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� A mathematical model for characterizing the ship PV output power is developed.
� The impacts of the sea condition and ship type on the PV output power are analyzed.
� The hybrid energy storage system is used to stabilize the PV fluctuation powers.
� A SC configuration method based on maximum half period is applied.
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In recent years, the application of solar energy and energy storage to ship power systems has shown pro-
mise as a method for both reducing annual carbon and nitrogen oxide emissions and improving ship
energy efficiency in the maritime shipping industry. When a ship navigates at sea, it encounters a con-
stant rocking motion that is affected by both the surrounding sea conditions and the ship’s navigation
parameters. This motion increases the uncertainty involved in using solar energy and accelerates the
aging of the ship’s energy storage battery to some extent. In this study, a universal mathematical model
is established for the power generation by photovoltaic (PV) modules in which both the sea conditions
and the ship’s integrated motion, including its basic movement along with the motion caused by rocking,
are taken into account. Based on this model, the fluctuation characteristics of a ship’s PV output power
are studied and determined using three different simulation scenarios. A binary energy storage scheme
based on a decoupled PV output power is proposed in order to both stabilize the small-period PV power
fluctuations and slow the aging of the actual battery caused by rocking. In addition, a super-capacitor (SC)
configuration is constructed based on a maximum half cycle. Finally, the optimal energy storage capac-
ities for this green ship are compared under both rocking and moving motion. In the case of rocking
motion, the SCs are able to achieve an approximately 24.8–35.0% reduction in battery replacement. A
shipping route between Shanghai, China and Sydney, Australia is considered to validate the practicality
of implementing the proposed method.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Low-carbon and renewable energy (RE) technologies have
attracted considerable attention in recent years [1,2]. Ocean ship-
ping comprises the largest volume of world trade because of its
advantages over other methods of transport in terms of both trans-
portation cost and capacity. According to statistics from the Inter-
national Maritime Organization [3], the total amount of carbon
dioxide generated by international ocean ships is 8.4 billion tons
per year, and the sulphur oxide (SOX) generated by these ships
accounts for 4% of total global SOX emissions. For these reasons,
the Maritime Agreement Regarding Oil Pollution sets up several
‘‘emission control areas”, and requires ocean ships sailing through
these areas to strictly control their emissions of both NOX and SOX

[4]. Consequently, the integration of renewable energy into green
ship power systems has become an important topic of research
[5,6]. The use of RE has many advantages over other sources of
energy, as explained in [7]. RE can contribute to both maintaining
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Nomenclature

RE renewable energy
PV photovoltaic
PVOP PV output power
ESS energy storage system

SIM ship-integrated motion
DOF degree of freedom
PVPGE PV power generation equipment
SC super-capacitor
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the sustainability of a ship’s power supply and protecting the envi-
ronment [8]. For example, [9] mentioned that the EU initiated a
research project to adopt photovoltaic (PV) generation for more
than 75 ships, and several projects to promote the application of
PV units to ship power systems have also been carried out in Asia
[10,11].

In comparison to those installed on land, the PV panels installed
on ships have special characteristics. As a green energy ship can be
regarded as a moving body, the ship’s relative position is time-
varying. In addition, the radiation on PV panels under such circum-
stance is influenced not by the sunlight’s angle of incidence but by
the ship’s latitude and longitude [12]. In light of the above, many
researchers are currently engaged in working on hybrid energy
systems [12–15]. The authors of [12] compared the multi-faceted
differences between PV panels on land and those on ships. In addi-
tion, they used the HOMMER software to compare the results of
various capacity configurations. Lan et al. [13] was performed on
an oil tanker operating between Dalian, China and Aden, Yemen,
and aimed to minimize both the investment cost and the CO2 emis-
sions of the tanker. Meanwhile, the capacities of both the ship’s PV
panels and its energy storage were optimized using a hybrid
MOPSO and NSGA-II optimization algorithm. Lan et al. [14] ana-
lyzed the optimal placement angles of PV panels on ships with
respect to the latitude and longitude that occur while sailing, and
their results suggested that horizontal angles is better.

However, none of the previously mentioned studies considered
the angle changes that occur when a ship rocks in the ocean. In real
situations, a ship’s attitude changes with both its motion and the
rocking that it encounters caused by ocean winds and waves.
Therefore, the irradiance on its PV panels is time-varying. Only a
few researches studies to date have taken the special nature of
the PV power generation equipment (PVPGE) on ships into consid-
eration. Wen et al. [15] investigated the PV output power (PVOP) of
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Fig. 1. The structure of a shi
ships with respect to both their basic motion and their rocking. Via
contrastive experiments, the researchers discovered that the PVOP
characteristics change little whether rocking is considered or not.
Nevertheless, [15] found that the fluctuating PV power caused by
rocking accelerated the aging of the battery to some extent. Several
papers show that frequent battery replacement and discharge gen-
erally reduce the actual battery capacity available [16,17]. How-
ever, small-period on-board PV unit power fluctuations
alternately initiate battery charging and discharging. In addition,
when the capacity of a battery has decayed to 75% of its original
amount, the usage mode that includes shallow charging and dis-
charging has a large effect on the actual surplus capacity of the bat-
tery [17]. Moreover, the negligence has an adverse impact on the
results of optimization in real situations. Therefore, if the fre-
quency of the power fluctuations is sufficiently high, they may
be difficult to stabilize using only the battery.

