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Abstract

Cefront Technology and MOL subsidiary Sealoading has over the last years developed and brought to
market a new offloading concept where a Cargo Transfer Vessel (CTV) is used to facilitate direct
offloading to tankers of opportunity, ranging from Suezmax tankers to VLCC’s.

The concept entails the Cargo Transfer Vessel, an export tanker of opportunity, a stabilizing oceangoing
tug and the production unit from which the cargo is offloaded. This is a marine operation involving
several vessel requiring a thorough understanding of operational limitations and possibilities.

This paper documents the work that has been undertaken to achieve the fundamental understanding of the
operation by model scale testing, simulator-based operability and procedural analyses and full-scale
testing and operations.

Further, the paper also gives examples on operation specific adaptations of standardized systems to
achieve safe and efficient performance for the operation.
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Introduction

Export of oil from Floating Production and Storage and Offloading units (FPSO) is realized in different manners
depending on water depth, proximity to shore and other infrastructure and proximity to market. In Brazil where
much of the oil production takes place in deep waters and with a long distance to export markets (China ++), the
solution for carrying oil to market has to wide extent been to offload oil from FPSO’s with DP shuttle tankers. The
DP shuttle tankers are specialized tanker ships that has station-keeping capability with thrusters, sensors/reference
systems and a DP control system.

The methodology with offloading with DP shuttle tankers has been adopted from other areas of the world, e.g., the
North Sea. However, a significant difference in North Sea compared to Brazil operations is that the distance from
the production units to the market is shorter, making it feasible to transport the load all the way to market with the
DP shuttle tanker. In Brazil however, with large portions of the product being exported all the way to the far East, it
is not feasible to transport the oil with the specialized DP shuttle tankers all the way to the market. The load is
therefore transferred to conventional crude carriers in Brazilian waters, either in an offshore lightering operation or
at a shore-based terminal.

This load transfer from specialized shuttle tankers to crude carriers has proven to be a bottleneck in the distribution
of oil partially due to terminal capacity, whereas lightering operations has inherent operational risks with close
interaction between seagoing ships. Simplification of the logistics chain also reduces the emission from the
offloading operation in addition to the related cost.

Offshore loading Shuttle en route to terminal/STS Ship-to-ship or storage on land Tanker sails to market
Shuttle tanker arriving FPSO for offshore loading Shuttle tanker leaving FP3O for offloading . " .

Figure 1, Typical shuttle tanker logistics
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Presentation of Solution

The solution entails a crude carrier that is held in position by a Cargo Transfer Vessel (CTV) connected to the bow
of the tanker and an ocean-going tug to the stern of the tanker. The CTV, which has dynamic positioning capacity
for the whole spread of these 3 vessels tows the spread into offloading position of an FPSO. The offloading hose
from the FPSO is connected to the CTV. The CTV has a hose connection towards the midship manifold of the crude
carrier and relays the product from the FPSO to the carrier. Once the offloading operation is concluded, the spread
moves away from the FPSO, disconnects connections between the vessels, rendering the carrier ready to sail to
market and the CTV and tug ready for the next operation with another carrier and potentially at another FPSO.

[ ]
Figure 2, Typical CTV logistics

Offshore loading Tanker sails to market

mm_u_-

CTV standby at field for offshore loading directly to Tanker zails diractly to cil purchaser after completion
conventional tanker of offshore lcading, removing several sequences
fram the logistics chain

There are multiple phases of this operation that has required engineering, software development, procedural
framework as well as extensive testing to ensure robust solutions from a DP perspective:

Gangway operations from CTV to carrier to transfer dedicated assisting personnel.

