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Abstract. Stowage planning is at the essence of a maritime supply
chain, especially for short sea Ro-Ro ships. This paper studies stowage
optimisation of Ro-Ro ships with a focus on stability constraints and
the applicability of models. The paper contributes to short sea Ro-Ro
ship stowage in two ways. First, we propose an integrated approach of de-
signing stowage models with the consideration of loading computers. Sec-
ond, we present a mathematical formulation of the Ro-Ro Ship Stowage
Problem with Ballast Water with a discretisation method, to generate
an optimal stowage plan which meets stability requirements by means
of the weight of cargoes instead of excess ballast water, i.e. excess fuel
consumption. Computational tests based on empirical data indicate sig-
nificant savings and potential of model application in the real world.
Preliminary results show 57.69% ballast water reduction, equivalent to
6.7% fuel savings and CO2 reduction. Additional tests on instances with
various cargo weight distribution and discretisation levels are conducted,
and finally, improvements are suggested for further research considera-
tions.

Keywords: Stowage optimisation - Ballast water - Maritime transporta-
tion - Environmental impact.

1 Introduction

Roll-on/Roll-off (Ro-Ro) short sea shipping (SSS) has become one of the most
important means in Europe for transportation of passengers and cargoes. Ro-Ro
ships carry vehicles and passengers travelling with own journey plans as well as
cargo units being trailers, cars, heavy machinery, containers, or anything that
goes onto a rolling equipment. Trailers and rolling cargoes are transported either
accompanied or unaccompanied by a (truck) driver. Compared to other means of
intra-Furopean transport, like for example, container shipping, rail or pure road
transport, Ro-Ro SSS has the advantage of being well integrated into the entire
cargo supply chains from door to door. Short sea container shipping requires

* Supported by ECOPRODIGI.
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several modal shifts (road, rail, ship etc.), has longer transit times and low
flexibility due to less frequent departures, and implies more document handling
in comparison with Ro-Ro SSS.

The European Ro-Ro SSS market is growing [3], but also becoming increas-
ingly competitive with currently approximately 100 short sea operators in Eu-
rope [1]. Several Ro-Ro companies have recently expanded their fleet capacity via
ordering new mega Ro-Ro ships. One example is DFDS which recently ordered 6
x 6700 lane metre Ro-Ro ships to be delivered to their routes in 2019-2020 [19].
The increase in Ro-Ro tonnage, combined with recent Brexit and Corona virus
developments, is likely to impact ship utilisation and rate levels going forward.
Also the industry must comply with environmental regulations and International
Maritime Organization (IMO)’s 2030 and 2050 targets for greenhouse gas emis-
sions [6]. New ship designs, propulsion technologies and fuel alternatives are in
progress to meet long term requirements, but in parallel cost control and energy
efficient ship operations will be a strategic priority for existing Ro-Ro operators.
A key element will be reduction in fuel consumption and costs on the sea leg via
adjusting speed, trim, reduced deadweight etc. To achieve this, it is critical for
ships to be stowed optimally before departing from port, which implies maximis-
ing cargo load, reducing ballast water intake and thereby deadweight without
compromising stability, strength or safety requirements. Ship stowage is a key
part of Ro-Ro SSS operations, and it includes a whole set of maritime related
sub-processes from when a cargo unit gates into the terminal until when it gets
picked up at the destination terminal. It is critical that the entire process is un-
derstood well to be able to plan and execute optimal stowage for Ro-Ro ships.
In addition to what was mentioned above, high quality stowage planning also
ensures efficient load and discharge processes at the terminal, and shortening of
the port stay which again enables the ship to slow down and save fuel on the sea
leg.

Through interviews with selected terminal managers, stowage planners, ship
officers and other relevant stakeholders from one of the largest Ro-Ro shipping
companies in Europe, the end-to-end cargo stowage process is defined as a process
of a series of cargo-related activities including booking, gate-in, yard position-
ing at loading port, stowage planning, loading, discharging, yard positioning at
destination port and gate-out.

As illustrated in Figure 1, stowage planning acts as the core activity in the
process. It takes booking information and cargo arrival status as input to the
planning. The booking information offers a list of cargo booked for the departure
with detailed cargo information, such as cargo type, transportation unit type,
dimensions and weight, well in advance. In addition, cargo arrival status confirms
the presence of booked cargo in the terminal on the day, due to the fact that no-
show is a common phenomenon in shipping industry. Therefore, before making
a stowage plan, the planner needs to know how much of the booked cargo have
actually shown up, so that he does not plan stowage for cargo that will never
show up and makes timely decision to pull forward optional cargo if the ship’s
capacity is not fulfilled, thus maximising the space utilisation onboard.
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Fig. 1. The Ro-Ro shipping End2end Stowage Process.

