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a  b  s  t  r  a  c  t

Floating  Production  Storage  and  Offloading  (FPSO)  systems  are  currently  the  popular  scheme  in  offshore
oil and  gas  industry.  The  profitability  of  these  systems  is  extremely  dependent  on  their  production  avail-
abilities.  In this  article,  we  report  the lessons  learned  from  the assessment  of  the  production  availability
of  a FPSO  system.  Regarding  this  study,  we  used  stochastic  simulation  as  the  assessment  tool  because
it  is naturally  suitable  for  performance  evaluation  of  the  production  systems.  To obtain  relevant  results,
eywords:
roduction availability
PSO
uarded transitions systems
odeling patterns

it  requires  a  strong  modeling  discipline  as well  as  rigorous  experimental  protocols.  By  adopting  model-
ing  patterns  in  the production  availability  analysis,  we  can  model  the  target  systems  in a  modular  way.
We  propose  here  to build  models  by assembling  modeling  patterns  dedicated  to production  availability
studies.  We  discuss  the  performed  experiments  with  a special  focus  on sensitivity  analyses.  The  results
by  changing  the  failure  rates are  validated  with  those  altering  the  repair  rates.

© 2018  Elsevier  Ltd. All  rights  reserved.
. Introduction

Floating Production Storage and Offloading (FPSO) units are cur-
ently the popular scheme in offshore oil and gas industry [1,2].
hey are employed to process and to store temporarily the crude
il/gas coming from the production platforms or directly from the
ubsea wells. The oil stored in FPSO is transferred periodically to
huttle tankers. FPSO have the capacity to work in both shallow and
eep waters, as well as in rich and poor (marginal) oil reserves and
as fields. They can be shifted from one offshore field to another
onveniently and economically. FPSO are however complex sys-
ems. Their operations may  face lots of hazards and failures. Many
ncidents and accidents of FPSO have been reported and studied
see e.g. [3–10]). In recent years, an explosion on board of the FPSO
idade de São Mateus left nine fatalities and several injured [11].
esides such accidents (low probabilities and high consequences)
hat must be avoided at all costs, long outages can decrease seri-
usly the performance of these systems and have strong economic

ffects [12]. This is the reason why the profitability of these systems
s extremely dependent on their reliability, availability and main-
ainability (RAM) [13]. It is therefore of importance to assess these

∗ Corresponding author.
E-mail addresses: Huixing.Meng@hotmail.com (H. Meng), Leila.Kloul@uvsq.fr

L. Kloul), Antoine.Rauzy@ntnu.no (A. Rauzy).

ttps://doi.org/10.1016/j.apor.2018.02.026
141-1187/© 2018 Elsevier Ltd. All rights reserved.
characteristics by means of the calculation of suitable performance
indicators obtained from dedicated models.

Production availability is such an indicator, which measures
how a system is capable to meet the demand for deliveries or per-
formance [14]. It is defined as the ratio of the actual production to
the planned production, or field capacity, over a specified period of
time [15–17]. It combines thus both RAM indicators and produc-
tion expectation. Production assurance, or production regularity
have similar meaning [17–19].

FPSO have several specific characteristics that influence strongly
the way production availability can be assessed [20]. Stochastic
simulation is a candidate assessment tool because it is naturally
suitable for performance evaluation in general [16,21]. Stochas-
tic Petri nets (SPN, see e.g. [22,23]) are a candidate modeling
formalism to support stochastic simulation. They can deal with
arbitrary probabilistic distributions and describe both static and
dynamic characteristics with a high algorithmic efficiency. They
have been already applied for various types of offshore studies (see
e.g. [24–27]). For our study, we use an extension of SPN, so-called
Stochastic Petri nets with assertions and predicates (SPN-AP), as it
is implemented in the GRIF modeling and simulation environment
[28]. SPN and SPN-AP models are however far from easy to design

and even more difficult to maintain and to share with stakeholders
[28].

