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a b s t r a c t

FPSO (Floating, Production, Storage and Offloading) units are used for primary petroleum processing. The
FPSO units have a technical advantage for short-lived well exploration and for remote marginal fields,
where building a pipeline is cost-prohibitive. Considering the relevance of the FPSOs for the Brazilian
petroleum market, the main goal of this paper is to present an optimization procedure to find the best
operating conditions of a primary petroleum platform processing crude oil with high gas-oil ratio (GOR)
and moderate CO2 content. Seven input parameters related to operating pressures of plant are selected
for the optimization procedure aiming to minimize the total fuel consumption (FUE) of the FPSO. For the
optimization procedure, the processing plant of the FPSO is modeled and simulated by using Aspen
HYSYS®, and the Genetic Algorithm is used for minimizing the objective function. The optimum oper-
ating condition found by the optimization procedure presented a reduction in fuel consumption by 4.6%
when compared to a conventional operating condition. Moreover, because of the fuel consumption
optimization, a significant reduction by 6.3% in the power consumption of the plant and an improvement
in the recovery of the volatile components were verified, in comparison with the baseline case.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Energy consumption of FPSO plants

According to the statistical report published in 2018 by British
Petroleum [1], Brazil is the eighth-largest energy consumer in the
world. Most of this energy consumption involves oil and other
liquid fuels, followed by hydropower and natural gas. Fossil fuels
represent about 60% of the Brazilian energy matrix and an increase
of the domestic consumption of oil and gas is expected for the next
years. According to the MME (Brazilian Ministry of Mines and En-
ergy), new reservoirs have expanded from 15 billion in 2004 to
more than 30 billion in 2009 due to the discovery of the Brazilian
Pre-salt fields [2], making Brazil a top 10 liquid fuel producer in the
world [3]. In turn, Brazil is the seventh-largest worldwide emitter
of greenhouse gases and the third-largest among the developing
countries. Therefore, the reduction of CO2 emission plays an
important role in the Brazilian oil industry due to the strict envi-
ronmental rules for pollutants and gas emissions.

Brazilian oil fields are characterized by their location in relation
to the salt deposits: the oil fields that are above the salt layer are
called Post-salt, and those below the salt layer, Pre-salt. Pre-salt oil
reservoirs are located between 2.000m and 2.500m below the sea
level and at least 300 km away from the coast [2,4]. Moreover, the
ultra-deepwater well with high pressure and low temperature of
reservoir fluid, high GOR (gas-oil ratio) and considerable CO2 con-
tent, is a great technological challenge for a suitable and sustainable
production in Brazilian Pre-salt oil reservoirs [5].

In fact, the CO2 separated from the production of a huge mass
flow rate with CO2 content should be stored or injected in the well
as EOR (enhance oil recovery), similarly to the processed water or
the prepared gas in some scenarios of operation. Because of envi-
ronmental issues, separated CO2 could still be placed in a separate
well. However, for a Floating Production Storage and Offloading
(FPSO) plant, the separated gas cannot be sent to the flare, since it is
necessary to consider the gas dehydration control system and hy-
drocarbons dew point control [6].
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FPSO plants are useful for regions without pipeline infrastruc-
ture and deep and ultra-deepwater oil fields. Another advantage of
FPSO units compared to pipelines is that once the oil field is
exhausted, the vessel can be moved to another location. FPSO units
incorporate all the equipment as a fixed installation regarding their
processes and utility plants, which are used for primary petroleum
processing and gas treatment. Also, in FPSO units, the oil can be
periodically stored in a vessel and then offloaded to an oil tanker.

In ships based offshore, depending on the GOR of the crude oil
and the amount of gas produced, the gas could be exported, re-
injected or used as fuel [7]. According to Omni-Offshore [8], there
are currently over 200 FPSOs operating round the world. Brazil
adopts FPSO platforms for oil and gas production in deep and ultra-
deepwater. The oil and gas production in deep and ultra-deep
water corresponded to 92.5% of the production in 2014 at sea [9].

