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Abstract: This study optimizes the tilt angle of photovoltaic (PV) panels on a large oil tanker 

ship system and considers the impact of partial shading to improve the performance of the 

PV system. This work presents a novel method that considers the difference between the 

expected and real outputs of PV modules to optimize the size of energy storage system 

(ESS). The method also takes into account the cost of wasted power, the capital cost of the 

system, fuel cost and the CO2 emissions. Unlike on land, power generation using a PV on a 

ship depends on the date, latitude and longitude of the navigation. Accordingly, this work 

considers a route from Dalian in China to Aden in Yemen, accounting for the seasonal and 

geographical variations of solar irradiation. This proposed method adopts five conditions 

associated with the navigation route to model the total shipload. Various cases are discussed 

in detail to demonstrate the effectiveness of the proposed algorithm. 

Keywords: tilt angle; photovoltaic (PV) panels; oil tanker ship system; energy storage 

system (ESS); CO2 emissions 
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1. Introduction 

Owing to strict restrictions that have been imposed by the International Convention for the Prevention 

of Pollution from Ships (MARPOL) [1] and the rapid development of renewable energy, solar power 

generation and energy storage systems (ESSs) on ships have been increasingly attracting attention.  

In a traditional ship power system, power is supplied only by a diesel generator, which causes serious 

environmental pollution and has low energy efficiency [2]. According to the previous investigations [3–6], 

the integration of solar energy and ESSs is one of the best solutions to reduce greenhouse gas emissions, 

improve energy efficiency and improve the stability of a ship’s power system. 

However, the improper installation of photovoltaic (PV) arrays increases the cost of power and its 

loss, especially on ships. In recent years, several studies have been performed to optimize the tilt angle of 

PV panels [7–12]. Karakose and Baygin [13] presented a method for optimizing the location of PV 

modules under consideration of different shaded working conditions. Sharma et al. [14] proposed a 

comprehensive parametric model of a flexible PV array, in support of its economic operation under 

dynamic and extreme environmental conditions. Their model considered the impact of various  

non-uniform environmental conditions and tilt angles to maximize power extraction. Midtgard et al. [15] 

presented a theoretical model that optimizes the design of the PV array and they analyzed the efficiencies 

of PV modules under various conditions. Shirzadi et al. [16] developed a novel approach for finding the 

optimal arrangement of modules in an array that minimizes mismatch losses more effectively than 

conventional methods. Due to the serious partial shading influence on the power generation of PV arrays, 

Díaz-Dorado et al. [17] utilized a metaheuristic method that is based on evolution strategies to calculate 

the best tilt angles of PV panels, considering the shading effect of obstacles and PV trackers.  

Indu Rani et al. [18] enhanced power generation from PV modules under partial shading conditions 

using Su-Do-Ku Configuration approach. Paraskevadaki and Papathanassiou [19] optimized the output 

power of PV arrays considering shadow effect. 

The integration of a significant amount of PV power into a ship power system to reduce CO2 emission 

is challenging so ESSs play a critical role in ensuring the stability of the hybrid ship system and the 

quality of the power output. Studies [20–23] have found that the use of an ESS is one of the most effective 

ways to ensure the reliability and power quality of power systems and favors the increased penetration of 

distributed generation resources. Some investigations [24–26] have demonstrated that the optimal 

management of ESS with distributed generators in power systems can reduce the cost and loss of power; 

improve the voltage profile; shave the peak load; and reduce the negative impact of power generation 

on the environment.  

A ship power system with PV and ESS can be regarded as a special mobile and islanded microgrid. 

However, to the best of the authors’ knowledge, the hybrid PV/diesel/battery ship power system has not 

been widely discussed. Ovrum and Bergh [27] explored various strategies of controlling battery for 

operating a ship crane. The use of battery storage systems to convert bulk carriers to all-electric ships 

for maximizing fuel savings has also been examined [28]. 