To mitigate the adverse effects of frequent charging and dis-
charging on the lithium battery’s aging, an energy storage device
with a large number of charge-discharge cycles (i.e., an SC or a fly-
wheel with low inertia [18,19]) can be introduced to the energy
storage system (ESS). Using an improved energy storage system,
consisting of the battery and either an SC or a flywheel, is a logical
method of improving both the reliability and the stability of the
energy supply. Compared to batteries, flywheels usually have
higher initial costs and are relatively more difficult to operate.
Moreover, their electrically driven devices require large installa-
tion spaces. Consequently, flywheels are used primarily in military
vessels with electric propulsion [20]. In this paper, a battery and SC
design is applied to a hybrid energy system. The structure of a typ-
ical on-board hybrid energy system is shown in Fig. 1.

The main contributions of this paper are summarized as fol-
lows: (1) a mathematical description of the on-board PVOP that
considers both the ship’s integrated motion (SIM) and the sea
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conditions is proposed. (2) The proposed solution utilizing an SC
along with the battery is shown to stabilize the corresponding sec-
tion of the decoupled PVOP. (3) To determine both the capacity of
the SC and other relevant parameters, an optimal maximum semi-
periodic wave energy method is developed. (4) The proposed
method can be applied universally to other ships on other routes.

The rest of this paper is organized as follows. In Section 2, a
model of the ship’s movement is introduced. In Section 3, the
extraterrestrial solar irradiance is modeled. In Section 4, both the
total solar irradiance on the PV panels and the output power of
the PV units are modeled. In Section 5, the practicality of imple-
menting the proposed model is demonstrated. In Section 6, an opti-
mized on-board ESS is studied to investigate the effects of the
rocking motion on the battery, and a method for determining the
capacity of the SC is presented. Finally, a summary of the study
and our conclusions are provided in Section 7.
2. Model of ship motion

While operating at sea, ships sway because of waves, winds and
currents. When ships are considered rigid bodies, their movement
generally has six degrees of freedom (DOF): rolling, pitching, surg-
ing, swaying, heaving and yawing, as shown in Fig. 2. G� XbYbZb is
the moving coordinate system with respect to the ship, and the
ship’s center of gravity is the origin. O� XYZ is the coordinate sys-
tem moving along with the ship, with OXY located on the still
water surface and the direction OX representing that of the ship’s
velocity v . When the ship encounters waves, the coordinate system
does not sway along with the ship and still moves forward at its
average speed in the original direction. For simplicity, G and O
are assumed coincident. The O1 � ngf coordinate system uses the
Earth as a reference and is used to describe the wave, but it is
not depicted in the figures. Whenever the ship sways, the X-axes
of the two coordinate systems are coincident and the Xb -axis is
used as the rotation axis. The angle between the flat surfaces of
the moving coordinate system GYbZb and GYXZX is called the rota-
tion angle u. Similarly, pitching and yawing rotate around Yb and
Zb, respectively, and their corresponding roll angles are the pitch-
ing angle h and the yaw angle w.

Because of their limited motion damping, ships roll extensively
in wind and waves. The effect of rolling on the PVOP is mainly
studied in the paper. However, the other five types of ship motion
have little impact on rolling. As a result, their effects on the PVOP
can be neglected [13], and rolling motion is the focus of this paper.
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Fig. 2. Mathematical mod
Because of its complexity, models of ship motion involve a large
number of random factors. Therefore, it is assumed that the six
types of ship motion are mutually independent. When analyzing
rolling motion, the relationships between the roll and other
degrees of freedom is ignored [21]. In addition, the ship’s perfor-
mance with respect to waves includes the wind as well. Waves
are typically described using two-dimensional energy spectra
[22]. A model is established for rolling by defining the moment
of wave excitation as the sum of the moments of inertia, damping
and restoration. When the roll angle is small, the rolling motion of
the ship can be described using a linear model (i.e., Connolly’s
equation) [23]. However, for large roll angles, a linear rolling model
cannot reflect the rolling characteristics of the ship accurately.
Therefore, a nonlinear model is used to describe the rolling motion.
In this paper, we use the nonlinear model shown in the following
equation [24,25]:

ðJuu þ DJuuÞ €uþMDð _uÞ þ KRðuÞ ¼ QChvua0 sinxet ð1Þ

whereu, _u, and €u represent the roll displacement, angular velocity,
and angular acceleration, respectively. Juu and DJuu represent the
roll moment of inertia and the added moment of inertia, respec-
tively, QC is the displacement of the ship, h is the metacentric
height, a0 (�) is the wave slope angle, xe (rad=s) is the frequency
of encountering waves, and t is the time. In addition, MDð _uÞ and
KRðuÞ represent the nonlinear damping and restoration moments,
respectively, which are the primary factors in the nonlinear rolling
motion of the ship. Finally, vu is the compensation factor of the
wave slope angle, given by

