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Abstract: To reduce the fuel consumption of electric propulsion ships equipped with various power sources, it is necessary to distribute 

the required load of the ship in a manner that aligns with the fuel consumption characteristics of each power source. This was achieved 

by optimizing the fuel consumption equation for the operation of each power source. As the number of power sources onboard increases, 

the time required for the optimization algorithms to complete their calculations also increases, potentially leading to difficulties in real-

time control. In this study, a probability band algorithm is proposed for analyzing the power load demand of electric propulsion ships. 

The proposed method employs a historical analysis of the electric load demand to derive a representative value. As this representative 

value changes, the method determines the necessity for load-distribution optimization. To ascertain the efficacy of the probability band 

algorithm, a virtual ship comprising three distinct power generation sources is constructed and simulated with the propulsion and power 

loads derived from the ship, thereby ensuring the integrity of the results. 
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1. Introduction 
Due to problems such as global warming, regulations on car-

bon emissions are becoming stricter worldwide. Shipping ac-

counts for 90% of total freight volume. Consequently, a large 

amount of fuel is consumed, and regulations on ship carbon emis-

sions are tightening. In response to regulations, considerable re-

search is being conducted on electric propulsion ships and energy 

consumption reduction using variable frequency driver, scrub-

bers, and hybrid propulsion ships. Electrical propulsion ships 

generate power from a variety of power systems in response to 

the propulsion and electric loads used by the ship. Depending on 

the power system, the reliability and efficiency are inversely pro-

portional. Prior to stricter regulations on carbon emissions, ship 

power system capacities were designed with an emphasis on re-

liability rather than efficiency. Currently, research is being con-

ducted to optimize the capacity of power sources to increase their 

efficiency.  

The load of an electric propulsion vessel can be classified into 

four categories: propulsion, continuous, intermittent, and heavy 

loads. The term "propulsion load" is used to describe the power 

consumed by the propulsion motors of the vessel. This represents 

the most significant proportion of power consumption during 

vessel operation. Moreover, the alteration in the vessel resistance 

resulting from meteorological fluctuations during operation is 

exclusively attributable to variations in the propulsion load. Con-

tinuous loads refer to the power consumed by mechanical sys-

tems such as pumps, which are continuously operated, as is the 

case with those used in ships. These systems operate continu-

ously to ensure the stability of the ship and account for a lower 

percentage than the propulsion load but a higher percentage than 

the intermittent load. Continuous loads exhibit minimal variabil-

ity because of their consistent utilization. Intermittent loads are 

repeatedly initiated and terminated to maintain the operational 

integrity of ship systems. Examples of such equipment include 

thrusters, auxiliary blowers, air compressors, air handling units, 

reference machines, and winches. These constitute the lowest 

percentage of the electric load on the ship. These loads consume 

a considerable amount of power during the initial start-up phase 

due to the high demand for start-up power. Therefore, a backup 

power source is essential to ensure a stable and reliable power 

supply. Medium loads necessitate supplementary maneuvering of 

the power source during operation. These include bow thrusters 
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and cargo pumps, which require significant power but are not uti-

lized under typical sailing conditions. Instead, they are used dur-

ing berthing or post-berthing operations. These loads are opera-

tional for only a brief duration. 

The capacity of the load and power system of the vessel is de-

termined in the design step. Currently, the most prevalent power 

systems are diesel and dual-fuel engines, which drive alternators. 

Engine utilization is associated with high load rates, which are 

indicative of enhanced efficiency. However, preparation for load 

alterations is challenging due to the diminished availability of 

margin power. To improve the efficiency of an engine while bol-

stering its reliability, it is essential to ascertain whether its mar-

ginal power can withstand the present load fluctuations. In elec-

tric propulsion vessels, it is particularly challenging to guarantee 

the stability of the power system because the propulsion load falls 

within the power load category, and the resistance of the ship un-

dergoes significant fluctuations and accounts for the highest pro-

portion of power consumption. 

The efficiency of electric loads can be optimized by modifying 

the load factor of the power system. In this instance, it is feasible 

to commence and terminate the same type of power system on a 

vessel with a single power system, given the absence of alterna-

tive sources. This is referred to as the light-load algorithm for the 

power management system (PMS) of the ship. In a power system 

comprising two or more power systems, the fuel-consumption 

characteristics of each system differ. Consequently, load sharing 

can enhance fuel consumption efficiency. The energy manage-

ment system (EMS) is capable of deriving a fuel consumption 

model for each power system based on the operational character-

istics of the power source under consideration and evaluating the 

efficiency of the model. Given the inherent fluctuations in power 

consumption in electric propulsion ships, mainly due to propul-

sion and intermittent loads, it is imperative to identify the optimal 

point within the continuous fuel consumption model. This ap-

proach enabled the optimization of fuel consumption through 

load sharing. Identifying the optimal point of the fuel consump-

tion model under continuous load fluctuations requires consider-

able computing resources, and load sharing with a delayed re-

sponse cannot accurately determine the optimal point for fuel 

consumption. To address this issue, this study proposes the prob-

ability band algorithm (PBA). 