In a FPSO, the electricity self-sufficiency remains an important
issue [10], since FPSO plants, similarly to other oil and gas offshore
processing plants, are known to be an energy-intensive process.
The total power consumption and heating/cooling demands of an
FPSO can range from a few to several hundred megawatts, which is
a function of operating conditions (e.g. temperatures and pressure
levels) and of petroleum characteristics (e.g. oil, gas, water, and
impurities).

For a Brazilian FPSO, Carranza-S�anchez et al. [11] reported that
the highest power consumption (about 43% of total power con-
sumption) of the main compressor was observed for the crude oil
composition with high GOR, including condensate components.
The authors also concluded that 4.3% of the gas produced is used for
the power and heat generation unit.

Several authors have discussed energy and exergy analyses of
the thermal system of offshore oil and gas processing plants
[11,14,12,13]. Other researches have been conducted focusing on
efficiency enhancement of offshore plants by using new technolo-
gies [14, 15].

1.2. Optimization applied to an FPSO plant

Optimization is an important matter that has attracted the
attention of engineers and researchers for providing higher effi-
ciency and lower production costs of engineering systems. The fast
increase of computer technology has supported the optimization
techniques to make it an important tool to help designers to find
optimum operating conditions for complex problems. Several
works have considered optimization methodologies for different
types of engineering problems. An optimization problem with
several non-linear variables for a typical problem found in the oil
and gas industry applying optimization techniques based on Ge-
netic Algorithm is presented by Verly et al. [16]. The authors
claimed that this class of problem is difficult to solve and the
strategy of coupling modeling and optimization methods allowed
reaching significant improvements in technical and economic is-
sues. Castillo&Dorao [17] evaluated a decision-making approach to
develop projects related to the oil and gas industry. They used the
Genetic Algorithm method to study a multi-objective problem
including the costs strategy. Several advantages of this approach
were pointed out, especially for projects with higher risks and
uncertainties as those found in the oil and gas industry. Wood [18]
also considered an optimization procedure to identify high-
performing portfolios applied to gas and oil application.

Besides, processing plants are designed to maximize the pro-
duction of stabilized oil. However, a major challenge is related to
the petroleum production curves and its properties change during
the lifetime of the field. The production of crude oil ramps up in the
first years, reaches a peak, and then declines over the years, whilst
the extraction of produced water increases [19]. Thus, finding the
optimum operating conditions of an FPSO plant for different well
petroleum compositions is a current and relevant subject for the oil
industry.

Kim et al. [20] concluded that the operating conditions are often
determined by thewell fluid characteristic, such as the composition
of hydrocarbons and the volume of impurities. Separation perfor-
mance was the most important aspect for light and intermediate
components in gas and oil products to achieve maximum oil re-
covery. Mokhatab et al. [21] showed that the main purpose of the
multistage production units is to provide maximum stabilization of
the fluid phases (gas and liquid), which are leaving the separation
train. Svalheim [22] indicated a narrow correlation between the gas
compression and water injection for a large power demand in oil
and gas processing. Willersrud et al. [23] studied the application of
optimization methods for maximizing the total oil production in an
offshore application for a short time scale in a synthetic process.
Their results showed that the pressure control is an important
variable that could increase oil production. A multi-objective
optimization analysis was carried-out by Liu et al. [24]. They eval-
uated some features for producing oil and gas, besides the rela-
tionship among the subsystems, to maximize the overall oil
production and to minimize water production. Although these
works presented valuable results of the application of optimization
in primary processing plants, none of them addressed the poten-
tiality of the optimization procedure to reduce fuel consumption
and improve the separation performance to enhance oil production
and yield products with higher value.

The literature review did not present any research discussing
the possibility of improving of a plant configuration (in current
operation) by changing thermodynamic parameters through an
optimization procedure, especially an optimization process related
to petroleum composition with high GOR and moderate CO2 con-
tent. Thus, the present research is focused on bridging this gap and
is attempted to increase the sustainability and profitability of an
FPSO simultaneously, without adding any new technology and
imposed costs.

