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Abstract
Compliance with new regulations in old plants remains a recurring challenge because of negative outcome of
incidents. This challenge stems from uncertainties in the facilities’ integrity, owing to inadequacy of existing
integrity-validating technologies. Process facilities deteriorate through cyclic operations, while encroachments
from expanding population characteristically raise the risk-levels, leading to need for higher grade materials to
meet operational expansions. Retroactive compliance becomes a nightmare with every new regulation without
a robust cost-to-benefit assurance. This paper discusses two-phased qualitative and quantitative risk modelling
approach through systematic field-data-gathering, hazards identification and analysis by a twelve-man risk man-
agement engineers. The methodology successfully computed a “health-check" of the facility’s compliance to new
regulations, 17 high-risk-hazards were extracted from 42 potential hazards and successfully established varied
individual risk levels ranging from 4.07E-06 to 1.64E-04/year. Also, risks ranged from 1.00E-04 to 5.00E-05/year
of tolerable risks to the environment, society, and business were recorded across the facility while, 22 risk-mitigation
actions were recommended.

Keywords: qualitative risk assessment, quantitative risk assessment, risk management, high consequence
area, regulatory compliance, risk levels

1. INTRODUCTION
The layout and operation of oil and gas sepa-

ration facilities, pipeline junctions, and stabiliza-
tion stations are designed to comply with regu-
latory safety standards. Incidentally, several of
these plants have been operating prior to the pro-
mulgation of some new standards that required
retroactive compliance. Yet operational exigen-
cies including new fields development, production
increment, and other business expansions require
installation of additional facilities, even to a point
where the existing plants become congested, re-
sulting in what is known as high consequence
area (HCA), such as aptly depicted in Fig. 1. Un-
fortunately, the consequences of noncompliance
with statutory health, safety, or environmental re-
quirements, in the event of a major incident, can
be catastrophic to an organization. This is as ev-
idenced by the Burnaby oil pipeline rupture in
2007, according to Canadian Broadcasting Corpo-
ration News Report [1]. Amajor accident with sig-
nificant environmental pollution, fatalities, and
even loss of critical contractual obligations in an
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unsafe facility, could result in considerable dam-
age to an organization’s reputation, unsavory cost
of endless litigations, and negative perception in
the court of public opinion, even to the point of
loss of a company’s operating license. Yet, the cost
and risk of upgrading an operationally aging fa-
cility to mitigate the risk of failure often turns to
a major investment challenge to operating com-
panies. This paper discusses the deployment of
a quantitative risk assessment (QRA) technique
for addressing similar challenge in Nigeria, using
a functionally expanding Baboon Field Pipeline
Manifold (BFPM), belonging to Harlypet Oil and
Gas Nigeria Limited (HOG), with sprawling aging
facilities as a case study.

1.1. High Consequence Area
Resulting impact or consequence of inadver-

tent release from pipelines or any operating fa-
cility vary greatly, and significantly depends on
the locale or where the release occurs, as well as
the hazardous nature of the product released [2].
The concept of HCA is generally used in pipelines
safety regulations to identify specific areas where
a release could have the most significant adverse
consequence to health, safety, the environment,
business, or even the reputation of an organiza-
tion. Such releases could adversely affect human
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Figure 1: Hazard identification process. Source: Developed by the Study

health and safety, cause environmental degrada-
tion, and damage personal or commercial prop-
erty, and lead to inability to meet contractual obli-
gations. In general, good engineering practices
and regulations require operators to take appro-
priate technical and operational measures, to mit-
igate the consequence of any pipeline or associ-
ated facilities failure in an area with potential
high impact.
1.2. Regulatory Changes
Regulatory changes meant to improve safety