MDð _uÞ ¼ A _uþ Bj _uj _u ð2Þ

KRðuÞ ¼ K1uþ K2u3 ð3Þ

vu ¼ vuT � vuB ð4Þ

where A and B are the damping coefficients obtained via ship model
experiments,K1 and K2 are coefficients determined by the static
characteristics of the vessel, vuT is the dynamic pressure correction
coefficient, caused by the draft finiteness, that depends on both the
ratio between the draft and the wavelength ðT=kÞ and the cross sec-
tion of the ship, and vuB is the correction coefficient originating
from the ship beam finiteness that depends on both the ratio
between the ship beam and the wavelength ðB=kÞ and the cross sec-
tion of the ship.
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Fig. 3. Schematic diagram of solar incidence angle.
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In this paper, a linearization method is used to solve Eq. (1). This
method consists of two parts: the nonlinear damping moment
ðMDð _uÞÞ linearization and the nonlinear restoring moment
ðMRðuÞÞ linearization. The damping moment linearization is solved
using the energy equivalence method. It is assumed that
M0

Dð _uÞ ¼ 2Ne _u is the equivalent linear damping moment of
MDð _uÞ. To ensure the same energy dissipation over equal periods,
this moment should comply withZ

2Ne _udu ¼
Z

ðA _uþ Bj _uj _uÞdu ð5Þ

Moreover, it is assumed that the particular solution of Eq. (1) is

u ¼ uasinðxt � eu�aÞ ¼ ua sinw ð6Þ
whereua is the roll response amplitude and eu�a is the phase differ-
ence between the roll angle u and the wave angle a. When the
course and speed of the ship are considered, then
x ¼ xe ¼ 2p

k ðc þ v cosvÞ, where c is the wave’s velocity and m is
the ship’s velocity.

Substituting Eq. (6) into Eq. (5), we obtain

2Ne ¼ 2Nuu þ 8
3p

uaxB ð7Þ

where 2Nuu ¼ Nuuð0Þð1þ 3:3FrÞ, Fr ¼ v=k
ffiffiffiffiffiffiffi
gLc

p
is the Froude num-

ber, g is acceleration due to gravity on Earth, Lc is the length of ship,
and Nuuð0Þ is the rolling damping coefficient when the ship has no
forward velocity, which can be via by ship model experiments.

By writing a Fourier expansion for the nonlinear term and omit-
ting portions of the higher order terms, we are able to restore the
nonlinear restoration moment:

KRðuÞ¼K1uþK2u3 �K1ua sinðxtþeu�aÞþ3
4
K2u3

a sinðxtþeu�aÞ

¼ ðK1þ3
4
K2u2

aÞua sinðxtþeu�aÞ ð8Þ

where K ¼ K1 þ 3
4K2u2

a is the coefficient of the linear roll restoration
moment.

After linearizing Eq. (1), we obtain

€uþ 2ve _uþ n2
eu ¼ n2

uvua0 sinxet ð9Þ

Where 2ve ¼ 2Ne
JuuþDJuu is a dimensionless roll damping coefficient,

ne ¼ Kuasinðwtþeu�aÞ
JuuþDJuu is the natural frequency of the motion roll, and

nu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

QCh
JuuþDJuu

q
is the natural frequency of the linear roll. Juu and

DJuu can be obtained via ship model experiments.
In Eq. (9), neither the damping moment coefficient nor the

moment of restoration is constant, but they can be expressed with
a polynomial that is related to the roll angle. Therefore, Eq. (6) is
substituted into Eq. (9), and then an iterative method is used to
solve it. The analytical solution of Eq. (9) is

ua ¼ n2
uae0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn2
e �x2Þ2 þ ð2veÞ2x2

e

q ð10Þ

eu�a ¼ arctan
2vexe

n2
e �x2

e
ð11Þ

where ae0 ¼ vua0 is the effective amplitude of the wave slope angle
and v is the course angle caused by both the ship and the wave.

Given all of this, it is clear that ship rolling is related not only to
the parameters Juu þ DJuu, Nuuð0Þ and K1, but also to parameters
that reflect environmental factors, such as c, v, v, Fr, and vu. By
solving the rolling equation, it is possible to obtain the roll angles
under various sets of environmental conditions.
3. Model of extraterrestrial solar irradiance on board

With further analyses and modifications, the model of extrater-
restrial solar irradiance on a motion ship can be introduced based
on the static model of PV panels.

