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In order to achieve a good and competitive FPSO design, the building cost and the motion performances
are the two most critical and conflicting KPIs to be considered. In this study, the author's previous work
(Lee, et al., 2021) on the optimization of an FPSO's hull dimensions with 1800 MBBLs storage capacity at
Brazil field was extended using a multi-objective parametric optimization with the hull steel weight and
the operability which are closely related to the building cost and the operational cost during the lifetime,
respectively. For the purpose of more realistic and practical FPSO design, the constraints related to crew
comfort and the safe helicopter take-off and landing operation were newly added. Also, the green water
on deck was calculated accurately to check the suitability of the designed freeboard height using a newly
developed real-time calculation module for the relative wave elevations. With aids of this updated
optimization formulation, we presented multiple optimal FPSO dimensions expressed as a Pareto set
which aids FPSO designers to conveniently select the practical and competitive dimensions. The excel-
lence of the developed approach was verified by comparing the optimization results with those of FPSOs
dimensioned for operation at West Africa and Brazil field.

© 2020 The Author(s). This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

FPSOs are used extensively as one of the primary means for oil
and gas processing and storage in the oil and gas industry. By its
nature, the design of a FPSO is required to be customized for the
specific conditionwhere it deploys. In order to achieve a good FPSO
design, the FPSO hull dimensions have to be optimized based on
Key Performance Indices (KPIs) related to building costs, stability,
deck space, motion performances and so on (Chakrabarti, 2005;
Terpstra et al., 2001; Cueva et al., 2005; Cotty and Selhorst, 2003). In
optimization process, some of the KPIs can be treated as constraints
since they just need to be satisfied with the specified minimum
requirements according to the client's specification, class rules,
shipyard facilities and practices. However, certain KPIs need to be
maximized orminimized to achieve an FPSO design of good quality.
Needless to say, the building cost is the one to be minimized for the
competitive FPSO design from the point of view of the ship-builder.
When it comes to the operational cost, the KPIs related to motion
performances are the most important since the topside process
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f Naval Architects of Korea.

ess article under the CC BY-NC-ND
module cannot function properly when the FPSO experiences large
roll or pitch motion greater than 5� (Khaw et al., 2005). Thus, from
the point of view of the charterer, it is required to maximize the
operability which represents the overall motion performances at
the site per unit time period in order to maximize the profit during
the FPSO's life time, However, in general, the building cost and the
KPIs related to motion performances are competing objectives each
other since the building cost is closely correlated to the hull volume
or weight and the FPSOwith large inertia tends to resist more to the
environmental loads. This is where multi-objective optimization
can come and play a role when we consider the building cost and
the operability as the KPIs to be optimized together in the FPSO's
hull dimensioning.

There have been few papers on the FPSO's hull dimensioning
using multi-objective optimization technique. Mazerski (2012)
utilized Multi Objective Genetic Algorithm (MOGA) for optimiza-
tion of main particulars of a FPSO hull to try to minimize both steel
weight and forces from bending moment at the same time given
storage capacity. Even though load distributions, bending mo-
ments, and intact and damaged stability are considered in detail
during the optimization in his work using a commercial software,
the hydrodynamic performances were not focused much and
evaluated indirectly by setting requirements on natural periods of
heave, roll and pitch motions. Schmidt et al. (2014) used the
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Sequential Quadratic Programming (SQP) gradient-based optimi-
zation technique and simulated annealing based heuristic optimi-
zation method to the hull dimensioning with a multi-objective
function of the financial costs, the heave response variance and a
penalty function for the natural roll period. However, they used a
theoretical heave response formula under head sea condition for a
box-shaped FPSO with the 2D strip theory for the heave response
variance calculation, which is a too simplified model to be used for
obtaining accurate FPSO's long-term motion performances. Studies
on the FPSO hull dimensioning with focus on the motion perfor-
mances can be found in a few literatures (Akandu et al., 2014, 2015).
Akandu et al. (2014, 2015) also used the theoretical formulae for the
heave and pitch motion responses under given head sea wave
conditions assuming the box-shaped FPSO. The relative wave effect
on the freeboard length to prevent the green water on deck is also
able to be found in the work of Akandu et al. (2014).