The PBA is a proposed program for monitoring the power con-

sumption of a vessel with the objective of utilizing the changing 

electric load consumption in fuel consumption models. The term 

"intermittent load" is used to describe the phenomenon of power 

consumption that occurs in a regular pattern when systems are 

operated by starting and stopping appliances. The propulsion 

load is subject to variations as a result of the resistance experi-

enced by the ship, which is, in turn, determined by a number of 

factors, including the speed of the ship and the sea state. The 

speed of the vessel depends on the revolutions per minute (RPM) 

of the propulsion motor and the state of the sea, which in turn 

determines the propulsion load. Given that the sea state does not 

change rapidly but remains constant over a period of time, it can 

be posited that the propulsion load will also move within a spe-

cific range, akin to an intermittent load. Consequently, the load 

on an electric propulsion vessel exhibits a certain degree of vari-

ability. However, the range of loads utilized determines the fre-

quency, which can be expressed as a probability. The PBA can be 

employed in the fuel consumption model of hybrid electric pro-

pulsion ships to ascertain the range of loads utilized by electric 

propulsion ships and express it as a probability, thereby obtaining 

the fuel consumption. In conclusion, despite fluctuations in 

power consumption, the fuel consumption model remained unaf-

fected by alterations in the PBA range, thereby ensuring its suit-

ability for real-time applications. 

In this study, the application of the proposed PBA to actual 

ship power‒load data is demonstrated, thereby illustrating its po-

tential for use in fuel consumption models. The proposed PBA is 

expected to be applicable to EMS and will be developed in the 

future with the objective of reducing the consumption of compu-

ting resources. 

2. Probability Band Algorithm
Figure 1 shows the behavior of the power and propulsion 

loads when a container ship is operating in sailing mode. As il-

lustrated in Figure 1, the vessel resistance, which is contingent 

on the sea state, exhibits fluctuations within a defined magnitude, 

which in turn gives rise to a corresponding variation in the pro-

pulsion load. The red box represents the variation in propulsion 

load. The lowest point in the red box represents the minimum 

propulsion load, which depends on the speed of the vessel. The 

width of the box illustrates the variation in the propulsion load 

with respect to the sea state. Furthermore, it can be observed that 

the power load also exhibits fluctuations within a defined range. 

The constant range represents the intermittent load, which varies 

according to the utilization of the loads that commence and ter-

minate to stabilize the engine system. The minimum starting point  
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Figure 1: Aspects of electric and propulsion load of container 

ships 

for these consumed electric loads is determined by the size of the 

continuous load, which represents the sum of the power loads re-

quired by the loads used continuously rather than the number of 

starts and stops on the ship. The requisite electric load of an elec-

tric propulsion ship is the sum of the propulsion and power loads 

and thus fluctuates within the confines of the two aforementioned 

boxes. The observation that the electric load demand is consumed 

within a defined range allows the use of past electric load demand 

data to inform future electric load consumption projections. The 

variability of the demand of a ship load is converted into a range 

of variations and a single electric load using a PBA. 

In the absence of a PBA, the EMS employs a real-time load 

distribution algorithm to align the electric load with the demand. 

The load distribution must consider the reliability of each power 

system, with the objective of minimizing fuel consumption. The 

objective function of the load distribution algorithm is an expres-

sion that derives fuel consumption based on the output of the op-

erating power systems. Grid search algorithms, genetic algo-

rithms, and particle swarm optimization were employed to iden-

tify the output of each power system that minimized the objective 

function. One disadvantage of these algorithms is that the opti-

mization of the objective function is a time-consuming process. 

Consequently, these algorithms are not well-suited for EMSs that 

require real-time responsiveness to power loads. To address this 

issue, a time delay can be employed to reduce the time required 

to compute the optimization algorithm. The PBA can be em-

ployed to derive a range of electric load requirements, which can 

then be subdivided to ascertain the probability that each bin is 

required. By combining this with the output of the objective func-

tion, the expected value of the output of the load distribution al-

gorithm under the current demand load range can be ascertained. 

This implies that the optimization algorithm does not require 

recomputation if the power‒load range remains constant. 

The PBA must determine the number of bins required to ac-

commodate the electric load demand and the length of time that 

it wishes to observe in the past. An increase in the number of 

range divisions may enhance the precision of the PBA output 

when combined with the objective function. However, this ap-

proach may also increase the number of required computations. 

As the observation period lengthens, the variability of the box 

diminishes, necessitating greater spare power for power system 

control and, consequently, enhanced generation stability. How-

ever, when the required power fluctuates due to changes in the 

sea state and engine system, the change in the box is delayed, 

making it impossible to operate the power system efficiently. Ac-

cordingly, appropriate size and length should be selected based 

on the characteristics of the target vessel. 

The PBA is comprised of five distinct steps. 

1) The electric load is stored in a stack. In this step, the electric 

load demand for analysis is stored in a stack. The length of

the stack to be stored is contingent on the size of the pre-

ceding segment to be observed.

2) A separator is created for each stack. In this step, a section

was designated to separate the data within the stack. The

number of division points was equal to the number of de-

sired range divisions. As the number of range divisions in-

creases, the resulting representative value becomes more

accurate.

3) The electric load of the stack should be classified according 

to division points. In this step, a histogram is created. Sub-

sequently, each data point was categorized and counted.

4) The probability of each bin is calculated. The number of

data points corresponding to a given bin is divided by the

total number of data points to obtain the proportion of data

within that bin.