Once the load list is updated, a stowage plan is made with consideration of
ship stability and cargo characteristics. The stowage plan includes a plan for
positions of all cargo to be loaded onboard the ship to ensure a good handling
of cargo with regards to special requirements for dangerous goods, refrigerated
goods, and goods with lashing needs. The loading operation is conducted accord-
ing to the stowage plan, and it gets updated if there is any changes happening
during the loading operation. Based on the updated stowage plan, the discharge
operation is performed at the destination port, and customers can pick up cargo
units according to the pick-up time and position in the yard. Finally, customers
gate out with their cargo and usually continue road transportation to the next
destination.

From above, it becomes visible that stowage planning interacts with all ac-
tivities happening in the end-to-end cargo stowage process. Hence, it is essential
to make a good stowage plan, as it impacts ship utilisation, fuel consumption,
safety at sea and the ability to execute load and discharge operations efficiently.
Moreover, it can also be used to derive accurate information of when cargo is
available for pick-up by customers at the destination port [9].

2 Literature Review

Stowage planning of Ro-Ro ships has not attracted the same attention from re-
searchers in operations research and optimisation as has container ships. @vstebg
et al. [13] were the first to introduce the Ro-Ro ship stowage problem (RSSP).
For a set of mandatory and optional cargoes and a given route with multiple
port calls, reflecting the situation of deep sea car carriers, the problem was to de-
termine which additional cargoes to carry and how to stow all carried cargoes on
board the ship in order to maximise the profit of the journey. Cargo consisted of
a number of homogeneous vehicles. Decks were divided into several lanes which
also explained why only rolling moment and vertical forces were constrained in
the model for stability considerations. The paper proposed a mixed integer pro-
gramming (MIP) approach as well as a heuristic algorithm to solve the RSSP.
According to the authors, realistic size instances with 5-10 mandatory cargoes
could be solved to optimality by MIP, while the heuristic worked better without
stability constraints.

Hansen et al. [5] focused on the operational decisions related to the stowage
of Ro-Ro ships visiting multiple ports. The paper restricted the stowage problem
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to a single deck and considered it as a special version of a 2-dimensional packing
problem with some additional considerations. In addition, it also considered the
shifting of cargoes to make an entry/exit path if needed during loading and
unloading operations. Several versions of new MIP formulation for the problem
were presented with the consideration of reducing the need of shifting. The goal
was to stow all mandatory cargoes and as many optional cargoes as possible
while trying to avoid shifting. Since it was focused on a single deck, stability
constrains were therefore not included in the model. Furthermore, the model
used a grid representation of the deck instead of dividing it into several lanes,
which the authors thought may restrict finding of good solutions. The paper
concluded that the model works well with small-size instances and suggested
further research of a faster algorithm for realistic-size problem instances and
eventually for not only one single deck but the whole ship.

Following their previous work [5], Hansen et al. [4] presented the stowage
plan evaluation problem to determine which vehicles to shift at each port call, in
order to minimise the extra time spent on shifting. For a given set of alternative
stowage plans, the goal was to find the best plan of all with the minimal shifting
time. A shortest path based heuristic was proposed for solving the problem and
it showed that solution method was powerful for its fast computing time and
high success rate in determining a better plan.

The above mentioned papers were focused on deep sea Ro-Ro ships, such as
car carriers that operate globally with multiple port calls on the sailing route.
The problems were usually considered with two types of cargoes, mandatory
and optional. The objective was therefore focused on revenue related decisions,
such as how many optional cargoes could be stowed, less shifting cost, and etc.
Stability constraints were simplified and limited for the ease of modelling, and
not included at all in the case [5] where only one deck is considered. Such han-
dling of stability constraints might be due to the fact the RSSP with deep sea
car carriers is more robust to changes in terms of cargo weight. There is limited
variation for car weights. Thus it becomes more relevant for deep sea car carriers
to focus on shifting costs along multiple ports on the route in their stowage plan-
ning. Nonetheless, when planning stowage for short sea Ro-Ro ships, stability is
of utmost importance due to high variance of cargo weights. The difference of
cargo weights can have a significant effect on ship’s stability in many aspects.