The pattern can be utilized for reusing capitalized knowledge,
which was  initially proposed in civil engineering [29]. The con-
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ept was adopted in software engineering subsequently as design
atterns [30]. These patterns are descriptions of communicating
bjects and classes that are customized to solve a general design
roblem in a particular context [30]. A design pattern promotes
esign reuse, conforms to a literary style, and defines a vocabulary
or discussing design [31]. Modeling patterns are therefore gener-
lizations of frequently occurring system (functional and physical)
ehaviors which can be applied to solve a generic modeling prob-

em in a specific context.
We propose here a set of modeling patterns dedicated to produc-

ion availability studies. We  formulate these patterns in terms of a
implified version of Guarded Transition Systems (GTS) [32]. GTS
oth generalize and simplify the mathematical framework of SPN-
P. This generalization is obtained at no computational cost. We
how how the model of the particular FPSO we studied is obtained
y composing these modeling patterns. Subsequently, based on this
odel, we discuss the experimental protocol we apply to determine

he sensitive parameters and critical components of the FPSO, with
espect to production availability.

The remainder of this article is organized as follows. Section 2
iscusses some related works. In Section 3, we describe the archi-
ecture of a FPSO system. Section 4 recalls basics about guarded
ransition systems and investigates some modeling patterns used
or this study. Section 5 presents the experimental results. Eventu-
lly, Section 6 concludes the article.

. Related works

ISO 20815 [16] and NORSOK Z-016 [15] standards provide a
eneral framework to perform production availability studies. Two
ategories of methods have used so far: analytical methods and
imulation based methods (see [33] for a review).

Most of the analytical methods rely on formulas describing the
ystem failures, typically a fault tree, a block diagram or a Markov
hain [18,19,34–36]. These methods are interesting, but limited in
erms of size and complexity of the systems.

In general, simulation based studies are performed using dis-
rete events Monte-Carlo simulation, where events such as failures,
epairs and reconfigurations are associated with stochastic delays
37–41]. Although nowadays computers are powerful and efficient
oftwares have been developed, the computational cost remains
uite high.

Stochastic Petri Nets (SPN) is the dominant modeling formal-
sm to assess production availability via simulation based methods
22,42]. An international standard (IEC 62551) [43] has been
eleased for SPN which are also among the recommended methods
y ISO 20815 standard.

Stochastic Petri Nets with predicates and assertions (SPN-AP),
s implemented in the GRIF Workshop modeling and simula-
ion environment1 have been used by different authors to assess
roduction availability of offshore systems. Ref. [44] studies the
uropean SAFERELNET test case. Ref. [27] studies the subsea part
f the FPSO system, which directly obtains the oil and gas from the
ubsea wellheads and manifolds.

As pointed out in the introduction, there is a strong need
or methods to structure simulation/analytical models in order
o improve their design and their maintenance. An interesting
ttempt in this direction is the work by Signoret et al. in [28]. Their

pproach is related to the use of high-level modeling languages
uch as AltaRica [45].

1 http://grif-workshop.com/.
search 74 (2018) 117–126

3. The FPSO system

Our case study is a FPSO system serving in an offshore oil field.
This FPSO includes the crude oil processing system, a single point
mooring system, a crude oil storage and ballast system, a fire pro-
tection and lifesaving system, a power and instrumental system
[46,47]. In this paper, we  focus on the production availability of the
crude oil processing system which we refer to as the FPSO system,
for the sake of simplicity. Failures of the rest offshore assets can also
influence the FPSO production performance. For example, a fire (or
an explosion) occurred in the facility, therefore after the failure of
the fire protection system, can lead to the suspension of the entire
system. The investigation of the leakage points and ignition sources
is out of this research scope. In this work, we focus on studying the
system reliability issue rather than the safety aspect.

3.1. System overview

The FPSO system consists of four sub-systems: platforms A, B,
C and the FPSO subsystem, as shown in Fig. 1. Platform A transfers
the oil to a buffer tank in platform B. Together with the output
oil of platforms B and C, the overall oil is transported to the heat
exchangers of the FPSO subsystem. In Fig. 1, solid arrows represent
the crude oil flow, while dashed arrows represent the separated gas
or waste water. These three platforms are relatively independent.
The unavailability of either platforms A, B, or C cannot lead to the
output unavailability of platforms. The unavailability of platforms
B and C can result in the output unavailability of platforms. The
unavailability of platform B can trigger the closure of platform A.

3.1.1. The platforms
Platform A is in charge of the pre-fractionation and transporta-

tion of the oil from well head A (WEA). WEA  stands for dozens
of production wells under the fixed production platform. There are
two main components on platform A: the primary separator A (PSA)
and the efflux pump A (EPA). PSA separates the crude oil into three
parts: the gas is transported to vent A (VA), the water is delivered to
water processing system A (WPSA), and the purified crude oil flow
is sent to EPA. The provisional destination of the crude oil from
platform A is the crude oil buffer tank (COBT) on platform B.