Previously, the authors of the present paper optimized hull di-
mensions of an FPSO with 1800 MBBLs storage tank capacity by
maximizing its operability at Brazil field using a newly developed
software which has a generic hull and compartment modeling and
real-time stability and motion calculation functions (Lee et al.,
2021). In the present study, the authors’ previous work was
extended with incorporation of more KPIs inside the optimization
loop. As per the emphasis mentioned previously, a multi-
dimensional optimization was formulated using both the building
cost and the operability as objectives. For the purpose of more
Fig. 1. Design requirement grou
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realistic FPSO design, the constraints related to crew comfort and
helicopter take-off and landing operation were included addition-
ally. Also, the green water on deck was investigated to check the
suitability of the designed freeboard height. To do this, a calculation
module for the relative wave elevation was newly developed and
incorporated in the previously developed software. With this
updated optimization formulation, we presented multiple optimal
FPSO dimensions expressed as a Pareto set which aids FPSO de-
signers to select the practical and competitive dimensions easily in
short time.
2. General design requirements

In this section, general design requirements for the FPSO hull
dimensioning are addressed. The design requirements for a robust
FPSO design can be divided into several groups as shown in Fig. 1.

The weight of the FPSO is the primary design driver for the hull
dimensioning because the hull must provide with sufficient
buoyancy and stability. Together with vertical loads from the
mooring and riser system, it balances with buoyancy. In order to
achieve high-quality design results, all the weight should be
grouped carefully and modeled accurately as much as possible as
functions of the hull dimensions.

The stability is one of the most critical requirements related to
safety. The FPSO is required to float without loss of stability even in
severe storm conditions by class rules. In this study, only intact
ps for robust FPSO design.



Fig. 2. FPSO hull and compartment model parameterized with hull dimensions.
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stability was assessed according to IMO's IS (IMO, 2008) andMODU
(IMO, 2009) code.

Motion performances are related to many areas of the FPSO
design such as the functional limitations of the topside process
modules, the fatigue-induced loads for the hull structures, equip-
ment supports and riser system, the crew comport and safety and
the safe take-off and landing operations of helicopters as well as the
financial loss due to environmental downtime (Khaw et al., 2005).
To take account of these motion-related considerations, it is needed
to give constraints on the maximum values and/or natural periods
of heave, roll and pitch motion.

Structural integrity is another important requirement for the
safety and enforced by class rules. In the initial design stage, vertical
bending moments can be considered to assess the structural
integrity indirectly. However, in this study, a constraint, L/B ratio
<5.4 (Khaw et al., 2005) was given instead to minimize the hull
bending moments to simplify the problem.

Freeboard is important in two aspects. In terms of stability, it
gives more righting moment at large heeling angle. Also, it reduces
the risk of wave slamming into topside structures that may damage
valuable facilities on the topside deck. Since the freeboard is
directly related to the depth of the FPSO, it should be determined
carefully for the efficient hull dimensioning considering the
maximum relative wave elevations at the target site.

Deck area is also a strong driver of hull dimensioning. A mini-
mum space requirement needs to be given for the deck to accom-
modate all the topside equipment.