Based on the state-of-art research on Ro-Ro stowage optimisation problem,
Puisa [14] proposed three practical improvements, namely ship stability, fire
safety and cargo handling efficiency. The author proposed a new grid method to
discretise the stowage location onboard for accurate ship stability and strength
calculation. Fire safety was ensured by adding additional constraints to high
risk cargoes, average headroom and cargo spacing. With the argument that it
was not a realistic solution to penalise cargo shifting with a cost as proposed by
previous researches, elimination of such was proposed in the paper for a swift
loading and unloading operation with multiple port calls. The study included
different cargo types with the same weight within a type which might not be the
case of containers and trailers for example. The test instance size was small with
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most cargoes being optional. So it is difficult to say the running performance
when solving realistic sized problems. The study extended stability calculations
with stricter and more constraints. However, without the inclusion of ballast
tanks in the calculation, limits for stability constraints should be adjusted to
the cases without ballast tanks.

Integration of various operations to improve terminal efficiency has been
studied by some researchers in containers shipping, such as ship loading problems
where stowage planning is taken into consideration as an input to the model
[8][7][10], and stowage planning integrated with the quay crane scheduling [2].

Rethink of the stowage problem. No matter how fast the algorithm works
or how much revenue the objective function can achieve, stability is always the
prerequisite of a stowage plan. Without it, a ship can not sail. Therefore, it is
mandatory to calculate stability for every ship departure to ensure its seawor-
thiness, which is enforced by IMO. Every ship has a loading computer onboard
which connects to sensors that collect all information needed to calculate sta-
bility of the ship. Once all cargoes are loaded, ship officers will try to adjust
the amount of ballast water in each tank to reach the desirable stability. This
usually ends up with ships carrying around with excess ballast water, in other
words, excess fuel consumption.

Therefore, the contribution of this paper is twofold - first, to introduce the
integrated approach of stowage planning with considerations of loading comput-
ers, which has not been studied so far to the authors’ knowledge, and second,
to include ballast water optimisation in RSSP with the purpose of generating
a stowage plan that reduces fuel consumption and at the same time provides a
better stability condition that is closer to the loading computer requirements.

3 Integrated Stowage Planning

Stowage planing for Ro-Ro ships is typically done through a stowage module in
combination with onboard loading computer software. A stowage module can be
as advanced as stowage optimisation models or as simple as Excel sheets. Loading
computers provide deck officers the ability to validate whether a given stowage
plan complies with maritime authorities’ stress and stability requirements. A ship
is required to be seaworthy at any given moment in order for her to sail. At each
ship departure, during and after finishing loading, the hull strength and stability
of the ship are calculated and if necessary modified by adjusting the amount of
water in ballast tanks to meet stability requirements. Currently in the market
for Ro-Ro ships, there are several loading computer systems available, such as
Kockumation’s Loadmaster, NAPA’s Loading Computer, Navis’s MACS3 and
Autoship’s Autoload.

The common and traditional approach of designing stowage plans, as illus-
trated in Fig.2, starts with a stowage module generating an initial stowage plan,
optimises if possible and then sends it to the loading computer onboard to check
the stability of the plan. If it passes the loading computer’s stability requirement,
the plan can be executed in the loading process. Otherwise, the ship officer or
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stowage planner manually adjusts the plan by adding ballast water and/or mov-
ing cargoes around to achieve desired stability. It is usually the case that the plan
does not fulfil the stability requirement from the loading computer, especially
when the stowage module provides an optimal plan with bad stability condition
to the loading computer. In the case of a stowage model with simplified stability
constraints, it may perform excellent in finding optimal solutions according to
the objective function. Nonetheless, it may result in undesirable overall perfor-
mance due to the fact that manual adjustment can be expensive regarding the
excess amount of ballast water which is translated to excess fuel consumption.

Stowage . . Optimal
Module Initiate: Pan Stowage Plan

Import YES, Optimal YES,
NO
Manually Adjust

Ballast Water

Execute Plan

Loading
Computer

Fig. 2. Traditional stowage planning and interaction with loading computers.

Stowage . L Optimal
Module Initiate Plan Optimise Stowage Plan

Loading
Computer

Stability \L
Execute Plan

NO

Optimal
Stability

NO

Fig. 3. Envisioned future approach for stowage planning with integration of loading
computers.