Platform B purifies preliminarily the crude oil and transports it
from Well head B (WEB). Platform B is made of the primary sepa-
rator B (PSB), COBT, the efflux pumps B1 (EPB1) and B2 (EPB2). PSB
separates the crude oil into three parts: the separated gas flows
to vent B (VB), the exporting crude oil is carried to EPB1, and the
remaining water is delivered to water processing system B (WPSB).
The oil temporarily stored in COBT is transferred to platform C
through EPB2. The exported oil from EPB1 and EPB2 are integrated
into a unique flow to platform C.

Platform C purifies the initial oil flow and transports it from
the Well head C (WEC). Like Platform A, Platform C includes two
main components: the primary separator C (PSC) and the efflux
pump C (EPC). PSC separates the initial crude oil into three parts:
the gas is transferred to vent C (VC), the water is delivered to water
processing system C (WPSC), and the treated crude oil is transferred
to EPC. The oil from EPC joins the flows from EPB1 and EPB2 to the
FPSO subsystem.

3.1.2. The FPSO subsystem
The FPSO subsystem processes and stores the crude oil. It con-

sists of two parallel heat exchangers (HEs), a sea water cooler
(SWC), three parallel booster pumps (BPs), two parallel pre-heaters

(PHs), as well as three processors (TCP, EDHP, EDSP).

The main function of the FPSO subsystem is to process the pri-
marily separated oil so to make it at the standard quality. The overall
oil flowing from platforms is initially delivered to HEs to increase

http://grif-workshop.com/
http://grif-workshop.com/
http://grif-workshop.com/
http://grif-workshop.com/
http://grif-workshop.com/
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of the FPSO production system.
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Table 1
Expected crude oil outputs of the platforms.

Year Crude oil yield/(104 m3/year)

Platform A Platform B Platform C

1 12.9 16.7 14.0
2  164.2 213.6 178.7
3  153.8 200.1 167.4
4  83.2 108.2 90.5
5  56.9 74.0 61.9
6  44.8 58.3 48.8
7  37.3 48.5 40.6
8  31.4 40.9 34.2
9  27.2 35.4 29.6
10  21.9 28.4 23.8

Table 2
The preventive maintenance policy of the FPSO system.

Components Interval/h Duration/h

PSA, PSB, PSC 4380 36
Fig. 1. The flow diagram 

ts temperature. After HEs, the flow goes to the thermal chemical
rocessor (TCP) that separates the oil from the remaining gas and
ater. TCP uses chemical agents, the gravity and an internal heater

or dehydration. The gas is sent to the flare for burning, and the
ater is delivered to water processing system of the FPSO (WPSF).
efore entering TCP, the crude oil contains around 30% of water.
fter TCP stage, the water percentage in the crude oil is less than
0%.

Regarding the oil flow, it goes to PHs through BPs. BP3 is a cold
tandby pump for redundancy. The FPSO subsystem requires that
t least two pumps work simultaneously.

After PHs, the oil flow is transferred to the electric dehydration
rocessor (EDHP). The EDHP further dehydrates the oil by using
ixed electric field generators with the alternative current (AC)

nd direct current (DC). After EDHP, the concentration of water in
he crude oil is less than 0.47%.

The crude oil from the oil reservoir contains several chemi-
al substances like NaCl, MgCl2 and CaCl2, which are harmful for
he onshore refinery. An electro-desalting processor (EDSP) is thus
equired. The residual water from EDHP and EDSP goes to WPSF.
fter EDSP, the oil flows into HEs and SWC  to decrease its tem-
erature. The oil is then delivered to oil cargo tank (OCT), which

s transported periodically (normally around once a week) to the
nshore refinery by shuttle tankers.

The maximum oil, gas and waste water processing capacities
f the FPSO are 7870 m3/d, 10,240 m3/d, and 12,000 m3/d, respec-
ively.