This paper presents an optimization analysis for the installation of PV panels in a hybrid ship power 

system that is used in a real oil tanker ship of 100,000 dwt (deadweight), integrating PV modules and 

ESS, taking the shading factor into consideration. A novel method that exploits the difference between 

the expected and real output power of a PV system is proposed to optimize the size of the ESS in a 
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standalone ship’s power system for use on a typical navigation route from Dalian in China to Aden in 

Yemen. Specifically, the generated power from PV arrays on the shipboard is corrected by the proposed 

method to account for the influence on the change in position of the ship along that route. Variations of 

the load under five conditions are modeled; these conditions are regular cruising, full-speed sailing, docking, 

loading/unloading and anchoring. For the economic analysis, the Multi-Objective Genetic Algorithm 

(MOGA) is used to determine the optimal sizes of various sources of power and to minimize CO2 emissions. 

The rest of this paper is organized as follows. Section 2 models the hybrid ship power system.  

Section 3 formulates the problem. Section 4 presents the solution method. Section 5 describes different 

case studies to validate the proposed algorithm and Section 6 draws conclusions. 

2. Hybrid Ship Power System and Components 

2.1. Problem Description 

Unlike generation systems on land, a ship’s power system operates always in a mobile and islanded 

mode. When a ship sails, it receives continuously varying irradiation even though the solar radiation is 

fixed. Additionally, the total load varies with the operating conditions of the ship. 

This study analyzes the optimal angle of installation of PV panels in a ship’s power system, taking 

into account the environment along the navigation route. The cost and emissions of a hybrid 

PV/diesel/ESS power system in an oil tanker ship are optimized using a novel method based on the 

structure of the oil tanker, as presented in Figure 1. The system comprises a generating PV array, a diesel 

generator to supply the main power and an ESS to store excess energy and improve the reliability of the 

system. The diesel generator must be able to supply the whole load at all times since the ship’s power 

system only operates in stand-alone mode. The dimensions of this oil tanker are 332.95 m long by 60 m 

wide by 30.5 m high. The available area for PV array installation is 2000 m2. 

 

Figure 1. Hybrid ship power system. 

The oil tanker takes 20 days to navigate from Dalian in China to Aden in Yemen and the navigation 

route is displayed in Figure 2. The oil tanker sails five times annually. Specifically, the ship sets sail at 

8:00 a.m. on 4 January, 26 February, 20 April, 12 June, and 4 August from Dalian in China and returns 

on 28 January, 22 March, 14 May, 6 July, and 28 August from Aden in Yemen. Consequently,  

the optimization involves 4800 h in a year. 
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Figure 2. Navigation route of oil tanker. 

2.2. Models of System Components 

2.2.1. PV System 

Solar irradiation varies with the location of the ship, the date and the time, as the oil tanker sails along 

the route. Therefore, the power that is generated by the PV arrays on board must be calculated in a 

manner that takes into account the time, the longitude, and the latitude. This work establishes a 

mathematical model for estimating the power output of PV modules. The output power of the PV system 

at time t (t = 1, 2,…, 4800) is obtained from the solar radiation using following formula: 

pv pvPV η(t) (t)P = A I   (1)

where pvη  is the instantaneous PV generator efficiency; pvA is the area of modules that are used in the 

PV system (m2), and I(t) is the hourly total solar radiance (W/m2). 

Solar irradiation is crucial to a hybrid ship power system and the total solar irradiation comprises 

three parts that are the direct radiation, sky diffuse radiation, and the ground reflected radiation. This 

work proposes a modification of the hourly total solar radiance on board as follows: 

1
( ) [ ](1 cosβ) ρ + (1 cosβ)dh(t) bh(t) bh(t)

(t) b(t) d(t) r(t) bh(t) b o(t) bh(t) dh(t) bh(t)

o(t) o(t)

