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Indonesia possesses dense and strategic shipping lanes, where seasonal ocean currents in the Java Sea
frequently impact vessel transit times. On palm-oil shipping routes from Kumai to various ports in Java,
route efficiency is paramount as fuel constitutes the largest operational expense. Due to the variability
of ocean currents, conventional routes are not always the most efficient choice. This study utilizes 2024
ocean-current data from the Copernicus Marine Service alongside the technical specifications of the
MT Nusaniwe to calculate effective speed, travel time, and fuel consumption. The Ant Colony
Optimization (ACO) algorithm is applied to evaluate alternative route combinations under varying
seasonal current conditions. The methodology encompasses current analysis, effective-speed
formulation, fuel-consumption modeling, and route-optimization simulations for both the northwest
and southeast monsoon seasons. Previous literature has not integrated ACO with seasonal
oceanographic data for route optimization, which defines the research gap addressed herein. The
results demonstrate that ACO-based routes integrated with oceanographic data outperform
conventional routes, achieving significant reductions in transit time and fuel consumption.
Consequently, this model proves that leveraging seasonal currents can enhance vessel operational
efficiency and support data-driven voyage planning.
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1. Introduction

Maritime transportation plays a strategic role in supporting economic activities, particularly in archipelagic countries
such as Indonesia, where sea routes serve as the primary means of inter-island connectivity. The efficiency of maritime
transportation is strongly influenced by environmental factors, especially ocean current characteristics, which directly affect
vessel speed, voyage duration, and fuel consumption. Navigation practices that do not account for ocean current dynamics
may lead to increased operational costs and reduced voyage efficiency [1]. TheJava Sea is one of the most important maritime
regions in Indonesia, characterized by relatively shallow waters and strong seasonal variability of ocean currents. Previous
studies have shown that current patterns in theJava Sea are predominantly controlled by monsoonal wind systems, resulting
in significant changes in current direction and magnitude throughout the year [2], These seasonal variations not only
influence physical oceanographic processes but also have direct implications for maritime transportation activities and
operational planning [3],

Numerous studies have investigated the characteristics of ocean currents in theJava Sea under various depth conditions
and seasonal regimes. The findings indicate that current velocity and direction vary considerably between the west monsoon,
east monsoon, and transitional seasons [4], Such variability may either facilitate or hinder vessel movement depending on
route orientation and departure timing. However, despite the availability of extensive scientific knowledge on ocean current
dynamics, its practical application in operational ship route planning remains relatively limited. Recent developments in
oceanographic data analysis and numerical modeling have enabled more detailed characterization of ocean current
variability. Advances in numerical modeling and data-driven approaches, including machine learning techniques, have been
successfully applied to analyze sea surface dynamics and current patterns in the Java Sea [5, 6], These developments provide
valuable opportunities to integrate oceanographic information into maritime operational decision-making, particularly for
route optimization.

In parallel, optimization techniques have been widely adopted to address complex decision-making problems in
transportation and logistics systems. Metaheuristic algorithms, such as Ant Colony Optimization (ACO), have demonstrated
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strong performance in solving routing and path optimization problems because of their flexibility and capability to handle
nonlinear and multi-constraint optimization problems [7, 8], In maritime and logistics applications, ACO has been
successfully implemented for route optimization, distribution planning, and transportation cost minimization [9, 10],

Despite these advancements, studies integrating seasonal ocean current variability with intelligent optimization
algorithms for ship route planning remain relatively limited, particularly in Indonesian waters. Although previous studies
have investigated ocean current characteristics and route optimization separately, few have incorporated dynamic seasonal
oceanographic conditions directly into the optimization process while simultaneously evaluating voyage efficiency in terms
of travel time and fuel consumption. Consequently, many existing routing approaches continue to rely primarily on static
shortest-distance criteria without explicitly considering the influence of seasonal current variability on ship performance
and fuel efficiency [11], This research gap highlights the need for a more adaptive route optimization framework that
integrates realistic oceanographic conditions into maritime navigation planning.