The purpose is to provide a formal optimization procedure for
fuel consumption minimization that consequently reduces the
produced CO2 in the processes, subject to several constraints, of a
Brazilian FPSO operating with high GOR andmoderate CO2 content.
Moreover, during the optimization process, the mass flow rates of
the products were assessed to prevent the volume of oil production
from decreasing.

Seven input parameters were selected for optimization: (1)
Output pressure of the first stage of separation, P1; (2) Output
pressure on the first heat exchanger, P2; (3) Output pressure of the
second heat exchanger, P3; (4) Output pressure of the first sepa-
rator of the second stage of the separation train, P4; (5) Output
pressure of the second stage of the separation train, P5; (6) Input
pressure of the third stage of the separation train, P6 and (7)
Discharge pressure of the main compressor, Pc. The thermody-
namic modeling and simulation of the proposed FPSO plant are
performed by using real performance data of a commercial gas
turbine (RB211G62 DLE 60 Hz). The optimization procedure con-
sists of the Genetic Algorithm (GA) coupled with Aspen HYSYS®

[25] software. Finally, the main results from the optimization pro-
cedure are discussed and compared with a baseline configuration.

2. Methodology, assumptions and numerical simulation

2.1. System description

The gas produced with a high concentration of CO2 needs some
additional subsystems, such as CO2 removal unit, CO2 compression
and re-injection unit, which increase the platform energy demand
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[10]. The treatment of huge mass flow rates with high Natural Gas
(NG) content and CO2 results in a fuel consumption increase [5],
since the required energy for the gas compression system in peak
production can vary from 38% to 50% of the total energy con-
sumption of the plant.

The process configuration and floating type of an offshore fa-
cility depend on the properties of the fluids and their geological
characteristics. The reservoir compositions and GOR are important
to define the number of stages of a multistage separation train as
well as its operating pressure. Usually, a three-stage separation
train is used for floating offshore application (especially for FPSO)
due to its space limitation and for economic motivation [26].

In the present research, the thermodynamic modeling of the
FPSO unit operating with high GOR with moderate CO2 content in
oil/gas is divided into four sections, considering main and utilities
plant (Fig. 1):

i. Three-stage separation train;
ii. Gas treatment units: Vapor recovery unit (VRU), Main gas

compression (MGC), Gas dehydration system (GDS), Hydro-
carbon dew point control system (HDP) and Exportation gas
compression (EGC);

iii. CO2 treatment units: CO2 removal unit (CO2RU), CO2

compression (CO2C) and Injection gas compression (IGC)
and;

iv. Power and heat generation unit (Gas turbine (GT) and Waste
heat recovery unit (WHRU)).

The hot water and cooling water systems are simulated as the
integration utility systems to provide heating fluid for the heat
exchangers and to remove heat for the proposed processes,
respectively. In addition, the recycling pipes are modeled in each
process to send the separated water and other liquid hydrocarbon
components to the separation train and the separated gas is routed
to the related system, as displayed in Fig. 1.
Fig. 1. The general scheme of a FPSO with processing and utility plants for the op
A three-stage separation train was simulated including oil pre-
heating, oil heating and degassers, as shown in Fig. 2. A free-
water knockout (FWKO) separator type is used and is responsible
for separating associated gas and water from crude oil in the first
stage of the separation train.

As shown in Fig. 2, the crude oil from the wells enters the pro-
duction manifold. Then, the oil, gas and water are separated by the
three stages of the separation train at different operating pressures
and temperatures. At each stage, the operating pressures are
adjusted by the valves and the operating temperatures are adjusted
by the oil heaters. The hot fluid of the heat exchangers is recovered
from the oil stream (as exportation oil) leaving the processing plant
for pre-heating system of the first separation stage. The hot fluid
used in the heat exchangers is provided by hot water from the
WHRU for both oil heating of the second heat exchanger and
dilution water of the third stage of the separation train. Further-
more, the dilution water is mixed with the oil at the output of the
second stage of separation to remove the salt concentration.