.1.3. Expected oil yield
Table 1 describes the evolution of expected crude oil outputs of

he platforms, given the predicted capacity of the reservoir [46].
.2. Reliability data and maintenance policy

The maintenance policy of the FPSO system consists of both cor-
ective and preventive maintenances. The former is implemented
HE1, HE2 8760 36
TCP  17520 72

right after the failures are detected and when the repair crews
are available. The corrective maintenance is only minimal repair.
This policy resumes that the system component to work without
altering its failure rate [48]. The clock-based preventive mainte-
nance is carried out at predefined dates. The maintenance strategy
may  include periodic tests and limited maintenance resources, like
having only one repair team. Units PSA, PSB, PSC, HEs, and TCP
are operated with both the corrective and periodic maintenance.
Table 2 sketches the periodic maintenance policy. The other units
are operated with the corrective maintenance only. Because the
preventive maintenance (PM) here is a clock-based one, and the

downtime of the planned PM is often treated as deterministic [49],
thus both the intervals and durations of the PM policy are deter-
ministic in this study.
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Table 3
Reliability data and maintenance policy of the FPSO system.

Components Failure rate/h−1 Repair time/h Maintenance

PSA,PSB,PSC, TCP 2.63E−4 8.2 CM+PM
EPA,EPB1,EPB2,EPC 5.51E−4 32.7 CM
COBT 1.63E−4 30.3 CM
HE1,HE2 2.00E−4 8.9 CM+PM
EDHP,EDSP 2.63E−4 8.2 CM
BP1,BP2,BP3 1.03E−3  5.0 CM
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PH1,PH2 6.96E−5 42.2 CM
SWC  9.78E−5 70.0 CM

The PM policy can lead to the decrease of the system availability
nd production availability if the constant failure and repair rates
re employed [38]. However, in order to keep near to the system
pecification [46], we model the system by taking the PM policy
nto consideration. In this study, there is one PM policy for each
M-involved component. The components do not share the same
M interval and duration, as shown in Table 2.

Table 3 tabulates the reliability data [50] and the maintenance
olicy of the FPSO system. The capacities of TCP, EDHP and EDSP are
19, 102 and 102 m3, respectively. These three separators share the

dentical failure rate and repair time. BPs are twin-screw pumps,
hich belong to the category of rotary pumps. PHs are U-shape

ubular heat exchangers, and the SWC  and HEs are plate heat
xchangers.

.3. Characteristics of production availability studies of FPSO

The FPSO system has a certain number of characteristics that
trongly impact production availability studies.

Their mission time is relative long, ten years in our case. Dur-
ng that time, the expected production first increases, then slowly
ecreases after a production peak (typically located after two
ears).

Components of the FPSO system are operated with both cor-
ective and preventive maintenances. The preventive maintenance
ctivities may  cover the inspection, adjustments, lubrication, parts
eplacement, calibration, and repair of items [49]. As preventive
aintenance usually turns off the units, most of the production

osses are due to these down times. Finding the right balance
etween potential losses due to unexpected events and actual

osses due to preventive maintenance activities is thus a very mean-
ngful and difficult topic. Note that the FPSO architecture also
nvolves hot, warm and cold redundancies.

Standby redundancy can be categorized into hot, warm and cold
tandby according to different failure rates of unused standby com-
onents. Hot standby and cold standby are special cases of warm
tandby. The “temperature” of the standby indicates whether the
nused standby components can fail at their full rates (hot standby),
ail at a rate attenuated with a dormancy factor (warm standby),
r cannot fail (cold standby) [51,52]. These three types of standby
edundancy are applied in different scenarios. The hot standby is
sually used when the recovery time is crucial. The cold standby

s normally applied when the energy consumption is crucial. The
arm standby is typically utilized when a compromise of energy

onsumption and recovery time is required. The spare components
n warm standby are partially powered up when the primary com-
onent is operational [53,54].

The FPSO system involves feedback loops. The heat exchanger
lays a double role: heating up the mix  of oil and water coming
rom the upstream platforms and cooling down the water issued

rom the dehydration process taking place downstream. These two
perations depend on each other.

Finally, modeling the FPSO production is twofold: first, we have
o model the states of the different units and their changes under
search 74 (2018) 117–126

failures and maintenance actions. Then we  have to model the pro-
duction level which eventually depends on flows of oil circulating
amongst the different units. Whether these two layers are consid-
ered separately or merged is a very important modeling choice.
The more systematic the modeling process is, the less it is prone to
errors, and the less difficult are the models to debug and to main-
tain. Ideally, designing a model should just consists in assembling
on-the-shelf modeling components. In practice, we are rather far
from this ideal situation.

4. Methodological approach

4.1. Preliminary remarks

Generalized Stochastic Petri Nets (GSPN) [22], extend Petri nets
by associating with each transition a random variable represent-
ing its duration. This random variable is assumed either to be
constantly equal to 0 (immediate transitions) or to be exponen-
tially distributed (with a given transition rate). This leads to a clear
relationship between the GSPN framework and continuous-time
Markov chains (CTMC): any GSPN can be seen as an implicit repre-
sentation of a CTMC.