I I I
I = I + I + I = I + R + I - I + + I I

I 2I 2
（ ） (2)

where Ib(t), Id(t), Ir(t), Ibh(t), Idh(t), and Io(t) denote the direct radiation, sky diffuse radiation, the ground 

reflected radiation, the direct radiation on horizontal surfaces, the diffuse radiation on horizontal 

surfaces, and the direct normal irradiance on a surface perpendicular to the sun’s rays, respectively. Note 

that the different types of irradiation (Ib(t), Id(t) and Ir(t)) are all influenced by the direct radiation on the 

horizontal surface (Ibh(t)). The variables ρ and β represent the albedo, which is taken to be 0.2 [29] in this 

paper, and the angle between the PV panel and the board, respectively. The variable Rb is the ratio of the 

radiation that hits the tilt surface to that which hits the horizontal surface, which is given by Equation (3). 
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is the local latitude;

 sω  is solar hour angle (noon is zero, the morning is positive, the 

afternoon is negative), and δ  represents the solar declination angle. Equations (4) and (5) yield the solar 

hour angle and the declination angle [30]: 

sω arccos( tan sinδ)=    (4)

δ 23.45 sin[360 (284 ) / 365]n    (5)

where n  is the date with 1 January equal to one. 

When the PV arrays are installed in a certain tilt angle, the shadow of the front arrays will have a 

large effect on the output of the arrays behind them. Specifically, the efficiency of PV modules decreases 

by approximately 20% if ignoring the shading factor [31]. This paper analyzes the optimal tilt angel for 

PV installation on shipboard under consideration of shading influence, which is shown in Figure 3. 

Assume that the reverse-biased diode is utilized in PV arrays herein and MPPT is still working while 

partial shading occurs. 

L

β
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Ground

 

Figure 3. Layout of PV modules. 

A geometric analysis yielding the following equation between adjacent PV modules is presented  

as follows: 

S cotα= cot(90 δ )L = H H      (6)

Different tilt angles have different spaces (Ls), affecting the installation of all PV modules and the 

detailed relationship behind this is described as follows. 

PVA N L W   (7)

where N, L, and W denote the total number of PV modules, the length of one PV panel and the width of 

one PV panel, respectively. 

Table 1 presents the PV data that are used in this work [32]. 
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Table 1. PV data. 

Items Parameters Items Parameters 

Life Time 25 years Efficiency 14.5% 
Cost of Investment $1800/kW Length of PV Panel 1.47 m 

Cost of Replacement $1800/kW Width of PV Panel 0.68 m 
Cost of Brackets $1100/kW Cost of Inverter $655/kW 

2.2.2. Battery 

Owing to the uncertainties of solar energy [33], a lead-acid battery is utilized as the ESS to regulate 

power fluctuations, taking the state of charge (SOC) into account. In this paper, the lead-acid battery 

plays a significant role in balancing fluctuations that are caused by the PV system. With the help of the 

battery, the PV generation system, together with the ESS, maintains a stable output power. 

When the total power generated PV modules exceeds the desired output of the PV generation system, 

the battery bank is charged. The charging energy of the ESS at time t is obtained as follows: 

ESS( ) ESS( ) chηt t 1E = E + P h     (8)

where ESS( )s,tE and ESS( )s,t 1E   are the charging energy of the ESS at times t and t – 1; P  is the 

difference between the expected power and the real output power of the PV system; and chη  is the 

charging efficiency of the battery bank. 

On the other hand, when the solar irradiation is insufficient and the power from the PV system is less 

than the expected value, then the battery bank is discharged, as described by Equation (9). 

( ) ( ) dis/ ηESS t ESS t 1E = E P h     (9)

Table 2 presents the specifications of the lead-acid battery [34].  

Table 2. Battery data (lead-acid battery). 

Item Parameters 

Life Time 8 years 
Charge Efficiency 75% 

Discharge Efficiency 100% 
Cost of Investment $100/kWh 

Cost of Replacement $100/kWh 

2.2.3. Diesel Generator 

As the main power source in a hybrid ship power system, a diesel generator meets the load demand 

if the total power generated by both the PV modules and the ESS is too low. The fuel consumption of 

the diesel generator, Fd (L/h), depends on the output power and is defined as [35]. 

d d dNF = a P b P    (10)

where Pd is the output power of the diesel generator; PdN is the rated power; and a = 0.246 (L/kwh) and 

b = 0.0845 (L/kwh) are the coefficients of the consumption curve. 
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Different from a diesel generation on land, the diesel generator on a ship must ensure 100% reliability 

regardless of the use of renewable energy. Hence, the total capacity of the diesel generator in this oil 

tanker is 2 MW, which is enough to supply the maximum load. 

