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ABSTRACT

Better operational efficiency by fuel savings can be achieved by applying voyage optimization. Weather
routing can improve the safety of operation. The route selection is dependent on the weather forecast, which
contains uncertainty. Response of the ship and vulnerability to dynamic stability failures in certain sea
conditions can be very different depending on the loading condition of the ship. The ship loading condition
may not be exactly known for some ship types, introducing another source of uncertainty. Besides these, the
methods used to assess the vulnerability also have some level of uncertainty. Taking all these factors into
account, some level of safety margin should be introduced, which would in some cases narrow down the benefit
of the fuel saving. In this paper the sources of uncertainties from the point of voyage optimization and weather
routing are discussed.
Keywords: Voyage Optimization, Operational Safety, Dynamic Stability Failure, Weather Routing, Operational Conditions.

1. INTRODUCTION
Voyage optimization can provide significant

savings in consumed fuel. It can also help to choose
safe navigation route to avoid dangerous conditions.
The duration of trans-oceanic voyages can be several
weeks. Typically, a trans-pacific voyage of a
container vessel takes approximately 2 weeks and a
trans-Atlantic voyage around 10 days. Uncertainty in
the weather forecast increases, the longer in the
future it is extended. New updated forecasts will be
received during the voyage, still some route
selections in the beginning have effect on the later
stages of the voyage.

Loading condition of the ship has important
contribution to the motion response in waves. In the
real operation, there is an uncertainty in the values
of initial stability of the ship, namely GM and mass
distribution and consequent rotational inertias,
which affect the ship responses. Also, the applied
methods to calculate the forces and motion response
have limited accuracy in all realistic conditions.
Total uncertainty of the estimated motions is a result
of all these factors: uncertainty in:
· environmental conditions,
· ship mass distribution
· and calculation method.

In some route selections the fuel efficiency and
safety might be conflicting. Some of the most fuel-
efficient routes may not be the safest, or vice versa,
the safest route may not be the most fuel efficient.
Captain of the ship would emphasize the safety in
route selection, because it is his responsibility. The
operating company and the charter would emphasize
timely arrival and total fuel oil consumption.
Generally, in this order, because the compensation
of late arrival generally would result more costly
than excessive fuel oil consumption. Both factors are
important for economical operations, where their
weight depends on the type of transportation.

However, it is possible and essential to fulfill all
the requirements, safe, punctual and energy efficient
navigation. The question is, how much margin of
safety need to be allowed in the planning of the
voyage? Some choices in the route selection cannot
be easily reverted, or at least not without
compromising the planned arrival time or without
excessive fuel consumption. As an example,
voyages departing from the North Sea area would
have alternatives of passing either north of Great
Britain or through the English Channel. If the
northern route is selected and the weather forecast
changes, so that it would no more result as a feasible
safe option, then changing the route could lead into
arriving later than what was planned. The
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uncertainty and the related risk in safety and
economical risk easily leads into conservative and
possibly not the most energy efficient route
selections.

Bačkalov et al. (2016) studied the opportunity to
improve the safety of navigation by mitigating the
risks through operational measures. This paper aims
at clarifying the related uncertainties and their
sources. In this way paving way to approach on the
planning and execution of energy efficient and safe
voyages. Identification of uncertainties in the
weather routing become essential also if and when
the rules will allow navigation for ships that are
susceptible to some failure modes but are allowed to
operate in limited conditions or under operational
guidance (Hashimoto et al. 2017). Huss (2016) point
out the possibility to improve the stability by
operational measures and possibility to avoid
dangerous condition with help of decision support
system (DSS), mentioning that even ships vulnerable
to stability failures do not need to be less safe when
would be operated with more active management,
support and care.

2. CHALLENGES IN ROUTE SELECTION
If we optimize the fuel consumption of a sea

passage, the optimal route with respect of minimum
fuel consumption can be such that the ship would
navigate with strong tail winds, but also with
following waves, see Figure 1. This kind of
conditions, following or stern quartering waves, may
result difficult in terms of maneuvering and even
stability, by introducing possibility to pure loss of
stability, surf riding and broaching or parametric roll
resonance.