Towing operation where spread of CTV, carrier and tug is towed by CTV to FPSO offloading location.
Station-keeping (weather vaning) at offloading location during oil transfer from FPSO via CTV to carrier.
Transit from offloading at one of the FPSO stations to the other (for spread-moored FPSO’s) due to
changing weather direction
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Presentation of CTV

The CTV is classified as an Offshore Service Vessel with the following class notations:
%1A1 Offshore Service Vessel EO LFL* BOW LOADING DYNPOS AUTR BATTERY POWER

The CTV main dimensions are:

Length overall Loa 89 m
Length between perpendiculars Lpp 82.4 m
Moulded breadth in waterline B 20 m
Depth to main deck D 10.5 m
Maximum operating draught Tmax 7 m
Normal operation draught T 6.5 m
Displacement at max draught Amax 8836 t

Displacement at operation draught A 8150 t

Figure 3, CTV overall layout.

It has a loading arrangement transferring oil from FPSO to the CTV consisting of two Bow Loading systems (BLS),
one system installed on each side of the vessel — hereafter referred to as Side Loading System (SLS). The SLS
system is a proven system that has been in operation both in the North Sea and in Brazil for several decades and is
today accepted as a system with high safety level and a good robustness.
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The loading arrangement connecting the CTV to the conventional tanker is like the standard arrangement used for
loading to conventional tankers from “Calm Buoys”. This type of operation has been used for a long period e.g., at
offshore production units in West Africa and in Brazil. The loading operation to conventional tankers is recognized
as an operation satisfying the normally required safety levels.

Special attention is however given to the transfer of the loading hose to the tanker, including the lifting and
connection of the loading hose to the midship manifold of the tanker.

The CTV is equipped with 4 variable speed engines, each with a maximum continuous engine rating of 3600kW and
a thruster arrangement with two Azipod thrusters located in the stern as the main propulsion. In addition, two
retractable azimuth thrusters and a conventional tunnel thruster are installed in the bow. The conventional tunnel
thruster is for harbor maneuvering only and is not a part of the DP system.

The maximum theoretical bollard pull is 220 tons.

The DP system of the CTV is DYNPOS AUTR classed. The DP system is delivered by Kongsberg Maritime and
tailor made for the CTV operations.
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Development Process

One of the incentives for presenting this project in this forum is that the involved parties consider the development
process as a textbook example of how cooperation between ship owner and control system supplier in advanced
marine operations can be carried out:
e Initiating the cooperation with initial numerical simulations where the principal challenge(s) is identified,
and solution strategies are proposed and tested.
e  Verification of solutions and gathering of data for benchmarking of numerical simulator in model test
campaign
e  Operability analyses using benchmarked numerical simulator
e Refinement of algorithms and industrialization of control system adaptions.
e Development and adaption of operator interface for specific marine operation in workshops and
simulations
e Bridge simulator campaigns to validate operational concept, develop checklists and procedures and to train
marine personnel.

In the remaining sections, insight into the different phases of the development process and the benefit of going
through theses phases are shown.

Initial Simulations

From a DP perspective, to provide station-keeping not only to a single vessel, but to a whole convoy of vessels via
towing hawsers is challenging. Add to the fact that the towed vessel (tanker) is significantly larger than the DP
vessel (CTV) in this case, which compounds onto the challenge of providing a stable station-keeping.

To explain the challenge in providing stable station-keeping to the convoy, consider first the tanker hanging in a
towing line/hawser from a fixed connection point, and exposed to environmental forces. The tanker will have
several modes of oscillatory low-frequent motion, both in-line/surge motion and a combined sway/yaw motion
referred to as fishtailing.

Exiting forces (wind,
waves & current)

-

Surge motion

—

Combined sway/yaw
motion

Figure 4, illustration of oscillatory tanker motion if the tanker were tethered to an earth-fixed point.
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These motions will introduce a corresponding oscillatory force in the towing hawser. In the described case with the
other end of the towing hawser connected to a fixed point, this will not have any consequence beyond the force
acting on the connection point fluctuating.

Consider now that the connection point is not fixed, but rather is a DP vessel, namely the CTV with significantly
lower inertia than the tanker. The Low-frequent oscillations of the tanker have the potential to introduce a
corresponding motion of the CTV. Without any additional measures on the DP of the CTV, the Low-frequent forces
exerted on the CTV from the tanker would be counteracted by the feedback control of the CTV DP system. In initial
numerical simulations this strategy proved unsuccessful with corresponding unstable behavior of the total system
since the CTV effectively started exciting the tanker low-frequent motion when trying to counteract the forces via
the feedback control.

