft. Shoulders 8 ft 

L3 Clark Ave Dominion Rd to 

Telephone Rd 

2 X X  Arterial Ag/Rural Straight road, wide shoulders.  Farmland and 

vineyards, houses at west end.  

Lanes 13 ft. Shoulders 7.5 ft 

L4 Dominion 

Rd 

Palmer/ Cat Cyn 

to Clark Ave 

4.1 X X X Collector Rural Rolling hills, some sharp turns. Ranches, oil 

leases, vineyards.  Lanes 12 ft. No Shoulders 

L5 Cat 

Canyon Rd 

Aera ECC to 

Palmer Rd 

1.8 X X X Collector Ind-L / 

Rural 

Winding narrow road, ranches, oil leases, 

Lanes 10.5 ft. Some dirt shoulders 

L6 Betteravia 

Rd 

Telephone Rd to 

U.S 101 

2.1  X X Arterial Ind-L / 

Rural 

Wide road.  Short 4-lane section east of U.S 

101.  Lanes 12.5 ft. Shoulders 8 ft 

L7 Telephone 

Rd 

Clark Ave to 

Betteravia Rd. 

4  X  Collector Res-L / 

Rural 

Straight road.  Ranch land, oil development 

and housing area at south end.  

Lanes 12 ft.  Some dirt shoulders 

L8 Betteravia 

and Foxen 

Canyon 

Dominion Rd to 

Telephone Rd 

2.8   X Collector Ag Fields, good road surface.   

Lanes 12 ft. Paved shoulders 2 to 5 ft, and dirt 

shoulders for stopping. 

L9 Dominion 

Rd 

Clark Ave to 

Foxen Cyn Rd 

3.2   X Collector Ag Fields, straight narrow road, no shoulders. 

Lanes 11 ft. Some dirt shoulders. 

Route Length (miles) 12.8 16.1 14.0  
 

 
**  Population density categories defined in Table 2.4 
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Table 2.2 Transportation Route A - Sections to Aera Belridge Facility 

 

ID H’Way 

Section 
Length

(miles) 

Truck 

Speed 

Limit 

(mph) 

Road 

Type # 

Lanes 

(both 

ways) 

Population 

Category** 
Description 

From To 

A1 US 101 E. Betteravia / 

U.S 101 

US 101 / SR 

166 

5.2 55 UFDi 6 Mixed-M Urban town with controlled 

highway access. 

A2 SR 166 U.S 101 / SR 

166 

New Cuyama 

town 

52 55 RAUn 2 Rural/ 

UnPop 

Rural arterial highway, winding 

road across hills and ranchland. 

A3 SR 166 Start of New  

Cuyama 

End New 

Cuyama 

1.1 55 RAUn 3 Res-L Small rural town surrounded by 

farmland. 

A4 SR 166 End New 

Cuyama 

Junction SR 

166 / SR 33 

9.5 55 RAUn 2 Rural Small rural town of Cuyama, 

farm and ranchland. 

A5 SR 

166/33 

Junction SR 

166 / SR 33 

SR 166 Steep 

Section 

5.5 55 RAUn 2 Rural Farm and ranchland, changing to 

winding road and hills. 

A6 SR 

166/33 

SR 166 Steep 

Section 

SR 166 End 

Steep Section 

3.9 35 RAUn 3 / 4 UnPop Mountainous, winding road with 

steep sections of 4 to 7% 

gradient.  Slow truck lanes. 

A7 SR 

166/33 

SR 166 End 

Steep Section 

Start of 

Maricopa  

2.7 55 RAUn 2 UnPop Hills, gentle road curves. 

A8 SR 

166/33 

Start of 

Maricopa  

End of 

Maricopa  

2.2 45/35 RAUn 2 Res-M Rural town of Maricopa, 

population 1150. 

A9 SR 33 End of 

Maricopa  

Start of Taft 5.7 55 RAUn 2 / 3 Rural Oil development areas. Gently 

rolling hills.   

A10 SR 33 Start of Taft Central town 

area 

0.7 40 UAUn 2 Res-M Rural town of Taft, population 

9,300. 

A11 SR 33 Central town 

area 

End of Taft 

town 

0.9 35 UAUn 4 Com-M Rural town of Taft.  Highway 

passes through town main street.
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Table 2.2 Transportation Route A - Sections to Aera Belridge Facility 

 

ID H’Way 

Section 
Length

(miles) 

Truck 

Speed 

Limit 

(mph) 

Road 

Type # 

Lanes 

(both 

ways) 

Population 

Category** 
Description 

From To 

A12 SR 33 End of Taft 

town 

Junction with 

SR 58W 

14.4 55 RAUn 2 Com-L Rural business area to north of 

Taft, then gently rolling hills with 

scrub and oil development. 

A13 SR 

33/58 

Junction with 

SR 58W 

Aera Belridge 

Entrance D 

14.7 40/55 RAUn 2 Rural Through small rural town of 

McKittrick, population 90, then 

scrub and oil development.  

Road mainly straight and flat. 

A14 Aera Aera Belridge 

Entrance D 

Aera Dehy 20 

facility 

1 35 RCUn 2 Non-public 

road 

Contractors Rd, oil development 

area. 

Route Length (miles) 119.5  

 

#  Road Types defined in Section 2.4 

**  Population density categories defined in Table 2.4 
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Table 2.3 Transportation Route B - Sections to Aera Belridge Facility  

ID H’Way 

Section 
Length

(miles) 

Truck 

Speed 

Limit 

(mph) 

Road 

Type # 

Lanes 

(both 

ways) 

Population 

Category** 
Description 

From To 

B1 U.S. 

101 

E. Betteravia / 

U.S. 101 

U.S. 101 / SR 

166 

5.2 55 UFDi 6 Mixed-M Urban town with controlled 

highway access. 

B2 U.S. 

101 

U.S. 101 / SR 

166 

Start Nipomo 4.1 55 RFDi 4 Rural Rural ranchland, mainly level. 

B3 U.S. 

101 

Start Nipomo End Nipomo 1.7 55 UFDi 4 Mixed-M Small town, population 16,700, 

mixed business and residential. 

B4 U.S. 

101 

End Nipomo Start Arroyo 

Grande 

6.2 55 RFDi 4 Rural Rural, ranchland, rolling hills. 

B5 U.S. 

101 

Start Arroyo 

Grande 

End of Shell 

Beach 

7.4 55 UFDi 4 Mixed-M Coastal cities of Arroyo Grande, 

Pismo Beach, Shell Beach 

B6 U.S. 

101 

End of Shell 

Beach 

Start San Luis 

Obispo 

5.9 55 RFDi 4 Rural Rural, ranchland, gentle hills. 

B7 U.S. 

101 

Start San Luis 

Obispo 

End San Luis 

Obispo 

4 55 UFDi 4 Mixed-M Urban, mixed business and 

residential, population 46,000. 

B8 U.S. 

101 

End San Luis 

Obispo 

Start of Los 

Padres Hills 

2.4 55 RFDi 4 Rural Rural, ranch land, then hills 

starting to rising more steeply. 

B9 U.S. 

101 

Start of Los 

Padres Hills 

Top of Los 

Padres Hills 

3.3 35 RFDi 6 UnPop Los Padres National Forest, 

steep hills, gradient 7%, slow 

truck lane. 

B10 U.S. 

101 

Top of Los 

Padres Hills 

Start 

Atascadero 

6.7 55 RFDi 4 Rural Forest, ranch land and hills. 

B11 U.S. 

101 

Start 

Atascadero 

End of  

Atascadero 

6.9 55 UFDi 4 Mixed-L Urban, mixed business and 

residential, Atascadero 

population 29,000. 
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Table 2.3 Transportation Route B - Sections to Aera Belridge Facility  

ID H’Way 

Section 
Length

(miles) 

Truck 

Speed 

Limit 

(mph) 

Road 

Type # 

Lanes 

(both 

ways) 

Population 

Category** 
Description 

From To 

B12 U.S. 

101 

End of  

Atascadero 

Start of 

Templeton 

2.0 55 RFDi 4 Rural Rural, ranch land, gentle hills. 

B13 U.S. 

101 

Start of 

Templeton and 

Paso Robles  

Junction U.S. 

101 / SR 46 

6.8 55 UFDi 4 Mixed-L Urban, mixed business and 

residential, Templeton and south 

Paso Robles to junction with  

SR 46 

B14 SR 46 Junction U.S. 

101 / SR 46 

End of Paso 

Robles 

2.5 50 UFDi 4 Mixed-L Paso Robles, urban, mixed 

business and residential. 

B15 SR 46 Start rural and 

ranchland area 

End of 4 lane 

divided 

highway 

14.7 55 RADi 4 Rural Vineyards, ranchland, gently 

sloping hills.  4 lane divided 

highway.  5-mile section being 

widened.  

B16 SR 46 Start of 2 lane 

highway 

End of 2 lane 

highway 

4.1 55 RAUn 2 Rural Hills, ranch land, forest. 

B17 SR 46 Start of 4 lane 

divided 

highway 

End of 4 lane 

divided 

highway 

1.9 55 RADi 4 UnPop Hills, forest land. 4 lane divided 

highway. 

B18 SR 46 Start of 2 lane 

highway 

Junction with 

SR 41 east 

2.2 55 RAUn 2 UnPop Hills, forest land.  2 lane 

highway. 

B19 SR 46 Junction with 

SR 41 east 

End of hills. 6.1 55 RAUn 2 / 3 UnPop Hills, forest land.  Passing lanes 

on steeper sections. 

B20 SR 46 Start of 4 lane 

divided 

highway 

Junction SR 46 

/ SR 33 

20.4 55 RADi 4 Ag / Rural Ranchland, crops, and 

undeveloped level land 

B21 SR 33 Junction SR 46 

/ SR 33 

Aera Belridge 

Entrance D 

12.1 55 RAUn 2 Rural Level scrub land and oil 

development. 
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Table 2.3 Transportation Route B - Sections to Aera Belridge Facility  

ID H’Way 

Section 
Length

(miles) 

Truck 

Speed 

Limit 

(mph) 

Road 

Type # 

Lanes 

(both 

ways) 

Population 

Category** 
Description 

From To 

B22 Aera Aera Belridge 

Entrance D 

Aera Dehy 20 

facility 

1 35 RCUn 2 Non-public 

road 

Contractors Rd, oil development 

area. 

Route Length (miles) 127.6  
 

#  Road Types defined in Section 2.4 

**  Population density categories defined in Table 2.4 
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Table 2.4 Population Density Categories 

 

 

Code / Category Description Population Density 

(per square mile) 

Com-H  - 

Commercial – High 

Office buildings and shopping areas in 

a town center 

10,000 

Com-M 

Commercial – Medium 

Office buildings and shopping areas 

with space surrounding the buildings 

5,000 

Com-L   

Commercial – Low 

Scattered buildings 1,000 

Res-H 

Residential – High 

Busy residential area with a number of 

multi-family homes 

10,000 

Res-M 

Residential – Medium 

Quiet residential, single family homes 3,000 

Res-L 

Residential – Low 

Scattered housing, semi-rural 1,000 

Mixed-H 

Mixed Use - High 

Mix of office buildings and  multi-family 

homes 

10,000 

Mixed-M 

Mixed Use - Medium 

Mix of spaced office buildings and 

single family homes 

4,000 

Mixed-L 

Mixed Use - Low 

Scattered buildings 1,000 

Ind-M 

Industrial - Medium 

One and two story buildings with 

industrial facilities surrounding offices 

2,000 

Ind-L 

Industrial - Low 

Scattered industrial facilities with low 

density offices 

1,000 

Ag 

Agricultural 

Cultivated Fields 200 

Rural  Ranchland / Low density oil 

development 

20 

UnPop 

Unpopulated 

Undeveloped land, forest or hills 2 
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3. ACCIDENT / INCIDENT FREQUENCY 

 

The likelihoods of a truck accident have been calculated from published national and state data.  

Route specific accident rates have been developed where possible, and compared to state and 

national accident data.  In the event of an accident and hazardous material release, a fatality or 

serious injury to the public may occur.   

 

The terms “accident” and “crash” have been used interchangeably for a vehicle collision.  The 

term “incident” has been used to describe a release of hazardous material, which may occur as 

the result of a vehicle collision, or a cargo containment failure.   

 

3.1 Truck and Vehicle Accident Data 

Truck accident rates are reported in published data as vehicle miles traveled and are typically 

quoted per million miles, or per 106 miles (MVMT).   Reported accident rates range from 0.32 to 

14 accidents per million miles(11)(20) depending on accident reporting threshold, road type, 

collision speed, and type of vehicle.  Truck and vehicle accident rates are affected by specific 

road conditions, such as; traffic density, urban or rural routes, and divided or undivided highway.  

An assessment has been made of California accident data, national accident databases, and 

published accident rates, to develop route specific truck accident rates. 

3.1.1 California Accident Data 

Accidents that occur on California public roads are recorded by the California Highway Patrol 

(CHP) in the California Statewide Integrated Traffic Record System (SWITRS).  The database 

serves as a means to collect and process data gathered from a collision scene, and is submitted 

by city and county jurisdictions.  This includes data on the accident location, vehicle types, 

occupants, level of injury, number of injuries, and cause of the accident.   

 

The SWITRS data is categorized by five levels of severity by the highest level of resulting injury: 

 

 Fatality involved accident, 

 Severe injury accident, 

 Visible injury accident, 

 Pain injury accident, and 

 Property Damage Only (PDO) collisions. 

 

Raw data was obtained for the five year period 2009 through 2013(4) in order to develop 

accident rates by road segment.  Data from all of California was analyzed to obtain average 

state vehicle and truck accident data.  This included over 2 million accident records, and over 

100,000 truck accidents.  Accident data from 4 counties, and 14 municipalities were extracted to 

identify accidents that occurred over the 5 year period on proposed truck routes.  These 

accidents were then categorized by road segment to calculate the accident rate for vehicles and 

trucks by segment.   



 

Aera Energy LLC,  

East Cat Canyon Redevelopment – TQRA 5/2018 
Page - 21

 

The accuracy of the data is subject to reporting levels of the law enforcement agencies 

supplying the collision reports.  The accident reporting threshold used by the CHP is $500 

property damage or personal injury.  However, some municipalities follow different reporting 

thresholds, and may report only tow-away crashes, or crashes with damage of greater than 

$1,000.  The CHP estimates that it receives collision reports from municipalities for 

approximately 100% of fatal accidents, 90% of injury accidents and 40% of property damage 

only accidents.  A review of SWITRS data collection by the Highway Safety Information System 

(HSIS) office(21) found that accidents are mostly reported accurately by the Highway Patrol, 

which respond to freeway accidents (urban and rural), and rural roads outside municipalities.  

Some municipalities were not as consistent with accident reporting.  Accidents occurring on 

route segments analyzed for this TQRA are primarily within the CHP jurisdiction, and are 

therefore likely to be reported accurately. 

3.1.2 National Accident Data 

The two primary Federal crash data sets are the Fatality Analysis Reporting System (FARS) 

and the General Estimates System (GES) databases.  Trucks are identified in each but lack 

details on the type of truck and cargo. 

 

The Fatal Accident Reporting System (FARS) is a census of all motor vehicles in fatal 

accidents on public roads in which at least one person has died.  FARS is maintained by the 

National Highway Traffic Safety Administration (NHTSA) of the U.S. Department of 

Transportation (DOT) and the data is obtained from police reports, driver records, vehicle 

records, and death certificates.  FARS is recognized by government agencies and analysts as 

the most reliable national crash database.  A large truck is defined in FARS as a truck with a 

gross vehicle weight rating (GVWR) of more than 10,000 pounds. 

 

The Trucks Involved in Fatal Accidents (TIFA) database is managed by the University of 

Michigan Transportation Research Institute (UMTRI).  Large truck accident data is extracted 

from FARS, and supplemental data on the crashes are collected by a survey.  The TIFA data 

collection protocol is based on a telephone survey of the motor carrier, driver, dispatcher, or 

safety director of the truck involved in the crash, as well as the reporting officer, and is 

considered highly reliable. 

 

The General Estimates System (GES) is also maintained by the NHTSA, and is a nationally 

representative sample of police-reported fatal, injury, and property-damage-only crashes.  The 

categories of injury, and property-damage-only crashes are the same as for the California 

SWITRS data.  GES estimates are subject to sampling error for injury and PDO crashes, but 

provide data consistent with California data.  National estimates of million vehicle miles travelled 

are also provided for vehicles and trucks.  The GES definition of a large truck is the same as the 

FARS definition. 

 

The Motor Carrier Management Information System (MCMIS) crash file is maintained by the 

Federal Motor Carrier Safety Administration (FMCSA), and submitted by the States from data 

extracted from police accident reports.  A MCMIS reportable crash must involve a truck (a 

vehicle designed, used, or maintained primarily for carrying property that has at least two axles 
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and six tires) or a bus.  The crash must result in at least one fatality, or one injury which requires 

immediate attention at a medical facility, or one disabled vehicle that is towed from the scene.  

The MCMIS crash file is a useful source of information on hazardous materials transportation 

accidents, although not all data is accurately completed.  A review by the Hazardous Material 

Cooperative Research Program (HMCRP) in 2009(27) estimated the reporting rate was about 

80%. 

 

The Hazardous Materials Incident Reporting System (HMIRS) is maintained by the Pipeline 

and Hazardous Materials Safety Administration (PHMSA) of the DOT.  All carriers of hazardous 

materials by road, rail, water, or air must fill out a DOT Form and submit it to PHMSA within 30 

days of a reportable hazmat incident that results in a release of any quantity of hazardous 

material.  The reportable incident could occur during loading/unloading, while in transit, or while 

in temporary storage when traveling between the hazmat shipment origin and its final 

destination.  The database is a useful source of information on hazmat releases during 

transportation and casualties resulting from exposure to the hazardous material.  However, prior 

to 1998, only interstate carriers were required to report hazardous material incidents, and few 

non-release reports are filed when there is damage to the hazmat container which does not 

result in a release.  Incidents are self-reported by carriers, although PHMSA staff contact the 

carrier and may request clarification of the information they receive, and all injuries and fatalities 

are validated to determine if they were caused by a hazardous material release. 

 

The definitions of injury and the level of reporting are not consistent between the state and 

various national databases, which may explain some inconsistencies in reported accident rates.  

However, a fatality accident is likely to be reported, and is not subject to interpretation by the 

authority reporting on the accident.   

3.1.3 Hazardous Materials Truck Accident Data 

A study on the comparative risks of hazardous materials (HM) and non-HM transportation was 

conducted by Battelle for the FMCSA in 2001(11).  The study calculated the risks associated with 

each category of hazardous material and analyzed data from the HMIRS database, and the 

MCMIS accident database.  Events were analyzed that involved the transportation of hazardous 

materials that may or may not result in the release of a hazardous material.   

 

In the 2001 FMCSA study, truck accident rates were developed for HM and non-HM truck 

transportation.  HM shipments constituted approximately 5% of the total truck mileage, and 

ranged in the type of materials carried from perfumes to explosives.  HM Class 3 includes 

flammable and combustible materials, the bulk of which was gasoline transported in cargo 

tanks.  Light crude oil and blended produced crude oil transported to and from the ECC Project 

site will be HM Class 3 materials.  It was reported in the 2001 FMCSA study that 52% of the HM 

vehicles carried Class 3 flammable and combustible liquids, and represented 56% of all of the 

impacts (1391 accidents).  The accident rates were calculated as follows: 
 

 Non-HM truck accident rate = 0.73 per million vehicle miles 

 HM truck accident rate = 0.32 per million vehicle miles 

 HM Class 3 cargo trucks = 0.5 per million vehicle miles 
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The truck accident rates quoted are for accidents included in the MCMIS database, which 

include fatalities, significant injuries and tow-away accidents.  The resulting accident rates are 

therefore lower than those reported in the California SWITRS and GES databases that have 

different injury and property damage reporting levels.  However, the FMCSA data indicates that 

trucks carrying hazardous materials have an average accident rate of less than half non-HM 

trucks, and Class 3 cargo trucks an average accident rate about 30% lower than non-HM trucks.  

 

The average truck accident rates reported in the California SWITRS and GES databases do not 

account for the added safety of HM trucks as identified in the 2001 FMCSA study.  The drivers 

of trucks carrying hazardous materials are required to have more training and experience than 

the average truck driver.  Therefore, for the purpose of this study, average truck accident rates 

have been reduced by a factor of 30% to reflect the greater safety of HM Class 3 cargo truck 

drivers over non-HM truck drivers. 

3.1.4 Truck Accident Data By Road Type  

A study conducted by Harwood and Russell in 1992(20) calculated truck accident rates by road 

type.  This study data has been widely used in literature and by analysts for the assessment of 

hazardous material routes, because it provides truck accident data by road class.  Harwood 

demonstrated that road type such as urban or rural, and divided or undivided highway, has a 

direct influence on the accident rate and severity of an accident.  The high density of traffic in an 

urban area significantly increases the chance of a collision, whereas the accident rate is 

reduced by a divided, limited access freeway.  Hazardous materials release probabilities were 

also found to be influenced by road type.  Accidents that occurred at higher speed in rural 

areas, were found to have a higher release probability in an accident due to the higher impact 

speed. 

 

The following accident rates and HazMat release probabilities were reported for different types 

of road: 
 

Area Roadway 

Truck Accident 

Rate per 10
6
 

vehicle miles 

HazMat 

Release 

Probability 

Rural Two-lane 2.19 0.086 

Rural Multilane, undivided 4.49 0.081 

Rural Multilane, divided 2.15 0.082 

Rural Freeway (limited access) 0.64 0.090 

Urban Two-lane 8.66 0.069 

Urban Multilane, undivided 13.92 0.055 

Urban Multilane, divided 12.47 0.062 

Urban Freeway (limited access) 2.18 0.062 

 

Reference:  Harwood and Russell (1992)
(20)
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3.2 Accident Fatality, Injury and Damage Rates 

3.2.1 California Accident Rates 

Truck and vehicle accidents reported in the California SWITRS database have been analyzed 

for five years from 2009 to 2013(4).  Fatal, injury and property damage only accidents were 

assessed for vehicle and truck involved accidents.  The annual state vehicle miles are reported 

by CalTrans as 326 billion vehicle miles.  The annual state truck miles have been estimated 

from the highway truck traffic counts as 23 billion truck miles.  These total miles travelled have 

been combined with the accident numbers to calculate the following state accident rates: 

 

Vehicle Type and  

Year of Data 

Accident Rate per Million Vehicle Miles and % of Total 

Fatal Crashes Injury Crashes 
Property Damage 

Only Crashes 
Total 

Trucks 2009 to 2013 0.011 0.229 0.685 0.924 

Percent of Total 1.2% 24.7% 74.1%  

Vehicles 2009 to 2013 0.012 0.882 1.273 2.168 

Percent of Total 0.57% 40.7% 58.7%  

 

The overall truck accident rate is less than half of the rate for all vehicles.  This is likely due to 

the greater training truck drivers receive, and that a larger percent of truck miles occur on 

highways or rural roads where the accident rate is lower.   

 

The likelihood of a fatality is higher in a crash between a truck and a passenger vehicle than 

between two passenger vehicles, due to the difference in vehicle weight.  However, due to the 

lower overall accident rate for trucks, the fatality rate for trucks and all vehicles per million 

vehicle miles has been calculated to be about the same at 0.011 and 0.012.   

3.2.2 National Accident Rates 

Truck and vehicle accident data collected nationally by the FMCSA(15) have been averaged for a 

five year period for comparison with California data shown in Section 3.2.1 as follows: 

 

Vehicle Type and  

Year of Data 

Accident Rate per Million Vehicle Miles and % of Total 

Fatal Crashes Injury Crashes 
Property Damage 

Only Crashes 
Total 

Trucks 2009 to 2013 0.013 0.235 0.861 1.109 

Percent of Total 1.2% 21.2% 77.7%  

Vehicles 2009 to 2013 0.015 0.955 2.313 3.284 

Percent of Total 0.46% 29.1% 70.4%  

 

The injury and fatal accident rates per million vehicle miles are similar for California and 

nationally reported accidents as collected in the FARS and GES data.  The California truck 

property damage only (PDO) accident rate is about 20% lower than national data, and the 
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California vehicle PDO accident rate is about 45% lower.  This is likely due to a lower reporting 

rate for PDO accidents in California, which may have been adjusted for the nationally published 

estimates.   

3.2.3 Reduction in Accident Rates Over 20 Years 

The truck accident data published by Harwood(20) in 1992 was obtained from three states 

(California, Illinois and Michigan) in the 1980’s.  Since 1990, vehicle and truck accident rates 

have been significantly reduced by improvements in roads, vehicles and driver awareness.  

National vehicle and truck accident rates have been published by the FMCSA(15) since 1992, 

and shows a significant reduction over the 20 year period.  The following changes have been 

calculated: 

 

Vehicle Type and 

Year of Data 

Accident Rate per Million Vehicle Miles 

Fatal Crashes Injury Crashes 
Property Damage 

Only Crashes 
Total 

Truck 1992 0.033 0.618 1.81 2.46 

Truck 2012 0.014 0.286 0.94 1.24 

Rate Reduction 58%  54% 48% 50% 

All Vehicles 1992 0.023 1.596 3.07 4.69 

All Vehicles 2012 0.015 0.998 2.34 3.35 

Rate Reduction 35% 37% 24% 28% 

 

For truck accidents, there has been an overall accident rate reduction of 50% since 1992.  For 

fatal crashes, there has been a reduction of 58% in accident rate, greater than for all accidents, 

which may be due to improved passenger vehicle safety equipment.  

 

Truck accident rates for recent data are therefore expected to be about 50% lower than 

published accident rates from the 1980’s and early 1990’s, such as the widely used Harwood 

truck data by road type, as described earlier in Section 3.1.4.  

 

3.3 California Route Specific Accident Data 

Route specific accident rates were developed by an analysis of five years of California data 

obtained from the CHP SWITRS database(4), for years 2009 to 2013.  This accident data was 

categorized by road segment for the proposed truck routes.  Local influences on accident data 

associated with road access, road gradients, visibility and weather are inherently included within 

these route specific accident rates.   

 

Accident rates have been calculated by route segment for both vehicles and trucks, with the 

exception of the ECC Project highway access roads.  The local access roads provided 

insufficient data on the number of truck accidents per segment to be statistically significant, and 

no average daily truck counts were available.  Vehicle accident rates on each local segment 

have been calculated, and these rates adjusted for average California vehicle to truck accident 

ratios to provide an estimate of the average truck accident rate.  Accident rates for HM Class 3 
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cargo trucks have been estimated by reducing the route specific average truck rates by 30%, as 

discussed in Section 3.1.3.  The calculated vehicle and truck accident rates by route section are 

shown in Tables 3.1, 3.2 and 3.3, and summarized as follows: 

 

Route Description 

Vehicle 

Accident 

Rate per 10
6
 

miles 

HM Class 3 

Truck 

Accident 

Rate per 10
6
 

miles 

HM Class 3 

Truck 

Accident 

Rate per trip 

Local 

Option 1 

ECC to Betteravia Rd junction via 

Clark Ave / U.S. 101 (north routes) 

1.8 0.53 6.7 x 10-6 

A ECC Betteravia / U.S. 101 junction to 

Belridge facility via SR 166 / SR 33 

1.2 0.43 5.2 x 10-5 

B ECC Betteravia / U.S. 101 junction to 

Belridge facility via U.S. 101 / SR 46 

/ SR 33 

0.98 0.31 3.9 x 10-5 

 

The truck accident rates per segment are an average risk for all truck transportation.  Aera 

proposes to utilize a dedicated third party operated fleet with drivers qualified for hazardous 

material transportation.  As discussed in Section 3.1.3, the average truck accident rates 

calculated using the CA SWITRS database were reduced by 30% for the purpose of this study, 

to reflect the greater training and experience requirements for HM drivers.   

 

The predicted HM Class 3 accident rate per trip is 25% lower utilizing Route B via U.S. 101 / SR 

46 / SR 33, compared to Route A utilizing SR 166 / SR 33.  Route B has therefore been 

selected as the preferred route for crude oil transportation.  

 

3.4 Truck Collision Factors 

A review has been conducted on the causes of truck collisions using published truck accident 

studies and collision data from police accident reports.  This data has then been used to identify 

the types of accidents more likely to result in a hazardous material spill, identify potential 

mitigation measures, and quantify the benefit in terms of risk reduction.    

3.4.1 Critical Events 

California accident data includes vehicle information and the primary collision factor.  Truck 

accident data has been grouped into critical events for the years 2009 to 2013 as shown in 

Table 3.4, and summarized below.  

 

The Large Truck Crash Causation Study (LTCCS)(17) was designed as a one-time study to 

analyze crash causes and contributing factors.  The study was undertaken jointly by FMCSA 

and NHTSA, utilizing a representative sample of nearly 1,000 injury and fatal crashes involving 

large trucks that occurred between April 2001 and December 2003.  The Report to Congress 

was published in 2006(17).  The accidents selected were of a greater severity than other national 

crash databases, and included 23% fatality and 29% incapacitating injury severity levels.  The 
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LTCCS critical accident events have been compared to those reported in the California SWITRS 

data as shown in Table 3.4 and summarized as follows: 

 

Primary Collision Factor 

CA SWITRS Data 2009 to 2013 LTCCS 

Fatalities and 

Injuries 

per year 

% 

Fatality and 

Serious Injury 

% 

Truck Loss of Control 978 18 16 

Truck Out of Lane or Unsafe Move 624 12 18 

Truck Turning or Crossing 

Intersection 

422 8 6 

Other 245 5 16 

Truck Driver Not Assigned Fault 3046 57 45 

Total 5316 100 100 

 

The primary collision factor has been assumed to be due to the truck driver action or inaction in 

50% of collisions. 

3.4.2 Critical Reasons 

The critical event is the event that immediately preceded the crash, although this does not 

explain why the event occurred.  Several studies have been performed to identify the reason 

accidents occur, which can then be used to reduce the likelihood and severity of accidents.  

These include the LTCCS (2006)(17), and the Hazardous Materials Serious Crash Analysis 

FMCSA (2005)(14). 

 

There are often a series of contributing factors that lead to an accident.  For example, the cause 

of a hazardous material cargo truck rollover and spill may be recorded in incident data as 

another vehicle making a dangerous lane change.  However, other factors may have increased 

the likelihood of the incident, such as faulty brakes, an inexperienced driver with inadequate 

training, icy road conditions, or an obsolete cargo tank with poor maintenance history.   

 

In the LTCCS study, the collision data was used to examine contributing and root causes of 

accidents.  Contributing factors were related to drivers, vehicles, the environment, and motor 

carrier companies.  The critical reasons for crashes were assigned as follows: 
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Critical Truck Collision Reason (17) LTCCS % 

Driver Non-Performance   (fell asleep, illness, or physically impaired) 6  

Driver Recognition   (inattention, distracted) 16  

Driver Decision   (too fast for conditions or curve, aggressive driving)  21  

Driver Performance   (overcompensate, failure to control vehicle) 5  

Vehicle   (brakes, tires, cargo shift, etc) 6 

Environment   (roadway, signs missing, weather) 1 

Critical Reason Not Coded to Truck 45 

Total 100 % 

 

When critical reasons were assigned to the truck, the driver actions (non-performance, 

recognition, decision and performance) were assigned the collision reason in the majority of 

cases. 

 

Driver Fatigue and Hours of Service (HOS):  Driver fatigue was identified as an important 

critical collision reason, and HOS regulations are in place to reduce this risk.  The LTCCS 

collected data on the driver sleep history, driving hours, and fatigue. 

 

Truck Driver Performance:  The LTCCS data recorded the number of years driving a truck, the 

number of years driving the class of vehicle involved in the crash, and the date and type of 

driver training.  The assessment of driver performance is inherently subjective, although 

comparison data on the historical driver performance has been used in studies to estimate the 

value of hiring safe drivers. 

 

Vehicle Maintenance and Inspections:  Defective brakes and other components are 

frequently cited as contributing factors, although not necessarily as the critical reason.  Most 

carriers are reported to conduct vehicle maintenance every 30 to 90 days, and drivers are 

required to inspect their vehicle prior to every trip. 

 

3.5 Accident Spill Probabilities 

A potential hazard may occur due to a truck vehicle collision that causes a rupture or leak of the 

tanker.  The likelihood of a release has been calculated from a review of published reports and 

hazardous materials truck accident data. 

 

The release probability, given an accident, is reported by Harwood(20) to be between 5% and 

9%, depending on the speed of the accident.  A review of transportation data by Arthur D. Little 

in 1990(1) reported a conditional probability of a large spill from a gasoline truck as 7%, given a 

reportable accident.  In the FMCSA hazardous material truck transportation report(11), the 

probability of release for gasoline truck accidents was calculated as 36%, although this data 

included only severe accidents which are more likely to result in a release.   
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Five years of accident data (2009 to 2013) reported in the MCMIS database(15) have been 

reviewed for truck crashes involving hazardous material cargo.  Hazardous materials (HM) are 

classified by cargo type and if a release occurred.  Class 3 flammable and combustible liquids 

make up about 43% of the HM accidents and 49% of the HM release incidents.  For HM Class 3 

liquid cargo trucks, the following release probabilities have been calculated: 
 

 Fatal accidents = 40% probability of release 

 Serious injury or tow-away accidents = 15% probability of release 

 

The MCMIS data includes injury and PDO accidents for only those accidents which require 

immediate medical attention or a tow-away.  Less severe accidents, which are less likely to 

result in a release, are included in the California SWITRS data used for this TQRA.  A 

comparison of accident reporting rates between databases found that only 36% of the accidents 

included in the GES and SWITRS data are included in the MCMIS hazardous materials data.  A 

correction factor has been applied to estimate the following accident release probabilities for 

California reporting categories: 
 

 Fatal accidents = 40% probability of release 

 Injury or PDO reported accidents = 5% probability of release 

 

The average spill probability for a reportable accident is lower than reported by Harwood(20) in 

1992, and ADL(1) in 1990.  The introduction of DOT 406/407 truck designs in 1993 have 

enhanced container integrity over the older MC 306/307 designs, and the use of truck roll 

stability systems may also have contributed to the reduced frequency of rollover events.  

 

An analysis of the spill probability due to cargo tank rollovers was conducted by Battelle for the 

FMCSA 2005 study(14).  It was found that cargo tanks are vulnerable to a spill on rollover.  Spills 

were reported to occur in 66% of the rollovers, which makes rollover prevention an important 

factor in minimizing the risk of a hazardous material release.   

 

An analysis has been conducted of hazardous material releases recorded in the HMIRS 

database for the years 1991 to 2015.  Releases of hazardous material may be associated with a 

vehicle collision event, or a non-collision event.  Non-collision releases were due to equipment 

failure, human error, or inadequate maintenance.  Releases of less than 10% of the tank 

contents were categorized as “small”.  The following in-transit crude oil releases were identified: 

 

Release Type 

In-Transit Crude Oil Releases 1991 to 2015 

Number of 

Releases 
Small 

Average 

Size S  

Medium / 

Large 

Average 

Size M/L  

Non-Collision 70 64 1 bbl 6 86 bbl 

Vehicle Collision 257 122 4 bbl 135 109 bbl 

Total 327 186 3 bbl 141 108 bbl 

 

Non-collision events were identified as the cause of 21% of crude oil releases.  These were 

primarily small releases due to overfilling, equipment failure, or failure to properly close 
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valves/dome.  Six larger non-collision releases occurred which were due to equipment failure in 

transit.   

 

A study of LPG road transportation by ADL in 1990(1) reported a similar release size distribution, 

with large spills occurring in 35 to 45% of releases.  Non-collision release events were also 

estimated to occur in about 20% of releases for LPG transportation.   

 

The accident release probabilities have been increased by 20% to account for non-collision 

related releases in-transit.  Representative spills sizes for all types of releases have been 

selected as: 
 

 40% large 140 barrels 

 60% small 4 barrels 

 

3.6 Hazardous Material Ignition Probabilities 

The HMIRS database has been analyzed to develop ignition probabilities for a release of crude 

oil.  Gasoline has been included in the table below for comparison purposes.  The following 

crude and gasoline releases and fires were identified over the twenty-five year period 1991 to 

2015: 

 

Release 

Material 
Release Size 

Releases In-Transit 1991 to 2015 

Number of 

Releases 
Number of 

Fires 
Ignition 

 % 

Crude Oil Small 186 3 2% 

Crude Oil Medium + Large 141 23 17% 

Gasoline Small 509 15 3% 

Gasoline Medium + Large 857 237 28% 

Total  1693 278 16% 

 

The ignition probability for a HM Class 3 release has been reported as 15% by the FMCSA(11).  

The source data was taken from spills reported in 1996, and is consistent with the average 

ignition probability identified above for 25 years of HMIRS data.  

 

The probability of ignition is higher for larger spills due to the release being more likely to 

encounter an ignition source.  A review of crude oil releases in the HMIRS database found only 

3 out of 186 small releases had ignited.  Small gasoline releases ignited in 3% of incidents, 

which are more likely to ignite than crude oil.  The selection of 2% ignition for a small crude oil 

release is therefore appropriate.  The following ignition probabilities have been estimated for 

large and small crude oil releases: 
 

 20% ignition large release 

 2% ignition small release 
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3.7 Exposure to a Hazardous Material Release 

In a tanker truck collision, the primary cause of fatality or injury is due to the force of the 

collision, not a release of hazardous material.  However, a single crash of a hazardous material 

truck in a crowded area has the potential for deaths and injuries beyond the vehicle occupants. 

 

A release of any quantity of hazardous material must be reported to the PHMSA, and recorded 

in the HMIRS database.  The report includes information on fatalities and injuries due to 

exposure to a hazardous material release.  A search was performed of the HMIRS database to 

identify casualties due to exposure to crude oil and gasoline releases for the period 1991 to 

2015: 

 

Release Material 

Releases In-Transit 1991 to 2015 

Employee Casualty Incidents Public Casualty Incidents 

Fatality 
Serious 

Injury 

Non-

Hospital 

Injury 

Fatality 
Serious 

Injury 

Non-

Hospital 

Injury 

Crude Oil 4 2 0 1 1 0 

Gasoline 106 43 12 12 7 10 

Total Incidents 110 45 12 13 8 10 

Total Casualties 111 46 13 26 12 13 

 

All fatalities were due to vehicle occupants being trapped and exposed to fire.  Public fatalities 

were associated with occupants of other vehicles involved in a collision, or occupants of vehicle 

near the collision.  For example, in 1993 an incident occurred when a gasoline truck was hit by a 

train, and 5 occupants of 3 other vehicles were killed in the fire.   

 

The probability of public fatality due to a release and crude oil fire is 1 in 26 fires, or 4%.  The 

probability of public fatality in a gasoline fire is 12 in 252 fires, or 5%.  The probability of fatality 

in a gasoline fire more statistically significant than the one crude oil incident, and the hazards of 

a fire are similar for each hazardous material.   

 

There were fewer serious public injuries reported due to an in-transit hazardous material fire 

than fatalities.  This may be due to under reporting of public injuries by the carrier companies 

submitting the reports.  All fatalities are likely to be reported and investigated by PHMSA staff, 

but burn injuries may not have been reported if other trauma injuries also occurred.   

 

Due to the likely underreporting of injuries, an assumption has been made that the injury rate is 

approximately twice that of the fatality rate.  The probabilities of a public casualty incident have 

been estimated for a crude oil release as follows 
 

 large ignited release:  5% fatality event  10% injury event 

 small ignited release:  2% fatality event  5% injury event 
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The number fatalities that have occurred in a crude oil or gasoline fire ranged from 1 to 5, with 

an average of 2 public fatalities per incident.  According to the DOT Bureau of Transportation 

Statistics, the average vehicle occupancy is 1.6 for all roads, and about 1.2 on highways.  The 

distribution of public casualty numbers in each incident has been estimated as follows: 

 

Number of Public Casualties

per Incident 
Probability 

5 4% 

4 6% 

3 10% 

2 20% 

1 60% 
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Table 3.1 Vehicle Accident Rates By Section - Local Access Roads 

 

ID Road 
Section  

From / To 

Length 

(miles) 

Route Option 
Vehicle 

ADT 

Vehicle 

Accident Rate 

per 10
6
 miles 

HM Class 3 

Truck 

Accident Rate 

per 10
6
 miles 

1 2 3 

L1 U.S. Hwy 101 Clark Ave. to  

Betteravia Rd.  

4.2 X   42,000 0.71 0.21 

L2 Clark Ave Telephone Rd to 

U.S. 101 

0.7 X   5,180 5.85 1.75 

L3 Clark Ave Dominion Rd to 

Telephone Rd 

2 X X  3,000 1.12 0.34 

L4 Dominion Rd Palmer / Cat Cyn 

to Clark Ave 

4.1 X X X 1,050 2.69 0.80 

L5 Cat Canyon 

Rd 

Aera ECC to 

Palmer Rd 

1.8 X X X 850 1.26 0.38 

L6 Betteravia Rd Telephone Rd to 

U.S. 101 

2.1  X X 10,250 2.42 0.72 

L7 Telephone Rd Clark Ave to 

Betteravia Rd. 

4  X  1,400 3.10 0.92 

L8 Betteravia and 

Foxen Canyon 

Dominion Rd to 

Telephone Rd 

2.8   X 3,700 2.42 0.72 

L9 Dominion Rd Clark Ave to 

Foxen Canyon Rd 

3.2   X 950 2.22 0.66 

HM Class 3 Truck Accident Rate per Trip 6.7 x 10
-6

 9.8 x 10
-6

 9.6 x 10
-6
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Table 3.2 Vehicle and Truck Accident Rates By Section - Transportation Route A – ECC to Belridge via SR 166 

 

ID 
H’Way 

/Road 

Section 
Vehicle 

ADT 

Truck 

ADT 

Vehicle 

Accident Rate 

per 10
6
 miles 

Average Truck 

Accident Rate 

per 10
6
 miles 

HM Class 3 Truck 

Accident Rate 

per 10
6
 miles From / To 

Length 

(miles) 

A1 U.S. 101 Betteravia Rd to U.S. 

101 / SR 166 Junction 

5.2 60000 4380 1.34 0.99 0.69 

A2 SR 166 U.S. 101 to New 

Cuyama  

52 3050 590 0.98 0.54 0.38 

A3 SR 166 New Cuyama 

 

1.1 2900 480 0.91 1.04 0.73 

A4 SR 166 New Cuyama to SR 

166 / SR 33 Junction 

9.5 3450 650 0.59 0.36 0.25 

A5 SR 

166/33 

SR 166 / 33 Junction to 

steep road section 

5.5 3200 750 1.26 0.42 0.29 

A6 SR 

166/33 

SR 166 / 33 steep 

mountainous section 

3.9 3200 800 1.85 1.1 0.77 

A7 SR 

166/33 

End steep mountainous 

section to Maricopa 

2.7 3200 840 0.78 0.76 0.53 

A8 SR 

166/33 

Maricopa 

 

2.2 3800 840 0.12 0.62** 0.43 

A9 SR 33 Edge of Maricopa to 

Taft 

5.7 5550 750 0.82 0.4 0.28 

A10 SR 33 Start Taft to central 

town area 

0.7 6850 670 1.81 2.45 1.72 

A11 SR 33 Taft central town area 

 

0.9 12000 1090 5.89 0.58 0.41 

A12 SR 33 Edge of Taft to Junction 

with SR 58W 

14.4 4500 1140 1.03 0.38 0.27 
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Table 3.2 Vehicle and Truck Accident Rates By Section - Transportation Route A – ECC to Belridge via SR 166 

 

ID 
H’Way 

/Road 

Section 
Vehicle 

ADT 

Truck 

ADT 

Vehicle 

Accident Rate 

per 10
6
 miles 

Average Truck 

Accident Rate 

per 10
6
 miles 

HM Class 3 Truck 

Accident Rate 

per 10
6
 miles From / To 

Length 

(miles) 

A13 SR 33 Junction with SR 58W 

to Aera Entrance D 

14.7 3300 970 0.66 0.44 0.31 

A14 Aera Entrance D to Aera 

Dehy 20 facility 

1   2.17 0.92 0.64 

Total 

Route 

SR 166 / 

33 

Betteravia Rd to Aera 

Belridge Dehy 20  

119.5   1.19 0.62 0.43 

Accident Rate per Trip 1.4 x 10
-4

 7.4 x 10
-5

 5.2 x 10
-5

 

 

ADT = Average Daily Traffic on California Highways, published annually by CalTrans(26) 

Truck and Vehicle Accident Rates calculated from 5 years of California accident data extracted by road section (2009 to 2013)(4) 

 

**  No truck accidents and only 1 vehicle collision were recorded in Maricopa during the 5 year period.  An average truck route 

accident rate has been assigned to account for possible underreporting.   
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Table 3.3 Vehicle and Truck Accident Rates By Section - Transportation Route B – ECC to Belridge via SR 46 

 

ID 
H’Way 

/Road 

Section 
Vehicle 

ADT 

Truck 

ADT 

Vehicle 

Accident Rate 

per 10
6
 miles 

Average Truck 

Accident Rate 

per 10
6
 miles 

HM Class 3 Truck 

Accident Rate 

per 10
6
 miles From / To 

Length 

(miles) 

B1 U.S. 101 Betteravia Rd to U.S. 