3.1. PVPGE in a stationary situation

There is a static surface that is perpendicular to the solar beam
on a given date. Then the irradiance obtained from the sun on this
surface is named as En (W/m2). It can be expressed [26]:

En ¼ EscðRo=RÞ2 ð12Þ
ER ¼ ðR=RoÞ2 is substituted into Eq. (12) and then En ¼ Esc=ER is

obtained. Esc is the solar constant and its value equals 1367
W/m2. ER is the revised coefficient of Sun-Earth distance on a given
date. When the solar beam is not perpendicular to the given sur-
face, irradiance calculation needs to be revised. Solar incidence
angle on any surface is described in Fig. 3. Fig. 3 shows three
angles. If the given surface is a surface of PV panel, the angle
between PV panel and horizontal plane of the O1 � ngf coordinate
system is called the inclined angle or B (�). If the line connects the
center of the sun with any point of PV panels is called sun-PV line,
the angle between sun-PV line and normal PV panels is called inci-
dence angle or i (�). The angle between the projection line of nor-
mal PV panel on the ground and the south direction is called the
azimuth angle of PV panel or c (�). Its value is zero in the direction
of south, positive in the direction of west, and negative in the direc-
tion of east.

Extraterrestrial solar irradiance at any place and any time is
named E (W/m2) and can be expressed [27]:

E ¼ En cos i ð13Þ

cos i ¼ sinrc sinDu cosB� sinrc cosDu sinB cos c
þ cosrc cosDu cosB cosrl þ cosrc sinDu sinB cos c cosrl

þ cosrc sinB sin c sinrl ð14Þ
It is noteworthy that the value of E is zero when cos i 6 0. To

calculate the extraterrestrial solar irradiance on board, the basic
parameters, namely the solar declination angle xc [28], the
latitude Du where PV panels are located, the inclined angle of PV
panels B, the sun hour angle rlðrl ¼ fðLuÞÞ [29], and the azimuth
angle of PV panels c , should be calculated first. In addition, the
solar hour angle r is an expression of time, expressed in angular
measurement, usually degrees, from solar noon.
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3.2. PVPGE in a moving and rocking situation

If the time horizon is divided into small enough slots, the mov-
ing ship can be equivalent to static at each time slot. The model for
calculating extraterrestrial solar irradiance of static PV panels
described above can be used to obtain the extraterrestrial solar
irradiance of the moving PV panels. However, the parameters rc ,
Du, B, r and c should be corrected for a ship with integrated
motions.

Assuming that a ship begins its sailing at t0 hour, M month, D
day, Y year, and its cumulative day is N0. The coordinate of the
departure place is ðL0;D0Þ. The longitude L in the eastern hemi-
sphere is positive, and the latitude D in the northern hemisphere
is positive. Sailing speed is denoted by V0 (km/h). The longitude
and latitude of the place, where its local time is the standard time
of the time zone, is Ls0 and Ds0. Real-time latitude Lu, longitude Du,
azimuth angle c and the angle between PV panels and horizontal
plane B are modified and shown:
Hd=H ¼
1� 0:09kT ðkT 6 0:22Þ
0:9511� 0:1604kT þ 4:388k2T � 16:638k3T þ 12:336k4T ð0:22 6 kT 6 0:80Þ
0:165 ðkT > 0:80Þ

8><
>: ð21Þ
Lu ¼ L0 � ð180=pÞðV0=rÞðt=3600Þ sinðJDÞ ð15Þ

Du ¼ D0 � ð180=pÞðV0=rÞðt=3600Þ cosðJDÞ ð16Þ

c ¼ JD� 90
�

rolling and swing

JD pitching

(
ð17Þ

B ¼ u� Bc ð18Þ
where JD represents the sailing direction and its value is the angle
between the sailing line and the south direction, r is the average
radius of the earth and its value is 6371.39 km, Bc is the initial
incline angle of PV panels. Lan et al. [14] indicates that installing
the PV panels horizontally on deck is the optimal economic way.
Therefore, Bc is zero in this paper.

It is assumed that the PV panels lay symmetrically along the
ship’s axis. When the ship is not rocking and the initial angle of
incline of PV panels is zero in the sailing ship, B is zero. If the ship
is rocking, the rolling angle is the integration of sinusoidal angular
movement of different frequencies [30]. In a small enough period,
the variable parameters (i.e., winds, waves, ocean currents and
ship’s speed) can be regarded as constants, and the superimposed
motion can be approximately calculated in Section 2.

Then r can be revised via the changing latitude, longitude and
time, c can be revised via changing JD, xc can be corrected via
the sailing time, B can be replaced via u. Finally, the revised
parameters will be substituted in (14) and (13), and E of PVPGE
on a motion ship at any time can be determined.
4. Model of total irradiance on PV panels

Internal solar irradiance on a surface (W/m2) can represent the
total solar irradiance on a PV panel. Consequently, the Perez model
[31] is used to calculate the irradiance on the PV panels considered
in this study. This irradiance comes from three sources [33]: (1) the
direct solar irradiance on the panels, (2) the sky-diffuse reflection
irradiance, and (3) the ground- reflected irradiance. Thus, the total
irradiance can be written as [32]

HT ¼ HZ þ HS þ HF ð19Þ
where HT is the total solar irradiance on the PV panels, HZ is the
direct solar irradiance, HS is the sky-diffuse reflection irradiance
and HF is the ground-reflected irradiance.
4.1. Direct solar irradiance

By applying the model of total solar irradiance to the horizontal
PV panels, the total direct solar irradiance on the tilted PV panels
can be obtained. The total solar irradiance on the horizontal panels,
or H, can be expressed [33,34]

H ¼ Hb þ Hd ð20Þ

where Hb represents the total direct solar irradiance on these panels
and Hd represents the total irradiance of solar-diffuse reflection that
is incident upon them. The percentage of the Hd total solar irradi-
ance on the horizontal PV panels from Hd can be expressed as (21)
where kT ¼ H=E ð0 6 kT 6 1Þ [36] is the clearness index, which has
a value close to 1 when few clouds are obscuring the sunlight.