of personnel and environment are always wel-
come as improvements worth complying with, es-
pecially if enacted prior to making an investment
decisions for upgrades. Unlike most new opera-
tional regulations that are intended for new devel-
opments and not to be applied retroactively, safety
regulations do require immediate compliance [3].
Often and in this situation, the new regulations
rear up conflicts, especially in brownfield develop-
ments, where the new facilities will be interfacing
with existing ones. This often becomes challeng-
ing in already congested plants with little or in-
adequate room to allow for full compliance with
the new regulations. Failing to comply, especially
in safety related requirements means incurring
penalties and potential legal issues. This is in ad-
dition to a full scale impact on health, safety, en-
vironment, business, and reputation in the event
of an incident or accident.
1.3. Risk Build Up and Challenges
Interestingly, a considerable number of oil and

gas processing plants worldwide are becoming
HCAs with increasing risk impact to third par-
ties and the company business. Some of these
plants, like BFPM, were built in remote loca-
tions in the 1940s to 1960s prior to the promul-
gation of most environmental, safety, and health

regulatory standards. Subsequently, sporadic
demographic changes through urban expansion
and population encroachments incidentally re-
strict any further space expansion, and inadver-
tently reconstituted a previously safe operating
facility into a potential risk to people and the en-
vironment. This emerging trend now raises not
only business, technical, safety, environmental,
social, and even legal challenges to most operat-
ing companies, but also issues of violation, with
ever evolving and increasingly stringent regula-
tions. The integrity of older process facilities nat-
urally deteriorates over time, while some operate
under extreme parameters of pressure and tem-
perature in overtly congested and relatively close
proximity; some even contain hazardous products.
In addition, there is always expansion of facili-
ties or plant modifications within the already con-
strained space that tend to further stretch the op-
erating systems and spacing, as well as increasing
environmental risk. The attendant risks and pos-
sible noncompliance with statutory regulations,
unwittingly constitute a significant management
challenge, especially for responsible hydrocarbon
operating companies.
While an in-line instrument (ILI) scraping (pig-

ging) inspection could provide a reliable view of
external and internal corrosion conditions of scra-
pable facilities like pipelines, the corrosion con-
dition of non-scrapable facilities, such as process
piping, vessels, shipping facilities; pumps and
compressors, and lateral lines; including low pres-
sure and high pressure manifolds are very sub-
jective and relatively unreliable. The spectrum
of inspection tools, like nondestructive ultra-sonic
testing (NDT UT), available for inspecting such
facilities, are restrictively complicated in deploy-
ments requiring the expertise of experienced in-
spectors, which generally reduces the reliability
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Figure 2: Hazard identification process. Source: Developed by the Study.

of the inspections. The randomness of the UT
application (through spot checks) is less assuring
with a statistical chance of missing vital vulner-
able portions uninspected, thus raising a major
risk issue.

1.4. Risk Development Analysis Approaches
In developing a risk model for hazard detec-

tion and the probable emergency situation in
plants, Solodovnikov [4] posited that identifica-
tion of weakest points is fundamental to specu-
lating potential threats. In different studies on
risk management approaches, [5–8] emphasized
the need for the use of risk analysis in manag-
ing risks. In his seminal works “Unknown Un-
known in Project Probabilistic Cost”, Raydugui [9]
presented an innovative approach to risk man-
agement termed unknown unknowns noting that
people risk identification requires thinking out-
side the box. In diverse risk assessment appli-
cations, Bastos and Barton [10] applied portfo-
lio theory based on probabilistic methodology, to
Brazilian electrical systems, involving develop-
ment of a standalone hydropower station. Rose
[11] provided a detailed treatment of risk assess-
ment and the economic implications for oil field
investors, while Kraft [12] discussed risk in policy
research; highlighting risk analysis as a veritable
tool.
While some risk analyses end in qualitative ap-

praisal as the basis for decision making, others
require quantitative evaluation in addition with
hazard reduction strategies and cost-benefit anal-
ysis [13]. The basic challenge remains to accu-
rately transform the qualitative linguistic expres-
sion of risks into quantitative values. Interest-