101 / SR 166 Junction 

5.2 60000 4380 1.34 1.03 0.72 

B2 U.S. 101 U.S. 101 / SR 166 

Junction to Nipomo 

4.1 54500 4050 0.91 0.38 0.27 

B3 U.S. 101 Nipomo 1.7 54500 4050 0.95 0.25 0.17 

B4 U.S. 101 End Nipomo to Arroyo 

Grande 

6.2 54500 4050 0.68 0.2 0.14 

B5 U.S. 101 Arroyo Grande to End 

of Shell Beach 

7.4 59000 5300 1.32 0.53 0.37 

B6 U.S. 101 End of Shell Beach to 

San Luis Obispo 

5.9 65000 5600 0.68 0.28 0.19 

B7 U.S. 101 San Luis Obispo 4 50500 4800 1.60 0.59 0.41 

B8 U.S. 101 End San Luis Obispo to 

Start Los Padres Hills 

2.4 43500 3600 0.77 0.60 0.42 

B9 U.S. 101 Los Padres Hills to top 

of hills 

3.3 43500 3600 0.91 1.11 0.78 

B10 U.S. 101 Top of Los Padres Hills 

to Atascadero 

6.7 42000 3500 1.23 0.44 0.31 

B11 U.S. 101 Atascadero 6.9 54500 4700 1.09 0.30 0.21 

B12 U.S. 101 End of  Atascadero to 

Templeton 

2.0 58500 4800 1.35 0.41 0.29 

B13 U.S. 101 Templeton and Paso 

Robles to U.S. 101 /  

SR 46 

6.8 48000 4300 1.0 0.41 0.29 
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Table 3.3 Vehicle and Truck Accident Rates By Section - Transportation Route B – ECC to Belridge via SR 46 

 

ID 
H’Way 

/Road 

Section 
Vehicle 

ADT 

Truck 

ADT 

Vehicle 

Accident Rate 

per 10
6
 miles 

Average Truck 

Accident Rate 

per 10
6
 miles 

HM Class 3 Truck 

Accident Rate 

per 10
6
 miles From / To 

Length 

(miles) 

B14 SR 46 U.S. 101 / SR 46 

Junction to end Paso 

Robles 

2.5 28500 2500 1.31 0.90 0.63 

B15 SR 46 Rural area to end 4 

lane divided highway 

14.7 20000 3040 0.52 0.31 0.22 

B16 SR 46 2 lane highway over 

hills 

4.1 20000 3100 0.33 0.27 0.19 

B17 SR 46 4 lane divided highway 

over hills 

1.9 14500 3100 0.31 0.1 0.07 

B18 SR 46 2 lane highway to 

Junction SR 41 East 

2.2 14500 3100 0.48 0.34 0.23 

B19 SR 46 Junction SR 41 East to 

End of hills 

6.1 6500 1500 0.66 0.31 0.22 

B20 SR 46 4 lane divided highway 

to SR 46 / 33 Junction  

20.4 8200 1760 0.55 0.48 0.33 

B21 SR 33 SR 46 / 33 Junction to 

Aera Belridge  

12.1 3650 910 0.52 0.31 0.22 

B22 Aera Entrance D to Aera 

Dehy 20 facility 

1   2.17 0.92 0.64 

Total 

Route 

SR 166 / 

33 

Betteravia Rd to Aera 

Belridge Dehy 20  

127.6   0.98 0.44 0.31 

Accident Rate per Trip 1.3 x 10
-4

 5.7 x 10
-5

 3.9 x 10
-5

 

 

ADT = Average Daily Traffic on California Highways, published annually by CalTrans(26) 
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Table 3.4 Truck Critical Accident Events 

 

 

Primary Collision Factor 

CA SWITRS Data 2009 to 2013 LTCCS 

Fatality 

Accidents

per year 

% 

Injury 

Accidents

per year 

% 

Fatality and 

Serious 

Injury % 

Truck Loss of Control 21.4 9.0 957 18.8 15.6 

   Unsafe Speed 19.4 8.2 910 17.9  

   Driver Impairment 1.6 0.7 36 0.7  

   Vehicle Failure (brakes, tires, etc.) 0.4 0.2 11 0.2  

Truck Out of Lane or Unsafe Move 10.8 4.6 613 12.1 17.7 

   Unsafe Lane Change or Passing 4.8 2.0 358 7.1  

   Following Too Closely 0.2 0.1 55 1.1  

   Unsafe Move, Parking or Other 

   Violation 

5.8 2.4 200 3.9  

Truck Turning or Crossing 

Intersection 

18 8 404 8 6 

Other 8.4 3.5 237 4.7 15.6 

   Other Vehicle in Lane 5.0 2.1 193 3.8 12.8 

   Pedestrian 3.2 1.3 27 0.5 2.8 

   Unknown 0.2 0.1 18 0.3  

Truck Driver Not At Fault 178 75 2868 57 45.4 

Total 237 100 5079 100 100 
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4. CONSEQUENCES OF RELEASE 

 

In the event of a crude oil truck road incident, there is the potential for a hazardous material 

release and fire.  The public population primarily at risk from a crude oil release will be those 

involved in a vehicle collision, or within a vehicle stopped on the road due to the collision.  

However, a single crash of a hazardous material truck in a crowded area has the potential for 

deaths and injuries beyond the vehicle occupants.  There is also the potential for public impact 

to those in buildings and outdoors along the transportation route. 

 

The hazards of a crude oil release to the public populations adjacent to the road are assessed 

in the following section.  Crude oil has the potential to form a flammable vapor cloud, which if 

ignited may result in a flammable cloud and/or pool fire incident.  The likelihood of casualties to 

the public adjacent to the road is low because a crude oil pool fire takes time to develop, and 

those in the vicinity would normally have the ability to escape.   

 

4.1 Material Properties 

The material properties of produced crude oil at the Cat Canyon Project facility have been 

predicted from well test data, and production data from similar oil fields.  These predictions have 

been used to conduct hazard consequence modeling.  A summary of the crude oil properties 

are shown in Table 4.1.  The following data has been selected to represent the worst case 

hazards for analysis. 

 

Light Crude Oil 
Light crude oil with a gravity of about 29 API will be imported for treating the produced oil.  On 

release, the light oil fractions in the crude oil will start to evaporate and may produce a vapor 

cloud.  The vapor cloud will be flammable where the concentration is between the lower and 

upper flammable limits of 1.4% and 7.8%.  On ignition of crude oil, the fire will burn with an 

orange flame and emit dense clouds of black smoke. 

 

Produced Crude Oil 
The heavy bituminous oil will initially have a gravity of about 9.0 API, increasing to 7.6 API 

during peak production.  The produced oil will be mixed with about 25% imported light crude.  

The crude oil will be stored and transported at about 190oF, which will increase the evaporation 

of flammable vapors on release.   

 

4.2 Flammable Release Events 

A release of crude oil will result in a flammable cloud.  The vapor cloud will then disperse to the 

lower flammable limit, and may ignite if a source of ignition is encountered.   

 

A release of flammable liquid may result in one or more of several different hazards: 

 Immediate ignition causing a pool fire. 
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 Pool evaporation and initial dispersion of a flammable vapor cloud, which on delayed 

ignition may result in: 

-   vapor cloud fire and/or 

-   liquid pool fire 

 Release with no ignition 

 

4.3 Consequence Modeling 

The methodology for calculating the release rates and hazards of a potential release are 

described in the following section.  Published formulas and publicly available dispersion models 

have been used for the analysis.  These methodologies are expected to provide conservative 

results. 

4.3.1 Pool Evaporation 

On release, a liquid will spread to a minimum depth of 1 inch (2.5 centimeters) on a flat non- 

absorbing surface, such as a road surface.  The evaporation rates for produced crude oil and 

light crude oil have been calculated using the method as provided in the US Environmental 

Protection Agency (EPA) RMP Guidance(28) and the EPA Technical Guidance for Hazards 

Analysis(30).  

4.3.2 Vapor Dispersion 

A liquid pool is assumed to produce a continuous evaporating cloud.  This cloud will disperse 

downwind to the Lower Flammability Limit (LFL), unless the cloud is ignited.   

 

For flammable vapor dispersion, the EPA and National Oceanic and Atmospheric Administration 

ALOHA(29) model was used.  This is a publicly available model and is widely used for estimating 

hazard release distances.  The heavy gas model in ALOHA is based on a simplified form of the 

DEGADIS model developed by Spicer and Havens (1989). 

4.3.3 Pool Fire Radiation Hazards 

Liquid releases from a tank truck were modeled as a circular pool fire with a sooty flame.  The 

soot absorbs radiation and obscures the flame, thereby reducing the thermal radiation.  The 

pool fire model used is based on publicly available correlations described in the TNO Yellow 

Book(6). 

 

4.4 Levels of Concern and Vulnerability Criteria 

The following levels of concern have been selected as minimum exposure levels that may result 

in a serious injury or fatality.  However, personnel exposed to a minimum level of exposure are 

not necessarily seriously or fatally injured.  Personnel may be sheltered within vehicles or 

buildings, or be able to find shelter from exposure.  This is called the vulnerability, and is the 

probability that a person exposed within the distance to a level of concern will suffer a serious 

injury or fatality.   
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The thermal radiation exposures are also not at the same intensity within the distance to a level 

of concern.  Closer to the fire, the vulnerability will be higher.  Average vulnerabilities have been 

estimated within the distance to a level of concern. 

 

Vapor Cloud Flash Fire Levels of Concern 
A flammable release may be ignited on release or shortly after release if the concentration is in 

the flammable range between the Lower and Upper Flammability Limits (LFL and UFL).  An 

unignited flammable vapor cloud will drift downwind and start to disperse.  

 

The calculated concentration levels are time-averaged.  The concentration of vapor in air is not 

uniform and there will be areas where the concentration is higher or lower than the average. 

 

The duration of a flash fire is short, and those outside the flash fire area are unlikely to be 

exposed to thermal radiation for sufficient time to cause serious injury.  The area of the LFL 

cloud is assumed to be the hazard zone for potential fatality.  The area of 1/2 LFL where a flame 

may ignite is assumed to be the hazard zone for serious injury.   

 

The following average vulnerability levels have been applied. 

 

Severity Level Flammable Range 

Average 

Vulnerability of 

People In Buildings  

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to LFL 0.2 0.5 

Serious Injury Source to 1/2 LFL 0.2 0.5 

 

Pool Fire Radiation Levels of Concern 
Pool fires produce radiant heat, and the effects are dependent on the level of intensity and the 

duration of exposure.  Thermal radiation levels of 5 kW/m2 and 10 kW/m2 correspond to 

approximately the minimum level for serious injury (second degree burns) and potential fatality. 

 

A pool fire will typically develop slowly allowing personnel outside the burning pool time for 

escape.  Personnel are assumed to be fatalities if they are outside within the pool spread area. 

 

The probability of fatality outdoors has been calculated as 1% for an exposure of  

10 kW/m2 for 30 seconds.  This is based on the radiation probit equations published in the TNO 

Green Book(7).  The fatality rate will decease within the distance from the pool fire boundary to 

the minimum fatality distance.  An average vulnerability of 10% has been estimated within this 

area.  The remaining outdoor population within this area may suffer serious injury.  Additional 

serious injuries may also occur between the radiation levels of 10 kW/m2 to 5 kW/m2.  An 

average serious injury vulnerability of 20% has been estimated from the pool fire boundary to  

5 kW/m2.   

 

Personnel within buildings have protection from a pool fire and radiant heat.  Within the pool fire 

area, a fatality rate of 50% has been assumed, and the remaining population may suffer serious 



 

 

Aera Energy LLC,  

East Cat Canyon Redevelopment – TQRA 5/2018 
Page - 42

injury.  Buildings provided significant protection from radiant heat, and only those near open 

window or doors that are unable to escape may suffer casualties. 

 

The following average pool fire vulnerabilities have been applied: 

 

Severity Level 
Thermal Radiation 

Range 

Average 

Vulnerability of 

People In Buildings 

Average 

Vulnerability of 

People Outdoors 

Potential Fatality Source to Pool Fire 

Boundary 

0.5 1 

Serious Injury Source to Pool Fire 

Boundary 

0.5 0 

Potential Fatality Pool Fire to 10 kW/m2 0.01 0.1 

Serious Injury Pool Fire to 5 kW/m2 0.05 0.2 

 

4.5 Calculation of Hazard Distances 

Hazard zones have been calculated to the selected levels of concern using the crude oil 

properties, release quantities, and typical weather conditions. 

 

The following assumptions were made: 
 

 Two representative weather conditions have been selected for performing the dispersion 

calculations under worst case and typical conditions; stability F with wind speed 1.5 m/s, 

and stability D with wind speed 4 m/s. 

 Rural conditions have been applied for atmospheric dispersion of vapor clouds. 

 Crude oil releases are assumed to spill onto a flat non-absorbing surface, and spread to 

a depth of 1 inch (2.5 centimeters). 

 No allowance was made for topography. 

 

The calculated hazard distances are shown in Tables 4.2 and 4.3 

 

4.6 Ignition Probability 

A flammable release may ignite immediately resulting in a pool fire, or a flammable vapor cloud 

may form and disperse downwind.  As the cloud encounters ignition sources such as vehicles 

on the highway, it may ignite causing a vapor cloud fire then pool fire.  Historical data on the 

ignition of flammable releases due to cargo truck accidents have been reviewed to estimate the 

probability of ignition, as discussed in Section 3.6.   

 

The following ignition probabilities have been estimated for large and small crude oil releases: 
 

 20% ignition large release 

 2% ignition small release    
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4.7 Release Event Trees 

The likelihood that a tanker truck accident results in a large ignited pool fire has been calculated 

using event trees, as shown in Figure 4.1.  The probabilities for each severity level have been 

calculated in Section 3 as follows: 
 

Accident Severity 
Fraction 

Occurrence 

Release 

Probability 

Fatal Accidents 0.012 0.4 

Injury or PDO 

Accidents 

0.988 0.05 

All Accidents 1 0.054 

 

The probabilities of the various outcomes of a truck accident are illustrated in Figure 4.1 as 

follows: 
 

 Large pool fire   0.0043 (0.43%) 

 Large unignited spill  0.0173 (1.73%) 

 Small pool fire   0.0006 (0.06%) 

 Small unignited spill  0.0318 (3.18%) 

 No release   0.946 (94.6%) 

 

A large pool fire has the potential to cause injury or fatality if those involved in an accident, or 

public on an adjacent property, are unable to escape quickly.  Fatalities and injuries may extend 

up to 170 or 230 feet respectively from the release source.  Small pool fires are assumed to 

impact only those on the road.   

 

An analysis of hazardous material releases has been conducted to estimate the probability of 

public casualties within vehicles on the road, as discussed in Section 3.7.  The following 

casualty probabilities were developed for a crude oil release: 
 

 large ignited release:  5% fatality event  10% injury event 

 small ignited release:  2% fatality event  5% injury event 

 

The number of off-road public casualties will depend on the speed of liquid release, the 

probability of immediate ignition, and the ability people to escape.  The following probabilities 

have been assumed: 
 

 Rapid liquid release  0.25 (25%) 

 Immediate ignition  0.5 (50%) 

 

The predicted number of off-road fire casualties has been estimated using the probability of a 

large pool fire, half the potential impact area (the other half impacting the road area), and the 

vulnerability criteria discussed in Section 4.4. 
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Table 4.1 Crude Oil Properties 

 

 

Property 
Light Crude 

Oil 

Blended 

Produced 

Crude Oil** 

Average properties:   

LFL %  mol 1.4 1.4 

UFL % mol 7.8 7.8 

RVP @ 100oF 3.5 psi 1.6 psi 

Specific Gravity 60/60 0.882 0.986 

API Gravity 29 12 

   

Transportation Temperature 80oF 190oF 

   

 

 

**   Produced Crude Oil blended with 25% Light Crude Oil to reduce the density from API gravity 

      7.6 to 12. 
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Table 4.2 Flammable Vapor Dispersion 

 

 

Release Source 

Release Rate / 

Pool Evaporation 

Rate  

(lb/min) 

Weather 

Conditions* 

Distance to Flammable 

Concentration from Release (ft) 

LFL 1/2 LFL 

Large Crude Oil Truck Release 

Light Crude Release to 140 F/1.5 120 170 

pavement 300 D/4 90 140 

Blended Crude Release 310 F/1.5 190 280 

to pavement 670 D/4 140 220 

 

 

 

 

Table 4.3 Fire Radiation Hazards 

 
 

Release Source Pool Dimensions  
Weather 

Conditions* 

Hazard Distance from Release (ft)

Fatality** Injury** 

Large Crude Oil Truck Release 

Crude Release  Average depth = 1 inch F/1.5 110 160 

to Pavement Average radius = 55 ft D/4 170 230 

 

 

 

*     Weather conditions D stability, 4 m/s wind (typical conditions during the day), and F stability 

1.5 m/s wind (worst case weather conditions at night). 

 

**   Pool fire radiation hazards: 

Potential fatality = 10 kW/m2 
Potential injury = 5 kW/m2 
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Figure 4.1 Event Tree For Truck Accident Release 

 

 

 

 

 Release? Release Size Ignition? 

Event 

Probability 

   0.2 0.0043 

  0.4 

Large Pool Fire 

 

 0.054 

Large Release 

0.8 0.0173 

Truck  

Accident 

Release 

 

Unignited Spill 

0.0006 0.02 

  0.6 

Small Pool Fire 

 

  

Small Release 

0.98 0.0318 

 0.946 

 Unignited Spill 

0.946 

 

No Release 
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5. TRUCK HAZARD MITIGATION 

 

The mitigation of hazards associated with truck transportation can be addressed using improved 

safety culture, driver selection and training, improved vehicle maintenance, and onboard safety 

systems (OBSS).  Modern trucks often feature one or more OBSSs to help the driver mitigate or 

avoid a crash, and studies have been conducted to quantify the benefits.  Some technologies 

are in the development or trial phase, and may become more widely used in the future.   

 

Literature has been reviewed to assess the potential effectiveness of onboard safety systems at 

reducing the likelihood of a crash, and release of a hazardous material.  This assessment has 

been used to select and quantify proposed mitigation measures for the Aera ECC Project crude 

oil transportation.   

 

The following OBSSs are in current use or in the development stage: 
 

 Dual-sided Dashboard Mounted Cameras 

 Truck Speed Limiters 

 Geographic Information Management Systems 

 Roll Stability Control (RSC) 

 Lane Departure Warning (LDW) 

 Forward Collision Warning (FCW) 

 Adaptive Cruise Control (ACC) 

 Blind Spot Warning (BSW) 

 

Numerous studies have recently been conducted on the effectiveness of OBSSs, using 

simulated, theoretical or motor carrier data.  The FMCSA study of OBBSs in 2013(16) was the 

only study to measure effectiveness in service, with the driver in the loop.  However, due to the 

rarity of major collisions, carrier data on internally reported incidents were used.  This included 

minor incidents, 37% of which occurred in parking lots, and may have skewed the results on the 

effectiveness of OBSSs in more serious DOT-reportable incidents.  Three OBSS effectiveness 

studies were conducted by the FMCSA in 2009(8) using national GES data to estimate the 

average annual numbers of crashes preventable, and estimate the cost-benefit of these 

systems.  Other studies include an assessment of Blind Spot Warning technology, published by 

the FMCSA in 2014(9), and an assessment of the effectiveness of driver monitoring systems in 

2010(13). 

 

5.1 Safety Culture 

Organizational and safety culture can play an important role in reducing accident rates.  For 

example, an organization with a poor safety culture is more likely to utilize a young driver with 

little experience.  However, assigning a risk reduction to “good safety culture” is largely 

judgmental.  Hazardous material carriers have lower accident rates than the average truck rate.  

This is likely due to better safety culture of the hazardous material haulers, increased driver 
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safety training, and the hiring of more experienced drivers.  An accident reduction rate of 30% 

has already been applied to the average truck rate for HM Class 3 truck carriers based on a 

study for the FMCSA, as discussed in Section 3.1.3.   

 

Large truck carrier companies currently employ a range of safety programs.  This is likely to 

have contributed to the steady reduction in truck crash rates.  National vehicle and truck 

accident rates have been published by the FMCSA(15) since 1992, and show a reduction in truck 

accident rates of 50% over a 20 year period, as discussed in Section 3.2.3.  This has been 

attributed to improvements in roads, vehicles and driver training.   

 

Safety management programs were reviewed as part of the FMCSA study on OBBSs in 

2013(16).  The following programs were being employed by the carriers participating in the study.  

Also shown are the percent of carriers employing each program, weighted by miles traveled.  

 

Safety Management Program  

Participating 

Carriers Employing 

Program 

Safety Program 

Use Weighted By 

Vehicle Miles 

Driver Finishing Program 7 out of 12 80% 

Defensive Driving Training 11 out of 12 99.9% 

Yearly Training/Re-training 10 out of 12 97% 

Fatigue Countermeasure Training 5 out of 12 30% 

Safety Incentives 12 out of 12 100% 

Spot Checks 9 out of 12 79% 

Ride Alongs 6 out of 12 63% 

Health and Wellness Program 9 out of 12 94% 

 

Note:  Excluded from the assessment was a small Department of Defense contractor moving equipment 

short distances, and a small carrier hauling explosives and radioactive materials that did not provide 

safety programs details.   

 

It is likely that carriers who participated in the FMCSA OBBS study were more safety orientated 

than the average carrier, but there is clearly extensive use of safety programs within the 

industry.  Assigning a risk reduction to “good safety culture” above the average within the 

hazardous material carrier industry is purely subjective, but the use of these programs will 

clearly have a positive impact.  Both empirical and anecdotal evidence, support that “safe” 

carriers produce, attract, and retain safe drivers, as discussed by Short (2007)(25). 

 

5.2 Driver Selection and Behavior 

Factors related to driver risk such as age, experience, driver fatigue, and substance abuse have 

been published in literature by the FMCSA, Transportation Research Board (TRB), Murray 

(2005)(22), Short (2007)(25), and numerous others.  Murray (2005)(22) developed and tested an 

analytical model for predicting crash involvement for drivers based on prior driving history.  A 
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carrier may use driver selection tests to hire drivers who are more likely to be safe drivers based 

on driving history and personality traits.   

 

Driver Age 

The age of a driver affects the likelihood of an accident for commercial drivers, in same way that 

that is does for vehicle drivers.  Young drivers are more likely to be impulsive and drive 

aggressively.  A study by Campbell (1991)(5) quantified the relative fatal accident rate for truck 

drivers, and determined that the risk for young drivers at 21 to 22 years of age is over 100% 

higher than average, (corrected for vehicle miles), and about 50% higher for 23 to 26 years-

olds.  After the age of 27, the accident rate was within the average range. 

 

Research by Blower (1996)(3) found similar results when examining of moving violations and 

accident records of younger truck drivers.  They were cited for unsafe speed violations at nearly 

3 times the rate as older drivers, and were more likely to be at fault in an accident.   

 

The average age of HM Class 3 truck drivers is reported to be 44(14), with only 2% being 

younger than 25, and 2% older than 65.  Pre-employment screening is likely to result in the 

selection of experienced drivers over the age of 26 years. 

 

Driver Experience 

Experience driving a large truck is also clearly a factor in driver safety.  In the LTCSS (2005)(17), 

driver performance was identified as the critical collision reason in nearly 50% of crashes.  This 

included driver drowsiness, inattention, driving too fast for conditions, and failure to control 

vehicle.  A well trained experienced driver would be expected to have better control of the 

vehicle in a hazardous situation.   

 

A truck rollover study prepared by Battelle for the FMCSA (2007)(10) found that a serious HM 

crash is more likely to be severe if it involves a driver with less experience, and there was a 

lower probability of a spill as the driver’s experience increased.  Cargo tank drivers with less 

than five years’ experience had a 30% probability of a rollover in a serious crash, and drivers 

with more than 5 years’ experience had a 16% rollover probability.  It was concluded that driver 

inexperience could lead to problems with decision making in a collision event. 

 

The selection of drivers with more than 5 years’ experience will reduce the probability of a 

crash, and provide a reduction in the probability of a truck rollover and hazardous material spill 

in a collision event. 

 

Driver Drowsiness 

Truck driver impairment due to drowsiness is reported to be a contributing factor in 

approximately 30% of crashes.  Truck drivers behind the wheel for more than eight hours are 

reported to be twice as likely to be involved in a crash(12).  Inattention has been cited as a factor 

in about 14% of cargo tank rollovers(10).  However, the degree to which fatigue plays a role in 

crashes is difficult to quantify and measure.   

 

Current FMCSA regulations specify hours of service (HOS) requirements to reduce the 

likelihood of driver fatigue.  From 2017, electronic logging devices will be required to monitor 
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HOS.  ECC Project drivers will have electronic monitors to ensure adherence to HOS 

requirements. 

 

Systems to detect and monitor driver drowsiness are available on the market that utilizes eye 

closures, head movements, lane position, or steering.  In the FMCSA study on OBSSs, 5 out of 

the 12 participating carriers used fatigue education programs.   

 

Sleep disorders can also cause a driver to be drowsy, and increase a driver’s risk of a crash.  

Many large carriers have health and wellness programs to identify drivers that may have health 

issues which impair their driving ability.   

 

Drug and Alcohol Testing Program 

Drug or alcohol driver impairment was listed as the primary cause of less than 1% of truck 

accidents in California SWITRS data.  Drug or alcohol use was listed as an associated factor in 

3% of truck collisions in the LTCCS(17) study.  Motor carriers are required to have drug and 

alcohol testing programs that includes testing before employment, randomly, and in the event of 

a collision.  No risk reduction has been applied to the average accident rates for a drug and 

alcohol program because it is assumed to be incorporated within the crash data.   

 

Pre-employment Screening Program (PSP) 

The FMCSA provides information on driver safety performance to carriers conducting pre-

employment screening.  The voluntary Pre-employment Screening Program (PSP) was 

launched in 2010, and provides 5 years of crash data and 3 years of driver inspection data.  An 

analysis by the FMCSA (2013)(18) found that motor carriers utilizing the PSP system had a 

greater decline in crash rates over the non-PSP group by about 8%.  The selection of a 

contractor with effective pre-employment screening programs is likely to provide a minimum of 

an 8% reduction in crash rate.   
 

 Collision risk reduction for pre-employment screening = 8% 

 

Pre-employment screening is likely to result in the selection of experienced drivers over the age 

of 26 years, therefore no additional risk reduction benefit for age or experience has been 

applied.   

 

5.3 Hazardous Material Driver Training 

Hazardous material regulations have specific training requirements for drivers transporting 

hazardous cargo.  These include: 
 

 The properties and hazards of the material transported. 

 Loading and unloading of materials. 

 Vehicle inspection before every trip as well as periodically while on the road. 

 Use of vehicle controls and equipment, including operation of emergency equipment. 

 Training in vehicle characteristics including those that affect vehicle stability, such as 

effects of braking and curves, effects of speed on vehicle control, and dangers 

associated with maneuvering through curves. 
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 Emergency response training. 

 

This training includes rollover prevention awareness.  Data from the FMCSA 2007(10) rollover 

study indicates that driver error is a contributing factor in over 75% of rollovers.  Drivers who are 

well trained and experienced learn how to: 
 

 Avoid sudden movements that may lead to rollovers 

 Control the load in turns and on straight roadways 

 Identify high risk areas on roads 

 Remain alert and attentive behind the wheel 

 Control speed and maintain proper “speed cushions” 

 

The FMCSA rollover study(10) assessed the potential benefit of improved driver training.  

Training was estimated to reduce the likelihood of a crash and rollover by a maximum of 10% 

for less experienced drivers under 35 years of age.  This assumes that training could raise the 

drivers’ ability to be more like that of more experienced drivers with an average age of 44.  The 

subset of younger drivers was 24% of the total driver population.   
 

 Collision risk reduction for driver training is 10% for 24% of the population = 2.4% 

 

5.4 Truck Loading / Unloading Procedures 

From a review of HMIRS hazardous release incident reports, approximately 20% of in-transit 

releases are due to non-collision events, as discussed in Section 3.5.  About half of these were 

due to human error such as; overfilling the tank, or failure to properly close valves or secure 

equipment.  The other half were due to equipment failure.   

 

Hazardous material cargo drivers are required to have training for loading / unloading, and 

conducting a vehicle inspection before every trip.  For the ECC Project, truck overfill prevention 

equipment will be used, and drivers provided with extensive training.  The loading / unloading 

facilities will also be supervised by an Aera employee.  The application of these measures is 

estimated to reduce the likelihood of error by about 50% from the average HM cargo industry 

performance.   
 

 Non-collision risk reduction 50% of the 50% human error failures = 25% 

 

5.5 Vehicle Inspection / Maintenance 

The LTCCS(17) project gathered data on post-crash inspections of trucks in the study.  Results 

indicated that almost 55% had at least one mechanical violation.  This included 36% brake 

violations and 19% lighting violations.  Brake violations may have contributed to crashes by 

increasing the braking distance, although truck vehicle factors were only assigned to be the 

critical reason in 3% of all crashes.  California truck crash data indicated that only 0.2% of 

critical truck accidents were assigned vehicle failure as the primary cause.  The California 

vehicle failure cause was assigned without critical analysis as performed for the LTCCS project. 
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The contribution of brake failure to large truck crash rates  has decreased with improved truck 

design.  New large trucks have automatic brake adjusters, visible brake adjustment indicators 

and antilock brakes.  Most carriers are reported to conduct vehicle maintenance every 30 to 90 

days, and drivers are required to inspect their vehicle prior to every trip.   

 

Fleet drivers for the ECC Project will be provided extensive training, and the use of modern 

trucks will also reduce the likelihood of vehicle failure.  A collision reduction rate has been 

estimated as 50% for the use of newer trucks and training. 
 

 Collision risk reduction 50% of the 3% vehicle factors = 1.5% 

 

From a review of HMIRS hazardous release incident reports, approximately 20% of in-transit 

releases are due to non-collision events, as discussed in Section 3.5.  Approximately half of 

these were due to equipment failure.  The use of new fleet trucks and regular maintenance is 

estimated to reduce the likelihood of failure by about 50%. 
 

 Non-collision risk reduction 50% of the 50% equipment failures = 25% 

 

5.6 Driver Behavior Management System (Dash-Cam) 

To monitor and reduce unsafe driver behavior, a recording device can be utilized.  There are 

several systems on the market designed to record erratic driver behavior.  The driver monitoring 

system uses a small dual-sided dashboard mounted camera to record incidents; and saving of 

an event is triggered by rapid acceleration or deceleration, hard turns, and collisions.  The goal 

is to identify unsafe driving behavior, then provide follow-up review and tailored training to 

improve driving skills.  

 

The FMCSA (2010)(13) conducted a simplified assessment of the effectiveness of these systems 

with two commercial truck carriers.  During the study, there was an average reduction of 

approximately 50% in safety related events.  A study on teen drivers using this system found an 

overall reduction of 76% in safety related events. 

 

The safety benefits of using a driving behavior management system appear to be significant, 

although more extensive in-field studies will be needed to quantify the benefits.  A conservative 

estimate has been made of a 25% reduction in driver initiated crashes.  The actual benefit may 

be greater than this if the program is implemented effectively with follow-up tailored driver 

training.  Driver action or inaction has been determined to be the primary collision factor in about 

50% of collisions.   
 

 Collision risk reduction for dashboard behavior management = 12.5% 

 

5.7 Truck Speed Limiters 

Traveling too fast for conditions is a major contributor to large truck crashes.  The Large Truck 

Crash Causation Study (LTCCS)(17) reported that unsafe truck speed was the critical factor in 

13% of all large truck crashes.  The primary truck collision factor in California crash data 
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reported unsafe truck speed in 17% of fatality and injury crashes (Table 3.4).  However, only 

10% all of the speeding events listed in the LTCCS occurred above posted speed limits.  A 

study conducted by the National Highway Traffic Safety Administration (NHTSA) in 1987 found 

similar results, with only 6.6% of the truck unsafe speed collisions being above the posted 

speed limit.  Most collision events occurred due to driving too fast for conditions. 

 

Speed limiting technology is a standard feature on new trucks.  Speed limiters are devices that 

interact with a truck engine to prevent trucks from exceeding a pre-programmed maximum 

speed.  Therefore, speed limiters cannot address speeding on roads with speed limits lower 

than the speed setting. 

 

Truck crash rates published in recent years will include trucks that have speed limiters installed, 

and the benefit will already be partially incorporated into the base crash rate.  The 

Transportation Research Board (TRB) reported in 2007(25) that between 60 to 63% of truck fleets 

use speed limiters. 
 

 Collision risk reduction 10% of 17% speed initiating events = 1.7% 

 

5.8 Geographic Information Management System 

The use of geographic information management systems offers greater potential to monitor 

driver compliance with speed limits than truck speed limiters.  Safe speeds can be monitored on 

local ECC Project access roads, on road sections with a steep gradients, and also safe 

acceleration, and de-acceleration.  It has been estimated that the use of a geographic 

information management system has the potential to reduce up to 25% of speeding related 

crashes.   
 

 Collision risk reduction 25% of 17% initiating incidents = 4.3% 

 

5.9 Roll Stability Control (RSC) 

RSC systems include sensors that monitor vehicle dynamics and estimate the stability of a large 

truck based on its mass and velocity.  Electronic stability aids automatically slow a vehicle when 

it is rounding a corner too fast and is in danger of rolling over.  RSC systems may prevent 

crashes that are initiated by a large truck rounding a corner too fast, but would most likely not be 

effective in events initiated by other vehicles, or when a truck impacts a barrier, or runs off the 

road.  Also, if the truck was traveling at an excessive speed for road conditions, the system 

might not decelerate the truck enough to prevent a rollover.   

 

From collision and driver analysis reported in the FMCSA OBSS (2013)(16) study, it was 

estimated that rollovers caused by excessive speed in a curve was the initiating cause in 0.8% 

of incidents.  This data set included incidents that were not DOT-reportable, but were 

documented by the truck carriers.  An analysis of initiating crash causes within the national GES 

database in 2009 for DOT-reportable incidents and combination trucks, identified 1.8% of 

incidents that were caused by excessive speed in a curve(10).   
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Studies on the effectiveness of RSC systems(16) report a range of 26 to 53% reductions in large 

truck rollovers caused by excessive speed in a curve.  These were derived from industry 

surveys and simulation analysis.  From the FMCSA OBSS carrier study(16), a crash rate 

reduction of 36% per vehicle mile has been selected for RSC related crashes. 
 

 Collision risk reduction 36% of 1.8% initiating incidents = 0.65% 

 

Stability aids can track the time and location of events when they are activated. This information 

can be useful for the continuing education of drivers, alerting them to instances where they 

approached a rollover condition but did not roll over.  RSC systems will be required in new 

tractor-trailers from 2017, and employment of these systems will be assumed for this analysis.   

 

5.10 Lane Departure Warning (LDW) 

LDW systems are in-vehicle electronic systems that monitor the position of a vehicle within a 

roadway lane and warn a driver if the vehicle deviates or is about to deviate outside the lane.  

The driver receives a warning when the vehicle is traveling above a set speed threshold and the 

vehicle’s turn signal is not used to make an intended lane change or departure.  The lane 

departure may involve different outcomes, such as rollover, head-on collision, or side-swipe 

collision.   

 

From collision and driver analysis, it was estimated that truck lane departure was the initiating 

cause in 2.7% of incidents, (FMCSA 2013)(16).  An analysis of initiating crash causes within the 

national GES database identified 4.0% of incidents that were initiated by lane departure.  A 

value of 4.0% has been selected because the GES data set that includes only DOT-reportable 

incidents. 

 

To assess the effectiveness of these systems, studies have been conducted that analyzed 

which type of crashes may be prevented using LDWs, and the likely effectiveness in preventing 

a collision.  In the FMCSA OBSS(16) study, a reduction in lane departures of 31 to 50% was 

predicted.  Assessment of carrier data employing LDW systems, identified a crash rate 

reduction of 48% per vehicle mile for LDW related crashes.  This was on the high end of the 

predicted range.   
 

 Collision risk reduction 48% of 4.0% initiating incidents = 1.9% 

 

From driver and carrier surveys conducted during the assessment of LDW systems, drivers 

reported that they tended to use their turn signals more when changing lanes, and there was an 

overall improvement in lane-keeping.  LDWSs can also function as an early indicator of fatigue 

or drowsiness due to an alert whenever a driver drifts out of the lane. 

 

5.11 Forward Collision Warning (FCW) 

FCW systems are in-vehicle electronic systems that monitor the roadway in front of the vehicle 

and warns the driver when a potential collision risk exists.  When a large truck equipped with the 

FCW approaches a slower-moving vehicle or stationary object, progressively more urgent 

warnings are issued by the system according to pre-set thresholds. FCW reduces the 
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occurrence of large-truck rear-end collisions in which the truck strikes another vehicle.  The 

system warnings are designed to improve driver behavior through targeted feedback about safe 

following distances. 

 

FCW will not prevent all crashes associated with large-truck rear-end collisions.  If another 

vehicle suddenly cut in front of a truck so that the driver did not have time to react to the 

warning, the crash would not likely be prevented. 

 

A large truck rear-ending another vehicle was estimated to be the initiating event in 1.4% of 

truck collisions in the FMCSA OBSS(16) study using carrier data.  Analysis of the national GES 

database identified 5.1% of incidents that were initiated by trucks rear-ending other vehicles.  

This higher value has been selected because the carrier data included a large number of minor 

damage reports that may have skewed the results.  

 

Published studies on FCW systems predict a range of 3% to 21% effectiveness.  A study by the 

University of Michigan Transportation Research Institute’s (UMTRI) on automotive collision 

avoidance systems(16), estimated that FCW has the ability to prevent about 10% of rear-end 

crashes.  The FMCSA carrier study found no statistically significant results due to insufficient 

vehicles being equipment with FCW systems, and the UMTRI estimate has been selected. 
 

 Collision risk reduction 10% of 5.1% initiating incidents = 0.51% 

 

5.12 Adaptive Cruise Control (ACC) 

FCW may also be integrated with an ACC system, which automatically maintains a set following 

interval between the large truck and a vehicle in front of it. As a result, FCW with ACC has a 

greater potential to prevent rear-end collisions in which the truck is striking another vehicle than 

FCW on its own.  However, these systems do not automatically decelerate or stop the truck. 

 

Collision Mitigation Braking Systems (CMBSs) are FCW type systems that automatically engage 

the truck’s brakes to prevent or reduce the impact of rear-end collisions.   

 

ACC and CMBSs are in current development.  They are expected to be more effective than 

FCW systems alone in preventing rear-end collisions, although there is limited data to date to 

quantify this benefit in large trucks.  It has been estimated that these systems may be twice as 

effective as FCW. 
 

 Collision risk reduction 20% of 5.1% initiating incidents = 1.0% 

 

5.13 Blind Spot Warning (BSW) 

BSW systems use sensors to monitor areas on either side of the truck, and provide drivers with 

an alert when vehicles or objects are detected in their blind spots.  Large trucks have extensive 

areas around the truck that are obscured from the driver’s direct and indirect vision.  This 

information has the potential to help drivers make better decisions during lane changes and 

merges.   
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An analysis in 2010 by the Volpe National Transportation Systems Center (VNTSC) estimated 

the frequency of heavy-vehicle crashes initiated by lane changes and mergers at 13%.  Another 

study by the Insurance Institute of Highway Safety (IIHS) of heavy truck crashes between 2004 

and 2008 estimated that that BSW technology has the potential to mitigate about 10% of 

crashes. An average of the two studies gives an estimate of 11.5% BSW related crashes. 

 

A field study was conducted on public roadways to gain an understanding of the system’s 

potential benefits, performance under real-world conditions, unintended consequences, and 

driver feedback of the technology.  The study was reported in a FMCSA research brief 2014(9).  

Lane change / merge conflict events were used as the measure to evaluate the safety benefit.  

When employing the BSW technology, lane change / merger conflicts were reduced by 47%.  

There is insufficient historical data to quantify the benefit of BSW systems in service at this time, 

and the same level of effectiveness as FCW has been assumed.   
 

 Collision risk reduction 10% of 11.5% initiating events = 1.2% 

 

5.14 Summary of Potential Collision Reduction Systems 

The following table summarizes the potential risk reduction of collision related events for each 

safety program or OBSS assessed.   

 

Safety System 

Crashes Related 

to Safety System 

(%) 

Effectiveness 

(%) 

Crash Rate 

Reduction (%) 

Safety Culture  Unknown  

Driver Selection  100% 8% 8% 

Driver Training 24% 10% 2.4% 

Vehicle Inspection / Maintenance 3% 50% 1.5% 

Driver Behavior Management 

(dual-sided dash-cam) 

50% 25% 12.5% 

Truck Speed Limiters 17% 10% 1.7% 

Geographic Information 

Management System 

17% 25% 4.3% 

Roll Stability Control (RSC) 1.8% 36% 0.7% 

Lane Departure Warning (LDW) 4.0% 48% 1.9% 

Forward Collision Warning (FCW) 5.1% 10% 0.5% 

Adaptive Cruise Control (ACC) / 

Collision Mitigation Braking systems 

(CMBSs) 

5.1% 20% 1% 

Blind Spot Warning (BSW) 12% 10% 1.2% 
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The following table summarizes the potential risk reduction of non-collision in-transit releases for 

each safety program: 

 

Safety System 

Non-Collision 

Related Releases 

(%) 

Effectiveness 

(%) 

Release Rate 

Reduction (%) 

Loading / Unloading Procedures and 

Equipment 

50% 50% 25% 

Reduced equipment failure due to 

new trucks and regular maintenance 

50% 50% 25% 

 

There are also unmeasured safety benefits for many safety systems.  In surveys conducted 

during the FMCSA OBSS study(16), drivers and carrier staff believed that on-board safety system 

aided in keeping drivers alert and teaching them safe driving habits, such as maintaining a safe 

following distance, using their turn signals when making a lane change, and reducing their 

speed as they approached curves and turns.  Improved driver alertness and good driving habits 

reduce the likelihood that a truck will be involved in a crash, and minimize the severity of an 

accident.   

 

Many of the risk reductions programs discussed in this section are overlapping.  For example, 

the benefit of truck speed limiters is likely to be lower when used with a geographic information 

management system.  The collision risk reduction from hiring experienced drivers using a pre-

employment selection program may reduce the estimated benefit of additional driver training, a 

driver behavior management system, and a geographic information management system.  

Similarly, the risk reduction benefit for an experienced well trained driver of roll stability control, 

lane departure warning, forward collision warning, and blind spot warning systems may be lower 

than for an average hazardous material driver.   
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6. TRANSPORTATION RISK AND MITIGATION 

 

The risks associated with transportation of crude oil to and from the proposed ECC Project site 

have been calculated in terms of the public risk of fatality or serious injury due to exposure to a 

hazardous material.  The acceptability of these risks has been evaluated against the Santa 

Barbara County societal risk criteria, with the selected mitigation measures applied. 

 

6.1 Selection of Truck Routes 

Route specific truck accident rates have been developed from an analysis of California accident 

data.  This accident data was categorized by road segment for the proposed crude oil truck 

routes.   Local influences on accident data associated with road access, road gradients, visibility 

and weather are therefore inherently included within these route specific accident rates.  The 

truck accident rates for each segment are shown in Tables 3.1, 3.2 and 3.3.  Accident rates for 

Hazardous Material Class 3 cargo trucks have been estimated by reducing the route specific 

average truck rates by 30% to account for the lower accident rates reported for hazardous 

material trucks.  

 

Transportation risks have been calculated for two alternate highway routes to/from the Aera 

Belridge facility.  The highway route to Belridge using U.S. Highway 101 / State Route 46 has a 

25% lower accident rate than the route using State Routes 166 / 33.  The route via U.S. 

Highway 101 / State Route 46 is longer by about 8 miles, but uses primarily four lane divided 

highways which have a lower accident rate than the two lane State Route 166.  The use of U.S. 

Highway 101 / State Route 46 has been selected as the preferred route.   

 

Three potential access routes to/from the ECC Project site to U.S. Highway 101 have been 

compared for accident risk and suitability for truck traffic.  The routes use rural two lanes roads 

which provide access to ranchland, farmland, vineyards, oil developments, and some small 

housing areas.  The road segments are described in Table 2.1 and shown on Figure 2.1.  The 

calculated accident rates, route lengths and paved shoulder lengths on each route are 

summarized in Table 3.1.   

 

None of the local roads have speeds posted, and the narrow roads have limited visibility.  Aera 

proposes to develop truck speed limits on the Project access roads, and train drivers in local 

traffic concerns and driver courtesy to minimize the collision risk. 

 

The local access route using the Clark Avenue / U.S. Highway 101 junction has the lowest 

potential accident rate and also the lowest route length with limited paved shoulders.  This 

access route was selected as the preferred route for transportation of crude oil. 
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The following crude oil truck route to and from the EEC Project site and the Aera Belridge facility 

in Kern County was selected as having the lowest truck accident rate per trip: 

 

Route 
Route 

Length 

Average 

Accident 

Rate 

per 106 miles 

Truck 

Accident 

Rate  

per Trip 

ECC to/from Aera Belridge 

    Local Access Route 1 via Clark Avenue 

    Highway Route B via U.S. 101 / SR 46 /  

    SR 33 

140.4 miles 

(225.9 km) 
0.33 4.6 x 10-5 

 

The annual frequencies of a truck incident resulting in a release and pool fire have been 

summarized in Table 6.1, with mitigation measures applied as described in Section 6.4. 