2.2.4. Load 

The characteristics of the load profile are critical in planning a reliable hybrid ship power system.  

The load condition is changing with the different operating situations of the ship. Figure 4 plots the total 

load of the oil tanker in five operating situations, which are detailed in Table 3. Specifically, the five 

load conditions are 1580, 1790, 1650, 1290 and 500 kW corresponding to regular cruising, full-speed 

sailing, docking, loading/unloading and anchoring, respectively. The peak load is 1790 kW, reached 

when the ship is at full speed. The ship stops in six cities, Dalian (China), Shanghai (China), Hong Kong 

(China), Singapore, Matara (Sri Lanka), and Aden (Yemen), for trading and maintenance. When the ship 

is sailing on the ocean, it is always at full speed; when it sails in the Strait of Malacca, it is in its regular 

cruising mode. 

 

Figure 4. Five load conditions. 

Table 3. Duration associated with each load condition. 

Operating Mode 
Dalian  

in China 
Shanghai 
in China 

Hong Kong 
in China 

Singapore 
Matara in 
Sri Lanka 

Aden in 
Yemen 

Docking 2 h 2 h 2 h 2 h 2 h 2 h 
Loading and unloading 6 h 8 h 14 h 12 h 7 h 6 h 

Anchoring 4 h 0 h 4 h 5 h 6 h 4 h 

3. Problem Formulation 

3.1. Objective Function 

This work proposes a novel method for optimizing the size of the ESS that accounts for the difference 

between the expected value and actual output power of a PV system. The goal of the studied problem is 

1580 kW

1790 kW

1650 kW

1290 kW

500 kW

Full speed sailing Docking Regula cruising
Loading and unloading Anchoring
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to minimize the investment and waste power costs of the ship’s power system and the emissions from the 

diesel generators, while satisfying the operational constraints. The multi-objective functions are as follows: 

2

ESS ESS
1 ESS 1 2capital replacement

2 CO d dN
1

( ) CRF ( )
min

( )
N

t

f C +C C + Price F +Price F

f N Em aP +bP








    

 
 (11)

The first objective function in Equation (11) is to calculate the total cost of the hybrid ship power 

system by optimally allocating ESS and determining the outputs of diesel generator under consideration 

of the change of the solar irradiation and shiploads. Due to the environmental concern, the emission in 

the second objective function of Equation (11) is to reduce the gaseous pollutants. 

More specifically, the total cost consists of the investment cost of the ESS and the wasted power cost 

of the PV system, specified as net present values. The wasted power cost is defined as follows: 

1 1 ESS( ) ESSmax ESS 2 ESSmax
1 1

2 3 ESS ESS ESSmin 4 ESSmax
1 1

( )[ ( ( 1))] ( )( )

( )[ ( ( 1) )] ( )( )

T T
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T T

t t
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 

 
 

(12)

where S1(t), S2(t), , S3(t), and S4(t) denote Boolean variables that take the value 0 or 1, based on the ship’s 
operating situation; Price  is the price for wasted power that is generated by the PV system; ESS

capitalC  and 
ESS
replacementC  denote the costs of installation and replacement for the lead-acid battery; ESSC  is the capacity 

of the ESS (kWh); and P  is the difference between the expected and real output power of the  

PV system. 
It should be noted that a larger capacity of ESS ( ESSC ) will reduce the wasted power of PV system 

(F1 and F2) but increase the capital and replacement fee for ESS. As a consequence, an optimal capacity 

of ESS is necessary in a hybrid ship power system. 

To convert the initial cost into an annual capital cost, the capital recovery factor (CRF), given by 

Equation (13) is used: 

(1 )CRF
(1 ) 1

y

y
r +r=
+r 

 (13)

where r is the interest rate and y denotes the life span of the PV system or the ESS. 