ingly, enormous works such as using fuzzy logic
and Monte Carlo simulation for Economics opti-
mization conducted by Alaneme and Igboanugo
[14] was undertaken to transform qualitative and
linguistic expressions of risk to quantitative num-
bers for mathematical deployment. Other notable
works deploying fuzzy modeling in decision mak-
ing and subjective workload include [15–17].
In different setting, [18] successfully modeled

uncertainty of data in disaster risk assessment,
thus proving the reliability of modeling to mimic
reality. Other compelling studies on Fuzzy Logic
transformation of qualitative reasoning to quanti-
tative numbers and basis for investment decision
was successfully implemented in the mining in-
dustry [19, 20]. Similarly, [21, 22] proposed the
use of QRA to appropriately quantify such risks
associated with process activity hazards and ac-
cident modelling in process industries, hence the
deployment of this approach to assess justifiable
spends for retroactive compliance to regulatory
changes.

2. METHODOLOGY
In this study, a two-phased qualitative andQRA

strategy was conducted, primarily to assess the
system capacity of the chosen facility and evalu-
ate its compliance with subsisting standards and
regulations. The process of the qualitative phase
presented in Fig. 2 focused on survey data gather-
ing and systematic brainstorming of hazard iden-
tification (HAZID) to identify all health, safety,
environment hazards or threats to the company
business in the existing controls with emphasis
on the design, operation, maintenance, and waste
disposal activities. The multidisciplinary HAZID
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Table 1: Risk criticality matrix.

Frequency Severity
Catastrophic Critical Serious Major Minor Negligible

Frequent 5 4 3 2 1 0
Probable 5 A A A A B C
Occasional 4 A A A B C C
Remote 3 A A B C C D
Improbable 2 A B C C D D
Extremely 1 B C C D D D
Unlikely 0 C C D D D D

Source: An adaptation of Industry Standard Matrix from Harlypet Oil and Gas Nigeria Limited. where: A =
Intolerable, B = Undesirable, C = Tolerable, and D = Negligible.

team was drawn from Operations, Maintenance,
Inspection Services, Safety, Environmental, Fire
Protection, Consulting, and Design departments
facilitated by a vendor.
With the aid of the risk criticality matrix in Ta-

ble 1, all identified credible residual risks were
ranked in terms of frequency and consequence.
The risks were inclusive of reductionmeasures re-
ferred to as residual risks. Analysis of the fail-
ure mode and effects of the single points of failure
demonstrated the criticality of impairing hydro-
carbon deliveries, as well as conducting an exten-
sive reliability and availability assessment of both
major and minor equipment.
A failure mode and effect analysis (FMEA) was

then conducted to provide a systematic assess-
ment of all process equipment and associated elec-
trical and pneumatic systems, and to identify sin-
gle points of failure that may result in hydrocar-
bon supply interruption; that is, complete or par-
tial loss of supply, or otherwise impair the plant
performance. The failure modes such as failure to
close/open on demand, spurious operation or in-
ternal/external leakages and the associated rate
of failure data were taken from the Offshore Reli-
ability Data (OREDA) Handbook [23]. Similarly,
the calculated mean time before failure (MTBF)
values assumed a constant failure rate, using the
following equation as provided in [23]:

MBTF (years)=
1

failure rate per hr×8760 hrs×no. of unit components
(1)

In this phase also, a Structural Reliability As-
sessment (SRA) was conducted to predict corro-
sion failure frequencies based on existing inspec-
tion data and system layout fromHOG. functional
relation for the probability of failure in Eq. (2) was
also extracted from [23] as:

P f =
∫

g(x)≤0
fx(X )dx (2)

where, f = g(X )≤ 0 represents a failure event with
a limit function g(X ) and fx is the joint probability
density function of the random variables X .
In the second phase, the quantitative risk as-

sessment primarily computed the individual and

cumulative impact of all the credible loss of con-
tainment events using industry standard QRA
techniques with emphasis on location specific in-
dividual risk (LSIR), individual risk per annum
(IRPA), and potential loss of life (PLL). The QRA
process systematically identified scenarios lead-
ing to loss of containment before defining the nu-
merical consequence or fatalities associated with
each hazard. Subsequently, the likelihood of oc-
currence were assessed and used to establish the
numerical levels of the risks.
Given the large number of possible combina-

tions for likely events, the calculations were con-
ducted using a commercially available Phast Risk,
Version 6.7, a DNV [24], proprietary software be-
fore weighing the risks against HOG risk tolera-
bility criteria in Table 2. The study successfully
modeled jet fires, flash fires, toxic release of Hy-
drogen Sulphide, and vapour cloud explosions us-
ing the Phast Risk software. The DNV assess-
ment process presented in Fig. 3 was used to gen-
erate the Individual Risk contours, F-N curves,
and PLL which are intentionally omitted in this
paper. Similarly, Eqs. (3) to (9) were extracted
from [24] manual to generate the different statis-
tical records for the facility.
The location of risk in a given point is generated

from the following relation:

LSRi =
∑

j
feo, j ·P f at,i, j ·Pweather, j ·Pdirection,i, j (3)

where LSRi is location specific risk at location i,
feo, j is frequency of event outcome j, P f at,i, j is risk
probability at location i due to j, Pweather, j is prob-
ability of the weather conditions required to result
in the event outcome at j and Pdirection,i, j is prob-
ability of event outcome being directed at location
i and, the relation for computing the location spe-
cific individual risk is as follows:

IRk = θk ·
∑

i
Ploc,i,k ·LSRi (4)

Where IRk is individual risk in a population group
k, θk is cumulative fraction of time spent by the
member in the location of interest and Ploc,i,k is
probability that the individual is actually in the
location of interest.
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Table 2: Business Risk Tolerability Matrix.

Frequency Categories
1 Very Low: 2 Low: 3 Medium: 4 High: 5 Very High:
never heard some incidents incident happens several happens several
of in the recorded in the occurred in times per year times per year
industry industry the company in the company in the facility

Severity Asset Damage / < 10−6 <10−4 to 10−6 <10−3 to 10−4 <10−2 to 10−3 10−2

Categories Operational per year per year per year per year per year
Impact Costs

5-Significant Above $10 million Y Y R R R
4 - Major Up to $10 million Y Y Y R R
3 - Partial Up to $1 million G Y Y Y R
2 - Minor Up to $100 K G G Y Y Y
1 - Slight Up to $10 K G G G Y Y
Source: An adaptation of Industry Standard Matrix from Harlypet Oil and Gas Nigeria Limited with approval.

Figure 3: Risk Assessment Process. Source: Det Norske Veritas with approval.
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Therefore, the individual risk at a single loca-
tion is computed in a single step using Eq. (5) by
combining Eqs. (3) and (4), while Eq. (6) provides
a simplifiedmethodology for the total location spe-
cific individual risk; a summation of all locations
and all event outcomes as follows:

IRi, j,k = feo, j·P f at,i, j·Pweather, j·Pdirection,i, j·Ploc,i,k·θk
(5)

f IRi, j,k = feo, j +α f at,i, j +αweather, j

+αdirection,i, j +αloc,i,k +αθk (6)
where f IRi, j,k and feo, j are Category frequencies
for IRi, j,k and feo, j. α f at,i, j, αweather, j, αdirection,i, j,
αloc,i,k and αθk are the respective probability val-
ues.
Subsequently, the annual total individual risk

is now generated as:

IRtot,k = mH,k ·10−7 +mG,k ·10−6

+mF,k ·10−5 +mE,k ·10−4 · · · (7)
Where: IRtot,k is total individual risk, mH,k is
number of event outcomes in X categories for a
given population group k.