Stochastic Petri nets with assertions and predicates, as imple-
mented in the GRIF environment [28], extend GSPN in several ways.
First, random variables associated with transitions can obey many
different distributions, e.g. non null Dirac distributions and Weibull
distributions. Second, state variables are added to the model with
instructions to test and to update their values via so-called mes-
sages, assertions and predicates. It results a very powerful modeling
formalism which has little to do with original Petri nets and even
with GSPN. Unfortunately, the underlying mathematical model is
blurred by ad-hoc constructs and a confusion between the actual
model and its graphical representation. It remains that the GRIF
environment is probably, at the time we  write these lines, a very
powerful modeling and simulation environment for the assessment
of probabilistic risk models via stochastic simulation.

To discuss the model we designed for the FPSO system, we  use a
simplified version of (stochastic) guarded transition systems (GTS)
[32]. The GTS framework is both more expressive than stochastic
Petri nets with assertions and predicates and cleaner from a mathe-
matical standpoint. Moreover, this generalization and clarification
is obtained at no algorithmic cost.

The model was designed by tailoring and assembling modeling
patterns, that is, relatively small generic GTS. The pattern approach
makes models not only much easier to design and to debug, but
also to share with stakeholders and to maintain throughout the life-
cycle of systems. For the sake of the conciseness, we shall present
here only a selection of the patterns we  employed for our study.

4.2. Formal definition of guarded transition systems

A GTS is a quintuple 〈V, E, T, A, �〉 where V is a finite set of vari-
ables, E is a finite set of events, T is a finite set of transitions, A is an
assertion and � is the initial assignment of variables.

Each variable v ∈ V takes its value into a domain denoted by
domain(v). Variables can be Boolean, integers, floating point num-
bers, members of finite sets of symbolic constants or anything
convenient for the modeling purpose. For instance, places of Petri
nets are just positive integer variables.

A variable assignment is a function from V to
∏

v ∈  V

domain(v). A

∏

variable update is a function from

v ∈ V

domain(v) into itself, that is a

function that transforms a variable assignment into another one.
Each event e ∈ E is associated with:
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Fig. 2. Modeling patt

 A monotonic, increasing, invertible function delaye from [0, 1]
into R+, the set of positive real numbers;

 A priority (an integer) prioritye (by default, prioritye = 0).
 A weight (a real number) weighte (by default, weighte = 1.0.

Each transition t ∈ T is a triple 〈e, g, a〉, denoted by g
e→a, where e

s an event in E, g is a Boolean condition over the variables in V and
 is an instruction over the variables of V, that is a variable update.
 is called the action of the transition.

The assertion A is an instruction over the variables of V.
Let � be a variable assignment and t : g

e→a be a transition which
s potentially fireable in �, i.e. such that �(g) = true. Firing t updates

 into the assignment � = A(a(�)), that is, it consists in applying on �
rst the update a (the action of the transition) and then the update

 (the global assertion).
We  say that a variable v ∈ V is impacted by the update of �

nto � if �(v) /= �(v). By extension, we say that the transition g′ e′
→a′

s impacted by this variable update if at least one of the variables
ccurring in g′ is impacted by the update.

Let t : g
e→a be a transition in T. By extension, we define priorityt

s prioritye and weightt as weighte. If two transitions are potentially
reable at the same time, then the one with the highest priority
ill be fired. If the two transitions have the same priority, then the
eight is used to choose at random among them. This mechanism
ill be further explained Section 4.4

.3. The modeling pattern for basic components

As an illustration, consider the modeling pattern for basic com-
onents of the FPSO System. Fig. 2 shows a graphical representation
f this pattern. It involves four variables: state, capacity, demand
nd repairCrew. The symbolic variable state takes its value in the
et {STANDBY, WORKING, FAILED, REPAIR}. The real variable capac-
ty exports the production capacity of the component, which is its

aximal capacity � if the component is either in state STANDBY or
n state WORKING and 0 otherwise. The real variable demand rep-
esents the actual production of the component. This demand is

mported into the component from the sub-system that contains
he component. Finally, the integer variable repairCrew is shared
etween all components in competition for the same pool of repair
rews.

(

r basic components.