Geometrical constraints including the hull dimensions and
compartments are necessary to ensure that the output design is a
feasible one. They are defined for the purpose of removing unre-
alistic solutions from the solution space to expedite the design
process. They can also be given by ship-builder's facility limitations.
For example, the constraint on the hull breadth can come from the
breadth of the drydock or the crane specifications. The water depth
of the quayside can also give some limitations on the hull
dimensions.
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3. Optimization problem formulation

3.1. Objective

In the present study, the authors’ previous work (Lee et al.,
2021) on the optimization of FPSO hull dimensions with the 1800
MBBLs storage capacity at Brazil field was extended to incorporate
more KPIs inside the optimization loop. To do this, a multi-
dimensional optimization was formulated using two objective
functions f1ðxÞ and f2ðxÞ defined as the hull steel weight and the
inverse of operability:

Minimize : objective¼ ½f1ðxÞ f2ðxÞ�T (1)

Here, the hull steel weight f1ðxÞ was selected based on the facts
that the exact building cost is confidential information not easy to
know and it is generally agreed that the building cost has a strong
positive correlationwith the hull steel weight. In the present study,
the hull steel weight was calculated as volumetric weight with the
aids of the generic hull modeling and stability module of the pre-
viously developed software. Fig. 2 shows an example of the FPSO
hull and compartment model used in the software which are
parameterized with hull dimensions.

In the software, once the dimensions are determined, the hull
and all the compartment are determined accordingly from the hull
and compartment modeling module. Then, the hull volume is
calculated with the stability module where the almost real-time
calculation speed is secured with the extraction of hull offset
curves using Akima curves (Akima, 1970; Lee et al., 2021) and the
accuracy of the result is also enhanced by Simpson's rule with the
irregularly-spaced data through the proper section division
(Cartwright, 2016; Lee et al., 2021).

The inverse of operability f2ðxÞ was selected to minimize the
financial losses due to the downtime during the FPSO's life time.
The working days per year can be calculated as 365 days x
operability.



Table 1
Boundary constraints for design variables.

Type of Constraints No. Equation

Boundary [1] 200m � x1 � 300m
[2] 45m � x2 � 70m
[3] 25m � x3 � 45m
[4] x4 >10:85m

Table 2
Representative locations of helideck and accommodation.

Location x from AP (m) y from CL (m) z from BL (m)

Helideck 0.075 L �0.81 B Dþ22.6
Accommodation 0.16 L 0.42 B Dþ20.6
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3.2. Design variables

As in the previous study, the same four design variables, LBP
(x1Þ, Breadth (x2Þ, Depth (x3Þ, and Draft (x4) at full load condition
were decided to be used. The ballast draft was fixed as 10.85 m this
time. All the design variables are real type variables, and their
boundary constraints are given in Table 1. Here, Eq. (1) e (3) came
from the lower and upper bound used to establish the hydrody-
namic database. Eq. (4) in Table 1 came from that the full load draft
is greater than the ballast draft. More details related to the
boundary constraints can be found in Lee et al. (2021).
3.3. Constraints

The previously used constraints were updated to include more
KPIs in the optimization process for the realistic FPSO design. The
newly added constraints were related to crew comfort and heli-
copter take-off and landing operation and taken from the guidance
Table 3
Constraint functions for optimization.

Type of Constraints No.

Deck area/Freeboard Structure/Geometry [1]

[2]
[3]*)

[4]

[5]

Stability [6]
[7]

[8]

[9]
[10]

[11]
[12]
[13]

[14]

Hydrodynamics [15]
[16]
[17] **)

[18]

[19]

[20]

[21]
[22]

[23]

[24]

*), **) Eq. [3] and Eq. [17] are applied only to the full load condition.
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of Khaw et al. (2005) as follows:

� The maximum roll and pitch motion at the helideck should be
less than 4⁰ and themaximum heavemotion should be less than
5 m under 1-year return period wave conditions.

� Surge, sway and heave acceleration at the accommodation
should be less than 0.1 g in RMS under 1-year return period
wave conditions.

Representative locations of the helideck and accommodation
were parameterized with hull dimensions based on a previous
project and described in Table 2.

