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Abstract: Ports are essential for global distribution but also contribute to carbon emissions. 

However, integrating renewable energy in port electrification could help mitigate their carbon 

footprint. This study employs EnergyPLAN software and proposes an analysis of integrating a 

photovoltaic array at the Port of Lembar. It involves analysing the power requirements of the port, 

including pilot boat services, and assessing the power generation potential of the photovoltaic array. 

The analysis concludes that this integration can meet the port’s electricity demands with a Critical 

Excess Energy Production value of 1 kW, resulting in an annual reduction of CO2 emissions by 33.04 

tons. 
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1. Introduction

The maritime industry accounts for approximately 

2.3% of global carbon emissions1). If treated as a nation, 

the maritime sector would rank as the sixth-largest carbon 

dioxide emitter, surpassing countries such as Brazil and 

Germany2). In 2018, emissions from shipping contributed 

to 2.89% of global anthropogenic emissions, totalling 

1,076 million tons of greenhouse gas emissions, with 

carbon dioxide being the predominant contributor at 1,056 

million tonnes3,4). Given the challenges posed by global 

climate change and an increasing emphasis on 

sustainability, the maritime transportation sector has 

become a central focus for research to implement 

environmentally friendly solutions.  

Ports are pivotal hubs in the global distribution chain 

and contribute substantially to carbon emissions5). Hence, 

calculating carbon emissions generated by ports, a crucial 

element of the maritime industry, is of paramount 

importance6). Several studies have addressed carbon 

emission calculations for various ports worldwide, 

including Taipei Port7), Port of Busan8), and Nanjing 

Longtan Container Port9). Notably, a recent study 

conducted in Indonesia, specifically at the Belawan 

International Container Terminal (BICT), focuses on 

comprehensive carbon emission calculations across the 

entire port process. This encompasses activities such as 

berthing, unloading processes, transfer from piers to 

stacking spots, stacking, and vice versa10). This article 

aims to contribute beyond evaluating port carbon 

emissions by exploring the possibilities of integrating 

renewable energy sources to establish a net zero-emission 

port and incorporating the demand for pilot boats, which 

has not been done in previous studies. Theoretically, this 

paper serves as a proof of concept that a port can run all 

its operations using power sourced from renewable energy 
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sources. Building on previous studies, such as those 

conducted in Croatia11) and Barbados12), which 

investigated the integration of photovoltaic power systems 

with battery-powered ships and showed significant 

reductions in excess electricity production, operating 

expenses, and CO2 emissions. Similarly, studies in 

Indonesia have examined the integration of fisheries 

technology with solar PV13). 

In general, efforts to reduce carbon emissions are a 

central focus in the field of transportation, including the 

maritime industry. This is evident through various 

initiatives aimed at decreasing carbon emissions, such as 

by improving transportation efficiency14,15), emphasising 

the adoption of green energy16), and implementing cutting-

edge technologies to reduce greenhouse gas emissions17–

19). This article delves into exploring the potential 

integration of Renewable Energy Sources (RES), 

particularly Photovoltaic Arrays, to establish a port that 

operates with net-zero emissions20). It addresses the power 

needs of the port as well as the various services it provides. 

A notable application of this approach involves 

transitioning from conventional to electric services, such 

as using electric-powered pilot boats, presenting an 

innovative way to create a net zero emission port21). 

Considering the pivotal role of ports in the global 

distribution chain and their contribution to greenhouse gas 

emissions, the adoption of Photovoltaic Arrays to meet the 

power requirements of the port and its services offers an 

opportunity to investigate sustainable solutions that 

mitigate the environmental impact of maritime operations. 

Several studies have been conducted on the electrification 

of the ships. Such as fishing vessels22), Ferries11), and 

Inland water transport23). Moreover, the Life-cycle 

Assessment (LCA) of battery-powered have also been 

studied24–26). However, investigations regarding pilot 

boats’ routes and energy demands are still scarce. 

This research will be conducted through a case study at 

the Port of Lembar. This choice was determined because 

the Port of Lembar is close to several renewable energy 

sources (RES) facilities and offers services that can be 

converted into environmentally friendly alternatives, such 

as converting pilot boats to electric-powered vessels. 

Designated as a mandatory pilotage area by the Ministry 

of Transportation, pilot boats play a significant role in the 

port. The study will also consider the Photovoltaic Arrays 

(PV Arrays) installed in the East Coast area of West Nusa 

Tenggara. 

