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Abstract

In the paper is described, and applied in some case studies, a complete
methodology for the estimate of air pollutant emissions from ships in port
environment and in navigation.
The following pollutants are take into account: Nitrogen oxides, Sulfur oxides,
and Carbon monoxide, Volatile Organic Compounds, Paniculate matter, Carbon

dioxide.
The paper introduces a schematic representation of ship traffic, from the point of
view of consumption and emissions, subdividing the operation in: cruising,
maneuvering, hotelling and tanker offloading. The emissions are estimated from
daily fuel consumption, days spent in the different operations and average
pollutants emission factors. The paper report regression formulas on fuel
consumption at full power vs. gross tonnage (measured in line with the 1969
International tonnage convention) for each ship class and fraction of maximum
fuel consumption in different operation mode.
The following classification of ships by type is used for fuel consumption
evaluation: solid bulk, liquid bulk, general cargo, container, passenger/ro-
ro/cargo, passenger, high speed ferries, inland cargo, sail ships, tugs, fishing,
other.
Default emission factors are introduced for steam engines, high speed motor
engines, medium speed motor engines, slow speed motor engines, inboard
pleasure engines, outboard engines, tanker offloading engines.
Case studies of high Tyrrhenian Sea ports of Genoa, Savona, La Spezia, Imperia,
Livorno, Marina di Carrara, Piombino and Portoferraio are discussed. The
specific port studies has been realized in the frame of Regional Air Pollutant
Management Plans.
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244 Maritime Engineering and Ports

Methodology

The methodology was developed in the framework of MEET Project
(Methodologies for estimating air pollutant emissions from transport),
project funded by the European Commission under the transport RTD
program of the 4th framework program [ 1,2].
In shipping activity it is customary to distinguish between (a)
approaching and docking in harbours; (b) hotel ling in harbours; (c)

departing from the harbour; (d) cruising. Phase (a) starts when the ship's
deceleration begins and ends at the moment of the docking, while phase
(c) starts with departure from the berth and ends when cruising speed has
been reached.
From a consumption and emissions point of view, there are two
manoeuvring phases (a) and (c), one hotel ling phase (b) and one cruising
phase (d). After its arrival in harbour a ship continues to emit at dockside
(while in the hotelling phase). Power must be generated in order to
supply the ship's lighting, heating, refrigeration, ventilation, etc. A few

steam ships use auxiliary diesel engines to supply power but they
generally operate one or more main boilers under reduced load. Ships
powered by internal combustion engines normally use diesel powered
generators to furnish auxiliary power.
For liquid bulk ships must be also take into account power requirements
of the cargo pumps for tanker off-loading and of the ballast pumps for
tanker loading. In smaller tankers the pumping power requirement will
add to the electrical load whereas for larger tanks steam turbine driven
pumps are generally used (even on motor tankers) with a consequent
boiler load. As these power requirements can be relatively high the
emissions will be separately estimated.
In order to estimate emissions in a detailed manner it is necessary to
known:
• statistics on navigation (along a line and in ports) reporting GT and

fuel use distribution of ships and average times spent in different

mode;
when the previous ones are not available:

• statistics compiled directly from the register of single ship
movements to obtain detailed estimate of emissions;

or
• approximate distribution of ships and general statistics of

movements to obtain gross estimate of emissions.
From such information is then possible to estimate the number of
working days in the different mode for each class of ships equipped with
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Maritime Engineering and Ports 245

different engines type and using different fuel.
The following pollutants are take into account: Nitrogen oxides, Sulfur
oxides, Carbon monoxide, Volatile Organic Compounds, Paniculate

matter, Carbon dioxide.
The emissions are obtained as:

Ej = %jklm Eijklm
with

Eijklm = Sjkm(GT) • tjkim ' %m

where:
i pollutant
j fuel
k ship class for use in consumption classification
1 engines type class for use in emission factors characterization
in mode (cruising, maneuvering, hotelling and tanker offloading)

EJ total emissions of pollutant i
Ejjkim total emissions of pollutant i from use of fuel j on ship class k

with engines type I in mode m
Fjjim average emission factors of pollutant i from fuel j in engines

type I in mode m (for SOx, taking into account average sulfur

content of fuel)
GT gross tonnage
Sjkm(GT)daily consumption of fuel j in ship class k in mode m as a

function of gross tonnage
tjkim days in navigation of ships of class k with engines type I using

fuel j in mode m

Emission factors

A complete review of all the emission factors available in literature is

the basis of the following selected factors [3-19].
Table 1 reports on default emission factors proposed for the cruising
phase, Table 2 proposes emission factors for the manoeuvring phase,
Table 3 proposes emission factors for the hotelling phase (where inboard
pleasure craft and outboard craft emissions are negligible) and, finally,
Table 4 proposes emission factors for tanker loading and off-loading.
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246 Maritime Engineering and Ports