3.2. Constraints 

A hybrid PV/diesel/ESS ship power system must satisfy the following operational constraints: 

dmin d(s, ) dmaxtP P P   (14)

ESSmin ESS ESSmaxC C C   (15)

ESSmax ESS ESSmax( )P P t P    (16)

where d( )tP , PV( )tP , and ESS( )tE represent the outputs of the diesel generator, the PV system and ESS, 

respectively, at time t. 

The diesel generator can supply all of the power for the total load so ESS does not have to ensure the 

100% stability to balance the fluctuations caused by PV system. Accordingly, the power fluctuation 
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within a 95% confidence interval is considered herein such that when the output power of the PV system 

fluctuates, the probability that the ESS guarantee the stability is 95%. In Equation (17) provides the 

related constraint. 

 r max( ) βP P i P     (17)

The active power should be balanced at time t as follows: 

d( ) PV( ) ESS( ) Load( )t t t tP P P P    (18)

where Load( )tP  is the load demand at time t. 

4. Solution Method 

Due to the complexity and nonlinearity of the optimal sizing problem, the Multi-Objective Genetic 

Algorithm (MOGA) is utilized in this paper to find the best allocation for the ESS. 

The Genetic Algorithm (GA) for solving the constrained nonlinear optimization problem is based on 

natural selection [36]. Generally, a GA uses three operators (selection, crossover and mutation) to imitate 

the process of natural evolution. The GA begins with a random population of individuals (called 

chromosomes). Herein, it is initialized using the diesel generators’ output power for 4800 h, and the 

capacity of the battery. Each chromosome represents a solution to the optimization problem and the 

population is evaluated by the fitness function. If the chromosome has a lower cost and emission of 

hybrid ship system than the lowest value obtained at the previous iterations, this system configuration 

(chromosome) is considered to be the optimal solution to the minimization problem in this iteration. This 

optimal solution will be replaced by better solutions, if any, that are produced subsequently during the 

program evolution. After the selection process, the optimal solution will then be subjected to crossover 

and mutation operations in order to produce the next generation population until a pre-specified number 

of generations have been reached or when a criterion that determines the convergence is satisfied.  

The flowchart in Figure 5 illustrates the proposed MOGA methodology. 

 

Figure 5. Flowchart of proposed method. 
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5. Simulation Result and Discussion 

5.1. Optimal Tilt Angle of PV Arrays 

Owing to the significant effect of the tilt angle on the output of a PV system, various ways to install 

PV arrays with respect to parameters in Equations (1)–(8) are examined, taking into account the shading 

factor. Figure 6 shows the different ways to locating PV systems on ship. 

Figure 6. Different PV panel installation patterns. 

The solar irradiation is sampled hourly along the route from Dalian in China to Aden in Yemen. Based 

on data from the GeoModel Solar Company [37], the hourly solar irradiation is modified using the 

method that was discussed in Section 2, yielding data that are presented in Figure 7. 

 

Figure 7. Solar irradiation along the ship’s route. 

Based on the above solar irradiation, the amount of the power that is generated by PV system at 

different angles over 25 years is calculated and the shading factor is taken into consideration, as shown 

in Figure 8. 

Figure 8 reveals that the PV system generates the most amount of power, 350,159 kWh, when it is 

installed on a horizontal surface. Moreover, the power produced by PV modules decreases as the tilt 

angle increases. When the PV modules at 45°, the PV system produced the least power (142,536 kWh), 

59.29% less than when the system was installed horizontally. 
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Figure 8. Total power generated by PV system over 25 years. 

Figure 9 presents the profit that is gained over 25 years by installing PV arrays at various angles.  

As seen in Figure 9, installing a PV system on a horizontal surface maximizes profit at $1,381,952. 

Installing the PV system at a tilt angle reduces profit; the lowest profit is $354,525, which is $1,027,427 

less than that achieved when the system is installed horizontally. 

 

Figure 9. Profit generated by PV system over 25 years. 

