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The demand for sustainable energy is increasing along with the increasing population in the archipelago. Liquefied natural gas (LNG) is a clean, high-efficiency energy source. The aim of this paper is to conduct a shipping cost feasibility of LNG distribution for gas power plants located in multi-island areas. In this study, small-scale LNG carrier vessels with a capacity of under 10,000 m3, which have a shallow draft, are used to distribute LNG supplies to locations with limited berth depth. The shipping route optimization method used is the capacitated vehicle routing problem combined with linear programming and a greedy algorithm with an objective function to maximize the ship’s load capacity. A shipping cost feasibility is carried out on financial assessment based on the construction of new ships and analysis of world gas prices. The results of this study obtained two route options to be supplied using two ships, 7,500 m3 and 3,587 m3, respectively, with an average speed of 13 knots. Based on the optimum route, the remaining cargo is 3.3% of the ship’s total capacity. The economic analysis shows the feasibility of LNG distribution when the selling price is at least USD 5/MMBtu with a payback period of 9 years.
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1 INTRODUCTION
Liquefied natural gas (LNG) is natural gas that has been cooled to approximately −160°C (−260°F) under atmospheric pressure and transformed into a liquid form. The liquefaction process reduces the volume of natural gas by approximately 600 times, making long-distance transportation easier and more cost-effective (Park et al., 2021; Qyyum et al., 2018). In the liquid phase, LNG can be more easily distributed than in the gas phase. LNG can be distributed using ships, pipelines, or trucks (Ursavas et al., 2020; Sharafian et al., 2019). However, LNG transportation by ship is recognized as the most efficient means of transportation compared to trucks or pipelines, especially for long routes (Zaloumi and Kotios, 2021). LNG contains mostly methane gas and contains some gaseous hydrocarbon components (Cronshaw, 2021). The LNG supply chain starts from the gas refinery, where gas is produced, and then flows to the liquefaction plant to remove impurities or contaminants such as carbon dioxide, water, and sulfur (Zakir et al., 2020; Katebah et al., 2020). After the contaminants are removed, the LNG is cooled until it turns into a liquid phase and then flows into a storage tank (Lee et al., 2020). From the storage tank, LNG is loaded on LNG carrier vessels that carry it to the receiving terminal. Before it reaches the end user, the LNG must first change its phase in the regasification process at the receiving terminal (Rozali et al., 2023).
An LNG transport ship is one of the transportation methods to distribute LNG from the refinery to the receiving terminal (Budiyanto et al., 2020). LNG ship users are generally used to distribute LNG on medium- or long-distance routes (Andreadis et al., 2021). One of the advantages of LNG ships that use gas as a propulsion system is increased thermal efficiency (Nirbito et al., 2020). LNG ships have different capacities and are commonly classified into four groups: very large, large, medium, and small capacity ships (International Group of Liquefied Natural Gas Importers, 2019). Very large LNG vessels have a size of more than 200,000 cubic meters, while small vessels have sizes below 40,000 cubic meters (Noble, 2009). Two general methods of distribution patterns can be used for LNG distribution: milk-run and hub-and-spoke (Kimura et al., 2021). The milk-run pattern is a method of determining ship routes from gas sources to supply several destinations that will require LNG in accordance with the needs and storage capacity by traveling around the same or regular schedule (Chen et al., 2021). The hub-and-spoke pattern is a method of determining routes and ship schedules from one or many gas sources to many destination points where the gas is transported by larger vessels to a hub where LNG can be stored for further delivery to smaller satellites using smaller vessels (Bai and Fan, 2022). Linear programming is a mathematical method of allocating limited resources to achieve a goal, that is, to get the maximum or minimum result of LNG load capacity, as well as the desired end result in the form of costs (Sangaiah et al., 2020; Tuchinda et al., 2021).