Because of the effects of the diffuse irradiance on the direct irra-
diance, HLZ is used to represent the modified total direct solar irra-
diance on the horizontal PV panels, given by

HLZ ¼ Hb þ HdA ð22Þ
where A is known as an anisotropy factor that is used to determine
the nearby solar scattering irradiance and can be calculated using
A ¼ Hb=E.

Based on the above analysis, the total direct solar irradiance on
the tilted PV panels, or HZ , can be calculated using

HZ ¼ ðHb þ HdAÞRb ð23Þ

Rb ¼ HZ=HLZ ¼ cos i= sin h ð24Þ

sinh ¼ sinDu sin Ec þ cos Ec cosDu cosx ð25Þ
where h is the solar elevation angle and Rb is the ratio of the solar
direct irradiance on the tilted PV panels to the direct solar irradi-
ance on the horizontal PV panels.

4.2. Sky diffuse and ground reflected irradiance

The sky-diffuse and ground-reflected irradiances on the tilted
PV panels can be calculated with

Hs ¼ Hdð1� AÞ½ð1þ cosBÞ=2�½1þ
ffiffiffiffiffiffiffiffiffiffiffiffi
Hb=H

p
sin3ðB=2Þ� ð26Þ

HF ¼ qg ½ð1� cosBÞ=2�H ð27Þ
where qgis the surface reflectivity, with values of 0.2 on land and
0.6 at sea.

The total solar irradiance on the tilted PV panels can be acquired
by inserting Eqs. (23), (26) and (27) into Eq. (19). The PVOP can be
described by [35]

Ppv ¼ Ypv � f pv � HT=HT;STC ð28Þ
where Ypv (W) is the rated capacity of the PV panels, f pv (%) is
their derating factor, and HT is the total solar irradiance on them.



Table 1
Latitudes and longitudes between Shanghai and Sydney.

Places Longitude Latitude

A. Shanghai E 121.95� N 30.90�
B. Yap E 138.60� N 5.26�
C. Between New Ireland and Bougainvillea E 155.11� S 12.40�
D. Sydney E 153.14� S 24.63�

Table 2
Parameters in the simulation.

Parameters Symbol Value

Ship parameters Length Lc 116 m
Width Wc 18 m
Depth Dc 8.35 m
Displacement Qc 5878.8t
Waterline coefficient Cw 0.5595
Actual depth of the draft d 5.4 m
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In addition, HT;STC is the irradiance under standard test conditions,
equal to 1000W/m2.

Based on the information presented in Sections 2–4, a mathe-
matical description of the PVOP is obtained. When a ship is sailing,
its motion simultaneously includes its forward velocity and sway-
ing based on the collective influence of both its own design factors
(e.g., Juu þ DJuu, QC , and h) and the marine environmental factors
(e.g. c;xe;v; and v). As the ship’s PV panels are fixed on its deck,
they follow the movement of the ship. In Section 2, the roll angle
u was obtained to model the ship’s motion. In addition, in Sec-
tion 3, a mathematical model of the ship’s moving based on the
parameters rl, c, rc , and u (B) was introduced. Therefore, the
extraterrestrial solar irradiance (E) can be obtained for any place
and time along the ship’s route. In Section 4, a model consisting
of HZ , HS, and HF was established that related the rolling parameter
B and the motion parameters cos i, rc , Du and Du influence of the
surrounding environment on the PVOP can be accurately described
using these mathematical models.
Voyage information
of starting point

Year Y 2015
Mouth M 10
Day D 2
Latitude L0 E 122�
Longitude D0 N 31�
Sailing speed V0 15 kn
Heading direction JD0 –33

Irradiance on PV panels Solar constant Esc 1367W/m2

Earth radius r 6371.39 km
Clearness index KT 0.8
Surface reflectance qg 0.6

Table 3
PV data.

Efficiency 0.17
PV panel area 1.25 m2

Lifetime 25 year
Replacement cost $1500/kW
Installation cost $1800/kW
5. Model validation and case analysis

To verify the validity of the proposed model, three scenarios
based on a shipping route between Shanghai, China (A) and Syd-
ney, Australia (D), shown in Fig. 4, are considered in calculating
the PVOP. In addition, the geographical location, weather, time fac-
tor, marine environment, and specific characteristics of the solar
hybrid-energy ship are considered along the route. Comparisons
are made to demonstrate the influence of the SIM on the PVOP.

The relevant marine environment data are obtained from [37].
The shipping route takes a total of twelve days, and the latitudes
and longitudes of places between Shanghai and Sydney are listed
in Table 1. The system parameters used in the simulation are
shown in Table 2, and the PV data is listed in Table 3.

