ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/234421132

Black carbon from ships: a review of the effects of ship speed, fuel quality and
exhaust gas scrubbing

Article in Atmospheric Chemistry and Physics - December 2011

DOI: 10.5194/acpd-12-3509-2012

CITATIONS READS
83 1,370
2 authors:
>, Daniel A Lack ‘(.\ James J. Corbett
- University of Colorado Boulder University of Delaware
88 PUBLICATIONS 5,542 CITATIONS 180 PUBLICATIONS 6,975 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

et Sustainable Freight Transportation View project

roiect  Marine Highway Stakeholder Relations View project

All content following this page was uploaded by James J. Corbett on 26 May 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/234421132_Black_carbon_from_ships_a_review_of_the_effects_of_ship_speed_fuel_quality_and_exhaust_gas_scrubbing?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/234421132_Black_carbon_from_ships_a_review_of_the_effects_of_ship_speed_fuel_quality_and_exhaust_gas_scrubbing?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Sustainable-Freight-Transportation?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Marine-Highway-Stakeholder-Relations?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel_Lack?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel_Lack?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Colorado_Boulder?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel_Lack?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Corbett4?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Corbett4?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Delaware?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Corbett4?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Corbett4?enrichId=rgreq-b7b335a9f91185af831221c11aad0d61-XXX&enrichSource=Y292ZXJQYWdlOzIzNDQyMTEzMjtBUzoxMDEwMzE0MDA3MDYwNTBAMTQwMTA5OTE3MTExMQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Atmos. Chem. Phys., 12, 3984300 2012 iy —* -

www.atmos-chem-phys.net/12/3985/2012/ Atmospherlc
doi:10.5194/acp-12-3985-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

Black carbon from ships: a review of the effects of ship speed, fuel
guality and exhaust gas scrubbing

D. A. Lack2 and J. J. Corbett3

1Chemical Sciences Division, Earth System Research Laboratory, NOAA, Boulder, Colorado, USA
2Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, Colorado, USA
3College of Marine and Earth Studies, University of Delaware, Newark, Delaware, USA

Correspondence td. A. Lack (daniel.lack@noaa.gov)

Received: 28 December 2011 — Published in Atmos. Chem. Phys. Discuss.: 31 January 2012
Revised: 10 April 2012 — Accepted: 13 April 2012 — Published: 4 May 2012

Abstract. The International Maritime Organization (IMO) regardless of engine load; a removal rate similar to that of
has moved to address the health and climate impact of thecrubbers.
emissions from the combustion of low-quality residual fuels Uncertainties among current observations demonstrate
within the commercial shipping industry. Fuel sulfur content there is a need for more information on a) the impact of fuel
(Fs) limits and an efficiency design index for future ships are quality on Ekgc using robust measurement methods and b)
examples of such IMO actions. The impacts of black carbonthe efficacy of scrubbers for the removal of particulate matter
(BC) emissions from shipping are now under review by theby size and composition.
IMO, with a particular focus on the potential impacts of fu-
ture Arctic shipping.
Recognizing that associating impacts with BC emissions;  |ntroduction
requires both ambient and onboard observations, we provide
recommendations for the measurement of BC. We also evaluthe commercial shipping industry, through the United Na-
ate current insights regarding the effect of ship speed (engin€ions International Maritime Organization (IMO), is subject
load), fuel quality and exhaust gas scrubbing on BC emis+o regulation on the quality of fuel that can be consumed
sions from ships. Observations demonstrate that BC emiswithin specially designated emission control areas (ECAS),
sion factors (EBc) increases 3 to 6 times at very low engine in particularly sensitive regions like the Antarctic, and glob-
loads (<25% compared to Edc at 85-100 % load); abso- ally (IMO, 2008, 2009). These fuel quality requirements are
lute BC emissions (per nautical mile of travel) also increasemotivated both by safety concerns about engine operation
up to 100 % depending on engine load, even with reducednd vessel navigation (ISO, 1987), and to achieve human
load fuel savings. If fleets were required to operate at lowerealth and environmental protections from engine exhaust
maximum engine loads, presumably associated with reducegroducts. The IMO has also specified an efficiency design
speeds, then engines could be re-tuned, which would reduciadex that will reduce ship fuel consumption for energy sav-
BC emissions. ings and greenhouse gas emission reductions (IMO, 2011c)
Ships operating in the Arctic are likely running at highly for an industry that emits 3.3% of global G@missions
variable engine loads (25-100 %) depending on ice condi{Buhaug et al., 2009). Current IMO environmental regula-
tions and ice breaking requirements. The ships operating afons are directed at limiting the emissions of sulfur diox-
low load may be emitting up to 50% more BC than they ide (SGQ) which forms acid rain (harmful to ecosystems) and
would at their rated load. Such variable load conditions makeair quality-degrading primary and secondary particles. Ships
it difficult to assess the likely emissions rate of BC. contribute between 5 and 8 % of global anthropogenie SO
Current fuel sulfur regulations have the effect of reduc- emissions (Eyring et al., 2005).
ing ERsc by an average of 30 % and potentially up to 80 %
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3986 D. A. Lack and J. J. Corbett: Black carbon from ships