The capacitated vehicle routing problem (CVRP) is a distribution method that designs a series of customer requests that must be served by a fleet of vehicles from a central depot or node. Each vehicle has a uniform capacity, and each customer has a specific request that must be met at a minimum cost (Jiang et al., 2022; Wijharnasir et al., 2019). These costs usually represent distance, time traveled, number of vehicles used, or a combination of these factors (Verma, 2018). Various approaches have been presented to solve CVRPs, such as linear programming, some metaheuristics, and many hybrid heuristics with variable environment search or constructive heuristic methods (Sitek et al., 2021; Juan et al., 2023). Many methods for CVRP are population-based algorithms and parameter settings of the algorithm, which all achieve comparable results (Dalbah et al., 2022).
An archipelagic country that has many small islands and is surrounded by vast oceans has its own challenges in LNG distribution (Purwosaputra et al., 2022). To facilitate the distribution of LNG supplies to gas-fired power plants in the region, small-scale LNG carriers are used for distribution (Bittante et al., 2018). Installing pipelines across land would be more complex and expensive (Wibisana and Budiyanto, 2021). Based on this background, it is necessary to develop several scenarios for transporting LNG supplies to various power plants in the archipelago. There is a research gap in optimizing LNG distribution routes for the needs of gas power plants in an archipelago region. The problem is how to determine the optimal cargo capacity with the most optimal ship round-trip time in terms of financial feasibility for LNG distribution. The aim of this study is to find optimal shipping routes and the economic feasibility of LNG distribution for gas power plants located on multiple islands. The contribution of the results of this study is to provide an overview to decision makers related to cargo capacity and the most optimal ship round-trip time from the optimal route. Therefore, the stakeholders can decide whether the LNG shipping system offered with small-scale LNG is feasible to finance.
2 RESEARCH METHODS
2.1 Optimization of LNG distribution using ships
The method used in this study is CVRP combined with linear programming and the greedy algorithm with the objective function of maximizing the ship’s load capacity. This study emphasizes maximizing cargo utilization, which is crucial for the economic efficiency of LNG distribution to multiple islands. Linear programming is used to define constraints such as vessel capacity, terminal demands, and routing structure, while the greedy algorithm helps iteratively construct routes that prioritize higher cargo volume over shorter distances. This integrated approach allows for the selection of routes that may appear longer but minimize the unused capacity on board, ensuring that each small-scale LNG (SSLNG) vessel operates close to its full potential, aligning with cost-efficiency and sustainability objectives. Power generation and supply needs in the previous section are input data for optimizing distribution. Route optimization using the greedy algorithm will produce iterations of all possible LNG distribution routes. One of the routes with supply requirements close to the capacity that can be transported by an SSLNG carrier will be selected. Figure 1 shows a flowchart of optimization using CVRP. From the diagram, the objective function chosen is to maximize the cargo capacity of the ship by finding the minimum value of the remaining LNG cargo carried by the ship.
[image: Figure 1]FIGURE 1 | Optimization of LNG distribution with CVRP.
In this study, four major components are used to create an optimization model for LNG distribution routes utilizing ships: LNG supply sources, LNG receiving terminals, LNG transportation ships, and distances between receiving terminals. This analysis makes use of a single source of LNG supply and five receiving terminals spread over multiple islands at varied distances. The ship used to transport LNG is an SSLNG, with a capacity of 3,587 m3 to 7,500 m3. By using these components as input from the calculation of the CVRP model, optimization is carried out through linear programming calculations. To get the maximum total cargo volume, an optimal route is found by minimizing the remaining cargo carried by the LNG vessel using Equation 1.
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Equation 2 is the limit function, which aims to ensure that the number of requests for the receiving terminal on each ship must be less than or equal to the load capacity of the ships serving that route. Equations 3, 4 aim to ensure that the receiving terminal is served exactly once by ships with a certain capacity.
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Equations 5, 6 aim to ensure that each route with a particular ship starts from the LNG source, serves the receiving terminal, and then returns to the LNG source.
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Equation 7 shows the continuity of the distribution route where every ship that has passed one terminal continues to the next terminal and returns to the LNG source.
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Equation 8 to ensure that the determining variable only uses integers.
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where
Sij = distance between locations i and j.
Di = demand from each receiving terminal.
