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ABSTRACT: This papelprovides a estimation olexhaust emissiol released bypassenger ferri at the
port-level. The methodology is based on the “fulttom-up” approach and starts by evaluating thé dae-
sumed by marine diesel engines on the basis ofdigidual port-activities (manoeuvring, berthingoahotel-
ing). Specific air emissions are estimated as cegty the different propulsion sources: main engaosilia-
ry engines, thrusters and boilers. The Port of &@lara was selected as the site at which to pertbin
analysis, in which 25 passenger ferries operatintheé Mediterranean Sea were monitored. Real-tiata d
from the Automatic Identification System (AIS), fac emissions from engine certificates, engine $oddir-
ing port time, and vessel characteristics from Bt web database were also collected for the analyse
research findings will improve our understandindoafal pollution at port-cities and help to deriappropri-
ate measures to improve air city.

1 INTRODUCTION the fuel consumed by each vessel on the basis of

In the context of port-city areas, emissions re 1S ?ﬁgv'tfse'rnigogtr' anised as follows: Section 2 re-
leased into the atmosphere by vessels operating in pap 9 :

port negatively affect local communities (Dalsorenv'ews relevant literature on the issue; Sectiom-3 i
et al., 2009) since it has a significant environtakn troduces the methodological approach and the for-

impact on the coastal communities, as 70% of thgmla used to estimate inventory emissions; Seetion
ship emissions occur within 400 km of land (EyringPreSents the case study results and the most ntleva
et al., 2005) emission inventories; and finally, Section 5 high-

Moreover, the urban character of some ports angghts the main conclusions.
their populated surroundings are the main focus of
the negative effects of exhaust pollutants duééo t
associated local impacts on human health. Thus, tt?e LITERATURE REVIEW
need to control air pollution at ports is widely According to published research, which incorpo-
acknowledged as an active policy issue by variougates extensive reviews of ship emission estimation
authoritative port associations (IAPH, 2007; ESPOmethodologies (Miola et al., 2010; Tichavska and
2003) as a reaction of main regulations (IMO, EC;Tovar, 2015), a wide variety of studies relate to
EPA, etc.). emission inventories at global or regional leval b

A fundamental requirement for emission control,only a few do so at the port-level.
assessing the impacts of growing shipping activity The representative approach for emission estima-
and planning mitigation strategies is developing action in port studies was the bottom-up approach,
curate emission inventories for ports (ICF, 2006)based on port calls and estimated vessels operating
These port emission inventories would aid policyat a port (Tichavska and Tovar, 2015). Furthermore,
makers in developing effective regulatory require-normally activity-based and/or fuel-based estima-
ments or port environmental management systemsons were made because of they are more accurate
Tzannatos (2010). than top-down methodologies that require detailed

In such a context, the goal of this paper is to dedata such as routing, engine workload, ship speed,
velop accurate emission inventories (G5O, location, duration, etc. (Song, 2014).
NOx and PM) and emission indicators for ports For example, Goldsworthy and Goldsworthy
where passenger ferries are dominant by estimating(2015) have produce a model using AlIS data to de-

scribe ship movements and operating modes capable



of providing a comprehensive analysis of ship en- This paper considers the full bottom-up approach
gine exhaust emissions in a wide region that conbut takes into account separately the fuel consump-
tains numerous Australian ports. Tichavska and Toton and emissions of the following propulsion sys-
var (2015) used Automatic Identification Systemtems of ferry vessels during port operations:

(AIS) data and the Ship Traffic Assessment Modee- Main diesel engines as a source of power for pro-
(STEAM) emission model to calculate emissions pulsion (main propulsion);

from cruise ships and ferries in Las Palmas Port- Auxiliary engines for providing electrical energy
Chang et al. (2013) calculated the emissions from used during hoteling

ships in the port of Incheon, Korea, and compared a Transversal propulsion (thrusters) for berthing
bottom-up approach with a top down approach and and unberthing operations