Based on this starting point, several strategies were investigated as to how to ensure stable positioning in adverse
environmental conditions. In the initial simulations several strategies were considered. During the initial
simulations, a strategy to “insulate” the low-frequent component from the tanker force out of the DP system was
concluded. This implies that the CTV position will fluctuate somewhat, but in an offloading operation the station-
keeping requirement is typically to maintain position of the hose connection (to the FPSO) within +- 20 meters, and
as such some fluctuation of motion is allowed.

Model Test Campaign

Following the initial simulations, a model test campaign was conducted at Sintef’s Ocean Basin in Trondheim,
Norway where several design aspects were investigated in the model test campaign, one of them being the station-
keeping capability.

Figure 5, CTV and tanker in model test. The floating hose from the CTV to the midship manifold of the tanker can be seen between
the vessels. The hawser between the vessels is barely visible. The black vertical cable from the CTV is the umbilical of the CTV
containing signal and power cables. The whit markers on the vessels are used by the camera-based position measurement system
in the basin.
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The basin is equipped with a positioning capture system that measures the position of all vessels included in the
model test real-time. These measurements were transformed into position reference and sensor telegrams and sent to
the DP system which was used to control the CTV in the model test. The CTV in turn was fitted with model scale
thrusters that executed on thruster commands from the DP system.

This setup gave the possibility to verify in a physical model the control strategy derived in the initial numerical
simulations.

100
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Figure 6, Motion trace of CTV hose (towards FPSO) connection point in model basin test.
Figure 6 shows the resulting motion trace of the hose connection point of the CTV (for the hose towards the FPSO)

inside the allowable green sector where this point can move without violating the capability of the hose or the
proximity requirements towards the FPSO. The motion is well contained within the allowed sector.
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Figure 7, Hawser tension in model basin test.

Another key parameter aside from CTV positioning in this operation is hawser tension fluctuations. Figure 7 shows
the resulting tension fluctuations in one of the model basin test cases. It is seen that even for a significant sea state,
the fluctuations are within acceptable bounds with some margin against the hawser going slack, and also the
maximum tension levels are limited.

Overall, the results from the model test campaign were very positive, providing grounds to progress further with the
development project.
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Operability Analysis

Having demonstrated the feasibility of the DP operation with the tanker and tug connected to the CTV, one of the
remaining tasks was to establish estimates of the operability of the vessel. The operability is the portion of time
where governing parameters are within acceptable limits in the operation. For a nominal DP operation, the
governing parameters are typically how much thrust that is utilized relative to redundancy requirements in case of a
worst-case failure (WCF) and maximum position and heading offset. In this case, several other parameters are also
of relevance; maximum towing line tension, tanker motion and limitations w.r.t loading hose from FPSO to the
CTV.

Starting with the results from the model test, benchmarking, and adaption of the numerical simulation model to have
the numerical model as accurate as possible was conducted. The numerical model was thereafter used to investigate
the described relevant parameters of the operation when the system was exposed to various combinations of
environmental contributions in the form of hindcast data sets from potential areas of operation.

Several of the identified potential areas of operation for the solution are periodically exposed to abrupt changes in
environmental conditions, in the form of squall wind occurrence, and the effect of this phenomenon was of
particular interest during the operability analyses of the operation. Even in a steady-state situation, the complexity of
this operation yields a certain challenge in presenting analyses results. The use of traditional XY-plots quickly
proved to have challenges in giving a complete picture of what was occurring for the 3-4 vessels simultaneously,
and particularly so in the transient cases where the environmental conditions were changing. To respond to this
challenge, the results from the operability analyses were formatted in a combination of bar graphs and position XY-
plots as shown in Figure 8.