Therefore, this study aims to develop and evaluate a ship route optimization model that integrates seasonal ocean
current characteristics with fuel consumption analysis using the Ant Colony Optimization (ACO) algorithm. The Java Sea is
selected as the study area because of its dynamic seasonal current variability and its strategic importance for Indonesian
maritime transportation. By integrating oceanographic current data with intelligent optimization techniques, this study
evaluates the efficiency of optimized sailing routes compared with conventional routes in terms of travel time and fuel
consumption under different seasonal conditions. The expected contribution of this research is to provide an integrated
decision-support framework for maritime navigation by combining seasonal ocean current information with intelligent
route optimization techniques. The proposed framework is expected to assist ship operators, maritime planners, and
researchers in improving voyage efficiency, reducing fuel consumption, and supporting more sustainable maritime
transportation in Indonesian waters.

The novelty of this study does not lie in the application of the Ant Colony Optimization algorithm itself, as ACO has been
widely utilized in transportation and routing optimization problems. Rather, the novelty resides in the integration of realistic
seasonal ocean current characteristics of the Java Sea with the ACO-based route optimization framework to evaluate voyage
performance simultaneously in terms of travel time and fuel consumption. Unlike conventional routing approaches that
primarily consider sailing distance, the proposed framework incorporates dynamic oceanographic conditions into the
optimization process, thereby providing a more adaptive and operationally relevant approach for ship route planning in
Indonesian waters.
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2. Method

2.1. Research Design and Approach

This study used a descriptive quantitative method with a computational modelling approach to analyze shipping route
efficiency. The analysis was based on travel distance, seasonal ocean current speed, sailing time, and fuel consumption. The
research was conducted as a case study of the MT Nusaniwe operated by PT Nusa Maritim Logistik.The vessel serves domestic
distribution routes in the western and central regions of Indonesia. The case study approach was chosen to examine the
effect of seasonal ocean conditions on ship operational efficiency under real operating conditions.

Background

Formulation of the problem

Research purposes

Benefits of research

Scope of problem

Observation

Interview

Literature Study

Analysis of Company Environmental Conditions (Existing
Model)

Internal Environmental Analysis

•Ship Specifications

External Environmental

•Oceanography_

Ant Colony Optimization Model Adjustment Stage

Ant System (AS)
ACS Algorithm

Formulation Stage (Combination)

Ant Colony Optimization
Oceanography

Results of Efficiency

Finish



 

– –

– –

 

– –

Kapal: Jurnal Ilmu Pengetahuan dan Teknologi Kelautan, 23 (2) (2026):77-85

Figure 1. Illustrates the research workflow
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The study was carried out at the operational base of PT Nusa Maritim Logistik in Surabaya, Indonesia. The research
object was the MT Nusaniwe, a self-propelled oil barge with a capacity of 2,643 GT and 4,222 DWT. The vessel is powered by
two Caterpillar 3412 D engines with a total output of 2 x 848 HP and an average fuel consumption of about 3 tons per day.
The ship operates on multi-port routes across the Java Sea, connecting Kumai, Semarang, Jakarta, Panjang, Gresik, and
Surabaya. This region experiences strong seasonal current variability, which makes it suitable for evaluating environmental
effects on sailing performance. The study period was from June to December 2025. This period represents the west monsoon
and the east monsoon so that seasonal ocean conditions can be properly represented. The research stages included data
collection, ocean current analysis, conventional route modeling, route optimization using the Ant Colony Optimization (ACO)
algorithm, and efficiency evaluation of the optimized results. Figure 1 presents the research workflow diagram.

2.2. Seasonal Ocean Current Characteristics

The study area is theJava Sea, one of the most important maritime regions in Indonesia, characterized by shallow waters
and strong seasonal variability of ocean currents. The circulation patterns in the Java Sea are predominantly influenced by
monsoonal wind systems, resulting in significant changes in current direction and magnitude throughout the year [12], These
characteristics make the Java Sea a suitable region for investigating the influence of seasonal ocean currents on ship route
efficiency.Ocean current data used in this study were obtained from previous observational and numerical studies focusing
on the Java Sea region. The analysis considers seasonal current characteristics associated with the west monsoon and east
monsoon, which have been shown to significantly affect current velocity and direction at different depths. Figure 2 shows
the location of the study area at coordinates 105°E 115°E and 2°S 4°S. The current data consists of zonal and meridional
velocity components and were used to represent environmental forces acting on the vessel during navigation.
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Figure 2. Map of the study area at coordinates 105°E 1150Eand2°S 4°S.