Shipping emissions of concern for health include sec-NOAA, 2008; Port-of-San-Diego, 2009). For ships operat-
ondary ozone (formed from NCemissions), secondary par- ing in optimal cruising conditions (open and calm waters),
ticulate sulfate (formed from gaseous sulfur dioxide emis-decreases in ship speed lead to decreases in absolute fuel
sions) and directly emitted particulate sulfate, organic matterconsumption (as a cubic function) due to the reduced fluid
and black carbon (BC). Evidence is emerging that BC has aesistance on the ship hull (Harvald, 1977), and so there can
distinct health effect compared to other particulates despitéde significant CQand other emissions reductions for a small
being only a small fraction of PM mass emitted by many reduction in speed. However, as engines are usually tuned for
sources (Smith et al., 2009). Corbett et al. (2007) and Wine-maximum speed (c.f. load), operation at lower loads creates a
brake et al. (2009) identified the magnitude of current healthless efficient combustion process that could lead to increases
impacts from shipping and those reductions in health impactsn emissions such as CO and BC.
that would be brought about by the IMO regulations. Regulations on the quality of fuel used by ships are al-

Shipping emissions also alter the radiative balance of thaeady in force in specific regions (IMO, 2008, 2009), where
atmosphere via warming by GQozone and BC emissions, fuel sulfur content (E), one aspect of fuel quality, is reduced
and cooling by particulate sulfate formation and subsequenso that emission of SOand primary and secondary partic-
formation and alteration of clouds (Eyring et al., 2010; Lauer ulate sulfate are also reduced. Significant improvements to
et al., 2009). Cooling can also result from ship N@mis-  air quality are expected from such regulation (IMO, 2009;
sions reducing methane lifetime (Myhre et al., 2011). TheWinebrake et al., 2009). However sparse data exist on how
cooling effect of particulate sulfate and the warming ofCO BC emissions from ship engines are affected ByFother
dominate the radiative impacts of shipping, however BC canaspects of fuel quality. Fuel quality is a general term describ-
have significant localized warming both in the atmosphereing the relative level of impurities, as well as the combustion
and on snow and ice surfaces (Flanner et al., 2007; Hanseability of the hydrocarbons within the fuel. Residual fuels,
and Nazarenko, 2004; Ramanathan and Carmichael, 2008)he fraction of crude oil remaining after the refining process,
Of particular concern for climate is the likelihood that re- can contain high levels of sulfur, heavy metals (e.g. vana-
treating sea ice in the Arctic will allow for a significant dium, nickel), ash (non-combustible inorganic material) and
increase in shipping activity and related emissions (IMO, high molecular weight aromatic hydrocarbons. Each of these
2010a). Shipping contributes about 2% to global BC emis-impurities (except perhaps for heavy metals) is known to cre-
sions (Lack et al., 2008b), and currently very little in the Arc- ate slower and delayed combustion, potentially leading to BC
tic (Corbett et al., 2010a). The vast majority of current Arc- formation (American-Bureau-of-Shipping, 2001). It is there-
tic BC is sourced from outside of the Arctic region (Quinn et fore somewhat expected that better combustion and lower
al., 2011), and future ship traffic in the Arctic will be one emissions per unit of fuel consumed result from combustion
of the few direct emissions of BC into the Arctic (Quinn of more refined fuels, as compared to residual fuels. It is also
et al., 2011). In addition, these added direct emissions willknown that heavy metals create localized hot-spots within
likely add to the climate impacts in that region (Corbett et the flame and catalyze combustion of BC (e.g. Maricq, 2007,
al., 2010a; IMO, 2010a). Ristimaki et al., 2010).