Regarding gas treatment units, the separated gas in the first
separation stage (high pressure gas) is sent directly to the MGC, as
depicted in Fig. 2. The separated gas from the second (medium-
pressure gas) and the third separation (low-pressure gas) stages are
compressed in VRU to the initial feed pressure of MGC. The com-
pressed gas goes through the molecular sieves of GDS, HDP and
finally, CO2RU for the membranes to separate CO2 components
from the gas stream.

Only a small quantity of the gas is sent to the power and heat
generation unit as fuel. The membrane system is used for CO2
separation, because of its capacity and suitability to the operating
pressure. The removed CO2 is compressed in the CO2C system to
reach the required pressure in IGU to be injected in the separated
wells.

In terms of the power and heat generation unit, a real perfor-
mance data of an aero-derivative gas turbine (RB211G62 DLE 60 Hz
turbine) with offshore application is obtained from GATECYCLE™
erational mode with a high GOR and with moderate CO2 content of oil/gas.



Fig. 2. Three-stage separation train.
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commercial software [27]. The gas turbine generates a power of
27.90MWwith an exhaust gas temperature of 549 �C at full load. As
described in Fig. 3, the exhaust gas is routed to the Waste Heat
Recovery Unit (WHRU) to heat the hot water system. Then, the
heated water is sent to the heat exchangers of the separation train.
It is worth mentioning that the feed water supplies the necessary
mass flow rate from seawater.
2.2. Assumptions for modeling and simulation

The proposed FPSO is modeled and simulated by using the
software Aspen HYSYS®, which is based on the Peng & Robinson
Equation of State (PR-EoS) [28]. The PR-EoS is the most widely used
EoS in offshore simulation works [10,29]. The predictions of the
liquid volume and density for CO2-rich fluids by PR-EoS are
compared to results of Redlich-Kwong [30] with Soave modifica-
tions [31] and some experimental works [5,32]. In those cases, the
results from PR-EoS were considered in good agreement with the
experimental data.

For the present research, the calculations are performed for the
crude oil composition displayed in Table 1 and based on the
following assumptions:
Fig. 3. Simplified scheme of the Gas Turbine and WHRU.
� The operating pressure and temperature, besides the number of
stages of the separation train are simulated according to a
typical FPSO condition [10] and according to the category of the
crude oil composition for separation processes with GOR and
CO2 content [26];

� Crude oil production of 150,000 barrels per day, which corre-
sponds to a feed input of about 965 tons per hour;

� Temperature and pressure references are 298.15 K and 101.3 kPa,
respectively;

� For the separation efficiencies of the dehydration and CO2 sep-
aration systems, the water content in gas is assumed to be less
than 3% for the Gas Dehydration Unit, and 1 PPMV (parts per
million by volume) of gas for CO2 content, in the CO2 Removal
Unit;

� Adiabatic efficiency of 75% is assumed for all centrifugal
compressors;

� Separators, pumps, mixers, splitters and gas turbine are
considered adiabatic;

� The pressure for the exported gas is 25MPa and for injection,
55MPa.

Simulations are considered in steady-state conditions and the
energy balance from the First Law of Thermodynamic is written as
follows:

_Q � _W ¼
X

_mouthout �
X

_minhin (1)

where _Q and _W are heat rate and power, respectively, _m is the mass
flow rate of a material stream and h is the specific enthalpy.
Table 1
Crude oil composition with fractions on a molar basis.

Component Percentage

CO2 16%
C1 49%
C2 7%
C3 4%
C4 3%
C5þ 21%



Table 2
Energy and mass calculations for various units of the FPSO.