The PLL, as a factor of individual risk per an-
num is then expressed for simplicity as:

PLLA =
∫ ∫

α
IRP A(x, y)m(x, y)dxdy (8)

where m(x, y) is the population density at the lo-
cation (x, y).
Computed results were then benchmarked with

HOGand other similar International [25] and [24]
risk acceptance criteria, while potential risk re-
duction measures to reduce the risks to as low as
reasonably practicable (ALARP) were then estab-
lished with their corresponding cost benefit analy-
sis. The implicit cost of averting a fatality (ICAF)
in Eq. (9), is basically a dollar expression per the
statistical fatality avoided as follows:

ICAF= Net cost of a given option
Potential life saving of exposed people

(9)
The QRAwas further expanded to also appraise

the risk of business interruption in addition to
pruning alternative measures that may improve
reliability, and mitigate the business interruption
as well as finding the cost-benefit mitigation mea-
sures. The tolerability spectrum is guided by the
Table 2 matrix.
Consequence Assessment modelling was used

by [26] to consider toxic gas dispersion, jet fires,
flammable gas dispersion (flash fires), vapor cloud
explosions (VCEs), and toxic release events, while
the frequency assessment process consists of both
“external” derivation of initiating/top event fre-
quencies, using a parts count approach and the
generation of scenario/outcome frequencies.

3. SIMULATION MODELLING PARAMETERS
The hardware failure rates are obtained from

the reliability data given in SINTEFOREDA, [23]
where, failures in hardware components are as-
sumed to be independent. At same time, failure
distribution function is assumed to be exponential
(constant failure rates for all components). The
software used to implement vital functions is sub-
ject to a rigorous development process and valida-
tion and the design is understood to react safely
to failures (including software check-redundancy,
persistency and plausibility checks). Similarly,
the failure mode statistics for the individual com-
ponents were taken from OREDA [23].

3.1. Hole Sizes
The hole sizes and associated leak frequencies

shown in Table 3 are extracted from HOG sta-
tistical failure records. The record covered a pe-
riod of over 40-years starting from 1979. The re-
lease frequencies calculation and number of po-
tential leak sources for isolatable section included
pumps, valves, fittings (flanges and instruments).

3.2. Meteorological Conditions
The study assumed an ambient temperature of

26℃, humidity of 50%, a Pasquill stability F wind
speed of 1.5m/s; and a Pasquill stability D wind
speed of 5.0m/s based on meteorological data con-
ditions extracted from Fig. 4 to reveal a useable
wind direction data in Table 4. Although pre-
diction by air dispersion models vary Jubori [27],
extrapolating international values in a dearth of
a reliable local data is within acceptable limits
given basic postulation that mean wind profile of
the neutral class can appropriately approximate
that of a strong wind [28].
The study adopted UK HSE’s risk tolerability

criteria [25] as summarized in Table 5 as bases for
assessing acceptability regime of risk to workers
and public. A spend of a total 24 hours in a day
and 7 days in a week by an individual at the given
location is assumed for the LSIR.
On the other hand, HOG provided the busi-

ness risk criteria presented in Fig. 5. This range
is unique to the organization but could be ex-
trapolated to other organizations where a reliable
data is not available. Basically, the frequency
categories were assigned based on the event fre-
quency, either ignited or un-ignited releases.

3.3. Equipment Leak Frequencies
The associated leak frequencies presented in

Table 6 were extracted from two primary sources
namely the published HSE’s Hydrocarbon Re-
lease (HCR) database for Process equipment [25]
and HOG database for releases frequencies for
pipelines and associated scrapers launchers, re-
ceivers, and pumps. Coincidentally, the associ-
ated leak frequencies have been developed been
used for a number of Saudi Aramco studies and
rightly deemed appropriate.
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Table 3: Hole Size and Associated Release Frequencies.