There are a number of alternatives for reducing emissions An alternative to complying with low &regulations is to
from shipping, some of which have already been assessed f@mploy exhaust gas scrubbers while still burning high sul-
their efficacy and cost effectiveness (e.g. speed reductiongur (and the least expensive) fuel. Scrubbers can reduce gas
fuel quality, engine slide valves, water-in-fuel emulsions, and particle phase emissions from the exhaust stream before
fuel emulsions, particulate filters, exhaust scrubbers) (Corselease to the atmosphere. Commercial organizations are de-
bett et al., 2009; Corbett et al., 2010b). There are three pathveloping scrubbers that are reported to provide, @®is-
ways that hold particular promise for emissions reductions;sions reductions equivalent to the use of logf&el required
the effect of ship speed reductions (or ‘slow steaming’); fuel by regulation. Very little data exists on the efficacy of these
quality improvements; and exhaust scrubbers. These poterscrubbers for BC emissions.
tial emissions mitigation options have not been rigorously Here we review the science available on BC emissions
assessed for their impact on BC emissions. from marine diesel engines. Section 2 of this paper consid-

The recent downturn in the global economy led to a glob-ers several functional definitions for BC emissions variously
ally averaged reduction in ship speed of 15 % (PWC, 2011)provided in scientific literature. Section 2 also considers how
influenced by the reduced demand for voyages and financiahese definitions emerge from (and/or align with) measure-
savings through reductions in fuel consumption. Maintain-ment methods to quantify BC emissions from international
ing some form of ship speed reductions as industry practiceshipping (Sects. 2.1 through 2.6). The paper then investigates
or regulation has been discussed within industry and regand compares three potential control measures to reduce BC
ulatory circles as an emissions reduction strategy. In addiemission[s] from international shipping, including (i) speed
tion, some coastal regions have mandatory or voluntary shipeduction (Sect. 3); (ii) improved fuel quality (Sect. 4); and
speed reduction programs, mostly motivated by minimizingexhaust treatment using scrubber technology (Sect. 5). The
ship whale strikes and improving air quality (CARB, 2009b; topics of this review were raised in the 62nd session of the
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IMO Marine Environment Protection Committee (MEPC) absorbing carbon material, although this technique requires
and investigation was then tasked to the Bulk Liquids andvery careful calibration and operation (Cross et al., 2010;
Gases (BLG) subcommittee of the MEPC (IMO, 2011a). We Moteki and Kondo, 2010). Most of these techniques have
limit this review to the data available for marine diesel en- been applied to the measurement of EC or BC from diesel
gines, and data available in peer-reviewed literature, industrengine emissions (Burtscher, 2005). However, most of the
reports and presentations that are in the public domain, or intechniques mentioned here show variable levels of agreement
dustry data where permission has been granted to publish th® one another when measuring ship engine exhaust despite
data. the fact that they can show excellent agreement with each
other under controlled laboratory conditions with controlled
o samples (Cross et al., 2010; Kondo et al., 2011; Sheridan et
2 Definition and measurement of black carbon al., 2005). Moosmuller et al. (2009) provides additional de-

tails in their comprehensive review of the measurement tech-

We can define black carbon as a set of species of strongly: . : i .
; . . . . iques for particle light absorption. A single measurement
light absorbing carbon particles emitted by combustion of or- . . .

technique for the target species would be the ideal to ensure

ganic compounds. Various terms used to describe this species ~ . : .
; : consistent measurement and analysis. However, the varying
are defined by the measurement techniques used. Andrea

and Gelencser (2006) provide a comprehensive review o ; : . .
instrumentation explain why different organizations may fa-

this topic. Briefly, elemental carbon (EC) is “the fraction o . . . ) .
: L . . . vor a specific technique for measuring ship, or engine emis-
of carbon that is oxidized in combustion analysis above a

certain temperature threshold, and only in the presence oFions. Using consistent measurement methods (e.g. calibra-

o ion rrection mperature profil ilution etc.) is al
an oxygen-containing atmosphere” (Andreae and Gelencse‘f0 s, corrections, temperature profiles, dilution etc,) is also

2006). The technique to make this measurement is referregssentlal' For example, one of the most important parameters