K = set of vessel types.
Q = capacity.
Cijk = transportation costs (ship charter, fuel consumption, and port fees).
R = route.
Xijk = decision variable
i, j = {0,1,2, … , n}, i,j∈R and i ≠ j and k = {1,2, … , n}, k∈{1, … , K}.
The optimization of the LNG distribution route is influenced by the type of ship and the distribution route of the ship. The type of ship that has a loading capacity parameter will limit the number of receiving terminals that will be served. The greater the loading capacity of the ship used, the greater the number of receiving terminals that can be served in one trip. This will affect the shipping route of the LNG ship. Variations in ship size will be used when optimizing the LNG distribution route, which will provide different LNG distribution routes. Optimization of the LNG distribution route uses a greedy algorithm that considers the variables of ship capacity, sailing speed, distance between delivery points, transportation costs, and generator demand. Solving the problem of LNG distribution using the heuristic method is then developed in a program. To reduce the complexity of the optimization process, several assumptions are used: loading and unloading time is a constant 3 h for all types of ships, and time at the port is a constant 6 h for all types of ships (Budiyanto et al., 2019). To overcome the uncertainty of shipping conditions, a time allocation of 10 h (buffer time) is added to each voyage from one location to another port for clearance, queuing, and loading/unloading times at small ports (Budiyanto et al., 2022).
2.2 Shipping cost feasibility of LNG distribution
The economic analysis in this study was calculated based on the results of optimizing the LNG distribution. Economic analysis is carried out using several parameters as financial feasibility criteria. This analysis is carried out by considering operational expenditure (OPEX) in the form of transportation costs during LNG distribution, operational costs, maintenance, processing of LNG, and workers from the receiving terminal. Then, CAPEX is calculated based on the total investment capital for several receiving terminals needed to carry out LNG distribution. The investment feasibility criteria parameters in the form of net present value (NPV), payback period (PBP), and internal rate of return (IRR) are calculated to analyze the financial feasibility of the overall LNG distribution. In the economic analysis, revenue assumptions are also used by varying the selling margin of LNG to generators. The output of the economic analysis is a natural gas selling price margin that meets the investment feasibility criteria. NPV is the difference between the present value of cash inflows and the present value of cash outflows over a period. NPV is used in capital budgeting and investment planning to analyze the projected profitability of an investment or project. NPV is the result of a calculation used to find the present value of a stream of future payments. The method of calculating the NPV value uses Equation 9.
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where
Rt = net cash inflows and outflows during one period t
i = discount rate or return that can be obtained in alternative investments
t = number of timer periods
n = total number of periods.
IRR is an indicator of the level of efficiency of an investment, where a project can be carried out if the IRR is greater than the rate of return when investing elsewhere. The IRR value is the interest rate at which the NPV value is zero. Capital expenditure, or CAPEX, is the entire initial investment cost of this LNG distribution activity. In this study use Equation 10 to estimate the cost of constructing a new ship (Mulligan, 2008).
[image: image]
Two basic parameters are used in Equation 10, namely, the producer price index (PPI) and deadweight tonnage (DWT). This equation also applies to estimating the cost of building new container ships, bulk carriers, tankers, and liquified petroleum gas (LPG) tankers. OPEX is all costs incurred to carry out operations in a certain period, usually in a period of 1 year. In this study, there are two SSLNG ships with capacities of 7,500 cbm and 3,587 cbm. The operational costs incurred are in the form of local port agent expenses, crew costs, ship repair costs, freshwater, ship docking costs, survey and maintenance costs, and overhead costs. Then, the calculation of ship operational costs is added to the cost of fuel and lubricants. The payback period refers to the amount of time required to recover investment costs. In simple terms, the payback period is the length of time until an investment reaches the breakeven point. People and companies invest their money primarily to get paid back, which is why the payback period is so important. In essence, the shorter the return on investment, the better.