Consequently, given the solar irradiation along the route, the PV system should be installed on a 

horizontal surface to enable the ship to exploit the solar energy effectively. 

5.2. Economic Analysis 

This work developed a novel method that utilized the difference between the expected and real output 

power of PV system to optimize the size of the ESS on ship; Figure 10 plots this difference. The expected 

output power by the PV system is 218 kW, as the solar irradiation changes, the combination of the ESS 

with the diesel generator smooths the variations in the power output. 

Three cases are studied to demonstrate the effectiveness of the proposed MOGA method and the 

effects of the integration of solar power into a ship’s power system, under various loading conditions, 

taking into account the ESSs that are also used. 
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Case 1: Cost analysis of diesel generator only; 

Case 2: Cost analysis of diesel generator and PV array only; 

Case 3: Multi-objective optimization, considering costs of diesel generator, PV, ESS and CO2 emissions. 

 

Figure 10. Expected and real output power by PV system. 

Table 4 presents the total costs and emissions of the ship system associated with the output of the 

diesel generator in Case 1, Case 2, and Case 3. 

Table 4. Net present cost and emission with total diesel output. 

Item Case 1 Case 2 Case 3 

PV size (kW) 0 292 292 
ESS size (kW) 0 0 140 

ESS capacity (kWh) 0 0 110 
PV installation cost ($) 0 522,000 522,000 
PV replacement cost ($) 0 522,000 522,000 
ESS installation cost ($) 0 0 583,975 
ESS replacement cost ($) 0 0 583,975 

Total NPC ($) 2,320,645 1,258,245 1,105,975 
Emission (kg) 55,314,000 49,557,769 29,853,731 

Total diesel output (kWh) 8,720,000 2,766,500 2,070,326 

Table 4 indicates that (a) solar energy and a battery both reduce the total diesel output power;  

(b) the emissions are reduced from 55,314,000 kg in Case 1 to 29,853,731 kg in Case 3. In Case 1, the 

total load demand is supplied only by the diesel generators, so the cost is the highest, being $2,320,645, 

and the problem of emissions is the most serious. Even though the ship’s power system includes PV 

generation, Case 2 is associated with a high system cost ($ 1,258,245), implying that the ESS is required 

in ship power system and optimization method must be performed. It should be noted that the use of a 

lead-acid battery and the MOGA algorithm in Case 3 reduces the system cost and the total emission to 

their lowest value. More specifically, the total cost of hybrid ship power system in Case 3 is $ 1,105,975 
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associated with 29,853,731 kg of emissions, which is less than the half of that in Case 1. Compared to 

Case 2, the total cost is reduced by 12.1%. Suppose that the life span of the hybrid ship power system is 

25 years; then $ 3,806,750 is saved. This result demonstrates that the size of the lead-acid battery selected 

by the proposed MOGA algorithm is much better than in the other cases.  

In addition, after the allocation of ESS was optimized, the cooperation of various types of distributed 

generations to supply the power for the shipload was analyzed. The simulation result demonstrates the 

importance of the ESS in the hybrid ship power system and Figure 11 shows the output power of various 

generation systems when the solar irradiation is changing the most during the ship sailing. 

 

Figure 11. Load and outputs of diesel generator, PV modules, and ESS. 

6. Conclusions 

In this paper, the layout of PV arrays in ship power system is optimized. A novel methodology is 

proposed for determining the optimal size of the ESS and output of diesel generator in a hybrid 

PV/diesel/ESS power system on ship. Hourly irradiation is modeled under consideration of the date, 

time, longitude, latitude and other factors along the route from Dalian in China to Aden in Yemen. 

Furthermore, hourly loads are modeled under five operating conditions, the MOGA algorithm is used to 

search the optimal solution for the sizing optimization and emission problems. The simulation results 

show that (i) the PV panels on the shipboard should be installed horizontally; (ii) the profit generated by 

the PV system on shipboard decreases with the increase of the tilt angle; and (iii) with the help of an 

optimal allocation of ESS, the net present costs and emissions of the hybrid PV/diesel/ESS ship system 

can be minimized. 
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