. . . _In measuring combustion engine exhaust emissions is sample
to as thermal-optical-analysis (TOA). Black carb_on (BC) is dilution. Burtscher (2005) highlight the inaccuracies in mea-
the common term used for the mass of strongly light absorb- . . . i
. . : o surement of emissions from diesel engines when different ex-
ing carbon derived from the absorption of a specific wave-

length of light by the particles and where a wavelength Spe_haust dilution ratios are used. Ristimaki et al. (2010) found

cific mass-to-absorption coefficient (MAC) is used to convertthat accuracy of particulate mass measurement improved as
. P . .. “dilution increased; dilution factors beyond the 1SO-8178-1
from absorption to mass. The MAC for particles containing . )
. L standard were required for reproducible measurement. Note
mostly fractal carbon freshly emitted from efficient combus- "
. ) . ' 1 that the ISO 8178 standard specifies the test load cycles for
tion of fossil fuels is reasonably well defined (7.5gT?)

for 550 nm radiation (Bond and Bergstrom, 2006; Cross et_emlssmns measurements from non-road vehicles. In addition

al., 2010). Refractory BC (1BC) is the terminology applied it specmgs a minimum _dllutlon of the emitted exhaust prior
4 : N .~ o sampling. In this review we focus only on measurements
to the mass of material that incandesces (emits visible light) o ) : .
. made on the emissions of marine diesel engines. Sects. 2.1
when heated with a laser (Schwarz et al., 2006).
. . through 2.5 compare EC, BC and rBC measurements for
There are multiple techniques and methods for measur-

ing EC, BC and rBC. Each technique has potential advanEmissions from marine diesel engines. We use the follow-

) : ing terminology: photo-acoustic derived BC is B4g, filter-
ta_lg_es and dra_lwbacks._TOA analysis (me_asurlngcﬁ()iex . based absorption-derived BC is Bfer, LIl BC is rBC, fil-
hibit substantial potential biases and requires data correction : ; :

. . . ; er smoke number derived BC is B&y and thermal optical
due to interference of organic particulates and selection o

thermal profiles (Boparai et al., 2008). Filter based light ab_analy5|s ECis E€oa.
sorption requires S|gn|f|caqt callpratlon and corrgctloqs an.dz_l PAS BC — filter BC
may also suffer from organic particulate and particle size bi-

ases (Amott et al., 2005; Bond et al., 1999; Kondo et al"Lack et al. (2008b) measured light absorption and converted

2009; Laclg et al., 2008a; Nakayama e.t al., 2010). A Cor.n_this to BC mass emission factors (B£g) from almost 100
mon technique for measuring the opacity created by enging, - In a follow-up studv Lack et al (2009) compared these
exhaust smoke, the filter smoke number (FSN), is a filter- bS. n Y ' b

based absorption method that requires substantial empiric gjmission factors where both PAS and a filter-based absorp-

corrections to derive BC mass (Northrop et al., 2011). Unce:%Ion instrument (particle soot absorption photometer, PSAP)
. measured the same plume. Cappa et al. (2012) also measured

fore dependent on the fit to empirical data. Photo—acoustic;%FBC‘F>AS and Efsc_riter (using the PSAP) for a ship run-

absorption spectroscopy (PAS) is a more accurate, precismng a medium speed diesel (MSD) engine. The conversion

" : .~ Tfom absorption to mass used a literature MAC value that

and sensitive measure of absorption compared to the filter- : :
) . i can be applied to absorption measurements at the wavelength
based techniques (Arnott et al., 2006; Lack et al., 2006; Lack T e .
) . . of 532nm (7.75rRg™1). Figure 1a shows the comparison
et al., 2008b). Laser induced incandescence (LII) is probably
. of these data and reveals excellent agreement between two

the most fundamental measurement of the strongly light

independent techniques for measuring BC emissions, from

egrees of expense, ease of use, and data accuracy of the

www.atmos-chem-phys.net/12/3985/2012/ Atmos. Chem. Phys., 12, 398H4 2012
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oy T —————*} osofly———————} a slope of 1 indicates that the mass absorption coefficient
5 . L 0254 4 RO used, 7.75rag1, is generally valid for this dataset, which
g 4] [ 2 - o 0z0{ 4 4 ot is an important consideration for the translation of light ab-
3 31 {'é - { 0151 Aa , s - sorption and mass measurements (IMO, 2011b).
S 2 e I 2 o104 a . +
. 9 ¢'§ Slope = 110 0.07 [ * 0.05 2 /, - 24 TOAEC-FSNBC
0 1 EFzgc,pA:(g k;‘) 5 6 0.00 0.05 g.:m 0-1(2 i;o) 0.25 0.30 Ristimaki et al. (2010) measured Egx and FSN for three
N, 020 f— e s types of fuels (two low quality and one high quality) at vari-
025_°> - | ) ous load conditions. This study compared emissions between
7 ol ra L O .t T high and low fuel quality used in the same engine at varying
2 sl L2 010 ..’ L loads. The FSN is a unitless number derived from filter based
? 0z -t I o light absorption. The measurement technique has known bi-
o T B -ﬂmr Sope 0532008 | ases (Northrop et al., 2011) that can, in principle, be cor-
oof _ Wrew | oool B %o ] rected (Christian et al., 1993) and then translated into BC
00 01 02 03 04 05 06 000005 010 D15 0.20 concentrations. We apply the Christian et al. (1993) correc-