We propose an integrated approach of stowage planning as decision support,
illustrated in Fig. 3. Compared with the traditional approach, the difference is
that the loading computer is integrated into the planning phase, meaning that
when the optimal plan does not pass stability check, instead of manual adjust-
ment, the information is sent back to the module with additional constraints
added to re-optimise and re-generate a new optimal solution. In this approach,
there is continuous communication and interaction between the stowage module
and the loading computer to improve the plan for it to satisfy stability require-
ments in the end. The envisioned future approach is automated to the extent
that the integration with the loading computer allows. Anyways, these itera-
tions can be expensive, and hence should ideally be eliminated or minimised.
Therefore stability constraints should be set as close to reality as possible for
the stowage module to generate a good plan subject to a certain objective func-
tion while keeping stability within required limits or even optimal stability. In
this paper, we focus on designing the stowage model with considerations of the
integration with loading computers instead of the whole iterative process, which
highly depends on the development of loading computers.
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4 Ro-Ro Ship Stowage Problem with Ballast Water

Let us assume that a given Ro-Ro ship transporting two types of cargoes: gen-
eral trailers (TRAs) and refrigerated trailers (TRARs). TRAs can be loaded
anywhere, whereas TRARs can only be loaded at designated slots that have
power connection through the ship. The ship has a fixed number of decks with
various weight limits. In the case of short sea Ro-Ro ships, the majority of cargoes
are standard trailers. For the sake of simplicity, we assume cargoes are homoge-
neous in dimensions with the same length, width, and height, however, different
in weight. All cargoes are mandatory and available at the loading port, unac-
companied by drivers after delivered to the terminal. A number of tug masters
are assigned for loading and unloading tasks between ship and shore. Cargoes
are loaded onto and discharged from the ship through the main ramp usually
located at the aft of the ship. Movement of cargoes within the ship is conducted
through narrower ramps located on the side of the ship in between decks. For this
characteristic of Ro-Ro ship, cargoes need to be loaded and discharged following
precedence relations based on their positions on board.

In order to generate a stowage plan that is more likely to pass stability
requirements in the loading computer, it is important to include stability mea-
surements from three dimensions, namely vertical, transverse and longitudinal
forces imposed on the ship, measured through metacentric height (GM ), heel and
trim values as shown in Figure 4. These values are complicated to calculate and
are dependent on various factors according to naval architecture [15]. Therefore,
they are represented by the composite vertical centre of gravity (VCG) from the
keel (K@), transverse centre of gravity (TC'G) from midship and longitudinal
centre of gravity (LCG) from aft perpendicular to mimic the stability as close
to reality as possible.

The vertical distance between composite VCG to the metacentre is GM,
which is calculated by the equation KG +GM = KM, where KM is the height
of metacentre from keel and can be found in the hydrostatic table from the
ship builder. For the simplicity of the model, KM is treated as a constant. GM
is one of the most important measurement when it comes to stability. GM is
always positive to make sure that ships have the ability to bring themselves
back to the upright position. Ship designers usually produce and define a set
of values of minimum GM (GM,,;,) that meet all intact and damage stability
criteria. If the actual GM value is higher than GM,,;,, then in most cases,
other stability requirements will also be satisfied [18]. On the other hand, a very
large GM meaning that the ship returns to the upright position too fast. At
this stage, it has too much stability and becomes stiff, which can cause damage
to cargoes and discomfort of crew. Therefore, a maximum GM (GM,q.) value
should be enforced as well. Hence, K G should satisfy KM — GM 4. < KG <
KM — GMpip.

Another two important parameters of stability are TCG and LCG. TCG is
an estimation of how much the ship heels, to ensure the ship does not roll too
much to one side due to imbalanced heavy load. LCG is of similar concept to
TCG but works in longitudinal direction, and serves as an estimation of trim to
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vertical force A
GM

A transverse force

heel
aft

perpendicular

s

L >
longitudinal force
trim

Fig. 4. Ship stability illustration.

i

make sure the ship does not have a too heavy nose or bottom sitting in the water.
Both TCG and LCG are constrained to a limit range to achieve close-to-zero heel
and trim. Note that trim is a more complicated matter which has an impact on
fuel consumption. However, it has a non-linear relation to displacement, draught
and speed of the ship, hence, trim optimisation is left out in this article.