 

6.2 Calculation of Societal Risks 

Transportation risks have been calculated for the hazards associated with a crude oil release for 

both on and off-road public populations.  The calculation of “Risk” is as follows: 
 

Risk = Likelihood of hazardous event  X  Probability of fatality or serious injury 
 

The likelihood of a hazardous event has been calculated by multiplying the frequency of release 

on each road segment, with the probability of the outcome being a fire.  The probability of 

fatality or serious injury in the event of a fire, has been calculated separately for on and off-road 

populations, then combined to calculate the risk per road segment length.  The on-road public 

risks are primarily to persons within vehicles involved in the accident.  Both small and large pool 

fires may result in on-road casualties due to the close proximity of persons within vehicles and 

the possibility of being unable to escape.  Off-road casualties will depend on the speed of liquid 

release, the probability of ignition and the ability of people to escape.  Only large releases that 

escalate quickly are assumed to have the potential to impact offsite populations.  The population 

densities along each road segment have been characterized as day or night, and the probability 

that persons will be within buildings or outside. 

 

In the calculation of potential fatality or serious injury, a minimum of one casualty has been 

assumed.  The risk of casualty to less than one person makes no sense; therefore the 

frequency of impact has been adjusted.   

 

The public risks due to a hazardous material release along the crude oil transportation routes to 

and from the ECC Project site have been calculated for each road segment per one-kilometer 

(0.62 miles) length, to identify the highest risk segment.   

 

Societal risks are often presented as F-N curves, also called risk profiles.  F-N curves are 

logarithmic plots of the cumulative frequency (F) of an event against the number (N) of one or 

more potential injuries or fatalities.  Societal risks provides a measure of one or more public 

casualties along a transportation segment or fixed facility.  The risk profiles for serious injury 
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and fatality for the proposed ECC Project crude oil transportation are shown as F-N curves in 

Figures 6.1 and 6.2. 

 

6.3 SBC Societal Risk Criteria 

Santa Barbara County (SBC) requires an assessment of the significance of impacts to public 

safety associated with an application for a land-use permit.  The safety thresholds are intended 

to measure the acceptability of involuntary public exposure to hazardous materials.  Such 

activities include facilities that handle or transport hazardous materials.   

 

A societal risk profile is required for gas and hazardous liquid pipelines, including oil if a 

significant risk is expected, and the transport of compressed natural gas or natural gas 

liquids(23).  The risk profiles for acute risk from a crude oil release has been calculated to assess 

the level of risk as defined the SBC societal risk criteria.   

 

The thresholds for risk acceptability of fatality or serious injury to the public are defined by the 

SBC societal risk criteria(24).  These thresholds provide three zones of significance; green, 

amber and red, for determining the acceptability of involuntary public exposure to acute 

hazardous material risks resulting from new or modified developments.  The same thresholds 

are applied to fixed facilities and the highest risk one kilometer (0.62 miles) segment of a 

transportation route.  The three zones are defined as follows and shown on the societal risk 

profiles in Figures 6.1 and 6.2: 

 

Green: Less than significant impact to public safety and no mitigation (or additional 

mitigation) is required for purposes of compliance.   

Amber: Potentially significant public impact, which can be reduced or avoided by 

implementation of mitigation measures. 

Red: Significant public impact, which can be reduced by implementation of 

mitigation measures. 

 

The Santa Barbara County definition of a “serious injury” is physical harm to a person that 

requires significant medical intervention.   
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6.4 Proposed Mitigation Measures 

Aera propose to use contract carriers to haul crude oil for the proposed ECC Project.  Aera has 

among the industry’s most stringent safety expectations for its employees and contractors.  

Aera’s contractor selection and auditing procedures will ensure the contractor meets or exceeds 

applicable health, safety, security, and environmental compliance standards, including: 

 

 DOT driver drug and alcohol testing. 

 Cal OSHA Injury and Illness Prevention Program. 

 California Biennial Inspection of Terminals (BIT) program. 

 DOT compliant fleet maintenance program. 

 Increased vehicle inspections for brakes, tires, and lights. 

 Driver safety program. 

 Drivers will have a minimum of two years of commercial driver experience, plus 

extensive training in defensive driving, emergency response, and other driving skills. 

 Drivers will be trained on Project-specific requirements, including loading and 

transportation procedures, local traffic concerns and hazards, driver safety, and driver 

courtesy. 

 Drivers will be trained to use dedicated routes. 

 Maximum speed limits will be established for the ECC highway access roads. 

 All trucks will be linked to an integrated fleet geographical information management 

system that provides real-time satellite tracking and mapping of locations, speeds, and 

other parameters. 

 The geographical information system will be used to set and measure compliance to 

speed limits, acceleration, and de-acceleration for trucks in a specific area and/ or at a 

specific time of day. 

 All tanker trucks will be equipped with dual-sided dashboard video cameras. 

 All tanker trucks will be equipped with Roll Stability Control (RSC) systems. 

 The fleet will operate an Electronic Driver Vehicle Inspection Report system, integrated 

with its maintenance system. 

 

Potential mitigation measures to reduce the likelihood of a hazardous material release, have 

been assessed and quantified in Section 5, Truck Hazard Mitigation.  The following hazard 

mitigation measures have been selected for implementation, and the risk reduction applied to 

the truck transportation incident rates to develop the mitigated societal risk profiles as shown in 

Figures 6.1 and 6.2. 
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Mitigation Measure 

Collision Risk 

Reduction 

(%) 

Non-Collision Risk 

Reduction 

(%) 

Driver Selection 8%  

Driver Training 2.4%  

Loading / Unloading Procedure Training and 

Equipment 

 25% 

Modern Vehicles with Electronic Driver 

Vehicle Inspection Report / Maintenance 

1.5% 25% 

Driver Behavior Management (dual-sided 

dashboard video cameras) 

12.5%  

Geographic Information Management System 4.3%  

Roll Stability Control (RSC) 0.7%  

Total 29% 50% 

 

 

6.5 Mitigated Societal Risk Profiles 

The risk of serious injury and fatality has been calculated for on and off-road populations, then 

combined to calculate the risk per one-kilometer segment length, as described above in Section 

6.2.  The highest risk segment has been identified as Section B1 in Santa Maria, on Highway 

101 between E. Betteravia Road and State Route 166 junction.   

 

The combined on and off-road casualties for Section B1 in Santa Maria have been calculated 

and the results shown in Table 6.2.  Detailed calculation tables are provided as an addendum.  

The frequencies of one or more casualties for the highest risk one-kilometer segment are: 
 

 Frequency of one or more serious injuries = 9.6 x 10-6 per km-year 

 Frequency of one or more fatalities = 5.6 x 10-6 per km-year 

 

The off-road public risk on the highest risk segment accounts for about 37% and 26% of the 

serious injury and fatality risk respectively for one or more casualties.  For the entire 

transportation route, the primary risk to the public from a crude oil release is due to on-road 

casualties of vehicle occupants involved in a collision.  For the summated transportation risk, 

off-road casualties accounted for about 10% and 15% of the serious injury and fatality risk 

respectively.   

 

The Santa Barbara County societal risk profile has been established to evaluate the 

acceptability of hazardous material facilities or activities, for public risk of serious injury and 

fatality.  Societal risk profiles for the highest risk transportation route segment are shown in 

Figures 6.1 and 6.2 against the SBC acceptability criteria.  The mitigated risks are within the 

following zones for acceptability: 
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 Mitigated risk of serious injury profile is within the green “Insignificant Risk” zone for 

acceptability. 

 Mitigated risk of fatality profile is primarily within the green “Insignificant Risk” zone for 

acceptability. 

 

To reduce the risks further, additional mitigation measures may also be considered in the future 

as on-board safety systems are developed and tested, such as: 
 

 Forward Collision Warning (FCW) systems. 

 Lane Departure Warning (LDW) systems. 

 Blind Spot Warning (BSW) 
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Table 6.1 Hazardous Material Frequency of Release 

 

 

 

 Truck Route 

to/from Belridge 

Route Length** 
140.4 miles 

(225.9 km) 

Average Mitigated Incident Rate*** per 106 miles 0.27 

Truck Incident Rate per trip 3.8x 10-5 

Number of Daily Laden Trips 116 

Number of Annual Laden Trips 42340 

Truck Incidents per year 1.6 

Probability of Large Fire on Incident 0.0043 

Probability of Small Fire on Incident 0.00065 

Frequency of Large Fire per year  6.9 x 10-3  (1 in 145 years) 

Frequency of Small Fire per year  1.0x 10-3 (1 in 1000 years) 

 

 

**    Truck routes assume the use of access route Option 1 via Clark Avenue to U.S. Highway 101, and 

the highway route to/from Belridge assumes the use of Highways U.S. 101 / SR 46 / SR 33.  

 

***   Truck Mitigated Incident Rate includes incidents due to truck collisions and non-collision cargo 

containment failures.  Mitigation measures have been applied to both collision and non-collision incident 

rates as described in Section 6.4. 
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Table 6.2 Casualty Frequencies for F-N Societal Risk Profiles 

 (highest 1-km Segment) 

 

 

 

Number 

of 

Serious 

Injuries 

Frequency of 

Public Injuries 

per km-year 

Frequency of N 

or More Public 

Injuries 

per km-year 

 

Number 

of 

Fatalities 

Frequency of 

Public 

Fatalities 

per km-year 

Frequency of 

N or More 

Public 

Fatalities 

per km-year 

5 2.9E-07 2.8E-07  5 1.4E-07 1.4E-07 

4 1.6E-06 1.9E-06  4 2.1E-07 3.5E-07 

3 7.1E-07 2.6E-06  3 3.5E-07 7.0E-07 

2 1.7E-06 4.4E-06  2 1.9E-06 2.6E-06 

1 5.2E-06 9.6E-06  1 3.0E-06 5.6E-06 
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APPENDIX A 

 

 

ACRONYMS AND ABBREVIATIONS 
 

 

A Arterial 

ACC Adaptive Cruise Control 

ADL Arthur D. Little 

ADT Average Daily Traffic 

Aera Aera Energy LLC 

ALOHA Areal Locations of Hazardous Atmospheres 

API gravity American Petroleum Institute gravity 

bbl barrel 

BIT Biennial Inspection of Terminals 

BOPD barrels oil per day 

BSW Blind Spot Warning 

C Collector 

CA California 

Cal OSHA California Occupational, Safety and Health Administration 

CalTrans California Department of Transportation 

CHP California Highway Patrol 

CFR Code of Federal Regulations 

CMBS Collision Mitigation Braking System 

Dash-Cam Dashboard Video Camera 

DEGADIS Dense Gas Dispersion model 

Di Divided Road 

DOT U.S. Department of Transportation 

DRC Dixon Risk Consulting 

ECC East Cat Canyon 

EPA US Environmental Protection Agency 

F Freeway 

oF degree Fahrenheit 

F-N Cumulative Frequency-Number of 1 or more 

FARS Fatality Analysis Reporting System 

FCW Forward Collision Warning 
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FMCSA Federal Motor Carrier Safety Administration 

ft feet / foot 

GES General Estimates System 

GVWR gross vehicle weight rating 

HazMat Hazardous Material 

HM Hazardous Material 

HM-3 Hazardous Material Class 3 

HMCRP Hazardous Material Cooperative Research Program 

HMIRS Hazardous Materials Incident Reporting System 

HOS Hours of Service 

HSIS Highway Safety Information System 

Hwy Highway 

IIHS Insurance Institute of Highway Safety 

km kilometer 

kW/m2 kilowatts per meter squared 

L Local 

lb/min pounds per minute 

LDW Lane Departure Warning 

LFL lower flammability limit 

LPG liquid petroleum gas 

LTCCS Large Truck Crash Causation Study 

MAWP Maximum Allowable Working Pressure 

MCMIS Motor Carrier Management Information System 

mins minutes 

m/s meters per second 

mph miles per  hour 

MVMT Million Vehicle Miles Traveled 

NHTSA National Highway Traffic Safety Administration 

NGL natural gas liquids 

OBSS Onboard Safety Systems 

PDO Property Damage Only 

PHMSA Pipeline and Hazardous Materials Safety Administration 

psig pounds per square inch gauge 

PSP Pre-Employment Screening Program 

R Rural 

RMP Risk Management Program 
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RVP Reid Vapor Pressure 

RSC Roll Stability Control 

SBC Santa Barbara County 

SR State Route 

SWITRS California Statewide Integrated Traffic Record System 

TIFA Trucks Involved in Fatal Accidents 

TNO Toegepast Natuurwetenschappelijk Onderzoek (The Netherlands 

Organization for Applied Scientific Research) 

TQRA Transportation Quantitative Risk Assessment 

TRB Transportation Research Board 

U Urban 

UFL upper flammability limit 

UMTRI University of Michigan Transportation Research Institute 

Un Undivided Road 

VNTSC Volpe National Transportation Systems Center 
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Truck Transportation Data 

 

 

Item Number Report Ref 

Number of Daily Laden Trips 116 Section 2.2 

Number of Annual Laden of Trips 42340 Section 2.2 

 

 

The risk of public impact has been calculated separately for on-road and off-road populations 

due to different exposure risks and population densities for these two groups.  The results of the 

on-road and off-road risks per 1-kilometer (0.62 miles) segment are then combined to calculate 

the societal risk profiles for fatality and serious injury. 
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Calculation of Release and Fire Frequencies by Road Segment 
 

Section 

ID 

(Report 

Section 2) 

H'Way / 

Road 

Section 

Length 

 

miles 

HM-3 

Truck 

Accident 

Rate 

MVMT 

Accident 

Release 

Rate 

per  

km-trip 

Non-

Collision 

Release 

Rate 

per  

km-trip 

Mitigated 

Accident 

Release 

Rate 

per 

km-trip 

Mitigated 

Non- 

Collision 

Rate 

per 

km-trip 

Mitigated 

Large 

Fire 

Freq 

per  

km-year 

Mitigated 

Small  

Fire 

Freq 

per 

km-year 

L1 101 4.2 0.21 7.1E-09 1.4E-09 5.0E-09 7.1E-10 2.0E-05 3.0E-06 

L2 Clark 0.7 1.74 5.9E-08 1.2E-08 4.2E-08 5.9E-09 1.6E-04 2.5E-05 

L3 Clark 2 0.34 1.1E-08 2.3E-09 8.0E-09 1.1E-09 3.1E-05 4.7E-06 

L4 Domnn 4.1 0.80 2.7E-08 5.4E-09 1.9E-08 2.7E-09 7.5E-05 1.1E-05 

L5 Cat Cn 1.8 0.38 1.3E-08 2.5E-09 9.0E-09 1.3E-09 3.5E-05 5.3E-06 

B1 101 5.2 0.72 2.4E-08 4.8E-09 1.7E-08 2.4E-09 6.7E-05 1.0E-05 

B2 101 4.1 0.27 8.9E-09 1.8E-09 6.3E-09 8.9E-10 2.5E-05 3.7E-06 

B3 101 1.7 0.17 5.9E-09 1.2E-09 4.2E-09 5.9E-10 1.6E-05 2.4E-06 

B4 101 6.2 0.14 4.8E-09 9.6E-10 3.4E-09 4.8E-10 1.3E-05 2.0E-06 

B5 101 7.4 0.37 1.2E-08 2.5E-09 8.8E-09 1.2E-09 3.4E-05 5.2E-06 

B6 101 5.9 0.19 6.5E-09 1.3E-09 4.6E-09 6.5E-10 1.8E-05 2.7E-06 

B7 101 4 0.41 1.3E-08 2.8E-09 9.8E-09 1.4E-09 3.9E-05 5.8E-06 

B8 101 2.4 0.42 1.4E-08 2.8E-09 1.0E-08 1.4E-09 3.9E-05 5.9E-06 

B9 101 3.3 0.78 2.6E-08 5.2E-09 1.9E-08 2.6E-09 7.3E-05 1.1E-05 

B10 101 6.7 0.31 1.0E-08 2.1E-09 7.3E-09 1.0E-09 2.9E-05 4.3E-06 

B11 101 6.9 0.21 7.0E-09 1.4E-09 4.9E-09 7.0E-10 1.9E-05 2.9E-06 

B12 101 2 0.29 9.7E-09 1.9E-09 6.9E-09 9.7E-10 2.7E-05 4.1E-06 

B13 101 6.8 0.29 9.6E-09 1.9E-09 6.8E-09 9.6E-10 2.7E-05 4.0E-06 

B14 46 2.5 0.63 2.1E-08 4.2E-09 1.5E-08 2.1E-09 5.9E-05 8.8E-06 

B15 46 14.7 0.22 7.3E-09 1.5E-09 5.2E-09 7.3E-10 2.0E-05 3.1E-06 

B16 46 4.1 0.19 6.3E-09 1.3E-09 4.5E-09 6.3E-10 1.8E-05 2.7E-06 

B17 46 1.9 0.07 2.3E-09 4.6E-10 1.6E-09 2.3E-10 6.4E-06 9.5E-07 

B18 46 2.2 0.23 7.9E-09 1.6E-09 5.6E-09 7.9E-10 2.2E-05 3.3E-06 

B19 46 6.1 0.22 7.4E-09 1.5E-09 5.2E-09 7.4E-10 2.1E-05 3.1E-06 

B20 46 20.4 0.33 1.1E-08 2.2E-09 8.0E-09 1.1E-09 3.1E-05 4.7E-06 

B21 33 12.1 0.22 7.3E-09 1.5E-09 5.2E-09 7.3E-10 2.0E-05 3.1E-06 

B22 Aera 1 0.64 2.2E-08 4.3E-09 1.5E-08 2.2E-09 6.0E-05 9.0E-06 

Total  140.4 
(225.9 km) 

 
      

 

HM-3 truck accident rate per MVMT  Tables 3.1 and 3.3 

Conversion of miles to kilometers miles x 1.6  

Probability of release on accident = 0.054 Section 3.5 

Probability of release non- collision = 0.2 x accident rate Section 3.5 

Mitigated accident release rate = 0.71 x accident rate Section 6.4 

Mitigated non-collision release rate = 0.5 x non-collision rate Section 6.4 

Probability of large fire on release 0.4 x 0.2 = 0.08 Section 3.6 

Probability of small fire on release 0.6 x 0.02 = 0.012 Section 3.6 

Number of laden truck trips per year 42340 Section 2.2 
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Off-Road Population Impact Tables 
 

Weather ID Probability Report Ref 

F Stability, 1.5 m/s wind, night F/1.5/N 0.35 Section 2.8 

D Stability, 4 m/s wind, night D/4/N 0.15 Section 2.8 

D Stability, 4 m/s wind, day D/4/D 0.5 Section 2.8 

 

Population Distribution by location – Fraction of Day Numbers (Section 2.6) 
 

Population Type Day 
Day 

Inside 

Day 

Outside 
Night 

Night 

Inside 

Night 

Outside 

Residential / Rural / 

Unpopulated 
1 0.8 0.2 1 0.95 0.05 

Commercial 1 0.8 0.2 0.05 0.0475 0.0025 

Industrial 1 0.8 0.2 0.2 0.19 0.01 

Agricultural 1 0.2 0.8 0.05 0.0475 0.0025 

Mixed Residential / 

Commercial 
1 0.8 0.2 0.525 0.4988 0.0263 

Agricultural / Rural 1 0.2 0.8 0.1 0.095 0.005 

Industrial-Low / Rural 1 0.8 0.2 0.2 0.19 0.01 

 

Pool Fire Impact Areas (source Table 4.3) 
 

Fire Hazard Weather 
Radius 

(ft) 

Area 

(ft)
2
 

0.5 x Area 

(ft)
2
 

0.5 x Area 

minus PF (ft)
2
 

Pool fire (PF)  55 9.5 x 10
3
 4.8 x 10

3
  

Distance to 10 kW/m
2
 F/1.5 110 3.8 x 10

4
 1.9 x 10

4
 1.4 x 10

4
 

Distance to 10 kW/m
2
 D/4 170 9.1 x 10

4
 4.5 x 10

4
 4.1 x 10

4
 

Distance to 5 kW/m
2
 F/1.5 160 8.0 x 10

4
 4.0 x 10

4
 3.6 x 10

4
 

Distance to 5 kW/m
2
 D/4 230 1.7 x 10

5
 8.3 x 10

4
 7.8 x 10

4
 

 

50% of pool fire area impacts assumed to be off-road, 50% on-road. 

 

Pool Fire Vulnerabilities (source Section 4.4) 
 

Location 
Within Pool Fire Area 

Pool Fire to 

10kW/m
2
 

Pool Fire to 

5kW/m
2
 

Fatal Prob Injury Prob Fatal Prob Injury Prob 

Outdoor 1 0 0.1 0.2 

Indoor 0.5 0.5 0.01 0.05 
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Off-Road Population Distribution 

 

Section ID 

(Section 2) 

Population 

Category 

(Section 2) 

Population 

Density 

per mile
2
 

(Section 2) 

Population

per Group 

(Section 2) 

Group 

Density 

per ft
2
 

(Section 2) 

Weather / 

Day / 

Night 

Outdoor 

Probability 

Indoor 

Probability 

L1 Mix-M 4000 3 4.3E-04 F/1.5/N 0.026 0.499 

     D/4/N 0.026 0.499 

     D/4/D 0.200 0.800 

L2 Ag 200 3 2.2E-05 F/1.5/N 0.003 0.048 

     D/4/N 0.003 0.048 

     D/4/D 0.800 0.200 

L3 Ag/Rural 110 3 1.2E-05 F/1.5/N 0.005 0.095 

     D/4/N 0.005 0.095 

     D/4/D 0.800 0.200 

L4 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

     D/4/N 0.050 0.950 

     D/4/D 0.200 0.800 

L5 Ind-L/Rural 510 6 1.1E-04 F/1.5/N 0.010 0.190 

     D/4/N 0.010 0.190 

     D/4/D 0.200 0.800 

B1 Mix-M 4000 3 4.3E-04 F/1.5/N 0.026 0.499 

      D/4/N 0.026 0.499 

       D/4/D 0.200 0.800 

B2 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B3 Mix-M 4000 3 4.3E-04 F/1.5/N 0.026 0.499 

       D/4/N 0.026 0.499 

       D/4/D 0.200 0.800 

B4 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

      D/4/N 0.050 0.950 

      D/4/D 0.200 0.800 

B5 Mix-M 4000 3 4.3E-04 F/1.5/N 0.026 0.499 

       D/4/N 0.026 0.499 

       D/4/D 0.200 0.800 

B6 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B7 Mix-M 4000 3 4.3E-04 F/1.5/N 0.026 0.499 

       D/4/N 0.026 0.499 

       D/4/D 0.200 0.800 
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Section ID 

(Section 2) 

Population 

Category 

(Section 2) 

Population 

Density 

per mile
2
 

(Section 2) 

Population

per Group 

(Section 2) 

Group 

Density 

per ft
2
 

(Section 2) 

Weather / 

Day / 

Night 

Outdoor 

Probability 

Indoor 

Probability 

B8 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B9 UnPop 2 1 7.2E-08 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B10 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B11 Mix-L 1000 6 2.2E-04 F/1.5/N 0.026 0.499 

      D/4/N 0.026 0.499 

      D/4/D 0.200 0.800 

B12 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B13 Mix-L 1000 6 2.2E-04 F/1.5/N 0.026 0.499 

       D/4/N 0.026 0.499 

       D/4/D 0.200 0.800 

B14 Mix-L 1000 6 2.2E-04 F/1.5/N 0.026 0.499 

       D/4/N 0.026 0.499 

       D/4/D 0.200 0.800 

B15 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B16 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B17 UnPop 2 1 7.2E-08 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B18 UnPop 2 1 7.2E-08 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 

B19 UnPop 2 1 7.2E-08 F/1.5/N 0.050 0.950 

       D/4/N 0.050 0.950 

       D/4/D 0.200 0.800 
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Section ID 

(Section 2) 

Population 

Category 

(Section 2) 

Population 

Density 

per mile
2
 

(Section 2) 

Population

per Group 

(Section 2) 

Group 

Density 

per ft
2
 

(Section 2) 

Weather / 

Day / 

Night 

Outdoor 

Probability 

Indoor 

Probability 

B20 Ag/Rural 110 3 1.2E-05 F/1.5/N 0.005 0.095 

       D/4/N 0.005 0.095 

       D/4/D 0.800 0.200 

B21 Rural 20 3 2.2E-06 F/1.5/N 0.050 0.950 

     D/4/N 0.050 0.950 

     D/4/D 0.200 0.800 

B22 Non/Public 0 - - -   

 

 
Group Density = Population density per mile

2
 x population per group x 3.587 x 10

-8
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Calculation of Off-Road Population Impacts 

 

Section 

ID 

Mitigated 

Large Fire 

Freq 

per  

km-year 

Weather / 

Day / 

Night 

Prob of 

Weather/ 

Day / 

Night 

Frequency 

of Casualty 

Event 

per  

km-year 

Population 

Within 

Pool Fire 

Area 

Population 

in Pool Fire 

Area to 

10kw/m
2
 

Population 

in Pool Fire 

Area to 

5kw/m
2
 

L1 2.0E-05 F/1.5/N 0.35 2.9E-07 2.0453 6.14 15.26 

  D/4/N 0.15 1.2E-07 2.0453 17.49 33.72 

  D/4/D 0.50 4.1E-07 2.0453 17.49 33.72 

L2 1.6E-04 F/1.5/N 0.35 2.4E-06 0.1023 0.31 0.76 

  D/4/N 0.15 1.0E-06 0.1023 0.87 1.69 

  D/4/D 0.50 3.4E-06 0.1023 0.87 1.69 

L3 3.1E-05 F/1.5/N 0.35 4.6E-07 0.0562 0.17 0.42 

  D/4/N 0.15 2.0E-07 0.0562 0.48 0.93 

  D/4/D 0.50 6.5E-07 0.0562 0.48 0.93 

L4 7.5E-05 F/1.5/N 0.35 1.1E-06 0.0102 0.03 0.08 

  D/4/N 0.15 4.7E-07 0.0102 0.09 0.17 

  D/4/D 0.50 1.6E-06 0.0102 0.09 0.17 

L5 3.5E-05 F/1.5/N 0.35 2.6E-07 0.5216 1.56 3.89 

  D/4/N 0.15 1.1E-07 0.5216 4.46 8.60 

  D/4/D 0.50 3.7E-07 0.5216 4.46 8.60 

B1 6.7E-05 F/1.5/N 0.35 9.8E-07 2.0453 6.14 15.26 

  D/4/N 0.15 4.2E-07 2.0453 17.49 33.72 

  D/4/D 0.50 1.4E-06 2.0453 17.49 33.72 

B2 2.5E-05 F/1.5/N 0.35 3.6E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.6E-07 0.0102 0.09 0.17 

  D/4/D 0.50 5.2E-07 0.0102 0.09 0.17 

B3 1.6E-05 F/1.5/N 0.35 2.4E-07 2.0453 6.14 15.26 

  D/4/N 0.15 1.0E-07 2.0453 17.49 33.72 

  D/4/D 0.50 3.4E-07 2.0453 17.49 33.72 

B4 1.3E-05 F/1.5/N 0.35 2.0E-07 0.0102 0.03 0.08 

  D/4/N 0.15 8.4E-08 0.0102 0.09 0.17 

  D/4/D 0.50 2.8E-07 0.0102 0.09 0.17 

B5 3.4E-05 F/1.5/N 0.35 5.0E-07 2.0453 6.14 15.26 

  D/4/N 0.15 2.2E-07 2.0453 17.49 33.72 

  D/4/D 0.50 7.2E-07 2.0453 17.49 33.72 

B6 1.8E-05 F/1.5/N 0.35 2.6E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.1E-07 0.0102 0.09 0.17 

  D/4/D 0.50 3.8E-07 0.0102 0.09 0.17 

B7 3.9E-05 F/1.5/N 0.35 5.6E-07 2.0453 6.14 15.26 

  D/4/N 0.15 2.4E-07 2.0453 17.49 33.72 

  D/4/D 0.50 8.1E-07 2.0453 17.49 33.72 
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Section 

ID 

Mitigated 

Large Fire 

Freq 

per  

km-year 

Weather / 

Day / 

Night 

Prob of 

Weather/ 

Day / 

Night 

Frequency 

of Casualty 

Event 

per  

km-year 

Population 

Within 

Pool Fire 

Area 

Population 

in Pool Fire 

Area to 

10kw/m
2
 

Population 

in Pool Fire 

Area to 

5kw/m
2
 

B8 3.9E-05 F/1.5/N 0.35 5.7E-07 0.0102 0.03 0.08 

  D/4/N 0.15 2.5E-07 0.0102 0.09 0.17 

  D/4/D 0.50 8.2E-07 0.0102 0.09 0.17 

B9 7.3E-05 F/1.5/N 0.35 3.2E-06 0.0003 0.00 0.00 

  D/4/N 0.15 1.4E-06 0.0003 0.00 0.01 

  D/4/D 0.50 4.6E-06 0.0003 0.00 0.01 

B10 2.9E-05 F/1.5/N 0.35 4.2E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.8E-07 0.0102 0.09 0.17 

  D/4/D 0.50 6.0E-07 0.0102 0.09 0.17 

B11 1.9E-05 F/1.5/N 0.35 1.4E-07 1.0227 3.07 7.63 

  D/4/N 0.15 6.1E-08 1.0227 8.75 16.86 

  D/4/D 0.50 2.0E-07 1.0227 8.75 16.86 

B12 2.7E-05 F/1.5/N 0.35 3.9E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.7E-07 0.0102 0.09 0.17 

  D/4/D 0.50 5.6E-07 0.0102 0.09 0.17 

B13 2.7E-05 F/1.5/N 0.35 2.0E-07 1.0227 3.07 7.63 

  D/4/N 0.15 8.4E-08 1.0227 8.75 16.86 

  D/4/D 0.50 2.8E-07 1.0227 8.75 16.86 

B14 5.9E-05 F/1.5/N 0.35 4.3E-07 1.0227 3.07 7.63 

  D/4/N 0.15 1.8E-07 1.0227 8.75 16.86 

  D/4/D 0.50 6.1E-07 1.0227 8.75 16.86 

B15 2.0E-05 F/1.5/N 0.35 3.0E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.3E-07 0.0102 0.09 0.17 

  D/4/D 0.50 4.2E-07 0.0102 0.09 0.17 

B16 1.8E-05 F/1.5/N 0.35 2.6E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.1E-07 0.0102 0.09 0.17 

  D/4/D 0.50 3.7E-07 0.0102 0.09 0.17 

B17 6.4E-06 F/1.5/N 0.35 2.8E-07 0.0003 0.00 0.00 

  D/4/N 0.15 1.2E-07 0.0003 0.00 0.01 

  D/4/D 0.50 4.0E-07 0.0003 0.00 0.01 

B18 2.2E-05 F/1.5/N 0.35 9.6E-07 0.0003 0.00 0.00 

  D/4/N 0.15 4.1E-07 0.0003 0.00 0.01 

  D/4/D 0.50 1.4E-06 0.0003 0.00 0.01 

B19 2.1E-05 F/1.5/N 0.35 9.0E-07 0.0003 0.00 0.00 

  D/4/N 0.15 3.8E-07 0.0003 0.00 0.01 

  D/4/D 0.50 1.3E-06 0.0003 0.00 0.01 
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Section 

ID 

Mitigated 

Large Fire 

Freq 

per  

km-year 

Weather / 

Day / 

Night 

Prob of 

Weather/ 

Day / 

Night 

Frequency 

of Casualty 

Event 

per  

km-year 

Population 

Within 

Pool Fire 

Area 

Population 

in Pool Fire 

Area to 

10kw/m
2
 

Population 

in Pool Fire 

Area to 

5kw/m
2
 

B20 3.1E-05 F/1.5/N 0.35 4.6E-07 0.0562 0.17 0.42 

  D/4/N 0.15 2.0E-07 0.0562 0.48 0.93 

  D/4/D 0.50 6.5E-07 0.0562 0.48 0.93 

B21 2.0E-05 F/1.5/N 0.35 3.0E-07 0.0102 0.03 0.08 

  D/4/N 0.15 1.3E-07 0.0102 0.09 0.17 

  D/4/D 0.50 4.2E-07 0.0102 0.09 0.17 

B22  - -     

 
Calculation of Population Group Impact per year:  

    Frequency of large fire per km-year  by road segment above 

    X Probability of weather / time   Section 2.8 

    X Rapid release and immediate ignition 0.25 x 0.5 = 0.125 Section 4.7 

    / Number in each group  Section 2 

 
Calculation of Max Population Within Pool Fire Area: 

    Group Density per ft
2
 x Off-Road Pool Fire Area ft

2 
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Calculation of Off-Road Fatality and Serious Injury Numbers 

 

Section 

ID 

Outdoor Fatality Indoor Fatality 

Total 

Fatality 

Number 

Outdoor Injury Indoor Injury 
Total 

Serious 

Injury 

Number 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

L1 0.0537 0.0161 0.5100 0.0306 0.6104 0.0000 0.0801 0.5100 0.3806 0.9708 

 0.0537 0.0459 0.5100 0.0873 0.6969 0.0000 0.1770 0.5100 0.8409 1.5280 

 0.4091 0.3499 0.8181 0.1400 1.7170 0.0000 1.3489 0.8181 1.3489 3.5159 

L2 0.0003 0.0001 0.0024 0.0001 0.0029 0.0000 0.0004 0.0024 0.0018 0.0046 

 0.0003 0.0002 0.0024 0.0004 0.0033 0.0000 0.0008 0.0024 0.0040 0.0073 

 0.0818 0.0700 0.0102 0.0017 0.1638 0.0000 0.2698 0.0102 0.0169 0.2969 

L3 0.0003 0.0001 0.0027 0.0002 0.0032 0.0000 0.0004 0.0027 0.0020 0.0051 

 0.0003 0.0002 0.0027 0.0005 0.0037 0.0000 0.0009 0.0027 0.0044 0.0080 

 0.0450 0.0385 0.0056 0.0010 0.0901 0.0000 0.1484 0.0056 0.0093 0.1633 

L4 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

L5 0.0052 0.0016 0.0495 0.0030 0.0593 0.0000 0.0078 0.0495 0.0370 0.0943 

 0.0052 0.0045 0.0495 0.0085 0.0677 0.0000 0.0172 0.0495 0.0817 0.1484 

 0.1043 0.0892 0.2086 0.0357 0.4378 0.0000 0.3440 0.2086 0.3440 0.8966 

B1 0.0537 0.0161 0.5100 0.0306 0.6104 0.0000 0.0801 0.5100 0.3806 0.9708 

 0.0537 0.0459 0.5100 0.0873 0.6969 0.0000 0.1770 0.5100 0.8409 1.5280 

 0.4091 0.3499 0.8181 0.1400 1.7170 0.0000 1.3489 0.8181 1.3489 3.5159 

B2 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B3 0.0537 0.0161 0.5100 0.0306 0.6104 0.0000 0.0801 0.5100 0.3806 0.9708 

 0.0537 0.0459 0.5100 0.0873 0.6969 0.0000 0.1770 0.5100 0.8409 1.5280 

 0.4091 0.3499 0.8181 0.1400 1.7170 0.0000 1.3489 0.8181 1.3489 3.5159 
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Section 

ID 

Outdoor Fatality Indoor Fatality 

Total 

Fatality 

Number 

Outdoor Injury Indoor Injury 
Total 

Serious 

Injury 

Number 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

B4 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B5 0.0537 0.0161 0.5100 0.0306 0.6104 0.0000 0.0801 0.5100 0.3806 0.9708 

 0.0537 0.0459 0.5100 0.0873 0.6969 0.0000 0.1770 0.5100 0.8409 1.5280 

 0.4091 0.3499 0.8181 0.1400 1.7170 0.0000 1.3489 0.8181 1.3489 3.5159 

B6 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B7 0.0537 0.0161 0.5100 0.0306 0.6104 0.0000 0.0801 0.5100 0.3806 0.9708 

 0.0537 0.0459 0.5100 0.0873 0.6969 0.0000 0.1770 0.5100 0.8409 1.5280 

 0.4091 0.3499 0.8181 0.1400 1.7170 0.0000 1.3489 0.8181 1.3489 3.5159 

B8 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B9 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0000 0.0002 0.0001 0.0003 

 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0001 0.0002 0.0003 0.0005 

 0.0001 0.0001 0.0001 0.0000 0.0003 0.0000 0.0002 0.0001 0.0002 0.0006 

B10 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B11 0.0268 0.0081 0.2550 0.0153 0.3052 0.0000 0.0401 0.2550 0.1903 0.4854 

 0.0268 0.0230 0.2550 0.0436 0.3485 0.0000 0.0885 0.2550 0.4205 0.7640 

 0.2045 0.1749 0.4091 0.0700 0.8585 0.0000 0.6744 0.4091 0.6744 1.7579 
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Section 

ID 

Outdoor Fatality Indoor Fatality 

Total 

Fatality 

Number 

Outdoor Injury Indoor Injury 
Total 

Serious 

Injury 

Number 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

B12 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B13 0.0268 0.0081 0.2550 0.0153 0.3052 0.0000 0.0401 0.2550 0.1903 0.4854 

 0.0268 0.0230 0.2550 0.0436 0.3485 0.0000 0.0885 0.2550 0.4205 0.7640 

 0.2045 0.1749 0.4091 0.0700 0.8585 0.0000 0.6744 0.4091 0.6744 1.7579 

B14 0.0268 0.0081 0.2550 0.0153 0.3052 0.0000 0.0401 0.2550 0.1903 0.4854 

 0.0268 0.0230 0.2550 0.0436 0.3485 0.0000 0.0885 0.2550 0.4205 0.7640 

 0.2045 0.1749 0.4091 0.0700 0.8585 0.0000 0.6744 0.4091 0.6744 1.7579 

B15 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B16 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B17 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0000 0.0002 0.0001 0.0003 

 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0001 0.0002 0.0003 0.0005 

 0.0001 0.0001 0.0001 0.0000 0.0003 0.0000 0.0002 0.0001 0.0002 0.0006 

B18 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0000 0.0002 0.0001 0.0003 

 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0001 0.0002 0.0003 0.0005 

 0.0001 0.0001 0.0001 0.0000 0.0003 0.0000 0.0002 0.0001 0.0002 0.0006 

B19 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0000 0.0002 0.0001 0.0003 

 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 0.0001 0.0002 0.0003 0.0005 

 0.0001 0.0001 0.0001 0.0000 0.0003 0.0000 0.0002 0.0001 0.0002 0.0006 
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Section 

ID 

Outdoor Fatality Indoor Fatality 

Total 

Fatality 

Number 

Outdoor Injury Indoor Injury 
Total 

Serious 

Injury 

Number 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 10kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

Within 

Pool Fire 

Area 

Pool Fire 

to 5kw/m
2
 

B20 0.0003 0.0001 0.0027 0.0002 0.0032 0.0000 0.0004 0.0027 0.0020 0.0051 

 0.0003 0.0002 0.0027 0.0005 0.0037 0.0000 0.0009 0.0027 0.0044 0.0080 

 0.0450 0.0385 0.0056 0.0010 0.0901 0.0000 0.1484 0.0056 0.0093 0.1633 

B21 0.0005 0.0002 0.0049 0.0003 0.0058 0.0000 0.0008 0.0049 0.0036 0.0092 

 0.0005 0.0004 0.0049 0.0008 0.0066 0.0000 0.0017 0.0049 0.0080 0.0146 

 0.0020 0.0017 0.0041 0.0007 0.0086 0.0000 0.0067 0.0041 0.0067 0.0176 

B22           

 

 
Outdoor Casualty = Population Within Impact Area x Population Fraction Outdoors x Vulnerability 

Indoor Casualty = Population Within Impact Area x Population Fraction Indoors x Vulnerability 
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Event Frequencies Adjusted for Minimum of One Casualty 

 

Section 

ID 

Frequency 

of Casualty 

Event 

(per  

km-year) 

Fatality 

Number 

Rounded 

Fatality 

Number 

(min of 1) 

Adjusted 

Frequency 

of Fatality 

Event 

(per km-

year) 

Serious 

Injury 

Number 

Rounded 

Injury 

Number 

(min of 1) 

Adjusted 

Frequency 

of Injury 

Event 

(per  

km-year) 

L1 2.9E-07 0.6104 1 1.8E-07 0.9708 1 2.8E-07 

 1.2E-07 0.6969 1 8.6E-08 1.5280 2 9.5E-08 

 4.1E-07 1.7170 2 3.5E-07 3.5159 4 3.6E-07 

L2 2.4E-06 0.0029 1 6.9E-09 0.0046 1 1.1E-08 

 1.0E-06 0.0033 1 3.4E-09 0.0073 1 7.4E-09 

 3.4E-06 0.1638 1 5.6E-07 0.2969 1 1.0E-06 

L3 4.6E-07 0.0032 1 1.5E-09 0.0051 1 2.3E-09 

 2.0E-07 0.0037 1 7.2E-10 0.0080 1 1.6E-09 

 6.5E-07 0.0901 1 5.9E-08 0.1633 1 1.1E-07 

L4 1.1E-06 0.0058 1 6.4E-09 0.0092 1 1.0E-08 

 4.7E-07 0.0066 1 3.1E-09 0.0146 1 6.8E-09 

 1.6E-06 0.0086 1 1.3E-08 0.0176 1 2.7E-08 

L5 2.6E-07 0.0593 1 1.5E-08 0.0943 1 2.4E-08 

 1.1E-07 0.0677 1 7.4E-09 0.1484 1 1.6E-08 

 3.7E-07 0.4378 1 1.6E-07 0.8966 1 3.3E-07 

B1 9.8E-07 0.6104 1 6.0E-07 0.9708 1 9.5E-07 

 4.2E-07 0.6969 1 2.9E-07 1.5280 2 3.2E-07 

 1.4E-06 1.7170 2 1.2E-06 3.5159 4 1.2E-06 

B2 3.6E-07 0.0058 1 2.1E-09 0.0092 1 3.3E-09 

 1.6E-07 0.0066 1 1.0E-09 0.0146 1 2.3E-09 

 5.2E-07 0.0086 1 4.4E-09 0.0176 1 9.1E-09 

B3 2.4E-07 0.6104 1 1.5E-07 0.9708 1 2.3E-07 

 1.0E-07 0.6969 1 7.1E-08 1.5280 2 7.8E-08 

 3.4E-07 1.7170 2 2.9E-07 3.5159 4 3.0E-07 

B4 2.0E-07 0.0058 1 1.1E-09 0.0092 1 1.8E-09 

 8.4E-08 0.0066 1 5.6E-10 0.0146 1 1.2E-09 

 2.8E-07 0.0086 1 2.4E-09 0.0176 1 4.9E-09 

B5 5.0E-07 0.6104 1 3.1E-07 0.9708 1 4.9E-07 

 2.2E-07 0.6969 1 1.5E-07 1.5280 2 1.6E-07 

 7.2E-07 1.7170 2 6.2E-07 3.5159 4 6.3E-07 

B6 2.6E-07 0.0058 1 1.5E-09 0.0092 1 2.4E-09 

 1.1E-07 0.0066 1 7.5E-10 0.0146 1 1.6E-09 

 3.8E-07 0.0086 1 3.2E-09 0.0176 1 6.6E-09 

B7 5.6E-07 0.6104 1 3.4E-07 0.9708 1 5.5E-07 

 2.4E-07 0.6969 1 1.7E-07 1.5280 2 1.8E-07 

 8.1E-07 1.7170 2 6.9E-07 3.5159 4 7.1E-07 
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Section 

ID 

Frequency 

of Casualty 

Event 

(per  

km-year) 

Fatality 

Number 

Rounded 

Fatality 

Number 

(min of 1) 

Adjusted 

Frequency 

of Fatality 

Event 

(per km-

year) 

Serious 

Injury 

Number 

Rounded 

Injury 

Number 

(min of 1) 

Adjusted 

Frequency 

of Injury 

Event 

(per  

km-year) 

B8 5.7E-07 0.0058 1 3.3E-09 0.0092 1 5.3E-09 

 2.5E-07 0.0066 1 1.6E-09 0.0146 1 3.6E-09 

 8.2E-07 0.0086 1 7.0E-09 0.0176 1 1.4E-08 

B9 3.2E-06 0.0002 1 6.2E-10 0.0003 1 9.8E-10 

 1.4E-06 0.0002 1 3.0E-10 0.0005 1 6.6E-10 

 4.6E-06 0.0003 1 1.3E-09 0.0006 1 2.7E-09 

B10 4.2E-07 0.0058 1 2.4E-09 0.0092 1 3.9E-09 

 1.8E-07 0.0066 1 1.2E-09 0.0146 1 2.6E-09 

 6.0E-07 0.0086 1 5.1E-09 0.0176 1 1.1E-08 

B11 1.4E-07 0.3052 1 4.3E-08 0.4854 1 6.9E-08 

 6.1E-08 0.3485 1 2.1E-08 0.7640 1 4.6E-08 

 2.0E-07 0.8585 1 1.7E-07 1.7579 2 1.8E-07 

B12 3.9E-07 0.0058 1 2.3E-09 0.0092 1 3.6E-09 

 1.7E-07 0.0066 1 1.1E-09 0.0146 1 2.5E-09 

 5.6E-07 0.0086 1 4.8E-09 0.0176 1 9.9E-09 

B13 2.0E-07 0.3052 1 6.0E-08 0.4854 1 9.5E-08 

 8.4E-08 0.3485 1 2.9E-08 0.7640 1 6.4E-08 

 2.8E-07 0.8585 1 2.4E-07 1.7579 2 2.5E-07 

B14 4.3E-07 0.3052 1 1.3E-07 0.4854 1 2.1E-07 

 1.8E-07 0.3485 1 6.4E-08 0.7640 1 1.4E-07 

 6.1E-07 0.8585 1 5.3E-07 1.7579 2 5.4E-07 

B15 3.0E-07 0.0058 1 1.7E-09 0.0092 1 2.7E-09 

 1.3E-07 0.0066 1 8.4E-10 0.0146 1 1.8E-09 

 4.2E-07 0.0086 1 3.6E-09 0.0176 1 7.4E-09 

B16 2.6E-07 0.0058 1 1.5E-09 0.0092 1 2.4E-09 

 1.1E-07 0.0066 1 7.3E-10 0.0146 1 1.6E-09 

 3.7E-07 0.0086 1 3.2E-09 0.0176 1 6.5E-09 

B17 2.8E-07 0.0002 1 5.4E-11 0.0003 1 8.6E-11 

 1.2E-07 0.0002 1 2.6E-11 0.0005 1 5.8E-11 

 4.0E-07 0.0003 1 1.1E-10 0.0006 1 2.3E-10 

B18 9.6E-07 0.0002 1 1.9E-10 0.0003 1 3.0E-10 

 4.1E-07 0.0002 1 9.1E-11 0.0005 1 2.0E-10 

 1.4E-06 0.0003 1 3.9E-10 0.0006 1 8.1E-10 

B19 9.0E-07 0.0002 1 1.7E-10 0.0003 1 2.8E-10 

 3.8E-07 0.0002 1 8.5E-11 0.0005 1 1.9E-10 

 1.3E-06 0.0003 1 3.7E-10 0.0006 1 7.5E-10 
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Section 

