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Abstract
Environmental issues and targets to reduce greenhouse gas emissions have reinforced attempts to increase energy efficiency 
for all stakeholders, including the shipping industry. International maritime organization (IMO) has prescribed operational 
and design measures to develop energy efficiency and decrease ship emissions, and one of the effective operational meas-
ures is trim optimization, which is a feasible measure because it does not necessitate ship structural modification or engine 
advancement, but it can reduce the ship resistance and decrease fuel consumption. The study of trim optimization can be 
implemented by conducting experimental tests, but it is a difficult, expensive method and consumed more time. Therefore, 
the present paper proposes a numerical method to predict the optimum trim which achieves the minimum ship resistance 
and lower fuel consumption. The current paper investigated two types of ships as a case study, bulk carrier, and container 
ship. The optimization process has studied several trim conditions, ship drafts, and speeds. The results showed that positive 
trim (trim by bow) have an increasing effect on fuel consumption, while the negative trim (trim by stern) have a decreasing 
effect on fuel consumption. Fuel-saving based on using optimum trim at each speed is a significant quantity to be benefited 
as it would reduce the operating costs and increase the energy efficiency.
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Introduction

Nowadays, the maritime transportation is the key driver 
to the world’s economy as almost 90% of global trade is 
mobilized by it. It is estimated that ships produce 3% of 
global carbon dioxide  (CO2) emissions, 15% nitrogen oxide 
(NOx) emissions, and 16% sulfur oxide (SOx) emissions 
(Elkafas et al. 2021a). International Maritime Organization 
(IMO) espoused many goals to decrease ship emissions 
and accomplish a blue economy (Psaraftis and Kontovas 
2021). One of those goals is to reach a 50% reduction in 
the percentage of greenhouse gases (GHG) emitted from 

ships by 2050 contrasted to 2008 (Joung et al. 2020; Elka-
fas and Shouman 2022). The decarbonization of the ship-
ping sector can be implemented by operational and design 
measures (Bouman et al. 2017; Xing et al. 2020), but, for 
existing ships, design measures may be not feasible. Thus, 
operational-based measures can be used to develop energy 
efficiency and decrease ship discharges such as speed lessen-
ing, weather routing, voyage optimization, auxiliary power 
reduction, and trim optimization (Rehmatulla et al. 2017; 
Elkafas et al. 2021b).

Trim optimization is one of the easiest and cheapest 
methods for ship performance optimization and fuel con-
sumption reduction. Its theory depends on the fact that 
ship faces various resistance for the same speed and load 
condition based on different trim conditions; therefore, 
selecting the minimum resistance condition leads to 
decrease propulsion power and fuel consumption. In con-
trast to many other energy-saving technologies for ships, 
trim optimization does not necessitate ship structural mod-
ification or engine advancement, but it can decrease the 
ship resistance, achieve energy-saving effects, and reduce 
ship emissions only by adopting reasonable stowage and 
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adjusting the draft at the bow and stern of the ship by ballast 
water management and load distribution (IMO 2016; Elka-
fas 2022). Ships face different resistance conditions based 
on their trim at the same speed and draft. Thus, trim opti-
mization supports the selection of minimum resistance for 
a specific trip condition (Islam and Guedes Soares 2019).

The study of trim optimization can be performed based on 
model testing or by means of computational fluid dynamics 
(CFD) and the literature review has an extensive number 
of research on it. Hochkirch and Mollol (2013) examined 
the impact of trim on power adjustment by using CFD and 
experimental methods, they concluded that there is an agree-
ment between two methods. Iakovatos et al. (2013) proved 
the importance of trim optimization by conducting experi-
mental testing in calm water for different ships. Viola et al. 
(2014) studied the effect of trim at different speeds on the 
ship resistance by using experimental tests. Sherbaz and 
Duan (2014) implemented numerical simulations based on 
CFD to determine the total resistance of container ships in 
different trim conditions and found the specified trim linked 
with the lowest resistance. Reichel et al. (2014) showed that 
trim adjustment by 2–3% can achieved a reduction in fuel 
consumption up to 15% compared with the conventional 
condition. Deng et al. (2015) inspected the influence of dif-
ferent trim conditions on the trimaran resistance by using 
experimental and numerical simulations. Coraddu et al. 
(2017) examined the relation between fuel consumption 
and trim optimization for tankers under different working 
conditions. Islam and Guedes Soares (2019) determined the 
effect of Froude number and draft values on the optimum 
trim by using the Reynolds-Averaged Naiver-Stokes (RANS) 
method. Elkafas et al. (2019) studied the hydrodynamic drag 
of container ships at different ship speeds by using numerical 
simulation through CFD. Shivachev et al. (2020) performed 
numerical approach and experimental testing to analyze the 
effect of trim on wave resistance of container ships.