Ballast tanks are located at the bottom and along both sides of the ship,
as illustrated in Figure 4. There are two different types of ballast tanks on
board - heeling tanks and regular tanks. Most of the ships have an anti-heeling
system which is designed to balance the ship continuously and automatically
with heeling tanks to minimise the angle of heel during loading and unloading
operations. The total amount of water in all heeling tanks are required to be
within a certain range in order to provide sufficient anti-heeling capability when
the ship is heeled within a certain range of angles. However if it is beyond the
ability of the anti-heeling system, then the amount of water in regular tanks
needs to be adjusted to ensure stability. For carrying the same cargo load, the
more ballast water a ship carries, the deeper it sits in the water due to the extra
deadweight, the more fuel is consumed. In other words, fuel consumption has a
positive correlation with the amount of extra ballast water a ship carries.

For a given Ro-Ro ship, transporting a set of cargoes from one loading port
to one discharging port, we present an optimisation problem dealing with where
to stow each cargo on board so that the ship can sail with a minimal amount of
ballast water while still respecting the ship’s stability requirements. We consider
decisions such as the placement of individual cargo on board with regards to its
weight and stowing restrictions, and the amount of ballast water in each tank. In
order to integrate with loading computer, we introduce the inclusion of ballast
tanks as well as more complete and accurate stability constraints introduced
above, in order to achieve overall efficiency of stowage planning with a goal
of reducing fuel consumption. We define this problem as Ro-Ro Ship Stowage
Problem with Ballast Water (RSSPBW).
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5 Mathematical Formulation

We start this section by introducing a list of notation, before presenting the
mathematical formulation for the RSSPBW described in Section 4. This formu-
lation contains non-linear stability constraints due to the introduction of ballast
water. Therefore, we propose a method of linearising these constraints resulting

in a binary integer linear programming formulation.

Indices
c cargo unit
d deck
S slot
i ballast tank
Sets
C set of cargo units
cr subset of refrigerated units
D set of decks
S set of slots
Sa subset of all slots on deck d € D
Sk subset of all refrigerated slots on deck d € D
T set of ballast tanks
TH subset of regular ballast tanks
75 subset of heeling ballast tanks
Parameters
Hmaw/min limiting water volume required in all heeling tanks
e maximum volume capacity for ballast tank ¢
cw individual weight of cargo unit ¢
ng’m“x maximum allowable weight on deck d
ch = 1 if cargo unit c is refrigerated, 0 otherwise
DY height of deck d
v lightweight of the ship
Lvee VCG of lightship
T8 Area of the base for ballast tank ¢
TrCee TCG of ballast tank i
TECC LCG of ballast tank ¢
vea VCG of individual cargo unit
§YCG/TCGILCE oG /TCG/LCG of slot s
KGmaz/min maximum/minimum limiting KG value
TCGmaz/min maximum/minimum limiting TC'G value
LCGma=/min maximum /minimum limiting LCG value
P sea water density, unit ton/ m?
Variables
Teds (binary) = 1 if cargo c is loaded on deck d at slot s
t; (continuous) the mass of water in ballast tank ¢
KG composite VCG from keel
TCG composite TCG from midship
LCG composite LCG from aft perpendicular
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5.1 Mathematical Formulation

iceTB
S @eaa=1 cecCegc” 2)
deD seSy
> > Claes =1, cec” (3)
dED sesR
S 2. <1, deD,seSq (4)
ceC
Y > CVaeas <DF, deD (5)
ceC seSy
ieTH
KG™" < KG < KG™* (7)
TCG™™ < TCG < TCG™* (8)
LCG™" < LCG < LCG™** (9)
Zeds € {0,1},c€C,d€eD,s €S (10)
0<t; <pI™™@ ieT (11)
Z Z Z (S;/CG +CXCG)CXVmcds +LWLVCG+ Z tlpr%
KG — ceCdeDseS,y €T (12)
B SCV+LV + 3t
ceC €T
ST+ 2 2 Y 2easCYSTOY + LW LTCC
— €T cECAED sESy
TCG = 13
SOV IV S G (13)
ceC €T
Y LT+ 3 S Y weasCF SECC + LV LECC
— €T ceECAED s€Sy
LCG = 14
YOV HLY + 3t 1
ceC €T