Results for VLCC Ballast in environment condition |.1
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Figure 8, illustration of result format for analysis of a squall wind case where the wind direction is changing. On the top left, a
trace of the FPSO hose connection on the CTV is plotted within the allowed sector indicated by black solid lines. On the top right,
position trace of the CTV, tanker and tug is given. The bar graphs indicate the hawser tension and thruster loads on the CTV. The
green bar indicates the range of thrust applied in the dynamic simulations, whereas the black line indicates the respective mean
load.

This representation format of results yields an easier understanding of the combined performance and level of the
relevant states in the operation. This was during the analysis campaign extended with animations to also gain insight
into the correlation in time of between the different governing states.
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This phase of the development project also provided positive results, proving that the system would have a
competitive operability in several regions of the world. Even when exposed to the mentioned transient
environmental conditions such as squall wind, the system displays adequate station-keeping abilities.

Industrialization of Control System Adaptions

Having gone through the steps of a principal solution to the control challenge that this operation poses in initial
simulations, verifying the solution in the model test campaign, the industrialization of the control system was an
important next step, partially conducted in an iterative loop with the operability analyses, and with early
involvement by captains with broad experience from offloading operations. By industrialization in this context, we
mean taking the necessary steps to make the standard system with the so-far principal adaptions and making this
combination usable in an operational context, ensuring that:

o the operator always has the necessary information to achieve situational awareness.
o fault/failure handling is adapted to the operation and aligned with ASOG and operating procedures.
e Functions and applications include the required robustness for operations.

In the process of industrialization of the control system, it is paramount to take as a starting point the operation and
ensuring that the control systems support the marine operation as best possible. The operation from the point where
a tanker enters the production field until it leaves again can be divided into the following steps:

e Transfer of toolbox with relevant tools and reference systems from tug to tanker. Connection of ocean-
going tug to the stern of tanker for providing maneuverability and directional stability to tanker

e Slow-down and alignment of tanker and CTV for gangway operations (transfer of dedicated assisting crew)

e  Connection of transfer hose and towing hawser between CTV and tanker

e Tensioning up of towing hawser and final establishment of convoy

Approach of convoy to designated loading location

Connecting loading hose from FPSO to the CTV

Loading

Potential relocation between FPSO offloading positions

Disconnecting loading hose from FPSO to the CTV

Departure of convoy out of FPSO safety zone

Gangway operation to retrieve assisting personnel from tanker

Disbandment of the convoy and sail-off of tanker

The above list gives an indication of the complexity of the marine operation at hand. In the following, selected
examples of features that are developed in the control system to support the objective of a safe, predictable, and
robust marine operation.

As previously stated, the tanker is maintained in desired position through exerting force on the tanker from the CTV
and the supporting tug through hawsers. For the master onboard the CTV it is clearly important to always have an
instant overview of the states of the tanker to be able to anticipate how the operation will develop. To accommodate
this overview, a mobile relative PRS system that is mounted in the bow of the tanker. Once this system is hooked
up, it relays the position, heading, velocity and rotational velocity to the DP onboard the CTV, which is readily
available to the DPO/master of the CTV.
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Figure 9, SeaTrack transponders that are mounted onboard the tanker at the beginning of the operation. The transponders
contains both relative GNSS, RADius and SpotTrack transponders. GNSS telegrams are transferred from tanker to CTV via UHF link.
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Figure 10, extract from DP Operator station, where the position of the tanker relative to the CTV is monitored and presented in the
allowable green sector shown on the lower part of the figure.

The instrumentation onboard the tanker is also critical if a line break of the towing hawser between the CTV and the
tanker should occur. In such a case, the hose towards the FPSO is released and the DP of the CTV can be used in
follow target mode towards the tanker. This ensures that the distance between tanker and CTV does not exceed the
hose length.