5) Determine the representative value. The representative

value is obtained by multiplying the median value of each 

bin by the probability and adding them together. 

If each step is represented in a pseudocode, it can be repre-

sented by Table 1. 

Table 1: Probability band algorithm 

Input: present electric load L 

Output: median value in each interval Y(𝑥𝑥) 

       probability in each interval Z(𝑥𝑥) 

Parameter: interval N 
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    quantity of stack k 

Initialize 

𝑿𝑿 = [𝑥𝑥0, 𝑥𝑥1,⋯ , 𝑥𝑥𝑡𝑡−1]  

𝒀𝒀 = [𝑦𝑦0, 𝑦𝑦1,⋯ , 𝑦𝑦𝑡𝑡−1]  

𝒁𝒁 = [𝑧𝑧0, 𝑧𝑧1,⋯ , 𝑧𝑧𝑡𝑡−1]  

𝑨𝑨 = [𝑎𝑎0, 𝑎𝑎1,⋯ , 𝑎𝑎𝑡𝑡−1] 

for i = 0 to t − 1 do 

   𝑿𝑿(𝑖𝑖) = L 

W = 𝑀𝑀𝑀𝑀𝑀𝑀�𝑋𝑋(𝑀𝑀)�−𝑀𝑀𝑀𝑀𝑀𝑀�𝑋𝑋(𝑀𝑀)�
𝑁𝑁

 

Main 

M(0) = 𝑊𝑊
2

+ 𝑀𝑀𝑖𝑖𝑀𝑀�𝑋𝑋(𝑥𝑥)� 

for i = 0 to N − 1 do 

    M(𝑖𝑖) = M(𝑖𝑖 − 1) + 𝑊𝑊 

for i = 0 to range�𝑋𝑋(𝑥𝑥)� − 1 do 

   for i = 0 to range�𝑍𝑍(𝑥𝑥)� − 1 do 

      if Y(𝑖𝑖) ≤ 𝑋𝑋(𝑖𝑖) < 𝑌𝑌(𝑖𝑖 + 1) 

         Z(𝑖𝑖) = 𝑍𝑍(𝑖𝑖) + 1 

for i = 0 to range�𝑍𝑍(𝑥𝑥)� − 1 do 

   A(𝑖𝑖) = 𝑍𝑍(𝑀𝑀)
𝑘𝑘

 

The probability of operation of each section can be expressed 

as a function of the power operation range derived from the op-

eration of the PBA, as shown in Equation (1). 

A(t, t + 1) = A�
𝑊𝑊 × 𝑡𝑡
𝑘𝑘 + min (𝑋𝑋) ≤ 𝐿𝐿

<
𝑊𝑊 × (𝑡𝑡 + 1)

𝑘𝑘 + min (𝑋𝑋)� 

  (1) 

where  A(t, t + 1) is the probability of operating in interval t 

and t + 1, W is the size of the power operation range [kW], k is 

the length of the power operation storage data array stored by the 

PBA, and 𝑋𝑋  is the power operation storage data stored by the 

PBA. 

As indicated in Equation (2), the operational probability and 

median value of each PBA section can be determined and subse-

quently added to obtain a representative value. 

𝑅𝑅 = �[𝑌𝑌(𝑡𝑡) × 𝐴𝐴(𝑡𝑡, 𝑡𝑡 + 1)]
𝑘𝑘−1

𝑡𝑡=0

 (2) 

Where R is a representative value [kW] of the current demand 

electric load range and Y(𝑡𝑡) is the median value [kW] at t inter-

vals. 

By contrast, the fuel consumption of each power source in op-

eration prior to the implementation of the PBA is given by Equa-

tion (3). 

𝐵𝐵𝑀𝑀𝑎𝑎(𝐿𝐿,𝑃𝑃𝑎𝑎) = 𝐵𝐵𝑀𝑀(𝑃𝑃𝑀𝑀) + 𝐵𝐵𝑎𝑎(𝑃𝑃𝑎𝑎) (3) 

where, L is the required power load of the ship [kW], 𝑃𝑃𝑀𝑀 is the 

power output of the dual fuel generator [kW], 𝑃𝑃𝑎𝑎 is the power 

output of the fuel cell inverter [kW], 𝐵𝐵𝑀𝑀(𝑥𝑥) is the fuel consump-

tion of the dual fuel generator [g/h] when the power output of the 

dual fuel generator is x [kW], and 𝐵𝐵𝑎𝑎(𝑥𝑥) is the fuel consumption 

of the fuel cell [g/h] when the power output of the fuel cell in-

verter is x [kW]. 𝑃𝑃𝑀𝑀 was calculated as the difference between L 

and 𝑃𝑃𝑎𝑎. 

By applying the results of the PBA, as expressed by Equations 

(1) and (3), the fuel consumption of the generating source with 

the PBA can be obtained, as shown in Equation (4). Thus, it can 

be concluded that the PBA should be capable of representing 

fluctuations in the current electric load demand, and the optimi-

zation result of Equation (4) can be employed in the implemen-

tation of the load distribution algorithm. 