The objective of the model (1) minimises the total amount of ballast water carried
onboard a ship in order to reduce the fuel consumption caused by excess ballast water.
Constraints (2) and (3) ensure that each cargo is loaded exactly once at a slot for
general cargo and refrigerated cargo respectively. Whereas constraints (4) make sure
that each slot will only have at most one cargo loaded. For ship safety and stability,
constraints (5) make sure that the total weight of cargoes loaded on each deck does not
exceed the maximum weight limit per deck. Constraint (6) keeps the total amount of
water in heeling tanks within a safe margin so that the tanks have sufficient capability
to heel the ship. Lastly, vertical, transverse and longitudinal stability calculations are
presented in equation (12), (13) and (14), and are constrained through constraints (7),
(8) and (9), respectively. Due to the inclusion of ballast tanks and the amount of water
inside as decision variables, VCG of ballast tanks becomes a function of the decision
variables as well. For a given ballast tank, its VCG depends on the volume of water
inside, and its shape, or its area of base if the tank is shaped vertically straight. The
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model assumes the latter, as also shown in Equation (12). Lastly, decision variables are
bounded by (10) for binary indicator z.qs, and by (11) for both types of ballast tanks,
whose upper limits are taken from ship builders.

5.2 Linearisation

As can be observed that constraints (7), (8) and (9) are non-linear when substituted
with equation (12), (13) and (14), respectively, not only due to the division but also
the quadratic function of decision variables ¢; in equation (12).

To eliminate the division existing in all three constraints, we simply multiply each
constraint with its lower fraction, which is the sum of all weights including the ship
itself. It is naturally positive, hence does not have any impact on the signs of the
inequalities. It is however trickier when it comes to linearising the quadratic function
in equation (12) - the product of the amount of water in the ballast tank and its vertical
centre of gravity which is again determined by the amount of water whether the tank
empty, full or in between. We propose a discretisation method using the following
additional notations listed. In the discretisation method, we divide each tank i into
several filling levels denoted by a set of discrete points k£ € IC; and use binary variables
vk to indicate whether the tank is filled to a certain level k. Each point or filling level
corresponds to an amount of water T%°% and a VCG value T, °“ when tank 7 is filled
to the level k.

Indices k discretisation point, fill level of ballast tank
Sets i set of discretisation point for ballast tank 7
Parameters T,,°F volume of ballast tank i if filled at level k
Thee VCG of ballast tank b if filled at level k
Variables Yik (binary) = 1 if ballast tank i is filled at level k

An example of the discretisation method is illustrated in Figure 5. Let us look at one of
the ballast tanks on board, tank ¢, which is located right above the keel. The maximum
amount of water tank ¢ can carry is 100 m> and its maximum VCG value is 10 metres.
The tank is divided into three levels denoted by a set of points KC; = {0, 1, 2}. At filling
level k£ = 0, tank ¢ is empty and therefore its corresponding VCG is 0 metres. A half
filled tank ¢ corresponds to a filling level of k = 1, with a VCG of 5 metres. Lastly a
filling level of k = 2 meaning that the tank is full with 100 m? of ballast water inside
and a VCG of 10 metres. In the case illustrated here, the tank is filled to level k = 1,
represented by binary variables y;2 = 1, and y,0 = y:1 = 0. As mentioned above, the
discretised tank values corresponding to filling level k = 2 are 50 m® of ballast water
and a VCG of 5 metres. Therefore, the gravity moment of the tank ¢ becomes the
following linear calculation:

> pT O Ty = p(0 x 0 x 0450 x 5 x 1+ 100 x 10 x 0) = 250p (t-m)
kEK;

The method represents the decision variables ¢;, and their corresponding VCG in a
discrete manner and replaces them in the original formulation in Section 5.1 so that the
quadratic product can be linearised. The amount in ballast tank ¢;, their corresponding
VCG@G, and their gravity moment are now represented as

ti = Z pTi‘;;OLyik €T (15)
keK;
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7] 748 R k =2, full tank

........... k = 1, half fll

........... k =0, empty tank

Fig. 5. Tank discretisation.

1Y = 30 T ieT (10
kek;
tTVCC = > pT O T Cyan ieT (17)
iek;

Constraint (7) is then linearised and rewritten as the following:

KGW"(Z oV + LV + Z Z pT " yix) <

ceC iET i€K;

Z Z Z (S;/C’G + CCVCG)CXV-Tcds + LWLVCG + Z Z pTiZOLTi‘IgCGyik

ceCdeD seSy i€T kEK;

SKG™ ()X + LY+ > pTi % yir) (18)
ceC €T 1€,

By substituting ¢; with formula (15) in all other appearance in the original formulation
and constraint (7) with 18, a new linearised formulation of RSSPBW is presented.