All the previous studies, whether research projects or 
research papers that dealt with the trim optimization onboard 
ships, confirm that that technology is necessary for a specific 
ship draft and speed condition. Moreover, it confirms that 
experimental testing might be the best option to study the 
effect of trim on the performance of ship, but it is difficult 
and more expensive to build the appropriate model and pro-
vide the proper test facility. Thus, numerical calculations can 
be used to predict the optimum trim by considering various 
speeds and drafts.

The aim of this paper is to perform numerical calcula-
tions to predict the optimum trim at different ship speeds 
and drafts. The approach can select the optimum trim based 
on the minimum resistance and lower fuel consumption in 
different conditions which can be applied for any type of 
ship by identifying the relevant characteristics of the ship. 
As a case study for the investigation, two different ships are 
selected as test cases, bulk carrier, and container ship.

Methodology

Ship resistance calculation method

The fuel consumption and the propulsive power of ship are 
based on the total ship resistance. The total ship resistance 
can be determined by using the method presented in the 
International Towing Tank Conference (ITTC) Resistance 
and Propulsion Performance Committee as shown in Eq. (1) 
(ITTC 2017) in which ρ, V, S, and CT are water density, ship 
speed, wetted surface area of the ship, and total resistance 
coefficient, respectively.

The wetted surface area is determined at rest condition 
without trim or sinkage. The effect of wetted surface area 
on the total resistance is related to the presence of a large 
stern area which nonetheless has a relatively small effect of 
up to 0.5% of the total resistance of the even keel condition, 
while the total resistance coefficient is calculated as shown 
in Eq. (2) (Elkafas and Shouman 2021).

(1)RT =
1

2
�SV2CT

Fig. 1  Optimization process 
flowchart
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Distributed 
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(Decision tree)

Table 1  Basic parameters of investigated ships

Parameters/ship type Bulk carrier Container ship

Maximum deadweight (ton) 200,000 145,600
Length between perpendiculars (m) 294 381
Breadth (m) 50 49
Depth (m) 24 30.2
Design draft (m) 16.5 13.5
Service speed (knots) 15 24
Main engine power (MCR) 17,734 65,522
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where CF, CR, CA, and CAA are frictional, residual, rough-
ness correction, and air resistance coefficients. CF can be 
calculated for the full-scale ship according to the ITTC-1957 
model-ship correlation line equation as shown in Eq. (3) in 
which Re, V, LWL, and ν are Reynolds number, ship speed, 
waterline length, and water kinematic viscosity, respectively 
(Ammar et al. 2019).

The above formula shows that the waterline length is 
inversely proportional with the frictional resistance coeffi-
cient. But, the inverse proportion results in an increase or 
decrease in the propulsive power of only 0.5% which is a 
small percentage of saving compared to the potential savings.

The air resistance coefficient (CAA), caused by the move-
ment of the ship through the air, shall be included in the 
resistance calculation procedure. Based on the analysis in 
(Kristensen and Lützen 2013), the following air resistance 
coefficient CAA formula for container ship is recommended in 
which TEU stands for the twenty-foot equivalent unit which 
can be used to measure a ship’s cargo-carrying capacity.

When extrapolating the resistance values from the model 
to full-scale ship, the surface roughness of the hull must be 

(2)CT = CF + CR + CA + CAA

(3)CF =
0.075

(

log10 Re − 2
)2
,Re =

V ∙ LWL

v

(4)1000 ∙ CAA = MAX (0.28 × TEU−0.126 × 10−3, 0.09)

considered in the calculation so that the roughness correc-
tion coefficient is added. The literature review shows that 
correlation coefficient (CA) can be determined according to 
the Harvald formula as presented in Eq. (5) (Harvald 1983) 
in which Δ is the ship displacement.

The roughness coefficient is normally kept constant unless 
for vessels with large variation in the draught in loaded/
unloaded condition. The residual resistance coefficient is 
often claimed to be the parameter most affected by trim.