Equipment Total Frequency Frequency Per Hole Size
10mm 25mm 50mm 100mm Full Bore

Coolers 3.62E-03 1.90E-03 5.94E-04 7.13E-04 5.94E-05 3.56E-04
Compressors, Centrifugal 1.28E-02 1.12E-02 1.04E-03 2.60E-04 1.30E-04 1.30E-04
Compressors, Reciprocating 8.60E-02 7.71E-02 5.93E-03 1.48E-03 7.41E-04 7.41E-04
Filters 3.90E-03 3.32E-03 3.83E-04 6.39E-05 6.39E-05 6.39E-05
Heat Exchangers, HC in Shell 5.31E-03 4.62E-03 2.31E-04 2.31E-04 1.15E-04 1.15E-04
Average Gas Pipelines 3.49E-04 1.15E-05 8.71E-06 3.11E-05 2.98E-05 4.30E-04
Average Oil Pipelines 5.41E-04 1.78E-05 1.35E-05 4.80E-05 4.66E-05 6.67E-04
Average Condensate Pipelines 5.43E-04 1.61E-04 1.22E-04 1.97E-04 2.54E-04 1.28E-03
Process Area 3.20E-02 1.09E-03 1.95E-03 5.43E-04 8.91E-04 3.65E-02

Figure 4: Location area ORS Wind Rose.

Table 4: Prevailing wind directions percentiles.

Wind Speed Directions
(m/s) N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW
>15.00
> 10.00 to 15.00 0.5 0.2 0.6 0.8
> 5.00 to 10.00 5.6 4 1.5 2.2 2 1.2 1 1.4 0.1 0.2 0.2 0.2 0.5 3 8.2 4.4
> 2.50 to 5.00 1.4 3.2 2.9 2.6 2.9 2.8 3 2.4 0.5 0.6 0.6 2.6 8 4.2 2.6 1.4
> 0.00 to 2.50 0.5 0.4 0.6 0.6 0.8 1 1 1.4 2.2 4.2 4.2 1
Total 7.5 7.2 4.9 5.2 5.5 4.6 4.8 4.8 1.6 2.2 3 7 12.7 8.4 11.4 6.6

Where R is intolerable, Y is ALARP, and G= Broadly Acceptable

Table 5: HSE Risk Tolerability Criteria.

Tolerability Workers (Onsite) Members of Public (Offsite)
Intolerable ≥10-3 per year ≥10-4 per year
Tolerable (subject to ALARP demonstration) <10-3 per year <10-4 per year
Broadly acceptable or negligible <10-6 per year <10-6 per year
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Figure 5: HOG Business Risk Matrix.

Table 6: Ignition Probabilities.

Leak Probability of Ignition
Gas Liquid

Minor (< 1 kg/s) 0.01 0.01
Major (1-50 kg/s) 0.07 0.03
Massive (>50 kg/s) 0.3 0.08

3.4. Ignition Probabilities
The probability of ignition used for the gas and

liquid releases as key input parameters are as pre-
sented in Table 7.
The ignition probability assessment adopted

the more recent published ignition probability re-
search by Cox, Lees, and Ang [29]. In this study,
[29] devised a banding approach that correlated
the probability of ignition with the release rates.
The variant gas cloud ignition and explosion and
immediate ignition probabilities are provided in
Table 8 and Table 9 respectively.

4. RESULTS AND DISCUSSION
Principally, this risk assessment extricated a

characteristic spectrum of flash and jet fires dom-
inated risks coming from the mainly flammable
gas streams. It established varied individual risk
levels with overall PLL ranging from 4.07E-06 to
1.64E-04/year, while the level of risk (LSIR) across
the site ranged from an insignificant 1.00E-04 to
5.00E-05 per year that falls within the lower re-
gion of company and UK tolerable risks. Apart

from generating varying degrees of societal im-
pact, it was also able to sift out each work group
incremental risk attributable to working in the
plant alone.
Specifically, the IRPA for three different cate-

gory of workers assigned to routine general op-
erations in the facility and as presented in Table
10 showed that the assessed workers experienced
IRPA levels within the lower part of the tolerable
region. Further review showed that IRPA is sensi-
tive to the occupancy levels and the total working
hours per year. However, this is not a true rep-
resentation of the overall risk levels experienced
by these workers given that, every worker is also
exposes to hazards from other facilities.
On the other hand, the group risk expressed in