𝐵𝐵𝑔𝑔𝑔𝑔(𝑃𝑃𝑎𝑎) = ��𝐵𝐵𝑔𝑔𝑔𝑔 �𝑊𝑊 × �𝑡𝑡 +
1
2� + 𝑚𝑚𝑖𝑖𝑀𝑀(𝑈𝑈),𝑃𝑃𝑎𝑎�

𝑘𝑘−1

𝑡𝑡=0

× 𝐴𝐴(𝑡𝑡, 𝑡𝑡 + 1)� 

(4) 

where, 𝐵𝐵�𝑀𝑀𝑎𝑎(𝑥𝑥) is the consumption [g/h] of the generator and 

fuel cell when the fuel cell inverter outputs x [kW], considering 

the results of the PBA. 

The optimization algorithm, with Equation (4) as the objec-

tive function, yields a load-sharing configuration that minimizes 

fuel consumption. The optimization is valid when the PBA can 

accurately represent the current electric load demand variations. 

This indicates that it is still necessary to ascertain whether the 

vessel demand power requirement falls within the range of the 

result produced by the PBA from the previous optimization algo-

rithm. If this is not the case, an optimization algorithm is exe-

cuted to derive new load-sharing results. If the algorithm men-

tioned above is not executed correctly, the reduction in fuel con-

sumption resulting from the optimization algorithm will be inac-

curate, thereby rendering it challenging to achieve the maximum 
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possible energy savings. In this study, the margin of the repre-

sentative value is examined to ascertain whether it differed from 

the current representative value, thereby ensuring that the PBA is 

an accurate reflection of the required electric load. If the margin 

is inadequate, the result will be a considerable expenditure of 

computing resources because of the necessity of frequent com-

putations. Conversely, if the margin is excessive, fewer compu-

tations are required, resulting in suboptimal load balancing and 

reduced fuel consumption. Equation (5) shows the correlation 

between the representative value of the PBA that most recently 

executed the optimization algorithm, the margin, and the present 

demand power load. Equation (5) can be employed to ascertain 

whether an optimization algorithm is required. If 𝑓𝑓(𝑅𝑅,𝑅𝑅𝑎𝑎) is T, 

it can be concluded that the current PBA operation results are 

identical to those of the previous optimization algorithm. 

𝑓𝑓(𝑅𝑅,𝑅𝑅𝑎𝑎) = �T, 𝑅𝑅𝑎𝑎 × (1 − 𝛾𝛾) < 𝑅𝑅 < 𝑅𝑅𝑎𝑎 × (1 + 𝛾𝛾)
F, otherwise  (5) 

where 𝑅𝑅𝑎𝑎 is a proxy for the power operating range [kW] at the 

time of the previous optimization algorithm, and γ is the margin 

[%/100]. 

The performance of the PBA is demonstrated through a mini-

mal number of operations and substantial fuel savings. The per-

formance metric can be created by dividing the difference be-

tween the fuel consumption by the optimal load sharing per-

formed by all loads at the same demand load and using the same 

generation source before applying the PBA and the fuel con-

sumption after applying the PBA by the number of operations. 

The number of operations is influenced by two key factors: the 

number of zones and the margin of the PBA. The product of the 

two variables represents the total number of operations.  

3. Energy Management System
In a power system, the primary objective is to ensure the reli-

ability of the power supply, followed by efficiency optimization. 

In a system in which a single power system is utilized to provide 

power, the power control system performs its designated func-

tions. A case in point is a PMS. In a hybrid power system, it is 

challenging for a single power source to satisfy the requirements 

of the control system. An integrated system can be organized and 

linked to a single power source to fulfill its functions. Each sys-

tem monitors the status of each power source and the load and 

issues commands derived from the internal algorithms. The figure  

Figure 2: Relation between power control system and EMS 

above illustrates the interrelationship between the control system 

of the power system and the EMS. 

The EMS is responsible for integrating, monitoring, and con-

trolling each power source and load control system, as well as 

delivering power system information to users. To control each 

power source control system in an EMS, it is necessary to deter-

mine the combination of power sources, forecast the power load, 

and distribute the load. The power source combination determi-

nation algorithm simultaneously considers the stability and effi-

ciency of the power supply. The use of a combination of generat-

ing sources with capacities smaller than the current load range 

reduces the reliability of the power supply. Conversely, an in-

crease in the load factor of each source leads to an enhancement 

in the power supply efficiency. Conversely, the operation of su-

perfluous sources and their combination at capacities exceeding 

the current load results in a reduction in load factors, thereby en-

hancing reliability but impairing efficiency. The application of 

power‒load forecasting algorithms to generation source control 

enhances reliability. The control of generation sources requires a 

certain amount of time, the absence of which compromises the 

reliability of the power supply. If the anticipated power consump-

tion is considered and sufficient reserves are available, the relia-

bility of the power supply is enhanced. Load-balancing algo-

rithms were employed to improve the overall fuel consumption 

efficiency of the generation system. Given the disparate fuel con-

sumption characteristics of various sources, it is incumbent upon 

the system to distribute the current power consumption in a man-

ner that optimizes efficiency. The load-sharing algorithm 
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employs a fuel consumption model based on the combination and 

output of the generation sources. The optimization results of this 

model were employed to control each power-source control sys-

tem. 