The service allowance is used for the determination of 
the installed main engine power, which means that it shall 
be determined based on the expected service area. Harvald 
(1983) suggests service allowances between range 15–35% 
and its value will be relatively lower for large ships com-
pared to small ships. Recently, the effective power can be 
calculated by using total resistance and the corresponding 
speed. Then, the main engine’s output power (Pp) can be 
calculated by dividing the effective power by the total pro-
pulsion system efficiency which can be calculated by using the 
procedure which discussed in (Breslin and Anderson 1994).

(5)1000 ∙ CA = 0.5 ∙ log(Δ) − 0.1 ∙ (log(Δ))2

Fig. 2  Ship route description 
from Asia to Northern Europe
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Fig. 3  Frictional resistance coefficient results of bulk carrier at differ-
ent speeds

Table 2  Definition of variable data ranges

Ship type Bulk carrier Container ship

Design draft (m) 16.5, 17.5 11.5, 13.5
Ship speed (knots) 12–17 18–24
Trim (m)  − 1.5–1.5  − 1.5–1.5
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Power will play a role in how much fuel is consumed with 
changes in speed. Thus, derivation of a direct relationship 
between fuel consumption (FC) and main engine’s output 
power, which can be obtained using the basic equations of 
power, and fuel, can be expressed as displayed in Eq. (6) 
(Elkafas and Shouman 2021):

where Pp is the main engine’s output power and SFCi is the 
specific fuel consumption of main engine.

From literature review, the changes in the trim have lit-
tle influence on frictional resistance compared with residual 
resistance. Therefore, the change in the residual resistance 

(6)FC = Pp ∗ SFCi

Fig. 4  The predicted residual 
resistance coefficient for 
bulk carrier at different trim 
conditions and ship speeds a 
draft = 16.5 m, b draft = 17.5 m
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Fig. 5  Fuel consumption of 
bulk carrier at different ship 
speed and trim conditions a 
draft = 16.5 m, b draft = 17.5 m
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Fig. 6  Optimum trim condition 
for the bulk carrier at two draft 
states
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can replace the change in the total resistance. According to 
Froude’s law, the residual resistance coefficient of a real ship 
is equal to that of the ship model, so the residual resistance 
coefficient of the ship model was selected as the value of 
the resistance prediction. Dimensionless parameters were 
selected to reduce the influence of non-uniform changes in 
the ship size on the resistance prediction results. The residual 
resistance coefficient can be predicted by using the Analytical 
Distributed Volume Method (ADVM) which is based on 2D 
numerical modeling, and it is suitable for commercial ships.

Optimization algorithm

The optimization process consists of three components of 
numerical modeling, resistance prediction, and optimizer. 
Numerical modeling is conducted through NavCad program 
for the selected case study. In resistance prediction, ADVM 
approach is performed to predict the residual resistance at cer-
tain ship speed and draft. Then, regression analysis is performed 
to break down a dataset into smaller and smaller subsets. Finally, 
optimizer is performed to obtain the objective function. The 
applied optimization process is displayed in Fig. 1.

The present optimization problem for selecting the opti-
mum trim based on the minimum fuel consumption which 
can be expressed as shown in Eq. (7).

where f is the objective function that is defined as fuel con-
sumption and based on residual resistance. Also, S ⊆ RN 
is the feasible solutions set, while the constraint prohibits 
feasible design space. Vector of design variables is defined 
by X in N dimensions which corresponds with various trim 
conditions in the optimization process. The trim was taken 
as the first parameter of the input of the numerical model, 
and the ship speed was the second parameter.

The present paper involves regression prediction for 
the optimum trim, the classification, and regression 

(7)minimize f (X) = FC subject to X ∈ S ⊆ RN

analysis can be done by using a decision tree algorithm. 
Decision tree builds regression or classification models 
in the form of a tree structure. It breaks down a dataset 
into smaller and smaller subsets while at the same time 
an associated decision tree is incrementally developed. 
The result is a tree with decision nodes and leaf nodes. A 
decision node has two or more branches, each represent-
ing values for the attribute tested. Leaf node represents 
a decision on the numerical target. The topmost decision 
node in a tree which corresponds to the best predictor 
called root node. Decision trees can handle both categori-
cal and numerical data.