terms of a PLL predicted the number of fatalities
per year in the event of an uncontrolled major re-
lease. Based on the total number of workers (ex-
posed to the overall risks) from the manning data,
the PLL for all worker groups within the manifold
Junction have been calculated and is presented in
Table 11.
Societal Risk showed no significant risk as the

shortest distance to the nearest residential area
is about 1.4 kilometers. comparatively, a signifi-
cant impact to society is not expected . The overall
business risk assessment understandably identi-
fied redundancy levels for critical facilities, and
the sufficiency of separation distances in addition
to the degrees of escalated or “domino” escalation
risks in noncritical equipment. Unlike the ignited
releases showed an acceptable risk level, a sum-
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Table 7: Gas Cloud Ignition and Explosion Probabilities.

Leak
Total Probability Probability of Explosion Probability of Explosion
of Ignition (Gas) Given Ignition Given Leak

A B C=A X B
Minor (< 1 kg/s) 0.01 0.04 0.0004
Major (1-50 kg/s) 0.07 0.12 0.008
Massive (>50 kg/s) 0.3 0.3 0.09

Table 8: Immediate Ignition Probability.

Leak
Total Ignitions Delayed Ignitions Immediate Ignition
“Probability of “Probability of Explosion Probability
Ignition (Gas)” Given Leak”

A C D=A-C
Minor (< 1 kg/s) 0.0012 0.00024 0.00096
Major (1-50 kg/s) 0.008 0.0016 0.0064
Massive (>50 kg/s) 0.3 0.06 0.24

Table 9: Summary of IRPA Results.

Worker Group IRPA (yr)
General Maintenance Personnel 2.04E-06
Scraping or Pigging Operation Personnel 4.09E-06
Cleaning and Filter Replacement Personnel 1.09E-05

Table 10: Summary of PLL Results.

Worker Group IRPA (yr)
General Maintenance Personnel 4.07E-06
Scraping or Pigging Operation Personnel 2.45E-05
Cleaning and Filter Replacement Personnel 1.64E-04

Table 11: Summary Representation of Un-Ignited Release Costs*.

Isolation Release Release Cost Total Loss of Sales Total Loss (Inventory Distribution Cost
Section Size ($) ($) + Sales Downtime ($) (Credible Loss) ($)

Gas Line

10mm 382 90,563 90,945 73,777
25mm 1,970 90,563 92,532 2,473
50mm 7,638 90,563 98,201 1,988
100mm 30,313 8,150,625 8,180,647 591,399

FB 421,022 8,150,625 8,571,647 593,742
Total Distribution Cost 1,263,379

Isolation Release Release Cost Total Loss of Sales Total Loss (Inventory Distribution Cost
Section Size ($) ($) + Sales Downtime ($) (Credible Loss) ($)

Oil Line

10mm 277 272,550 272,827 173,515
25mm 985 272,550 273,535 3,058
50mm 3,513 272,550 276,063 3,087
100mm 13,625 24,529,500 24,543,126 274,418

FB 148,642 24,529,500 24,529,500 8,630,663
Total Distribution Cost 8,630,663

Isolation Release Release Cost Total Loss of Sales Total Loss (Inventory Distribution Cost
Section Size ($) ($) + Sales Downtime ($) (Credible Loss) ($)

Associated
10mm 129 215,625 215,754 183,911

Facility

25mm 646 215,625 216,271 21,622
50mm 2,492 215,625 218,117 6,552
100mm 9,877 19,406,250 19,416,127 167,266

FB 137,121 19,406,250 19,543,371 180,990
Total Distribution Cost 560,342

*The listed facilities are representative of all the different facilities in the Manifold
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Table 12: Refined Primary Failure Frequency.