ID 

Frequency 

of Casualty 

Event 

(per  

km-year) 

Fatality 

Number 

Rounded 

Fatality 

Number 

(min of 1) 

Adjusted 

Frequency 

of Fatality 

Event 

(per km-

year) 

Serious 

Injury 

Number 

Rounded 

Injury 

Number 

(min of 1) 

Adjusted 

Frequency 

of Injury 

Event 

(per  

km-year) 

B20 4.6E-07 0.0032 1 1.5E-09 0.0051 1 2.3E-09 

 2.0E-07 0.0037 1 7.1E-10 0.0080 1 1.6E-09 

 6.5E-07 0.0901 1 5.9E-08 0.1633 1 1.1E-07 

B21 3.0E-07 0.0058 1 1.7E-09 0.0092 1 2.8E-09 

 1.3E-07 0.0066 1 8.5E-10 0.0146 1 1.9E-09 

 4.2E-07 0.0086 1 3.6E-09 0.0176 1 7.5E-09 
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Sum of On-Road and Off-Road Public Casualties by Road Segment 

 

Section 

ID 

(Report 

Section 2) 

Mitigated 

Large 

Fire 

Freq 

per  

km-year 

Mitigated 

Small  

Fire 

Freq 

per 

km-year 

Freq of 

On-Road 

Public 

Fatality 

per 

km-year 

Freq of 

On-Road 

Public 

Injury 

per 

km-year 

Freq of 

Off-Road 

Public 

Fatality 

per 

km-year 

Freq of 

Off-Road 

Public 

Injury 

per 

km-year 

Total Freq 

of Public 

Fatality 

per 

km-year 

Total Freq 

of Public 

Injury 

per 

km-year 

L1 2.0E-05 3.0E-06 1.1E-06 2.1E-06 6.2E-07 7.4E-07 1.7E-06 2.9E-06 

L2 1.6E-04 2.5E-05 8.7E-06 1.8E-05 5.7E-07 1.0E-06 9.2E-06 1.9E-05 

L3 3.1E-05 4.7E-06 1.7E-06 3.4E-06 6.1E-08 1.1E-07 1.7E-06 3.5E-06 

L4 7.5E-05 1.1E-05 4.0E-06 8.1E-06 2.3E-08 4.4E-08 4.0E-06 8.1E-06 

L5 3.5E-05 5.3E-06 1.9E-06 3.8E-06 1.8E-07 3.7E-07 2.0E-06 4.2E-06 

B1 6.7E-05 1.0E-05 3.6E-06 7.2E-06 2.1E-06 2.5E-06 5.7E-06 9.8E-06 

B2 2.5E-05 3.7E-06 1.3E-06 2.7E-06 7.6E-09 1.5E-08 1.3E-06 2.7E-06 

B3 1.6E-05 2.4E-06 8.7E-07 1.8E-06 5.1E-07 6.1E-07 1.4E-06 2.4E-06 

B4 1.3E-05 2.0E-06 7.1E-07 1.4E-06 4.1E-09 8.0E-09 7.2E-07 1.5E-06 

B5 3.4E-05 5.2E-06 1.8E-06 3.7E-06 1.1E-06 1.3E-06 2.9E-06 5.0E-06 

B6 1.8E-05 2.7E-06 9.6E-07 1.9E-06 5.5E-09 1.1E-08 9.7E-07 2.0E-06 

B7 3.9E-05 5.8E-06 2.0E-06 4.2E-06 1.2E-06 1.4E-06 3.3E-06 5.6E-06 

B8 3.9E-05 5.9E-06 2.1E-06 4.2E-06 1.2E-08 2.3E-08 2.1E-06 4.2E-06 

B9 7.3E-05 1.1E-05 3.9E-06 7.8E-06 2.2E-09 4.3E-09 3.9E-06 7.8E-06 

B10 2.9E-05 4.3E-06 1.5E-06 3.1E-06 8.8E-09 1.7E-08 1.5E-06 3.1E-06 

B11 1.9E-05 2.9E-06 1.0E-06 2.1E-06 2.4E-07 2.9E-07 1.3E-06 2.4E-06 

B12 2.7E-05 4.1E-06 1.4E-06 2.9E-06 8.3E-09 1.6E-08 1.4E-06 2.9E-06 

B13 2.7E-05 4.0E-06 1.4E-06 2.9E-06 3.3E-07 4.0E-07 1.7E-06 3.3E-06 

B14 5.9E-05 8.8E-06 3.1E-06 6.3E-06 7.2E-07 8.9E-07 3.8E-06 7.2E-06 

B15 2.0E-05 3.1E-06 1.1E-06 2.2E-06 6.2E-09 1.2E-08 1.1E-06 2.2E-06 

B16 1.8E-05 2.7E-06 9.4E-07 1.9E-06 5.4E-09 1.0E-08 9.4E-07 1.9E-06 

B17 6.4E-06 9.5E-07 3.4E-07 6.8E-07 1.9E-10 3.8E-10 3.4E-07 6.8E-07 

B18 2.2E-05 3.3E-06 1.2E-06 2.4E-06 6.7E-10 1.3E-09 1.2E-06 2.4E-06 

B19 2.1E-05 3.1E-06 1.1E-06 2.2E-06 6.3E-10 1.2E-09 1.1E-06 2.2E-06 

B20 3.1E-05 4.7E-06 1.7E-06 3.4E-06 6.1E-08 1.1E-07 1.7E-06 3.5E-06 

B21 2.0E-05 3.1E-06 1.1E-06 2.2E-06 6.2E-09 1.2E-08 1.1E-06 2.2E-06 

B22 6.0E-05 9.0E-06 3.2E-06 6.5E-06 - - 3.2E-06 6.5E-06 

 
Fire frequencies from table above   

On-Road probabilities of public casualties   

    Large fire probability of public fatality = 0.05 Section 3.7 

    Small fire probability of public fatality = 0.02 Section 3.7 

    Large fire probability of public serious injury = 0.1 Section 3.7 

    Small fire probability of public serious injury = 0.05 Section 3.7 

Off-Road frequency of public casualties = Day + Night Total 24 hr frequency 

  



 

Aera Energy LLC,  
East Cat Canyon Redevelopment – TQRA 5/2018 

Addendum Page - 18

 

Calculation for Societal Risk on the Highest Risk 1-km Segment 

 

The highest risk segment is on the local ECC access road Section ID L2, Clark Road.  This is a 

0.7 mile local access road segment.  However, there were very few accident data points on this 

short section to estimate the accident rate, and it has a high level of uncertainty.  The next 

highest risk segment is B1, on Highway 101 between E. Betteravia Road and State Route 166 

junction.  This has been selected for the calculation of societal risk.   

 

 

Segment B1 on-road frequency of casualty event: 

 Frequency of On-Road Public Fatality per km-year = 3.6E-06 

 Frequency of On-Road Public Injury per km-year =  7.2E-06 

 

Number of 

Casualties per 

Event 

Probability of 

Casualty 

Number 

(Section 3.7) 

Frequency of On-

Road Public 

Fatalities 

(per km-year) 

Frequency of On-

Road Public 

Serious Injury 

(per km-year) 

5 0.04 1.4E-07 2.9E-07 

4 0.06 2.1E-07 4.3E-07 

3 0.1 3.5E-07 7.1E-07 

2 0.2 7.0E-07 1.4E-06 

1 0.6 2.1E-06 4.3E-06 

 

 

Segment B1 off-road frequency of casualty event: 

 

Section 

ID 

Fatality 

Number 

(min of 1) 

Adjusted 

Frequency of 

Fatality Event 

(per km-year) 

Serious 

Injury 

Number 

(min of 1) 

Adjusted 

Frequency of 

Injury Event 

(per km-year) 

B1 5 - 5 - 

 4 - 4 1.2E-06 

 3 - 3 - 

 2 1.2E-06 2 3.2E-07 

 1 8.8E-07 1 9.4E-07 

 

 

  



 

Aera Energy LLC,  
East Cat Canyon Redevelopment – TQRA 5/2018 

Addendum Page - 19

 

Combined On and Off-Road Casualties for F-N Societal Profiles 

 

Risk per highest 1-km Segment B1 

 

Number of 

Fatalities 

Frequency of 

Public Fatalities 

per km-year 

Frequency of N or 

More Public 

Fatalities 

per km-year 

5 1.4E-07 1.4E-07 

4 2.1E-07 3.5E-07 

3 3.5E-07 7.0E-07 

2 1.9E-06 2.6E-06 

1 3.0E-06 5.6E-06 

 

Number of 

Serious Injuries 

Frequency of 

Public Injuries 

per km-year 

Frequency of N or 

More Public 

Injuries 

per km-year 

5 2.9E-07 2.8E-07 

4 1.6E-06 1.9E-06 

3 7.1E-07 2.6E-06 

2 1.7E-06 4.4E-06 

1 5.2E-06 9.6E-06 

 

 

 



 

mrs 
 
 

 

 

 

MRS Environmental Inc. 

1306 Santa Barbara Street, Santa Barbara, California 93101 
phone 805.289.3920  www.mrsenv.com 

 

 
 
 
March 14, 2018 
 
Ms. Susan Perrell 
Environmental Advisor 
Aera Energy LLC 
10000 Ming Avenue 
Bakersfield, CA 93311-1302 
 
 
Re: Modeling Results for SO2 Emissions from Crude Oil Tanker Truck Fire – East Cat Canyon 

Project EIR 
 
Dear Susan; 

Santa Barbara County submitted an additional question on the Truck Transportation Quantitative 
Risk Assessment (QRA) for the East Cat Canyon Project EIR. The comment from the Santa 
Barbara County was as follows: 

 “The risk profiles develop for transportation of hazardous material are based entirely on the 
thermal radiation hazard of crude oil pool fires. A pool fire of sour crude oil will also result in 
combustion gases that contain sulfur dioxide. The ERPG-3 exposure limit for SO2 is 25 ppm. There 
is a potential toxic vapor hazard exposure from the pool fires, which is not addressed by the 
TQRA.  The burning process causes ingestion of air and produces thermal lift which aids in the 
dispersion of the combustion gases. However, due to the relatively high crude oil sulfur content 
and the low exposure limit, and nearness of off-road population at some route segments, 
verification that there is minimal sulfur dioxide public impact potential needs to be quantitatively 
evaluated in the TQRA.  Note that Aera provided that the sulfur content for LCO is 0.75% based 
on the Belgrade Lt Assay, and 6.81% for the ECC crude, based on an onsite test well.” 

To respond to this comment, MRS Environmental, Inc. conducted modeling to determine the 
potential impacts of SO2 emissions from a crude oil fire. The results of this analysis are presented 
below. 

Sulfur from Crude Oil Fires 
As the production, storage and transportation of crude oil occurs at the oil field, a fire involving a 
crude oil spill could generate impacts.  In the QRA prepared by Dixon Risk Consulting, the impacts 
of a crude oil fire were associated with thermal radiation from the fire.  As per the comment from 
the County of Santa Barbara, additional impacts may occur due to sulfur dioxide (SO2) in the 
smoke plume that is generated during combustion of the crude oil containing sulfur.  This analysis 
examines the potential for impacts from SO2 associated with a crude oil fire. 

The smoke from a large crude oil fire includes carbon dioxide, water vapor, smoke particulate, 
carbon monoxide, hydrocarbons, sulfur compounds, oxides of nitrogen, and other aerosols and 
gases. The pollutant of greatest interest in assessing the potential health effects from exposure to 
the smoke is particulate because it has been shown (NIST 1997) to be the most likely combustion 
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product to violate ambient air quality standards. Also, exposure to SO2, which at certain 
concentrations can be acutely hazardous, and can lead to serious injury or fatality. 

There are three principle factors that determine the quantity of pollutants produced by a crude oil 
fire. These include the fire area, the average oil burning rate, and the average soot yield. The fire 
area is the area of the burning oil. The burning rate is the rate at which the oil mass is consumed 
by the fire, and the soot yield is the mass fraction of the oil that is converted to particulate matter 
instead of being combusted. Both the burning rate and soot yields are functions of the oil type and 
the burning conditions. 

Historical experimental burns in Alaska and Canada have provided important empirical data for 
estimating crude oil fire plumes.  These experiments were performed in the 1990s and multiple 
reports have been disseminated regarding the results.  Measurements included burn rates for 
various types of oils, atmospheric measurements of particulates (total, less than 10 micrometers 
and less than 2.5 micrometers) as well as SO2, NOx and other combustion byproducts.  In 
combination with burn rates, emission factors have also been developed for a range of pollutants, 
including SO2 (NIST 1997).   

SO2 is produced during the burning of the crude oil as a function of the sulfur content of the crude 
oil.  Emission factors developed as part of test burns indicate a range from 3 grams SO2/kg of crude 
oil burned for lighter crudes with low sulfur content to 25 grams SO2/kg for Alaska ANS crude 
oil, with sulfur content close to 3% (Finga 2010). 

SO2 is a toxic material with ERPG levels of 25 ppm and 3 ppm (ERPG-3 and ERPG-2, 
respectively).  A concern for areas near a crude oil fire is the potential for SO2 levels to exceed 
those ERPG-2 and ERPG-3 levels that could cause serious injury or fatality as a result of exposure.  
Historical investigations of crude oil burns indicate that particulate levels have not exceeded 2,000 
ug/m3 (NIST 1997), with other studies indicating a substantially lower impact, down to 100 ug/m3, 
(Evans 2003, NIST 2011).  Corresponding SO2 levels would therefore not be above 1 ppm based 
on the measurements of particulates and the ratio of the emission factors between particulates and 
SO2 (a ratio of PM/SO2 ranges from 6 – 150 depending on the crude type). Note that the conversion 
of SO2 from ug/m3 to ppm is 1 ppm = 2,620 ug/m3 as per CARB. 

Modeling of crude oil fires has been conducted historically using specialized models, such as the 
ALOFT (NIST 2011) and Fire Dynamics Simulator (FDS) models as well as conventional 
dispersion models such as IST and AERMOD (Evans 2003).  Dispersion models can estimate the 
downwind ground level pollutant impacts by incorporating the thermal induced buoyancy along 
with meteorological components.  Source terms have historically been developed similar to the 
manner in which source terms are developed for flares using the flare model (Evans 2003, EPA 
2016) where the height is determined by the heat release rate and the diameter is determined by 
the heat release rate in combination with the radiative heat loss fraction (EPA 2016).  The flare 
model also assumes a release temperature of 1273 kelvin and a release velocity of 20 
meters/second.   
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Historical test burns have indicated a range of values for burn rates, ranging from 0.019 to 0.056 
kg/m2-s (Evans 2003, NIST 1997).  Crude oil heating values have also been measured and 
estimated in the crude oil burn studies and generally range up to about 44 MJ/kg.  Radiative heat 
loss fraction estimates have varied and are a function of a number of factors, including the extent 
to which the crude oil produces soot and the size of the burn area due to the fact that more heat is 
absorbed by the smoke plume if the burn area is larger.  Modeling efforts by Evans utilized the 
EPA flare model default radiative heat loss fraction of 0.55 (Evans 2003).  However, other studies 
of crude oil burns have indicated that radiative heat loss fractions could be as low as 0.10 for crude 
oil for larger fires and crude fires involving a substantial amount of soot (Yang 1994, NIST 1997).  
Generally, the lower the radiative heat losses, the more thermal buoyancy the plume would 
generate as more heat would be absorbed by the plume, as opposed to being lost to radiation.  The 
associated increase in thermal buoyancy would decrease nearby ground level pollutant 
concentrations by promoting mixing with ambient air and downwind transport.  AERMOD 
modeling indicates that the ground level impacts would decrease with a decreasing radiative heat 
loss factor. 

In order to provide estimates of SO2 levels around crude oil fires to access potential impacts, the 
AERMOD model was run assuming a crude oil spill into the diked area around the crude oil tanks 
at the processing facility.  A spill from a crude oil truck would also produce a crude oil fire with a 
similar burn rate (if ignited) and would therefore produce similar results.  The source terms and 
assumptions are listed below in Table 1.  The AERMOD model was run to determine the peak 1-
hour ground-level concentrations using the Santa Maria Airport meteorological data for the years 
2010-2014.  Calms were set to a default minimum wind speed of 0.5 m/s.  The use of 5 years of 
actual meteorological data allows for an estimate of downwind impacts over a realistic and large 
range of wind and stability conditions. Attachment 1 provides the AERMOD modeling files. 

Table 1  AERMOD and Modeling Inputs 

Source Term Value Basis 
Diked area about 1,394 m2 (150’x100’) Area of the diked area at the 

processing facility around the crude 
oil tanks 

Burn rate 0.056 kg/s/m2 Peak burn rate associated with 6 
burns in the NIST 1997 study 

Radiative heat loss fraction 0.55 Flare model default values, also 
used by Evans 2003, and the most 
conservative value 

SO2 emission factor 25 g/kg NIST 1997 for ANS crude 
AERMOD version 16216r Most recent version 
Point source parameters 83.1 m height 

1273 K temperature 
20 m/s velocity 
18.98 m diameter 

Based on flare model (EPA 2016) 

Receptor grid Polar orientation Flat terrain 
Meteorological files Santa Maria Airport 2010-2014 Calms set to 0.5 m/s 
Averaging time Peak 1 hour  
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The results of the AERMOD modeling show that, in the area immediately around the crude oil fire 
at ground level, SO2 (and the corresponding particulate levels) remain low as the thermal buoyancy 
produced by the burning crude oil lift the plume substantially.  In this near-field area, thermal 
radiation is the primary issue of concern for serious injuries and fatalities.  The peak ground level 
value for SO2 is modeled to be 0.11 ppm at a distance of close to 3 km from the crude oil fire, as 
the plume has cooled and mixed with ambient air as it moves downwind.  Figure 1 shows the 
maximum 1-hour concentrations around the crude oil fire location as produced by the AERMOD 
model and Santa Maria Airport meteorological dataset.  Note that these maximum 1-hour 
concentrations do not occur simultaneously but are the highest levels that could occur if the crude 
oil fire were to occur at any hour during the 5-year meteorological dataset. 

The analysis indicates that the peak ground level SO2 concentration of 0.11 ppm is substantially 
below the levels that could cause serious injury or fatality (3-25 ppm).  However, the levels may 
approach those established by regulatory agencies for more chronic health effects, such as the 
California 1-hour standard for SO2 of 0.25 ppm.  The results of this modeling analysis show that 
SO2 emissions from a crude oil fire would not change the risk profiles in the Crude Oil 
Transportation QRA. 

Should you have any questions about this additional scope please give Greg or myself a call. 

Best Regards, 
 

  
 
Greg Chittick John F. Peirson, Jr.  
Principal Engineer President  
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Figure 1 Ground Level Peak 1-hour SO2 Concentrations, PPM 

 
 
 
 
 



 

 

 
 
 
 

Attachment 1 – AERMOD Modeling Files 
 



AERMOD CRUDE FIRE
** FLARE DATA         Rate    Height        Heat  HeatLoss
**              0.1000E+01     0      3.2E+08     0.550
 
** BUILDING DATA   no buildings
 
** EMISSION RATE -  UNIT RATE OF 1 G/S

CO STARTING
   TITLEONE CRUDE FIRE, FLAT, NO DOWNWASH
   MODELOPT CONC FLAT
   AVERTIME 1
   POLLUTID OTHER
   RUNORNOT RUN
CO FINISHED
 
SO STARTING
   LOCATION SOURCE POINT        0.0     0.0
**  rate(g/s)    height(m)    temp (K)    velocity (m/s)    diameter (m)
   SRCPARAM SOURCE   1.0  83.1   1273.000   20.000    18.98
 
   SRCGROUP  ALL
 
SO FINISHED
 
RE STARTING
 
** Polar receptors
   GRIDPOLR  POL1  STA
   GRIDPOLR  POL1  ORIG 0  0
   GRIDPOLR  POL1  DIST 10 50 100 250 500 750 1000 1500 2000 2500 3000 3500 4000 4500 5000 6000 7000 8000 10000
   GRIDPOLR  POL1  GDIR 36  10  10
   GRIDPOLR  POL1  END
 
RE FINISHED
 
ME STARTING
   SURFFILE  SM_airport.sfc
   PROFFILE  SM_airport.pfl
   SURFDATA  23273   2010
   UAIRDATA  93214   2010
   PROFBASE    79.6 METERS
ME FINISHED
 
OU STARTING
   RECTABLE 1  FIRST
   MAXTABLE  ALLAVE  50
 
   FILEFORM  EXP
   RANKFILE  1 10 CrudeFire.FIL
   PLOTFILE  1 ALL  FIRST  CrudeFire.PLT
OU FINISHED

  *** Message Summary For AERMOD Model Setup ***

  --------- Summary of Total Messages --------
  
 A Total of            0 Fatal Error Message(s)
 A Total of            1 Warning Message(s)
 A Total of            0 Informational Message(s)
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AERMOD CRUDE FIRE
    ******** FATAL ERROR MESSAGES ******** 
               ***  NONE  ***         
  
  
    ********   WARNING MESSAGES   ******** 
 ME W186      67       MEOPEN: THRESH_1MIN 1-min ASOS wind speed threshold used           0.50

 ***********************************
 *** SETUP Finishes Successfully ***
 ***********************************

• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   1
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                            ***     MODEL SETUP OPTIONS SUMMARY       ***
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

 **Model Is Setup For Calculation of Average CONCentration Values.
  
   --  DEPOSITION LOGIC  --
 **NO GAS DEPOSITION Data Provided.
 **NO PARTICLE DEPOSITION Data Provided.
 **Model Uses NO DRY DEPLETION.  DRYDPLT  =  F
 **Model Uses NO WET DEPLETION.  WETDPLT  =  F
  
 **Model Uses RURAL Dispersion Only.
  
 **Model Allows User-Specified Options:
         1. Stack-tip Downwash.
         2. Model Assumes Receptors on FLAT Terrain.
         3. Use Calms Processing Routine.
         4. Use Missing Data Processing Routine.
         5. No Exponential Decay.
  
 **Other Options Specified:
         CCVR_Sub - Meteorological data includes CCVR substitutions
         TEMP_Sub - Meteorological data includes TEMP substitutions
  
 **Model Assumes No FLAGPOLE Receptor Heights.
  
 **The User Specified a Pollutant Type of:  OTHER   
  
 **Model Calculates  1 Short Term Average(s) of:   1-HR
  
 **This Run Includes:      1 Source(s);       1 Source Group(s); and     684 Receptor(s)

                with:      1 POINT(s), including
                           0 POINTCAP(s) and      0 POINTHOR(s)
                 and:      0 VOLUME source(s)
                 and:      0 AREA type source(s)
                 and:      0 LINE source(s)
                 and:      0 OPENPIT source(s)
                 and:      0 BUOYANT LINE source(s) with      0 line(s)

  
 **Model Set To Continue RUNning After the Setup Testing.

 **The AERMET Input Meteorological Data Version Date:  14134
  
 **Output Options Selected:

1-2



AERMOD CRUDE FIRE
          Model Outputs Tables of Highest Short Term Values by Receptor (RECTABLE Keyword)
          Model Outputs Tables of Overall Maximum Short Term Values (MAXTABLE Keyword)
          Model Outputs External File(s) of High Values for Plotting (PLOTFILE Keyword)
          Model Outputs External File(s) of Ranked Values (RANKFILE Keyword)
  
          NOTE: Option for EXPonential format used in formatted output result files (FILEFORM Keyword)
  
 **NOTE:  The Following Flags May Appear Following CONC Values:  c for Calm Hours
                                                                 m for Missing Hours
                                                                 b for Both Calm and Missing Hours
  
 **Misc. Inputs:  Base Elev. for Pot. Temp. Profile (m MSL) =    79.60 ;  Decay Coef. =    0.000     ;  Rot. Angle =     0.0
                  Emission Units = GRAMS/SEC                                ;  Emission Rate Unit Factor =   0.10000E+07
                  Output Units   = MICROGRAMS/M**3                         
  
 **Approximate Storage Requirements of Model =      3.6 MB of RAM.
  
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   2
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                                  *** POINT SOURCE DATA ***

               NUMBER EMISSION RATE                    BASE     STACK   STACK    STACK     STACK    BLDG   URBAN  CAP/  EMIS RATE
   SOURCE       PART.  (GRAMS/SEC)     X        Y      ELEV.    HEIGHT  TEMP.   EXIT VEL. DIAMETER  EXISTS SOURCE HOR   SCALAR
     ID         CATS.               (METERS) (METERS) (METERS) (METERS) (DEG.K)  (M/SEC)  (METERS)                      VARY BY
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

 SOURCE           0   0.10000E+01       0.0       0.0    79.6    83.10  1273.00    20.00    18.98    NO      NO    NO         
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   3
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                           *** SOURCE IDs DEFINING SOURCE GROUPS ***

 SRCGROUP ID                                              SOURCE IDs
 -----------                                              ----------

  ALL        SOURCE      ,
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   4
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                        *** GRIDDED RECEPTOR NETWORK SUMMARY ***

                                  *** NETWORK ID: POL1     ;  NETWORK TYPE: GRIDPOLR ***

                                          *** ORIGIN FOR POLAR NETWORK ***
                                X-ORIG =      0.00 ;   Y-ORIG =       0.00  (METERS)

                                          *** DISTANCE RANGES OF NETWORK ***
                                                    (METERS)

           10.0,      50.0,     100.0,     250.0,     500.0,     750.0,    1000.0,    1500.0,    2000.0,    2500.0,
         3000.0,    3500.0,    4000.0,    4500.0,    5000.0,    6000.0,    7000.0,    8000.0,   10000.0,
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AERMOD CRUDE FIRE
                                          *** DIRECTION RADIALS OF NETWORK *** 
                                                    (DEGREES)

           10.0,      20.0,      30.0,      40.0,      50.0,      60.0,      70.0,      80.0,      90.0,     100.0,
          110.0,     120.0,     130.0,     140.0,     150.0,     160.0,     170.0,     180.0,     190.0,     200.0,
          210.0,     220.0,     230.0,     240.0,     250.0,     260.0,     270.0,     280.0,     290.0,     300.0,
          310.0,     320.0,     330.0,     340.0,     350.0,     360.0,
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   5
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                            *** METEOROLOGICAL DAYS SELECTED FOR PROCESSING ***
                                                               (1=YES; 0=NO)

            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1   1 1 1 1 1 1 1 1 1 1
            1 1 1 1 1 1 1 1 1 1   1 1 1 1 1

                NOTE:  METEOROLOGICAL DATA ACTUALLY PROCESSED WILL ALSO DEPEND ON WHAT IS INCLUDED IN THE DATA FILE.

                                  *** UPPER BOUND OF FIRST THROUGH FIFTH WIND SPEED CATEGORIES ***
                                                            (METERS/SEC)

                                                 1.54,   3.09,   5.14,   8.23,  10.80,
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   6
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                    *** UP TO THE FIRST 24 HOURS OF METEOROLOGICAL DATA ***

   Surface file:   SM_airport.sfc                                                                     Met Version:  14134
   Profile file:   SM_airport.pfl                                                                  
   Surface format: FREE                                                                                                     
   Profile format: FREE                                                                                                     
   Surface station no.:    23273                  Upper air station no.:    93214
                  Name: UNKNOWN                                    Name: UNKNOWN                                 
                  Year:   2010                                     Year:   2010

 First 24 hours of scalar data
 YR MO DY JDY HR     H0     U*     W*  DT/DZ ZICNV ZIMCH  M-O LEN    Z0  BOWEN ALBEDO  REF WS   WD     HT  REF TA     HT
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 10 01 01   1 01 -999.0 -9.000 -9.000 -9.000 -999. -999. -99999.0  0.05   0.94   1.00    0.00    0.   10.0  278.8    2.0
 10 01 01   1 02   -4.6  0.066 -9.000 -9.000 -999.   41.      5.7  0.05   0.94   1.00    1.76  178.   10.0  278.1    2.0
 10 01 01   1 03   -3.9  0.061 -9.000 -9.000 -999.   36.      5.3  0.05   0.94   1.00    1.60  323.   10.0  278.8    2.0
 10 01 01   1 04   -5.5  0.073 -9.000 -9.000 -999.   47.      6.4  0.06   0.94   1.00    1.89   99.   10.0  278.8    2.0
 10 01 01   1 05   -6.2  0.077 -9.000 -9.000 -999.   51.      6.6  0.05   0.94   1.00    2.06  154.   10.0  279.2    2.0
 10 01 01   1 06   -3.2  0.056 -9.000 -9.000 -999.   32.      4.9  0.06   0.94   1.00    1.45  100.   10.0  279.2    2.0
 10 01 01   1 07   -3.9  0.062 -9.000 -9.000 -999.   37.      5.4  0.06   0.94   1.00    1.59  133.   10.0  278.8    2.0
 10 01 01   1 08   -2.3  0.052 -9.000 -9.000 -999.   29.      5.6  0.06   0.94   0.64    1.35  124.   10.0  279.9    2.0
 10 01 01   1 09    7.7  0.096  0.196  0.019   35.   72.    -10.5  0.05   0.94   0.36    1.03  171.   10.0  282.5    2.0
 10 01 01   1 10   44.3  0.196  0.481  0.016   91.  209.    -15.5  0.06   0.94   0.26    2.06   69.   10.0  283.8    2.0
 10 01 01   1 11   47.2  0.125  0.565  0.017  138.  107.     -3.7  0.06   0.94   0.23    1.11  136.   10.0  285.4    2.0
 10 01 01   1 12   56.3  0.159  0.663  0.017  188.  152.     -6.5  0.02   0.94   0.22    1.89  247.   10.0  286.4    2.0
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AERMOD CRUDE FIRE
 10 01 01   1 13   57.2  0.240  0.711  0.012  227.  282.    -21.9  0.05   0.94   0.22    2.71  323.   10.0  287.0    2.0
 10 01 01   1 14   22.4  0.184  0.531  0.015  241.  190.    -25.0  0.05   0.94   0.22    2.10  302.   10.0  287.5    2.0
 10 01 01   1 15   34.9  0.125  0.632  0.014  261.  107.     -5.0  0.05   0.94   0.25    1.19  329.   10.0  287.5    2.0
 10 01 01   1 16   20.6  0.345  0.537  0.009  272.  485.   -179.7  0.05   0.94   0.33    4.38  304.   10.0  287.5    2.0
 10 01 01   1 17   -5.2  0.080 -9.000 -9.000 -999.  186.      8.9  0.05   0.94   0.56    2.11  303.   10.0  285.9    2.0
 10 01 01   1 18   -9.2  0.095 -9.000 -9.000 -999.   73.      8.3  0.05   0.94   1.00    2.49  305.   10.0  284.9    2.0
 10 01 01   1 19  -11.5  0.104 -9.000 -9.000 -999.   81.      8.9  0.04   0.94   1.00    2.88  294.   10.0  284.2    2.0
 10 01 01   1 20   -6.9  0.082 -9.000 -9.000 -999.   56.      7.1  0.05   0.94   1.00    2.15  321.   10.0  283.8    2.0
 10 01 01   1 21  -10.3  0.100 -9.000 -9.000 -999.   76.      8.8  0.05   0.94   1.00    2.61  334.   10.0  283.1    2.0
 10 01 01   1 22   -5.7  0.073 -9.000 -9.000 -999.   48.      6.3  0.04   0.94   1.00    2.03  294.   10.0  283.8    2.0
 10 01 01   1 23   -2.7  0.050 -9.000 -9.000 -999.   27.      4.2  0.04   0.94   1.00    1.38  272.   10.0  280.9    2.0
 10 01 01   1 24   -8.6  0.091 -9.000 -9.000 -999.   66.      8.0  0.05   0.94   1.00    2.40  300.   10.0  283.1    2.0

 First hour of profile data
 YR MO DY HR HEIGHT F  WDIR    WSPD AMB_TMP sigmaA  sigmaW  sigmaV
 10 01 01 01   10.0 1 -999.  -99.00   278.8   99.0  -99.00  -99.00

 F indicates top of profile (=1) or below (=0)
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   7
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                              *** THE   1ST HIGHEST  1-HR AVERAGE CONCENTRATION   VALUES FOR SOURCE GROUP:  ALL      ***
                                  INCLUDING SOURCE(S):     SOURCE      , 

                                   *** NETWORK ID: POL1     ;  NETWORK TYPE: GRIDPOLR ***

                                        ** CONC OF OTHER    IN MICROGRAMS/M**3                          **

 DIRECTION |                                                  DISTANCE (METERS)
 (DEGREES) |           10.00                   50.00                  100.00                  250.00                  500.00
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

      10.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00570 (12090102)      0.00452 (12062501)      0.00644 (14022714)
      20.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00572 (12090102)      0.00458 (12090102)      0.00611 (10062708)
      30.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00572 (13083002)      0.00457 (13083002)      0.00685 (10062708)
      40.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00570 (10101322)      0.00450 (10092207)      0.00796 (14051413)
      50.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00572 (10101322)      0.00458 (10101322)      0.01158 (14051413)
      60.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00571 (10101322)      0.00453 (12100901)      0.01153 (14051412)
      70.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00565 (10101322)      0.00453 (12092004)      0.01311 (14051412)
      80.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00566 (11041904)      0.00449 (12092004)      0.01187 (14051312)
      90.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00570 (11041904)      0.00534 (14043012)      0.01187 (14051312)
     100.0 |      0.04123 (14022209)      0.00877 (14022209)      0.00571 (13083005)      0.00702 (14043012)      0.01237 (14100313)
     110.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00572 (13083005)      0.00816 (14043012)      0.01219 (14043012)
     120.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00569 (13083005)      0.00856 (14043012)      0.01430 (14100213)
     130.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00567 (10091024)      0.00816 (14043012)      0.01547 (14100513)
     140.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00572 (10091024)      0.00702 (14043012)      0.01414 (14100513)
     150.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00573 (10091024)      0.00653 (14100515)      0.01223 (14043013)
     160.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00571 (10091024)      0.00668 (14100515)      0.01096 (14100515)
     170.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00571 (12082305)      0.00610 (14100515)      0.01055 (14060808)
     180.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00568 (12082305)      0.00504 (14043011)      0.00876 (14060808)
     190.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00562 (12082305)      0.00517 (14043011)      0.00712 (14043011)
     200.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00560 (13020303)      0.00486 (14043011)      0.00667 (14043011)
     210.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00565 (13020303)      0.00451 (13020303)      0.00717 (14102612)
     220.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00566 (13020303)      0.00455 (13020303)      0.00771 (10071110)
     230.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00563 (13020303)      0.00440 (14042801)      0.00793 (10071110)
     240.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00556 (13020303)      0.00447 (14072903)      0.00710 (10071110)
     250.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00556 (13090505)      0.00447 (14072903)      0.00559 (10071110)
     260.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00562 (13090505)      0.00445 (13090505)      0.00573 (14051708)
     270.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00564 (13090505)      0.00455 (13090505)      0.00581 (14051708)
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     280.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00563 (11101524)      0.00453 (11101524)      0.00513 (14051708)
     290.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00563 (11101524)      0.00453 (11101524)      0.00462 (14070708)
     300.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00566 (13111804)      0.00448 (12120507)      0.00715 (14070708)
     310.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00571 (13111804)      0.00454 (13111804)      0.01033 (14070708)
     320.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00571 (13111804)      0.00456 (13111804)      0.01301 (14070708)
     330.0 |      0.04058 (14022209)      0.00812 (14022209)      0.00567 (13111804)      0.00453 (10060306)      0.01406 (14070708)
     340.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00560 (13111804)      0.00446 (13051524)      0.01301 (14070708)
     350.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00558 (12062501)      0.00442 (13051524)      0.01033 (14070708)
     360.0 |      0.04123 (14022209)      0.00876 (14022209)      0.00564 (12090102)      0.00452 (12062501)      0.00715 (14070708)
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   8
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                              *** THE   1ST HIGHEST  1-HR AVERAGE CONCENTRATION   VALUES FOR SOURCE GROUP:  ALL      ***
                                  INCLUDING SOURCE(S):     SOURCE      , 

                                   *** NETWORK ID: POL1     ;  NETWORK TYPE: GRIDPOLR ***

                                        ** CONC OF OTHER    IN MICROGRAMS/M**3                          **

 DIRECTION |                                                  DISTANCE (METERS)
 (DEGREES) |          750.00                 1000.00                 1500.00                 2000.00                 2500.00
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

      10.0 |      0.01372 (11072009)      0.02869 (11072009)      0.06807 (11072009)      0.09777 (11072009)      0.11921 (12071008)
      20.0 |      0.01445 (13061608)      0.03263 (13061608)      0.07899 (13061608)      0.11034 (13061608)      0.12257 (13061608)
      30.0 |      0.01679 (10062708)      0.03436 (10062708)      0.08121 (10062708)      0.11809 (10062708)      0.13586 (10062708)
      40.0 |      0.01636 (12092610)      0.03558 (12061209)      0.08916 (12061209)      0.12263 (12061209)      0.14047 (11062309)
      50.0 |      0.02337 (14091009)      0.04626 (14091009)      0.08905 (14091009)      0.11919 (12061209)      0.13058 (12061209)
      60.0 |      0.02715 (14091009)      0.05391 (14091009)      0.10264 (14091009)      0.12281 (14091009)      0.12422 (14091009)
      70.0 |      0.02547 (14091009)      0.05052 (14091009)      0.09664 (14091009)      0.11614 (14070209)      0.12610 (14070209)
      80.0 |      0.02012 (14080109)      0.04424 (14080109)      0.08844 (12092010)      0.12355 (12092010)      0.13685 (12092010)
      90.0 |      0.02792 (14080109)      0.06070 (14080109)      0.11126 (14080109)      0.12639 (14080109)      0.13788 (13060810)
     100.0 |      0.03007 (14080109)      0.06513 (14080109)      0.11832 (14080109)      0.13374 (14080109)      0.13534 (14060908)
     110.0 |      0.02527 (14080109)      0.05517 (14080109)      0.10231 (14080109)      0.12555 (10080310)      0.13068 (10080310)
     120.0 |      0.02737 (14063010)      0.06180 (14063010)      0.11048 (14063010)      0.12935 (12071109)      0.14700 (12071109)
     130.0 |      0.02525 (14063010)      0.05736 (14063010)      0.10364 (14063010)      0.12935 (12071109)      0.14700 (12071109)
     140.0 |      0.02359 (14063009)      0.04627 (14063009)      0.09373 (14063009)      0.12009 (14063009)      0.14494 (14080208)
     150.0 |      0.03273 (14060808)      0.06528 (14060808)      0.10576 (14060808)      0.13176 (10081709)      0.14323 (10081709)
     160.0 |      0.03960 (14060808)      0.07774 (14060808)      0.12265 (14060808)      0.13546 (10081709)      0.14714 (10081709)
     170.0 |      0.03960 (14060808)      0.07774 (14060808)      0.12265 (14060808)      0.13007 (14060808)      0.12498 (14060808)
     180.0 |      0.03273 (14060808)      0.06528 (14060808)      0.10576 (14060808)      0.11348 (14060808)      0.12031 (12091910)
     190.0 |      0.02219 (14060808)      0.04525 (14060808)      0.07685 (14060808)      0.10790 (14070408)      0.12169 (14070408)
     200.0 |      0.01544 (10071110)      0.03099 (10071110)      0.06739 (14070408)      0.09672 (14070408)      0.10953 (14070408)
     210.0 |      0.02132 (10071110)      0.04237 (10071110)      0.07293 (10071110)      0.08111 (10071110)      0.09398 (13102311)
     220.0 |      0.02548 (10071110)      0.05007 (10071110)      0.08384 (10071110)      0.09181 (10071110)      0.09705 (11082309)
     230.0 |      0.02624 (10071110)      0.05145 (10071110)      0.08574 (10071110)      0.09365 (10071110)      0.10531 (12080410)
     240.0 |      0.02331 (10071110)      0.04609 (10071110)      0.07827 (10071110)      0.10465 (14063008)      0.13276 (14063008)
     250.0 |      0.01786 (10071110)      0.03603 (11083110)      0.06888 (11083110)      0.09874 (14063008)      0.12533 (14063008)
     260.0 |      0.01370 (14051708)      0.03054 (11083110)      0.06459 (14051708)      0.09274 (14051708)      0.10523 (14051708)
     270.0 |      0.01395 (14051708)      0.02825 (14051708)      0.06581 (14051708)      0.09438 (14051708)      0.10699 (14051708)
     280.0 |      0.01186 (14051708)      0.02370 (14051708)      0.05545 (14051708)      0.08038 (14051708)      0.09181 (14051708)
     290.0 |      0.01261 (14070708)      0.02932 (14061009)      0.06759 (11122711)      0.09582 (11122711)      0.10710 (11122711)
     300.0 |      0.02091 (14070708)      0.03947 (14070708)      0.06797 (10080610)      0.09373 (11122711)      0.10482 (11122711)
     310.0 |      0.03155 (14070708)      0.05910 (14070708)      0.09453 (14070708)      0.10140 (14070708)      0.10904 (14080908)
     320.0 |      0.04040 (14070708)      0.07465 (14070708)      0.11560 (14070708)      0.12187 (14070708)      0.11575 (14070708)
     330.0 |      0.04382 (14070708)      0.08049 (14070708)      0.12320 (14070708)      0.12915 (14070708)      0.12230 (14070708)
     340.0 |      0.04040 (14070708)      0.07465 (14070708)      0.11560 (14070708)      0.12187 (14070708)      0.11575 (14070708)
     350.0 |      0.03155 (14070708)      0.05910 (14070708)      0.09453 (14070708)      0.10363 (12082310)      0.11013 (12082310)
     360.0 |      0.02091 (14070708)      0.03947 (14070708)      0.06653 (14090909)      0.08881 (11072009)      0.10117 (11072009)
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
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 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE   9
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                              *** THE   1ST HIGHEST  1-HR AVERAGE CONCENTRATION   VALUES FOR SOURCE GROUP:  ALL      ***
                                  INCLUDING SOURCE(S):     SOURCE      , 

                                   *** NETWORK ID: POL1     ;  NETWORK TYPE: GRIDPOLR ***

                                        ** CONC OF OTHER    IN MICROGRAMS/M**3                          **

 DIRECTION |                                                  DISTANCE (METERS)
 (DEGREES) |         3000.00                 3500.00                 4000.00                 4500.00                 5000.00
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