2.3 Case study of the multi-island LNG distribution
The case study used in this research is a multi-island destination gas power plant in the Nusa Tenggara region, Indonesia. Data collection was carried out by utilizing open information from several books and annual reports from the Ministry of Energy and Mineral Resources of the Republic of Indonesia and the State Electricity Company (Ministry of Energy and Mineral Resources Republic of Indonesia, 2017). The data collected are power plant data, gas demand data for each power plant, small LNG vessel data, and distance data for each port. In determining the LNG supply chain scenario, it is necessary to determine the source of the LNG plant that will be used to meet the needs of the power plant, as well as to minimize the costs incurred. The annual report states that several sources of LNG refineries can be used as the main supplier for gas-fired power plants in the Central Indonesian region. In this study, the source for the Tangguh LNG Plant is in West Papua, Indonesia (Daud, 2002). The selection of the LNG source is based on the regional division that has been implemented by the Ministry of Energy and Mineral Resources. It was also chosen because the LNG plant is geographically close to the clusters of power plants that have been determined in the Central Indonesian region. In addition, the production capacity of the LNG refinery is considered sufficient to meet the demand for power plants in the region.
Identification of the need for gas-fired power plants was obtained from the LNG supply receiving terminal data from each of the identified power plants. The list of gas-fired power plants in the Nusa Tenggara region used as a case study can be seen in Table 1.
TABLE 1 | LNG demands of gas power plants.
[image: Table 1]LNG demand is determined by calculating the fuel consumption of each power plant per day. However, to classify LNG demand data, each power plant that is close to and is in one area is made into one terminal as a representative for each region in order for the data to be displayed as daily LNG consumption data for each region. The number of requests is multiplied by the number of round trips (per day) to obtain the volume of transport, which is the number of ships moved. The boil-off gas (BoG) value is then derived from the calculated loading volume using LNG itself. The BoG refers to the amount of LNG that naturally evaporates due to heat ingress during storage or transportation, even under cryogenic conditions. This evaporated gas must be carefully managed as it affects both the quantity of deliverable LNG and the overall efficiency of the transport system. In this study, the BoG value is derived based on the volume of LNG loaded, considering specific evaporation rates throughout the voyage. The loading volume is multiplied by 0.15%, and the sailing duration is added to get the overall BoG number (Pamitran et al., 2019). The BoG value is added to the initial volume so that the number of requests does not decrease until they reach their destination.
After the total volume of LNG demand is known, it is then compared with the previously planned ship capacity. The difference between the planned volume and the volume transported with the smallest value is the solution for selecting the route and the capacity of the ship used. From all the power plant data above, distance calculations between islands and LNG terminals will then be carried out, and a distance matrix will be formed to facilitate optimization calculations. Table 2 shows the distance between the receiving terminals of a gas power plant located on multiple islands.
TABLE 2 | Distance matrix of multi-island destination (sea miles).
[image: Table 2]Distribution of LNG to power plants in this study will use SSLNG vessels with a capacity of 7,500 cbm and 3,587 cbm. The use of this type of ship fulfills the character of LNG distribution, where the number of requests for each generator is relatively small. In addition, the power plants to be supplied are located on small islands with waters that tend to be shallow, so a ship with a small draft is needed. SSLNG ships usually have a relatively small draft. SSLNG ship data that will be used in the Nusa Tenggara region can be seen in Table 3.
TABLE 3 | Specification of SSLNG vessels.
[image: Table 3]The vessels used in this study were collected from a variety of ship registration websites and international classification agencies. Ship data from the comparison will be collected and used to optimize LNG distribution, including ship loading capacity, ship speed, fuel consumption, and ship production pricing. The amount of LNG that may be transported on each voyage is determined by the ship’s loading capacity. The larger the size of the ship’s tank, the more LNG that can be transported and the more sites that can be visited. Furthermore, with increased capacity, the cost of distribution per unit volume of LNG will be lower. On the other side, with more cargo, the ship will be larger, and the leasing price will be higher.