External Construction Corrosion Ground Movement Hot-Tap Made Others &
Interference Defect/Material Failure by Error Unknown
1.61-E-07 6.44E-08 6.01E08 0.00E+00 0.00E+00 2.61E-08

Figure 6: Distributed Cost (US$).

mary of un-ignited release costs for loss of hydro-
carbon gas and oil transporting pipelines and the
associated facilities are respectively presented in
Table 12.
The distributed costs columns shows the costs

associated with loss of sales as a result of the fa-
cilities downtime with no redundancy. A general
costs distribution for the different facilities in the
Plant, are presented in Fig. 6.
The resulting primary failure frequencies and

contributions based on data adjustments are pre-
sented in Table 13 and Fig. 7. Therefore, the
calculated refined primary failure frequency of
3.11E-07 per year showed a good health check of
the plant, with a 20% reduction from the orig-
inal frequency, deduced from the European Gas
Pipeline Incident Data Group [30] data collected
and reported since 1970.
Effectively, external interference with 41% con-

tribution presents the greatest threat to the plant
and facilities with defect materials and corrosion
posting a distant 17% and 15% respectively, while
hot taps and seismic activities remain insignifi-
cant.
A further analysis posited that pipelines and

other facilities with smaller diameters are more
vulnerable to external interference due to their
relatively thinner walls. This demonstrated that
having larger diameter or thicker pipe walls is an
effective measure against external interference.
In addition, smaller pipelines or facilities with
thinner walls are more susceptible to corrosion

Figure 7: Frequency data adjustment contributing
factors.

while thicker walled facilities take a longer time,
before causing an incident with more chances for
the corrosion to be detected before failure.
5. CONCLUSION AND RECOMMENDATIONS
The health condition of the BFPM under this

case study has been established with an auditable
track of all actual residual hazards associated
with the design, operation, and maintenance of
the BFPM. Principally, the level of risk across the
site ranges from 1.00E-04 per year to 5.00E-05
per year. All assessed worker experience individ-
ual risk levels within the tolerable region. In ad-
dition, the overall PLL ranged from 4.07E-06 to
1.64E-04 per year. As a result, all hazards with
the potential to result in health, safety, environ-
mental, and business risks were effectively fac-
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Table 13: Refined primary failure frequency.

External Construction Defect Corrosion Ground Hot-Tap Others & Unknown
Interference /Material Failure Movement Made by Error
1.61-E-07 6.44E-08 6.01E08 0.00E+00 0.00E+00 2.61E-08

tored in the risk management radar with appro-
priate risk reduction measures put in place. In-
dicatively, a significant impact on society is not ex-
pected. Knowing the risk level and the dominat-
ing sources of threat and impacts to the safe op-
eration of the plant has become a stepping stone
in the effective control and management of risk.
On the business risk, the study established sig-
nificant redundancy of supply and that the major-
ity of ignited release scenarios resulted in no es-
calation no any impairment of non-critical equip-
ment. However, no scenario with intolerable busi-
ness risk.
Knowing the above presents a basis for re-

solving the conflict between noncompliance with
statutory regulations and legacy (i.e., old) equip-
ment, which poses decision challenge on deploy-
ing lateral applicability of prevailing regulations
or avoidance of retroactive applicability. Also,
the study successfully addressed issues with per-
ceived insufficient separation distances of operat-
ing facilities and concerns on integrity assurance.
Although the existence of a number of credible es-
calation scenarios with the potential to cause total
facility shutdown are factored in, hot works and
groundmovement, such as seismic activities seem
insignificant due to HOG experience and location.
Other organizations that face greater risks in this
area should incorporate them in their general risk
analysis/assessments.
Irrespective of the timeline of each regulation,

a due risk assessment and compliance evaluation
is suggested for every plant/facility. Operating
a facility without fully assessing the risks can
threaten a company’s reputation and makes a dis-
aster more likely. The option to redesign, relocate,
or reduce system operating conditions to within
safety limits should be given a higher priority, so
that facilities are operated according to regulatory
standards and procedures.
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