Components Schematic figure Mass balance Energy balance

Heat exchanger _m1 ¼ _m2 _m3 ¼ _m4 ½ _m1ðh2 � h1Þ� _Qleak� ¼ ½ _m3ðh3 � h4Þ � _Qloss�*

Separator _m1 ¼ _m2 þ _m3 _m1hfeedð1Þ ± _Q
**
Duty ¼ _m2hvapourð2Þ þ _m3hliquidð3Þ

or
_m1hfeedð1Þ ± _Q

**
Duty ¼ _m2hvapourð2Þ þ _mheavyhheavy þ _m3hlightð3Þ

Compressor _m1 ¼ _m2 � _Win þ _m1h1 ¼ _m2h2

Pump _m1 ¼ _m2 � _Win þ _m1h1 ¼ _m2h2

Mixer _m3 ¼ _m1 þ _m2 _m1h1 þ _m2h2 ¼ _m3h3

Splitter _m3 ¼ _m1 þ _m2 _m3h3 ¼ _m1h1 þ _m2h2

*Qleak and Qloss are assumed to be zero in this research.
**Qduty¼Qreboiler and -Qduty¼Qcondenser.
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The mass balance and thermal efficiency of the gas turbine are,
respectively.

_mout GT ¼ _mair þ _mFuel (2)

h ¼
_Wnet

_mFuel � LHV
(3)

where _mout GT is the outputmass flow rate of the gas turbine, _mair is
the input mass flow rate of air in the combustion chamber and _mFuel
is the required fuel mass flow rate in the combustion chamber. h,
_Wnet and LHV are thermal efficiency, shaft power of the electric
generation unit and Lower Heating Value, respectively.

The expressions used in Aspen HYSYS® to determine the mass
and energy balance for all units are summarized in Table 2.

3. Optimization procedure

3.1. Genetic algorithm

The Genetic Algorithms (GA) belong to the class of stochastic
search optimization methods. These algorithmsmade the decisions
based on random number generation. The GA use only the function
values in the search process to make progress toward a solution
without regard to how the functions are evaluated. Continuity or
differentiability of the problem functions is neither required nor
used in calculations of the algorithms. Therefore, the GA are very
general and can be applied to all kinds of problems (discrete,
continuous and non-differentiable).

The basic idea of a genetic algorithm is to generate a new set of
designs (population) from the current set such that average fitness
of the population is improved. The process is continued until a
stopping criterion is satisfied or the number of iterations exceeds a
specified limit. Three genetic operators are used to accomplish this
task: reproduction, crossover and mutation. Reproduction, which
constitutes a selection procedure whereby individual strings are
selected for mating based on their fitness values relative to the
fitness members.

After reproduction, the crossover operator alters the composi-
tion of the offspring by exchanging part of strings from the parents
and hence creates new strings. Crossover is also achieved sto-
chastically using suitable crossover probability. The need for mu-
tation is to create point in the vicinity of the current point, thereby
achieving a local search around the current solution, which
sometimes is not possible by reproduction and crossover. Mutation
increases the variability of the population. For a GA using binary
alphabet to represent a chromosome, mutation provides variation
to the population by changing a bit of the string from 0 to 1 or vice
versa with small mutation probability.

In the current work, the crossover and mutation operators are
set to 0.90 and 1.00, respectively, allowing a broad capability of
exploration and exploitation of the design space.

Recently, some researches have used the Genetic Algorithm (GA)
method to optimize processing and thermal systems in petro-
chemical industry. Liu et al. [24] proposed a multi-objective opti-
mization model, based on Non-Dominated Sorting Genetic
Algorithm (NSGA-II), to maximize both oil production and water
production. Chen et al. [33] used Genetic Algorithm combined with
Artificial Neural Network (ANN) to find the minimum CO2-oil
miscibility pressure (MMP) of an oil recovery process (CO2-EOR). In
their research, He & Ju [34] applied Genetic Algorithm to minimize
the unit energy consumption for a novel Mixed Refrigerant Cycle
(MRC). The results indicated a decreasing of 9.64% on energy con-
sumption of the plant when compared to baseline operating con-
dition. Yao et al. [35] used NSGA-II to find the best set of decision
variables value in order tomaximize the exergy efficiency of a novel
combined cooling, heating and power system (CCHP) based on
small-scale CAES (Compressed Air Energy Storage). The authors
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reported an improvement on the exergy efficiency about 51% in
comparison to baseline case.