The resulting constraint functions are summarized in Table 3.
Note that Eq. (21) ~ (24) were newly added in Table 3 which are
related to the requirements for the crew comport and the safe
helicopter take-off and landing. The requirement related to the
angular motions were merged to Eq. (19) and (20) because the
angular motions are free vectors independent of the location.
Similar to the previous study, Eq. (6) ~ (24) excluding Eq. (17) were
applied to both ballast and full load condition. Eq. (17) is applied
only to full load condition. The newly added constraints in Table 3
are emphasized in bold style. More details on other constraint
functions can be found in Lee et al. (2021).
3.4. Relative wave calculations

In order to investigate the green water effect, a calculation
module for the relative wave elevation was newly developed and
incorporated in the previously developed software.

At first, a wave elevation database was established for the 19
points parameterized with length and breadth as shown in Fig. 3.

Then, the relative wave RAOs were obtained using the multi-
dimensional interpolation, the same methodology used previ-
ously to obtain the motion RAOs (Lee et al., 2021) together with
Equation

gðxÞarea topside ¼ ðx1 � LBowÞ$x2 � 15670:4m2

gðxÞvolC:O:Ts : ¼ VolC:O:Tinitial
gðxÞfreeboard ¼ x3 � x4 � 7
gðxÞL=B ¼ x1=x2 � 5:4

gðxÞTballast ¼ Tballast � ð2:0þ0:02 $x1Þ � 0

gðxÞintact A � 0:055 m$rad at 0
�
< q<30

�

gðxÞintact AþB � 0:09 m$rad at 0
�
< q<40

�
or qf

gðxÞintact B � 0:03 m$rad at 0
�
< q<40

�
or qf

gðxÞintact GZ � 0:2 m at q>30
�

gðxÞintact qmax
� 25

�

gðxÞintact G0M � 0:15m

gðxÞweather B�A � 0 m$rad
gðxÞweather q0

� minð16�
; 0:8 $qdeÞ

gðxÞIMO MODU AþB�1:4ðBþCÞ � 0 m$rad

gðxÞTn roll � 16:0s
gðxÞTn roll � 22:0s
gðxÞTn heave � 14:0s
gðxÞmax heave 1yr � 3:2m

gðxÞmax roll 1yr � 4:0
�

gðxÞmax pitch 1yr � 2:5
�

gðxÞmax heave 1yr helideck � 5:0m

gðxÞmax surge acc 1yr accomodation � 0:1g m=s2

gðxÞmax sway acc 1yr accomodation � 0:1g m=s2

gðxÞmax heave acc 1yr accomodation � 0:1g m=s2



Fig. 3. Points used to establish the wave elevation RAO database.

Table 4
100-year return period directional wave conditions at Brazil field.

Heading Heading 100 Yr

Hs [m] Tp [s] Gamma

0 NNE 6.45 10.8 1.99
22.5 N 5 10 2.07
45 NNW 4.5 7.5 2.18
67.5 NW 4.78 8 2.31
90 WNW 4.92 8.5 2.18
112.5 W 6.62 10.8 1.99
135 WSW 7.89 12.8 1.83
157.5 SW 11.17 16 1.64
180 SSW 11.6 16.3 1.63
202.5 S 8.76 15.8 1.65
225 SSE 7.9 13.5 1.75
247.5 SE 7.3 12 1.82
270 ESE 6.7 11 1.89
292.5 E 6.56 11.3 1.95
315 ENE 6.6 11 1.97
337.5 NE 6.6 11.3 1.95

Fig. 4. Maximum relative wave elevations for the full-loaded initial FPSO model at
selective locations under 100-year directional wave conditions.
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following equations:

Х ðx; y; u; qÞ¼Нðx; y;u; qÞ � Zpðx; y;u; qÞ (2)

Zpðx; y;u; qÞ¼ Z3ðx; y;u; qÞ� xZ5ðx; y;u; qÞ þ yZ4ðx; y;u; qÞ (3)

where Х , Н and Zp are the RAO of relative wave, wave elevation and
vertical motion respectively defined at ðx; yÞ.