Figure 1: An example of fuel-efficient route without
considering risk of stability failures vs shortest route.

To overcome the possibility of the route
optimization algorithm to suggest a fuel-efficient but
potentially dangerous route we can introduce limits
to the allowed conditions. Most simple way is by
limiting the allowed predicted wave height on the
planned route. Which is an approach, that many of
the operators choose in practice for the sake of
simplicity. However, some of the stability failure
modes, are not only dependent on the wave height,
but the period and encounter angle, together with
ship speed play an important role (Hashimoto et al
2017). For this reason, it would be possible to safely
navigate at certain speed and heading in conditions
that would result dangerous at different heading and
speed for the same ship. Thus, by introducing the
limits of heading and speed in certain wave height
and period conditions to avoid stability failures
taking into account the ship properties, we could in
theory find the optimal route without compromising
safety (Kobayashi et al., 2015).

The challenge is in defining what is an
acceptable and reasonable margin of safety. The
margin of safety should allow room for all the
uncertainties; in the
· weather forecast,
· ship loading condition
· and calculation methods.

The naval architecture hydrodynamics and
stability research has concentrated on improving the
calculation methods and thus reducing the
uncertainties originated from assessment of motion
responses in waves. However, in real operation, the
ship mass distribution is not exactly known.
Depending on the ship type, even the initial stability,
metacentric height GM, can vary significantly.
Container ships can have very different GM values
at same draft and similar number of containers,
depending on their mass distribution. In theory the
masses of containers loaded on board the ship should
be well known, but in practice the weights vary from
the announced ones, in this way causing uncertainty
in the actual load case of the ship.

In ship design, and regulatory approval as well
as in the regulation development the environmental
conditions that the ship is required to withstand
without compromising its safety are well defined.
The designer can assess the ship’s vulnerability to
dynamic stability failure by applying Second
Generation Intact Stability Criteria, SGISC (Umeda
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and Francescutto, 2016) regulation to ensure the
compliance of the ship to the rules. However, the
methods used to check compliance at levels 1 and 2
are simplified and the ship not passing the first level
L1 SGIS criteria should pass the second level L2 and
if failing to pass the second level then Direct
Stability Assessment (DSA) methods (Shigunov
2016, 2017) should be applied. The first level is
intended to be the most conservative one. DSA
methods are still under development, and many of
the weather routing methods take the approach to
constrain the allowable weather conditions. Whereas
Yoon et al. (2018) are considering also the potential
risks of dangerous motions in the selected route.

3. UNCERTAINTIES

Weather forecast
The weather routing services rely on the

prediction of weather conditions, namely wave,
wind and ocean current predictions. Currents
consists of larger, prevailing ocean current systems
with smaller variations, and tidal currents, which are
well predicted and more important at the coastal
areas. The effect of currents is relatively more
important to the fuel consumption and efficient
navigation of slower ships, nonetheless they do not
generally pose any significant safety issue to a
normally functioning ship.

The wave conditions, combination of wave
height, period and encounter angle can result
dangerous to the stability of the ship. Wind gusts
may compound the situation, however generally the
wind alone is not a stability risk. Wave conditions
are dependent on the wind, however the wave
propagation is well predicted since it takes time to
transfer energy from the wind to ocean waves.
Prediction of wind often bears larger uncertainty.

All the main international wave forecast
providers have similar accuracy, as seen in yearly
study by Bidlot (2017), who compare hundreds of
globally positioned wave buoy measurement during
the year 2016 with the forecasted wave conditions.
Comparison on the forecasts at the location of wave
buoys show how much in average the forecasts
deviate from the measured real conditions. Globally,
prediction of significant wave height Root Mean
Square Error RMSE ranges from around 0.3 meters
(nowcast) to around 0.6 to 0.8 meters for forecasts to
five days ahead (Figure 2). Wave peak period RMSE

does not seem to be so much affected by the extent
of the forecast, the RMSE for wave peak period
ranges from around 1.8 seconds to around 2.4
seconds for most of the weather providers. The wind
speed forecast RMSE starts at around 0.9 to 1.5 m/s
at 0 days ahead nowcast and increases nearly
threefold to five days forecast having RMSE around
3.0 m/s to 3.4 m/s.