Table 1 - Proposed cruising emission factors (kg/ton of fuel)

Engine types

Steam turb. - residual oil
Steam turb. - distillate oil
High speed diesel engines
Medium speed diesel eng.
Slow speed diesel engines
Gas turbines
Pleasure - Inboard diesel
Pleasure - Inboard gasol.
Outboard gasoline engines

M%

6.98
6.25
70
57
87
16
48

21.2
1.07

Table 2 - Proposed manoeuvring em

Engine types

Steam turb. - residual oil
Steam turb. - distillate oil
High speed diesel engines
Medium speed diesel eng.
Slow speed diesel engines
Gas turbines
Pleasure - Inboard diesel
Pleasure - Inboard gasol.
Outboard gasoline engines

WO%

6.11
5.47
63
51
78
14
48

21.2
1.07

Table 3 - Proposed hotelling emissio

Engine types

Steam turb. - residual oil
Steam turb. - distillate oil
High speed diesel engines
Medium speed diesel eng.
Slow speed diesel engines
Gas turbines
Pleasure - Inboard diesel
Pleasure - Inboard gasol.
Outboard gasoline engines

7VO%

4.55
3.11
28
23
35
6

neg.
neg.
neg.

CO

0.431
0.6
9

7.4
7.4
0.5
20

201
540

ission fa

00

0.19

027
34
28
28
1.9
20
201
540

n factors

CO

0
0.6
120
99
99
7

neg.
neg.
neg.

CO2

3200
3200
3200
3200
3200
3200
3200
3200
3000

ctors (k̂

002

3200
3200
3200
3200

3200
3200
3200
3000
3000

(kg/ton

CO2

3200
3200
3200
3200
3200
3200
neg.
neg.
neg.

f/OC

0.085
0.5
3

2.4
2.4
0.2
26

13.9
176

2/ton of

KOC

0.85
5.0
4.5
3.6
3.6
0.3
26

13.9
176

of fuel)

KOC
0.4
0.5
28.9
23.1
23.1
1.9

neg.
neg.
neg.

PM

2.50
2.08
1.5
1.2
1.2
1 . 1

neg.
neg.
neg.

fuel)

PM

2.50

2.08
1.5
1.2

1.2
1 . 1

neg.
neg.
neg.

PM

125
2.11
1.5
1.2
1.2
1 . 1

neg.
neg.
neg.

Ô.v

20s
20s
20s
20s
20s
20s
20s
20s
20s

Ô%

20s

20s
20s
20s
20s
20s
20s
20s
20s

5"O%

20s
20s
20s
20s
20s
20s
neg.
neg.
neg.
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Maritime Engineering and Ports 247

Table 4 - Proposed tanker loading and off-loading emission factors

(kfi/ton of fuel)

CO CO2 KOC fM

Tanker loading / off-loading 12 ] 3200 0.01 2.11 20s

Specific fuel consumption

The entire world fleet consists of 86,000 vessels. Approximately 50% of
these vessels are cargo carrying vessels (an estimated 40,000) whereas
many of the other vessels are small non-cargo carrying vessels such as

fishing vessels (over 22,000) and tugs (over 9,000).
In the database used by Lloyd's Maritime Information Services Ltd. there

are approximately 15,000 vessels with fuel consumption data.
Approximately 11,000 of these vessels have tonnage measured in

concordance with the 1969 International Tonnage Convention and are

those referred to in the statistical analysis.
The following elaborates data of fuel consumption at full power. In
particular, a regression analysis has been made on fuel consumption vs.
gross tonnage for each ship class with the exception of inland navigation
(for which data on general cargo must be used). The data are highly
correlated (r > 0.68 for all cases) and all regressions are significant on a
confidence level greater than 99%. Table 5 contains the derived

functions.