3.2. Input parameters and statement of optimization

In the present work, seven input parameters are submitted to
the optimization procedure, such as: output pressure of the first
stage of separation (P1), output pressure of the first heat exchanger
(P2), output pressure of the second heat exchanger (P3), output
pressure of the first separator at the second stage of the separation
train (P4), output pressure of the second stage at separation train
(P5), input pressure of the third stage at the separation train (P6)
and discharge pressure of the main compressor (Pc).

It is important to emphasize that the petroleum inlet temper-
ature at the second and third stages of the separation trains, and the
temperature of dilution water are dependent of the exhaust gas
turbine temperature (which causes variation in the gas turbine
shaft power). The technical constraints of the whole plant are
assessed during the screening analysis to prevent: (i) unfeasible
separation performances; (ii) temperature cross in heat exchangers
and; (iii) decrease of the volume of the oil and gas production.

Therefore, the fuel consumption of the plant, named FUE
(objective function), of an FPSO unit could be represented by the
input variables, the range of the input parameters and the pro-
cessing constraints as follows:

FUE ¼ FUEðP1; P2; P3; P4; P5; P6; PCÞ (4)
Fig. 4. General flowchart of th
According to Rao [36], considering a design vector I, the opti-
mization problem can be stated as:

І ¼ fP1; P2; P3; P4; P5; P6; PCg (5)

Find І ¼ f/g which minimizesFUE, subject to the constraints

Pi > Piþ1 i ¼ 1;2;…;5 (6)

Fig. 4 shows the flowchart for the direct optimization procedure
adopted in the present research and Table 3 summarizes the con-
straints imposed during the optimization process. Basically, the
optimization procedure consists on the generation of a uniform
initial population (based on input parameters and their operation
ranges), which is done by using the Uniform Latin Hypercube
method [37,38]. If constraints are satisfied (Table 3), the integrator
software calls the thermodynamic solver (Aspen HYSYS and Gate
Cyle) and the calculations of the FPSO unit are done. After the
thermodynamic convergence is achieved, fuel consumption and
additional outputs are picked up by integrator software (Esteco
modeFRONTIER) [39]. The objective function (fuel consumption e

FUE) is then evaluated by the Genetic Algorithm (GA). If the
objective function is converged, the optimization process is
finished and the optimal configuration is reported. If the conver-
gence fails, then some new individuals are generated and the
feedback loop is restarted.
e optimization procedure.



Table 3
Input parameters range and constraints.

Input parameter Operating range (kPa) Constraints

P1 101.3e2300 P1 > P2
P2 101.3e2300 P2 > P3
P3 101.3e2300 P3 > P4
P4 101.3e2300 P4 > P5
P5 101.3e2300 P5 > P6
P6 101.3e500
Pc

a 7018e8500

a The operating pressure of the next unit is less than of 7000 kPa; therefore, it can
be considered a degree of freedom.
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4. Results and discussion

4.1. Fuel consumption

The current operating condition of a Brazilian FPSO, with its
corresponding power consumption, fuel gas consumption and
liquid production, is taken as a baseline simulation (reference
scenario) so that the optimization configuration can be compared.
Both electrical and heating demands of FPSO are met by the gas
turbine and by recovering the waste heat from the exhaust gas in
the optimized case.

Table 4 shows the input parameters for the baseline and opti-
mized configurations. The input pressure of the first pressure valve
is 2300 kPa and its output pressure (P1) is 1300 kPa and 2104 kPa for
the baseline case and optimized case, respectively. The value of the
optimized case for P1 decreases the shaft work of the main gas
compressor. The values of P2 and P3 found by the optimization
procedure are very similar to the operating pressure of the first
stage of the separation train. This is due to the maximization of the
separation of light hydrocarbons at the medium pressure level and
to the stabilization of intermediate hydrocarbons in the liquid form.
Thus, smaller shaft power of the compressors is required, since the
smaller mass flow rate of the gas stream follows to the compressors
to recover the pressure of the gas stream to initial feed pressure of
MGC, resulting in a reduction in the total power demand. Next, the
liquid hydrocarbons are sent to the second separator at the second
stage of the separation train at 751 kPa (P4) for the optimized case,
which is very close to the pressure of the baseline case (770 kPa).