In a hybrid power system, there is a notable variation in power 

consumption. To maintain optimal load sharing, the algorithm 

must be capable of computing in accordance with the fluctuating 

power consumption. If the requisite computational results can be 

derived expeditiously, the available computing resources can be 

employed to respond in real time. In the process of identifying 

the optimal value of the fuel consumption model through grid 

search optimization, the computational burden may increase if 

there are more than three inputs or if the input unit is relatively 

small. This can impede their ability to respond in real time. To 

address this issue, one may utilize an optimization algorithm or 

reduce the number of optimization operations required. Although 

optimization algorithms are more time-efficient than grid search 

algorithms, they do not compute the entire solution space, which 

can result in local optimization. Optimizing and controlling a fuel 

consumption model that responds to instantaneous power con-

sumption values and current power source operating conditions 

is challenging. This study proposes that the PBA represents a po-

tential solution to this problem. The PBA identifies the current 

usage range of the load and applies this information to the fuel 

consumption model. The applied model was optimized and con-

trol commands for load sharing were sent to each power source 

control system. In this scenario, identical optimization outcomes 

may be replicated if the load utilization range remains unaltered. 

The outcome was a fuel consumption model applicable to a di-

verse range of loads as opposed to instantaneous loads. 

3.1 Specification of target vessel 
A virtual-vessel power system was constructed to ascertain the 

efficacy of the proposed PBA. The specifications of the virtual 

vessel power system were based on those of the target vessel as 

derived from the measured data. The specifications of the target 

vessel are presented in Table 2. 

The target vessel is mechanically propelled, and the capacity 

of the main engine and power load must be covered with spare 

capacity by a power source capable of generating power contin-

uously. Therefore, it is necessary to exclude the capacity of en-

ergy storage devices such as batteries. The spare capacity is de-

fined as 8‒20% of the power source capacity. Consequently, the 

power generation system must be configured to satisfy Equation 

(6). 

Table 2: Specification of target vessel 

Contents Description 
Type of vessel Container ship 

Length 365 m 
Width 48m 
Draft 10.8 m 

Engine power 58,142 kW 
Capacity of generator 3,480 kW x 4 

Speed 23.0 knot 
TEU 13,154 TEU 

Table 3: Specification of power system for virtual vessel 

Contents Capacity 
#1 Generator 13,740 kW 
#2 Generator 13,740 kW 
#3 Generator 18,320 kW 
#4 Generator 18,320 kW 

Fuel Cell 3,500 kW 
Battery 1,000 kWh 

0.8 × ���𝑎𝑎𝑐𝑐𝑀𝑀 �
𝑀𝑀

𝑀𝑀=1

+ 𝑏𝑏𝑐𝑐� ≤ 𝑃𝑃𝐿𝐿𝑚𝑚𝑀𝑀𝑀𝑀 + 𝐸𝐸𝐿𝐿𝑚𝑚𝑀𝑀𝑀𝑀

≤ 0.92 × ���𝑎𝑎𝑐𝑐𝑀𝑀 �
𝑀𝑀

𝑀𝑀=1

+ 𝑏𝑏𝑐𝑐� 

(6) 

where 𝑎𝑎𝑐𝑐𝑀𝑀  is the capacity of generator i [kW], 𝑏𝑏𝑐𝑐 is the capacity 

of the fuel cell [kW], 𝑃𝑃𝐿𝐿𝑚𝑚𝑀𝑀𝑀𝑀 is the maximum value of the pro-

pulsion load [kW], 𝐸𝐸𝐿𝐿𝑚𝑚𝑀𝑀𝑀𝑀 is the maximum value of the electric 

load [kW], and n is the number of generators.  

The specifications of the power system of the virtual ship that 

satisfies Equation (6) are configured as shown in Table 3. 

3.2 Modeling a Dual Fuel Generator 
A virtual vessel was designed to consume liquefied natural gas 

(LNG) to drive the prime mover and generate electric power by 

rotating an alternator. The dual-fuel generator employs pilot oil 

to facilitate the ignition of the primary fuel, LNG. The fuel con-

sumption per unit power output of the pilot oil and LNG are il-

lustrated in Equations (7) and (8), respectively. 

𝐵𝐵𝑀𝑀
𝑔𝑔𝑀𝑀𝑔𝑔(𝑥𝑥) = 0.0003559533 × 𝑥𝑥3 + 0.09246104 × 𝑥𝑥2

− 7.851591 × 𝑥𝑥 + 378.4717 
(7) 

𝐵𝐵𝑀𝑀
𝑝𝑝(𝑥𝑥) = 0.00001871681 × 𝑥𝑥3 + 0.005029288 × 𝑥𝑥2

− 0.4648148 × 𝑥𝑥 + 15.49088 
(8) 

where 𝐵𝐵𝑀𝑀
𝑔𝑔𝑀𝑀𝑔𝑔(𝑥𝑥) is the gas consumption [g/h] per output when 

the dual-fuel generator is operating at a load factor of x [%], and 
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Figure 3: Conversion efficiency by load of uni-direction in-

verter 

𝐵𝐵𝑀𝑀
𝑝𝑝(𝑥𝑥)  is the pilot oil consumption [g/h] per output when the 

dual-fuel generator is operating at a load factor of x [%]. 

3.3 Modeling a Fuel Cell 
The fuel cell in the virtual vessel is a hybrid SOFC (Solid Ox-

ide Fuel Cell). A hybrid SOFC is a fuel cell that uses unreacted 

gas and residual heat to maximize efficiency. Equation 9 shows 

the gas consumption per unit output of the hybrid SOFC. 