6 Computational Results

We collected empirical data from one of the largest short sea Ro-Ro shipping companies
in Europe. One departure has been selected as the benchmark in this study due to the
complexity of working with the loading computer. The departure was from Vlaardingen,
the Netherlands to Immingham, the UK. The ship deployed for the route has a capacity
of 4076 lane meters with two heeling tanks and 20 regular ballast tanks in various
sizes. Empirical data regarding the departure consisted of a stowage plan carried out
by the dispatcher and the crew, a list of cargo information, and a file from the loading
computer on board containing the ship’s condition upon departure. Limits for the
stability constraints were roughly estimated based on zero trim condition with the
help of an naval architect working with the loading computer. For this specific ship,
the limits applied in the model are [11, 12.5], [87.83, 93.61] and [-0.5, 0.5] for KG,
LCG and TCG respectively. The linearised RSSPBW was run in Julia with Gurobi
optimiser on a window laptop with Intel(R) Core(TM) i7-7820HQ CPU @ 2.90GHz
and 16.0 GB RAM. The optimal solution was found in 65 seconds with an input size
of 251 cargoes with a total weight of 6976 tons and 10 discretisation levels of ballast
tanks.

Preliminary results on ballast water savings and stability conditions are shown in
Table 1. The original stowage plan (orig.) collected from the empirical data carried
3448.5 tons of ballast water, whereas the optimal solution (opt.) from the linearised
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Parameters unit orig. opt. opt.s opt.orig.s
Ballast water amount (ton) 3448.5 [911.4 1458.9 2115.5

saving in (ton/%)|0.0/0.00|2537.1/73.57% |1989.6/57.69% |1333.0/38.65%
Stability GM (metre) 151 143 1.23 1.28
from loading Trim (metre) 0.00f |1.93a 0.91a 0.06a
computer Heel (degree) 0.1s 1.8s 1.5s 0.4s
Fuel consumption amount (ton) 10404.7 {9520.3 9707.6 9946.9
*annual saving (ton/%) |0.0/0.00884.4/8.5%  |697.1/6.7%  |457.8/4.4%

monetary saving [$0 $502339 $395953 $260030
CO2 impact emission (ton) 32412.0 {29657.0 30240.4 30985.9
*annual reduction (ton) |0 2755.0 2171.6 1426.1

Table 1: Ballast and fuel consumption saving results based on real stowage plan
and sailing condition.

RSSPBW minimised the amount of ballast water down to 911.4 tons with a saving of
2537.1 tons, accounted for almost 75% of the original amount. However, the optimal
solution provided a plan that is heavily trimmed by the aft with a risky GM and not
approved by the loading computer due to the stability requirement. For the sake of the
performance and comparison, we improve the optimal solution by manually adjusting
the amount of ballast water on board to meet the loading computer’s requirement
(opt.s). The result when the ship is within stability is still astonishing - over half the
original ballast intake was cut off. Moreover, we also improved the plan a step further
by adjusting the ship to match the stability condition in the original stowage plan with
a close-to-even trim and heel (opt.orig.s). Once again, we are still able to save 38.65%,
which is equivalent to an amount of 1333 tons saving of the original amount of ballast
water. Furthermore, to translate ballast savings into fuel consumption savings and CO2
reductions, we roughly estimated the fuel consumption by using admiralty coefficient
[12], average fuel consumption and CO; emission of a ro-ro ship close to the empirical
ship [11], route distance [16] and an average bunker price of $568 per metric ton for
MGO in Rotterdam in 2019 [17]. For one ship sailing on the selected route with a daily
departure, the annual savings in fuel consumption are 697.1 and 457.8 tons for the
cases where stability requirements are satisfied. Their respective monetary savings are
$348,550 and $228,903. Moreover, a saving in fuel consumption has a positive impact on
our environment. As presented in the table, CO2 emission can be reduced significantly
with an amount of 2171.6 tons. Note that the savings in ”"opt.s” and ”opt.orig.s” are
only minimal since they were based on manual improvement from a non-expert.

The preliminary results show that the RSSPBW has a significant benefit on ballast
savings with stability constraints and integration with loading computer, even though
it is based on only one departure. Setting the right limits for stability constraints in the
linearised RSSPBW is a complicated matter involving one to master the knowledge of
navel architecture. A better set of limits will definitely contribute to a ship condition
closer to ideal stability. Furthermore, a larger set of discretisation points provides a
higher level of granularity for the filling levels and in turn improves the flexibility of the
model satisfying the stability constraints. However, it might be expensive. In order to
evaluate the impact of different discretisation levels on the running time, we performed
the following tests. Based on the above empirical load list, we generated 10 instances
with different cargo weight distribution and run them against three discretisation levels
|K;| = {10,50,100} Vi to examine the performance variation, displayed in Table 2. In