      10.0 |      0.13316 (12071008)      0.13779 (12071008)      0.13797 (14070707)      0.14795 (14070707)      0.15310 (14070707)
      20.0 |      0.12800 (12071008)      0.13242 (12071008)      0.13181 (12071008)      0.12927 (14062208)      0.13029 (14070707)
      30.0 |      0.14066 (10062708)      0.13895 (10062708)      0.13426 (10062708)      0.12825 (10062708)      0.12172 (10062708)
      40.0 |      0.14580 (11062309)      0.14454 (11062309)      0.14023 (11062309)      0.13448 (11062309)      0.12810 (11062309)
      50.0 |      0.13142 (12061209)      0.12771 (12061209)      0.12199 (12061209)      0.12108 (12090209)      0.12429 (10061508)
      60.0 |      0.11940 (12092610)      0.12060 (13081810)      0.11968 (10071009)      0.11766 (10071009)      0.11577 (13080107)
      70.0 |      0.13166 (10071609)      0.13224 (10071609)      0.12944 (10071609)      0.12497 (10071609)      0.11967 (10071609)
      80.0 |      0.13799 (12092010)      0.13374 (12092010)      0.12724 (12092010)      0.12077 (10071609)      0.11597 (12072409)
      90.0 |      0.14065 (13060810)      0.13730 (13060810)      0.13128 (13060810)      0.13320 (12071108)      0.14076 (12071108)
     100.0 |      0.13526 (13071909)      0.13486 (13071909)      0.13514 (10090509)      0.14070 (10090509)      0.14241 (10090509)
     110.0 |      0.13492 (12043010)      0.14267 (12043010)      0.14632 (11082909)      0.14607 (11082909)      0.14473 (12043009)
     120.0 |      0.15049 (12071109)      0.14738 (12071109)      0.14133 (12071109)      0.13404 (12071109)      0.12670 (12043009)
     130.0 |      0.15049 (12071109)      0.14738 (12071109)      0.14133 (12071109)      0.13513 (12080209)      0.12823 (12080209)
     140.0 |      0.15507 (14080208)      0.15645 (14080208)      0.15359 (14080208)      0.14867 (14080208)      0.14280 (14080208)
     150.0 |      0.15006 (14080208)      0.15132 (14080208)      0.14845 (14080208)      0.14361 (14080208)      0.13785 (14080208)
     160.0 |      0.14650 (10081709)      0.14071 (10081709)      0.13291 (10081709)      0.12450 (10081709)      0.11660 (14090609)
     170.0 |      0.12216 (10070410)      0.12733 (10070410)      0.12753 (10070410)      0.12513 (10082709)      0.12618 (10082709)
     180.0 |      0.12067 (12091910)      0.11703 (12091910)      0.11159 (12091910)      0.11362 (10082709)      0.11437 (10082709)
     190.0 |      0.12387 (14070408)      0.12059 (14070408)      0.11712 (10062809)      0.11740 (10062809)      0.11556 (10062809)
     200.0 |      0.11168 (14070408)      0.10878 (14070408)      0.10799 (11082210)      0.10911 (11082210)      0.10831 (11082210)
     210.0 |      0.10628 (13102311)      0.11114 (13102311)      0.11169 (13102311)      0.10995 (13102311)      0.10699 (13102311)
     220.0 |      0.10707 (11082309)      0.10979 (11082309)      0.10860 (13102311)      0.10687 (13102311)      0.10395 (13102311)
     230.0 |      0.11683 (12080410)      0.12057 (12080410)      0.12013 (12080410)      0.11751 (12080410)      0.11371 (12080410)
     240.0 |      0.14637 (14063008)      0.15045 (14063008)      0.14933 (14063008)      0.14551 (14063008)      0.14030 (14063008)
     250.0 |      0.13817 (14063008)      0.14193 (14063008)      0.14071 (14063008)      0.13694 (14063008)      0.13186 (14063008)
     260.0 |      0.10743 (14051708)      0.10469 (14051708)      0.10359 (13042311)      0.10439 (13042311)      0.10469 (14080207)
     270.0 |      0.10919 (14051708)      0.10639 (14051708)      0.10142 (14051708)      0.09559 (14051708)      0.08952 (14051708)
     280.0 |      0.09402 (14051708)      0.09170 (14051708)      0.08741 (14051708)      0.08233 (14051708)      0.07704 (14051708)
     290.0 |      0.10920 (11122711)      0.10723 (11122711)      0.10339 (11122711)      0.09868 (11122711)      0.09360 (11122711)
     300.0 |      0.11110 (14062008)      0.11459 (14080908)      0.11485 (14080908)      0.11365 (13082408)      0.11214 (13082408)
     310.0 |      0.12308 (14080908)      0.12838 (14080908)      0.12886 (14080908)      0.12682 (14080908)      0.12349 (14080908)
     320.0 |      0.12293 (13081709)      0.12364 (13081709)      0.12070 (13081709)      0.12467 (13080309)      0.12587 (13080309)
     330.0 |      0.11237 (13081709)      0.11302 (13081709)      0.11422 (13080309)      0.11837 (13080309)      0.11942 (13080309)
     340.0 |      0.10709 (12082310)      0.10831 (14070109)      0.10774 (14070109)      0.10554 (14070109)      0.10247 (14070109)
     350.0 |      0.10953 (12082310)      0.10597 (12082310)      0.10099 (12082310)      0.09515 (12082310)      0.09009 (12082310)
     360.0 |      0.10379 (11072009)      0.10695 (14060907)      0.10813 (14060907)      0.10671 (14060907)      0.10386 (14060907)
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE  10
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                              *** THE   1ST HIGHEST  1-HR AVERAGE CONCENTRATION   VALUES FOR SOURCE GROUP:  ALL      ***
                                  INCLUDING SOURCE(S):     SOURCE      , 

                                   *** NETWORK ID: POL1     ;  NETWORK TYPE: GRIDPOLR ***

                                        ** CONC OF OTHER    IN MICROGRAMS/M**3                          **
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 DIRECTION |                                                  DISTANCE (METERS)
 (DEGREES) |         6000.00                 7000.00                 8000.00                10000.00
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

      10.0 |      0.15450 (14070707)      0.14985 (14070707)      0.14266 (14070707)      0.12618 (14070707)
      20.0 |      0.13071 (14070707)      0.12604 (14070707)      0.11932 (14070707)      0.10566 (12051008)
      30.0 |      0.11250 (14062208)      0.10375 (14062208)      0.09541 (13072808)      0.09484 (11082908)
      40.0 |      0.11508 (11062309)      0.10635 (10062408)      0.10745 (10062408)      0.10199 (10062408)
      50.0 |      0.12495 (10061508)      0.12100 (10061508)      0.11516 (10061508)      0.10191 (13060807)
      60.0 |      0.11962 (13080107)      0.11769 (13080107)      0.11311 (13080107)      0.10119 (13080107)
      70.0 |      0.11649 (11072309)      0.11119 (11072309)      0.11231 (13071408)      0.11119 (13071408)
      80.0 |      0.11416 (12072409)      0.10953 (13060809)      0.10785 (13060809)      0.09907 (13060809)
      90.0 |      0.14581 (12071108)      0.14354 (12071108)      0.13794 (12071108)      0.12334 (12071108)
     100.0 |      0.13944 (10090509)      0.13246 (10090509)      0.12404 (10090509)      0.11671 (10082608)
     110.0 |      0.14134 (12043009)      0.13421 (12043009)      0.12578 (12043009)      0.10884 (12043009)
     120.0 |      0.12314 (12043009)      0.11925 (14081007)      0.11581 (14081007)      0.11526 (11082708)
     130.0 |      0.12962 (10090409)      0.12969 (10090508)      0.12897 (10090508)      0.12024 (10090508)
     140.0 |      0.13020 (14080208)      0.11979 (12092709)      0.11427 (12092709)      0.10452 (10090308)
     150.0 |      0.12556 (14080208)      0.11340 (14080208)      0.10616 (10081909)      0.11191 (14060807)
     160.0 |      0.11559 (10081909)      0.11193 (10081909)      0.10616 (10081909)      0.09297 (10081909)
     170.0 |      0.12292 (10082709)      0.11625 (10082709)      0.11316 (12062008)      0.10675 (12062008)
     180.0 |      0.11132 (11092410)      0.10711 (11092410)      0.10130 (11092410)      0.08864 (11092410)
     190.0 |      0.10874 (10062809)      0.10032 (10062809)      0.10106 (13051308)      0.11008 (13051308)
     200.0 |      0.10389 (11082210)      0.09800 (11082210)      0.09147 (11082210)      0.09991 (10081908)
     210.0 |      0.09945 (13102311)      0.09262 (11082210)      0.08650 (11082210)      0.08630 (13061607)
     220.0 |      0.09654 (13102311)      0.08950 (10101511)      0.08367 (10101511)      0.07339 (10101511)
     230.0 |      0.10460 (12080410)      0.09512 (12080410)      0.08612 (12080410)      0.07211 (12080410)
     240.0 |      0.12827 (14063008)      0.11613 (14063008)      0.10561 (10101510)      0.08862 (10101510)
     250.0 |      0.12023 (14063008)      0.10857 (14063008)      0.09869 (14080207)      0.09290 (14080207)
     260.0 |      0.12489 (14080207)      0.13388 (14080207)      0.13598 (14080207)      0.13046 (14080207)
     270.0 |      0.08055 (11100109)      0.08638 (12060107)      0.09116 (12071408)      0.09426 (12071408)
     280.0 |      0.07722 (13101208)      0.08119 (11070308)      0.08152 (12082008)      0.09825 (12091408)
     290.0 |      0.08326 (11122711)      0.08400 (11070308)      0.08412 (11070308)      0.07720 (11070308)
     300.0 |      0.10875 (12072509)      0.10496 (12072509)      0.09964 (12072509)      0.08794 (12072509)
     310.0 |      0.11517 (14080908)      0.10618 (14080908)      0.09745 (14080908)      0.10029 (11070307)
     320.0 |      0.12292 (13080309)      0.11666 (13080309)      0.10925 (13080309)      0.12660 (10101408)
     330.0 |      0.11640 (13080309)      0.11027 (13080309)      0.10308 (13080309)      0.08875 (13080309)
     340.0 |      0.10422 (14080108)      0.10791 (14080108)      0.10662 (14080108)      0.10146 (13042907)
     350.0 |      0.08601 (12103110)      0.08662 (14080108)      0.09197 (13071008)      0.09891 (13071008)
     360.0 |      0.10384 (13081808)      0.10025 (13081808)      0.09646 (12070708)      0.09601 (12070708)
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE  11
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                              *** THE MAXIMUM   50   1-HR AVERAGE CONCENTRATION   VALUES FOR SOURCE GROUP:  ALL      ***
                                  INCLUDING SOURCE(S):     SOURCE      , 

                                        ** CONC OF OTHER    IN MICROGRAMS/M**3                          **

 RANK        CONC    (YYMMDDHH) AT      RECEPTOR (XR,YR) OF TYPE    RANK        CONC    (YYMMDDHH) AT      RECEPTOR (XR,YR) OF TYPE 
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
    1.       0.15645 (14080208) AT (   2249.76,   -2681.16)  GP       26.       0.14581 (12071108) AT (   6000.00,       0.00)  GP
    2.       0.15507 (14080208) AT (   1928.36,   -2298.13)  GP       27.       0.14580 (11062309) AT (   1928.36,    2298.13)  GP
    3.       0.15450 (14070707) AT (   1041.89,    5908.85)  GP       28.       0.14579 (12080209) AT (   2681.16,   -2249.76)  GP
    4.       0.15359 (14080208) AT (   2571.15,   -3064.18)  GP       29.       0.14551 (14063008) AT (  -3897.11,   -2250.00)  GP
    5.       0.15310 (14070707) AT (    868.24,    4924.04)  GP       30.       0.14494 (14080208) AT (   1606.97,   -1915.11)  GP
    6.       0.15132 (14080208) AT (   1750.00,   -3031.09)  GP       31.       0.14473 (12043009) AT (   4698.46,   -1710.10)  GP
    7.       0.15049 (12071109) AT (   2298.13,   -1928.36)  GP       32.       0.14454 (11062309) AT (   2249.76,    2681.16)  GP
    8.       0.15049 (12071109) AT (   2598.08,   -1500.00)  GP       33.       0.14440 (12043010) AT (   3758.77,   -1368.08)  GP
    9.       0.15045 (14063008) AT (  -3031.09,   -1750.00)  GP       34.       0.14361 (14080208) AT (   2250.00,   -3897.11)  GP
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AERMOD CRUDE FIRE
   10.       0.15006 (14080208) AT (   1500.00,   -2598.08)  GP       35.       0.14354 (12071108) AT (   7000.00,       0.00)  GP
   11.       0.14985 (14070707) AT (   1215.54,    6893.65)  GP       36.       0.14340 (11082909) AT (   4698.46,   -1710.10)  GP
   12.       0.14933 (14063008) AT (  -3464.10,   -2000.00)  GP       37.       0.14338 (12043009) AT (   4228.62,   -1539.09)  GP
   13.       0.14867 (14080208) AT (   2892.54,   -3447.20)  GP       38.       0.14323 (10081709) AT (   1250.00,   -2165.06)  GP
   14.       0.14845 (14080208) AT (   2000.00,   -3464.10)  GP       39.       0.14285 (12043010) AT (   4228.62,   -1539.09)  GP
   15.       0.14795 (14070707) AT (    781.42,    4431.63)  GP       40.       0.14280 (14080208) AT (   3213.94,   -3830.22)  GP
   16.       0.14738 (12071109) AT (   3031.09,   -1750.00)  GP       41.       0.14267 (12043010) AT (   3288.92,   -1197.07)  GP
   17.       0.14738 (12071109) AT (   2681.16,   -2249.76)  GP       42.       0.14266 (14070707) AT (   1389.19,    7878.46)  GP
   18.       0.14714 (10081709) AT (    855.05,   -2349.23)  GP       43.       0.14264 (10081709) AT (   1500.00,   -2598.08)  GP
   19.       0.14700 (12071109) AT (   1915.11,   -1606.97)  GP       44.       0.14241 (10090509) AT (   4924.04,    -868.24)  GP
   20.       0.14700 (12071109) AT (   2165.06,   -1250.00)  GP       45.       0.14231 (11082909) AT (   3288.92,   -1197.07)  GP
   21.       0.14650 (10081709) AT (   1026.06,   -2819.08)  GP       46.       0.14193 (14063008) AT (  -3288.92,   -1197.07)  GP
   22.       0.14648 (12080209) AT (   2298.13,   -1928.36)  GP       47.       0.14134 (12043009) AT (   5638.16,   -2052.12)  GP
   23.       0.14637 (14063008) AT (  -2598.08,   -1500.00)  GP       48.       0.14133 (12071109) AT (   3064.18,   -2571.15)  GP
   24.       0.14632 (11082909) AT (   3758.77,   -1368.08)  GP       49.       0.14133 (12071109) AT (   3464.10,   -2000.00)  GP
   25.       0.14607 (11082909) AT (   4228.62,   -1539.09)  GP       50.       0.14132 (12080209) AT (   3064.18,   -2571.15)  GP

  *** RECEPTOR TYPES:  GC = GRIDCART
                       GP = GRIDPOLR
                       DC = DISCCART
                       DP = DISCPOLR
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE  12
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

                                                *** THE SUMMARY OF HIGHEST  1-HR RESULTS ***

                                    ** CONC OF OTHER    IN MICROGRAMS/M**3                          **

                                                      DATE                                                                    NETWORK
GROUP ID                          AVERAGE CONC     (YYMMDDHH)             RECEPTOR  (XR, YR, ZELEV, ZHILL, ZFLAG)    OF TYPE  GRID-ID
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
  
ALL      HIGH   1ST HIGH VALUE IS       0.15645  ON 14080208: AT (    2249.76,    -2681.16,    79.60,    79.60,    0.00)  GP  POL1    

 *** RECEPTOR TYPES:  GC = GRIDCART
                      GP = GRIDPOLR
                      DC = DISCCART
                      DP = DISCPOLR
• *** AERMOD - VERSION 16216r ***   *** CRUDE FIRE, FLAT, NO DOWNWASH                                        ***        03/08/18
 *** AERMET - VERSION  14134 ***   ***                                                                      ***        11:02:47
                                                                                                                       PAGE  13
 *** MODELOPTs:    NonDFAULT  CONC  FLAT  RURAL

 *** Message Summary : AERMOD Model Execution ***

  --------- Summary of Total Messages --------
  
 A Total of            0 Fatal Error Message(s)
 A Total of            1 Warning Message(s)
 A Total of         1705 Informational Message(s)

 A Total of        43824 Hours Were Processed

 A Total of          533 Calm Hours Identified

 A Total of         1172 Missing Hours Identified (  2.67 Percent)
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AERMOD CRUDE FIRE
    ******** FATAL ERROR MESSAGES ******** 
               ***  NONE  ***         
  
  
    ********   WARNING MESSAGES   ******** 
 ME W186      67       MEOPEN: THRESH_1MIN 1-min ASOS wind speed threshold used           0.50

    ************************************
    *** AERMOD Finishes Successfully ***
    ************************************
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EXECUTIVE SUMMARY 
 
Aera Energy LLC (Aera) is requesting approval to re-establish oil production within the designated 
Cat Canyon Oil Field.  The main property entrance is located at 6516 Cat Canyon Road, south of 
the community of Sisquoc.  As part of this project, SoCal Gas will construct, operate, and maintain 
an 8-inch diameter natural gas transmission pipeline to feed natural gas to the East Cat Canyon 
Project site.  Aera has requested that MRS Environmental, Inc. modify and update a previously 
prepared Pipeline Quantitative Risk Assessment (PQRA), prepared by Dixon Consulting, to 
assess the significance of risks to the public associated with the proposed pipeline. 
 
This PQRA has been performed to calculate the public risks associated with operation of the 
proposed SoCal Gas transmission pipeline.  The pipeline will follow a 14-mile route within the 
town of Orcutt, at a maximum allowable operating pressure of 500 pounds per square inch 
gauge(psig). 
 
This report describes the following QRA methodology: 
 

♦ Evaluation of proposed pipeline route for population and terrain characteristics. 
♦ Divide the route into segments with similar characteristics. 
♦ Identify potential release scenarios. 
♦ Estimate the probability of release for each cause of failure, size of release and ignition, 

using historical incident data. 
♦ Determine the consequences and potential impact to the public. 
♦ Combine the likelihood and consequences of a release to calculate the public societal risk 

for the combined length of the pipeline, and present as risk profiles. 
♦ Assess the significance of the risk of serious injury or fatality against the Santa Barbara 

County (SBC) Risk Profile Criteria. 
 
The risks of serious injury and fatality to the public have been calculated for the total risk along 
the pipeline route. 
 
The significance of risk has been assessed utilizing the SBC Risk Profile for fixed facilities.  The 
thresholds for acceptable risk to the public are defined by the SBC Risk Criteria in three zones: 
green, amber and red.  Multiple modifications to the design of the pipeline were implemented to 
ensure that the risk levels were mitigated to the maximum extent feasible.  The risks associated 
with the total pipeline route are within the following zones for acceptability: 
 

♦ Risk of serious injury profile is within the green “Insignificant Risk” zone for acceptability. 
♦ Risk of fatality profile is within the green “Insignificant Risk” zone for acceptability. 

 
The highest risk segments were identified as being on Clark Avenue, where the pipeline would 
pass through residential and commercial areas of the town of Orcutt.   
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1. INTRODUCTION 

1.1 Background 

The East Cat Canyon Oilfield Redevelopment Project (Project) is located approximately 10 miles 
southeast of Santa Maria in northern Santa Barbara County.  Aera Energy LLC (Aera) is requesting 
approval to re-establish oil production within the designated Cat Canyon Oil Field.  The main 
property entrance is located at 6516 Cat Canyon Road, south of the community of Sisquoc. 
 
Based on the proposed construction and operational activities, the Project is subject to 
discretionary land use permits and environmental review by the County of Santa Barbara.  This 
includes the analysis of potential short- and long-term safety risks associated with the oil 
production and transportation activities.  The Project will require a new natural gas pipeline to be 
constructed, in order to supply natural gas to the Project site, primarily for steam generation.  
Southern California Gas (SoCal Gas) will construct, operate, and maintain the transmission 
pipeline to carry natural gas to the Project site.  Aera has requested that MRS Environmental 
review and modify, as needed, a Pipeline Quantitative Risk Assessment (PQRA) conducted by 
Dixon Risk Consulting (DRC) to assess the significance of risks to the public associated with the 
proposed pipeline. 
 
1.2 Scope of Work 

This pipeline QRA has been performed to calculate the public risks associated with operation of 
the proposed SoCal Gas transmission pipeline.  An 8-inch gas pipeline to the East Cat Canyon 
(ECC) Project site is proposed to follow a 14-mile route via the town of Orcutt. The pipeline will 
start at the SoCal Gas main transmission pipeline at Graciosa Canyon Divide Station, and then 
travel east under roadways and road shoulders through the town of Orcutt, under US Highway 
101, and under rural road easements to the ECC Project site.  Figure 2.1 shows the route of the 
proposed natural gas pipeline. 
 
The public risks of a natural gas release from the utility pipeline have been assessed.  The 
combined risk of the total length of the pipeline has been used to calculate the potential for serious 
injury and fatalities.   
 
The significance of public risk has been assessed utilizing the Santa Barbara County (SBC) Risk 
Profile(21).  The thresholds for acceptable risk of serious injury or fatality to the public are as defined 
by the SBC Risk Criteria.  The County has published thresholds of acceptability in order to 
determine the significance of impacts in a consistent manner. 
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1.3 Pipeline Quantitative Risk Assessment Methodology 

Quantitative Risk Assessment (QRA) is an established methodology to quantify the risk of a 
potential incident, by estimating the likelihood and consequences of an event.  The risk of serious 
injury or fatality has been assessed using the following steps: 
 

♦ Evaluation of proposed pipeline route for population and terrain characteristics. 
♦ Divide the route into segments with similar characteristics. 
♦ Identify potential release scenarios. 
♦ Estimate the probability of release for each cause of failure, size of release and ignition, 

using historical incident data. 
♦ Determine the consequences and potential impact to the public. 
♦ Combine the likelihood and consequences of a release to calculate the public societal risk 

for the combined length of the pipeline, and present as risk profiles. 
♦ Assess the significance of the risk of serious injury or fatality against the SBC Risk Profile 

Criteria. 
 
QRA provides an estimate of the risks, which tends to err on the side of conservatism.  The 
approach is to make reasonable assumptions on the likelihood and severity of an incident, and 
the potential impact of a release.  In the process of QRA, numerous assumptions must be made, 
based on best available information.  Where appropriate, sources of these assumptions, 
estimates and reasoning have been described. 
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2. NATURAL GAS PIPELINE TO EAST CAT CANYON PROJECT 

2.1 Project Overview 

The East Cat Canyon Project site is located approximately 10 miles southeast of Santa Maria, 
within an existing oil and gas production area.  The facility is located in a rural area, with neighboring 
oil and gas production facilities, and grazing land.  As part of this Project, SoCal Gas will construct, 
operate, and maintain an 8-inch diameter natural gas transmission pipeline to feed natural gas 
from SoCal Gas’s existing 16-inch mainline transmission pipeline, southwest of the town of Orcutt, 
to the ECC Project site. 
 
Figure 2.1 shows the location of the pipeline route, from the SoCal Gas mainline transmission 
pipeline to the ECC Project site.  The route passes through the town of Orcutt, under US Highway 
101, and along rural roads to the Project site. 
 
2.2 Pipeline Description 

The new SoCal Gas 8-inch transmission pipeline will transfer natural gas from the existing SoCal 
Gas 16-inch mainline transmission pipeline, located southwest of the town of Orcutt, and feed gas 
to the ECC Project site.  The pipeline will provide 13 million cubic feet per day of utility grade 
natural gas at a delivery pressure of 50 to 300 pounds per square inch gauge (psig).   
 
The pipeline will be designed, constructed, operated, and maintained in accordance with all 
applicable requirements, including: 
 

♦ United States Department of Transportation (US DOT) Title 49 of the Code of Federal 
Regulations (CFR) Section 192, transportation of Natural and Other Gas by Pipeline.  

♦ California Public Utility Commission (CPUC) standards, General Order 112-F.   
 
The underground pipeline will consist of steel pipe with the following design characteristics: 
 

♦ Maximum Allowable Operating Pressure (MAOP) = 500 psig 
♦ Delivery pressure to ECC Project site = 50 to 300 psig 
♦ Nominal Pipeline Size (NPS) = 8 inches  (0.203 meters) 
♦ Minimum wall thickness = 0.322 inches  (8.2 millimeters) 
♦ Steel pipe grade API 5L X-52 
♦ Pipeline design factor < 0.2 

 
The pipeline will be installed within a trench approximately 42 inches below the surface in rural 
areas, and 60 inches below the surface through the town of Orcutt.  The pipeline depth is 
proposed to increase to 60 inches before passing through the town of Orcutt, up to US Highway 
101.  After the pipeline passes under the highway, the depth of cover will be nominally 42 inches 
along the rural road easements to the Project site.  This exceeds the minimum 36-inch depth of 
cover required by the US DOT.   
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Horizontal directional drilling (HDD) will be used for crossing under US Highway 101.  The pipeline 
will be installed a minimum 35 feet under Highway 101 for a length of approximately 1,650 feet.  
 
In addition to the pipeline, SoCal Gas will also construct and maintain appurtenant facilities, 
including a pressure reduction station at the Graciosa Road Divide Station, two aboveground 
isolation valves, four underground isolation valves, and a metering station at the terminus of the 
pipeline.  Three of the isolation valves will be automatic shut-off valves with supervisory control 
and data acquisition (SCADA) equipment.  These will be located as follows: 
 

♦ Graciosa Road Divide Station – below ground 
♦ Approximate milepost 8.2 – below ground 
♦ Delivery point at Project site – aboveground  

 
The below ground valves will have an eight-inch access hole with a steel lid and actuator.  The 
actuator will be protected by a cage, fenced enclosure, and/or bollards.  At the Divide Station, all 
of the equipment will be located within existing fenced limits.   
 
At each end of the pipeline, equipment will be installed to enable pig launching and receiving 
facilities to be attached.  These will be used for future pipeline inspection.   
 
2.3 Pipeline Route Description 

The proposed pipeline route was surveyed by driving along the route, completing a form to 
describe the population categories estimate distances and road usage, and identify potentially 
sensitive populations.  The route was divided into segments with similar characteristics, such as, 
for example, the density of housing/businesses, land use, and traffic density.  The proposed 
pipeline route is described below, and the route segments are listed in Table 2.1. 
 
From Graciosa Divide Station to ECC Project Site via the town of Orcutt 
The pipeline route is approximately 14 miles in length and has been divided into 16 segments: 1-
1 to 1-16.  The pipeline route starts at Graciosa Road Divide Station, and runs north under 
Graciosa Road, a rural two-lane road parallel to California State Route 1.  The pipeline then runs 
east through a residential area underneath Graciosa Road, and then turns north underneath 
Orcutt Road to Clark Avenue.  At Clark Avenue, the pipeline runs east under Clark Avenue, a 
four-lane arterial road, through mainly residential areas, and then under US Highway 101.  The 
pipeline then runs under rural two-lane roads past ranchland, vineyards, farmland, oil 
developments and the Lake Marie housing area and terminates at the ECC Project site, Central 
Processing Facility (CPF). 
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2.4 Pipeline Operation and Control 

SoCal Gas staff will operate and maintain the new pipeline, and perform routine maintenance and 
inspection.  SoCal Gas will also respond to emergency situations in accordance with their 
operation and maintenance procedures.  These procedures include emergency planning, on-call 
response, and incident reporting. 
 
The three automatic shut-off valves will be provided with supervisory control and data acquisition 
equipment.  The SCADA system will shut down the pipeline if conditions are detected outside pre-
set pressure and flow conditions.  Alarms will also sound, alerting operators to exceedance 
conditions. 
 
2.5 Population Densities 

The public population primarily at risk from a natural gas release will be those in close proximity 
to the pipeline, either in a vehicle on the road, in buildings adjacent to the road, or outside.  
 
The population density has been assessed along the proposed pipeline route.  The density has 
been assigned to a category for each route segment, based on population densities published in 
the ADL NGL report (1990)(3) and the TNO Green Book(10).  These categories are described in 
Table 2.2, and have been assigned for each pipeline segment as shown in Table 2.1.  
 
The population present at night will not be the same as during the day for commercial or rural 
areas.  The population densities listed in Table 2.2 are daytime averages and have been adjusted 
for nighttime densities as listed below.  The distribution of people indoors and outdoors also varies 
depending on the population category and whether it is day or night.  Population distributions 
have been estimated from those published in the TNO Green Book(10) as follows: 
 

Day:  100% of population listed in Table 2.3 
Night:  100% present in residential areas 
  20% present in industrial areas 
  5% present in commercial and agricultural areas 
 
Day:  80% indoors, 20% outdoors in all residential, commercial, and industrial 

areas, 
  20% indoors, 80% outdoors in agricultural areas  
Night:  95% indoors, 5% outdoors for all areas. 

 
Public populations within vehicles along the pipeline route have been estimated from traffic 
volumes.  Annual average daily traffic (ADT) is the primary measure used to evaluate traffic 
volumes.  California Department of Transportation(22) has published these volumes for regional 
highways, which were used to calculate ADTs for adjacent highways.  Traffic volumes on ECC 
access roads east of US Highway 101 were measured by Associated Transportation Engineers 
(2014)(4)  for the assessment of local roads.  Other traffic volumes were estimated from road usage 
during a site visit.  Vehicle ADTs are list in Table 2.1. 
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2.6 Sensitive Populations 

The proposed pipeline route was surveyed on local maps and by driving the route to identify 
potentially sensitive populations.  Five schools were identified within 0.25 miles (1,500 feet) of the 
proposed route, and there were also three churches located along the route.  The identified 
schools and churches are listed in Table 2.3. 
 
All pipelines to be located within 1,500 feet of a California Public School are likely to require an 
assessment of the safety hazard, as described in Section 3.2.2.  The Local Education Authority 
has the discretion to define what constitutes a safety hazard, and detailed protocols have been 
developed by the California Department of Education (CDE) to assess the risk.  Appendix D 
presents the results of the protocol analysis for the Project pipeline. 
 
The Delta Charter High School / ROP-North School is the closest school to the proposed pipeline 
route.  The pipeline will be approximately 100 feet from the property line, and 250 to 300 feet from 
the nearest school building (depending on the exact location of the pipeline in the roadway).  The 
three churches listed in Table 2.3, have buildings within approximately 50 feet of the proposed 
pipeline route.  
 
2.7 Earthquake Hazards 

An earthquake could result in the failure of a pipeline, and where pipelines cross active faults, 
there is a significant risk of failure.  A review has been conducted of potential earthquake hazards 
in the vicinity of the proposed pipeline routes.   
 
The proposed routes are located in California’s seismically active central coast region where there 
are a number of active faults with the potential to produce strong ground motion.  According to 
the United States Geological Survey (USGS), the proposed route crosses the Casmalia fault, 
which is less than 130,000 years old and is considered inactive by the USGS.   
 
The likelihood of ground shaking is reported on hazard maps by the USGS(27).  These hazards 
are expressed in terms of the probability of exceeding a calculated strength.  From the USGS 
maps, the likelihood of peak ground acceleration (PGA) along the pipeline route is reported as: 
 

Probability of 
Exceedance 

Frequency PGA (g) 

10% in 50 years 2 x 10-3 /year (1 in 475 years) 0.26 g 
2% in 50 years 4 x 10-4 /year (1 in 2,475 years) 0.49 g 

 
Where:   PGA = Peak Ground Acceleration 

g = acceleration due to gravity 
 
A report published by the California State Fire Marshal(6) examined the history of underground 
hazardous liquid pipeline failures due to earthquake damage, and provides a prediction of the 
number of incidents expected.  The following incident rates were calculated:   
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0.2 to 0.3g PGA 0.00039 incidents per mile 0.39 per 1000 mile-years 
0.3 to 0.65g PGA 0.0035 incidents per mile 3.5 per 1000 mile-years 

 
The incident rates were based on 3 leaks/cracks of less than 0.5-inches equivalent diameter over 
the 10-year study(6).  Assuming a release size distribution of 60-percent pinhole / crack, 27-
percent hole and 13-percent rupture, the pipeline failure rates due to earthquake hazards have 
been estimated as: 
 

Release Size Failure rate 
Hole 0.00054 per 1000 mile-years 
Rupture 0.00026 per 1000 mile-years 

 
The predicted earthquake failure rates have been added to the Project-specific pipeline failure 
rates, as described in Section 5.8. 
 
 



 
Aera Energy LLC,  
East Cat Canyon Redevelopment – SoCal Gas Pipeline QRA 
1/2018 

Page - 8 

Figure 2.1 Map of Pipeline Route to Aera ECC Project Site 
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Table 2.1 Description of Proposed Pipeline Route Segments 
 

ID 
Road / 
Route 
Name 

Segment  
From / To 

Length  
(miles) 

Depth of 
Cover 

(inches) 

Population 
Category** 

DOT 
Location 
Class*** 

Vehicle 
ADT## Description 

1-1 Graciosa Rd Divide Station to 
Elkhorn Ln 

2.2 42-in Rural Class 1 300 
(estimate) 

West:  Undeveloped, and approx. 200 
ft to CA SR-1 (ADT=17,000) 
East:  Ranchland 

1-2 Graciosa Rd Elkhorn Ln to 
Antelope Trail 

0.2 60-in Rural /  
Res-ML 

Class 3 1,500 
(estimate) 

North:  Undeveloped, and approx. 100 
ft to CA SR-135 (ADT=10,000) 
South:  Medium/Low density housing 

1-3 Graciosa Rd Antelope Trail to 
Rice Ranch Rd 

0.3 60-in Res-M /  
Res-ML 

Class 3 1,500 
(estimate) 

North:  Medium density housing 
South:  Medium/Low density housing 

1-4 Orcutt Rd Rice Ranch Rd to 
End of residential 

housing 

0.4 60-in Res-M Class 3 2,000 
(estimate) 

West and East of pipeline:  Medium 
density housing 

1-5 Orcutt Rd End of residential 
housing to 
Clark Ave 

0.1 60-in Com-L Class 3 2,000 
(estimate) 

West and East of pipeline:  Low 
density commercial 

1-6 Clark Ave Orcutt Rd to 
El Portal St 

0.9 60-in Res-M /  
Res-ML 

Class 3 10,000 
(estimate) 

North:  Medium density housing 
South:  Medium/Low density housing 
and one church 

1-7 Clark Ave El Portal St to 
Harp Rd 

0.3 60-in Com-M Class 3 15,000 
(estimate) 

North and South of pipeline:  Shopping 
and commercial area with 2 churches 

1-8 Clark Ave Harp Rd to  
HDD entry at  
US Hwy 101  

0.9 60-in Res-M Class 3 10,000 
(estimate) 

North and South of pipeline:  Medium 
density housing  

1-9 Clark Ave HDD under 
US Hwy 101 

0.3 60-in to 
35 feet to 

42-in 

Highway / 
Unpop 

N/A 5,180 /  
42,000 

North and South of pipeline:  High 
density road traffic.  Clark ADT=5,180.  
US Hwy 101 ADT=42,000 

1-10 Clark Ave US Hwy 101  
HDD exit to 

Telephone Rd 

0.6 42-in Ag Class 1 5,180 North and South of pipeline:  
Agricultural fields 
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Table 2.1 Description of Proposed Pipeline Route Segments 
 

ID 
Road / 
Route 
Name 

Segment  
From / To 

Length  
(miles) 

Depth of 
Cover 

(inches) 

Population 
Category** 

DOT 
Location 
Class*** 

Vehicle 
ADT## Description 

1-11 Clark Ave Telephone Rd to 
end Lake Marie 

Estates 

0.5 42-in Res-M / 
Rural 

Class 1 3,000 North:  Medium density housing 
South:  Ranchland 

1-12 Clark Ave Lake Marie 
Estates to 

Dominion Rd 

1.5 42-in Ag / Rural Class 1 3,000 North:  Farmland, greenhouses and 
ranchland 
South:  Farmland and ranchland 

1-13 Dominion 
Rd 

Clark Ave to 
Palmer Rd 

3.5 42-in Rural Class 1 1,050 Ranchland, oil and gas production, and 
farmland. 

1-14 Palmer Rd Dominion Rd to 
Cat Canyon Rd 

0.5 42-in Rural Class 1 1,050 Oil and gas production 

1-15 Cat Canyon 
Rd 

Palmer Rd to  
Cat Canyon Creek 

Crossing 

1.7 42-in Ind-L /  
Rural 

Class 1 850 Oil and gas production and offices, and 
ranchland 

1-16 Aera ECC 
Project 

Cat Canyon Rd to 
ECC Processing 

Facility 

0.1 42-in Rural Class 1 N/A Oil and gas production 

Route Length (miles) 14.0   
 
**  Population density categories defined in Table 2.2 
**  DOT Location Class defined in Section 3.1.2 
##  Vehicle ADT = Annual Average Daily Traffic 
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Table 2.2 Population Density Categories 
 
 

Code / Category Description Population Density  
(per square mile) 

Com-H  - 
Commercial – High 

Office buildings and shopping areas 
in a town center 

10,000 

Com-M 
Commercial – Medium 

Office buildings and shopping areas 
with space surrounding the buildings 

5,000 

Com-L   
Commercial – Low 

Scattered buildings 1,000 

Res-H 
Residential – High 

Busy residential area with a number 
of multi-family homes 

10,000 

Res-M 
Residential – Medium 

Quiet residential, single family homes 3,000 

Res-L 
Residential – Low 

Scattered housing, semi-rural 1,000 

Mixed-H 
Mixed Use - High 

Mix of office buildings and  multi-
family homes 

10,000 

Mixed-M 
Mixed Use - Medium 

Mix of spaced office buildings and 
single-family homes 

4,000 

Mixed-L 
Mixed Use - Low 

Scattered buildings 1,000 

Ind-M 
Industrial - Medium 

One and two-story buildings with 
industrial facilities surrounding offices 

2,000 

Ind-L 
Industrial - Low 

Scattered industrial facilities with low 
density offices 

1,000 

Ag 
Agricultural 

Cultivated Fields 200 

Rural  Ranchland / Low density oil 
development 

20 

UnPop 
Unpopulated 

Undeveloped land, forest or hills 2 
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Table 2.3 Sensitive Populations Along Pipeline Route 
 
 

Population 
Type 

Pipeline to 
Property 

Line 
Facility Name Address 

School 100 feet Delta Charter High School, and 
Santa Barbara County Regional 
Occupational Program (ROP)-North 
School 

4893 Bethany Lane, 
Santa Maria 

School 210 feet St Louis de Montfort Catholic School 5095 Harp Rd, 
Santa Maria 

School 660 feet Patterson Road Elementary School 400 Patterson Rd, 
Santa Maria 

School 500 feet Orcutt Academy K-8 and High 
School 

610 Pinal Ave,  
Santa Maria 

School 1,300 feet Ralph Dunlap Elementary School 1220 Oak Knoll Rd, 
Santa Maria 

Church 15 feet Central Coast Missionary Baptist 
Church 

598 E Clark Ave, 
Santa Maria 

Church 15 feet South Valley Community Church 1054 E Clark Ave, 
Santa Maria 

Church 15 feet St Louis de Montfort Church 1190 E Clark Ave, 
Santa Maria 
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3. OVERVIEW OF APPLICABLE REGULATIONS AND STANDARDS 

This section of the report provides a summary of the key regulations and standard that apply to 
the proposed natural gas pipeline. 
 
3.1 Federal Regulations 

The Office of Pipeline Safety (OPS) of the US DOT is responsible for regulating interstate natural 
gas transmission and establishing minimum safety standards.  States are responsible for 
regulating and ensuring the safety of intrastate pipelines.  In order to minimize the hazard to 
people who live and work near transmission pipelines, more stringent design and operating 
standards may be required in populated areas. 

3.1.1 Natural Gas Pipeline Safety Act of 1968 
The Natural Gas Pipeline Safety Act of 1968 gave the Federal Energy Regulatory Commission 
(FERC) jurisdiction over the siting of new interstate natural gas pipelines and required the US 
DOT to establish minimum federal safety standards for interstate natural gas transmission and 
distribution lines.  The OPS is responsible for regulating the safety of natural gas transportation 
pipelines, including safety aspects related to design, construction, operation, and maintenance.  
Minimum safety requirements for gas pipelines are described in the Code of Federal Regulations 
49 CFR Parts 191, 192 and 193. 

3.1.2 Pipeline Area Classifications - 49 CFR 192 
Under natural gas pipeline regulation 49 CFR 192, pipeline operators must classify the area 
through which the pipeline travels, on the basis of population density in the vicinity.  The area 
classification is defined by the population density that extends 660 feet (1⁄8 mile) on either side of 
the centerline of any continuous 1-mile length pipeline.  More rigorous safety requirements are 
proscribed as the population density increases.  These requirements include depth of cover, pipe 
wall thickness, MAOP, pipeline design factor, valve spacing, frequency of inspection and 
frequency of leak surveys.  The determination of the pipeline design factor is specified in 49 CFR 
192.105 and essentially determines the allowed design pressure of the pipeline with all other 
factors (steel yield strength, pipeline diameter, wall thickness) being the same.  For a higher-Class 
area, such as an area with high populations, the pipeline is required, through the use of a lower 
design factor, to operate at a lower pressure than it would be allowed in less populated areas.   
 
Four area classifications are defined as follows (49 CFR 192.5):  
 

♦ Class 1. Locations with 10 or fewer buildings intended for human occupancy. 
♦ Class 2. Locations with more than 10 but fewer than 46 buildings intended for human 

occupancy. 
♦ Class 3. Locations with 46 or more buildings intended for human occupancy or where the 

pipeline lies within 100 yards of any building or small, well-defined outside area occupied 
by 20 or more people during normal use. 

♦ Class 4. Locations where buildings with four or more stories above ground are prevalent. 
  



 
Aera Energy LLC,  
East Cat Canyon Redevelopment – SoCal Gas Pipeline QRA 
1/2018 

Page - 14 

3.1.3 Pipeline Incident Reporting - 49 CFR 191 
Significant natural gas pipeline incidents are required to be reported to the Pipeline and 
Hazardous Materials Safety Administration (PHMSA) of the DOT.  A DOT reportable incident is 
currently defined as an event that results in one or more of the following consequences:  
 

♦ A death, or personal injury necessitating in-patient hospitalization;  
♦ Estimated property damage of $50,000 or more in total costs, measured in 1984 dollars, 

excluding the cost of gas released;  
♦ Unintentional estimated gas loss of three million cubic feet or more; or  
♦ An event that is significant in the judgment of the operator, even though it did not meet the 

above criteria. 
 
The definition of a reportable incident has changed since the original regulations were established 
in 1970.  At the time, an incident was defined as that which required taking any segment of a 
transmission pipeline out of service, or caused estimated damage of $5,000 or more.  In 1984, 
the total estimated damage value was increased to $50,000 or more for an incident to be 
reportable.  This resulted in fewer incidents being reportable, including smaller diameter pipeline 
ruptures, and holes for all pipeline sizes.  In 2010, the reporting criteria changed again to exclude 
the cost of gas released.   

3.1.4 Integrity Management Program - 49 CFR 192 Subpart O 
In 2003, the OPS implemented the Integrity Management Program (IMP), described in 49 CFR 
192 Subpart O.  This regulation requires pipeline operators to assess, identify, and address the 
safety of pipeline segments that are located in areas where the consequences of a pipeline failure 
could be significant.  These are called High Consequence Areas (HCAs).   
 
Under the IMP, pipeline operators are required to; identify all segments of the pipeline that pass 
through a high consequence area, conduct a baseline assessment of the integrity of these 
segments, address any safety issues, reassess the integrity of the pipeline at intervals not to 
exceed 5 years, and establish performance measures to assess the program’s effectiveness. 
 
HCAs are defined as: 
 

♦ Current Class 3 and 4 areas; or 
♦ Any area with a potential impact radius (PIR) greater than 660 feet, or an impact circle 

that contains 20 or more buildings intended for human occupancy; or 
♦ An “identified site” (for example; recreational or religious facilities, or other areas where 

high concentrations of the public may gather periodically). 
 
The Pipelines and Informed Planning Alliance (PIPA) has recommended guidelines for safe 
distances from pipelines which are described in the 2010 document on Risk-Informed Land Use 
Planning(18).  The PIR is a site-specific distance based on the pipeline contents, pressure, 
population and vicinity.  The PIR was developed by Stephens (2000), and published in a report 
to the Gas Research Institute(19).  The PIR is used to determine which pipeline segments fall within 
the HCA requirements.   
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The PIR is defined as: 
 

R = 0.69 x d x p 0.5 
 
Where: 

d = pipeline diameter in inches. 
p = pipeline maximum operating pressure in psig. 
R = the radius in feet. 

 
3.2 State Regulations 

States are responsible for regulating and ensuring the safety of intrastate pipelines, including 
environmental permitting, local routing decisions for new pipelines, emergency response 
planning, training, and exercises. 

3.2.1 California Public Utilities Commission - General Order 112-F 
State regulations are specified by the CPUC in General Order 112-F.  The regulations incorporate 
the federal regulations by reference and provide additional state safety requirements for automatic 
shut-off valves, operations, maintenance, inspection, increased frequency of leak surveys, 
emergency planning and incident notification.   

3.2.2 California Department of Education 
California regulations require that school sites shall not be located within 1,500 feet of an 
easement of an underground pipeline that can pose a safety hazard (Title 5, California Code of 
Regulations, Division 1, Chapter 13, Standards for School Site Selection).  These regulations 
went into effect in the year 2000.   
 
The California Department of Education have developed an advisory protocol to assist Local 
Education Agencies assess the safety of pipelines within 1,500 feet of a school.  The acceptability 
of a new school or pipeline proposal is determined by an estimation of individual risk at the school 
site.  If the estimated risk of fatality is less than one in a million years (1 x 10-6 per year), it is below 
the threshold of significance, and no significant safety hazard is predicted.  If the estimated risk 
of fatality is greater than one in a million years, mitigation measures are required to reduce the 
risk to acceptable limits. 
 
The CDE protocol was developed to ensure that risks are calculated in a consistent manner.  The 
methodology uses historic data to estimate the probability of a pipeline release, models to 
determine the consequences of a release, the probability of fatality for different exposures, and 
school attendance hours.  These are combined to estimate the risk of fatality. The CDE protocols 
are provided in the Guidance Protocol for School Site Pipeline Risk Analysis, 2007(5).     
 
3.3 Local Ordinances 

Local government requirements for pipeline safety may also be imposed.  These have been 
developed in response to specific incidents, such as the model ordinance in Bellingham, 
Washington, which was developed after a pipeline incident in 1999 resulted in the deaths of three 
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boys.  The model ordinance recommends a setback distance consistent with the PIR developed 
in a report for the Gas Research Institute(19).  A setback is the minimum distances from a pipeline 
within which permanent structures, such as houses or buildings, are prohibited.  Santa Barbara 
County has no setback requirements for the gas pipeline proposed.   
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4. HAZARD SCENARIOS 

The primary hazard to the public associated with a natural gas transmission pipeline is a 
flammable gas release and ignition.  In populated areas the impact of a failure can cause 
extensive casualties and property damage.  This has occurred in some high-profile cases, such 
as the pipeline rupture in 2010 in San Bruno, California, which resulted in a total of 8 fatalities, 51 
injuries, and numerous homes destroyed.   
 