𝐵𝐵𝑎𝑎(𝑥𝑥) = −0.000203725 × 𝑥𝑥2 + 0.308938 × 𝑥𝑥

+ 102.8656 
(9) 

where 𝐵𝐵𝑎𝑎(𝑥𝑥) is the gas consumption per output [g/h] when the 

SFOC hybrid system is operated at a load factor x [%]. 

Because the output of a fuel cell is direct current, it is neces-

sary to install an inverter that is capable of converting it to an 

alternating current. Figure 3 illustrates the efficiency of the in-

verter 

3.4 Modeling a battery 
A lithium-based battery pack was used as the power source for 

the virtual ship. The efficiency of a battery is contingent on its 

output as it undergoes charging and discharging processes. As the 

output decreases, efficiency increases; conversely, as the output 

increases, efficiency decreases. Figure 4 illustrates the output of 

a battery with a capacity of 1,000 kWh, demonstrating the rela-

tionship between efficiency and output. 

The output of a battery, like that of a fuel cell, is a direct current 

power source. Accordingly, an inverter is required for the pur-

pose of connecting the aforementioned direct current power 

source to an alternating current bus. Given that the battery is re-

quired to be capable of both charging and discharging simultane-

ously, a bidirectional inverter is necessary. The efficiency of the 

inverter is identical to that of a fuel cell. 

3.5 Fuel Consumption Expressions 
The power source of the virtual vessel comprised a dual-fuel 

generator, fuel cells, and batteries. The power requirement of a 

ship is not an arbitrarily determined value; instead, it is a given 

value resulting from the operations of the ship. Once the outputs 

of two of the three power sources were established, the output of 

the remaining power source was determined. The fuel consump-

tion equation is not entirely deterministic due to the inherent var-

iability of the fuel cell and battery outputs, which are more stable 

when the generator output fluctuates. 

The battery was subdivided into two distinct phases: charging 

and discharging. Consequently, the fuel consumption equation 

must be calculated to reflect this division. As the battery charge 

increases, so does the fuel consumption. However, the process of 

charging the battery results in an increase in fuel consumption, 

even though the stored power is not consumed. Therefore, it is 

necessary to exclude fuel consumption corresponding to the 

power used for charging from the fuel consumption formula. 

Equation (10) illustrates the fuel consumption associated with 

battery charging during dual fuel generator and fuel cell opera-

tion. 

𝐵𝐵𝑀𝑀𝑎𝑎𝑐𝑐𝑐𝑐 (𝐿𝐿,𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐 ,𝑃𝑃𝑎𝑎) =
𝐵𝐵𝑀𝑀(𝑃𝑃𝑀𝑀) + 𝐵𝐵𝑎𝑎(𝑃𝑃𝑎𝑎)

𝑃𝑃𝑀𝑀 + 𝑃𝑃𝑎𝑎
× (𝐿𝐿 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐 − 𝑃𝑃𝑎𝑎𝑀𝑀𝑡𝑡𝑐𝑐 ) 

(10) 

where 𝐵𝐵𝑀𝑀𝑎𝑎𝑐𝑐𝑐𝑐 (𝐿𝐿,𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐 ,𝑃𝑃𝑎𝑎)  is the demand electric load L  [kW], 

battery inverter input power 𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐  [kW] and fuel cell inverter out-

put power 𝑃𝑃𝑎𝑎  [kW], fuel consumption [g/h], 𝑃𝑃𝑎𝑎𝑀𝑀𝑡𝑡𝑐𝑐   is the power 

charged in the battery [kW], respectively. 𝑃𝑃𝑀𝑀 can be obtained as 

the difference between the sum of the demand power load L 

Figure 4: Conversion efficiency by c-rate 
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[kW], the battery inverter input power 𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐  [kW], and the fuel 

cell inverter output power 𝑃𝑃𝑎𝑎 [kW]. 

Equation (10) illustrates the fuel consumption expression in 

the absence of PBA, which is expressed as Equation (11) when 

PBA is applied. 

𝐵𝐵�𝑀𝑀𝑎𝑎𝑐𝑐𝑐𝑐 (𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐 ,𝑃𝑃𝑎𝑎) = ��𝐵𝐵𝑀𝑀𝑎𝑎𝑐𝑐𝑐𝑐 �𝑊𝑊 × �
2𝑡𝑡 + 1

2 �
𝑘𝑘−1

𝑡𝑡=0

+ min(𝑋𝑋) ,𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐 ,𝑃𝑃𝑎𝑎�

× 𝐴𝐴(𝑡𝑡, 𝑡𝑡 + 1)� 

(11) 

where 𝐵𝐵�𝑀𝑀𝑎𝑎𝑐𝑐𝑐𝑐 (𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐 ,𝑃𝑃𝑎𝑎) is the fuel consumption [g/h] when the 

PBA is applied, is the bidirectional battery inverter input power 

𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐  [kW], and is the fuel cell inverter output power 𝑃𝑃𝑎𝑎 [kW], 𝑋𝑋  

is the power operation storage data stored by the PBA.. 

The equation for fuel consumption was constructed by includ-

ing fuel consumption at battery discharge, which was excluded 

from the equation for charging the battery. Equation (12) illus-

trates the fuel consumption associated with discharging the bat-

tery during the generator and fuel cell. 