This study aims to calculate the energy demand and 

emissions generated throughout the port operations. The 

energy integration calculation is based on the energy 

utilised, encompassing the energy demand and emissions 

from port operations and the fuel emissions resulting from 

pilot boat operations to generate sustainability in the 

seaport area. Moreover, this study also evaluates the 

performance and economic analysis of the photovoltaic 

arrays to support the port’s energy demand. This approach 

is a novel initiative that has not been previously 

undertaken in Indonesia. Furthermore, by including the 

calculation of pilot boats as an important component of 

the port, this study provides additional information that 

can be useful for knowledge of where pilot boats are a 

means for the port to save emissions from CO2 by 

electrifying its engine system. Through such innovative 

endeavours, the maritime industry can take significant 

steps toward a greener and more sustainable future, 

offering substantial opportunities to enhance the overall 

sustainability of the global port sector.  

 

2. Method 

 
Fig. 1: Simulation Flowchart with EnergyPLAN. 
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Figure 1 illustrates the methodology of integrating 

Renewable Energy Sources (RES) for net zero emission 

Port. Generally, the flowchart consists of three stages. The 

first stage defines the input from electricity demand. For 

example, port and transport electricity demand includes 

hourly, monthly, and annual electricity demand, battery 

capacity, and the number of batteries needed for pilot 

boats. Another input for the analysis is the RES generated 

by the photovoltaic array system installed near the port 

area. The hourly solar irradiation and power generated are 

integrated into the system. The second stage is the 

integration analysis conducted using EnergyPLAN 

software27). Three scenarios were designed to generate a 

comparison between conventional energy and 

electrification from RES. Lastly, the final stage is the 

output analysis of energy integration and cost comparison 

between several scenarios. 

 

2.1 Location and Route 

Port of Lembar is located in the southwest part of 

Lombok Island and is considered one of the most 

important seaports in the Nusa Tenggara Area. The Port 

consists of two terminals: the Lembar terminal, mainly 

used for ferries and general cargo, and the Gilimas 

terminal, designated for container terminals as shown in 

Fig. 2. The Port of Lembar is considered a mandatory 

pilotage area, according to the regulation of the Ministry 

of Transportation, where the pilot boats play an essential 

role in the port area. Currently, the port is supported by 

one pilot boat covering the entire area. The main task of 

the boat is to transport the pilot from the PBG (Pilot 

Boarding Ground) to the terminal. In this study, it was 

assumed that the pilot boat had two main routes. The first 

route is from the Lembar Terminal (T1) to PBG, then back 

to T1, while the second route is from the Gilimas Terminal 

(T2) to PBG, then back to T2. The daily total distance of 

the pilot boat can be calculated as Eq. 1: 

 

𝑙𝑡𝑜𝑡𝑎𝑙 = 2(𝑙𝑇1𝑛𝑇1 + 𝑙𝑇2𝑛𝑇2) (1) 

 

While lT1 is the distance from T1 to PBG and lT2 is the 

distance from T2 to PBG, nT1 is the daily average number 

of ships that dock at T1, and nT2 is for the T2. 

 

The estimation of boat average power is determined by 

the average speed per trip Vave,i, j, which is based on the 

journey time or waiting time from the terminal to the PBG 

(tT1) that has been calculated by28) and can be estimated by 

Eq. 2: 

 

𝑣𝑎𝑣𝑒,𝑖 ,𝑗 =
𝑙𝑖,𝑗

𝑡𝑖,𝑗
 (2) 

 

 

Fig. 2: Port Lembar’s location, consisting of Lembar and 

Gilimas Terminal. 

 

 

Fig. 3: Prediction of number of ships berthed yearly in 

Lembar Terminal29). 

 

The prediction of the number of ships that will be 

berthed for a port call in Lembar and Gilimas Terminal are 

depicted in Fig. 3 and Fig. 4. For Lembar terminal, an 

average of two ships per day will be predicted to be 

berthed from 2023 until 2025. After that, the number 

increases to three per day due to an increasing volume of 

ships. Meanwhile, for Gilimas terminal, the average 

number of ships berthed remained constant, with one ship 

per day. It is paramount to obtain the accurate number of 

daily ships berthed since it affects the number and distance 

of pilot boats for one day, which will be used to calculate 

the energy demand for the pilot boats. 
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Fig. 4: Prediction of number of ships berthed yearly in 

Lembar Terminal29). 

 

 
Fig. 5: Waiting time for pilot boat after request28). 

 

Figure 5 shows the waiting time for the pilot boat to 

arrive after the request from the ship’s Captain for seven 

ships in the Port of Lembar area. The average waiting time 

for the Lembar Terminal (tT1) is 0.22 hours, and for the 

Gilimas Terminal (tT2), it is 0.15 hours. 