The developed module was validated by comparing the results
from the developed program with those from WADAM (DNV,
2020a) and POSTRESP (DNV, 2020b) which are DNV's frequency
domain motion analysis and post-process software respectively.
The 3-h most probable maximum values of the relative wave ele-
vations at each specified location in Fig. 3 were calculated for the
full-loaded initial FPSOmodel used in the previous study (Lee et al.,
2021) under the 100-year directional wave conditions in Brazil field
described in Table 4. Some selective results are shown in Fig. 4 and
they agree each other very well. With the aid of this module, the
calculation of the relative waves at the various locations was able to
be performed in real-time.

3.5. Optimization method

In the multi-objective optimization problem, the optimal solu-
tion is not unique. In general, there exists a set of solutions called
Pareto set. To construct a Pareto set, an ideal design point is iden-
tified first which shows the direction along which the solutions
would be more optimal. Then, the design superiority is weighed
among all designs which satisfy the constraints. The Pareto set is
finally obtained by gathering all the designs that cannot achieve
any superiority at the same time for any objective function
compared to other designs. Fig. 5 shows an example of a typical
Pareto set with two objective functions to be minimized. All
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optimal solutions in the Pareto set such as design A and B in Fig. 5
are considered to be equally good. On the other hands, it can be said
that the design C is inferior to the design A or B.

One of the widely-used multi-objective optimization approach



Fig. 5. An example of the Pareto set.
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is the weighted sum method (Marler and Arora, 2010) where the
multi-objective functions are converted to a single objective func-
tion with a weighted linear combination of all the objective func-
tions. MOGA (Multicriteria Optimization by Genetic Algorithm)
(Yang and Ruy, 2001) has been developed as another approach.
MOGA has advantages in the sense to obtain the Pareto set at once
whereas it requires significant calculation times due to the nature
of GA so that it has evident limitations on the problems with high
function call times.

Given a Pareto set where multiple solutions exist, a decision
maker has the opportunity to choose an optimal solution from non-
dominated sets that satisfy all the constraints without any lack in
terms of objective function compared to other solutions. The de-
cision maker also can make another choice quickly from the Pareto
set at any time depending on the situation.

In this study, the weighted sum method was selected as the
multi-objective optimization method and the objective function
was expressed with the defined objectives in Eq. (1) as:

Minimize : a f1ðxÞ þ bf2ðxÞ (4)

where a and b are weighting factors which satisfy aþ b ¼ 1.
In order to solve the formulated multi-objective optimization

problem, Constrained Optimization BY Linear Approach (COBYLA)
(Powell, 1998), the same optimization technique used in the au-
thors’ previous study (Lee et al., 2021), was used again.
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4. Results and discussions

4.1. Pareto set

The result of themulti-objective optimization is given in Fig. 6 as
the form of Pareto set. The Pareto set was obtained by varying the
combination of weighting factors for hull steel weight and opera-
bility, a and b, with a step of 0.1. The ideal point is located in the top-
left position in Fig. 6 unlike the typical one as shown in Fig. 5. The
optimal design variables and their relative ratio to the initial FPSO
model (Lee et al., 2021) is shown in Fig. 7 and the active constraints
for the Pareto set are summarized in Table 5. It can be seen that the
Pareto set is distributed in a very small range along the operability
axis, which means that the optimization solutions do not make a
practical difference in the FPSO's operation time by varying the
weighting factors. As shown in Table 5, this fact is attributed to the
active constraints such as the upper limit of the roll natural period,
the lower limit of the heave natural period, the pitch angle and the
newly added helideck vertical motion requirement in full load
conditionwhich are strong andmake the optimal solutions live in a
very narrow range for all combinations of the weighting factors.
With regards to the hull steel weight, a weight change of 2,710 ton
was achieved with the variation of the weighting factors, which
corresponds to 5.7% of 47,655 ton, the hull steel weight of the initial
FPSO. This result implies that the ship-builder can achieve the
reduction of the hull steel weight with little sacrifice of the oper-
ability. The solutions densely distributed on the lower a values may
be attributed to the resolution of the used wave scatter table (Lee



Fig. 6. Pareto set: Hull steel weight vs. operability.