𝐵𝐵𝑀𝑀𝑎𝑎𝑐𝑐𝑑𝑑 (𝐿𝐿,𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑 ,𝑃𝑃𝑎𝑎) = 𝑃𝑃𝑎𝑎𝑀𝑀𝑡𝑡𝑑𝑑 × 𝐵𝐵𝑎𝑎𝑀𝑀𝑡𝑡 + 𝐵𝐵𝑀𝑀(𝑃𝑃𝑀𝑀) + 𝐵𝐵𝑎𝑎(𝑃𝑃𝑎𝑎) (12) 

where 𝐵𝐵𝑀𝑀𝑎𝑎𝑐𝑐𝑑𝑑 (𝐿𝐿,𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑 ,𝑃𝑃𝑎𝑎) is the fuel consumption [g/h], 𝑃𝑃𝑎𝑎𝑀𝑀𝑡𝑡𝑑𝑑  is 

the battery output power [kW], and 𝐵𝐵𝑎𝑎𝑀𝑀𝑡𝑡 is the fuel consumed per 

battery charge power [g/kWh], and the demand power load L 

[kW], battery inverter output power 𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑 [ [kW], and fuel cell in-

verter output power 𝑃𝑃𝑎𝑎 [kW], respectively. 

Similarly, Equation (12) illustrates the fuel consumption ex-

pression in the absence of PBA, which is expressed as Equation 

(13) when the PBA is applied. 

𝐵𝐵�𝑀𝑀𝑎𝑎𝑐𝑐𝑑𝑑 (𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑 ,𝑃𝑃𝑎𝑎) = ��𝐵𝐵𝑀𝑀𝑎𝑎𝑐𝑐𝑑𝑑 �𝑊𝑊 × �
2𝑡𝑡 + 1

2 �
𝑘𝑘−1

𝑡𝑡=0

+ 𝑚𝑚𝑖𝑖𝑀𝑀(𝑋𝑋),𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑 ,𝑃𝑃𝑎𝑎�

× 𝐴𝐴(𝑡𝑡, 𝑡𝑡 + 1)� 

(13) 

where 𝐵𝐵�𝑀𝑀𝑎𝑎𝑐𝑐𝑑𝑑 (𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑 ,𝑃𝑃𝑎𝑎) is the fuel consumption [g/h] when the 

PBA is applied, is the battery bidirectional inverter output power 

𝑃𝑃𝑐𝑐𝑐𝑐𝑀𝑀𝑑𝑑  [kW], and is the fuel-cell inverter output power 𝑃𝑃𝑎𝑎 [kW]. 

4. Simulation
The objective of the simulation was to illustrate the efficacy of 

the PBA by contrasting the fuel consumption optimization out-

comes prior to its implementation with those subsequent to its 

introduction. The simulation was conducted using approximately 

seven days of measured propulsion and power loads collected 

while the target vessel was operating in sailing mode. Figure 5 

and Table 4 show the simulated load profiles. 

As illustrated in Figure 4, a reduction in the propulsion load 

was observed at approximately 8,300 minutes, which appeared 

to increase the power load due to the operation of the main engine 

auxiliary blowers. At 8,900 minutes, an increase in the propul-

sion load was observed as a consequence of the speed increase. 

Conversely, a decrease in the power load was observed following 

the shutdown of the auxiliary blower. The power load fluctuates 

within the designated operational range following an alteration 

in the load. 

The following assumptions were made in conducting the sim-

ulation: 

1) It is not necessary to consider the time spent on optimization 

results. 

2) The optimization algorithm employs a grid searching.

Figure 5: Propulsion and electric load profile 

Table 4: Specification of propulsion and electric load profile 

Contents Description 

Propulsion load 
Maximum 37,479.3 kW 
Minimum 172.765 kW 

Electric load 
Maximum 2,248 kW 
Minimum 1,625 kW 

Length 1,016 
Interval 10 min 
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3) The optimal load distribution in the absence of PBA was

determined based on the solutions to Equations (9) and (11). 

4) The optimal load distribution with PBA is employed based

on the outcomes of the resolution of Equations (10) and (12). 

4.1 The absence of PBA 
The power system was operated by optimizing a grid-search-

ing algorithm for all loads, thereby ensuring high operational per-

formance. However, the optimization algorithm is relatively 

time-consuming, which precludes its use in real time. When the 

load profile depicted in Figure 5 was optimized and operated 

without the application of the PBA, the following results were 

observed: 

Figure 6: The results of simulation – running generator 

Figure 7: The results of simulation – power system output 

Figure 8: The results of simulation – battery SOC 

As a consequence of the optimization process being applied to 

all demand loads, the number of generators in operation and the 

output of the power source undergo rapid changes in response to 

load fluctuations. Although it has the potential to reduce fuel con-

sumption, it is not a viable solution for real-time operation be-

cause of the extended optimization time, which exceeds the rate 

of change in the demand load. 

4.2 With PBA 
In the context of optimizing load distribution through the ap-

plication of a PBA, the operational priority is the electric load 

demand. The parameter settings are of paramount importance for 

the implementation of the PBA, as listed in Table 5. 

The operational results of the PBA are presented in Figures 9 

and 10 and are listed in Table 5. 