 

2.2 Energy Consumption for Pilot Boat 

The method for calculating the pilot boat’s energy and 

battery consumption was generally developed by30). The 

average power of the main engine (PME,ave) based on the 

variations in ship speed was determined through software 

analysis using the “MARIN DESPPC 1999” program. 

This analysis was conducted under a license held by the 

Indonesian Hydrodynamics Laboratory (IHL) on a pilot 

ship model developed by the National Research and 

Innovation Agency (BRIN). The power of the auxiliary 

engine (PAE,ave) was determined by the ship’s 

specifications. The average boat engine total power (Pave) 

can be estimated by Eq. 3: 

 

𝑃𝑎𝑣𝑒 = 𝑃𝑀𝐸,𝑎𝑣𝑒 + 𝑃𝐴𝐸,𝑎𝑣𝑒  (3) 

 

The energy consumption of the boat per nautical mile 

(EC) is determined by Eq. 4: 

 

𝐸𝐶 =
𝑃𝑎𝑣𝑒

𝑉𝑎𝑣𝑒
 (4) 

 

The daily energy consumption (ECdaily) can be 

determined by multiplying EC by the total distance of the 

boat, as stated in Eq. 5. 

 

𝐸𝐶𝑑𝑎𝑖𝑙𝑦 = 𝐸𝐶 ⋅ 𝑙𝑡𝑜𝑡𝑎𝑙  (5) 

 

The battery capacity for the pilot boat (BCBEP) can be 

calculated by Eq 6, and the number of batteries (nbattery) 

needed is estimated by Eq 7.  

 

𝐵𝐶𝐵𝐸𝑃 = 𝐸𝐶𝑑𝑎𝑖𝑙𝑦 ⋅ 1.5 (6) 

 

To determine the battery capacity, it is necessary to 

increase the contingency by 50%, which comprises 

gradual battery degradation, which can deteriorate battery 

capacity by 20%, minimum state of charge (SoC) by 20% 

and 10% as the predicament of safety operations. The 

number of batteries was determined by dividing the 

battery capacity and battery power per unit Eq. 7. 

 

𝑛𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
𝐵𝐶𝐵𝐸𝑃

𝐵𝑃
 (7) 

 

For the boat with the diesel engine, Eq. 8 was used to 

estimate the number of CO2 emissions (E) generated. 

EFCO2 is the emission factor of CO2 3.14431), while the 

SFC is the specific fuel consumption of diesel engines per 

kWh value 0.215 kg/kWh32). 

 

𝐸 = 𝐸𝐶𝑑𝑎𝑖𝑙𝑦 ⋅ 𝐸𝐹𝐶𝑂2 ⋅ 𝑆𝐹𝐶 (8) 

 

EnergyPLAN software requires detailed electric 

vehicle specifications to simulate smart charge. However, 

the fundamentals are suitable for cars. Consequently, 

several adjustments were performed regarding the smart 

charging for pilot boats. S2G (Ship-2-Grid) is the number 

of boats not operating and cannot source the batteries at 

any given time11). The charger is the maximum system 

capacity calculated from the maximum power required by 

one boat in one voyage. Battery storage capacity is the 

total battery capacity calculated based on daily power 

requirements. At the same time, the battery efficiency is 

assumed to be 0.9. 

 

2.3 Energy Demand for Port Electricity 

Table 1 shows the list of electricity demands of the Port 

of Lembar based on data from the Ministry of 

Transportation of West Nusa Tenggara33). 

The first step in calculating electricity demand is 

multiplying the area or number by power per area, and the 

conservative approach was employed, stating that the 

highest capacity of each piece of equipment will be used 
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in the calculation. The highest power demand is for the 

main fire pump, which will be used for emergencies only, 

followed by the electricity for the office and lighthouse, 

which will be crucial for the port operation. 

The second step is to estimate the daily usage or number 

of hours of electricity used for each piece of equipment. 

The Port office, warehouse, clinic, and mosque are 

assumed to operate between 6:00 am and 8:00 pm. At the 

same time, the port lighting will be activated only during 

the nighttime. The pumps, auxiliaries, and water treatment 

plant are assumed to be active in 24 hours since there 

could be several activities in the port area. During an 

emergency, the main fire pump is only estimated to be 

active four hours daily. Table 2 shows the daily energy use 

per equipment with pump and auxiliary, which have the 

highest consumption of energy, 362.5 kW per day. 

Lastly, after the daily usage has been defined and 

calculated, the distribution of hourly electricity demand 

was generated by HOMER PRO34) software. Figure 6 

depicts the hourly distribution, which increases from three 

to eight pm and peaks at 5 to 6 pm with 107.2 kW of 

electricity due to increased port lighting demand and 

loading and unloading activities during the sunset 

period29). The average hourly electricity consumption is 

63 kW. 