Fig. 7. Relative ratio of the optimal design variables to those of initial design point.
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et al., 2021). A Pareto set with a better distribution of the optimal
solutions on the lower a values is expected to be obtained if we use
a wave scatter table with more bins or fit the wave scatter table to a
proper joint probability distribution.

Fig. 7 shows that there is a considerable amount of increase in
the full load draft and the breadth in the optimal solutions in the
Pareto set compared to the initial design point in contrast with the
length and the depth. It also can be observed that there are sig-
nificant decrease of breadth and depth accompanied with small
increase of length when a is less than 0.2. This rationalizes a rapid
740
reduction of the hull steel weight in the Pareto set in this range
where the consideration on the hull steel weight minimization
starts.

Regarding the active constraints in Table 5, it can also be noticed
that a stability requirement which is related to the stability in large
heeling angle becomes important when the weighting factor a is
greater than 0.4.

In order to assess the optimized solutions, 3 types of FPSO were
selected and compared whose main particulars are summarized in
Table 6.



Table 5
Active constraints for Pareto set.

Active Constraint (Yes/No)

Stability Hydrodynamics

Eq. No. [10] [16] [17] [20] [21]

Description gðxÞintact qmax
� 25

� gðxÞTn roll � 22:0s gðxÞTn heave � 14:0s gðxÞmax pitch 1yr � 2:5
� gðxÞmax heave 1yr helideck � 5:0m

Loading Condition Full load Full load Full load Full load Full load

a ¼ 0:0 N Y Y Y Y
a ¼ 0:1 N Y Y Y Y
a ¼ 0:2 N Y Y Y Y
a ¼ 0:3 N Y Y Y Y
a ¼ 0:4 Y Y Y Y Y
a ¼ 0:5 Y Y Y Y Y
a ¼ 0:6 Y Y Y Y Y
a ¼ 0:7 Y Y Y Y Y
a ¼ 0:8 Y Y Y Y Y
a ¼ 0:9 Y Y Y Y Y
a ¼ 1:0 Y Y Y Y Y

Note) The active constraint is defined as the one whose nomadized constraint function satisfies jgðxÞ =bj<10�2. Note that the standard constraint form is. gðxÞ � b

Table 6
Main particulars of FPSOs to be compared.

FPSO A B C

L (m) 280 281.41 320
B (m) 59 64.98 51
D (m) 33 34.50 34
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In Table 6, the information of FPSO A and B came from the au-
thors' previous work (Lee et al., 2021). FPSO A is the initial FPSO
model in the previous work, originally developed for a West Africa
field. In themeanwhile, FPSO B is the optimized solution in terms of
the operability at Brazil field. The information on FPSO C was taken
from Cueva et al. (2005). In their work, Brazil FPSO's dimensions
were obtained by a dimensional study based on the Petrobras re-
quirements and they are close to those of the 4 new built series
FPSOs, P-66 ~ P-69 whose L x B x D ¼ 307.5 m � 54.0 m x 31.5 m
(MarineTraffic, 2021), owned and operated by Petrobras. The mo-
tion and operability of FPSO C were calculated with WADAM (DNV,
2020b) and POSTRESP (DNV, 2020b). Since it was not possible to
build a numerical model exactly with the limited information from
the reference, some assumptions are made on the geometry, ballast
draft, radius of gyration and vertical center of gravity for ballast and
full load condition. The given data (Cueva et al., 2005) and assumed
information for the FPSO motion analysis are given in Table 7. Note
that the given data are expressed in bold style whereas the
reasonable assumptions made are expressed in italic style. In
Table 7, the radius of gyrations and the vertical center of gravity for
each loading condition were assumed based on those of the initial
Table 7
The given and assumed information for motion analysis for FPSO C.