When the component is in state STANDBY and is demanded to
produce a non null quantity, it attempts immediately to turn on.
This action may  fail, with a probability � or succeed with a proba-
bility (1 − �). The two corresponding events (failureOnDemand and
turnOn) are thus associated with a null delay and with respective
weights � and (1 − �). When the component is in state WORKING
and the demand falls to zero, it is immediately turned off (event
turnOff).

When the component is in state WORKING, it may  fail. The delay
associated with the corresponding event (failure) is exponentially
distributed, with a transition rate �. It is assumed that the compo-
nent cannot fail in state STANDBY.

When the component is in state FAILED, a repair is launched as
soon as there is an available repair crew (event startRepair). It goes
then to state REPAIR and the number of available repair crews is
decreased by one.

Finally, the repair is completed (event repair)  after an expo-
nentially distributed delay of parameter �. Once the repair is
completed, the component goes back to state STANDBY and the
number of available repair crews is increased by one.

4.4. Semantics

The semantics of a GTS is formally defined as the set of its pos-
sible runs (executions).

A schedule is a function from T to R+ ∪ {+∞}, that is, a function
that associates a (possibly infinite) date with each transition. A run
of a GTS is a finite sequence of triples (d0, �0, ı0), (d1, �1, ı1),. . .,  (dn,
�n, ın) where the di’s are dates, the �i’s are variable assignments
and the ıi’s are schedules.

The set of runs of the GTS is defined inductively, starting from
date 0, as the smallest set such that:

Initialization: The sequence made of only one triple (0, �, ı) is a
run if, for each transition t : g

e→a in T the following conditions hold:

(i) ı(t) <+∞ if and only if t is potentially fireable in �.
(ii) If ı(t) <+∞,  there exists z ∈ [0, 1] such that ı(t) = delaye(z).

Run extension: if 	 = (d0, �0, ı0), . . ., (dn, �n, ın) is a run (n ≥ 0),
then 	′ = 	, (dn+1, �n+1, ın+1), if there is a transition t : g

e→a

scheduled at date ın(d) <+∞ such that:

iii) t is potentially fireable in �n;
(iv) There is no transition t′ such that ın(t′) < d, or ın(t′) = d, and

priorityt′ < priorityt; We  say that such transition t is actually
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5.1. Assessment of production availability
Fig. 3. Modeling pattern for hierarchical composition.

fireable in the run 	. �n+1 and ın+1 are related to �n and ın as
follows.

(v) �n+1 = A(a(�n)), i.e. �n+1 is obtained from �n by firing transition
t.

vi) ın+1 is obtained from ın by reexamining t and all transitions
impacted by the update from �n to �n+1, i.e. for all such transi-

tions t′ : g′ e′
→a′:

– ın+1(t′) <+∞ if and only if t′ is potentially fireable in �n+1.
– If ın+1(t′) <+∞,  then there exists z ∈ [0, 1] such that ın+1(t′) =

d + delaye′ (z).

Let 	 be a run. There may  be several transitions t1,. . .,  tk actually
reable in 	. During a stochastic simulation, we have to choose
hich of the ti’s to fire. This choice is done via weights. Namely, the
robability p(ti) to draw the transition ti is defined as follows:

(ti)
def=

weightti∑k
j=1weighttj

.5. Hierarchical decomposition

In the FPSO, components are assembled in series or in paral-
el, with possibly some cold redundancy. GTS makes it possible to
efine modeling patterns for these compositions (series, parallel
nd cold redundancy), as is sketched in Fig. 3. The idea is to create

 component (S) to gather two or more components (C1 and C2). As
asic components, this component exports a capacity (solid line)
nd imports a demand (dashed line).

Capacity S. capacity (exported by S) is calculated from the
apacities C1. capacity and C2. capacity exported by C1 and C2,
espectively. Similarly, the demand S. demand imported by S is dis-
ributed over C1 and C2. This distribution depends on the type of
omposition and the capacities of C1 and C2.

For parallel composition, we have typically:

S.capacity := C1.capacity + C2.capacity

C1.demand := S.demand × C1.capacity

C1.capacity + C2.capacity

C2.demand := S.demand × C2.capacity

C1.capacity + C2.capacity

Other distribution policies than the above pro-rata are possible
s well.

For a series composition, we have typically:

S.capacity := min(C1.capacity, C2.capacity)

C1.demand := min(C1.capacity, S.demand)
C2.demand := min(C2.capacity, S.demand)
Fig. 4. Modeling pattern for preventive maintenance policy.