 

Table 1. Detailed electricity consumption of Port of Lembar. 

Equipment / 

Appliances 

Area (m2) 

or number 

of lighting 

Power 

(W/m2) 

Port Office and 

Lighthouse 
360 60 

Warehouse 720 20 

Clinic, Mosque, and 

Terminal 
1153 10.75 

Port Lighting 114 150 

 

Table 2. The daily load profile for Port electricity. 

Equipment / 

Appliances 

Cumulative 

Power 

(kW) 

Hours of 

use per 

day 

Daily energy 

use (kW/day) 

Port Office 

and 

Lighthouse 

21.6 15  324 

Warehouse 14.4 15  215 

Clinic, 

Mosque, and 

Terminal 

12.4 
15,17, and 

24 
256.4 

Port Lighting 17.1 16 256.2 

Pumps and 

auxiliary 
14.5 24 362.5 

Water 

Treatment 

Plan 

2.2 24 55 

Main Fire 

Pump 
55 24 100 

 

  
Fig. 6: The hourly electricity demand for Port’s electricity. 

 

2.4 Electricity from Renewable Energy Sources – PV 

Array 

Table 3 shows the list of PV arrays installed in the East 

Coast area of West Nusa Tenggara. The Jeranjang PV 

array is the nearest to the Port of Lembar, and the others 

are in the Gili Island area. Considering the distance and 

the capacity, the Jeranjang and Gili Trawangan PV will be 

utilised for energy integration simulation. Since Gili 

Trawangan is also used to generate electricity on Gili 

Island, only more than half of its power will be allocated 

for the electrification of the Port of Lembar. 

 

Table 3. List of PV power systems installed in West Nusa 

Tenggara. 

Name of PV 

power system in 

Capacity 

(kWp) 

Utilisation 

Jeranjang 75.6 Circuit, Motorsport 

Gili Trawangan 600 Island electricity 

Gili Air 60 Island electricity 

Gili Meno 160 Island electricity 

 

Figure 7 illustrates the solar irradiation of two selected 

PV arrays considered analogous regarding the trend. The 

graph was generated using the “PVGIS-ERA” database at 

the Photovoltaic Geographical Information System on the 

European Commission Science Hub based on 202035). 

Generally, the “Jeranjang” PV array has higher irradiation, 

with the maximum power reaching 204.22 kWh/m2 per 

month in September. On the other hand, the bottommost 

solar irradiation occurs in December with 143.63 kWh/m2 

per month for the “Jeranjang” PV array, which can be 

unsettling considering the energy balance of the electricity 

from the Port and pilot boat. 
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Fig. 7: Comparison of solar irradiation between two PV 

power systems installed in West Nusa Tenggara Area. 

 

2.5 Scenarios 

This study investigates three scenarios to determine the 

balance between energy supply and demand, which are: 

• Scenario 1: Operation as usual (OAU), the pilot 

boat still using a diesel engine, and the Port’s 

electricity is not generated by the RES 

• Scenario 2: The electrification of one pilot boat 

for two terminals, and the Port’s electricity is 

supplied by the RES, which is the PV power 

system 

• Scenario 3: The electrification of one pilot boat 

for terminal 1, conversion of one diesel-engine 

pilot boat for terminal 2, and the Port’s electricity 

supplied by the RES 

With regard to Scenarios 2 and 3, the daily charging 

time is not incorporated into calculations since the 

charging process will be conducted daily and has an 

ineffective influence on sailing time. 

The CEEP (Critical Excess of Electricity Production) is 

substantial in this study to assess the energy balance 

between supply and demand generated by subtracting the 

total energy demand and supply which is automatically 

generated by EnergyPLAN software. 

 

2.6 Economic Analysis 

As mentioned above, an economic analysis was 

conducted on three electrification scenarios. The cost for 

every scenario is stated in Table 4. 

 

Table 4. The component cost of the economic analysis. 

Explanation Scenario 

1 

Scenario 

2 

Scenario 

3 

Battery price ($) - ✓ ✓ 

Conversion cost ($) - ✓ ✓ 

Fixed maintenance 

cost ($)  
✓ ✓ ✓ 

Annual Fuel cost ($) ✓ - ✓ 

Annual Electricity 

cost ($) 
✓ ✓ ✓ 

Annual CO2 

emission cost ($) 
✓ - ✓ 

Battery price and cost for converting the ship’s 

conventional propulsion to electric propulsion are not 

required in scenario 1 since it analyses the economic 

capability of the OAU. 