The hazards associated with a pipeline failure will depend on the size of the release.  Natural gas 
is buoyant, and, unless confined in a nearby structure, will dissipate vertically depending on 
temperature.  A small hole release from an underground pipeline will result in gas seeping through 
the covering soil and dissipating.  A large hole or rupture may release gas with sufficient energy 
to remove the covering soil and/or pavement to form a crater.  On ignition, a fireball and/or crater 
fire can occur.   
 
The hazards have been identified and quantified by a review of pipeline incidents.  Pipeline 
failures in the US that meet the reporting threshold are recorded in the US DOT PHMSA database.  
Releases have been categorized by size as follows: 
 

♦ Pipeline Releases: 
- Pinhole / Crack 
- Hole 
- Rupture 

♦ Releases from ancillary equipment 
 
A pinhole/crack release is likely to percolate through the soil to the surface and dissipate without 
forming a flammable vapor cloud.  Small holes and pinhole/cracks are very unlikely to result in 
public casualties or property damage and have not been considered further in the risk analysis. 
 
A hole release may result in damage if the hole is large enough to remove the covering soil and/or 
pavement, or if the pipeline is exposed due to excavation for nearby, un-related construction or 
maintenance activities.  On ignition, a sustained jet fire or crater fire may occur.   
 
The primary hazard to the public is associated with a pipeline rupture, which would involve a 
release through a large hole, close to the pipeline diameter.  A rupture may occur suddenly and 
explosively, throwing debris a significant distance and causing a crater.  If the release is ignited, 
there may be an initial fireball that can cause casualties and extensive property damage due to 
the high heat radiation.  The escaping gas will continue to burn as a crater fire until the gas supply 
is shut off. 
 
Incidents associated with ancillary equipment such as valves and metering may result in a hole-
sized release.  These have been assessed separately from pipeline hazards.   
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5. RELEASE FREQUENCY ANALYSIS 

The likelihood of a pipeline failure has been estimated from published national and international 
data.  In the event of a failure and natural gas release, a serious injury or fatality to the public may 
occur on ignition of a flammable release.   
 
Generic failure rate data has been developed by an analysis of the US DOT PHMSA incident 
database(25).  The data has been collected over many years, and represents an extensive history 
of pipeline operation in the US.  The generic data has been filtered as appropriate to represent 
the proposed 8-inch natural gas transmission pipeline.    
 
5.1 Pipeline Incident Databases 

Pipeline incident rates are typically quoted in literature as failures per thousand mile-years.  An 
assessment has been made of US DOT PHMSA incident data, and compared to data published 
in Europe.  Historical failure rate data for this PQRA has primarily been developed from the US 
DOT PHMSA data, although there are limitations in the data reported.  Incident data from other 
countries may not be directly applicable to the US because of differences in the design and 
maintenance standards, the age of the distribution systems, and the terrain and population density 
around the pipeline.  Incident data from other countries has therefore only been used to 
supplement the US data and for analysis of trends.   

5.1.1 US Department of Transportation Incident Data 
The Pipeline and Hazardous Materials Safety Administration (PHMSA) of the US DOT has been 
collecting data from pipeline incidents since 1970(25).  Incidents are reported to the US DOT that 
meet the minimum reporting threshold, as described in Section 3.1.3.  Data reporting 
requirements were changed in 1984 and 2002, so only consistent data from the years 2002 to 
2016 were selected for analysis.  The definitions of some release causes were also changed in 
2010, so adjustments had to be made in the data analysis.   
 
Reporting thresholds may result in an inaccurate depiction of the types of transmission pipeline 
releases, ignition probabilities and their effects.  All incidents that result in a fatality or personal 
injury necessitating in-patient hospitalization are reported.  The rupture of a smaller diameter 
pipeline or hole that does not ignite or result in a casualty may not meet the reporting threshold.  
Therefore, the probabilities of ignition and casualty are likely to appear higher.  
 
The US DOT collects data about pipeline infrastructure from operator annual reports.  This 
includes information on the total length, diameter, installation date, population class, and 
commodities transported by pipeline.  This data has been used to calculate incident rates by mile 
and diameter of pipe.   
 
The US natural gas transmission pipeline network consists of 293,000 miles of pipelines.  
Exposure for the 15 years analyzed from 2002 to 2016 is approximately 4.4 million mile-years.   
 
PHMSA incident data has been analyzed and sorted to extract only pipe incidents that meet the 
following criteria: 
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♦ Natural gas transmission pipelines,  
♦ Onshore pipelines; and 
♦ Below ground pipelines. 

 
Incidents associated with ancillary equipment such as compressors, valves, metering and storage 
were excluded from the pipeline analysis.  Failure rates for ancillary equipment and valves that 
are proposed for the SoCal Gas pipeline have been assessed separately, as discussed in Section 
5.9. 

5.1.2 European Incident Data 
The European Gas Pipeline Incident Data Group (EGIG) is a cooperation of European gas 
transmission system operators.  This group has expanded since its initial set up in 1982, to include 
seventeen major gas transmission system operators.  The group has compiled an extensive 
database of pipeline incident data, covering the years 1970 to 2013, and is reported in the 9th 
EGIG report, 2015(14).  The natural gas pipeline system includes 89,000 miles of pipe, and the 
total exposure for the database is 2.5 million mile-years.   
 
All pipeline release events in the group are reported, and the failures are categorized into three 
different hole sizes; pinhole, hole and rupture.  The same definitions and release categories have 
been used for the entire period of incident data, which makes the database useful for analyzing 
trends.   

5.1.3 United Kingdom (UK) Incident Data 
The UK Onshore Pipeline Operators Association (UKOPA) database is a record of pipeline 
failures and faults in the UK(23).  The database was initiated to estimate pipeline failure rates in 
the UK and to measure the effectiveness of design changes.  Pipeline failure data has been 
collected since 1952, with a total operating experience of 0.54 million mile-years from 1952 to 
2014.  The network in 2014 includes 12,700 miles of natural gas pipelines.   
 
The UKOPA database is more detailed than any other pipeline incident database.  The database 
includes detailed information on all recorded pipeline releases and faults, including those that did 
not result in a release.  Documented faults include pipeline defects of coating damage or pipe 
defects confirmed by field inspection.   
 
5.2 Pipeline Failure Rates by Hole Size 

Pipeline failure databases from the US and Europe have been assessed to select appropriate 
failure rates for the proposed SoCal Gas 8-inch transmission line.  Releases have been 
categorized by size of release as follows: 
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Pinhole /Crack: A failure size smaller or equal to the area of a 0.5-inch diameter 

hole. 
Hole: Effective failure diameter of greater than 0.5 inches and less than 

or equal to the diameter of the pipeline. 
Rupture: Effective diameter of the failure greater than the pipeline diameter. 

 
US DOT PHMSA Database 
Incidents associated with pipeline releases have been extracted for the years 2002 to 2016, and 
release sizes assigned.  Transmission line inventory for these 15 years have been totaled to 
calculate the average failure rate by release size as follows: 
 

Release Size 
US DOT Data for Years 2002 to 2016 

Number of Pipe 
Releases % Failure Rate per 

1,000 mile-years 
Pinhole /Crack 209 29% 0.047 
Hole 251 35% 0.057 
Rupture 252 35% 0.057 

Total 712  0.161 
 
The PHMSA data only includes incidents that meet the DOT reporting threshold, which results in 
a lower apparent incident rate, and an unrealistic release size distribution.  For example, it is 
unlikely that the failure rate for hole sized releases is the same as the rupture failure rate, as 
indicated above.  Most large diameter pipeline rupture incidents will meet the reporting threshold, 
whereas smaller releases may not be reported.  The PHMSA frequency of ruptures has therefore 
been used as the basis for predicting failure rates for the proposed SoCal Gas pipeline. 
 
EGIG European Database 
Failure rate data on the European natural gas transmission system has been assessed to 
compare the incident rates and causes to those reported in the PHMSA database.  The European 
pipeline system is not as extensive as the US gas transmission system, regulatory requirements 
are different, and the average pipeline age is lower in Europe.  The following European incident 
rates have been calculated for the years 1994 to 2013: 
 

Release Size 
EGIG European Data for Years 1994 to 2013 

Number of Pipe 
Releases % Failure Rate per 

1,000 miles-years 
Pinhole /Crack 253 60% 0.170 
Hole 117 27% 0.079 
Rupture 56 13% 0.038 

Total 426  0.286 
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The release size distribution calculated for the EGIG data is likely to be similar to the distribution 
of release sizes in the US, if all incidents in the US were reported.  Therefore, the EGIG data has 
been used to adjust the PHMSA release size distribution.  It has been estimated that a hole-sized 
release will occur with approximately twice the frequency of a pipeline rupture (27 percent as 
opposed to 13 percent).   
 
5.3 Pipeline Failure Rates by Pipeline Diameter 

Pipeline failure rates by line diameter have been analyzed for both PHMSA and EGIG data.  The 
pipeline sizes were grouped by US pipeline inventory reporting sizes for the years 2002 to 2009.  
US pipeline data after 2009 and EGIG data were adjusted to the same size categories.  The 
average US line size was calculated as 19 inches for the years 2002 to 2016, and the average 
EGIG pipeline size for the years 1994 to 2013 was 20 inches.  Due to similar average pipeline 
sizes, the distribution of rupture failures rates by pipeline diameter are expected to be similar.   
 
US failure rates for ruptures are listed below by pipeline diameter.  The change in failure rate by 
diameter has been assigned a diameter factor, with pipeline diameters of 10 to 20 inches assigned 
a value of 1.  Diameter factors were also calculated for EGIG data for comparison.  Details of the 
failure rates are provided in Tables 5.1 and 5.2.   
 

Pipeline 
Diameter 

Range 
(inches) 

US Ruptures  
per 1,000  

mile-years 

US  
Diameter 

Factor 

EGIG 
Diameter 

Factor 

Adjusted* US 
Ruptures  
per 1,000  

mile-years 
d=<4 0.04 0.5 2.3 0.18 

4<d=<10 0.06 0.7 1.5 0.12 
10<d=<20 0.08 1.0 1.0 0.08 
20<d=<28 0.06 0.8 0.6 0.06 

d>28 0.03 0.4 0.3 0.03 
Total 0.057   0.082 

* Adjusted to account for the under-reporting of smaller diameter pipeline releases associated with releases 
that occur at levels below the US reporting thresholds. 
 
Failure frequencies are described in literature as increasing with decreasing pipeline diameter.  
However, the reported rupture frequency for US pipelines of 4-inch diameters or smaller was 
calculated to be approximately half the rupture frequency of a pipeline measuring in diameter 
between 10 and 20 inches.  This is likely due to underreporting of smaller pipeline diameter 
releases in the US, which may not meet the US DOT reporting criteria.  All releases are reported 
in the EGIG data, and the failure rates by pipeline diameter show the expected trend, with ruptures 
occurring more frequently on smaller diameter pipelines.  To correct for underreporting, the failure 
rates for US pipelines measuring smaller than 10 inches in diameter have been adjusted as shown 
above using the EGIG diameter factors.  
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5.4 Pipeline Failure Rates With Year of Installation 

Pipeline failure rates have decreased over the years since 1970 when the US DOT started to 
document incident data.  This has been attributed to more stringent regulatory requirements, 
better pipeline construction and inspection, condition monitoring using in-line inspection, 
improved one-call systems, and new integrity management programs.   
 
The decrease in pipeline failure rates since 1970 cannot be readily assessed using the PHMSA 
database alone because reporting requirements in the US have changed significantly over the 
years.  However, the trend of improving safety can be clearly seen in the EGIG European 
database because reporting requirements have been consistent.  Since the 1980s, there has 
been a 3- to 4-fold reduction in the overall failure rate in Europe(14), from approximately 1.0 failures 
per 1,000 mile-years, to 0.3 failures per 1,000 mile-years.  Although pipeline and regulatory 
requirements in the US are different than Europe, similar improvements in safety, construction 
and maintenance standards have been adopted.  A similar trend in reduced pipeline failure rates 
is therefore likely in the US.    
 
The average ages of the natural gas transmission systems in the US and Europe have been 
calculated as follows: 
 

Natural Gas Transmission 
Pipeline System 

Average Pipeline 
Age 

Inventory Greater 
Than 50 years old 

US DOT 45 years 45% 
European EGIG Data 31 years 8% 

 
In the US, 47 percent of the natural gas pipelines in current operation were built between 1950 
and 1969, before the Natural Gas Pipeline Safety Act of 1970 was implemented, and before 
pipelines were required to have cathodic protection to reduce corrosion potential.  Gas 
transmission systems in Europe are newer, and more pipelines were constructed to modern 
standards.  This has likely contributed to the higher rupture failure rate calculated for the US 
pipeline systems compared to the EGIG data as described in Section 5.2 and 5.3. 
 
5.5 Causes of Pipeline Failure 

An analysis of the causes of pipeline failures has been conducted for PHMSA data for the years 
2002 to 2016.  In 2010 some changes were made in the failure cause categories, and earlier data 
was adjusted to be consistent with categories from 2010 onwards.  The following incident cause 
categories have been used for analysis: 
 

♦ Corrosion 
♦ Natural Force Damage 
♦ External Impact 
♦ Material Failure of Pipe or Weld 
♦ Equipment and Operations 
♦ Other 
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For US pipeline ruptures, the primary causes of failure have been roughly equally due to 
corrosion, external impact and material failure, which are 27 percent, 32 percent and 27 percent 
respectively.  A detailed list of the failure causes by pipeline diameter is provided in Table 5.3, 
and summarized in the chart below: 
 

 
 
 
For comparison, the causes of failure for rupture events in the EGIG database(14) have been 
calculated for the years 1970 to 2013 as shown below.   
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The primary cause of rupture for European transmission pipelines is external impact. The total 
EGIG rupture failure rate is approximately half of that for the US pipelines, yet the frequency of 
rupture due external impact per 1,000 mile-years is approximately the same.  The European 
rupture rate due to corrosion and material failure is significantly lower than for US pipelines.  This 
may be due to the higher average age of the US pipeline system, as discussed in Section 5.4.   

5.5.1 Corrosion 
Corrosion may occur due to external or internal corrosion.  These failures typically result in small 
holes, although some have resulted in pipeline ruptures.  Most small corrosion events will not be 
recorded in the PHMSA database because a leak is unlikely to cause sufficient damage to meet 
the reporting threshold.   
 
Corrosion failures have caused 27 percent of all rupture events over the last 15 years within the 
US pipeline system.  Corrosion has minimal impact on releases in Europe, which is likely due to 
the greater age of the US pipeline system.  Nearly 50 percent of the US gas transmission system 
was installed prior to 1965, before the use of modern external protective coatings, and before 
cathodic protection was required.   
 
External Corrosion 
External corrosion has been the cause of 74 percent of the corrosion rupture events within the 
US pipeline system, as listed in Table 5.3.  This occurs when the pipe metal is exposed to water 
in the soil.  The risk of external corrosion is a function of the pipeline coating, cathodic protection 
system, pipeline age, maintenance and inspection history, and soil conditions.  The SoCal Gas 
pipeline will be protected from external corrosion by a polyethylene coating and cathodic 
protection.   
 
Internal Corrosion 
Typically, sales-quality dry gas will not cause corrosion of pipeline interior surfaces.  Water or 
other aqueous materials are needed to initiate corrosion, which may occur if there are small 
quantities of water or contaminants from inadequate gas treatment.  The likelihood of internal 
corrosion will be minimized by the use of periodic in-line inspection and pipeline surveys.  

5.5.2 Natural Force Damage 
Natural force damage includes events such as earth movement due to landslide, subsidence, 
seismic activity, flooding and erosion.  Other natural force damage failures have occurred due to 
lightning or extreme temperatures.  
 
The proposed pipeline route is primarily located under roadways and road shoulders, which are 
not prone to instability.  The road gradient is shallow, with a slope of 2 to 3 percent in suburban 
areas, and 1 to 4 percent under rural roads with one rural section of 10 percent slope.  Due to the 
protected location under roadways and shallow slopes, the probability of failure due to earth 
movement is likely to be significantly lower than average.  A conservative reduction factor of 50 
percent has been applied.   
 
The area is located in California’s seismically active central coast region where there is the 
potential for ground shaking due to faults in the vicinity.  The pipeline route crosses the Casmalia 
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fault, which is considered inactive by the USGS.  The following failure rates have been added to 
the pipeline failure frequency to account for the increased potential seismic events, as discussed 
in Section 2.7: 
 

Release Size Failure rate 
Hole 0.00054 per 1000 mile-years 
Rupture 0.00026 per 1000 mile-years 

 

5.5.3 External Impact 
External impact is primarily due to pipeline damage from excavation activities, drilling or other 
surface intrusion activities associated with construction at nearby, but unrelated, sites.  Impact 
damage may cause failure at the time, or a gouge may fail catastrophically at a later time due to 
crack propagation.  Pipeline failure rates are influenced by a number of parameters including 
pipeline diameter, pipe wall thickness, design factor (pipeline operating stress), area 
classification, pipeline depth, and control of dig activities.  Failure rates due to external impact 
have been significantly reduced by the use of one-call systems in the last couple of decades, but 
remain a major cause of failure.   
 
Failure at Time of Impact 
In general, smaller diameter pipelines are more vulnerable to external interference than larger 
diameter pipelines, and are more likely to fail at the time of impact.  Smaller diameter pipelines 
can be more easily hooked during ground excavation, and have less resistance to external impact 
due to lower wall thickness.  The influence of pipe wall thickness and design factor on failures 
due to external impact is discussed further in Section 5.6. 
 
Delayed Failure After Impact 
Pipelines may be gouged by excavation equipment, but not fail at the time of impact.  Larger 
pipelines are stronger in comparison to the impact force and may fail at a later time due to the 
stress caused by a gouge which may result in a crack that propagates to a rupture.  This is more 
frequently a failure cause for larger diameter pipelines.  As shown in Table 5.3, 30 percent of the 
pipeline ruptures caused by external impact had delayed failure.   

5.5.4 Material Failure of Pipe or Weld 
Material and weld defects can occur in the initial construction and installation of the pipeline and 
also due to subsequent maintenance activities.  Construction and maintenance standards have 
improved significantly over the last 50 years.  The SoCal Gas pipeline will be constructed in 
compliance with modern pipeline industry design and construction standards, which will minimize 
the likelihood of material failure.   
 
Environmentally Assisted Cracking 
Environmentally Assisted Cracking (EAC) is caused by the combined effect of tensile stress in a 
corrosive environment, and falls within the National Association of Corrosion Engineers (NACE) 
definition of corrosion.  This includes Stress Corrosion Cracking (SCC), corrosion fatigue, 
Hydrogen Induced Cracking (HIC) and Sulfide Stress Cracking (SSC).  In the US, there have 
been a number of identified incidents of EAC which have resulted in large holes or ruptures.   
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Since 2010, EAC incidents have been reclassified as material/construction defect in the PHMSA 
data.  For consistency, EAC failures from 2002 to 2009 have been reassigned to the 
material/construction defect category and are listed in this category in Table 5.3. 

5.5.5 Equipment/Operations 
Equipment Failures 
Equipment failures include events such as malfunction of pressure control or relief equipment.  
The use of a SCADA system on the proposed pipeline, and operations and maintenance 
procedures will minimize the likelihood of these type of failures.   
 
Incorrect Operation 
Incorrect operations such as inadequate procedures or failure to follow procedures, may lead to 
an event where the pressure exceeds the MAOP.  This also includes events that may result in a 
leak not being identified quickly by staff.  Engineering controls, such as automatic shut-off valves, 
will reduce the likelihood of an extended duration release.  

5.5.6 Other/Unknown Causes of Failure 
Other or unknown causes of failure have included events where there was a combination of 
events that resulted in failure.  There were also incidents categorized as unknown in the PHMSA 
database because the pipeline was not inspected after failure, but was isolated and then 
abandoned in place.   
 
5.6 Pipeline Failure Rates by Design Factor 

The pipeline design factor is defined as the ratio of operating stress to specified minimum yield 
stress (SMYS).  This is dependent on the strength and thickness of the pipeline material.  A lower 
design factor means that the pipeline operates at a lower pressure or has a greater wall thickness 
and will therefore be under lower operating stress.   
 
DOT regulation 49 CFR 192 Subpart C-Pipe Design(24) requires pipelines to be designed to meet 
minimum design factors for the population location class.  This has been incorporated into the 
DOT regulations to reduce the likelihood of a rupture in more populated areas.   
 
The minimum design factors specified in DOT regulations(24) are: 
 

♦ Class 1 location (rural)   0.72 
♦ Class 2 location (low population area) 0.60 
♦ Class 3 location (suburban area)  0.50 
♦ Class 4 location (urban area)   0.40 

 
Pipelines with a greater wall thickness are less likely to fail due to external impact.  At lower 
operating stress, a crack or hole is also less likely to propagate to a rupture.   
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5.6.1 US Pipeline Design Factors 
The US DOT collects data about pipeline infrastructure from operator annual reports.  This 
includes information on the total length, diameter, installation date and the population area 
classification.  In 2010, annual reporting requirements were changed to include data on pipeline 
design factors within the four DOT defined area classifications.  This data has been analyzed to 
calculate average design factors by area classification. 
 
Pipeline operator reports have been analyzed to calculate the following: 
 

Location Class 

Minimum 
Required 
Design 
Factor 

% of Pipeline Miles Average 
Design 
Factor 

Meets 
Minimum 

Design Factor 

Lower 
Design 
Factor 

Lower 
Design 
Factor 

Class 1 (rural) < 0.72 95% < 0.6   51% < 0.5   35% 0.6 

Class 2 (low population) < 0.6 79% < 0.5   58% < 0.4   37% 0.45 

Class 3 (suburban) < 0.5 87% < 0.4   53% < 0.3   32% 0.4 

Class 4 (urban) < 0.4 97% < 0.3   51%  0.3 
 
In 2010, most pipelines met the minimum required design factors.  At least half met the 
requirements of a location one class higher, and approximately one-third met the design factor 
for a location two classes higher.   

5.6.2 US Pipeline Failure Rates by Location Class 
An assessment has been conducted to calculate the historical rupture frequency due to external 
impact by location class.  It has been reported in literature(15) that there is an increased likelihood 
of external impact within suburban areas.  This may be from construction projects and servicing 
of other underground utilities that share the pipeline right-of-way.   
 
The PHMSA database was analyzed for the years 2002 to 2016 for ruptures and location class.  
A total of 81 pipeline rupture incidents were identified as being due to external impact, as listed 
in Table 5.3.  Using the number of identified ruptures and the reported lengths of pipelines in each 
location class, the following rupture frequencies were calculated: 
 

Location Class 
Exposure 
106 miles 

Number of Ruptures 
due to External 

Impact 

Ruptures per  
1,000 mile-years 

Class 1 3.48 64 0.018 

Class 2 0.45 5 0.011 

Class 3 0.50 11 0.022 

Class 4 0.02 1 0.056 

Total 4.45 81 0.018 
 
Within location Classes 1 and 3, a similar rupture frequency has been calculated due to external 
impact.  From historical data, smaller diameter pipelines are expected to experience a higher 
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rupture frequency, and external interference is also more likely in suburban areas.  Smaller 
transmission lines are more likely to be located beneath public streets than large diameter 
pipelines, which are more likely to be located in rural easements.  It is not possible to analyze all 
contributing factors to the rupture frequency, but it is likely that the lower pipeline design factors 
within suburban areas, offsets the high rupture frequency due to the smaller diameter pipelines 
and higher rates of external interference.   

5.6.3 Reduction in Pipeline Failure Rate Due to Reduced Design Factor 
The average design factor for a gas transmission pipeline located within a suburban Class 3 area 
has been calculated above as 0.4.  The proposed SoCal Gas pipeline will operate at a design 
factor of less than 0.2 (<20% SMYS).  Correction factors have therefore been applied to the 
pipeline failure rate to account for the lower design factor and associated increased wall thickness.   
 
The methodology selected to predict the change in failure rate due to a reduced design factor has 
been published in literature by Lyons et al(16) and adopted by the Institute of Gas Engineers and 
Managers(15).  The methodology uses fracture mechanics to predict failure rates, based on 
historical data and research performed on pipelines to measure crack propagation.  Pipeline 
failure and rupture rates are predicted using correction factors for pipeline diameter, design factor 
and wall thickness. 
 
Using the Lyons methodology, the reduction in rupture frequency due to external impact for an 8-
inch pipeline with a 0.322-inch wall thickness has been calculated as follows: 
 

Location Class Average Design 
Factor for Class 

Proposed SoCal 
Pipeline Design Factor 

Reduction in Rupture 
Rate due to External 

Impact 
Class 1 0.6 0.2 - 80% 

Class 3 0.4 0.2 - 70% 
 
An increase in wall thickness and reduction in pipeline design factor will also reduce the likelihood 
of pipeline rupture due to corrosion or material/construction failure.  The rupture failure rates due 
to these causes have been modified similarly to account for the reduced design factor for the 
proposed pipeline.  Due to the large forces associated with ground movement, rupture failure 
rates due to ground movements have not been modified for the reduction in design factor.   
 
5.7 Pipeline Burial Depth 

The depth at which a pipeline is laid has a significant effect on the likelihood of external impact.  
At a greater depth, it is less likely that dig activities will reach sufficient depth to impact the pipeline.  
 
The relationship between the pipeline depth and external impact has been reported in numerous 
studies over the years.  The original work using the UK gas pipeline data was derived from British 
Gas Company data in 1989.  This work has been updated to include data up till 2013, as and 
described in a report by Mumby for UKOPA(17).  The methodology provides a simple relationship 
between the depth of cover and pipeline failure rate due to external impact and has been adopted 
for the IGEM pipeline risk assessment code(15).  
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The proposed SoCal Gas pipeline will have a minimum depth of cover of 42 inches in rural areas, 
and an increase in depth to 60 inches in populated areas.  The increase in depth to 60 inches 
corresponds to a 30-percent reduction in pipeline external interference rate using the IGEM 
methodology.   
 
A review was also conducted of European pipeline data in the EGIG database(14).  Pipeline depth 
of cover is assigned into three depth ranges and is not as detailed as the UK data.  For an increase 
in pipeline depth from 42 inches to 60 inches, the pipeline failure rate due to external impact has 
been calculated to be reduced by approximately 30 percent, which is consistent with the IGEM 
risk assessment code.  
 
5.8 Project Specific Pipeline Failure Rates 

Failure rates for the proposed SoCal Gas 8-inch diameter pipeline have been developed using 
historical PHMSA data for the years 2002 to 2016.  These average pipeline failure rates include 
pipelines that were installed prior to the implementation of modern construction and maintenance 
standards.  The failure rates have, therefore, been adjusted to reflect modern pipeline 
construction, maintenance, operation, and project specific conditions (such as deeper burial and 
thicker pipe walls). 
 
Project Specific Adjustment for New Pipeline Standards 
Construction and maintenance standards have improved significantly over the last 50 years.  The 
SoCal Gas pipeline will be constructed in compliance with modern pipeline industry design and 
construction standards, which will minimize the likelihood of failure.   
 
An assessment of US pipeline age indicates that approximately 50 percent of the US gas 
transmission network was installed prior to 1970 and the implementation of the Natural Gas 
Pipeline Safety Act of 1970, and before pipelines were required to have cathodic protection.   
 
A review of pipeline failure rates due construction defect with date of installation shows a 
significant reduction of failure rate for pipelines constructed after 1965 and a further reduction in 
failure rate after 1975.  An analysis performed by EGIG(14) indicates a 75-percent reduction in 
failure rate due to material failure and corrosion for pipelines constructed after 1965.   
 
For the assessment of the proposed SoCal Gas pipeline, a reduction of 60 percent has been 
applied to the average pipeline rupture rates for material and corrosion failures to account for 
modern pipeline construction.  The same reduction has been applied to the category Other and 
Unknown.   
 
Project-Specific Adjustment for Ground Stability 
The proposed pipeline route is primarily located under roadways and road shoulders, which are 
less prone to instability.  The probability of failure due to earth movement is likely to be significantly 
lower than average.  A conservative reduction factor of 50 percent has been applied, as described 
above in Section 5.5.2. 
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Project Specific Adjustment for Design Factor 
The proposed SoCal Gas pipeline will operate at a design factor of less than 0.2 (<20% SMYS).  
The average design factor for a gas transmission pipeline located within a suburban Class 3 area 
has been calculated as 0.4, within a Class 1 rural area as 0.6.  Correction factors have, therefore, 
been applied to the average pipeline failure rates.  Within suburban Class 3 segments, a reduction 
in design factor from 0.4 to 0.2 is predicted to provide a 70-percent reduction in rupture frequency 
due to associated causes.  In Class 1 rural areas, the reduction in design factor is predicted to 
provide an 80-percent reduction in rupture frequency, as described above in Section 5.6.3.   
 
Project Specific Adjustment for Increased Pipeline Depth 
The proposed SoCal Gas pipeline will have a minimum depth of cover of 42 inches in rural areas, 
and an increase in depth to 60 inches in populated areas.  The increase in pipeline depth in 
residential and commercial areas of Orcutt corresponds to a 30-percent reduction in pipeline 
external interference rate, as described above in Section 5.7. 
 
Summary of Project-Specific Pipeline Failure Rates 
Project-specific reduction factors applied to average pipeline failure rates are listed in Table 5.4.  
These are summarized below for location Class 3 and a pipeline depth of 60 inches: 
 

Rupture Cause 

Pipeline Rupture Rate per 1,000 mile-years 

Base Rate 
Reduction Factor 

for Class 3 at  
60-inch Depth 

Project Specific 
Rate for Class 3 at 

60-inch Depth 
Pipeline Diameter 4”<d=<10” 0.12   
   Corrosion 27% of 0.12 0.12 0.0039 
   External Impact 32% of 0.12 0.21 0.0081 
   Material Failure 27% of 0.12 0.12 0.0039 
   Natural Force Damage 9% of 0.12 0.5 0.0054 
   Other and Unknown 5% of 0.12 0.12 0.0007 
Earthquake Hazard   0.0003 

Adjusted Rupture Frequency   0.022 
 
Pipeline failure rates for holes of 1 inch or greater have been estimated to occur at twice the 
frequency of a pipeline rupture, as discussed in Section 5.2.  The following failure rates have been 
applied for hole and rupture sized releases: 
 

Location Class Pipeline Depth of 
Cover 

Failure Rate per 1,000 mile-years 
Holes > 1-inch Rupture 

1 42 inches 0.038 0.019 
3 42 inches 0.051 0.026 
3 60 inches 0.045 0.022 
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5.9 Component Failure Rates 

Valve isolation equipment will be installed at the start, at approximately the 8.2 milepost (near 
Clark Avenue and Dominion Road) and terminus of the pipeline.  All equipment outside the ECC 
Project site will be located below ground or inside a protected area.  The potential for failure of 
component equipment has been excluded from the pipeline failure analysis, and a separate 
assessment has been conducted to estimate the failure rate associated with valves sites, the 
letdown station, and pipe connections. The results of this separate analysis were then added to 
the overall risk profiles.  
 
Most incident releases associated with valves and instrument connections will be below the US 
DOT reporting threshold.  A review was conducted of failures associated with pipeline connections 
in the PHMSA database that resulted in casualties and were, therefore, reportable.  For the years 
2002 to 2016, there were five reported events associated with transmission pipeline component 
failures.  These were: 
 

♦ 1 contractor injury due to an ignited release when making modifications to connections. 
♦ 3 third party vehicle impacts with above ground equipment that resulted in non-ignited 

releases. 
♦ 1 employee injury due to impact from a valve actuator failure. 

 
Outside the ECC Project site, component equipment will be located below ground and not 
vulnerable to third party or other external interference.  Due to the lack of historical data, failure 
rates for pipeline components have been selected from generic equipment failure rates published 
in the TNO Purple Book(11). 
 
For piping of diameter greater than 6 inches: 
 

♦ 1-inch leak on a line or segment including valves and instrument connections = 5 x 10-6 
per year. 

♦ At each valve location, equivalent of 2-line segments, 1-inch release = 1 x 10-5 per year. 
♦ At the pressure reduction station, with valve isolation and pipeline inspection attachments, 

equivalent of 4-line segments, 1-inch release = 2 x 10-5 per year. 
 
Potential releases associated with the pipeline regulator station have not been included in the 
analysis, because this equipment will be located within the Aera ECC Project site where there is 
no significant risk to the public.   
 
5.10 Ignition Probability 

Ignition probabilities for hole and rupture releases have been selected from historical data and 
published literature.   
 
Accidental gas releases from high-pressure natural gas pipelines may be ignited by an ignition 
source nearby, or the release itself may cause the generation of a spark.  Even though natural 
gas is lighter than air and the momentum of the release would cause released gas to flow 
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upwards, flammable gas may be present at ground level due to the gas temperature reductions 
due to gas expansion (cooling of the gas and increased density due to depressurization).  Large 
transmission pipeline failures have historically ignited despite the fact that the incidents occurred 
in remote rural locations, with no nearby sources of ignition.  It has been reported in literature that 
ignition may occur due to rock and metal debris impacting at high velocity and causing a spark.   

5.10.1 PHMSA Database - Ignition Probability 
The PHMSA incident database has been analyzed to estimate ignition probabilities for a release 
of natural gas.  In 2002, the incident reporting format was improved to include data on ignitions 
and explosions.  However, only incidents that meet the US DOT reporting threshold are required 
to be reported, making analysis of ignition probability for releases from small diameter pipelines 
and holes unreliable.   
 
The PHMSA release and ignition data for reported releases between 2002 and 2016 are shown 
in Table 5.4.  For rupture and hole releases, the ignition rates were calculated as: 
 

♦ 31% ignition rate for pipeline rupture event 
♦ 5% ignition rate for a hole release of 1-inch or greater 

 
These ignition rates may over-sample ignited releases because it is more likely that an ignited 
release will meet the reporting threshold.  An analysis of ignition rates for pipeline ruptures by line 
diameter is shown in Table 5.5.  The ignition rate has been adjusted for underreporting of smaller 
diameter ruptures as described in Section 5.3.  The following adjusted ignition rates were 
calculated by assuming all ignited releases from smaller diameter pipeline ruptures were reported:     
 

♦ 22% average ignition rate for pipeline rupture events 
♦ 7% ignition for a rupture of pipeline diameter 4″<d=<10″ 

5.10.2 EGIG European Database - Ignition Probability 
The EGIG database provides information on the likelihood of ignition based on hole size and 
pipeline diameter.  The following probabilities of ignition by release size were published in the 
2015 report(14): 
 

Size of Leak Ignition Probability 
Pinhole 4.4% 
Hole 2.3% 
Rupture (16-inch diameter and below) 10% 
Rupture (more than 16-inch diameter) 32% 

 

5.10.3 PIPESAFE Ignition Probability for High Pressure Gas Transmission Pipelines 
An international group of pipeline companies from Europe and Canada established the 
PIPESAFE Group in 1994 to collaborate in the study of gas transmission pipeline risk analysis.  
Pipeline transmission incident data was analyzed for the period of 1970 to 2004.  The assessment 
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of ignition probability from large natural gas pipeline releases was reported in a paper presented 
by Acton and Baldwin to the International Pipeline Conference in 2008(1) and has been adopted 
by the Institute of Gas Engineers and Managers (IGEM)(15) to predict ignition probabilities in risk 
assessment.   
 
The PIPESAFE analysis of rupture and ignition events found that ignition probability increased 
with pipeline pressure multiplied by the diameter squared.  It was noted that the ignition probability 
due to external interference was lower than that for other causes of failure.  This indicates that 
the primary cause of ignition was not due to nearby ignition sources, but may be caused by sparks 
from rock and metal debris impacting at high velocity.  
 
The ignition probability was predicted using the following relationship: 
 
 Pign = 0.0555 + 0.0137 pd2;  for 0 =< pd2 =< 57    
 
Where: 

Pign = probability of ignition 
p = pipeline operating pressure (bar), (1 bar = 14.5 psi) 
d = pipeline diameter (meter), (1 meter = 39.37 inches) 

 
The analysis focused on rupture events, and recommended estimating hole ignition probabilities 
in the same way, but halving the ignition probability due to the release being from one hole instead 
of a double ended rupture event.   
 
For the proposed SoCal Gas line, the ignition probabilities calculated using this methodology are 
as follows: 
 

♦ 8% ignition for an 8-inch diameter pipeline rupture 
♦ 3% ignition for a hole release of 1 inch or greater 

5.10.4 Project Ignition Probabilities 
The probability of ignition for an 8-inch pipeline failure has been calculated using US and 
European data sources.  All three methods discussed above predict similar ignition probabilities 
for rupture and hole releases.  For this pipeline QRA, the probability of ignition has been selected 
as: 
 

♦ 8% ignition for a pipeline rupture  
♦ 3% ignition for a hole release of 1 inch or greater 

 
Incident data does not normal distinguish between immediate and delayed ignition.  The hazards 
associated with time of ignition can be different for a large pipeline rupture where the release rate 
decays rapidly, and the gas disperses quickly due to momentum and buoyancy.  Therefore, an 
estimate has been made of the probability for immediate and delayed ignition.  A review was 
conducted of the PHMSA database for pipeline rupture events where an explosion was also 
reported.  The explosion is likely due to a pressure wave caused by a fireball on immediate 
ignition.  The numbers of explosions reported are listed in Table 5.5 by pipeline diameter.  
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Approximately 50 percent of pipeline rupture events were reported to ignite with an explosion.  
Therefore, immediate ignition has been assumed to occur in 50 percent of ignition events for the 
proposed SoCal Gas pipeline. 
 
The UK pipeline risk methodology, published by IGEM(15), recommends ignition probabilities be 
split 50/50 between immediate and delayed ignition.  This is consistent with the ignition and 
explosion data in the PHMSA database.  
 
For hole sized failures, the release rate is assumed to be sustained until the pipeline is 
depressurized.  The hazards associated with immediate and delayed ignition are similar, and no 
distinction has been made for the time of ignition.   
 
5.11 Frequency of Public Casualties Due to Pipeline Releases 

A release of any quantity of natural gas that results in a significant injury or fatality must be 
reported to the US DOT.  A search was performed of the PHMSA database to identify casualties 
due to exposure to natural gas releases for the period 2002 to 2016.  The causes of the events 
are listed in Table 5.6, and summarized as follows: 
 

Event 
Number of Casualty Events (Years 2002 to 2016) 

Casualty 
Events With Ignition Non-Ignition Fatality Serious Injury 

Rupture 22 14 8 11 11 
Hole 6 3 3 2 4 

Total 28 17 11 13 15 
 

Event Number of Events Casualty Events % 

Rupture 252 22 8.7% 
Hole 523 (estimate) 6 1.1% 

 
The 28 casualty events resulted in a total of 20 fatalities and 95 serious injuries.  The average 
number of casualties per event was significantly increased by one incident in 2010 in San Bruno, 
California, which caused 8 fatalities and 51 injuries. 
 
Non-Ignition Casualty Events 
There were 11 casualty events (40 percent of the total) due to the release of blast energy on 
pipeline failure.  Of these, 10 were associated with casualties to third party or contract personnel 
working in the pipeline right of way, and one event occurred when a vehicle was impacted by 
debris being ejected due to a pipeline rupture.  Fatalities occurred in 3 of these events. 
 
Pipeline Failure Due to External Impact 
Of the 28 casualty incidents, 20 involved excavation or digging activities and 2 involved personnel 
working on the pipeline when failure occurred.  Clearly, workers in the pipeline right-of-way are in 
close proximity to the pipeline if a failure occurs, and are vulnerable to a release of high pressure 
unignited gas, or fire on ignition.   
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There were a total of 57 pipeline rupture events for which failure occurred at the time of external 
impact, as listed in Table 5.3.  These failures resulted in 15 casualty events involving equipment 
operators in the immediate vicinity (9 fatality and 6 serious injury events).  For ignited rupture 
releases, the casualty rate for workers in the pipeline right-of-way was approximately 70 percent.  
For non-ignited releases, the casualty rate was approximately 15 percent.  
 
Debris 
There were 2 incidents reported due to debris being ejected from pipeline rupture events.  Both 
events involved occupants of vehicles on adjacent roads.   
 
Public Casualties 
During the 15 years of PHMSA data assessed, 7 of the 28 casualty events (25 percent) involved 
casualties to the general public, excluding workers in the pipeline right-of-way.  These incidents 
were: 
 

♦ 2 events involved casualties to occupants of vehicles on adjacent roads, 
♦ 4 events impacted the general public in nearby homes, and 
♦ 1 event involved workers nearby at the time a pipeline was ruptured by earth moving 

equipment. 
 
The most vulnerable groups are workers in the pipeline right-of-way during excavation activities.  
Less likely, is a higher casualty event impacting the general public in populated areas.   
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Table 5.1 US DOT Pipeline Releases by Pipeline Diameter (2002 to 2016) 
 
 

Release Event 
Pipeline Diameter (inches) 

Total d=<4 4<d 
=<10 

10<d 
=<20 

20<d 
=<28 

d>28 

Number of Releases by Pipeline Diameter 
   Pinhole/Crack 11 26 79 49 44 209 
   Hole 31 67 93 35 25 251 
   Rupture 13 54 103 46 36 252 

Total Releases 55 147 275 130 105 712 

Exposure 106 mile-years 0.33 0.98 1.29 0.72 1.12 4.43 
   Pinholes per 1,000 mile- years 0.03 0.03 0.06 0.07 0.04 0.05 
   Holes per 1,000 mile-years 0.10 0.07 0.07 0.05 0.02 0.06 
   Ruptures per 1,000 mile-years 0.04 0.06 0.08 0.06 0.03 0.06 
All Releases per 1,000 mile-years 0.17 0.15 0.21 0.18 0.09 0.16 

 
Average US DOT pipeline diameter 2002 to 2016 = 19 inches 
 
 
 
Table 5.2 EGIG European Pipeline Release by Pipeline Diameter (1970 to 2013) 
 
 

Release Event 
Pipeline Diameter (inches) 

Total d=<4 4<d 
=<10 

10<d 
=<20 

20<d 
=<28 

d>28 

Exposure 106 mile-years 0.27 0.66 0.58 0.39 0.57 2.47 
   Pinholes per 1,000 mile- years 0.72 0.46 0.29 0.22 0.10 0.28 
   Holes per 1,000 mile-years 0.43 0.32 0.20 0.09 0.03 0.18 
  Ruptures per 1,000 mile-years 0.21 0.10 0.09 0.05 0.04 0.08 
All Releases per 1,000 mile-years 1.37 0.88 0.59 0.35 0.16 0.53 

 
Average EGIG Data pipeline diameter 1970 to 2013 = 19 inches 
Note:  Failure rates over the years have decreased significantly, and this represents 44 years of 
data.  The failure rate for the last 20 years has reduced from 0.53 to 0.29 per 1000 mile-years.   
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Table 5.3 US DOT Pipeline Rupture Events by Pipeline Diameter 
 
 

Cause 
Pipeline Diameter (inches) 

Total d=<4 4<d 
=<10 

10<d 
=<20 

20<d 
=<28 

d>28 

   External Corrosion 0 9 17 13 12 51 
   Internal Corrosion 0 8 8 2 0 18 

Total Corrosion 0 17 25 15 12 69 

   Ground Movement 1 3 9 3 6 22 
   Other Force 0 0 0 0 0 0 

Total Natural Force 1 3 9 3 6 22 

   External Impact Failure 9 22 20 4 2 57 
   Delayed Failure After Impact 1 4 14 3 2 24 
   Intentional Damage 0 0 0 0 0 0 

Total External Impact 10 26 34 7 4 81 

   Material failure of pipe or weld 2 5 15 11 9 42 
   Environmental Cracking 0 1 13 8 4 26 

Total Material Failure 2 6 28 19 13 68 

   Equipment Failure 0 1 2 0 0 3 
   Incorrect Operation 0 0 2 0 0 2 

Total Equipment/Operations 0 1 4 0 0 5 

   Miscellaneous 0 0 1 2 1 4 
   Unknown 0 1 2 0 0 3 

Total Other 0 1 3 2 1 7 

Total Number of Ruptures 13 54 103 46 36 252 

Exposure 106 mile-years 0.325 0.976 1.289 0.719 1.117 4.426 
Ruptures per 1,000 mile-years 0.040 0.055 0.080 0.064 0.032 0.057 
Adjusted Ruptures per 1,000 mile-
years 

0.184 0.120 0.080 0.064 0.032 0.057 

 
US DOT pipeline data for years 2002 to 2016 
Average pipeline diameter for US DOT transmission pipelines = 19 inches 
Adjusted to account for the under-reporting of smaller diameter pipeline releases that occur under 
the US reporting thresholds. 
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Table 5.4 Project Specific Pipeline Rupture Frequency Rates 
 
 

Rupture Cause 

Base Rate 
Rupture per 
1,000 mile-

years 

Project Specific Adjustments Project Specific Rates 
Rupture per 1,000 mile-years 

New 
Pipeline 

Standards 

Ground 
Stability 

Design Factor 0.2 Increased 
Pipeline 
Depth 

Class 1 
42-inch 
depth 

Class 3 
42-inch 
depth 

Class 3 
60-inch 
depth Class 1 Class 3 

Pipeline Diameter 
4”<d=<10” 

0.12         

   Corrosion 27% of 0.12 - 60%  - 80% - 70% - 0.0026 0.0039 0.0039 

   External Impact 32% of 0.12 -  - 80% - 70% - 30% 0.0077 0.0115 0.0081 

   Material Failure 27% of 0.12 - 60%  - 80% - 70% - 0.0026 0.0039 0.0039 

   Natural Force Damage 9% of 0.12  - 50% - - - 0.0054 0.0054 0.0054 

   Other and Unknown 5% of 0.12 - 60%  - 80% - 70% - 0.0005 0.0007 0.0007 

Earthquake Hazard -      0.0003 0.0003 0.0003 

Adjusted Rupture 
Frequency 

      0.019 0.026 0.022 
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Table 5.5 US DOT Pipeline Releases with Ignition (2002 to 2016) 
 
 

Release Event 
Pipeline Diameter (inches) 

Total d=<4 4<d 
=<10 

10<d 
=<20 

20<d 
=<28 

d>28 

Number of Releases by Pipeline Diameter 

   Pinhole/Crack 11 26 79 49 44 209 
   Hole 31 67 93 35 25 251 
   Rupture 13 54 103 46 36 252 

Total Releases 55 147 275 130 105 712 

Number of Ignited Releases 

   Pinhole/Crack with ignition  6 
   Hole with ignition  12 
   Rupture with ignition 2 8 26 16 27 79 
   Rupture ignition with explosion 2 2 16 5 20 45 

Ignition Probability 

   Pinhole/Crack  3% 
   Hole  5% 
   Rupture 15% 15% 25% 36% 71% 31% 
Rupture ignition probability 
corrected for DOT underreporting** 

3% 7%    22% 

 
 
** Smaller pipeline diameter rupture events may not meet the US DOT reporting threshold.  To 
calculate the potential range of ignition probability, it was assumed that all rupture events involving 
ignition were reported, and the ignition probabilities corrected as described in Section 5.3.  
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Table 5.6 US DOT Pipeline Releases with Casualty Events  (2002 to 2016) 
 
 

Pipeline Failure Type Casualty Events ** 

Cause Size 
Ignited 

Releases 
Unignited 
Releases 

Fatality 
Events 

Serious 
Injury 

Events 
Corrosion Rupture 3 1 1 3 

Hole - - - - 
Natural Force Rupture - - - - 

Hole - - - - 
External Impact Rupture 9 6 9 6 

Hole 3 2 2 3 
Material Failure Rupture 1 1 1 1 

Hole - 1 - 1 
Equipment/Operations Rupture - - - - 

Hole - - - - 
Other Rupture 1 - - 1 

Hole - - - - 
Incidents all Causes Rupture 14 8 11 11 

Hole 3 3 2 4 

Total Number of Incidents  17 11 13 15 

Number of Casualties  Rupture  18 88 
Hole  2 7 

Total Casualties   20 95 

 
 
** Highest casualty level for each event. 
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6. CONSEQUENCES OF RELEASE 

In the event of a pipeline failure, a release of natural gas may cause a hazard to the public in the 
immediate vicinity.  In the following section, the potential hazards associated with an accidental 
release have been assessed. Appendix C provides the consequence modeling input and output 
files. 
 