Case study description

The analysis of trim optimization performed in this paper 
based on two different ships. The trim optimization includes 
certain drafts and speeds for the selected ships. The selected 
ships for the analysis include bulk carrier and container ship, 
whose characteristics are presented in Table 1.

The selected ships normally serve the Far East route from 
Asia to Northern Europe through the Suez Canal as shown in 
Fig. 2.

The resistance calculations were carried out for the bare 
hull with rudder and other appendages. The trim scale range 
affects directly the optimum trim prediction accuracy. The 
scale selection should not be too large, if it is too large, the 
selected trim will have a large probability to avoid the opti-
mum trim with a large deviation, thus rendering the final 
prediction result inaccurate. The scale selection should not 
be too small as the residual resistance coefficient is small 
which can lie to a prediction error, which has a significant 
impact on the selection of the optimum trim. The distribution 
of the trim is mainly distributed between − 1.5 m and 1.5 m. 
Inserting the data features into the prediction model of the 
optimum trim enables prediction of the residual resistance 

Fig. 7  Frictional resistance 
coefficient results of container 
ship at different speeds
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coefficient, and the trim corresponding to the smallest resid-
ual resistance coefficient is the optimum trim. The present 
paper studied two different drafts and various ship speeds for 
each ship type as presented in Table 2. With regard to trim, 
the negative sign is defined to trim by stern while positive 
sign is for trim by bow.

Results and discussions

Trim optimization for bulk carrier

The optimization process was applied for the bulk carrier 
at different ship speed conditions between 12 and 17 knots 

Fig. 8  The predicted residual 
resistance coefficient for 
container ship at different trim 
conditions and ship speeds a 
draft = 13.5 m, b draft = 11.5 m
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and different two drafts of 16.5 m and 17.5 m. To obtain the 
total resistance of the ship, the calculations has been divided 
to two process frictional resistance coefficient calculation 
and residual resistance coefficient prediction which are inde-
pendent and dependent on the trim condition, respectively. 
Firstly, the frictional resistance is calculated based on the 
main parameters of the bulk carrier as shown in Fig. 3.

Then, the predicted residual resistance coefficients for the 
bulk carrier are shown in Fig. 4, where the horizontal coor-
dinates correspond to the trim condition which displayed 
from − 1.5 to 1.5 m, and the vertical coordinates correspond 
to the speed of the ship which displayed from 12 to 17 knots, 
while the residual resistance coefficient (Cr) are presented as 
color contour marks.

Figure 4a shows that the lowest residual resistance values 
for ship at draft of 16.5 m are defined in blue and light blue 
in the range between 12 and 15 knots at trim adjustment 
from − 1.5 to 0.5 m. After that, the color is changed to green 
for ship speed above 15 knots at all trim conditions. In con-
trast, when the ship draft is increased to 17.5 m, as shown 
in Fig. 4b, the minimum resistance value for ship speeds 
up to 17 knots is occurred at trim between − 1 m and even 
keel condition. Thus, more clarification is required for the 
expected optimum trim at the specified speeds, as this can 
be done by drawing a relationship between the ship’s speed 
and the fuel consumption at each trim condition in the region 
between − 1.5 and 1.5 m as shown in Fig. 5 as the minimum 
fuel consumption is highlighted by using red circle.

Fig. 9  Fuel consumption of 
container ship a T = 13.5 m, b 
T = 11.5 m
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It is clear from the results presented in Fig. 5a, the opti-
mum trim for the bulk carrier at a draft equal to 16.5 m 
is − 0.5 m for ship speed condition 12 knots, while it is 
equal to zero for ship speed condition 13, 16, and 17 knots. 
Moreover, it is clear from the results presented in Fig. 5b, 
the optimum trim condition for the same bulk carrier at the 
17.5-m draft is even keel condition or − 1 m for almost all 
ship speed conditions.

Figure 6 shows a comparison between the predicted opti-
mum trim conditions for the bulk carrier under draft condi-
tions equal to 16.5 m and 17.5 m at different speeds.

It is clear from the comparative study in Fig. 6, the two 
studied drafts are identical in the prediction value for the 
optimum trim of the bulk carrier except at a ship speed of 
12 knots which has a different value in both states.

Trim optimization for container ship

The optimization process was applied for the container ship 
with 13,000 TEU at different ship speeds and two drafts. 

Like the procedure done for the bulk carrier, the analysis has 
been initialized with the calculation of frictional resistance 
coefficient as shown in Fig. 7.