Scenario 2 and 3 require additional investment cost of 

conversion of one patrol boat to the pilot boat to support 

the operation between terminal 2 and PBG. Based on the 

calculation, the existing diesel engine must be replaced 

with the required power. A diesel-engine pilot boat’s 

operational cost (OpEx) consists of maintenance and 

diesel fuel costs. The maintenance cost comprises repair, 

consumables, and annual docking. The cost is assumed by 

multiplying the boat’s annual energy consumption with 

the factor of 0.015$/kWh36). The fuel cost was estimated 

by multiplying daily fuel consumption with the 

Indonesian diesel price of 1.3 $/kg37). 

Scenario 2 does not require the annual fuel cost since 

the pilot boats will be operated on the battery using the 

RES from PV arrays, and it also does not cost the emission 

price as a consequence of fully electric propulsion. 

The input data for analysis shows that the fuel price of 

diesel oil is 42 $/GJ38), and the CO2 emissions generated 

by the pilot boat cost was estimated to be 75 $/ton 

according to the suggestion for the IMO for carbon 

taxing39). 

The boat electrification’s investment cost (CapEX) 

comprises conversion and battery price. The 

electrification of the boat will be conducted by converting 

the conventional diesel engine into an electric boat. The 

conversion rate is 275 $/kWh22). The primary cost for the 

pilot boat’s electrification is the battery and storage 

system installation. According to the analysis that has 

been conducted, about 45% of the investment cost of the 

battery-powered boats relates to the battery price11). 

Therefore, the CapEX can be estimated by Eq. 9. 

 

𝐶𝑎𝑝𝐸𝑥 =
𝐵𝑃

0.45
  (9) 

 

BP ($/kWh) is the battery price of the lithium-ion 

battery with 200 $/kWh40). The battery storage system’s 

fixed maintenance cost is the battery replacement price 

within the pilot boat’s lifetime. Consequently, the price is 

similar to the CapEX of the battery, with a slight reduction 

of percentage to 50%. It was assumed due to the eviction 

of the installation cost, which is only retrieved in the 

building phase. The electricity cost in Indonesia differs 

depending on the power plant type. The price of the 

electricity from the PV array, which will be the primary 

source of the electricity, is 0.1089$/kWh41). The annual 

cost of electricity is calculated by multiplying the pilot 

boat’s annual energy consumption and the electricity price. 

The abovementioned prices regarding the cost of 

electricity, maintenance cost, and emissions are utilised 

with an analogous case in battery-powered fishing vessels. 

Although the location was in Croatia, these prices are 

relevant for the preliminary assumption. 
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3. Results and Discussion 

In this designated section, attention is directed towards 

examining the energy demand for battery-powered pilot 

boats and exploring the integration of renewable energy 

sources (RES) with port and transport demand. 

 

3.1 Energy Demand for Battery-Powered Pilot Boats 

A pilot boat model designed by BRIN is utilized for the 

simulation of a battery-powered pilot boat at Lembar Port. 

The simulation is carried out using the MARIN DESPPC 

1999 software, which is widely applied in naval 

architecture for analyzing the hydrodynamic performance 

of different hull forms, resistance calculations, and vessel 

propulsion systems, helping to optimize the design for 

efficient operation42,43) 

Based on simulations conducted in the MARIN 

DESPPC 1999 program on a pilot ship model developed 

by BRIN with main dimensions of length overall 14 

meters, breadth of 4 meters, height of 1.8 meters, and draft 

of 0.65 m, the engine power was obtained as depicted in 

Fig. 8. The software simulation results for calculating the 

pilot boats’ engine power based on the average speed 

(Vave). The PME,ave is increasing steadily with the rise of the 

Vave and starts to experience an exponential increase where 

the target speed was above 18 knots. The required engine 

power for the pilot boats for T1 and T2, T1, and T2 are 

126 kW for Vave of 14.5 knots, 119 kW for Vave of 14 knots, 

and 138 kW for Vave of 15.5 knots, respectively. The 

highest engine power is for the T2 terminal since it has the 

shortest route. 

Table 5 shows the energy demand, daily energy 

consumption, and the number of batteries needed 

according to the variations of the routing scenario. As 

expected, if the pilot boat serves two terminals, the ECdaily 

is considerably higher than the individual terminal route 

with 164.5 kWh. The total number of batteries needed is 

25 on a single pilot boat for two terminals. Based on the 

calculation, the space arrangement and modification of the 

battery space should be conducted. 

 

 
Fig. 8: The main engine power average with the speed 

variations. 

 

 

 

 

Table 5. The energy demand and battery capacity for battery-

powered pilot boats with particular scenarios. 