6.1 Material Properties 

Natural gas is comprised primarily of methane.  It is colorless, odorless, and non-toxic.  An odorant 
is added to natural gas in pipelines so that leaks can be detected during delivery and at customer 
sites before a flammable concentration can accumulate.  In high concentrations, natural gas can 
cause asphyxiation and the odorant added to the gas can be very unpleasant.   
 
Natural gas is flammable at concentrations of approximately 5 to 15 percent in air.  It is lighter-
than-air, so an unignited release will dissipate vertically.  The typical composition of natural gas 
is shown in Table 6.1. 
 
6.2 Pipeline Release Events 

A high-pressure pipeline rupture may occur suddenly and explosively.  For a buried line, the force 
of the high-pressure release can blow away the soil covering the pipeline and form a large crater 
around the release location.  The ejected debris may be thrown a significant distance causing a 
hazard to persons outside or within vehicles nearby.   
 
The release rate from a pipeline rupture decays rapidly as the contents of the high-pressure line 
are released.  Within seconds of failure, the rate of release will have dropped to a fraction of the 
peak initial value.  The maximum hazard distance, therefore, occurs within the first minute if 
ignition is immediate.  After the initial release, if there is ignition, a jet fire will continue to burn as 
a crater fire until the gas source is isolated upstream and downstream, and the pressure within 
the line falls.   
 
The rapid release of natural gas from a pipeline rupture may burn as a fireball if ignited 
immediately.  This causes intense radiation from a rising and expanding fire, which typically 
decays within 30 seconds to a crater fire.   
 
A crater/ trench fire is a jet fire in which the discharging gas jet impinges upon the side of the 
crater.  Impingement dissipates some of the momentum and redirects the jet upwards.  This 
produces a jet that is wider, shorter and more vertically orientated than for an unobstructed jet 
fire.  The hazard can therefore be greater for a crater fire than an unobstructed jet fire because 
more of the radiant heat is concentrated near the ground. 
 
Methane vapors in open conditions are not typically explosive, although an expansion burst may 
occur due to the rapid release of high pressure vapor from a pipeline rupture.  An expansion burst 
may have a similar impact and may be heard as an explosion.  A large turbulent jet with partial 
confinement has also been reported in literature to cause an explosion on ignition(8), although the 
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overpressures recorded were much lower than those associated with a large partially confined 
vapor cloud explosion.   
 
For gas pipelines, the possibility of a significant flash fire resulting from delayed remote ignition is 
extremely low due to the buoyant nature of the vapor.  Released vapors will disperse upward 
away from potential ignition sources.  The hazards associated with a delayed ignition are, 
therefore, a crater fire or sustained jet. 
 
Small leaks from natural gas pipelines do not generally cause property damage or a major hazard 
to the public.  The buoyant gas seeps through the covering soil and dissipates vertically.  Events 
that may cause a public hazard occur when the pipeline is exposed due to excavation work, or a 
large hole has sufficient energy to remove the covering soil and/or pavement.  On ignition, a 
sustained jet fire or crater fire will occur.   
 
A release of flammable natural gas may result in one or more of several different hazards, 
depending on the size of release.   
 
Two accident scenarios have been evaluated: 
 

♦ A rupture equal in area to the pipeline diameter which results in: 
- Immediate ignition with a fireball then subsequent crater fire.  
- Delayed ignition with crater fire.  
- High energy gas release, then un-ignited dispersion of buoyant vapor. 

 
♦ A leak equal in area to a 1-inch diameter hole or greater which results in: 

- Ignition with jet or crater fire.  
- Un-ignited dispersion of vapor. 

 
The probabilities of ignition for a rupture or hole release are discussed in Section 5.9.  For this 
pipeline QRA, the probability of ignition has been selected for an 8-inch pipeline as: 
 

♦ 8% ignition for a pipeline rupture, (50% immediate, 50% delayed ignition). 
♦ 3% ignition for a hole release of 1 inch or greater. 

 
6.3 Hazardous Release Modeling 

The methodology for calculating the release rates and hazards of a potential release are 
described in the following section.  Published formulas and publicly available hazard models have 
been used for the analysis.  These methodologies are expected to provide conservative results. 

6.3.1 Release Rate Calculations 
Release rates were calculated using standard engineering equations for gas releases.  It has 
been assumed that rupture release rates will decay rapidly as the pipeline depressurizes, and 
that hole sized releases are essentially steady state.    



 

 
Aera Energy LLC,  
East Cat Canyon Redevelopment – SoCal Gas Pipeline QRA 
1/2018 

Page - 43 

Pipeline Rupture Release Rate 
When a line ruptures, the pressure and release rate decays rapidly over the first minute.  The 
initial release rate was calculated using the widely used gas discharge equation for choked flow 
as provided in the EPA RMP Guidance for Offsite Consequence Analysis(26).  The release rate 
decay was calculated using the Wilson decay model described in the TNO Yellow Book(9), which 
predicts the mass flow rate as a function of time.  
 
Pipeline Hole Release Rate 
The equation for estimating the release rate of gas from a hole under choked conditions was as 
provided in the EPA RMP Guidance(26).  A continuous steady state release was assumed.   

6.3.2 Radiation/Blast Hazards 
Casualties may occur due to exposure to heat radiation from a fire or blast overpressure from a 
pipeline rupture.  The radiant heat is expressed as energy per unit time and area, in British thermal 
units per hour per square foot (Btu/hr-ft2).  The hazard depends on the intensity and duration of 
exposure.   
 
Fireball Radiation 
Intense thermal radiation occurs when a burning fireball is caused by the rapid release of a large 
quantity of flammable material.  An ignited release burns as an expanding, rising ball which lasts 
only a few seconds.  The radiant heat is calculated from the duration of the fireball and intensity 
of the radiation.  The calculation method used is the Hymes point-source model as described in 
the EPA RMP Guidance for Offsite Consequence Analysis(26).   
 
Jet Fire Radiation 
Thermal radiation associated with a steady state gas jet have been estimated using the jet flame 
length calculations of Wertenbach (1971), and radiation hazard calculations described in API 
Recommended Practice 521, Guide for Pressure-Relieving and Depressuring Systems(2).  This 
methodology provides conservative estimates of hazard distances.   
 
Crater Jet Fire 
The hazards associated with a large crater fire have been calculated using the equations 
developed by Stephens for the Gas Research Institute (GRI)(19).  The purpose of the methodology 
was to define potential hazard areas around high pressure natural gas pipelines, and was adopted 
by the US DOT and PIPA to identify potential HCAs.   
 
In the Stephens model, a simplified calculation for the PIR for natural gas pipelines was developed 
to provide a hazard distance based on the pipeline pressure and diameter.  The decaying nature 
of a pipeline rupture was considered in the selection of heat intensity levels.  The hazards 
associated with an initial fireball were accounted for by overestimating the intensity of the 
sustained crater fire that remains following dissipation of the fireball. 
 
The PIR hazard area is calculated using the Stephens formula as: 
 

R = 0.69 x d x p 0.5 
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Where: 
d = pipeline diameter in inches. 
p = pipeline maximum operating pressure in psig. 
R = the radius in feet. 

 
The PIR calculated for the proposed SoCal Gas transmission line is 123 feet.  
 

d = 8 inches 
p = 500 psig 
R = 123 feet 

 
The calculated PIR radius corresponds to an estimate of the radiant heat exposure in the event 
of a pipeline rupture and ignition(19).  The PIR heat intensity level selected was 5,000 Btu/hr-ft2, 
which corresponds to a 99-percent survival rate for persons exposed for 30 seconds without 
moving away from the source of heat.   
 
The model was validated against pipeline incident reports prepared by the National Transportation 
Safety Board (NTSB) and the Canadian Transportation Safety Board (TSB).  The PIR hazard 
areas calculated were greater than the actual areas of burnt ground from incident reports and 
significantly exceeded the maximum reported distance to injury or fatality.  It was concluded that 
the model provides a reasonably conservative estimate of the hazard area.  However, the 2010 
San Bruno, California, incident illustrated that greater damage may be possible in a confined 
suburban area.  The calculated PIR for the San Bruno pipeline was 414 feet, but property damage 
extended up to 600 feet.  This may have been due to the extended duration of the release.   
 
Blast Energy 
On sudden release of high pressure gas, a blast wave may occur that has similar impacts to an 
explosion.  Blast waves from unignited releases have resulted in 11 casualty incidents over the 
last 15 years.  Three of these incidents caused fatalities.   
 
The following incidents illustrate the potential hazards of an explosive high-pressure gas release: 
 

♦ 5/4/2009  An 18-inch pipeline ruptured causing a large blast crater, and a 100-foot section 
of pipe weighing 5,000 pounds was ejected from the crater in 2 pieces.  2 occupants in a 
vehicle were injured when the vehicle crashed after impact from flying debris.   

♦ 9/9/2010  In San Bruno, California, a 30-inch pipeline ruptured in a suburban 
neighborhood.  The rupture produced a crater approximately 72-foot long and 26-foot 
wide.  A 28-foot section of pipe weighing approximately 3,000 pounds was ejected, landing 
100 feet from the crater.  

♦ 11/8/2010  A man was working near an 8-inch pipeline when it ruptured due to external 
impact.  He was reported to have been thrown 80 feet by the unignited energy blast, 
causing fatality. 

 
The blast wave has been modeled using the TNO Yellow Book(9) method.  This uses the Baker 
method to calculate the energy released and estimate the effect of the blast wave.  This 
methodology is also described in the 1994 CCPS book, Evaluating the Characteristics of Vapor 
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Cloud Explosions, Flash Fires, and BLEVEs(8).  The Baker method was developed to estimate the 
blast effects from vessel failure and has been used here to estimate the potential impact distances 
from a high-pressure pipeline failure. 
 
6.4 Levels of Concern and Vulnerability Criteria 

The following levels of concern have been selected as minimum exposure levels that may result 
in a serious injury or fatality.  Personnel exposed to a minimum level of exposure are not 
necessarily seriously or fatally injured.  Personnel may be sheltered within vehicles or buildings, 
or be able to find shelter from exposure.  This is called the vulnerability and is the probability that 
a person exposed within the distance to a level of concern will suffer a serious injury or fatality.   
 
The hazardous exposures are not at the same intensity within the distance to a level of concern.  
Closer to the fire or blast, the vulnerability will be higher.  Average vulnerabilities have been 
estimated within the distance to a level of concern. 

6.4.1 Fire Radiation Levels of Concern 
Jet fires produce radiant heat, and the effects are dependent on the level of intensity and the 
duration of exposure.  Thermal radiation levels of 1,600 Btu/hr-ft2 and 3,200 Btu/hr-ft2 correspond 
to approximately the minimum level for serious injury (second degree burns) and potential fatality.  
A radiation level of 11,000 Btu/hr-ft2 is a level of concern at which a person outside would be 
seriously injured or would suffer a fatality due to high-heat radiation and ignition of clothing. 
 
The probability of fatality outdoors has been calculated as 1 percent for an exposure of 3,200 
Btu/hr-ft2 for 30 seconds.  This is based on the radiation probit equations published in the TNO 
Green Book(10).  The fatality rate will decease within the distance from the fire to the minimum 
fatality distance.  Within the area from the fire to 11,000 Btu/hr-ft2, all persons outside are assumed 
to be fatalities or suffer serious injuries.  An average vulnerability of 10 percent has been 
estimated within the area from 11,000 Btu/hr-ft2 to 3,200 Btu/hr-ft2.  An average of 20 percent of 
serious injuries has also been estimated between the radiation levels of 11,000 Btu/hr-ft2 to 1,600 
Btu/hr-ft2. 
 
Personnel within buildings have protection from radiant heat, but may be vulnerable to burning 
debris or high radiant heat causing the house to catch fire.  For radiation levels greater than 
11,000 Btu/hr-ft2, a casualty rate of 50 percent has been assumed.  Buildings provide significant 
protection from radiant heat, and at radiations levels less than 11,000 Btu/hr-ft2, only those near 
open windows or doors who are unable to escape may suffer casualties. 
 
The following average fire vulnerabilities have been applied: 
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Severity Level Thermal Radiation Range 

Average 
Vulnerability 
of People In 
Buildings 

Average 
Vulnerability 

of People 
Outdoors 

Potential Fatality Fire to 11,000 Btu/hr-ft2 0.10 0.50 
Significant Injury Fire to 11,000 Btu/hr-ft2 0.40 0.50 
Potential Fatality 11,000 Btu/hr-ft2 to 3,200 Btu/hr-ft2 0.01 0.10 
Significant Injury 11,000 Btu/hr-ft2 to 1,600 Btu/hr-ft2 0.04 0.20 

 

6.4.2 Fireball Radiation Levels of Concern 
The effect of a fireball on exposed persons will depend on the radiant heat and the duration of 
exposure.  The exposure time is the duration of the fireball, which is typically only a few seconds.  
Personnel outside within the fireball area are assumed to be unable to escape and are likely to 
be casualties due to the intense heat.  Personnel within a building or vehicle will have some 
protection, although they are vulnerable to being trapped inside a burning building.  
 
The potential levels of injury and fatality have been estimated using the same radiation probit 
equations as for fires, adjusted for the shorter duration of a fireball.  The following average 
vulnerability levels have been estimated: 
 

Severity Level Thermal Radiation 
Range 

Average 
Vulnerability of 

People In Buildings 

Average 
Vulnerability of 

People Outdoors 
Potential Fatality Source to Fireball Radius 0.10 0.50 
Significant Injury Source to Fireball Radius 0.40 0.50 
Potential Fatality Fireball to 1% lethality 0.01 0.10 
Significant Injury Fireball to 1% injury 0.04 0.20 

 

6.4.3 Blast Energy Levels of Concern 
Most injuries and fatalities which result from an explosion or blast occur due to falling masonry or 
equipment, not directly from the overpressure.  Personnel within buildings are, therefore, more 
vulnerable to injury or fatality.  Personnel outside can physically withstand much high levels of 
overpressure, and mainly suffer casualties due to debris.   
 
The effects of overpressure on personnel and buildings are summarized as follows: 
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Overpressure 

(psi) Description of Human Impact Description of Building 
Impact 

0.5 Possible minor injury from broken glass or 
falling fixtures 

Windows may be broken 

1 Skin laceration from flying glass and other 
debris may require medical attention. 
Creates equivalent wind gust of 40 mph. 

Internal damage to buildings.  
Glass breaks with force 

3 May be blown off feet.  Possible eardrum 
rupture.   
Serious injury inside buildings due to 
building damage. 

Steel frame buildings may be 
distorted, partial collapse of 
wall. 

6 Eardrum rupture. 
Injury due to flying debris outdoors, or from 
being blown off feet 
Potential fatality within buildings. 

Heavy damage to unreinforced 
buildings.  
 

10 Threshold for lung hemorrhage.   
Potential fatality outdoors due to impact. 
Multiple fatalities within buildings. 

Buildings totally destroyed 

 
These human and equipment damage levels have been used to derive casualty probabilities.  An 
assessment has also been made of casualties that occurred in the last 15 years due to blast 
overpressure.  For non-ignited pipeline releases, the casualty rate was calculated as 
approximately 15 percent for workers outside and in the immediate vicinity of a pipeline failure, 
as discussed in Section 5.11.  Average vulnerabilities within overpressure ranges have been 
conservatively estimated as follows: 
 

Severity Level Overpressure Range 
(psi) 

Average 
Vulnerability of 

People In Buildings 

Average 
Vulnerability of 

People Outdoors 
Potential Fatality Greater than 10 psi 0.50 0.10 
Significant Injury Greater than 6 psi 0.30 0.20 
Potential Fatality 3 psi to 10 psi 0.20 - 
Significant Injury 1 psi to 6 psi 0.20 - 
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6.5 Calculation of Hazard Distances 

Hazard distances for the identified release scenarios have been calculated as described in 
Section 6.3 to the vulnerability levels of concern defined in Section 6.4 above.  These represent 
the minimum exposure levels that may result in a serious injury or fatality, and average 
vulnerabilities have been estimated within these areas.   
 
Hazard zones have been calculated to the selected levels of concern using the natural gas 
properties, release quantities, and typical weather conditions.  The following assumptions were 
made in calculating the hazard distances: 
 

♦ A pipeline rupture is assumed to be a guillotine failure, with gas being released from both 
the upstream and downstream sides of the failure.   

♦ Release quantities from a pipeline rupture have been estimated by calculating the rapid 
decay in flow rate during the first few seconds of release.   

♦ The flammable mass within an initial fireball is equal to the mass released in the first 5 
seconds, which is the approximate duration of the fireball.  

♦ The blast energy on pipeline rupture has been estimated from the first 1 second of high 
pressure gas released, and assuming all the energy is converted into the blast wave.   

♦ A hole release is assumed to be continuous for the purpose of quantifying the maximum 
hazard distance. 

♦ A hole release of 1-inch diameter or greater is represented by a 2-inch hole for the 
calculation of hazard distances.   

♦ Hole releases are represented as crater or trench fires, due to the likelihood of a flame 
impacting the crater or trench wall.   

 
The calculated radiation and blast energy hazard distances are shown in Table 6.2.   
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Table 6.1 Natural Gas Properties 
 
 

Property Natural Gas  

Composition % mol:  
 N2/O2 1.14 
 CO2 1.49 
 C1 87.2 
 C2 7.71 
 C3 1.89 
 C4 0.40 
 C5 0.13 
 C6 + 0.05 
  
Average properties:  
MW 18.5 
LFL %  mol 4.8 
UFL % mol 14.7 
Specific Gravity (Air=1) 0.64 
Ratio of Specific Heats Cp/Cv 1.30 
Heat of Combustion 21,000 Btu/lb 
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Table 6.2 Release Hazard Distances 
 
 

Hazard Release Quantity 
Hazard Distance from Release (ft) 

High 
Casualty** 

Fatality** Injury** 

Pipeline Rupture 
Fireball 2,600 lb in 5 secs 100 250 360 
Crater Fire Initial release rate 

35,000 lb/min 
82 150 220 

Blast – Indoor 
Hazard 

Pipeline burst energy 25 40 90 

Blast – Outdoor 
Hazard 

Pipeline burst energy - 20 25 

Pipeline Hole Releases 
Crater Fire 
2-inch hole 

1,100 lb/min 20 40 50 

Crater Fire 
1-inch hole 

270 lb/min 10 20 30 

 
 
**   Fire radiation hazards: 

High casualty level = 11,000 Btu/hr-ft2  (35 kW/m2) 
Potential fatality = 3,200 Btu/hr-ft2  (10 kW/m2) 
Potential injury = 1,600 Btu/hr-ft2  (5 kW/m2) 

     Fireball radiation hazards: 
High casualty level = fireball radius 
Potential fatality = equivalent dose of 3,200 Btu/hr-ft2  (10 kW/m2) for 40 seconds 
Potential injury = equivalent dose of 1,600 Btu/hr-ft2  (5 kW/m2) for 40 seconds 

     Blast overpressure hazards indoors: 
High casualty level = greater than 6 psi overpressure 
Potential fatality = 3 psi to 6 psi overpressure 
Potential injury = greater than 1 psi overpressure 

     Blast overpressure hazards outdoors: 
Potential fatality = greater than 10 psi overpressure 
Potential injury = greater than 6 psi overpressure 
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7. CALCULATION OF PIPELINE SOCIETAL RISK 

The public risk of a hazardous release from the proposed 8-inch SoCal Gas pipeline has been 
calculated in terms of the public risk of serious injury and fatality.  The acceptability of these risks 
has been evaluated against the Santa Barbara County societal risk criteria for total public risk 
along the pipeline route.   
 
The risks have been calculated by combining the likelihood of a release, as discussed in Section 
4, the hazards of the event, as described in Section 5, and the number of persons potentially 
exposed, as described in Section 2.3, Population Distribution.  The probabilities of various 
outcomes were estimated using event tree analysis, as discussed below.   
 
7.1 Release Events Trees 

Incident event trees have been used to calculate the probability of each potential outcome for 
each release event.  The likelihood for public impact depends on the release size, cause of failure, 
release location, and probability of ignition.  Event trees for pipeline rupture and leak releases are 
shown in Figures 7.1 and 7.2 respectively.  The following event tree conditional probabilities have 
been applied: 
 
Branch 1:  Ignition 
The probabilities of ignition for a pipeline release are discussed in Section 5.10.  Historical ignition 
data and published research have been assessed to select the following probabilities for an 8-
inch pipeline: 
 

♦ 8% ignition for a pipeline rupture. 
♦ 3% ignition for a hole release of 1 inch or greater. 

 
Branch 2:  Immediate Ignition 
Ignition may occur within the first 30 seconds due to the energy of the release, the activity causing 
the incident, vehicles in the vicinity, or other electrical source.   It has been estimated that 50 
percent of ignitions will be essentially immediate.   
 
Immediate ignition of a pipeline rupture will result in a short duration fireball followed by a crater 
fire.  A crater fire will burn until the source of gas can be isolated.  For hole sized releases, the 
consequences for an immediate or delayed ignition are similar, and no distinction has been made 
for the time of ignition.   
 
The probabilities of the various outcomes of a natural gas pipeline rupture are illustrated as an 
event tree in Figure 7.1 as follows: 
 

♦ Fireball and crater fire     0.04 (4%) 
♦ Crater fire      0.04 (4%) 
♦ Blast overpressure and vapor dispersion  0.92 (92%) 

 
The probabilities for a pipeline hole release are illustrated as an event tree in Figure 7.2 as follows: 
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♦ 2-inch hole crater fire     0.03 (3%) 
♦ Vapor dispersion     0.97 (97%) 

 
7.2 Calculation of Societal Risks 

The risks to public populations have been calculated and summated as societal risk.  For each 
release scenario, the potential number of serious injuries or fatalities is calculated from the area 
that may be impacted, the probability of ignition, the number of people within the impacted area, 
and then applying a vulnerability based on if the populations are located inside buildings or 
vehicles, or outside.   
 
Three population categories have been assessed to calculate the total number of public 
casualties: 
 
General Population 
General population densities have been assigned to each pipeline segment, as described in 
Section 2.5.  The distributions of people indoors and outdoors, and during the day and night, have 
been estimated for the calculation of vulnerability to a hazardous release.   
 
Vehicle Occupants 
The proposed pipeline route is located under public roads or road shoulders for most of the route.  
In the event of a pipeline failure, vehicle occupants may be in close proximity to the release.  
Traffic densities on adjacent roads have, therefore, been added to the general population 
densities.  Road traffic densities listed in Tables 2.1 and 2.2 have been used to estimate the 
number of vehicles, and it was assumed that there were two people per vehicle.   
 
Workers in the Right-of-Way 
In the event of a pipeline failure due to external impact, workers may be within the pipeline right-
of-way conducting excavation or other surface intrusion activities that cause the failure.  These 
are typically third-party contractors or farm workers, who may be in close proximity to a hazardous 
energy blast or fire.  The potential for exposure has been calculated from the likelihood of pipeline 
failure due to external impact, as discussed in Section 5.11.   
 
The area of the impact zone that is located within the roadway is not included in generating an 
estimate of the number of persons exposed, except for persons located within vehicles and 
workers in the right of way.   
 
Calculation of Risk 
The risks have been calculated for each pipeline route segment with similar characteristics using 
the following equation: 
 

Likelihood of release  X  Probability of serious injury or fatality =  Risk 
 

The public risks for each pipeline segment have been summed to calculate the total risk along 
the pipeline route.  Ancillary equipment risks were added for those segments that contain the 
ancillary equipment. 
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Societal risks are presented as F-N curves, also called risk profiles.  F-N curves are logarithmic 
plots of the cumulative frequency (F) of an event against the number of N or more potentially 
serious injuries or fatalities.  Societal risk provides a measure of one or more public casualties 
along a pipeline route.  Appendix B provides the detailed risk calculation for the pipeline route. 
 
7.3 SBC Societal Risk Criteria 

Santa Barbara County requires an assessment of the significance of impacts to public safety 
associated with an application for a land-use permit.  The safety thresholds are intended to 
measure the acceptability of involuntary public exposure to hazardous materials.  Such activities 
include facilities that handle or transport hazardous materials.   
 
A societal risk profile is required for gas and hazardous liquid pipelines(20).  The thresholds for risk 
acceptability of serious injury or fatality to the public are defined by the SBC societal risk criteria(21).  
The SBC definition of a “serious injury” is physical harm to a person that requires significant 
medical intervention.  These thresholds provide three zones of significance; green, amber and 
red, for determining the acceptability of involuntary public exposure to acute hazardous material 
risks resulting from new or modified developments.  The three zones are defined as follows and 
shown on the societal risk profiles in Figures 7.3 through 7.6: 
 

Green: Less than significant impact to public safety and no mitigation (or additional 
mitigation) is required for purposes of compliance.   

Amber: Potentially significant public impact, which can be reduced or avoided by 
implementation of mitigation measures. 

Red: Significant public impact, which can be reduced by implementation of 
mitigation measures. 

 
Fixed facility societal risk criteria have been widely utilized in international countries.  The 
development and implementation of societal risk criteria has been described in the CCPS book, 
Guidelines for Developing Quantitative Safety Risk Criteria (2009)(7).  This book primarily focuses 
on the use of risk criteria for fixed facilities.  The SBC Significant Risk (Red) criterion is equivalent 
to the most stringent international criteria for maximum tolerable risk for fixed facilities.   
 
7.4 Pipeline Societal Risk Profiles 

The total risk along the pipeline route has been calculated by summing the risk of serious injury 
and fatality for each pipeline segment as described above in Section 7.2.  Risk profiles for the 
combined length of the pipeline route are shown as F-N curves in Figures 7.3 and 7.4 against the 
SBC acceptability criteria.  These risks are within the following zones for acceptability:
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♦ Risk of serious injury profile is within the green “Insignificant Risk” zone for acceptability. 
♦ Risk of fatality profile is within the green “Insignificant Risk” zone for acceptability. 

 
 
7.5 Conclusions 

The public risk of a hazardous release from the proposed 8-inch SoCal Gas utility pipeline has 
been calculated in terms of the public societal risk of serious injury and fatality.  The pipeline route 
has been assessed for acceptability of the risk of the combined pipeline length against the SBC 
risk profiles.   
 
The pipeline route passes through the town of Orcutt, where the highest risk segment is located 
on Clark Avenue in a residential and commercial area.  The risks of serious injury and fatality for 
the combined pipeline length are within the SBC Insignificant Risk zone.  The proposed route also 
passes within 1500 feet of five schools, which may require an assessment of the safety hazard, 
following California Department of Education protocols to assess the acceptability of the risk.  
Appendix D presents the results of the CDE protocol analysis for the closest school tot eh piepline 
route.  Risk levels are in the CDE acceptable category. 
 
Pipelines typically have an operational life of 50 years or more.  During this time, there is likely to 
be additional residential and commercial development on land adjacent to the pipeline.  The risk 
calculations have been performed using conservative assumptions, although with a significant 
increase in population density, the risks associated with the pipeline may change and should be 
reassessed.   
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Figure 7.1 Event Tree for Pipeline Rupture Release 
 
 

 Ignition? 
Immediate  
Ignition?  

Event 
Probability 

  0.5  0.04 

 0.08 
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Rupture 

Yes - Fire 

0.5 

 

0.04 

  

Crater Fire 

 0.92 

  

0.92 

 

No Ignition 

 

Blast Overpressure  
and Vapor Dispersion 

 
 
 
Figure 7.2 Event Tree for Pipeline Hole Release 
 
 

 Ignition? 
Event 

Probability 
 

0.03 0.03 

Pipeline 
Hole Release 

Yes - Fire 2-inch Hole Crater Fire 

 

0.97 0.97 
 No Ignition Vapor Dispersion  
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Figure 7-3  FN Curve for Pipeline Fatality 
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Figure 7-4  FN Curve for Pipeline Serious Injury 
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APPENDIX A 
 
 

ACRONYMS AND ABBREVIATIONS 
 
 
ADL Arthur D. Little 
ADT Average Daily Traffic 
Aera Aera Energy LLC 
API American Petroleum Institute 
BLEVE boiling liquid, expanding vapor explosion 
Btu British thermal unit 
Btu/hr-ft2 British thermal units per hour per square foot 
CA California 
CCPS Center for Chemical Process Safety of the American Institute of Chemical 

Engineers 
CDE California Department of Education 
CFR Code of Federal Regulations 
CPF Central Processing Facility 
CPUC California Public Utility Commission 
DOT U.S. Department of Transportation 
DRC Dixon Risk Consulting 
EAC Environmentally Assisted Cracking 
ECC East Cat Canyon 
EGIG European Gas Pipeline Incident Data Group 
EPA US Environmental Protection Agency 
F Frequency 
F-N Cumulative Frequency-Number of 1 or more 
FERC Federal Energy Regulatory Commission 
ft feet/foot 
g acceleration due to gravity 
GRI Gas Research Institute 
HazMat Hazardous Material 
HCA High Consequence Area 
HDD horizontal directional drilling 
HIC Hydrogen Induced Cracking 
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hr hour 
Hwy Highway 
IGEM Institute of Gas Engineers and Managers 
IMP Integrity Management Program 
km kilometer 
kW/m2 kilowatts per meter squared 
lb pound 
lb/min pounds per minute 
LFL lower flammability limit 
MAOP Maximum Allowable Operating Pressure 
min minute 
mm millimeter 
m/s meters per second 
mph miles per  hour 
MW molecular weight 
N number of casualties 
NACE National Association of Corrosion Engineers 
NGL natural gas liquids 
NPS Nominal Pipeline Size 
NTSB National Transportation Safety Board 
OPS Office of Pipeline Safety 
PGA peak ground acceleration 
PHMSA Pipeline and Hazardous Materials Safety Administration 
PIPA Pipelines and Informed Planning Alliance 
PIR Potential Impact Radius 
PQRA Pipeline Quantitative Risk Assessment 
Project East Cat Canyon Redevelopment Project  
psig pounds per square inch gauge 
QRA Quantitative Risk Assessment 
RMP Risk Management Program 
ROP Regional Occupational Program 
SBC Santa Barbara County 
SCADA supervisory control and data acquisition 
SCC Stress Corrosion Cracking 
secs seconds 
SMYS specified minimum yield stress 
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TNO Toegepast Natuurwetenschappelijk Onderzoek (The Netherlands 
Organization for Applied Scientific Research) 

TSB Canadian Transportation Safety Board 
UFL upper flammability limit 
UK United Kingdom 
UKOPA UK Onshore Pipeline Operators Association 
US United States 
US DOT United States Department of Transportation 
USGS United States Geological Survey 
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APPENDIX B 
 
 

RISK CALCULATIONS 
 
 



Pipeline Route  for 500 psig and 20% SMYS - Combined Route

Calc of Project Adjustment Factors
Base Rate 8-inch Rupture per mile-yr = 1.20E-04
Base rate is the corrected rate from PHMSA, corrected for smaller diamter releases that are underreported

Rupture Cause New Increased    Rupture Project Specific Rates Hole Release Project Specific Rates
Cause Fraction Pipeline 

Standards
Ground 
Stability

Class 1 Class 3
Depth of 

Cover

Class 1 
42-inch 
Depth

Class 3
42-inch 
Depth

Class 3
60-inch 
Depth

Class 1 
42-inch

Class 3
42-inch

Class 3
60-inch

Class 1 
42-inch

Class 3
42-inch

Class 3
60-inch

Corrosion 0.27 0.40 1.00 0.20 0.30 1.00 0.08 0.12 0.12 2.59E-06 3.89E-06 3.89E-06 5.18E-06 7.78E-06 7.78E-06
External Impact 0.32 1.00 1.00 0.20 0.30 0.70 0.2 0.3 0.21 7.68E-06 1.15E-05 8.06E-06 1.54E-05 2.30E-05 1.61E-05
Material Failure 0.27 0.40 1.00 0.20 0.30 1.00 0.08 0.12 0.12 2.59E-06 3.89E-06 3.89E-06 5.18E-06 7.78E-06 7.78E-06

Natural Force Damage 0.09 1.00 0.50 1.00 1.00 1.00 0.5 0.5 0.5 5.40E-06 5.40E-06 5.40E-06 1.08E-05 1.08E-05 1.08E-05
Other / Unknown 0.05 0.40 1.00 0.20 0.30 1.00 0.08 0.12 0.12 4.80E-07 7.20E-07 7.20E-07 9.60E-07 1.44E-06 1.44E-06

Earthquake Hazard 2.60E-07 2.60E-07 2.60E-07 5.40E-07 5.40E-07 5.40E-07
Total  Frequency 1.90E-05 2.57E-05 2.22E-05 3.80E-05 5.14E-05 4.45E-05

PA Adjustment, 60" Class 3 --> 0.19

Calc of ROW workers present at time of failure

    Rupture Project Specific Rates Hole Release Project Specific Rates
Rupture Cause Class 1 

42-inch
Class 3
42-inch

Class 3
60-inch

Class 1 
42-inch

Class 3
42-inch

Class 3
60-inch

External Impact 0.28 0.31 0.25 0.28 0.31 0.25

Right of way workers are present during external impact failures.  
70% of external impact events, fail at the time of impact

      Correction FactorsDesign Factor 0.2
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Pipeline Route-1   for 500 psig,  20% SMYS
and Urban Depth of Cover Increase
Modeling Probabilities and Hazard Distances/Areas

Release and Event Tree Probabilities Rupture Hole RoW Prob

Class-1/DoC 42in per mile-yr = 1.90E-05 3.80E-05 0.28

Class-3/DoC 42in per mile-yr = 2.57E-05 5.14E-05 0.31

Class-3/DoC 60in per mile-yr = 2.22E-05 4.45E-05 0.25

Rupt: Rupture ignition = 0.08

Immediate Igntion = 0.5 Not in tree, ext imp

Workers in pipeline RoW = 0.26

Fireball 0.04

Crater Fire 0.04

Exposure to blast/debris 0.92

Holes Hole Ignition = 0.03

2-inch Crater fire 0.03

Vulnerabilities

For crater, jet and fireball (equiv dose for short duration)

Fire Vulnerabilities Fire to Fire to

Fire Fire 10kW/m2 5kW/m2

Fatal Injury Fatal Injury

Outdoor 0.5 0.5 0.1 0.2

Indoor 0.1 0.4 0.01 0.04

Blast Vulnerabilities

>10psi >6psi 3-10psi 1-6psi

Fatal Injury Fatal Injury

Outdoor 0.1 0.2 0 0

Indoor 0.5 0.3 0.2 0.1

Roadway 1/2 Width, ft 32.5

Area

Rupture Hazard Distances Fire Roadway Area minus fire

Fireball (ft) (ft2) (ft)2 & rdwy (ft)2

Fire high casualty (ft) = 100 12,767 18,649 18,649

Distance to Fatality = 250 32,408 163,941 145,293

Distance to Injury = 360 46,736 360,414 341,766

Area

Fire Roadway Area minus fire

Rupture Crater (ft) (ft2) (ft)2 (ft)2

Fire high casualty (ft) = 82 10,374 21,124 21,124

Distance to Fatality = 150 19,346 70,686 49,562

Distance to Injury = 220 28,496 152,053 130,929

Area

Roadway Area minus high

Blast - Outdoors (ft) (ft2) (ft)2 (ft)2

High casualty (ft) = 0 0 0 0

Distance to Fatality = 20 0 1,257 1,257

Distance to Injury = 25 0 1,963 1,963

Area

Roadway Area minus high

Blast - Indoors (ft) (ft2) (ft)2 (ft)2

No houses in 30ft High casualty (ft) = 0 0 0 0

Distance to Fatality = 40 4,551 5,027 5,027

Distance to Injury = 90 11,440 25,447 25,447
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Pipeline Route-1   for 500 psig,  20% SMYS
and Urban Depth of Cover Increase
Modeling Probabilities and Hazard Distances/Areas

Area

Hole Hazard Distances Fire Roadway Area minus fire

2-inch Hole Crater (ft) (ft2) (ft)2 (ft)2

Fire high casualty (ft) = 20 0 1,257 1,257

Distance to Fatality = 40 4,551 5,027 3,770

Distance to Injury = 50 6,008 7,854 6,597

Probability of Population In/Out

80% 20% 95% 5%

Day Day-In Day-Out Night Night-In Night-Out

Resid / Rural 1 0.8 0.2 1 0.95 0.05

Commercial 1 0.8 0.2 0.05 0.0475 0.0025

Industrial 1 0.8 0.2 0.2 0.19 0.01

Agricultural 1 0.2 0.8 0.05 0.0475 0.0025

Mixed Res/Com 1 0.8 0.2 0.525 0.4988 0.0263

Agricultural / Rural 1 0.2 0.8 0.1 0.095 0.005

Industrial-L / Rural 1 0.8 0.2 0.2 0.19 0.01

Unpop 1 0 1 1 0 1

Vehicle Impacts Fireball to high radiation limit only

Non-Highway streets add 0.25 vehicles per ADT max day = 3.51E-05

Non-Highway streets for night, 0.20 of max day = 7.01E-06

Highways add 2.5 vehicles per ADT 3.51E-05

Highway streets for night 0.2 of max day = 7.01E-06

Pipeline Right-of-Way workers

During day only. Prob of external impact cause cells G4 to G6 Example Class 3 depth-of-cover 60 in

C3 / 60-in prob of excavation rupture during day 0.25 x 2 = 0.51

70% of ruptures occur at time of impact 0.51 x 0.7 = 0.36

Assumed 3 persons in RoW area 3

Day Prob per person = 1.524248425

Ancilliary Equipment, Public or 3rd party Worker Exposure

Risk of release at each location = 1.00E-05

Ignition Prob 0.03 x immediate ignition 0.5 = 0.015

Event frequency for crater fire, immediate ignition = 1.50E-07

Overall prob of public, 50% presence at time of failure 50/50 3rd party = 0.25

Assumed 3 persons in equipment area 3

Prob of exposure per person = 0.75

Crater fire vulnerability fatality = 0.1

Crater fire vulnerability injury = 0.2

Vehicles Per Foot Calc

ADT 15000

Speed, mph 45

Vehicles/foot 0.00263047

Fireball exposed veh 0.53 vehicles total exposed

vehicles/ADT 3.5073E-05
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Probs of Population Locations

Section Name Section Population Day / Day / Pop Density
Group 

Density

DOT  
Location 
Class / Road

Number 
Vehicles 
Fireball

Number 
RoW 

Workers

Prob of 
RoW 

Workers Day / 
ID miles Type Night Night Inside Outside per mile2 per ft2 DoC ADT Impact Present Night
1-1 Graciosa 2.2 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in 300 0.011 3 0.40 Day

Night 0.5 0.95 0.05 0.002 0 0 Night
1-2 Graciosa 0.2 Rural / Res-ML Day 0.5 0.8 0.2 1010 3.62E-05 C3 - 60 in 1500 0.053 3 0.36 Day

Night 0.5 0.95 0.05 0.011 0 0 Night
1-3 Graciosa 0.3 Res-M / Res-ML Day 0.5 0.8 0.2 2500 8.97E-05 C3 - 60 in 1500 0.053 3 0.36 Day

Night 0.5 0.95 0.05 0.011 0 0 Night
1-4 Orcutt Rd 0.4 Res-M Day 0.5 0.8 0.2 3000 1.08E-04 C3 - 60 in 2000 0.070 3 0.36 Day

Night 0.5 0.95 0.05 0.014 0 0 Night
1-5 Orcutt Rd 0.1 Com-L Day 0.5 0.8 0.2 1000 3.59E-05 C3 - 60 in 2000 0.070 3 0.36 Day

Night 0.5 0.0475 0.0025 0.014 0 0 Night
1-6 Clark Ave 0.9 Res-M / Res-ML Day 0.5 0.8 0.2 2500 8.97E-05 C3 - 60 in 10000 0.351 3 0.36 Day

Night 0.5 0.95 0.05 0.070 0 0 Night
1-7 Clark Ave 0.3 Com-M Day 0.5 0.8 0.2 5000 1.79E-04 C3 - 60 in 15000 0.526 3 0.36 Day

Night 0.5 0.0475 0.0025 0.105 0 0 Night
1-8 Clark Ave 0.9 Res-M Day 0.5 0.8 0.2 3000 1.08E-04 C3 - 60 in 10000 0.351 3 0.36 Day

Night 0.5 0.95 0.05 0.070 0 0 Night
1-9 Clark Ave 0.3 Road-H Day 0.5 0 1 2 7.17E-08 C3 - 420 in 42,000 0.133 3 0.36 Day

Night 0.5 0 1 0.027 0 0 Night
1-10 Clark Ave 0.6 Ag Day 0.5 0.2 0.8 200 7.17E-06 C1 - 42 in 5180 0.182 3 0.40 Day

Night 0.5 0.095 0.005 0.036 0 0 Night
1-11 Clark Ave 0.5 Res-M / Rural Day 0.5 0.8 0.2 1510 5.42E-05 C3 - 42 in 3000 0.105 3 0.44 Day

Night 0.5 0.95 0.05 0.021 0 0 Night
1-12 Clark Ave 1.5 Ag / Rural Day 0.5 0.2 0.8 110 3.95E-06 C1 - 42 in 3000 0.105 3 0.40 Day

Night 0.5 0.095 0.005 0.021 0 0 Night
1-13 Dominion 3.5 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in 1050 0.037 3 0.40 Day

Night 0.5 0.95 0.05 0.007 0 0 Night
1-14 Palmer 0.5 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in 1050 0.037 3 0.40 Day

Night 0.5 0.95 0.05 0.007 0 0 Night
1-15 Cat Canyon 1.7 Ind-L / Rural Day 0.5 0.8 0.2 510 1.83E-05 C1 - 42 in 850 0.030 3 0.40 Day

Night 0.5 0.19 0.01 0.006 0 0 Night
1-16 ECC Project 0.1 Rural Day 0.5 0.8 0.2 20 7.17E-07 C1 - 42 in N/A 0.000 3 0.40 Day

Night 0.5 0.95 0.05 0 0 Night
Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divided by group number
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Frequ of 
Rupture