found large discrepancies. — Boilers for steam production used to heat up

Winnes et al. (2015) built a model that calculates heavy fuel oil (HFO) fuel and modify its viscosity
GHG emissions from ships in various scenarios for and for heating up water;
individual ports and different kinds of measures fo
emission reductions. Maragkogianni and Pa- Then, for every vessel call the fuel consumption
paefthimiou (2015) presented a “bottom-up” estima{based on the power consumed) and corresponding
tion based on the detailed individual activities ofemissions will be estimated for: (a) incoming
cruise ships in the Greek ports of Piraeus, Mykpnosnanoeuvring from the Landfall Buoy to the passen-
Santorini, Katakolo and Corfu and Dragovic et al.ger terminal dock; (b) berthing approach; (c) sthy
(2015) estimated ship exhaust emission inventoriethe terminal dock (port time); (d) unberthing opera
and their externalities in the Adriatic ports of -Du tions and (e) outgoing manoeuvring from the termi-
brovnik (Croatia) and Kotor (Montenegro) for the nal dock to the Landfall Buoy.
period 2012-2014. The methodology for emission Figure 1 shows the methodological framework
estimation relied on the distinction of variousiget considered in this paper, in which steps 1 ande2 ar
ty phases (manoeuvring and berth/anchorage) perelated to the input data model and steps 3 toe6 ar
formed by each cruise ship call (bottom-up) as anethodological aspects that are described in Sectio
function of energy consumption during each activity3.2.
multiplied by an emission factor.

The present paper proposes a methodology based gt o e ieeiems st |3 o e sos ron s
on the full bottom-up approach and begins by evalur srepimees e etns e || o e o oy
ating the fuel consumed by each vessel on the basis - —
of its individual port-activities (manoeuvring, ber Py
ing and hoteling) and differentiating between the Vesse by using max. power mex. speed and
main vessel propulsion, auxiliary propulsion, ble F

and thrusters. J— : e
. . . . . stimate the energy power consume: or
Unlike previous studies, the input data model is menosuvering operatons from Lendial Buoy 1o
based on empirical data and extended work field FETne) TO%k Oy 100 Spevq fem e Tem AR
(only Cooper (2001) make emission measurements = Y Y PY———e—
of passenger ferries, but it such case it was @mebo P AR SFOQ el ot B
during normal service routes) and, on the othedhan I
it also provides accurate emission indicators ¢rate O O A R IS FE

per hour, per passenger, per Gross Tonnage (GT) or

a combination of all three) for passenger ferries, Figure 1. Methodological scheme to estimate allufant

which can be used by other researches to reliablmissions.

and quickly estimate emission inventories in other

ports at the port-level. 3.2 Eormulation
In this section, the formulation used to estimate

3 METHODOLOGY the power and fuel consumption for each type of

propulsion is introduced:
3.1 General approach
Main propulsion for incoming/outgoing

The first step in the evaluation of emissions & th 3.2.1 .
manoeuvring

estimation of the fuel consumed by each vessel on
the basis of its activities. Specific fuel oil congp- The Admiralty Coefficient method is proposed
tion (measured in g/lkwWh) is therefore an importanfor estimating the propulsion power for manoeu-
input to the appraisal. Once the fuel consumpt#on ivring, which is based on the basic assumption that
calculated, it is possible to use emission factors the all resistance is frictional and that the powaar
estimate the emission of different pollutants. ies as the cube of the speed.



This method, which determines the required pro-
pulsion power according to the given ship speed an
the displacement, has been used by several autho?s ;(nkpkce) (ts72 + tey 1) (6)
such as Tupper (2013), Watson (1998), Taylor wherec; is the fuel oil consumption of the thrust-
(1996) and Schneekluth and Bertram (1998) becausgs (kg/h);k is the type of thruster propeller (stern
of the advantages of the practicality of this mdtho and bow);n; is the number of prope"ersbk is the
ology. time that each type of propeller is Worklng on lpad
In this context, the estimation of the fuel con- te, _is the time that each type of propeller is working
sumption for manoeuvring is calculated as follows: empty T, is the ratio (%) corresponding to the load
factor andr y is the ratio (%) corresponding to the

empty factor
Cp = Z (PBUtU) Ce (1)

)
where Cp denotes the amount of fuel consumed3 -2.4 Boller consumption . _

by the main propulsion of the vessel moving (tones) Finally, the fuel consumption provided to the
i represents those sections in which the travel didoilers will be estimated as:

tance between the dock and the Landfall Buoy is di-
vided and velocity data is registergds the vessel's

activity stage (incoming/outgoing manoeuvring), “* = Zt” tla |
is the time (h) the vessel spends moving within the
port; ¢, is the specific fuel oil consumption (g/kWh) wherecy is the fuel oil consumption of the boiler

and Py, is the propulsion power required (kWh) kg/h). In this paper, this parameter is obtained
during manoeuvrlng which is calculated accordin hrough a survey completed by ship-owners. In par-

to equation (2). ticular, it is usually registered in the “Engine dRo
Log Book”.