Loading condition Draft (m) Displacement (ton)

Ballast 10.85 160,700
66% filling 21.5 327,340
Full load 27 405,000

Geometry

The hull has a prismatic bow and stern shape. The length a
displacement and RAOs in 66% filling condition given in t

741
FPSO. The ballast draft was obtained by the extrapolation of drafts
for 66% filling and full load condition. The numerical model was
validated by reproducing the RAOs for the 66% filling condition
(Cueva et al., 2005) as shown in Fig. 8.

The Pareto set in Fig. 6 is compared with 3 FPSOs mentioned
above and shown in Fig. 9.

The operability of FPSO A was calculated for both West Africa
and Brazil field, respectively. The operability of FPSO A at a West
Africa field was calculated using a wave scatter table obtained from
APPENDIX C in DNV-RP-C205 (DNV, 2014) with an assumption of
the equiprobability for wave directions. In the reference, the wave
scatter table of significant wave height (Hs) and zero-crossing wave
period (Tz) is expressed in terms of 2-parameter Weibull parame-
ters and Log-Normal distribution parameters. In this study, Area 58
was selected as a representative West Africa field. The Weibull and
Log-Normal distribution parameters and the calculated wave
scatter plot are shown in Table 8 and Fig. 10, respectively.

At a glance, the design of FPSO A and FPSO C look superior to the
Pareto set. However, it is not true if we examine the violated con-
straints of FPSO A and FPSO C and their values listed in Table 9.

Table 9 shows that FPSO A does not meet the roll and heave
natural period and the maximum pitch motion requirements in full
load condition. FPSO C has even more violations than FPSO A
including those three constraints. Regarding the violations on the
deck area and structure, it might be controversial because the
Petrobras' new built FPSOs P-66 ~ P-69 are operating at Brazil field
now which have similar dimensions to FPSO C and they are
designed after the Petrobras’ functional requirements. Thus, the
violations on deck area and structure are better to be understood as
Kxx/B (�) Kyy/L (�) Kzz/L (�) VCG/D (�)

0.43 0.27 0.27 0.67
0.37 0.27 0.27 0.51
0.37 0.27 0.27 0.52

nd angle parameters to form the bow and stern body are adjusted tomatch the full load
he reference.



Fig. 8. RAO reproduction for 66% filling condition for FPSO C.
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a design suggestion for these matters. However, it is worthwhile to
mention the violations on the helideck vertical motion and roll
natural period constraints. The maximum vertical motion for
ballast condition at the helideck location under 1-year wave con-
ditions indicates that the helicopter may not operate safely at
emergency if the helideck is located near the AP location. The
estimated roll periods 30.5s and 23.s for ballast and full load con-
dition respectively are considered to be long so that FPSO C might
experience significant 2nd order roll motions that cannot be
captured with the linear motion analysis done in this study
(Rezende et al., 2007; Cueva et al., 2005). This also implies that
there might be considerable degradation of the operability in real
situations which takes the roll motion into account in its
calculation.

The result of FPSO B looks reasonable since it had been opti-
mized only with the operability in the previous study and there
were more constraints imposed in the present study which lead to
the slight weight increase for b ¼ 1:0 in the Pareto set.

4.2. Remarks on freeboard constraint

Actually, the authors’ first intension was to include the accurate
greenwater calculation in the freeboard constraint Eq. [3] in Table 3
with the following equation using the newly developed relative
elevation calculation module described in Section 3.4.

gðxÞfreeboard ¼ x3 � x4 � maxðrelative wave elevationsÞ (5)

However, it was impossible to obtain the optimal solutions
because this constraint was too tight to be satisfied with other
constraints regarding the roll and pitch requirements given as Eq.
(16) and Eq. (17) in Table 3. Even if we alleviated Eq. (5) so that the
relativewave elevations are allowed to reach just below the process
deck height in themiddle body, we could not find any solutions that
satisfy all the requirements simultaneously.