The optimum operating condition of the third stage of the
separation train is important for stabilizing the separated liquid
flow in the previous stages. In general, the operating pressure of the
third stage affects the pump shaft power, responsible for exporting
oil to the oil storage. Thus, the values of P5 and P6 from the opti-
mized case are very similar to each other and lead to a decrease in
the pump power demand. The explanation for the stabilization of
the produced oil is detailed in the next subsection.

The operating temperatures to provide the heat demands of the
separation stages are dependent on the input pressure parameters.
Since the operating pressures are changed during the optimization
procedure, the power consumption demand is altered according to
the output pressures of the compressors and pumps, and to the
changes in the gas/liquid mass flow rates sent to compressors/
pumps. Thus, the amount of fuel required to meet the total power
demand is changed and, consequently, the exhaust gas temperature
of the turbine is changed and the temperature of the hot water
Table 4
Input parameters for the baseline and optimized cases.

P1 P2 P3 P4 P5 P6 Pc

Baseline case 1300 1050 800 770 440 243 8196
Optimized case 2104 1850 1700 751 451 450 7018
supply to feed the heat exchangers of the separation train are also
changed. For instance, the temperature of the inlet petroleum at the
second stage of the separation train for the baseline case is 108 �C,
while for the optimized case, it is 103 �C. Based on this, the opti-
mization procedure considered the effect of pressure variation on
operating temperatures as dependent parameters.

Table 4 also shows that the optimizer found a discharge pressure
of the main compressor (Pc) at the lower boundary of its operating
range. In fact, as already mentioned by S�anchez et al. [12], the main
compressor is a component that requires the highest power in an
FPSO plant, and this assessment justifies the optimum solution
found by the optimizer, driving the solution to the lower feasible
boundary of the operating range.

4.2. Oil recovery and stabilization

The oil production rate as liquid hydrocarbons recovery is not
considered a direct objective function for the optimization process.
However, as the operating pressures and, consequently, the oper-
ating temperatures of the FPSO unit were changed to search the
minimum fuel consumption, the recovery of liquid hydrocarbons
components in separation processes changed as well. Note that the
crude oil composition evaluated in this research has volatile oil
with condensate components [13]. Thus, since the crude oil stabi-
lization is also influenced by pressure and temperature operating
conditions, a smaller amount of gas mass flow rate is required to be
compressed by vapor recovery compressors and by the main gas
compressor.

Fig. 5 shows the phase stabilization (gas and liquid) at the
process points investigated in the optimization procedure accord-
ing to the number of input parameters (P1, P2, P3, P4, P5 and P6). P1 is
point 1, P2 is point 2 and so on. Point 0 represents the input con-
dition before the first pressure valve. Point 0 is important to show
the initial value of the oil mass flow rate and associated gas flow.

The black line shows the gas phase components while the blue
line represents the liquid phase components. Up to point 3, the total
gasmass flow rate is separated by the first stage of the separator. All
the gas is separated after point 3 as a medium pressure gas and,
consequently, the gas mass flow rate is zero at point 4. Moreover, as
shown in Fig. 5, from the same composition of the crude oil, an
increase of the oil recovery and stabilization for the optimized case
are verified when compared to the baseline. The optimum oper-
ating condition led to an improvement in the separation perfor-
mance of the gas and liquid hydrocarbons. As the crude oil stream is
involved by dissolved gas components, the heavy components of
the intermediate hydrocarbons, condensate components and
pseudo-component of petroleum, the variation in pressure and
temperature influences the phase stabilization of these compo-
nents. For example, as shown in Fig. 5, at point 1, the optimum
configuration provides a condition to maximize the separation of
intermediate hydrocarbons in the liquid phase, especially propane
and butane (463000 kg/h). In turn, for the baseline, a large amount
of heavy components of intermediate hydrocarbons is separated in
the gas phase (3900 kg/h). Moreover, at point 6, the exportation of
oil increased about 7600 kg/h by the improvement in the stabili-
zation of volatile components at the optimum configuration.