Route 

Scenario 

Pave 

(kW) 

EC 

(kWh/nm) 

ECdaily 

(kWh) 

BCBEF 

(kWh) 

nbattery 

T1, T2 126 9.64 164.5 246.76 25 

T1 119 9.08 112.4 168.96 17 

T2 138 9.17 42.75 64.12 7 

 

Table 6 shows the energy demand results from pilot 

boats with particular scenarios. Based on the OAU 

condition, one diesel-engine pilot boat consumes about 

10.60 tons of fuel yearly and produces 33.36 tons of CO2 

yearly. Conversion of one electric pilot boat with 49.35 

MWh annual electricity demand will eliminate emissions 

and reduce fuel consumption. The third scenario was 

designed to reduce the demand and battery capacity and 

replace the transport demand with a smaller diesel-engine 

pilot boat to support the pilot service for the T2 terminal, 

with a shorter route than the T1 terminal. In the third 

scenario, the electrification of the pilot boat still 

commences. However, the battery-powered boat has a 

designated route from and to the T1 terminal with a yearly 

electricity demand of 33.78 MWh, which is considered a 

distinct difference from scenario 2. As compensation for 

using the diesel-engine pilot boat for the T2 terminal, the 

boat still produces 8.67 tons of CO2 annually and 

consumes 2.75 tons of fuel. 

 

Table 6. Yearly fuel and electric demand and emissions 

generated with specific scenarios. 

Scenario Explanation Yearly Fuel 

Consumption 

(ton) 

Yearly 

Electric 

Demand 

(MWh) 

CO2 

emission 

(ton 

CO2) 

1 1 Diesel 

Pilot Boat  
10.61 - 33.04 

2 1 Electric 

Pilot Boat 
- 49.35 - 

3 1 Electric 

and 1 diesel 

Pilot Boat  

2.75 33.78 8.58 

 

3.2 Integration of RES with Port and Transport 

Demand 

Jeranjang PV Array is geographically nearest to the Port 

of Lembar. However, considering its maximum capacity 

of 75.6 kWP, it is only sufficient to accommodate energy 

demand for transportation, i.e. the operation of the pilot 

boat in scenario 2. Figure 9 illustrates the energy balance 

between RES and transport demand with the peak power 

of the Jeranjang PV Array. What can be seen is that the 

RES supply from the PV array is sufficient to meet the 

transport demand requirement. The RES reaches its 

highest in September and October with 20 kW, while the 

lowest point is experienced in December with a 16 kW 

monthly average. Since the Jeranjang PV Array is not 
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explicitly utilised for port activities, the analysis was also 

conducted with half its maximum capacity of 38 kWp. The 

results show that despite half of the capacity, the 

electricity generated by RES is still adequate to 

accommodate the pilot boat’s transport demand, as shown 

in Fig. 10. 

 

 
Fig. 9: Monthly Average of RES supply, transport, and 

CEEP for 75.6 kWP “Jeranjang” PV Array. 

 

 

Fig. 10: Monthly Average of RES supply, transport, and 

CEEP for 38 kW “Jeranjang” PV Array. 

 

Since the nearest PV Array has not generated sufficient 

electricity for the Port’s electricity, another option is to 

utilise the PV array along the coastline. The “Gili 

Trawangan” PV power system is located on Gili Island 

and has a maximum capacity of 600 kWp. It is mainly 

used to generate electricity for the whole island. 

Consequently, only 60% of the maximum capacity will be 

allocated to support the electricity of the Port of Lembar. 

Figure 10 depicts the energy balance of the integration 

between port electricity, pilot boat transport, and RES 

supply. Overall, the energy supplied by the RES is 

necessary to provide electricity for Port and transport. The 

Isolated Energy System (IES) peaked in August with 74 

kW, comprising 68 kW of port electricity and 6 kW of 

pilot boat in scenario 2. The main concern for the energy 

balance is that in December, the RES supply decreased by 

25 kW from the maximum power, and the demand from 

port electricity and transport remains constant. As shown 

in Fig. 11, the CEEP is approximately 1 kW. The excessive 

power of 1kW is still significant because it shows that the 

energy needs of the port and pilot boats are still met by the 

renewable energy sources even in the December period, 

where the supply from the PV array decreased due to the 

start of the rainy season. However, the drop in the supply 

of RES is considered a problem if there is a technical issue 

regarding the PV array; there will be a possibility that the 

RES supply will be insufficient in December. 

Consequently, the scheme of energy import from another 

source should be considered. 

Figure 12 shows the energy balance for scenario 3, 

which is the case when the battery-powered pilot boat is 

only sailing from terminal 1. The graph shows a slight 

decrease in the transport demand with a 4 kW monthly 

average, resulting in a drop in the system’s total IES. 

There is a similarity with scenario two regarding the trend, 

and the maximum power peaked in August. The most 

compelling part of scenario 3 is that there is a slight 

increase in CEEP in December to 3 kW compared to 

scenario 2 with 1 kW. 