(7

i

A 2/3v3
_ ATV )

Bij €y

3.2.5 Total fuel consumption

where 4;; is the real vessel displacemeldt; is

the vessel speed (kn) angis the Admiralty Coeffi-

cient, which is related to the vessel's resistativa,
is:

Once the individual fuel consumption is estimat-
ed, the next step is to quantify vessel emissiars p
air pollutant by multiplying fuel consumption and
emission factors (g/kWh), that is:

Amax2/3 Vmax3 (3)

‘a ™ P E, = (Cp + Cpg + Cr + Cp)EF, (8)

in which A, is the vessel's displacement relat-
ed to the propulsion power at maximum spééd,
is the maximum vessel speed dhthe effective en-
ergy power (kW) which is equal to the maximum
propulsion power.

wherez is the type of air pollutant.

Combustion emission factors (EF) vary by: en-
gine type (main and auxiliary engines, auxiliary
boilers); engine rating (Slow Speed Diesel - SSD,
Medium Speed Diesel - MSD, High Speed Diesel -
HSD); whether engines are pre-IMO Tier 1, or meet

Following the methodological approach, the fuellMO Tier I, Il or lll requirements; the type of ser
consumption due to the auxiliary engin€gg) dur-  vice in which they operate (propulsion or auxiljary
ing port time at the terminal and during manoeutype of fuel (Heavy Fuel Oil - HFO, Marine Diesel

3.2.2 Auxiliary engines consumption

vring is estimated as: Oil - MDO, Marine Gas Oil - MGO and Liquefied
Natural Gas - LNG), etc.
Cag = cAE(Pagt, + Pisti)) (5) Table 1 shows the EF used and data sources.

where t, is the port-time at the terminal dock,
P,g is the auxiliary engine power (kW) ami; is
the auxiliary engine power developed when the ves-
sel is moving.

3.2.3 Thrusters consumption for berth-
ing/unberthing operations

The fuel consumption required for a vessel to
manoeuvre around can be estimated as:



Table 1. Emission Factor (EF) and data sources iagsecalcu-

lations

Air pollutant

Data source and EF (g / g fuel)

CGC,

IMO regulations

- HFO: 3,114 g Cgqg fuel
- MDO/MGO: 3,206 g CQqg fuel

NOx

IMO regulations (limits set in Annex VI,
MARPOL) and EIAPP (Engine Interna-
tional Air Pollution Prevention) certificate

These EF ranges from 0,061 to 0,086 g
NO,/g fuel for main engines and from

0,051 to 0,065 g for auxiliary engines. The
difference is based on engine ratings

(rpm).

SO«

IMO regulations

- HFO (1,5% S): 0,030 g S@ fuel
- MDO/MGO (0,1% S): 0,002 g SQ4g
fuel

PM

IMO regulations

- HFO (1,5% S): 0,00426 g PM/g fuel
- MDO/MGO (0,1% S): 0,00097 g PM/g
fuel

4 EMISSION INVENTORIES AND
INDICATORS FOR FERRIES

4.1 Data samples

electric power (kW) used during berthing activity
are obtained through surveys and interviews of-ship
ping companies (steps 1 and 2 from Figure 1), but
only for data related to G

4.2 Annual inventory at port-level

The total greenhouse gas - GHG (@nd air
pollutant emissions (NQ SO and PM) for 25 pas-
senger ferries during 2015 at the Port of Barcelona
(about 3.000 vessel calls and 20.050 hoteling hours
are estimated in this section.