To facilitate comparisons, three scenarios are considered in cal-
culating the PVOP: Scenario A (swing), in which the PV panels
undergo SIM (forward moving and rocking) over the route, Sce-
nario B, in which the PV panels encounter steady (forward moving
only), and Scenario C (starting), in which the PV panels are fixed in
ShangHai A

Austrila D

B

C

Fig. 4. Shipping Route between Shanghai and Sydney.



Fig. 5. The PV unit power in three scenarios (swingnsmoothnstarting).
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place as the ship is docked. To simplify the simulation scenarios,
the solar ship begins sailing from Shanghai to Sydney at 0o’clock
on October 2nd, 2015, and this is used as the starting time for
the simulation calculations. To verify the validity of the proposed
model and reveal the differences between scenarios, it is assumed
in this section that 1-kw-capacity PV panels are used on the ships.
The output power of the PV units under these three scenarios is
simulated, and the results are shown in Fig. 5.

At the beginning of the trip, the direct solar irradiance point is
slightly south of the Equator, because the date is October 2nd,
2015. This point continues moving slowly south. When the ship
gets closer to the direct solar irradiance point, both the amount
of extraterrestrial solar irradiance it encounters on sunny days
and the maximum daily output power (Pmax) increase. Fig. 5 shows
that the maximum daily powers output by the PV panels in Scenar-
ios A and B are larger than that of Scenario C. Suppose that no sud-
den weather changes occur during the voyage. For Scenarios A and
B, the maximum power Pmax continues increasing until the ship
arrives at the direct solar irradiance point, where Pmax achieves
its highest value. After that, Pmax begins decreasing, but it remains
larger than that of Scenario C. The changes in the PV unit power for
the three scenarios are consistent with what actual occurs.

The PVOP curve over the 1080 s between 11:42 and 12:00 on
the first day of the trip is shown in Fig. 6 and illustrates that its
value fluctuates along with the rocking motion. If the ship under-
goes constant moving without rocking (i.e., Scenario B), the PVOP
increases smoothly, without fluctuations. The change in the ampli-
tude of the PVOP indirectly reflects the change in the roll angle
Fig. 6. PVOP curve under the three sc
under various operating and marine conditions. The fluctuation
of the PVOP with respect to the green line is similar to the rolling
motion that rotate around the axis OXb. The maximum PV power is
0.189 kW under standard irradiance conditions (25 �C and,
1000W/m2). The PV power in Scenario A is denoted by Py, and,
similarly, the PV power in Scenario B is denoted by Pk Fig. 6 shows
the results Fig. 5 in greater detail. The percentage difference
between Py and Pk on the first day is presented in Fig. 7. As shown
in the figure, the power fluctuations that occur between 8:00 and
14:00 are lower than 20%, while the PVOP varies greatly at both
sunrise and sunset. These differences are influenced by cosi, and
the percent difference that originates from Pk. cosi is large between
8:00 and 14:00. Although Pk is much larger than Py � Pk, it is not
large enough to cause a large percent difference between Py and
Pk. Similarly, cosi causes smaller differences at sunrise or sunset,
but the difference between Pk and Py � Pk is also small. Therefore,
a large percent difference is obtained. Fig. 6 shows that the power
fluctuates frequently, which indicates that the storage device con-
nected to the PV panels may frequently alternate between charging
and discharging. If the energy storage consists entirely of batteries,
their aging will accelerate due to frequent charging and discharg-
ing [16]. Therefore, the power fluctuations obtained in this paper
should be considered to avoid the risk of accelerating battery
aging.

The total amount of energy generated by the PV units over the
(twelve-day) trip under each of the three scenarios is shown in
Fig. 8, with the columns representing the energy generated daily.
The direct solar irradiance point is slightly south of the equator,
enarios (swingnsmoothnstarting).



Fig. 7. The percentage of difference between Py and Pk during the voyage.
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because the trip begins in October. Therefore, the ship first
approaches the perihelion before moving away from it. The energy
generated daily and the total power produced over entire trip in
Scenario A are represented by Qy and Qyall, respectively. Similarly,
the corresponding variables for Scenario B are Qk and Qkall, and
those for Scenario C are Qs and Qsall. It is assumed no sudden
weather changes take place during the trip.Qy andQk first increase
and then gradually decrease, and the value of Qy is always lower
than that ofQk. In Scenario C, although the ship is always in Shang-
hai harbor,Qs decreases with time, as the sun moves slowly south-
ward over the twelve days.

Similarly, based on a large data set of simulation results for
diverse marine environments, the ranges of the total generated
energy for theother three seasonsareobtainedandshown inTable4.

The simulation results provided above indicated that the total
difference between Qyall and Qkall is small. Using PV panels with
the same capacities, the results calculated for integrated motion
are similar to those of moving along with respect to both energy-
saving and emission-reduction. Moving has a low computational
Table 4
Total generated energy of PV units in four seasons during navigation.

