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a b s t r a c t

In 2009, Energy Efficiency Design Index (EEDI) of ship was developed to reduce greenhouse

gas emissions discharged from ship, and solar energy utilization on the ship can reduce

fuel consumption and greenhouse gas emissions of ship. Considering different correlation

parameters and energy conversion efficiencies of photovoltaic devices, availability factors

of solar energy for new building ships were studied, and the effects of different latitudes,

declination angles, hour angles and bevel angles were also analyzed in the paper. With

solar energy employing as auxiliary power of ship at 39.1� of north latitude, its energy

conservation and emissions reduction value were concluded with the proposed availability

factors formula. Solar energy utilization on the ship is proved one pathway to meet the

requirement of greenhouse gas emissions discharged from ship by International Maritime

Organization (IMO).

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

With the development of global trade and shipping industry,

global fuel consumption by shipping is increasing year by year

[1]. Marine fuels using for ships contain marine diesel oil

(MDO), medium fuel oil (MFO), heavy fuel oil (HFO), liquefied

natural gas (LNG) and other fossil fuels, and many pollutant

emissions including carbon dioxide (CO2), nitrogen oxide

(NOx), sulfur oxides (SOx) and particulate matter (PM) are

discharged in their combustion processes. According to the

greenhouse gas (GHG) studies by International Maritime Or-

ganization (IMO) in the year of 2014 [2], CO2 emission dis-

charged from ships was 2.5% of global greenhouse gas

emissions, and the value will be expected to rise to 5% by the

year of 2050. In the shipping developed areas and ports, ship

power plants or marine diesels have become the primary

source of pollutant emissions for the local atmosphere [3e6].

CO2 emission from ship is directly related to energy effi-

ciency of ship power plants or marine diesels, and can also be

calculated as fuel consumption multiplied by a fuel carbon

factor. In the year of 2009, Energy efficiency design index

(EEDI) for new ships was proposed to assess energy efficiency

and CO2 emission of ship power plant ormarine diesel, and its

calculate formula was revised by IMO after two years [4]. Ac-

cording to the regulation of EEDI for new ships, all ships built

after 2013 with 400 gross tonnage and above must meet the

minimum standard of energy efficiency, and the ships must

archive 10% more efficient (equaling to CO2 emission reduc-

tion) from 2015, 20% more efficient by 2020 and 30% more

efficient from 2025 [7,8]. Consequently, new energy and

energy-saving technologies of ships must be innovated and

developed by ship designer and builder, by which new build-

ing ships can meet higher energy efficiency standards in the

future [9]. As a clean and renewable power source, solar
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energy is used to assist shipping, leading to reduce fuel con-

sumption and pollutant emissions of ship [10,11].

In this paper, availability factor of solar energy for ship was

studied, and the effects of different latitudes, declination an-

gles, hour angles and bevel angles were also analyzed in the

paper. And then when solar energy is used as auxiliary power

of ship, its fuel save and emission reduction rate were also

calculated, by which solar energy was proved an effective

method to meet the IMO EEDI requirement.

Energy efficiency design index (EEDI) for new
ships

According to the draft guidelines on themethod of calculation

of the energy efficiency design index (EEDI) for new ships, EEDI

can be expressed in grams of CO2 per ship's capacity-mile, and

its equation is as following [12]:

FEEDI ¼ EME þ EAE þ EEF � ERE

fi,Vcapacity,Vref,fw
(1)

where FEEDI is the energy efficiency design index (EEDI) for

new ships; EME is the CO2 emission frommain engines; EAE is

the CO2 emission from auxiliary engines; EEF is the CO2

emission from shaft generators and motors; ERE is the CO2

emission reduction by energy saving technologies for main

powers; fi is the correction factor for ship specific design

elements; Vcapacity is the deadweight Tonnage (DWT) rating

for bulk ships and tankers; Vref is the ship speed at

maximum design load condition; fw is the coefficient indi-

cating the decrease in ship speed due to weather and envi-

ronmental conditions.