EFgcpas (9 kg") EFecroa (9 kgrw) . : . .
tion to all the FSN data in this review to produce af§

Fig. 1. Comparison of emission factors from marine diesel engines.mass emission factor. The FSN requires a factor of 10 or
(a) EFgc-pasand Efgc-Fitter from Lack et al. (2009) (circles) and  more correction to derive BC mass concentrations {§)m
Cappa et al. (2012) (trianglegh) EFgc.-Filer and Efec.Toafrom  Despite these corrections being somewhat uncertain, Fig. 1d
Petzold et al. (2011aj¢) EFBC-BC and EFBC-PAS from Cappa  generally shows good agreement between the FSN and TOA
etal. (2012) andd) EFgc.toa and Efgc.psn from Ristimaki et o445 although the scatter in the data appears to increase

al. (2019)' Linear regression fit.shown by dashed linejn(c) and at low EF values. The 1SO-8179 standard was altered in this
(d). 1:1 line shown by dashed line b). study to reduce dilution biases

. ) L 25 LIrBC-TOAEC
two independent studies. These data are for emissions from

marine diesel engines under real world operating conditionsThere are no published studies where the same BC emissions
where thermal equilibration and large dilution with the atmo- from marine diesel engines have been measured using LIl
sphere has occurred, eliminating dilution issues discussed ifyBC) and TOA (EGoa).
Sect. 2.

2.6 Measurement methods summary
2.2 FilterBC-TOAEC

This assessment of limited available data sets show that
Petzold et al. (2011a) measured bothygg and BGijer for BCpas, BCrilter and rBC are consistent measurement tech-
emissions using a variety of fuels used in a marine diesel enniques for BC emissions from ships. There is a poor correla-
gine. Those results (Fig. 1b) show a strong deviation fromtion for ECroa and BGiger for the one study where both
the expected correlation of 1. Measuredipg is over twice ~ were used for the measurement of BC from a marine en-
that of measured B&ier (Using a multi angle absorption gine. Under controlled laboratory conditions there is consis-
photometer, MAAP), with some significant scatter. Measure-tency between Bfer, ECroa and rBC, however there ap-
ments were performed using the I1SO-8178 standard. In @ears to be some inconsistency betweerdzGand BGrier
study on gas turbine engines, Petzold et al. (2011b) showetih field measurements of ship exhaust, very likely due to the
that a similar discrepancy between Bfer and EGoa was POM content of the exhaust causing biases in the measure-
anti correlated to the amount of particulate organic mat-ment (Petzold et al., 2011b; Schmid et al., 2001)1&6£C
ter (POM) present, and suggested that pyrolysis of POM tcand BGsn show good agreement in one study, suggest-
ECroa could occur. This interpretation was supported by theing that biases were not significant in that study. This sug-
broader inter-comparison study of Schmid et al. (2001).  gests that the Efoa method is not nearly as reliable a tool

for measurement of BC. In addition, the TOA method does
2.3 PASBC-LIIBC not have the requisite time resolution to do plume analysis.