1.2–1.13 (Winter) 3.30–4.10 (S

Qyall (kW h) [15.829, 15.981] [15.573, 15.5
Qkall (kW h) [15.837, 16.256] [15.583, 15.8
Qsall (kW h) [10.363, 11.270] [15.842, 16.1
(Qyall - Qkall)/ Qkall (%) [�1.690, �0.036] [�1.70, �0.0
(Qyall - Qsall) / Qsall (%) [41.8, 52.75] [�7.4, �3.46
complexity. Therefore, the economic benefits of the PV on board
can be estimated by calculating the results of such motion. How-
ever, frequent power fluctuations occur in Scenario A on the basis
of the PV power used in Scenario B. In addition, the amplitudes of
the power fluctuations vary. If a battery is applied to stabilize these
fluctuations in the PV panels, it may both increase the frequency of
the discharge cycles and accelerate the aging of battery to some
extent.

6. Capacity selection of energy storage and discussion

6.1. Method of decoupling PV power

The results provided above indicate that the PVOP differs
under various scenarios. The differences between the PVOPs in
Scenarios A and B are mainly caused by power fluctuations.
The power in Scenario A, or Py, varies more frequently. Py can
be generally regarded as a combination of the power in Sce-
nario B, or Pk, (which is determined by both the intermittency
and the randomness of the PV generation) and the power fluc-
tuations (or Py � Pk) associated with ship rocking. A battery was
added to absorb Pk, and its capacity of the battery was calcu-
lated in [13]. If a ship is not equipped with certain specialized
equipment for absorbing Py � Pk, the frequent and shallow bat-
tery charge and discharge accelerates its aging to some extent,
increases the cost of replacing energy storage devices, and
reduces overall efficiencies of both PVPGE and hybrid energy
systems [38]. Therefore, it is not reasonable to adopt batteries
alone for energy storage in ship power systems with PVPGE.
In our study, an SC is used to absorb the power fluctuation
caused by rocking.

6.2. Method of calculating SC

Assuming that both moving and rocking coexist while a ship is
sailing, the capability of the SC ðCscÞ is considered for Scenario A
pring) 6.30–7.11 (Summer) 10.2–10.13 (Autumn)

8] [14.116, 14.980] [16.204, 17.210]
49] [14.129, 15.220] [16.204, 17.500]
32] [18.677, 19.200] [12.819, 14.368]
7] [�1.60, �0.102] [�1.71, �0.033]
5] [�26.9, �24.424] [13, 26.398]



Table 5
SC and battery data.

Parameters SC Battery (LiFePO4)

Life time 25 years 5 years
Cost of investment $7.56/monomer $42/kW h
Cost of replacement – $42/kW h
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alone. The method of determining Csc used in [38] is applied in this
paper. Based on [39], the capability of the SC is determined as
follows:

Psc;rated P maxðjPscðtÞjÞ ð29Þ

DEsc ¼ max
Z t2

t1
ðPk � PyÞdt

����
����;

Z t3

t2
ðPk � PyÞdt

����
����; . . .

� �
ð30Þ

Vref ¼ Vsc;max=
ffiffiffi
2

p
ð31Þ
Table 6
Parameters in four seasons during navigation.

Sea state levels Significant wave height (m)

Spring [4,5] [1.7, 2.6]
Summer [3,6] [0.9, 3.9]
Autumn [2,6] [0.5, 3.6]
Winter [4,5] [1.4, 2.8]

Fig. 9. The curve of differen
Esc;rated ¼ DEsc=0:75 ð32Þ

Csc;min ¼ 2Escrated=V
2
sc;max ð33Þ

where Psc;rated is the rated power of the SC, which should be higher
than the power it needs at each time step, DEsc is the maximum
value of all of the total energy, Vsc;max is the rated voltage of the
SC, and Vref is the reference voltage. Eq. (32) ensures that the SC’s
utilized energy is only 75% of the total available energy. Finally,
Csc;min is the capacity of the SC.

6.3. Optimized energy storage design and discussion

To analyze the impact of the rocking motion on the battery, the
optimal ESS for a ship is investigated to minimize both economic
costs and carbon emissions. There are three methods of optimizing
the ESS when PV panels of the same capacity are used, which are
based on the ship’s type and its route, as mentioned in Section 5.
Method 1 adopts multi-objective particle swarm optimization
without considering the swing of the ship. Method 2 adopts the
Mean wave period (s) Wind speed (m/s) Speed of ship (kn)

[8.3, 10.6] [7.7, 10.8] [14,18]
[7.4, 11.0] [5.4, 12.1] [15,19]
[8.1, 11.2] [3.4, 8.9] [14,18]
[4.7, 9.3] [6.5, 11.4] [12,18]

ce between Pk and Py .
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interval optimization from [15], which considers the ship’s swing.
Meanwhile, the roll angle is 16� and the roll period is 20 s. The ESSs
of Method 1 and 2 utilize only batteries. In this paper, both a
decoupling method and the maximum semi-periodic wave energy
are proposed for considering the swinging of a ship (Method 3).
The ESS of Method 3 consists of an SC and batteries. The PV power
caused by integrated motion is decoupled into two parts: Pk and
Py � Pk, which is associated with ship rocking. The SC is used to sta-
bilize the value of Py � Pk via maximum semi-periodic wave
energy, and the batteries are used to stabilize the value of Pk via
multi-objective particle swarm optimization. The technical
parameters of both the SC and the battery are listed in Table 5.
The other relevant equations and parameters regarding the eco-
nomic cost and the carbon emissions can be found in [13].