Then, the predicted residual resistance coefficients for 
the container ship are shown in Fig. 8, where the horizon-
tal coordinates correspond to the trim which is displayed 
from − 1.5 to 1.5 m, and the vertical coordinates correspond 
to the speed of the container ship, while the residual resist-
ance coefficient (Cr) are presented as color contour marks.

It is noticeable in Fig. 8 that the lowest values of resist-
ance are in the far west of the figure, which lies between two 
values of trim, which are − 1 m and − 1.5 m. Therefore, more 
clarification is required for the expected optimum trim at the 
specified speeds, as this can be done by drawing a relation-
ship between the ship’s speed and the fuel consumption at 
each trim condition in the region between − 1.5 and 1.5 m as 
shown in Fig. 9 as the minimum fuel consumption is high-
lighted by using red circle.

It is noticeable from the predicted fuel consumption pre-
sented in Fig. 9a that the value of the optimum trim changes 

Fig. 10  Optimum trim for the 
container ship at two draft states
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between three points and they are − 1, − 1.2, and − 1.5 m at 
the draft of 13.5 m. While it is clear from the results pre-
sented in Fig. 9b, the optimum trim for the same container 
ship at 11.5 m draft is almost − 1.5 m for ship speed adjust-
ment between 18 and 22 knots, and 24 knots, while it is 
equal to − 1 m for ship speed condition of 23 knots. Fig-
ure 10 shows a comparison between the predicted optimum 
trim for the container ship under draft equal to 13.5 m and 
11.5 m at different ship speed.

It is clear from the comparative study in Fig. 10, the best 
prediction value for the optimum trim of the 13,000 TEU 
container ship is − 1.5 m for most ship speed conditions, 
and in some cases, it is predicted to be − 1.2 m. Therefore, 
it is important to study the comparison between even keel 
condition (Trim = 0) and the optimum trim condition at each 
speed based on the fuel-saving per one trip (two rounds) as 
shown in Fig. 11.

As shown in Fig. 11, the fuel-saving based on using opti-
mum trim at each speed is a significant quantity to be ben-
efited as it would reduce the operating costs and increase 
the energy efficiency of a container ship. Hence, the exhaust 
emissions will be reduced by using optimum trim compared 
to the even keel condition. The comparative study showed 
that the operating condition at a draft of 11.5 m has a higher 
fuel-saving amount than the operating condition at a draft 
of 13.5 m.

Conclusions

Ship trim optimization is considered one of the operational 
measures to increase energy efficiency and reduce ship 
emissions for existing ships in operation. It is a practical 
measure as it does not require hull structural modification 
or engine upgrade. The study of trim optimization can be 
conducted based on experimental testing in towing tanks, 
but this method is difficult and more expensive to build 
the appropriate model and provide the proper test facil-
ity. Thus, the present paper is suggested an optimization 
technique based on numerical calculations to determine 
ship resistance at various trim conditions and select the 
optimum trim. The potential benefits of using numerical 
calculation over experimental testing are saving money 
and reducing the time consumed during performing the 
technique.

In the present paper, the trim optimization technique 
has been applied to bulk carrier and container ship. The 
trim adjustment lies between − 1.5 and 1.5 m at differ-
ent ship speeds and different design drafts. The present 
study is limited to being applied to ships under calm water 
conditions not heavy weather conditions. Moreover, the 
paper is not discussed the wake effect on propellers and 

its effect on ship maneuverability. Generally, even though 
the study limitations, the numerical modeling calculates 
well the optimum trim at various ship speeds and can sig-
nificantly develop ship operational efficiency and decrease 
ship emissions.

The results showed that positive trim (trim by bow) have 
a significant increasing effect on fuel consumption, while the 
negative trim (trim by stern) have a significant decreasing 
effect on fuel consumption. As an example, the best prediction 
value for the optimum trim of the container ship is − 1.5 m for 
most ship speed conditions, and in some cases, it is predicted 
to be − 1 m. Also, the best prediction value for the optimum 
trim of the bulk carrier is lied between 0 and − 1 m for the ship 
speed adjustment between 12 and 17 knots.

Also, the fuel-saving based on using optimum trim at 
each speed is a significant quantity to be benefited as it 
would reduce the operating costs and increase the energy 
efficiency. Hence, the exhaust emissions will be reduced by 
using optimum trim compared to the even keel condition.
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