In the above equation, EEDI value of ship mainly depends

on the shipping speed, dead-weight and rated power of ship.

Molecules of above equation can be divided into two parts:

CO2 emission from main and auxiliary engines and CO2

emission reduction by adopting new energy-saving technol-

ogies. And the denominator is ship's dead-weight multiplied

by the corresponding shipping speed, and is also revised

by decrease coefficient and capacity adjustment factor of ship.

In the formula, CO2 emission from main engines can be

expressed as following:

EME ¼
0
@YM

j¼1

fj

1
A XnME

i¼1

PMEðiÞ,CFMEðiÞ,SFCMEðiÞ

!
(2)

where fj is the capacity adjustment factor for any technical/

regulatory limitation on the capacity; PME(i) is the individual

power of main engines; CFME(i) is the main engine individual

fuel factors for CO2 emission; SFCME(i) is the specific fuel con-

sumption of individual main engine.

CO2 emission from auxiliary engines can be expressed as

following:

EAE ¼ PAE,CFAE,SFCAE
* (3)

where PAE is the combined installed power of auxiliary en-

gines; CFAE is the auxiliary engine fuel factor for CO2 emission;

SFCAE* is the specific fuel consumption of auxiliary engine

adjusted for shaft generators.

CO2 emission from shaft generators and motors can be

expressed as following:

EEF ¼
0
@YM

j¼1

fj,
XnPTI
i¼1

PPTIðiÞ �
Xneff
i¼1

feffðiÞ,PAEeffðiÞ

1
ACFAE,SFCAE (4)

where PPTI(i) is the power of individual shaft motors divided by

the efficiency of shaft generators; feff(i) is the availability factor

of individual energy efficiency technologies; PAEff(i) is the

auxiliary engine power reduction due to individual technolo-

gies for electrical energy efficiency; CFAE is the auxiliary engine

fuel factor for CO2 emission; SFCAE is the specific fuel con-

sumption of auxiliary engine.

CO2 emission reduction by energy saving technologies for

main powers can be expressed as following:

ERE ¼
Xneff
i¼1

feffðiÞ,PeffðiÞ,CFME,SFCME (5)

EEDI of ship can be optimized by using new energy

(including solar and wind energy) and energy saving tech-

nologies (including diesel engine and propeller design opti-

mization). And no-dimensional factors were proposed and

added to the EEDI equation account for specific existing or

anticipated technologies. According the EEDI equation, new

energy used on the ship can be evaluated by availability factor

of individual energy efficiency technologies. However, new

energy such as solar and wind energy is often used as auxil-

iary power source with the purpose of reducing fuel con-

sumption and CO2 emissions of ship nowadays.

Availability factor of solar energy for ships

Radiant energy of sun to the earth can be assumed as a con-

stant value, but solar energy utilization is limited by astro-

nomical conditions, geographical conditions, physical factors

and geometric factors. And availability factor of solar energy is

used to evaluate solar energy efficiency for ships. The factor

can be expressed as actual utilization rate of solar energy

multiplied by conversion efficiency of photovoltaic system,

and its equation is as following [13]:

feffðsolarÞ ¼ Hs

H0
� h (6)

where feff(solar) is the availability factor of solar energy for ships;

Hs is the solar radiation on the inclined plane surface in an

hour, MJ/(m2$h); H0 is the solar radiation outside the atmo-

sphere in an hour, MJ/(m2$h); h is the conversion efficiency of

photovoltaic system, and was set as 0.18.

Solar radiation outside the atmosphere

Solar radiation outside the atmosphere can be archived by

solar constant, and solar constant can be defined as quantity

of solar radiation at normal incidence outside the atmosphere

at the mean sun-earth distance. And solar radiation outside

the atmosphere can be expressed as followings [13]:

H0 ¼ 24� 3600ISG
p

�
1þ 0:033 cos

�
360nday

365

��
cos qz (7)
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