Some of the main parameters influencing the PVOP are the sea-
state levels, significant wave heights, wind speed, and so on.
Changes in these factors result in SC capacity variations. Therefore,
the parameters relevant to the ‘‘Shanghai-Sydney” route men-
tioned in Section 5 are segmented statistically, and their represen-
tative ranges are obtained in [37]. Table 6 shows the ranges of the
influential parameters along the route from A to B. The significant
wave heights, generally increases as the wind speed increases. In
addition, the route is affected to a greater extent by the wind in
both the summer and the winter. For the parameter range of Sce-
nario A, shown in Table 6, the Latin hypercube sampling method
[40,41] is used for generating the simulated environment of the
ship as it navigates, and the size of the SC is calculated for different
scenarios.

The results show that the parameters that require the maxi-
mum SC size are a sea-state level of 6, a significant wave height
of 3.8 m, and a wind speed between 10.4 m/s and 10.9 m/s in sum-
mer. The difference between Pk and Py with respect to time inte-
gration is the energy released or absorbed by the SC, shown in
Fig. 9. Fig. 9(a) shows the difference between Pk and Pyover the
ship’s entire trip, and Fig. 9(b) shows the semi-periodic wave
energy of the SC for the maximum moment. InFig. 9(b), the green
portion indicates the released energy and the orange portion indi-
cates the absorbed energy.

The DC bus voltage is 220 V, and the SCs are connected to the
DC bus in parallel. Based on the difference between Pk and Py over
the 12-day voyage, DEsc is 16754.04 J. The SC used is MAXWELL:
BCAP0050 P270 T01, with a monomer-rated voltage of 2.7 V, an
absolute maximum current of 27 A, and a rated capacitance of
50 F. A total of eighty SC monomers are connected in series to form
a group, and the group is then connected in parallel to form an SC
tank. It is estimated that the total mass of the SCs is 1.04 kg, and
their total volume is 80	 9 mm2 	 41 mm.

Table 7 presents the annual capital cost of the ESS and the PV
cost associated with the optimal ESS capacity for Method 1, 2
and 3.

Table 7 allows the optimal capacities of the three cases to be
compared. The ESS cost of Method 1 is $ 505, which is lower than
those of Methods 2 and 3. Because Method 1 does not consider the
effects of rolling motion on the PV power, the capacity of the ESS
cannot absorb the total PV power. In addition, the rolling motion
Table 7
Comparison of optimal capacity in three methods.

Method 1 Method 2 [15] Method 3

PV size (kW) 51.75 51.75 51.75
ESS capacity (kW h) 24 [31.92, 36.97] 24
SC capacity (F) – – 0.462
PV cost ($) 16001.61 16001.61 16001.61
SC cost ($) – – 56.64
ESS cost ($) 505 [672.7, 777.92] 561.64
can increase the number of battery replacements required during
the trip, primarily because rocking increases the frequency of alter-
nation between battery charging and discharging. Comparing
Methods 2 and 3, Method 3 achieves a reduction in the ESS battery
capacity of between approximately 24.8–35.0%. In addition, the
annual ESS capital cost can be reduced by approximately 16.5–
27.8%. Over a longer period, the SC can decrease the number of
replacement times of the battery, because it has a long life-span
compared to the battery. Therefore, the proposed binary energy
storage scheme outperforms the ESS (which contains only battery)
in improving the economical operation of the ship’s power system.
7. Conclusions

In contrast to PV arrays mounted on land, the PVOP on ships is
affected by their rocking, which produces power fluctuations with
periods of approximately 10–20 s. This causes the actual usable
capacity of the battery to degrade from its theoretically predicted
value. In addition, the characteristics of PV generation on ships
are studied by establishing a mathematical model that considers
both the SIM and the actual sailing parameters. Then, based on
these characteristics, the paper proposes both a PVOP-decoupling
process and an SC-configuration method utilizing the maximum
half-cycle fluctuation energy. Finally, the validity of the method
is verified by simulating its performance on a shipping route
between Shanghai and Sydney.

The major conclusions of this study can be summarized as fol-
lows: (1) the rolling motion of a hybrid solar ship negatively affects
its battery capacity. Therefore, an optimal ESS design should be
considered; (2) rolling causes periodic fluctuations in PV genera-
tion, and the characteristics of these fluctuations (including the
period and the amplitude) change constantly with respect to both
the ship’s navigation and the marine conditions; (3) decoupling the
PVOP and determining the capacity of its SC based on the maxi-
mum half-period is a practical solution to these problems. The
results of the study provide new insights for scientific planning,
the allocation of economic dispatch and power regulation for green
ships with ESSs.
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