Yet another application made possible through the instrumentation of the tanker is the tanker damping functionality.
In initial rounds of analysis, the solution to keep the CTV stable in position was concluded. Even still for adverse
weather, particularly the larger tankers displayed an oscillatory behavior with steady-state oscillations in along ship
direction, with a relatively large period. In analyses it was seen that by adding a feedback contribution to the relative
velocity between the tanker and the CTV into the DP system of the CTV, these oscillatory motions with
corresponding hawser tension fluctuations could be damped. With the instrumentation package onboard the tanker, a
velocity measurement was made available to the CTV DP system and has proved, both in analyses and operation,
successful in terms of reducing tanker motion and hawser tension fluctuations.
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Figure 11, frequency-domain presentation of hawser tension in simulated adverse weather condition with nominal control and
with the tanker damping activated. The nominal control displays a high energy peak at around 900 seconds, which is effectively
reduced by introducing a control term that counteracts the relative velocity between tanker and CTV.

Another crucial capability of the DP system is the ability to relocate the convoy, both when approaching the FPSO
after assembly of the convoy or if the weather dictates change of loading station on the spread moored FPSO.
During operational simulator training, the relocation operation was identified as a challenge due to the large
difference in dynamics when the CTV is operating as a single free-floating vessel and when it is connected to the
tanker which poses a much larger mass connected via a hawser with a stiffness characteristic. To achieve a
predictable and stable relocation operation, the guidance system of the DP was adapted to take the coupled system
dynamics into account when generating the trajectory states, a solution that has been tested and validated both in
numerical analyses and in operation.

Training

With the adaptions to the control system for positioning well in place it was time to test the overall marine operation.
Once the convoy (tug, export tanker and CTV) have been established, the CTV operation has parallels to an
offloading operation performed by a shuttle tanker.

The training center in Trondheim with its K-Sim bridge simulators and long-term work with shuttle tanker operation
was therefore selected to be used for establishing operational procedures and check lists for the DP operation. In the
simulator environment all vessels (FPSO, CTV, export tanker and tug) were modelled and simulated.

Once the simulator environment was established with all its dynamics and the CTV’s K-Pos system, the verification
of operational aspects could start. DP check lists and operational procedures was written together with owner as all
stages of the operation was tested. This included extreme environmental conditions and failure scenarios taken from
model tests and earlier fast time simulations. Control system was further optimized and verified together with the
procedures and checklist.

It was time to bring in the captains to the training facilities. The procedures and checklist were used and tested as
they went through the various stages in the operation using the bridge simulator. Control system, procedures,
and checklist got a final updated based on the captain's feedback.
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Next step was to establish a training course for the crew. A theoretical part followed by bridge simulations where the
crew could have practical training.

A benefit from this work with the bridge simulator was that bridge training facilities was also used for concept
demonstration to owners' potential clients. Operational sector limits and special environmental conditions was tested
and verified on their request.

training.

Field Testing

As a final step of verification, the CTV concept has been through extensive qualifications and field tests with
different oil majors. The intention with the field testing has been through a step-by-step approach to verify the
functionality of the CTV concept and the operating procedures established during the development and training
phase.

The first tests were done in China prior to leaving the yard where tests were done with tug and tanker. All steps from
connection of tug, gangway operations, hawser and hose connection, approach to a virtual FPSO to staying in
position with the convoy were completed.

In Brazil the same tests have been completed, but now also including connection to the FPSO. Initial functional tests
towards FPSO have been done with CTV alone as well with the full convoy connected.

Last step of the field tests has been full scale offloading of oil. From the start of the field testing with Seal.oader 1 in
spring 2020 and up to now more than 10 offloading’s have been completed with Seal.oader 1 and SeaLoader 2 at
different fields in Santos basin in Brazil.
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Figure 13, offloading to VLCC during field testing with SealLoader 1

Conclusion

This paper has presented the work and work methodology for developing a new marine operation from an early
stage to a commercial operation. The involved parties, both the vessel owner and the equipment manufacturer has
had a significant benefit from working closely together through the stages of development, ensuring a common
understanding of the goal of the operation and mitigating risks and concerns along the way using analyses, model
tests, bridge simulator training and workshops. The parties believe that this cooperation has been instrumental to the
success of the project and is grateful for the opportunity to present it in the MTS DP Conference as a case study on a
successful project development.
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