Table 5 - Consumption at full power (t/day) versus gross tonnage

Ship types
Solid bulk
Liquid bulk
Gen. Cargo
Container
Passenger./RoRo/Cargo

Passenger
H.sp. ferry
Inland cargo
Sail ships
Tugs

Con

Cjk
Cjk
Cjk
Cjk
Cjk
Cjk
Cjk
Cjk
Cjk
Cjk

SlA

—

unption

20.1864
14.685 H
9.8197 -i
8.0552 H
12.834 H
1 6.904 n
39.483 -
9.8197-
.42682 -
5.6511 -

- .00049
- .00079
r .00143
h .00235
h. 00 156
0̂0198

i- .00972
H .00143
k. 00 100
^ .01 048

* GT
* GT

*GT
* GT
* GT
* GT
* GT
* GT

The effective fuel consumption can be obtained as:
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248 Maritime Engineering and Ports

Sjkm (GT) = C|k (GT) =' p,,i

where:

Cjk (GT) daily consumption at full power of fuel j in ship class k as a
function of gross tonnage

p,n fraction of maximum fuel consumption in mode m
The default fraction of Table 6 can be used for the different mode. For
tanker loading and off-loading a fuel consumption of 0.7 kg/ton of

product or ballast offloaded can be used as default [9].

Table 6 - Fraction of maximum fuel consumption by different mode

Mode

Cruising
Manoeuvring
Hotel ling default

passenger
tanker
other

Tug: ship assistance

moderate activity
under tow

fraction

0.80
0.40
0.20
0.32
0.20
0.12
0.20

0.50
0.80

High Tyrrhenian Sea case study

In the following the results of case study on high Tyrrhenian Sea ports
and navigation lines are reported. In Table 7 the total emissions of main
pollutants in 1995 are reported. In Figure 1 the distributions of total
Nitrogen Oxides and Sulphur Oxides for ship types in ports are reported.

Table 7 - High Tyrrhenian Sea air pollutants emissions from ships
movement in 1995 (t)

Pollutant

Nitrogen oxides
Sulphur oxides
Carbon monoxide
Volatile organic compounds
Parti dilate matter
Carbon dioxide

Porf,s
3
3
14
3

546

,852
,108
,484
,361
216
,600

Na
1

9
9
4
0

Wgaf/o/7

6
2

360

/mas'

,626.8
,253.4
858.9
279.9
139.9
,500.0
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Maritime Engineering and Ports 249

Nitrogen Oxides emissions for ship types in ports (t)
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250 Maritime Engineering and Ports

The distributions of emissions by mode of operation in port are reported

for Nitrogen Oxides, Sulphur oxides and Carbon Monoxide in Figure 3.

Figure 3 - Emissions of Nitrogen Oxides, Sulphur oxides and Carbon
Monoxide by mode of operation in port

Nitrogen
Oxides

Sulphur
Oxides

Carbon
Monoxide

D Tanker offloading

HHoteling

D Maneuvering

As regards ports, Figure 4 reports on thematic map of nitrogen oxides
emission and, as regards navigation lines, Figure 3 reports on thematic
map of nitrogen oxides emissions.

Figure 4 - High Tyrrhenian Sea ports - Nitrogen oxides emissions (t)
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Maritime Engineering and Ports 251

Figure 5 - High Tyrrhenian Sea navigation lines - Nitrogen oxides

emissions (t)

870-1.190 (3)
420- 870 (3)
230- 420 (5)
0- 230 (9)
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CongressonCombustionEngines, Copenaghen, may 18-21, 1998

[3] Lloyd's Register, M^rme Ex/za%jf Em/^zom âs'g<3rc/z
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Kattegatt-Oresund Region, Atmospheric Environment, Vol. 30,
No. 14, pp. 2463-2473, 1996

[15] Klokk Slovar N., Measures for reducing NO^ emissions from ships
Workshop on control technology for emissions from off-road
vehicles and machines, ships and ai re rafts, Oslo, Norway 8-9 June

1995
[16] Sowman, C., Turbines' high-speed spin to popularity, The Motor

Ship, December 1996, page 15
[ 17] EMEP Task Force on Emission Inventories, Atmospheric Emission

Inventory Guidebook, Edited by Gordon Mclnnes, European

Environment Agency, February 1996
[18] United States Environmental Protection Agency, Compilation of

Air Pollutant Emission Factors: Volume I: Stationary Point and
Area Sources, AP-42, Fifth Edition, January 1995

[19] Transport Research Institute, Emisie zo zeleznicnej a vodnej
dopravy v sr, D3 - Bezpecnost, Ekologia, Energetika, Zilina, 1992

                                                             Transactions on the Built Environment vol 36, © 1998 WIT Press, www.witpress.com, ISSN 1743-3509 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 