Fig. 11 shows the maximum relative wave elevations for 100-
year return period wave conditions calculated for the initial FPSO
model which has the freeboard of 8.5 m at full load condition. The
process deck is located 5 m higher than the deck height in Fig. 11.
Considering on the level of the relative wave elevations, it can be
concluded the freeboard to be higher than 7 m based on the Pet-
robras requirement (Cueva et al., 2005) is not sufficient to prevent
the greenwater even on process deck for 100-year wave conditions
so that the structural reinforcements for the topside facilities are
expected to be required accordingly.

5. Conclusions

In this study, hull dimensions of an FPSO with 1800 MBBLs tank
capacity were optimized under the environments at Brazil field
using a multi-objective parametric optimization with the hull steel
weight and the operability which are closely related to the building
cost and the operational cost during the life time respectively. In
order to achieve more realistic and practical FPSO design, the
constraints used in the previous study were extended to incorpo-
rate ones related to crew comfort and the safe helicopter take-off
and landing operation.

The resulting Pareto set revealed that the optimal solutions
were distributed in a very small range along the operability axis,



Fig. 9. Pareto set: comparison of solutions.

Table 8
Distribution parameters for West Africa.

Area Weibull parameters for Hs

aHs bHs

58 1.85 2.08
Log-Normal parameters for Tz conditional on Hs
a1 a2 b1 b2
1.013 0.165 0.1578 �0.0248
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which means that the optimization solutions do not make a prac-
tical difference in the FPSO's operation time by varying the
weighting factors due to the strong active constraints on the roll
and heave natural period, the pitch angle and the newly added
helideck vertical motion. With regards to the hull steel weight, a
considerable weight change was achievable by varying the
weighting factors which corresponds to 5.7% of the hull steel
weight of the initial FPSO.

Notably, it was shown that the optimized solutions satisfy all the
requirements including the crew comport and safe helicopter
743
operations whereas the representative FPSO of the newly built
FPSOs in Brazil field violates the helideck vertical motion and the
roll natural period requirements which may result in helicopter
crush to the helideck at emergent condition and the significant 2nd
order roll motions which lead to degrade the operability in real
situations.

Finally, the green water effect was investigated with the newly
developed module for the real-time relative wave elevation calcu-
lations. The results for the initial FPSO model disclosed that the
relative wave elevations for 100-year waves are much higher than



Fig. 10. Wave scatter plot for West Africa (Area 58).

Table 9
Violated constraints of FPSO A and FPSO C.

Eq. No. Constraint type Loading Condition Descriptions Value

FPSO A [16] Hydrodynamics Full load gðxÞTn roll � 22:0s 23.0s
[17] Hydrodynamics Full load gðxÞTn heave � 14:0s 13.5s
[20] Hydrodynamics Full load gðxÞmax pitch 1yr � 2:5

� 2.57⁰

FPSO C [1] Deck Area e gðxÞarea topside ¼ ðx1 � LBowÞ$x2 � 15670:4m2 15,555 m2

[4] Structure e gðxÞL=B ¼ x1=x2 � 5:4 6.3

[16] Hydrodynamics Ballast/Full load gðxÞTn roll � 22:0s 30.5s/23.3s
[17] Hydrodynamics Full load gðxÞTn heave � 14:0s 13.1s
[18] Hydrodynamics Ballast gðxÞmax heave 1yr � 3:2m 3.28 m

[21] Hydrodynamics Ballast gðxÞmax heave 1yr helideck � 5:0m 5.63 m

Fig. 11. Maximum relative wave elevations for 100-yr wave conditions for the initial FPSO.
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the freeboard requirement given as 7 m at least. Thus, proper
structural reinforcements for the topside facilities are expected to
be required accordingly to withstand the slamming damage that
may occur by green water in extreme sea states.
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