Frequ of 
Hole

Frequ of 
Fireball

Frequ of 
Crater F

Frequ of 
Blast

Frequ of 2" 
Hole Fire

Frequ of 
Fireball

Frequ of 
Crater F

Frequ of 
Blast

Frequ of 2" 
Hole Fire

per year per year per year per year per year per year per year per year per year per year
2.09E-05 4.18E-05 5.05E-07 5.05E-07 1.16E-05 7.58E-07 3.31E-07 3.31E-07 7.62E-06 4.97E-07
2.09E-05 4.18E-05 8.36E-07 8.36E-07 1.92E-05 1.25E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2.22E-06 4.45E-06 5.73E-08 5.73E-08 1.32E-06 8.59E-08 3.16E-08 3.16E-08 7.27E-07 4.74E-08
2.22E-06 4.45E-06 8.89E-08 8.89E-08 2.04E-06 1.33E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-06 6.67E-06 8.59E-08 8.59E-08 1.98E-06 1.29E-07 4.74E-08 4.74E-08 1.09E-06 7.12E-08
3.33E-06 6.67E-06 1.33E-07 1.33E-07 3.07E-06 2.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
4.44E-06 8.89E-06 1.15E-07 1.15E-07 2.63E-06 1.72E-07 6.32E-08 6.32E-08 1.45E-06 9.49E-08
4.44E-06 8.89E-06 1.78E-07 1.78E-07 4.09E-06 2.67E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.11E-06 2.22E-06 2.86E-08 2.86E-08 6.59E-07 4.30E-08 1.58E-08 1.58E-08 3.64E-07 2.37E-08
1.11E-06 2.22E-06 4.44E-08 4.44E-08 1.02E-06 6.67E-08 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.00E-05 2.00E-05 2.58E-07 2.58E-07 5.93E-06 3.87E-07 1.42E-07 1.42E-07 3.27E-06 2.13E-07
1.00E-05 2.00E-05 4.00E-07 4.00E-07 9.20E-06 6.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-06 6.67E-06 8.59E-08 8.59E-08 1.98E-06 1.29E-07 4.74E-08 4.74E-08 1.09E-06 7.12E-08
3.33E-06 6.67E-06 1.33E-07 1.33E-07 3.07E-06 2.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.00E-05 2.00E-05 2.58E-07 2.58E-07 5.93E-06 3.87E-07 1.42E-07 1.42E-07 3.27E-06 2.13E-07
1.00E-05 2.00E-05 4.00E-07 4.00E-07 9.20E-06 6.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-06 6.67E-06 8.59E-08 8.59E-08 1.98E-06 1.29E-07 4.74E-08 4.74E-08 1.09E-06 7.12E-08
3.33E-06 6.67E-06 1.33E-07 1.33E-07 3.07E-06 2.00E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
5.70E-06 1.14E-05 1.38E-07 1.38E-07 3.17E-06 2.07E-07 9.03E-08 9.03E-08 2.08E-06 1.36E-07
5.70E-06 1.14E-05 2.28E-07 2.28E-07 5.25E-06 3.42E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
6.42E-06 1.28E-05 1.44E-07 1.44E-07 3.31E-06 2.16E-07 1.13E-07 1.13E-07 2.60E-06 1.69E-07
6.42E-06 1.28E-05 2.57E-07 2.57E-07 5.91E-06 3.85E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.43E-05 2.85E-05 3.44E-07 3.44E-07 7.92E-06 5.17E-07 2.26E-07 2.26E-07 5.19E-06 3.39E-07
1.43E-05 2.85E-05 5.70E-07 5.70E-07 1.31E-05 8.56E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3.33E-05 6.65E-05 8.03E-07 8.03E-07 1.85E-05 1.21E-06 5.27E-07 5.27E-07 1.21E-05 7.91E-07
3.33E-05 6.65E-05 1.33E-06 1.33E-06 3.06E-05 2.00E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
4.75E-06 9.51E-06 1.15E-07 1.15E-07 2.64E-06 1.72E-07 7.53E-08 7.53E-08 1.73E-06 1.13E-07
4.75E-06 9.51E-06 1.90E-07 1.90E-07 4.37E-06 2.85E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.62E-05 3.23E-05 3.90E-07 3.90E-07 8.98E-06 5.86E-07 2.56E-07 2.56E-07 5.89E-06 3.84E-07
1.62E-05 3.23E-05 6.46E-07 6.46E-07 1.49E-05 9.70E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
9.50E-07 1.90E-06 2.30E-08 2.30E-08 5.28E-07 3.45E-08 1.51E-08 1.51E-08 3.46E-07 2.26E-08
9.50E-07 1.90E-06 3.80E-08 3.80E-08 8.74E-07 5.70E-08 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2.80E-04 5.61E-04 9.04E-06 9.04E-06 2.08E-04 1.36E-05 2.17E-06 2.17E-06 4.99E-05 3.26E-06

No ROW workers, Rupture Events / Group With RoW workers, even public distrib
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Groups Even Dist

High 
Casualty A

Area to 
10kw Area to 5kw

RoW 
Workers

High 
Casualty 

Group 

Area to 
10kw 
Group

High 
Casualty 

Group
Vehicle 

Casualty

Area to 
10kw 
Group

Non-RoW 
Fireball

Fatal

RoW 
Fireball

Fatal
Population Population Population Number Number Number Number Number Number Number Number
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0021 0.0008 0.0074 1.5074

0.0000 0.0003 0.0005 0.0013 0.0004 0.0010 0.0035 0.0035
6.76E-01 5.26E+00 1.24E+01 1.5000 0.0676 0.1053 0.0540 0.0105 0.0421 0.2795 1.7795

0.0000 0.0169 0.0263 0.0642 0.0021 0.0500 0.1595 0.1595
1.67E+00 1.30E+01 3.06E+01 1.5000 0.1672 0.2606 0.1338 0.0105 0.1042 0.6764 2.1764

0.0000 0.0418 0.0651 0.1589 0.0021 0.1238 0.3917 0.3917
2.01E+00 1.56E+01 3.68E+01 1.5000 0.2007 0.3127 0.1605 0.0140 0.1251 0.8130 2.3130

0.0000 0.0502 0.0782 0.1906 0.0028 0.1485 0.4703 0.4703
6.69E-01 5.21E+00 1.23E+01 1.5000 0.0669 0.1042 0.0535 0.0140 0.0417 0.2804 1.7804

0.0000 0.0008 0.0013 0.0032 0.0028 0.0025 0.0106 0.0106
1.67E+00 1.30E+01 3.06E+01 1.5000 0.1672 0.2606 0.1338 0.0701 0.1042 0.7360 2.2360

0.0000 0.0418 0.0651 0.1589 0.0140 0.1238 0.4036 0.4036
3.34E+00 2.61E+01 6.13E+01 1.5000 0.3345 0.5212 0.2676 0.1052 0.2085 1.4369 2.9369

0.0000 0.0042 0.0065 0.0159 0.0210 0.0124 0.0600 0.0600
2.01E+00 1.56E+01 3.68E+01 1.5000 0.2007 0.3127 0.1605 0.0701 0.1251 0.8691 2.3691

0.0000 0.0502 0.0782 0.1906 0.0140 0.1485 0.4815 0.4815
1.34E-03 1.04E-02 2.45E-02 1.5000 0.0007 0.0010 0.0000 0.0265 0.0000 0.0282 1.5282

0.0000 0.0007 0.0010 0.0000 0.0053 0.0000 0.0070 0.0070
1.34E-01 1.04E+00 2.45E+00 1.5000 0.0535 0.0834 0.0027 0.0363 0.0021 0.1780 1.6780

0.0000 0.0003 0.0005 0.0013 0.0073 0.0010 0.0104 0.0104
1.01E+00 7.87E+00 1.85E+01 1.5000 0.1010 0.1574 0.0808 0.0210 0.0630 0.4232 1.9232

0.0000 0.0253 0.0393 0.0960 0.0042 0.0748 0.2395 0.2395
7.36E-02 5.73E-01 1.35E+00 1.5000 0.0294 0.0459 0.0015 0.0210 0.0011 0.0990 1.5990

0.0000 0.0002 0.0003 0.0007 0.0042 0.0005 0.0059 0.0059
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0074 0.0008 0.0127 1.5127

0.0000 0.0003 0.0005 0.0013 0.0015 0.0010 0.0046 0.0046
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0074 0.0008 0.0127 1.5127

0.0000 0.0003 0.0005 0.0013 0.0015 0.0010 0.0046 0.0046
3.41E-01 2.66E+00 6.25E+00 1.5000 0.0341 0.0532 0.0273 0.0060 0.0213 0.1418 1.6418

0.0000 0.0017 0.0027 0.0065 0.0012 0.0051 0.0171 0.0171
1.34E-02 1.04E-01 2.45E-01 1.5000 0.0013 0.0021 0.0011 0.0000 0.0008 0.0053 1.5053

0.0000 0.0003 0.0005 0.0013 0.0000 0.0010 0.0031 0.0031
24.000 1.664 2.593 1.972 0.507 1.536 8.2727 32.2727

0.5 0.5 0.1 0.1 0.1 0.01

Population Exposed

FIREBALL FATALITY

Outdoor Fatality Indoor Fatality
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Groups Even Dist

High 
Casualty A

Area to 
10kw Area to 5kw

RoW 
Workers

High 
Casualty A

Area to 
10kw

High 
Casualty A

Area to 
10kw

Non-RoW 
Crater
Fatal

RoW Crater
Fatal

Population Population Population Number Number Number Number Number Number Number
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
7.65E-01 1.80E+00 4.74E+00 0.7500 0.0765 0.0359 0.0612 0.0144 0.1880 0.9380

0.0000 0.0191 0.0090 0.0727 0.0171 0.1179 0.1179
1.89E+00 4.44E+00 1.17E+01 0.7500 0.1894 0.0889 0.1515 0.0356 0.4654 1.2154

0.0000 0.0474 0.0222 0.1800 0.0422 0.2918 0.2918
2.27E+00 5.33E+00 1.41E+01 0.7500 0.2273 0.1067 0.1819 0.0427 0.5585 1.3085

0.0000 0.0568 0.0267 0.2160 0.0507 0.3501 0.3501
7.58E-01 1.78E+00 4.70E+00 0.7500 0.0758 0.0356 0.0606 0.0142 0.1862 0.9362

0.0000 0.0009 0.0004 0.0036 0.0008 0.0058 0.0058
1.89E+00 4.44E+00 1.17E+01 0.7500 0.1894 0.0889 0.1515 0.0356 0.4654 1.2154

0.0000 0.0474 0.0222 0.1800 0.0422 0.2918 0.2918
3.79E+00 8.89E+00 2.35E+01 0.7500 0.3789 0.1778 0.3031 0.0711 0.9308 1.6808

0.0000 0.0047 0.0022 0.0180 0.0042 0.0292 0.0292
2.27E+00 5.33E+00 1.41E+01 0.7500 0.2273 0.1067 0.1819 0.0427 0.5585 1.3085

0.0000 0.0568 0.0267 0.2160 0.0507 0.3501 0.3501
1.52E-03 3.56E-03 9.39E-03 0.7500 0.0008 0.0004 0.0000 0.0000 0.0011 0.7511

0.0000 0.0008 0.0004 0.0000 0.0000 0.0011 0.0011
1.52E-01 3.56E-01 9.39E-01 0.7500 0.0606 0.0284 0.0030 0.0007 0.0928 0.8428

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
1.14E+00 2.68E+00 7.09E+00 0.7500 0.1144 0.0537 0.0915 0.0215 0.2811 1.0311

0.0000 0.0286 0.0134 0.1087 0.0255 0.1762 0.1762
8.33E-02 1.96E-01 5.17E-01 0.7500 0.0333 0.0156 0.0017 0.0004 0.0510 0.8010

0.0000 0.0002 0.0001 0.0008 0.0002 0.0013 0.0013
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
3.86E-01 9.07E-01 2.40E+00 0.7500 0.0386 0.0181 0.0309 0.0073 0.0949 0.8449

0.0000 0.0019 0.0009 0.0073 0.0017 0.0119 0.0119
1.52E-02 3.56E-02 9.39E-02 0.7500 0.0015 0.0007 0.0012 0.0003 0.0037 0.7537

0.0000 0.0004 0.0002 0.0014 0.0003 0.0023 0.0023
12.000 1.885 0.885 2.234 0.524 5.5276 17.5276

0.25 0.5 0.1 0.1 0.01

Population Exposed Outdoor Fatality Indoor Fatality

CRATER FATALITY
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Ind Fatality Groups Even Dist

Area to 
10psi

Area to 
6psi

Area to 
3psi

Area to 
1psi

RoW 
Workers Area to 10psi

Area to 
3psi

Non-RoW 
Blast
Fatal

RoW Blast
Fatal

Population Population Population Population Number Number Number Number Number
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
4.55E-02 7.11E-02 1.82E-01 9.22E-01 0.3000 0.0009 0.0009 0.3009

0.0000 0.0002 0.0002 0.0002
1.13E-01 1.76E-01 4.51E-01 2.28E+00 0.3000 0.0023 0.0023 0.3023

0.0000 0.0006 0.0006 0.0006
1.35E-01 2.11E-01 5.41E-01 2.74E+00 0.3000 0.0027 0.0865 0.0892 0.3892

0.0000 0.0007 0.1028 0.1034 0.1034
4.51E-02 7.04E-02 1.80E-01 9.13E-01 0.3000 0.0009 0.0009 0.3009

0.0000 0.0000 0.0000 0.0000
1.13E-01 1.76E-01 4.51E-01 2.28E+00 0.3000 0.0023 0.0023 0.3023

0.0000 0.0006 0.0006 0.0006
2.25E-01 3.52E-01 9.02E-01 4.56E+00 0.3000 0.0045 0.0045 0.3045

0.0000 0.0001 0.0001 0.0001
1.35E-01 2.11E-01 5.41E-01 2.74E+00 0.3000 0.0027 0.0027 0.3027

0.0000 0.0007 0.0007 0.0007
9.02E-05 1.41E-04 3.61E-04 1.83E-03 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
9.02E-03 1.41E-02 3.61E-02 1.83E-01 0.3000 0.0007 0.0007 0.3007

0.0000 0.0000 0.0000 0.0000
6.81E-02 1.06E-01 2.72E-01 1.38E+00 0.3000 0.0014 0.0014 0.3014

0.0000 0.0003 0.0003 0.0003
4.96E-03 7.75E-03 1.98E-02 1.00E-01 0.3000 0.0004 0.0004 0.3004

0.0000 0.0000 0.0000 0.0000
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
2.30E-02 3.59E-02 9.20E-02 4.66E-01 0.3000 0.0005 0.0005 0.3005

0.0000 0.0000 0.0000 0.0000
9.02E-04 1.41E-03 3.61E-03 1.83E-02 0.3000 0.0000 0.0000 0.3000

0.0000 0.0000 0.0000 0.0000
4.8000 0.0224 0.1893 0.2117 5.0117

0.1 0.1 0.2

Outdoor Fatality

BLAST FATALITY

Population Exposed
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Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Groups Even Dist

High 
Casualty A

Area to 
10kw

Area to 
5kw

RoW 
Workers

High 
Casualty A

Area to 
10kw

None.  
Min 

distance
to houses 

35 ft

Non-RoW 
Hole Fire

Fatal

RoW Hole 
Fire
Fatal

Frequ of 1" 
Hole Fire

Ancill 
Public 

Population Population Population Number Number Number Number Number per year Number
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501 1.50E-07 0.075

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
4.55E-02 1.37E-01 2.39E-01 0.7500 0.0046 0.0027 0.0000 0.0000 0.007 0.7573

0.0000 0.0011 0.0007 0.0000 0.0000 0.002 0.0018
1.13E-01 3.38E-01 5.92E-01 0.7500 0.0113 0.0068 0.0000 0.0000 0.018 0.7680

0.0000 0.0028 0.0017 0.0000 0.0000 0.005 0.0045
1.35E-01 4.06E-01 7.10E-01 0.7500 0.0135 0.0081 0.0000 0.0000 0.022 0.7716

0.0000 0.0034 0.0020 0.0000 0.0000 0.005 0.0054
4.51E-02 1.35E-01 2.37E-01 0.7500 0.0045 0.0027 0.0000 0.0000 0.007 0.7572

0.0000 0.0001 0.0000 0.0000 0.0000 0.000 0.0001
1.13E-01 3.38E-01 5.92E-01 0.7500 0.0113 0.0068 0.0000 0.0000 0.018 0.7680

0.0000 0.0028 0.0017 0.0000 0.0000 0.005 0.0045
2.25E-01 6.76E-01 1.18E+00 0.7500 0.0225 0.0135 0.0000 0.0000 0.036 0.7861

0.0000 0.0003 0.0002 0.0000 0.0000 0.000 0.0005
1.35E-01 4.06E-01 7.10E-01 0.7500 0.0135 0.0081 0.0000 0.0000 0.022 0.7716

0.0000 0.0034 0.0020 0.0000 0.0000 0.005 0.0054
9.02E-05 2.70E-04 4.73E-04 0.7500 0.0000 0.0000 0.0000 0.0000 0.000 0.7501

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0001
9.02E-03 2.70E-02 4.73E-02 0.7500 0.0036 0.0022 0.0000 0.0000 0.006 0.7558

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
6.81E-02 2.04E-01 3.57E-01 0.7500 0.0068 0.0041 0.0000 0.0000 0.011 0.7609

0.0000 0.0017 0.0010 0.0000 0.0000 0.003 0.0027
4.96E-03 1.49E-02 2.60E-02 0.7500 0.0020 0.0012 0.0000 0.0000 0.003 0.7532

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501 1.50E-07 0.075

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
2.30E-02 6.90E-02 1.21E-01 0.7500 0.0023 0.0014 0.0000 0.0000 0.004 0.7537

0.0000 0.0001 0.0001 0.0000 0.0000 0.000 0.0002
9.02E-04 2.70E-03 4.73E-03 0.7500 0.0001 0.0001 0.0000 0.0000 0.000 0.7501

0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
12.0000 0.1121 0.0673 0.0000 0.0000 0.179 12.179

0.25 0.5 0.1 0.1

Public Density x Impact Area Outdoor Fatality Indoor Fatality

HOLE FATALITY

Ancilliary Equipment

B-10



Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Group
Even Dist 
w/ ROW Group

Even Dist 
w/ ROW

RoW High 5kW High Vehicle 5kW Fireball Fireball RoW High 5kW High 5kW Crater Crater
Number Number Number Number Number Number Number Number Number Number Number Number Number Number Number
1.5000 0.0013 0.0098 0.0043 0.0253 0.0078 0.0485 1.5485 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0051 0.0093 0.0222 0.0222 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.0676 0.4953 0.2162 0.1263 0.3962 1.3015 2.8015 0.7500 0.0765 0.1897 0.2449 0.1518 0.6629 1.4129
0.0000 0.0169 0.1238 0.2567 0.0253 0.4705 0.8932 0.8932 0.0000 0.0191 0.0474 0.2908 0.1802 0.5376 0.5376
1.5000 0.1672 1.2259 0.5351 0.1263 0.9807 3.0353 4.5353 0.7500 0.1894 0.4696 0.6062 0.3757 1.6410 2.3910
0.0000 0.0418 0.3065 0.6355 0.0253 1.1646 2.1736 2.1736 0.0000 0.0474 0.1174 0.7198 0.4462 1.3308 1.3308
1.5000 0.2007 1.4711 0.6422 0.1684 1.1769 3.6592 5.1592 0.7500 0.2273 0.5636 0.7274 0.4509 1.9692 2.7192
0.0000 0.0502 0.3678 0.7626 0.0337 1.3975 2.6117 2.6117 0.0000 0.0568 0.1409 0.8638 0.5354 1.5969 1.5969
1.5000 0.0669 0.4904 0.2141 0.1684 0.3923 1.3320 2.8320 0.7500 0.0758 0.1879 0.2425 0.1503 0.6564 1.4064
0.0000 0.0008 0.0061 0.0127 0.0337 0.0233 0.0766 0.0766 0.0000 0.0009 0.0023 0.0144 0.0089 0.0266 0.0266
1.5000 0.1672 1.2259 0.5351 0.8418 0.9807 3.7508 5.2508 0.7500 0.1894 0.4696 0.6062 0.3757 1.6410 2.3910
0.0000 0.0418 0.3065 0.6355 0.1684 1.1646 2.3167 2.3167 0.0000 0.0474 0.1174 0.7198 0.4462 1.3308 1.3308
1.5000 0.3345 2.4518 1.0703 1.2626 1.9615 7.0807 8.5807 0.7500 0.3789 0.9393 1.2124 0.7514 3.2819 4.0319
0.0000 0.0042 0.0306 0.0635 0.2525 0.1165 0.4674 0.4674 0.0000 0.0047 0.0117 0.0720 0.0446 0.1331 0.1331
1.5000 0.2007 1.4711 0.6422 0.8418 1.1769 4.3326 5.8326 0.7500 0.2273 0.5636 0.7274 0.4509 1.9692 2.7192
0.0000 0.0502 0.3678 0.7626 0.1684 1.3975 2.7464 2.7464 0.0000 0.0568 0.1409 0.8638 0.5354 1.5969 1.5969
1.5000 0.0007 0.0049 0.0000 0.3182 0.0000 0.3238 1.8238 0.7500 0.0008 0.0019 0.0000 0.0000 0.0026 0.7526
0.0000 0.0007 0.0049 0.0000 0.0636 0.0000 0.0692 0.0692 0.0000 0.0008 0.0019 0.0000 0.0000 0.0026 0.0026
1.5000 0.0535 0.3923 0.0107 0.4360 0.0196 0.9122 2.4122 0.7500 0.0606 0.1503 0.0121 0.0075 0.2305 0.9805
0.0000 0.0003 0.0025 0.0051 0.0872 0.0093 0.1044 0.1044 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.1010 0.7405 0.3232 0.2525 0.5924 2.0096 3.5096 0.7500 0.1144 0.2837 0.3661 0.2269 0.9911 1.7411
0.0000 0.0253 0.1851 0.3838 0.0505 0.7034 1.3481 1.3481 0.0000 0.0286 0.0709 0.4348 0.2695 0.8038 0.8038
1.5000 0.0294 0.2158 0.0059 0.2525 0.0108 0.5144 2.0144 0.7500 0.0333 0.0827 0.0067 0.0041 0.1268 0.8768
0.0000 0.0002 0.0013 0.0028 0.0505 0.0051 0.0600 0.0600 0.0000 0.0002 0.0005 0.0032 0.0020 0.0059 0.0059
1.5000 0.0013 0.0098 0.0043 0.0884 0.0078 0.1117 1.6117 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0177 0.0093 0.0349 0.0349 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.0013 0.0098 0.0043 0.0884 0.0078 0.1117 1.6117 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0177 0.0093 0.0349 0.0349 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
1.5000 0.0341 0.2501 0.1092 0.0715 0.2001 0.6650 2.1650 0.7500 0.0386 0.0958 0.1237 0.0766 0.3348 1.0848
0.0000 0.0017 0.0125 0.0259 0.0143 0.0475 0.1020 0.1020 0.0000 0.0019 0.0048 0.0294 0.0182 0.0543 0.0543
1.5000 0.0013 0.0098 0.0043 0.0000 0.0078 0.0233 1.5233 0.7500 0.0015 0.0038 0.0048 0.0030 0.0131 0.7631
0.0000 0.0003 0.0025 0.0051 0.0000 0.0093 0.0172 0.0172 0.0000 0.0004 0.0009 0.0058 0.0036 0.0106 0.0106
0.0000 1.664 12.199 7.888 6.082 14.457 42.2903 66.2903 0.0000 1.885 4.674 8.935 5.538 21.0324 33.0324

0.5 0.5 0.2 0.40 0.40 0.04 0.25 0.5 0.2 0.4 0.04

Indoor Injury

CRATER INJURY

Outdoor Injury Indoor Injury

FIREBALL INJURY

Outdoor Injury

B-11



Pipeline Route  for 500 psig,  20% SMYS
and Urban Depth of Cover increase
Scenario Frequencies and Impacts

Fatalities:

Section Name Section Population
ID miles Type
1-1 Graciosa 2.2 Rural

1-2 Graciosa 0.2 Rural / Res-ML

1-3 Graciosa 0.3 Res-M / Res-ML

1-4 Orcutt Rd 0.4 Res-M

1-5 Orcutt Rd 0.1 Com-L

1-6 Clark Ave 0.9 Res-M / Res-ML

1-7 Clark Ave 0.3 Com-M

1-8 Clark Ave 0.9 Res-M

1-9 Clark Ave 0.3 Road-H

1-10 Clark Ave 0.6 Ag

1-11 Clark Ave 0.5 Res-M / Rural

1-12 Clark Ave 1.5 Ag / Rural

1-13 Dominion 3.5 Rural

1-14 Palmer 0.5 Rural

1-15 Cat Canyon 1.7 Ind-L / Rural

1-16 ECC Project 0.1 Rural

Totals 14

Vulnerabilities

NOTES:
Vehicle occupants 2
2 in vehicle, multiply casualty number by 2
Group Number for groups for cars, as the frequency has been divid

Ind Injury Group
Even Dist 
w/ ROW Indoor Injury Group

Even Dist 
w/ ROW

RoW 6psi 1psi Blast Blast RoW High 5kW No High OrcuttRd Hole Hole 1" hole Public
Number Number Number Number Number Number Number Number Number Number Number Number per year Number
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503 1.50E-07 0.15
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0028 0.0738 0.0766 0.6766 0.7500 0.0046 0.0096 0.014 0.7641
0.0000 0.0007 0.0876 0.0883 0.0883 0.0000 0.0011 0.0024 0.004 0.0035
0.6000 0.0070 0.1826 0.1896 0.7896 0.7500 0.0113 0.0237 0.035 0.7849
0.0000 0.0018 0.2168 0.2185 0.2185 0.0000 0.0028 0.0059 0.009 0.0087
0.6000 0.0085 0.2191 0.2275 0.8275 0.7500 0.0135 0.0284 OrcuttRd 0.0227 0.065 0.8146
0.0000 0.0021 0.2601 0.2623 0.2623 0.0000 0.0034 0.0071 0.0270 0.037 0.0375
0.6000 0.0028 0.0730 0.0758 0.6758 0.7500 0.0045 0.0095 0.014 0.7640
0.0000 0.0000 0.0043 0.0044 0.0044 0.0000 0.0001 0.0001 0.000 0.0002
0.6000 0.0070 0.1826 0.1896 0.7896 0.7500 0.0113 0.0237 0.035 0.7849
0.0000 0.0018 0.2168 0.2185 0.2185 0.0000 0.0028 0.0059 0.009 0.0087
0.6000 0.0141 0.3651 0.3792 0.9792 0.7500 0.0225 0.0473 0.070 0.8199
0.0000 0.0002 0.0217 0.0219 0.0219 0.0000 0.0003 0.0006 0.001 0.0009
0.6000 0.0085 0.2191 0.2275 0.8275 0.7500 0.0135 0.0284 0.042 0.7919
0.0000 0.0021 0.2601 0.2623 0.2623 0.0000 0.0034 0.0071 0.010 0.0105
0.6000 0.0000 0.0000 0.0000 0.6000 0.7500 0.0000 0.0001 0.000 0.7501
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.000 0.0001
0.6000 0.0023 0.0037 0.0059 0.6059 0.7500 0.0036 0.0076 0.011 0.7612
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0043 0.1103 0.1145 0.7145 0.7500 0.0068 0.0143 0.021 0.7711
0.0000 0.0011 0.1309 0.1320 0.1320 0.0000 0.0017 0.0036 0.005 0.0053
0.6000 0.0012 0.0020 0.0032 0.6032 0.7500 0.0020 0.0042 0.006 0.7561
0.0000 0.0000 0.0010 0.0010 0.0010 0.0000 0.0000 0.0000 0.000 0.0000
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503 1.50E-07 0.15
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
0.6000 0.0014 0.0372 0.0387 0.6387 0.7500 0.0023 0.0048 0.007 0.7571
0.0000 0.0001 0.0088 0.0089 0.0089 0.0000 0.0001 0.0002 0.000 0.0004
0.6000 0.0001 0.0015 0.0015 0.6015 0.7500 0.0001 0.0002 0.000 0.7503
0.0000 0.0000 0.0017 0.0017 0.0017 0.0000 0.0000 0.0000 0.000 0.0001
9.6000 0.0701 2.6910 2.7611 12.3611 12.0000 0.1121 0.2355 0.0497 0.397 12.397

0.2 0.2 0.1 0.25 0.5 0.2 0.4 0.04 0.2

Outdoor Injury

BLAST INJURY

Outdoor Injury

HOLE INJURY

Ancilliary Equipment
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Gas release rate from a hole - EPA RMP Guidance Doc

Input Values and Constants Outputs

Unit Name
Release 

Type

Release 

size 

(inches)

Release 

size    

(m)

Pressure 

(bara)

Discharge 

Coeff

Gas 

Release 

Rate

 (kg/s)

Gas 

Release 

Rate 

(lb/min)

Pipeline Rupture 8 0.203 35.5 0.62 138 18321

Pipeline Hole 2 0.0508 35.5 0.8 8.3 1095

Pipeline Hole 1 0.0254 35.5 0.8 2.1 274
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TNO Yellow Book Calcs - Gas flow from a pipeline - Section 2.5.2.5

Input Constants

dp pipeline diameter 0.203 m 8 inches

lp pipeline length 2.25E+04 m 14 miles

Po initial pipeline pressure 35.5 bara 500 psig

To initial temperature 288 K 15 C

ρ gas density 27.4 kg/m3

MW molecular weight 18.5 g/mol

Cp/Cv specific heat ratio 1.3

R gas constant 8314

 wall roughness 3.00E-05

Outputs

Q0 Initial mass in line 2.00E+04 kg 44093 lb

us Sonic Velocity 410 m/s

fD Darcy friction factor 0.013

tB Time Constant 1585

tE Max time validity 55 s

Mass Flow at Time

0 secs, initial release rate qs 138 kg/s

1 secs 129 kg/s

2 secs 121 kg/s

3 secs 113 kg/s

4 secs 105 kg/s

5 secs 98 kg/s

8 secs 81 kg/s

10 secs 71 kg/s

15 secs 52 kg/s

20 secs 39 kg/s

30 secs 24 kg/s

60 secs 12 kg/s

Mass in 5 secs one end = 586 kg 1292 lb

Mass in 5 secs both ends = 1171.754 kg 2584 lb
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Fireball Calcs - EPA RMP Guidance Doc - Equation D-36

and CCPS / AiChe Guidelines for Evaluation of …., BLEVES 1994

Input Values and Constants

Mass in fireball 1172 kg 2584 lb

Heat of Combustion 48600 kJ/kg

Radiation Fraction 0.3

Min injury dose = 3420000 (Watts/m
2
)
4/3

-second

Min fatal dose = 8620000 (Watts/m
2
)
4/3

-second

Outputs

Fireball duration 4.7 s (for mass < 30,000 kg)

Fireball Diam 61.2 m

Fireball Radius 30.6 m 100 ft

Min injury distance 108 m 356 ft

Min fatality distance 77 m 251 ft
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Crater Fire Calcs - Gas Research Institute

Report GRI-00/0189, October 2000

Input Values and Constants

initial pipeline pressure 35.5 bara 500 psig

pipeline diameter 0.203 m 8 inches

Min injury radiation 5 kw/m
2

1,585 Btu/hr-ft
2

Min fatal radiation 10 kw/m
2

3170 Btu/hr-ft
2

High casualty radiation 35 kw/m
2

11100 Btu/hr-ft
2

Outputs

Distance to injury 218

Distance to fatality 154

Distance to high casulaty 82
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Expansion Blast Calcs

TNO Yellow Book Calcs - Section 7.5

Input Values and Constants

gas pressure p1 3.55E+06 N/m2

ambient pressure p0 1.01E+05 N/m2

initial release rate m1 138 kg/s

duration of release in explosion 0.5 secs

gas density ρ 27.4 kg/m3

volume of gas V 2.5 m3

specific heat ratio Cp/Cv 1.3

ground location factor 2.0

Outputs

Energy of compressed gas Ea 2.89E+07 J

Effective energy Eex 5.78E+07 J

Output interation OverPressure Distance

psi barg ft m

1 0.07 89 27

3 0.21 40 12.2

6 0.41 26 7.8

10 0.69 20 6.1
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Crater Fire Calcs - Gas Research Institute

Report GRI-00/0189, October 2000

Input Values and Constants

initial pipeline pressure 35.5 bara 500 psig

pipeline diameter 0.203 m 8 inches

hole diameter 0.0508 m 2 inches

Hole release rate 8.27 kg/s 1095 lb/min

Min injury radiation 5 kw/m
2

1,585 Btu/hr-ft
2

Min fatal radiation 10 kw/m
2

3170 Btu/hr-ft
2

High casualty radiation 35 kw/m
2

11100 Btu/hr-ft
2

Outputs

Distance to injury 54

Distance to fatality 38

Distance to high casulaty 21

Input Values and Constants

initial pipeline pressure 35.5 bara 500 psig

pipeline diameter 0.203 m 8 inches

hole diameter 0.0254 m 1 inches

Hole release rate 2.07 kg/s 274 lb/min

Min injury radiation 5 kw/m
2

1,585 Btu/hr-ft
2

Min fatal radiation 10 kw/m
2

3170 Btu/hr-ft
2

High casualty radiation 35 kw/m
2

11100 Btu/hr-ft
2

Outputs

Distance to injury 27

Distance to fatality 19

Distance to high casulaty 10
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California Department of Education Risk Protocol Discussion 
The California Department of Education (CDE), School Facilities Planning Division (SFPD) has 
established standards for use by Local Educational Agencies (LEAs) (i.e., school districts, county 
offices of education and charter school entities) in the selection of safe and educationally 
appropriate school sites (authority per Education Code section 17251).   These standards have 
been adopted by the State Board of Education in the California Code of Regulations Title 5, 
Section 14010 – Standards for School Site Selection. Both locally funded and state funded new 
school sites, and land expansions of existing sites, must comply with these standards as well as 
other requirements not described herein.  CDE also requires that when seeking approval for new 
construction or modernization plans on existing school sites, LEAs certify that the project will not 
create nor substantially exacerbate an existing safety hazard, including those listed in Title 5 
related to pipelines. 
 
Although this project does not require the installation of any school facilities, the risk assessment 
approach was performed as per the CDE protocol5 to inform the public as to the level of risk that 
the pipeline would present to neighborhood schools. 
 
The CDE protocol5 requires estimates of pipeline failure and resulting impact zones, similar to the 
analysis in this report.  The closest school site would be the Delta Charter School.  The impacts 
are accessed at the closest location of the school site to the pipeline and the frequency of impacts 
are determined by examining the length of pipeline that, if a release were to occur, could impact 
any portion of the school site.  A default assumptions are made as detailed in the CDE protocol 
in regards to impact conditional probabilities.  These assumptions are detailed in the protocol 
spreadsheets as provided by the CDE.  These spreadsheets are attached as completed for the 
proposed project pipeline.  For more information on the approach and analysis, please refer to 
the CDE protocol5. 
 
The results of the CDE protocol analysis indicate that risk levels for the closest school site would 
be acceptable.   
 
 



.

California Department of Education                           

PIPELINE RISK ANALYSIS PROTOCOL 
TOTAL INDIVIDUAL RISK (TIR) ESTIMATING AID

To be used in conjunction with 
the CDE Guidance Protocol for School 

Site Pipeline Risk Analysis

March 2007

Aera East Cat Canyon Project
Natural Gas Pipeline

CDE provides this template for the convenience of Protocol users as a template. It is 
the responsibility of the user to ensure that calculations match and are appropriate for 

the risk analysis being conducted for a particular case. While both CDE and its 
contractor have sought to make this spreadsheet free of errors there is no expressed 

or implied warranty to that it is so.
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Aera East Cat Canyon Natural Pas Pipeline Project

Pipe 
Size Press.

Hazard 
X

RX 
(1%) R0 XSEG

RX  
(1%) R0 XSEG

RX  
(1%) R0 XSEG

RX 
(1%) R0 XSEG

(in) (psig) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

8 500 LJF 50 75 0 50 290 0 50 500 0 50 1000 0
8 500 RJF 250 75 477 250 290 0 250 500 0 250 1000 0
8 500 LFF 0 75 0 0 290 0 0 500 0 0 1000 0
8 500 RFF 250 75 477 250 290 0 250 500 0 250 1000 0
8 500 LEX 0 75 0 0 290 0 0 500 0 0 1000 0
8 500 REX 0 75 0 0 290 0 0 500 0 0 1000 0

End Zone 3 -Back 
Property Line

XSEG Calculations
Pipe Size, 

Pressure, and 
Hazard Type 

Front Property 
Line - Begin Zone 

1

Begin Zone 2
First Building

Begin Zone 3
Back of Building

Green cells (B6-B11, C6-C11, E6-E11, F6-F11, I6-I11, L6-L11, and O6-O11) indicate where input data 
are entered for the case being analyzed.

The numbers shown apply for a the specific example illustrated.  Substitute the appropriate values for 
the actual number being analyzed. 

The Pipe Size is the pipe diameter in inches. The Pressure is the operating pressure in punds per 
square inch gage (psig). 

Hazard acronyms are defined in the Protocol. 

The 1% mortality (0.01) probability impact distance RX for each hazard is obtained from the appropriate 
hazard figure in the Protocol, Chapter 4. 

R0 is the receptor distance being analyzed and is explained in the Protocol, Chapter 4.

XSEG is as described in the Protocol, Chapter 4.

Zones 1, 2, and 3 are defined in the Protocol, Chapter 4 for use in the TIR calculations. If more than 
three zones are used, as explained in the Protocol, Section 4, more worksheets of the same type as 
shown can be added.

Workbook: TIR CALCS 3.07
Sheet: XSEG Calculations
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TIR CALCULATIONS - BEGIN ZONE 1 - FRONT PROPERTY LINE
Aera East Cat Canyon Natural Pas Pipeline Project

Green cells (B19, B21, B47-53, D4-7, D10-15, H19, and H20) indicate data entry cells.                                                                                                           

Product natural gas
Diameter 8 inches
Pressure 500 psig
R0 250 ft

XSEG RX(1%) Units
XSEG(LJF) 0 ft
XSEG(RJF) 477 ft
XSEG(LFF) 0 ft
XSEG(RFF) 477 ft
XSEG(LEX) 0 ft
XSEG(REX) 0 ft

F0 1.2E-04 PC(L) 0.8 PC(R) 0.2 PC(OCC) 0.16
P0 1.2E-04 PC(LIG) 0.3 PC(RIG) 0.45 PC(OUT) 0.25
PAF 0.19 PC(FIG) 0.99 PC(FIG) 0.99
PA 2.3E-05 PC(JF) 0.98 PC(JF) 0.98

PC(FF) 0.01 PC(FF) 0.01
PC(EIG) 0.01 PC(EIG) 0.01

Calculated Values:
PA(LJF) 0.0E+00 PCI(LJF) 0.233 PCI(RJF) 0.087
PA(RJF) 2.1E-06 PCI(LFF) 0.002 PCI(RFF) 0.001
PA(LFF) 0.0E+00 PCI(LEX) 0.002 PCI(REX) 0.001 PC(EXPO) 0.04
PA(RFF) 2.1E-06
PA(LEX) 0.0E+00
PA(REX) 0.0E+00

PC(LJF) = PA(LJF) x PCI(LJF) x PC(EXPO) = 0.0E+00 0.23 0.040 0.0E+00
PC(RJF) = PA(RJF) x PCI(RJF) x PC(EXPO) = 2.1E-06 0.09 0.040 7.2E-09
PC(LFF) = PA(LFF) x PCI(LFF) x PC(EXPO) = 0.0E+00 0.002 0.040 0.0E+00
PC(RFF) = PA(RFF) x PCI(RFF) x PC(EXPO) = 2.1E-06 0.001 0.040 7.3E-11
PC(LEX) = PA(LEX) x PCI(LEX) x PC(EXPO) = 0.0E+00 0.002 0.040 0.0E+00
PC(REX) = PA(REX) x PCI(REX) x PC(EXPO) = 0.0E+00 0.001 0.040 0.0E+00

Based on data from impact distance figures in Section 4.6 and mortality figures in Section 4.5, enter 
the maximum impact probability at receptor location for each hazard in MAX PF(X) column.

IR Calculation
MAX PF(X) PC(X) IR(X)

IR(LJF) = 0.00 0.0E+00 0.0E+00  
IR(RJF) = 1.00 7.2E-09 7.19E-09  
IR(LFF) = 0.00 0.0E+00 0.00E+00
IR(RFF) = 1.00 7.3E-11 7.34E-11
IR(LEX) = 0.00 0.0E+00 0.00E+00
IR(REX) = 0.00 0.0E+00 0.00E+00

7.3E-09  

1.0E-06

0.01

0.25

Leak Rupture Exposure 

Impact Probability Calculations

Input Data

Base and Conditional Probability Calculations
Base

PROTOCOL TIR INDICATOR RATIO 

CDE INDIVIDUAL RISK CRITERION, IRC 

TIR/IRC RATIO

Probability Term Values 

TOTAL INDIVIDUAL RISK, TIR  

1. These instruction boxes apply to 
Worksheets TIR1, 2, 3, and 4. 
2. Enter the Input Data indicated for the 
case under analysis. 
3. Enter the XSEG values from 
Worksheet "XSEG Calculations".
4. In the table below enter the F0 data 
for the appropriate type pf pipeline from 
the failure frequency data in the 
Protocol, Chapter 4. 
5.Enter a value for the other green cell 
variables as explained in Chapter 4.

6. Enter the maximum fatality probability 
that corresponds to the maximum 
impact for each hazard type according 
to the Protocol, Chapter 4.

Workbook:TIR CALCS 3.07
Sheet: TIR1 

D-5



 

 

 Total Sulfur in Blended ECCRP Crude     
  Vol% (1) Gals  API Grv.(3) SG Lbs./gal Wt, Lbs   Wt Frac  S (2) Lbs. S 
Lt. Crude 25 25 29.9 0.876 7.29708 182.4 0.0075 1.37 
Producd Crude 75 75 7 1.022 8.51326 638.5 0.0681 43.48 
  100 100 14.8 0.967 8.051 820.9   44.85 
                  
Wt % Sulfur               5.46 
Notes:         
(1) Based on TQRA blend of 10,000 Bbl native and 3,320 Bbl Lt crude    
(2) Sulfur content based on Belridge Lt Crude Assay, and information on produced crude provided by applicant. 
(3) API gravity based on Belridge Lt Crude Assay and information on produced crude provided by 
applicant.  
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Aera ECC Transportation QRA 
Response to Question on Hazard Areas 
April 13, 2018 
 
Hazard areas associated with the scenarios on Table 4.2 of the January 2017 TQRA are as 
follows: 
 
Pool Fire Hazard Areas 
 

Release Source Weather 
Conditions 

Hazard Areas (ft)2 

Pool Fire Radiation  
Fatality 

Radiation  
Injury 

Large Crude Oil Truck Release 

Crude Release  F/1.5 9,500 ft2 38,000 ft2 80,000 ft2 
to Pavement D/4 9,500 ft2 91,000 ft2 170,000 ft2 

 
 
Flammable Vapor Hazard Areas 
 

Release Source Weather 
Conditions* 

Flammable Hazard Areas (ft)2 

LFL 1/2 LFL 

Light Crude Release to F/1.5 14,000 ft2 25,000 ft2 
pavement D/4 3,500 ft2 8,800 ft2 
Blended Crude Release F/1.5 37,000 ft2 70,000 ft2 
to pavement D/4 8,800 ft2 17,000 ft2 

 
 
A simplification was applied to use the dominant pool fire hazard areas, and neglect the smaller 
hazards associated with a vapor cloud fire.  Within a large analysis there are a lot of simplifications 
and assumptions that must be made. It’s also not a simple issue of hazard distance or hazard 
area.  
 
Pool fire and pool radiation hazards are multidirectional, and may impact a larger area than a 
vapor cloud with similar downwind hazard distances.  Within the hazard areas for pool fire and 
vapor cloud fire, there are different vulnerability levels, and also different vulnerabilities for inside 
and outside populations. 
 
Both the pool fire and vapor cloud fire hazard distances and areas have been calculated 
conservatively.  The maximum pool fire downwind hazard distance has been conservatively 
assumed to occur in all directions, although the upwind hazard distance will be lower due to pool 
fire wind tilt.  This results in conservative pool fire hazard areas.  The vapor cloud hazard distances 
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are also very conservative, and have been calculated assuming the maximum pool evaporation 
rate at the maximum transportation temperature. In reality, a crude oil release is unlikely to be 
instantaneous, and the hot blended crude oil will be cooling on release.  This will reduce the 
evaporation rates and hence the downwind dispersion distances. 
 
The dominant hazard to the public occurs during the day, when more people will be outside and 
vulnerable to a hazardous release.  This weather is represented by D stability and 4 meters per 
second wind (D/4).  During the day, a large crude oil pool fire will have a greater radiation hazard 
distance than a vapor cloud fire, and a 10 to 25 times greater hazard area.   
 
During the night, public personnel are primarily indoors where they are less vulnerable to a 
hazardous flammable release.  The weather at night is represented by both D/4 and F/1.5 
conditions.  F/1.5 occurs approximately 35% of the time.  At lower wind speeds, there is less pool 
fire wind tilt therefore a lower pool hazard distance / area.  The flammable vapor cloud has a 
greater hazard distance at lower wind speed due to less mixing, although the vapor cloud hazard 
area is still lower than the pool radiation hazard area.   
 
A pool fire has been assumed to spread within a circular area of up to 55 feet in all directions 
(9,500 ft2).  Within the pool fire, it has been assumed that all public persons outside or inside 
buildings will be casualties and therefore no additional casualties would occur due to a vapor 
cloud fire.  Beyond the pool fire area, the public may be exposed to both a vapor cloud fire then 
pool fire radiation if located downwind of the release.  There may be a small risk of additional 
fatalities or injuries due to the vapor cloud hazard that are not included in the pool fire radiation 
hazard.  The exclusion of this small risk is one of many simplifications applied in the TQRA, and 
it is more than compensated for by using conservative hazard areas. 
 
The pool fire and flammable vapor cloud hazard areas are only relevant for the calculation of off-
road casualties. On-road casualties have been calculated by an analysis of historical incident 
data. On-road fire hazards represent the primary public risk, and account for about 90% and 85% 
of the serious injury and fatality risk respectively. This has been validated by an analysis of 25 
years of HMIRS historical data.  
 
 
Caroline Dixon 
Dixon Risk Consulting 
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