14 B. Jia et al.

% of cargo weigh between|| |K;| = 10 |Ki| = 50 |K;| = 100
5-15[15-25 [25-35 [35-45 |t £t £t a
inst1 25 |25 25 25 2.63 |2.82 |2.21 |2.30 |2.16 |2.20
inst2 20 (30 30 20 2.78 |2.86 (2.46 [2.50 |3.26 |[3.33
inst3 30 |20 20 30 1.72 |1.77 (1.68 |1.74 [3.26 [3.28
inst4 10 |40 40 10 2.27 1232 (299 [3.05 |3.17 |[3.28
instd 40 |10 10 40 2.27 |2.28 (238 |2.42 |2.74 |2.77
inst6 10 |20 30 40 110.38(9.28 [31.66 |18.65 [37.32 |8.44
inst7 40 (30 20 10 1.70 |1.62 (2.3 |2.45 |[2.72 |2.60
inst8 50 |50 0 0 2.30 |2.18 |1.67 |1.61 |2.48 |2.39
inst9 0 |50 50 0 16.77 14.70 |38.03 |15.26 (9.64 |2.19
inst10 |0 |0 50 50 63.48 |8.52 [17.52 [8.20 |17.2 |[3.49

Instance

Table 2: Test instances and results.

addition, we compare the running time when it solves to optimality (¢) with the running
time when it is terminated by 1% gap (t/)7 equivalent to less than 2 tons ballast water.

Most instances can be solved to optimality within 4 seconds regardless of the dis-
cretisation levels. For cases that are difficult for the model to find the optimal solution,
such as inst6, inst9 and inst10, a larger discretisation level can significantly improve
the running time as assumed above, but at the same time a too large discretisation
level can be costly as indicated in the test results of inst6, where the running time was
improved significantly from 110s to 31s from a discretisation level of 10 to 50, while
with |C;| increased from 50 to 100, the performance dropped. No obvious pattern has
been found on the correlation between discretisation level and running time. There are
several other deciding factors such as the strictness of stability constraints, the granu-
larity of tanks and the cargo distribution as well. However, for cases where optimality
is difficult to achieve, getting close to the lower bound with 1 % gap can be done at a
much lower computational cost. This indicates the ease of implementing the model in
the real world, namely fast running time providing a close-to-optimum solution.

7 Conclusion and Discussion

This paper analyses the problem of stowage planning in short sea Ro-Ro shipping and
proposes an integrated approach to model and solve stowage and stability problems.The
new approach requires better formulation of stability constraints and the inclusion
of ballast water compared to previous methods. The idea is to generate an optimal
stowage plan which uses the weight of cargoes to satisfy stability requirements instead
of using excess ballast water which is translated into excess fuel consumption. The
paper defines a Ro-Ro ship stowage problem with ballast water and presents a quadratic
mathematical formulation with the objective to optimise the amount of ballast water
onboard. A discretisation method is applied to linearise the quadratic constraints due to
the introduction of ballast tanks. The linearised model is then tested against empirical
data collected from the collaborating company. Computational results on the selected
departure indicate significant potential for ballast savings, showing the relevance of the
model’s application in the real world. Furthermore, additional tests on instances with
various cargo weight distributions and discretisation levels are conducted, and results
show no significant correlation among the factors.
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Our preliminary study result from this research clearly indicates the industry po-
tential of our integrated stowage approach and model which delivered between 4.4%
and 6.7% of savings in fuel consumption and emissions. Due to the complexity of the
problem, some details were simplified and compromised compared to reality, which
can be further improved by a more complete and better formulated set of constraints.
For example, additional deadweight elements, such as storage and fuel tanks can be
included for a more accurate stability calculation; free surface movement can be im-
plemented by penalising partially filled tanks; trim optimisation can be added since it
has an obvious impact on fuel consumption etc. In addition, other discretisation meth-
ods such as piecewise linear functions might improve the solution without significantly
increase computational costs. Another aspect which we suggest for future research is
to analyse the robustness of the model, subject to changes of cargo amounts, mix and
weight. As mentioned, the unpredictability of cargo amounts and composition, makes
it difficult to apply our model in daily processes without making it more robust. Lastly,
even though the majority of cargo is homogeneous in dimensions, cargo in reality differ
in sizes compared to standard trailers. Future research and models for stowage planning
can therefore also improve practical relevance by including this aspect.
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