Figure 2 shows the yearly emission inventory
within the Port of Barcelona considering the arriv-
ing-berthing-leaving activities for vessels incldde
in the G data set; while Figure 3 shows the yearly
emission inventory during berthing for the whole da
ta set (25 passenger ferries). In both figuresy#re
tical axis shows the identification code for eabl-c
sen vessel, the number of calls in 2015 and its GT.

Then, the emission distribution per type of power
used during the completely approaching-berthing-
leaving cycle is depicted in Figure 4.

The data sample for this particular study compris-

es 25 passenger ferries that were monitored during
2015-16. According to the statistics of the Port of
Barcelona, those 25 vessels accounted for more than
3.000 calls which represents about 86% of total pas
senger vessel calls in 2015 (the total number of fe
ries calls was 3.545).

At the same time, the data sample has been divid-
ed in two groups. The first one {Gincludes data
from 12 passenger ferries and 100 vessel calls dur-
ing 2015. For every vessel call, manoeuvring and
berthing time and vessel speed real-time datalare o
tained from the modern AIS. The second data set
(Gy) is just related to the berthing activity of 13¥ve
sels, since AIS data was not available. Therefwee,
have a complete data set of 12 passenger ferrigs (G
and berthing activity data set of 13 passengereterr
(Go).

For each vessel, engine and vessel characteristics
(typology, ratings, electrical power and specifielf
consumption, GT, Length Over All - LOA, draught,
beam, passenger capacity) and thruster and boiler
properties (power and specific fuel consumption)
were obtained from IHS-Sea web database. Lastly,
the load factor and working time of the thrusters,
type of fuel used (HFO, MGO/MDO) and auxiliary
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Figure 4. Share of emission inventories during=2fiir emis-
sion sources (Data set-&2 passenger ferries)

According to the above figures, the following

first conclusions can be obtained: 2) Berthing operations (hoteling)

* In absolute terms, the total yearly emissions de-
o ) _ _ rived from the 25 passenger ferries during berth-
1) Arriving-berthing-leaving operations (total) ing (hoteling) amounted to 15.000 tons of £O
« In absolute terms, the total yearly emissions de- 295 tons of NQ, 18 tons of S@and 7,5 tons of
rived from the 12 passenger within the Port of ~ PM.
Barcelona amounted to 15.210 tons of,C&0 L
tons of NQ, 98 tons of SQand 15 tons of PM. * On average, per vessel call, the estimation of
emissions was: 7,25 tons of Q145 kg of
« On average, per vessel call, the estimation of NOx, 6,50 kg of SQ and 3,15 kg of PM.

emissions was: 10,25 tons of @10 kg of ) . _ .
NOx, 67 kg of SQ and 10 kg of PM. * Regarding the emissions derived from the dif-

ferent type of emission sources, the resulting
 Regarding the emissions derived from the dif- averag(()ed share was: 57% for auxiliary engines
ferent type of emission sources, the resulting and 43% for the boilers.
share was:

— Emissions CQ 31% main engine, 43%
auxiliary engines, 20% boilers and 6%
thrusters. . . Based on the estimation of emissions represented

— Emissions NQ: 34% main engine, 38% above, the next step is to estimate indicators thigh
%UXIllflry engines, 22% boilers and 6% aim of extrapolating the estimations for other pas-

rusters. i i
(' . . senger ferry vessels based on vessel dimensions (GT

- Emissions S 47% main engine, 22% anq canacity) and port time (manoeuvring and berth-
auxiliary engines, 21% boilers and 9%ing time)
thrusters. y : -

— Emissions PM: 43% main engine, 28% In _order to c_ho_ose appropriate indicators, a re-

gression analysis is performed between total pollu-

auxiliary engines, 21% boilers and 8% . < . L .
thrusters. tant emissions/hoteling emissions and independent

The main share’s differentiation is based on th&/ariables (port time, passenger capacity and vessel
type of fuel used (HFO for manoeuvring and MGOGT). In case the regression model (linear regre$sio

for berthing activity) and the type of engine (mam IS deemed satisfactory, in the sense that a rafatio
auxiliary). ship exists among variables, then an indicator com-

bining those independent variables will be chosen.