2.3. Ocean Current Data Processing

The dataset used in this study covers the period from 1 January 2024 to 1 December 2024, with a monthly temporal
resolution (PI M) and a spatial resolution of 0.083° (approximately ±9 km). The data were downloaded in netCDF format, and
all visualization and analytical procedures were conducted using Ocean Data View (ODV) software. In this study, ocean
currents were analyzed exclusively at the surface layer, specifically at a depth of 0.49 m below the sea surface. This depth
was selected because surface vessels, such as MT NUSANIWE, are predominantly influenced by surface currents during their
operational movements. Surface currents represent the most significant oceanographic component affecting sailing
efficiency and ship fuel consumption. The spatial domain of the study was defined based on the strategic shipping corridor
of the vessel within the Java Sea, bounded by the coordinates 105°E 115°E and 2°S 8°S. This domain encompasses the
primary sailing routes connecting the ports of Kumai, Surabaya, Gresik, Semarang, Jakarta, and Panjang. The study area map
is presented in Figure 1, which was directly generated from the CMEMS interface. Ocean current patterns were examined
using two complementary visualization approaches. Two-dimensional vector maps were employed to illustrate the direction
and magnitude of monthly surface currents, while one-dimensional mareograms were used to depict monthly variations of
the zonal and meridional current velocity components at selected observation points. Figure 3 shows the Ocean Data View
(ODV) interface during the NetCDF dimension selection process, including time, depth, latitude, longitude, and zonal (u) and
meridional (v) current velocity components. The processed ocean current data were subsequently used to characterize
seasonal surface current patterns and to identify current directions and magnitudes that may support or hinder ship
navigation along the study routes. These results form the basis for subsequent analyses related to ship performance and
route evaluation under different seasonal oceanographic conditions.
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Figure 3. Ocean Data View (ODV) interface during the NetCDF dimension selection process, showing time, depth, latitude,
longitude, and zonal (u) and meridional (v) current velocity components.

2.4. Ship Route Optimization Model

The case study vessel represents a commercial tanker operating in the Java Sea. The selected sailing routes connect
major ports commonly used in domestic maritime transportation. Route distances and sailing directions were defined based
on standard nautical routes and port locations. The influence of ocean currents on ship speed over ground was evaluated by
considering the relative direction between ship heading and prevailing current direction, following established approaches
in maritime operational analysis.

The route optimization process was performed using the Ant Colony Optimization (ACO) algorithm, a metaheuristic
method inspired by the foraging behavior of ants [13], In this model, each ant represents a potential sailing route between
ports. The probability of route selection is governed by pheromone intensity and heuristic information related to route
distance and estimated fuel consumption. The pheromone updating mechanism was implemented to reinforce routes with
better performance, while evaporation was applied to avoid premature convergence. The optimization process iteratively
searches for the route that minimizes fuel consumption while maintaining feasible sailing distances. The application of ACO
for routing and optimization problems has been widely adopted in transportation and logistics studies.

The ship route optimization method using the Ant System (AS) algorithm begins with the initialization of algorithm
parameters, including the initial pheromone trail intensity between nodes ( 0) (1), that is updated at each iteration, the
number of nodes and inter-node distances (dij) in a symmetric Traveling Salesman Problem (TSP) where d = d , the
definition of the starting and destination nodes, the ant iteration constant (Q.), the pheromone influence parameter ( ) and
visibility control parameter ( ) with > 0 and > 0, the inter-node visibility defined as
(m), the pheromone evaporation rate ( ) where 0 <
number of iterations (NCmax), followed by the random placement of each ant at an initial node among the n nodes, which
is recorded as the first element of the tabu list to initiate the route construction process.

= 1/d , (2) the number of ants
1 to prevent unlimited pheromone accumulation, and the maximum

(1)

(2)

(3)

The tour length of each ant Pi is calculated after the completion of its respective tour. This calculation is based on the
tabu list of each ant and is expressed by Equation (3), which represents the summation of distances between consecutive
nodes along the constructed route, including the return distance from the final node to the initial node to form a closed tour.