For cold redundancy composition, we have typically:

S.capacity := if C1.capacity > 0 then C1.capacity
else C2.capacity

C1.demand := if C1.capacity > 0 then S.demand else
C2.demand := if C1.capacity > 0 then 0else S.deman

These composition mechanisms used for production availability
analysis are generalized by using the idea developed in [52] to give
a sound semantics to dynamic fault trees. Note that these mech-
anisms cannot be implemented directly with stochastic Petri nets
with assertion and predicates. Therefore, they have to be simulated
by introducing ad hoc immediate transitions.

4.6. Preventive maintenance

Modeling patterns can be composed to give more advanced pat-
terns. As an illustration, we  consider the introduction of preventive
maintenance. A preventive maintenance policy is an alternating
sequence of operation and maintenance phases. The duration of
maintenance phases is usually fixed. The duration of operation
phases depends in general on the cycle. For instance, offshore sys-
tems may  be inspected every month the first three months, then
every three months in a second period of one year, and finally every
six months for the rest of their lifetime. The maintenance periods
are common to many components because the installation (or parts
of it) has to be stopped during these periods.

Fig. 4 shows the modeling pattern for preventive maintenance
policies. This pattern involves two variables: phase which alter-
nates between values OPERATION and MAINTENANCE,  and cycle that
is used to set up the durations of operation phases. All the durations
are here deterministic (and non null), which takes the model out of
the Markovian framework.

The pattern for maintenance policy can be composed with other
patterns to form a pattern for periodically tested components (or
sub-systems). It suffices to set the demand of the component to
zero (0) during maintenance phases (via the assertion).

5. Experimental results

In terms of issues and problems associated to ocean-related
matters, the offshore installations typically confront with the risk
of hydrocarbon leaks, fire, explosion, collision, and marine sys-
tem failures. In the following experimental studies, we assume
that the involved equipment to be modeled in FPSO has no hydro-
carbon leakage. Since the hydrocarbon leaks are prerequisite to
the offshore fire and explosion, we  have not considered such
incidents/accidents. In addition, since the marine system failures
cannot directly impact the production availability, we have not
taken such types of failures into consideration.
The production availability is defined as the ratio of the pre-
dicted production to the expected production [15,16]. The expected
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Fig. 5. Production availability of the FPSO system.
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Fig. 7. Production availability.
Fig. 6. System availability.

roduction being provided by the field operators (see Table 1), our
ain work is to calculate the predicted production.
Fig. 5 depicts the evolution of the production availability of the

PSO system over ten (10) years of production. This figure shows
hat the production availability changes very little along with the
ime. Except for the first year, the production availability is stable,
hat is, a bit above 94%.

.2. Sensitivity to variations of parameters

We  assessed the impact of two types of parameters on the
roduction availability: the failure rate and the repair rate of the
omponents. Figs. 6 and 7 show the system availabilities and pro-
uction availabilities we obtained for different values of the failure
ates. The considered values were obtained by multiplying the ini-
ial values in Table 3 with a coefficient in {0.5, 1.0, 1.5, 2.0}. In
igs. 6 and 7, � is the repair rate, which is the reciprocal number of
he repair time in Table 3.

These experiments indicate that relatively small variation on
ailure rates and repair rates may  have significant influence on the

roduction availability of the FPSO system. They show also that this

mpact decreases in region where the production availability is very
igh.
Fig. 8. Production availability-platforms (changing failure rate).

5.3. Critical components

In order to determine which components contribute the most
to variations of production availability, we ranked the components
with the Birnbaum’s measure [55]:

I(i|t) = ∂h(p(t))
∂pi(t)

for t > 0 (1)

In our case, ∂pi(t) stands the variation of the failure/repair rate
of component i and ∂h(p(t)) is corresponding modification of the
production availability or system availability.

Fig. 8 shows the impact of variations of the failure rates of plat-
forms components on the production availability. Clearly, the efflux
pumps (EPB1, EPC, EPA, EPB2) are more critical than the other plat-
form components. This is due to their role in the process as well
as their failure rates which are higher than those of the separators
(PSA, PSB, PSC) and tank COBT.

Fig. 9 shows the impact of variations of failure rates of the com-
ponents on FPSO subsystem. Clearly, TCP, which has a higher failure
rate than HEs and BPs, is more important than the other compo-
nents. In Figs. 8 and 9, � is the failure rate in Table 3.