The optimization process found an operating configurationwith
better oil recovery and stabilization conditions. Thus, the mass flow
rate of gas production is decreased, which reduces the required
power of the compression systems. Since the compressors are the
greatest consumers of power in the main processing plants of an
FPSO, the optimized case presents a mitigation of 6.3% in the
required power of the plant with an associated reduction of 4.6% in
fuel consumption. Moreover, the exportation oil increased about
1.7% when compared to the baseline case, as observed in Table 5.



Table 5
Output parameters for baseline and optimized cases.

FUE (kg/h) % Exportation oil (kg/h) % Power Consumption (MW) %

Baseline case 5073 - 4.6 440900 þ1.7 26.9 - 6.3
Optimized case 4841 448500 25.2

Fig. 5. Stabilization of phase during the separation processes for the baseline and optimized cases.
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Fig. 6 shows the percentage of the products processed by the
FPSO for the baseline and optimized cases. For the baseline case,
4.2% of the gas produced (0.9% of the total production) is used as
fuel to meet both the power required and heat the demand of the
FPSO unit, while for the optimized case, 4.0% of the gas produced
(0.85% of the total production) is used as fuel. Finally, in the opti-
mized configuration, the processed liquid production of the sepa-
ration train is increased by 0.55%, while the exported gas is
decreased by 0.5%, when compared with the baseline case. This
occurs because of the improvement in the recovery of volatile
components.

5. Conclusion

A synthesis plant of a petroleum primary processing for a typical
Brazilian FPSO is simulated and optimized using Aspen HYSYS® and
the Genetic Algorithm method, for a composition of crude oil with
high GOR and moderate CO2 content. Performance data of a real
Fig. 6. The overall processed and consumed production of oil/gas in
turbine (RB211G62 DLE 60 Hz) from GATECYCLE™ is also
considered.

Seven input parameters related to operating pressures of an
FPSO plant are selected for the optimization procedure and the
objective function is theminimization of the total fuel consumption
(FUE) of the FPSO. For the optimization procedure, the FPSO is
modeled and simulated by using Aspen HYSYS® and the Genetic
Algorithm is used for minimizing the objective function.

Overall, the optimization procedure showed to be a robust and
promising tool to find the optimal operating condition of an FPSO
unit, since the integration between optimization methods and
thermodynamic modeling allows automatically evaluating several
configurations. By only changing the pressure operating conditions,
a reduction in fuel consumption of 4.6% (232 kg/h less consumed
gas) was found, with an associated power demand decrease by
6.3%, when compared with a baseline case, resulting in a decrease
in CO2 emission. At the same time, an increase by 1.7% in exported
oil was observed, which is related to improvement in recovery of
the processing for the (a) baseline case and (b) optimized case.
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volatile components, when compared to a baseline operating
condition from a Brazilian FPSO plant.
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Nomenclature

CO2C CO2 Compression
CO2RU CO2 Removal Unit
EGC Exportation Gas Compression
EOS Equation of State
EOR Enhanced Oil Recovery
FUE Total Fuel Consumption
FPSO Floating, Production, Storage and Offloading
FWKO Free Water Knockout
GA Genetic Algorithm
GDS Gas Dehydration System
GOR Gas/Oil ratio
h Specific enthalpy (kJ/kg)
HDP Hydrocarbons Dew Point Control System
IGC Injection Gas Compression
LHV Lower heating value (kJ/kg)
m
:

Mass flow rate (kg/s)
MGC Main Gas Compression
MME Brazilian Ministry of Mines and Energy
NG Natural Gas
P Pressure (kPa)
PR Peng & Robinson
_Q Heat rate (MW)
ST Separation Train
T Temperature (�C)
ULH Uniform Latin Hypercube
VRU Vapor Recovery Unit
_W Power (MW)
WHRU Waste Heat Recovery Unit

Greek symbols
h Efficiency

Subscripts and superscripts
air Air
cc Combustion chamber
GT Gas Turbine
in Input
out Output
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