Table 5: Parameter for probability band algorithm 

Contents Value 
Interval 20 

Length of stack 18 

Figure 9: The results of probability band algorithm 

Figure 10: The results of probability band algorithm from 820 

to 860 
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Figure 11: The results of simulation – generator running 

Figure 12: The results of simulation – power system output 

Figure 13: The results of simulation – battery SOC 

In Figure 9, the vertical line indicates the point at which the 

optimization algorithms were executed. A total of 25 optimiza-

tion algorithms were required to address 1,016 demand loads. 

Figure 10 illustrates the outcomes of the PBA in the context 

of rapid fluctuations in demand loads. The representative value 

is typically followed, although it may require a period of adjust-

ment when there are sudden load fluctuations. That is, when the 

electric load demand decreases rapidly, the maximum value of 𝑋𝑋 

is high, resulting in excessive spare power and a reduction in ef-

ficiency. Conversely, when the demand load quickly increased, 

the representative value did not align with the actual load usage 

range. This discrepancy results in the outcomes of the optimiza-

tion algorithm differing from the operating power range, which 

ultimately impairs the efficacy of the load-balancing algorithm. 

Following the implementation of the PBA, the load distribu-

tion optimization algorithm was reduced to 25 times. Conse-

quently, the operation of power generation sources is streamlined 

compared to the state that precedes the application of the PBA. It 

should be noted that among the power generation sources, the 

dual-fuel generator is subject to the most significant change in 

output because its output is determined according to changes in 

the required power load. In contrast, the outputs of the fuel cells 

and batteries underwent less significant alterations. The reduc-

tion in the number of opportunities for the optimization algorithm 

to operate results in a lower frequency of battery utilization de-

spite the potential for its operation. 

4.3 Analysis performance of PBA 
The objective of the PBA is to reduce the number of operations 

required to achieve the desired fuel consumption. Table 6 pre-

sents the operating results before and after the implementation of 

the PBA, utilizing an identical power–load profile. 

In the absence of the PBA, the number of optimized runs was 

1,016, which corresponded to the length of the operating profile. 

Conversely, the application of PBA allowed for a reduction in the 

number of optimized runs to 25 times.  

In the absence of a PBA, the optimization of all-electric load 

requirements allows for the observation of the optimal fuel con-

sumption when operating with a given power source. Accord-

ingly, the optimized fuel consumption for this power load profile 

was 819.8365 tons. When the PBA was employed, the fuel con-

sumption was 824.6685 tons. This represents an increase of ap-  

Table 6: The results of simulation 

PBA Contents Value 

Apply 

Number of optimization 1,016 
Consumption of fuel 819.8365 [ton] 
Batt SOC Start / Stop 50 / 94.1 [%] 

Batt cycle 4 [times] 

Not applied 

Number of optimization 25 
Consumption of fuel 824.6685 [ton] 
Batt SOC Start / Stop 50 / 93.8369 [%] 

Batt cycle 2 [times] 
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proximately five tons in fuel consumption; however, it is a more 

practical solution. 

The state of charge (SOC) of the battery did not affect the anal-

ysis of the simulation results, as the simulation concluded at ap-

proximately 94% in both scenarios. 

Prior to the implementation of the PBA, the battery was uti-

lized at a greater frequency than it was after its application. This 

reduces the overall health or SOH (State Of Health) of the bat-

tery. The objective of a battery management algorithm is to opti-

mize the efficiency of the battery while minimizing its opera-

tional workload. 

5. Conclusion
The implementation of load-balancing algorithms is crucial for 

enhancing the fuel-consumption efficiency of an EMS. Load-bal-

ancing algorithms determine the output of each power source by 

optimizing the fuel consumption formula according to the output 

of each power source. Despite the implementation of optimiza-

tion algorithms, it remains challenging to respond effectively to 

real-time fluctuations in power demand. This study employs the 

PBA to address the issue mentioned above. The PBA transformed 

the operational pattern of the demand load into a singular repre-

sentative value. As the representative value changed, an investi-

gation was conducted to ascertain whether the deployment of an 

optimization algorithm would prove beneficial. Moreover, an 

equation was formulated to optimize the fuel consumption based 

on the historical operational pattern of the demand power load.  

To validate the efficacy of this study, the propulsion and power 

loads of a 13,000 TEU container ship were meticulously docu-

mented in the sailing mode at 10-minute intervals for approxi-

mately seven days. Because the data were obtained from a me-

chanically propelled vessel, they were converted and applied to 

an electrically powered vessel. Utilizing the specifications of the 

target ship, a power generation system is employed for a virtual 

ship, and an electric-powered vessel, and fuel consumption equa-

tions are derived for each operational scenario. The consumption 

equations were then simulated using the propulsion and power‒

load profiles. 

The number of computations in the optimization algorithm 

was exponentially reduced with the PBA, reaching approxi-

mately 2.5%. Concurrently, the fuel consumption increased by 

0.684 tons per day. The utilization of batteries is reduced by ap-

proximately 50%, which consequently permits the extension of 

battery lifespan. The increase in fuel consumption was trivial 

compared to the daily consumption, resulting in a reduction in 

the number of operations. This indicates that the PBA can be em-

ployed in the load distribution optimization algorithm of the 

EMS to assist with real-time control. 
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