Aggregating the results in Figs. 8 and 9, we can conclude that

the components having a higher influence on the production avail-
ability of the FPSO system are mainly the efflux pumps (EPA, EPB1,
EPB2, EPC) and the processor TCP, in this order.
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Fig. 9. Production availability-FPSO subsystem (changing failure rate).

Fig. 10. Production availability-platforms (changing repair rate).
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Fig. 11. Production availability-FPSO subsystem (changing repair rate).

Figs. 10 and 11 show the sensitivity of production availability to
ariations of repair rates of platform and FPSO subsystem compo-
ents respectively. Critical components of platforms with respect

o repair rates are, in the decreasing order, the efflux pumps (EPB1,
PC, EPA, EPB2), the oil tank COBT and the primary separators (PSB,
SA, PSC). EPB2 and EPA, on the one hand, and PSA, PSB and PSC, on
he other hand, have the same importance. Critical components of
search 74 (2018) 117–126

the FPSO subsystem TCP and the sea water cooler SWC. The varia-
tion of the repair rates of other components of the subsystem has
little effect.

From these results, we can conclude that the most critical com-
ponents with respect to repair rates, are EPB1 (EPC), EPB2 (EPA), TCP,
COBT and SWC, in this order, the last three components showing less
significant influence.

The four pumps are the most critical components because they
have a high failure rate (5.51E−4 h−1) and long repair time (32.7 h).
Moreover, they govern the outputs of the three platforms, thus the
input of the FPSO subsystem, which contribute directly to the final
production availability.

6. Conclusion

In this article, we analyzed the production availability of a
Floating Production Storage and Offloading (FPSO) system. More
specifically, we propounded a set of modeling patterns devoted to
production availability analysis. We  formulated these patterns in
the light of a simplified version of Guarded Transition Systems. We
demonstrated how the model of a FPSO is obtained by assembling
these modeling patterns. We  discussed the experimental studies
we apply to identify the sensitive parameters and critical compo-
nents, with reference to the production availability. Regarding the
experimental results, the study showed that at least for the system
and mission time we  considered in this article, system availability
and production availability are strongly linked. As a consequence,
the latter can be accurately estimated by averaging the former.
Finally, Birnbaum’s importance measure seems to be a good indica-
tor of component criticality, in view of the production availability.

In terms of the production availability of FPSO, the most impor-
tant factors are the efflux pumps (i.e., EPB1, EPC, EPB2, and EPA),
thermal chemical processor (i.e., TCP), and sea water cooler (i.e.,
SWC). Various measures can be carried out to improve their avail-
abilities. For example, we can decrease the repair time by improving
the accessibility to the failed equipment and increasing the number
of repair crew.

Lessons related to modeling methods have been learned. This
study showed that stochastic simulation is a very powerful tool to
assess production availability. It showed also that stochastic Petri
nets with assertions and predicates, as implemented in the GRIF
environment, are the very powerful modeling formalism. However,
they are quite difficult to master when the system under study gets
complex. Models tend to be hardly readable. A way  to improve
the modeling methodology is to design models by tailoring and
composing modeling patterns. Stochastic guarded transition sys-
tems provides a clear and powerful mathematical framework for
that purpose. The next step in that direction will be to use them
directly, via the development of a dedicated library of the AltaRica
3.0 language [56].

Offshore and onshore production systems have similarities
and differences. On the one hand, both systems are deployed to
receive, process, and (temporarily) store hydrocarbons. It is there-
fore they have some similar equipment (e.g., separators, pumps,
compressors, and heat exchangers). On the other hand, the offshore
installations are costly and complex to be installed and maintained
and the onshore facilities are relatively economical and conve-
nient to be repaired. Accordingly, the lessons learned in this study
can also be beneficial to the production performance analysis of
onshore facilities.

As another future work regarding the experimental experiments

we conducted, we  plan to investigate other types of offshore sys-
tems (e.g., subsea production systems) and to develop experimental
protocols so that production availability can be assessed in a sys-
tematic way.
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Furthermore, the current manuscript is restricted to conduct
roduction performance analysis in the field of system reliability.
his work can be more comprehensive by taking the structural reli-
bility into account. For example, it would be of great interest to
tudy the equipment corrosion, hot work, and structural cracks to
e repaired, which can show a negative effect on the production
erformance. It is beneficial to assess the production availability
y integrating system reliability and structural reliability. This is
herefore another topic for further research.
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