 

 
Fig. 11: The monthly average electricity for RES, demand, 

and CEEP for Scenario 2. 

 

 
Fig. 12: The monthly average electricity for RES, demand, 

and CEEP for Scenario 3. 

 

3.3 Economic Analysis 

As shown in Table 7, in scenario 1, the OAU cost 

comprises of the Port’s electricity generated by a non-RES 

power plant, annual fuel cost, and the emission produced 

by the diesel-engine pilot boat. The analysis of individual 

costs compared to the total cost in Fig. 13 shows that the 

electricity cost of the Port is the highest cost at 78.7%, 

followed by annual fuel cost at 17.3%. There will be 
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additional costs in the boat electrification for scenarios 2 

and 3, such as battery installation, boat conversion, and 

fixed maintenance costs. The battery price of scenario 2 is 

the highest individual price compared to the total cost of 

the scenario at 34.1%, followed by fixed maintenance cost 

at 30.7%, which is the cost of battery replacement. 

 

Table 7. Detailed cost for OAU and port electrification. 

Explanation Scenario 

1 

Scenario 

2 

Scenario 

3 

Battery price 

($) 
- 109,671 75,093 

Conversion 

cost ($) 
- 45,240 60,732 

Fixed 

maintenance 

cost ($)  

741 98,704 67,584 

Annual Fuel 

cost ($) 
13,794 - 3,584 

Annual 

Electricity cost 

($) 

62,592 67,966 66,272 

Annual CO2 

emission cost 

($) 

2479 - 643 

 

Regarding fixed maintenance cost, for Scenario 1, the 

highest contribution is the ship repair cost since the fishing 

vessel is vulnerable to adverse ocean conditions. There is 

a significant difference between Scenario 1 and the 

battery-powered fishing vessels because the maintenance 

cost includes the price of the new batteries. Therefore, for 

Scenarios 2 and 3, the maintenance cost is slightly under 

the capital cost. 

Scenario 3 is an alternative solution to reduce the price 

of the battery installation by limiting the operation of the 

electric pilot boat to one terminal scheme and converting 

one patrol boat into a diesel-powered pilot boat, which 

will cover the operation of Terminal 2. The findings 

indicate that Scenario 3 can reduce the cost of 

electrification by 14.82%, which will benefit the port 

authority with a restricted budget. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 13: Share of annual cost for port electrification (a) 

Scenario 1, (b) Scenario 2, (c) Scenario 3. 

 

3.4 Energy Balance  

According to the analysis that has been conducted, the 

RES generated by the PV power system is sufficient to 

satisfy the electricity demand of the net zero emission port 

concept of Port of Lembar. However, in the future, to 

preserve the sustainability of the net zero emission port 

concept by harnessing the power from solar irradiation, it 

should be evident that the plan to construct an additional 

PV power system designated for the port electricity should 

be considered. 

This finding is also consistent with relevant maritime-

related electrification strategies of the vessel’s fleet. These 

results are consistent with22,44), which stated that the PV 

power installed in the island area is generally adequate to 

support the transport demand from fishing vessels and 

ferries. However, since the study’s location is in the 

European region, which has a deficient PV power supply 

in winter, electricity import is required to fulfil the energy 

demand. In terms of financial analysis, the finding broadly 

supports other relevant studies regarding ship 

electrification by using batter22,23,44) y, which stated that 

the investment of the battery-powered propulsion system, 

which consists of the battery price and maintenance cost, 

is tremendously more expensive than the conventional one. 

On the other hand, the investment cost can be reduced by 

eliminating fuel prices and CO2 emission costs. 

The net-zero emission port concept in this study 

employs the RES to accommodate the electricity demand 

for port activities and battery-powered pilot boats, which 

are part of the port. Nevertheless, to reduce emissions in 

the port area, several vessels with shorter voyage routes, 

such as ferries, fishing vessels, and yachts, should be 

introduced to the electrification technology. Therefore, it 
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is also suggested that calculating the transport demand of 

battery-powered vessels should be expanded to those 

mentioned vessels to invigorate the sustainability concept 

of net zero emission ports by using particular RES. 

To achieve net zero emission by port electrification, the 

port needs massive investment to construct or build its 

renewable energy sources designated to supply the 

electricity to the port area, such as solar, tidal, or wave 

energy. From this study result, it can be indicated that the 

electricity was generated from an already installed PV 

array on the island, which will disturb the energy 

distribution to the island. 

Several limitations of this study should be declared. The 

calculation of engine average power still utilises the 

conventional computation program based on the model. 