After the tour length Pi of each ant has been computed, the shortest tour for each iteration can be identified. The overall
best tour length obtained throughout the optimization process is denoted as Pij which represents the globally optimal
solution achieved by the Ant System algorithm.

2.5. Efficiency Evaluation Method

The performance of the optimized routes was evaluated by comparing them with conventional routes in terms of total
sailing distance, travel time, and fuel consumption. Efficiency improvement was quantified as the percentage reduction in
fuel consumption achieved by the optimized route relative to the conventional route. This evaluation framework enables
assessment of the effectiveness of integrating seasonal ocean current characteristics with optimization algorithms for ship
route planning [14],
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3. Results and Discussion

3.1. Java Sea Current Patterns

3.1.1. West Monsoon
The West Monsoon occurs from December to February and is characterized by dominant northwesterly winds blowing

toward the east to southeast, driven by the pressure gradient between the Asian and Australian continents [15], This
atmospheric circulation strongly controls surface current dynamics in the Java Sea. Analysis of Copernicus Marine Service
surface current data for 2024 at a depth of 0.49 m shows that during the West Monsoon, surface currents predominantly
flow from west to east, with velocities ranging from 0.20 to 0.40 m/s [16], This pattern reflects the direct response of ocean
currents to intensified monsoonal winds and has a significant influence on maritime navigation. Figure 4 illustrates the West
Monsoon surface current pattern during December February within the geographic domain bounded by 105°E 115°E and
2°S 8°S.
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Figure 4. Illustrates the West Monsoon surface current pattern during December February within the geographic domain
bounded by 105°E 115°Eand2°S 8°S.
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3.1.2. First Transitional Season
The First Transitional Season (March May) is marked by weakening monsoonal winds, resulting in variable and less

organized surface current patterns in the Java Sea. The lack of a dominant wind direction leads to considerable spatial and
temporal variability in current flow. During this season, surface current velocities are generally lower, ranging from 0.10 to
0.25 m/s, which reduces the predictability of current effects on vessel movement and makes navigation efficiency highly
dependent on short-term oceanographic conditions and departure timing [17], Figure 5 shows the surface current pattern
during the First Transitional Season (March May) within the geographic domain bounded by 105°E 115°E and 2°S 8°S.
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Figure 5. Illustrates the surface current pattern during the First Transitional Season (March May) within the geographic
domain bounded by 105°E 115°Eand2°S 8°S.
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3.1.3. East Monsoon
The East Monsoon takes place from June to August and is characterized by southeasterly winds that cause a reversal of

surface current direction compared to the West Monsoon, with currents predominantly flowing from east to west. Surface
currents during the East Monsoon are relatively more stable, with velocities typically between 0.15 and 0.35 m/s and
generally stronger in offshore areas [18], This consistent pattern may benefit vessels traveling in the same direction as the
dominant current while posing challenges for routes oriented towards it. Figure 6 shows the surface current pattern during
the East Monsoon (June August) within the geographic region between 105°E 115°Eand2°S 8°S.
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Figure 6. shows the surface current pattern during the East Monsoon (June August) within the geographic region between
105°E 115°E and 2°S 8°S.
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3.1.4. Second Transitional Season
The Second Transitional Season (September November) represents the transition from the East Monsoon to the West

Monsoon and is characterized by weakening and shifting wind systems. Consequently, surface current patterns become
increasingly unstable. Current velocities during this season generally range from 0.10 to 0.30 m/s, influenced by local
oceanographic dynamics and the early development of the West Monsoon. These conditions make the impact of ocean
currents on vessel performance less predictable, emphasizing the need for adaptive route planning. Summary of seasonal
surface current velocities in the Java Sea indicates that current speeds range from 0.20 0.40 m/s during the West Monsoon,

0.10 0.25 m/s during the First Transitional Season, 0.15 0.35 m/s during the East Monsoon, and 0.10 0.30 m/s during the
Second Transitional Season. Figure 7 shows the surface current pattern during the Second Transitional Season (September
November) over the geographic domain of 105°E 115°E and 2°S 8°S, while Figure 8 depicts the current velocity variations
in the east west (zonal) direction.
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Figure 7. presents the surface current pattern during the Second Transitional Season (September November) over the
geographic domain of 105°E 115°E and 2°S 8°S.
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Figure 8. depicts the current velocity variations in the east west (zonal) direction.