For the same distance, a ship with a higher speed will require less sailing time than a ship with a lower speed. As a result, the ship’s round-trip time will be reduced, and its operational duration will be reduced. In this study, five different ship speeds were used, ranging from 11 knots to 15 knots. Data on fuel use will be used to calculate transportation expenses. Fuel is a component that can account for up to 30% of overall transportation costs. Most of the power plants that will be supplied in this study are mobile and can be moved at any time to other regions when there is an electricity shortage. The larger the ship’s size, the higher the ship’s production cost.
3 RESULTS AND DISCUSSION
3.1 Optimal LNG shipping route
LNG requirement variables, transportation logistics-related variables, and cost variables are used to optimize shipping routes. These three variables will be the main variables in optimizing LNG distribution to power plants in the Sumatra region. Cost variables or economic variables to calculate transportation costs are derivatives of the main variables that have been obtained previously. For example, the round-trip time of the ship, fuel requirements, and fuel prices must be known to calculate shipping costs or voyage costs. Round-trip time is obtained from the distance between receiving terminals or the distance between receiving terminals and the LNG plant, ship speed, and ship unloading time.
The main variables of the LNG distribution system for power plants include LNG refineries, LNG ships, and generators. The LNG plant is a supply unit that provides LNG to be shipped and used for generator fuel. The LNG ship is a transportation unit that transports LNG from the refinery and then distributes it to each generator via the receiving terminal. Meanwhile, generators are demand units that use LNG as fuel to generate electricity. To determine the volume of gas that will be transported by ships, the number of requests is multiplied by the number of round trips per day so that the total transported volume is obtained. Then, the boil gas volume is added to the calculated loading volume. To determine the total boil of gas, the loading volume is multiplied by 0.15% and the sailing time. The boil of gas value is added to the initial volume so that the total volume of gas on the ship is sufficient to service all the destination demand units.
Once the LNG volume is determined, it is compared to the previously planned ship capacity. The solution for determining the route and the capacity of the ship utilized is the difference between the projected volume and the volume transported with the smallest value. Optimization of the LNG distribution route uses a greedy algorithm that considers the variable capacity, ship speed, sail speed, distance between terminal facilities, and generator demand. Solving the problem of LNG distribution can be done by analyzing the route and the maximum load capacity. The results of the optimization of the route formation above are based on the minimum total load difference value considering the difference between the ship’s capacity and the total need from power plants on the route. The most optimal shipping route considering the remaining cargo using the CVRP is shown in Table 4 and Figure 2.
TABLE 4 | The optimum route of the CVRP for multiple island destinations.
[image: Table 4][image: Figure 2]FIGURE 2 | Optimal multi-island LNG shipping route.
In addition to determining the route, variations in the speed of the vessels used to supply LNG cargo are examined. Figure 3 shows a comparison between variations in ship speed (knots) and the total remaining shipload (metric cubic) used.
[image: Figure 3]FIGURE 3 | Optimum ship speed for multi-island LNG distribution.
3.2 Economic feasible LNG shipping cost
Two variables are considered in the economic analysis. The two variables are CAPEX and OPEX. The parameters or financial feasibility criteria used in this economic analysis are NPV, IRR, and payback periods. By using Equation 10, the estimated initial investment value for SSLNG 1 is USD 175,547,620.74 and SSLNG 2 is USD 178,281,419.71. The total CAPEX for building two new ships is USD 353,829,040.50. Meanwhile, OPEX is calculated based on all costs resulting from the operation of the LNG distribution to the receiving terminal. This cost calculation is based on calculations and assumptions from previous literature studies. Table 5 shows the OPEX cost of two vessels in 1 year of operation. The total OPEX for the two vessels is USD 12,191,236. The price of the fuel used is USD 48.2/nm. Local port agent expenses are USD 480,000. Assumptions from the maritime labor convention are used to determine crew costs. Other item values were obtained from previous research assumptions.
TABLE 5 | Total OPEX for 1 year of operation.