4.3 Passenger ferries emission indicators



That is, the estimated regression equation or adic Table 2. Emission indicators for passenger femtgsort-level
tor can be used to predict the emission valuesthasggicror SO NO =Y Co,
on the vessel dlmenglons (GT)'ar.ld/or port time. Arriving-ber thing-leaving emissions within the port area

From the regression analysis it can be stated th@missions / port- 17,00 53,60 2,60 2.600,00

the independent variables capacity (passengers) afide kg/h kg/h kg/h kg/h
vessel GT cannot be individually used to prediet th Emissions / port- 050 160 0,080 78,85
total emissions and hoteling emissions, as theseorrame-ST gheT ghGT _ gGT _ ghGT
R .. . L X ! gt 'Emissions/port- 12,50 38,80 1,90 1.890,0
lation coefficient is weak, indicating that theseno  (ime-pax g/hpax ghpax  ghpax  g/hpax

relationship between the two variables. However, berthing at terminal dock (hotelling)
combining them with the port-time variable, the re-Hotelling emissions/ 2,90 24,10 0,60 1.215,00

gression model results indicate a better relatignsh p‘::emg — ‘8912 '(_‘)9;2 Ok%/2h0 Skglgo

Therefore_, it can be cc_)ncludeql that the _best |nd_ ortime-GT ghGT  ghGT  ghGT ghGT
pendent variable to prgdlct hotellng emissions €Mithoteliing emissions / 2,20 20,65 0,50 1.020.0
ted by passenger ferries at ports is the port-time port-time-pax glhpax g/lhpax  g/hpax  g/hpax

GT or port-time but only port time-GT could be used
for extrapolating total port emissions since impnott
differences arise in emission inventories. Theeegr 5 CONCLUSIONS

Zg)rr(;ilr\ngdlggﬁﬂir(nzgctj;;e aSr)ef&LQgth"%gggT,'ﬁf ']%r;?torg This paper addresses the estimation of air emis-
' ions released by passenger ferries in urban ports.

emissions at port-level are close to 0,65, which Iﬁ'his is of great importance due to a significardrsh

of emissions produced during the time vessels stay
:‘;ZZZZZ I in ports and the huge amount of calls involved in
oo Rogsor | T regular services. In addition, this paper provides-
€ o000 | ful passenger ferries emission indicators, which
g could facilitate reliably estimating the in-portigh
j :i“*‘ * emission inventories of other ports without requgri
3 10000 large amounts of data.
¢ soom R The proposed methodology is based on the “full
o 0 200.000  400.000 600.000 800.000 1.000.000 1.200.000 bOttom-up” approach and beglns by evaluatlng the
port time - GT fuel consumed by each vessel on the basis of4ts in
40.00000 dividual port-activities (manoeuvring, berthing and
35.00000 . hoteling at the terminal dock). The methodological
5 200000 e scheme also separately considers different types of
g 200000 o emission sources: main propulsion (diesel engines),
Z auxiliary _propulsmn for prowdlr_\g electrical engrg
8 oamoo o for hoteling, thrusters and boilers. Once the fuel
2 e asPe? consumed is determined, the next step is estimating
P, & air emissions from vessels by employing the corre-
L e sponding emission factors per air pollutant.
The methodology was implemented to a particu-

lar case in which 25 passenger ferries and 85 calls

were monitored in the Port of Barcelona during

2015. The emission estimations led to the following

considerations:

Main and auxiliary engine emissions were

found to be dominant (about 72%), whereas
boilers and thrusters represent, on average,
28%, in which boilers were predominant

(22%).

* Hoteling emissions (auxiliary engine and
boilers during berthing time) represent about
70% of the total emissions for G@nd NQ,
whereas for SQand PM, it represents about
28%, since EF for MGO are smaller than
LSHFO (Low-Sulphur HFO).

* According to the sample data, the average es-
timation of total emissions per vessel call
was: 10,25 tons of CO210 kg of NQ, 67

weak.
Figure 5. Example of regression analysis.,@missions as
regards to port time-GT.

Finally, Table 2 lists average emission values for
every selected indicator.



kg of SG; and 10 kg of PM. And, for hotel-
ing activity, the average amount was: 7,25
tons of CQ, 145 kg of NQ, 6,50 kg of SQ = REFERENCES
and 3,15 kg of PM.
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