The numerical software analysis using CFD could 

enhance the accuracy of the results45). Furthermore, 

battery sizing and capacity should be calculated on 

various power scenarios and load conditions, such as 

transit, docking, and idling at the PBG. Moreover, the 

space arrangement of the battery should be regarded since 

it will influence the payload and impact the pilot boat’s 

engine power. Furthermore, this study only estimates the 

energy demand for one year. To reach sustainability, it 

should be complemented with future scenarios, such as the 

number of vessels, increased demand for port electricity, 

and rate of interest for battery prices. 

Further research is needed to explore factors that can 

reduce initial investment costs and ongoing maintenance 

expenses. Also, studies on more durable, cost-effective, 

and easily operable components are crucial. These 

research areas will help identify strategies to optimise the 

economic feasibility and long-term viability of renewable 

energy integration at ports. 

The findings of this study can provide valuable insights 

for future renewable energy projects at other ports. By 

demonstrating the feasibility of operating a port entirely 

on renewable energy, particularly solar power, this paper 

offers a compelling case for similar initiatives elsewhere. 

Port authorities and policymakers can draw upon these 

findings to design and implement renewable energy 

projects tailored to their specific contexts, potentially 

reducing carbon emissions and enhancing sustainability in 

the maritime industry. 

 

4. Conclusion 

This study explores electricity demand and integrating 

renewable energy sources (RES) using EnergyPLAN 

software with three scenarios. It aims to assess the 

feasibility of achieving a net zero emission port. Focusing 

on the Port of Lembar, a key seaport in southwest Lombok 

Island, the study analyzes two main pilot boat routes—

from Lembar Terminal (T1) to the Pilot Boarding Ground 

(PBG) and back and from Gilimas Terminal (T2) to the 

PBG and back. Hourly electricity demand for port 

operations is also included in the analysis. 

Three scenarios have been proposed for the Port of 

Lembar, which consist of Scenario 1: Operation as Usual 

(OAU); Scenario 2: electrification of one pilot boat for 

two terminals with port electricity comes from a 

photovoltaic (PV) power system; and Scenario 3: full 

electrification of one pilot boat for Terminal 1, hybrid 

approach for the pilot boat in Terminal 2, and the RES 

supplies the port’s electricity. Two PV arrays, “Jeranjang” 

and “Gili-Trawangan”, were also incorporated into the 

system integration calculation using EnergyPLAN 

Software. 

The study indicates that the 360 kWp solar power 

system in Gili Trawangan can meet the electricity demand 

for both pilot boats and port operations, with the largest 

demand coming from the electrification of the pilot boat, 

which requires a battery capacity of 246.76 kWh, or 25 

batteries. Notably, in December, when renewable energy 

output may decline, energy imports can bridge the gap. 

This electrification could reduce annual CO2 emissions by 

33.04 tons, saving $2,479 in carbon tax. However, it is 

crucial to note that batteries and maintenance are the 

largest expenses, accounting for 34.1% and 27.4% of total 

costs in Scenarios 2 and 3. 

This research contributes to reducing carbon emissions 

and advancing sustainable maritime transport, offering 

valuable insights for stakeholders such as the Ministry of 

Transportation, local governments, and port authorities to 

support green maritime policies. 
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Nomenclature 

Variables 

BCBEP Battery capacity for a battery-powered pilot 

boat, kWh 

BP Battery price ($/kWh) 

E CO2 emissions, tons CO2 

EC Energy consumption of fishing boat, 

kWh/nm 

ECdaily Daily energy consumption, kWh 

EFCO2 Emission Factor of CO2 

ltotal Daily total distance of the pilot boat, nm 

lT1 Distance from T1 to PBG, nm 

lT2 Distance from T2 to PBG, nm 

nbattery Number of batteries needed 

nT1 Daily average number of ships that dock at 

T1 

nT2 Daily average number of ships that dock at 

T2 

Pave The average boat engine total power, kW 
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PME,ave The average power of the main engine, kW 

PAE,ave The power of the auxiliary engine, kW 

SFC Specific fuel consumption, kg/kWh 

tT1 The average waiting time for the T1, hour 

tT2 The average waiting time for the T2, hour 

Vave Average speed of one voyage, knots 

 
Abbreviations 

Capex Boat’s investment cost 

CEEP Critical excess of electricity production 

CO2 Carbon dioxide 

IES Isolated energy system 

IMO International Maritime Organization 

LCA Life cycle assessment 

EFCO2 Emission Factor of CO2 

OAU Operation as usual 

Opex Boat’s operational Cost 

PBG Pilot boarding ground 

PV Photovoltaic 

RES Renewable energy system 

S2G Ship to Grid 

SOC State of charge 
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