[image: Table 5]Once OPEX is determined, the amount of income for 1 year of operation can be determined. The revenue referred to in this research is revenue derived from transportation services and LNG regasification up to the mouth of the engine at the power plant. Profits are obtained from the difference between the buying price of LNG and the selling price of LNG, or the LNG sales margin. LNG sales units are units of money per million British thermal units (MMBtu) or, in this study, $/MMBtu. MMBtu is a unit of heat energy produced by natural gas per unit volume. To determine the sensitivity of the LNG sales margin at the end of the 20th year, variations of the LNG sales price margin are used. In this study, six variations of margin were used, from USD 4.0 to USD 6.0 per MMBtu, with an increase of $1.0.
The sales margin is then multiplied by the amount of LNG sold in 1 year to obtain revenue per sales margin. The income earned is, of course, different for each variation in sales margin. This different revenue will affect the payback period. The payback period is the period of return-on-investment capital that has been issued. Figure 4 shows the results of the interest rate and NPV of the three LNG price margin schemes per MMBtu. Figure 5 shows the payback period of each LNG price margin scheme. In this LNG distribution, the margin rates tested are USD 4/MMBtu, USD 5/MMBtu, and USD 6/MMBtu. Using a good sales margin rate of at least USD 5/MMBtu, the payback period can be achieved within 9 years with an IRR = 9%. This margin rate can be used as a reference for the minimum shipping cost of LNG transportation.
[image: Figure 4]FIGURE 4 | NPV of the gas transportation pricing scheme.
[image: Figure 5]FIGURE 5 | The payback period of the LNG price scheme.
From the point of view of fluctuating world gas prices, the shipping cost of USD 5/MMBtu is challenging. It is necessary that energy pricing stakeholders accurately assess the costs of production, transmission, distribution, and consumption of energy to ensure overall economic effectiveness (Yudha and Tjahjono, 2019). Policy support is needed from local governments with natural gas production potential, such as eastern Indonesia, in the form of providing LNG infrastructure for power plants. Growing a mutually productive economy requires increased cooperation between national corporations and local governments. Joint ventures can be used to carry out forms of business cooperation so that the local region can enjoy its natural resources, establish an LNG business, and aid in commercial, technical, and legal matters.
4 CONCLUSION
The feasibility study of using SSLNG vessels to supply gas plants on multiple islands has been carried out by finding the optimum shipping routes and conducting an economic analysis for each route. From the results of optimizing the distribution of LNG using small-scale LNG ships with the greedy algorithm method with the objective function of maximizing the capacity of the ship’s load, it is obtained that the Nusa Tenggara region route will be supplied using two ships of 7,500 cbm and 3,587 cbm with an average speed of 13 knots. Based on the optimum route obtained, the remaining cargo of the Nusa Tenggara islands is 369.85 cbm or 3.34% of the ship’s total capacity. The economic analysis shows a total CAPEX of USD 353,829,040.5, with the selling price of LNG at USD 5/MMBtu for this region with a payback period of 9 years. From the results of this study, it can be concluded that the distribution of LNG by SSLNG ships for multi-island destinations has special characteristics where the price of transportation tends to be more expensive than the price of the gas itself. Thus, these results open opportunities for further research to design an optimal SSLNG ship design in terms of payload and ship size.
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Fuel oil and lubrication cost 11,011,676
Port local agent expenses 480,000
Crew cost 426,000
Ship docking cost 188,000
Survey and maintanance cost 40,000
Overhead cost 40,000
Ship repair cost 4000
Freshwater 1560
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X0-x1-X3-X5-x0 ‘Tangguh LNG Terminal - > PLTMG Maumere - > PLTMG Bima - > PLTMG Kupang - > Tangguh LNG Terminal | 7,394 cbm

X0-x2-x4-X0 ‘Tangguh LNG Terminal - > MPP Flores - > PLTMG Sumbawa - > Tangguh LNG Terminal 3,322 cbm
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LNG capacity m’ 3,587 7,500
Deadweight tonnage DWT 2528 4,100
Length overall (LOA) m 9937 115
Breadth (B) m 172 186
Draft (T) m 46 6
Maximum speed knot 158 157
Average speed knot 141 135
Existing ship reference Akebono Maru (ClassNK Register of Ships, 2023) | WSD507,5 K (Wirtsild, 2024)
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