Figure 2: Root Mean Square Errors of forecasted Significant
wave height (upper), Wind speed (middle), and Wave peak
period (lower), figure adopted from Bidlot (2017).

Ship loading condition
The container vessel can have large variations in

initial stability. In general, a container vessel has
larger GM at smaller drafts. The GM can be very
high for a container vessel in ballast condition in
some cases. However, even at the same draft the
initial stability can vary significantly. As an example
of GM variation for a container vessel of ~5000TEU
of capacity and length of nearly 300 m is presented
in Figure 3. All recorded loading conditions are
shown in non-dimensional format.

Motion response calculation methods
For the voyage or route optimization or weather

routing purposes the calculation methods need to be
efficient. Several scenarios of route and speed
combinations with respect to the predicted weather
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need to be studied to find the fuel efficient, optimal
route, which is safe to navigate. Wind resistance
calculation is generally straight forward, basing on
predefined wind force and moment coefficients for
the ship in question or as general coefficient for
different ship types. Thus, the wind effect
calculation does not require huge computational
effort. Of course, the wind effect can also be
calculated in a very detailed manner applying CFD
calculations (Luquet et al. 2017) e.g. for all different
load cases, however more simple approaches
provide reasonably good results for wind effect.

Figure 3: Recorded container vessel load cases.

The wave added resistance in turn is more
complicated to estimate. Significant amount of
research effort has been addressed to develop
methods to estimate the wave added resistance, the
state-of-the art methods still give relatively different
results in some wave conditions according to the
benchmark study performed within the EU funded
SHOPERA (2016) project. The route optimizing
algorithms generally use precalculated results for the
wave added resistance. Sophisticated methods can
be applied to pre-calculate added resistance, which
can be tabulated and parametrized for fast
availability for the optimization. The uncertainties
related to the factors affecting on the consumption
do not directly affect the uncertainty in safety,
however the suggested candidate routes are
dependent on the models that calculate the
consumption.

Similarly, to the added resistance in waves, ship
motion response calculation is challenging and bear
uncertainty in the results. The assessment of
vulnerability to stability failures is also dependent on
the uncertainties in the modelling, like the in case of
calculated surf riding probability shown to be
dependent on the accuracy of calm water resistance

and wave induced surge force modelling (Umeda et
al. 2015). Calculation methods can vary in their level
of accuracy, however generally it is preferred to use
robust and efficient calculation methods, such as
presented by Kalske and Manderbacka (2017), to
avoid unnecessary long computational times and to
have better coverage valid conditions of calculation.

4. CONCLUSIONS
Using weather routing and voyage optimization

can help to reduce fuel oil consumption and improve
operational efficiency. The safety of navigation can
also be improved by better preparedness to avoiding
dangerous conditions. Attention should be paid to
the uncertainties in the planning of voyages through
a safety margin. The uncertainties can be divided
into three different categories. Arising from the
uncertainty in the weather forecast, uncertainty in
the actual loading condition affecting the initial
stability and rotational inertias of the ship, and from
the uncertainties in the methods assessing the
responses of the ship in the seaway. The latter is paid
a lot of attention by the naval architects and the
researchers in the field of ship hydrodynamics.
Weather forecasts are also improving, and a
significant amount of research is carried by the
meteorological institutes, also providing
comparisons of the realized forecasts. With this, a
need can be identified to further combine the
meteorological information with the operational
information into the assessment of responses and
dangerous conditions. Such research is welcome
addition and could be expected to help in practice the
uptake of the voyage optimization, by clarifying the
required range of the safety margin and to reduce the
possible hesitation of the captains to approve the of
voyage and route optimization suggestions.
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