3.2. Ship Route Optimization Model

Shipping route optimization in this study was performed using the Ant Colony Optimization (ACO) algorithm to
determine the optimal sailing route based on inter-port distances and route characteristics. In the ACO framework, each ant
represents a potential sailing route, which is constructed iteratively according to pheromone intensity and heuristic
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information derived from the distance between ports. The results of the initial transition probability calculation between
ports are presented in Table 1.
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Table 1. Results of the initial transition probability calculation

Distance Surabaya Gresik Semarang Jakarta Panjang Max Destination Tabu List

Surabaya 0
Gresik
Semarang

Jakarta
Panjang 0.13

18.2 0.537
0.0292

0.255 0.206
0.0134 0.01
0.234 0.163

18.2 Gresik
0.946 Surabaya
0.307 Gresik
0.48 Panjang

0.549 Jakarta

1.2
0.946
0.294

0 2.1
0.307 0
0.142 0.236
0.131 0.188

3,2

0.14 0 0.48 4,5

0.549 0 M

The tour length of each ant is calculated after all ants complete their respective tours. The tour length is obtained by
summing the distances between consecutive nodes recorded in the tabu list of each ant. Routes with shorter tour lengths are
reinforced through the pheromone updating mechanism, thereby increasing their probability of being selected in subsequent
iterations. The tour construction results after all ants completed route formation based on inter-city transition probabilities
(P ) are summarized in Table 2.

Table 2. Tour construction results after all ants completed route formation based on inter-city transition probabilities (Py).
Distance Surabaya Gresik Semarang Jakarta Panjang Destination Tabu List
Surabaya 0
Gresik 0
Semarang 0

Jakarta
Panjang

0 0 0 0.44 Panjang
Panjang
Panjang
Surabaya
Surabaya

1,2,3,4,5
2,1,3,4,5
3,2,1,4,5
4,5,3,2,1
5,4,3,2,1

0 0 0 0.42
0 0 0 0.41

0.496
0.498

0 0 0 0
0 0 0 0

The ACO results indicate that the algorithm successfully converges toward an optimal solution after several iterations.
Compared with the conventional shipping route, the ACO-optimized route produces a significantly shorter sailing distance.
The conventional route has a total distance of approximately 1514 km, whereas the optimal route generated by the ACO
algorithm is reduced to about 968 km. Based on the optimization results, two equivalent route sequences with minimum
total distance were obtained, namely Panjang Jakarta Semarang Gresik Surabaya Kumai and its reverse sequence
Surabaya Gresik Semarang Jakarta Panjang Kumai. These results are further detailed in the cost calculation stage
shown in Table 3.

Table 3, Description of the cost calculation stage (minimum total distance)
Ant Tabu List Segment Distances (km) Total Distance (km)
1 1,2,3,4,5

2,1,3,4,5 10 339
3,2,1,4,5 324 10
4,5,3,2,1 209 610
5,4,3,2,1 209 425
3,4,5,2,1 425 209

10 324 425 209
425 209
713 209
324 10
324 10
870 10

968
2 983
3 1256
4 1153
5 968
6 1514

The optimal routes derived from the Ant Colony algorithm are subsequently used as the basis for further analyses,
particularly for the evaluation of effective ship speed and operational efficiency in the following sections.

3.3. Efficiency Evaluation

The operational efficiency of MT. Nusaniwe was evaluated by comparing the conventional sailing route with the route
optimized using the Ant Colony Optimization (ACO) algorithm, as defined in Subsection 4.3, while considering the influence
of seasonal ocean currents on vessel performance. On the conventional route with a total distance of 1514 km, the vessel
operated at an average speed of 18.52 km/h, requiring 81.7 hours (3 days 9 hours 42 minutes) of sailing time and consuming
10.2 tons of fuel. In contrast, the ACO-based optimization produced a shorter sailing route of 968 km, which was applied
under West Monsoon First Transitional and East Monsoon Second Transitional conditions. Accordingly, within an annual
operational cycle, MT. Nusaniwe requires route adjustments only once every six months, following the seasonal reversal of
dominant ocean current patterns.

The optimal route for the West Monsoon and First Transitional Season follows Kumai Panjang Jakarta Semarang
Gresik Surabaya Kumai, whereas the optimal route for the East Monsoon and Second Transitional Season follows Kumai
Surabaya Gresik Semarang Jakarta Panjang Kumai.These two routes represent directionally reversed but distance-

equivalent optimal paths, demonstrating that seasonal route switching based on ocean current variability can maintain high
operational efficiency while minimizing the need for frequent route reconfiguration and supporting long-term, energy-
efficient voyage planning [19, 20], A comparison of sailing speed and distance under different seasonal conditions is
presented in Table 4.
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Table 4, Comparison of Sailing Speed and Distance under Different Seasonal Conditions
Current Condition Ship Speed DistanceNo Season Route Type

18.52 km/h
18.52 + 1.08 =
19.60 km/h
18.52 + 0.90 =
19.42 km/h

1514 km
968 km

Existing Route
West Monsoon
First Transitional
East Monsoon
Second
Transitional

Conventional
Optimized (ACO)

1
2 Favorable current

(+1.08 km/h)
Favorable current
(+0.90 km/h)

Optimized (ACO) 968 km3

By utilizing favorable ocean currents along the optimized route, the effective ship speed increased to 19.60 km/h during
the West Monsoon First Transitional period and 19.42 km/h during the East Monsoon Second Transitional period.
Consequently, sailing time was reduced to 49.3 hours and 49.8 hours, respectively, compared to 81.7 hours required for the
conventional route. In addition, fuel consumption decreased significantly to 6.17 tons and 6.23 tons, resulting in fuel
efficiency improvements of 39.51% and 38.92%. A detailed comparison of sailing time, voyage duration, fuel consumption,
and efficiency between the conventional and optimized routes is presented in Table 5.

Table 5. Comparison of Sailing Time, Fuel Consumption, and Efficiency
No Distance Sailing Time (hours) Duration Fuel Consumption Efficiency
1 1514 km 81.7 hours
2 968 km
3 968 km

3 days 9 hours 42 minutes
2 days 1 hour 18 minutes
2 days 1 hour 48 minutes

10.2 tons
6.17 tons
6.23 tons

49.3 hours
49.8 hours

39.51%
38.92%

4. Conclusion

This study successfully achieved its objective of developing and evaluating a ship route optimization framework by
integrating seasonal ocean current characteristics with the Ant Colony Optimization (ACO) algorithm for the operational
routes of MT. Nusaniwe in the Java Sea. The results demonstrate that incorporating realistic oceanographic conditions into
the optimization process provides measurable operational benefits compared with conventional route planning methods
that primarily consider sailing distance. The optimized routes effectively utilized favorable seasonal ocean currents, resulting
in an increase in the vessel's effective sailing speed of approximately 0.49 0.58 knots (0.90 1.08 km h ’), which consequently
reduced voyage duration and improved overall operational efficiency.

The optimization framework produced a substantial reduction in sailing distance from 1,514 km to 968 km and achieved
fuel consumption savings of approximately 39% relative to the conventional route. These findings indicate that the
integration of seasonal ocean current information with ACO-based optimization can significantly enhance voyage efficiency
while reducing operational fuel requirements. Therefore, the proposed approach provides a practical decision-support tool
for ship route planning under varying seasonal oceanographic conditions in the Java Sea.

It should be emphasized that the proposed optimization framework is intended as a planning and decision-support
approach rather than a universal routing solution. The optimization results depend on the quality and temporal
representativeness of the ocean current data used in the analysis and were evaluated for the operational characteristics of
MT. Nusaniwe within the selected study area. Consequently, the performance of the model may vary under different vessel
characteristics, operational constraints, or oceanographic environments.

Overall, this study demonstrates that integrating dynamic seasonal ocean current information into intelligent route
optimization represents a practical strategy for improving maritime transportation efficiency. Future research should
incorporate additional environmental variables, such as wind, wave conditions, tidal effects, and real-time oceanographic
observations, together with multi-objective optimization techniques to produce more adaptive, robust, and operationally
applicable ship routing systems for broader maritime applications.
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