We therefore conclude that Bgs, BCriter and rBC can be
Cappa et al. (2012) were able to measuresB{and rBC  used for absolute emissions measurements, both in engine
emission factors for a ship running a MSD engine off the test bed studies and atmospheric sampling. AlthoughdRC
coast of California in 2010. A comparison of data from four and EGoa showed good agreement, obtaining BC mass
plume intercepts using LIl and two independent PAS mea-from FSN requires substantial empirical corrections that ex-
surements (Fig. 1c) show a slope of 1.14 akflof 0.94  pand the measurement uncertainties. Measurements of emis-
for the 8 measurements. This excellent correlation close taions after significant dilution beyond that recommended by

Atmos. Chem. Phys., 12, 3985100Q 2012 www.atmos-chem-phys.net/12/3985/2012/
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the ISO 8178 standard for measuring engine exhaust emis o L ! gy 7 (Refer o TR ) Y
sions show the best comparison among instruments. Dilu- 4 2y ma w2
tion is a significant factor in the measurement of diesel ex- :z - ax 2‘3
haust emissions, in particular the measured mass of particu 16 EE: 3
late organic matter (POM) (Burtscher, 2005; Ristimaki et al., 18e 28m 38
2010). POM can impact the artifacts within the TOA method - w00
(Boparai et al., 2008). The use of the TOA method will be

further discussed in Sect. 4. From this point forward, all data
are presented in relative terms normalized to 85-100 % load
or as a ratio between ‘before’ and ‘after’ measurements (e.g.
low to high fuel quality). We rely upon the equivalency be-

[ B X X)
IS

A
[ ]
.
+
x
.
A
]
.
<

@ 85-100% Load)

EFBC (Normalised to 1 kg

21 -
tween BC, rBC and EC under this method of presentation. ) ; | A = 10- 90th Percentie

w—— Average

In general discussion we will refer to EC, BC and rBC as 20 4'0 elo 80 160
simply BC. Engine Load (%)

Fig. 2. The relationship between gE and ship engine load. Aver-
age =red, 10th and 90th percentile =grey.

3 Effect of engine load
We investigate how the load of a marine diesel engine aﬁecténOte: this study showed data for de-rating down to approxi-

BC emissions using original and metadata from pubIisheama":tew’\;glg/0 ofdorllglnal engéng' pOV\IIerSr;\Igng). . t dat
studies. Under ideal conditions, main engine load is corre- or and slow speed diesel ( ) engines most data

lated with vessel speed. How would mandatory or incentiVe_within literature appear to be collected from engines tuned

based ship speed limits affect BC emissions? What insightéor thgir maXim“”f' rateq load for continuous service. Therg
for potential future ship speed regulation can be found within'S @n INVerse relationship between engine load and BC emis-

the data currently available? sions (Kasper et al., 2007; MAN-Diesel-SE, 2007; Petzold

et al., 2011a; Petzold et al., 2010; Ristimaki et al., 2010). A
reanalysis of the BC data from Lack et al. (2008b) (using
the cubic function between engine load and speed to calcu-
late engine loads, (speedengine load)) also show this in-

3.1 Literature review

Marine diesel engines can be tuned for maximum €n-yq e relationship for 101 vessels. In contrast, some studies
ergy output at minimum fuel consumption during opera-

i : o hat show a direct relationship between engine load and BC
tion at the most common engine load conditions expecte

. o . o missions (Cappa et al., 2012; Jayaram et al., 2011). Figure 2
(American-Bureau-of-Shipping, 2001). Maximum efficiency ;4 tapje 1) show all data of BC emissions and engine load
results from the highest ratio between the maximum pressur

t the t f the pist troke? o th vailable (we note that some data may exist that is not ac-
at tne top of e piston stro 'Q'AX). 0 Ihe average pres- - qqssible to us), all of which are normalized to a BC emission
sure across the cylinder cycl®4,g); in the case of marine

f E f1kg™t —100% engine load — typical
diesel engines the brake mean effective pressBs@ifp) is actor (Efsc) 0 g at 85-100% engine load — typica

) . i of in-service maximum engine loads at unrestricted cruise
an often used version dPa,g that considers engine torque

. . o speeds. (Note: Normalization to typical unrestricted cruise
(Wettstein and Brown, 2008). Under such tuning conditions P ( yP

th . the least t of fuel f h ipeeds allows all data to be compared). The average and 10
ese engines consume the feast amount ot fuetfor each Unj, 4 g4 percentilésfor all data (SSD and MSD marine en-
of work, and likewise produce the least amount of BC parti-

X . : ines) are also shown and forms the basis of further analysis
cles. When engines operate outside of the tuned engine Ioa?lied lines Fig. 3)

W'thom_ retun_mg, fuel _eff|C|ency often decr_ea_ses E_ind €MIS 15 better illustrate the BC emissions changes in an envi-
sions (including BC) increase due to variations in condi-

i f ideal busti Enai b ¢ c?nmental context under varying engine conditions we cal-
lons away Irom 1deal combustion. ENgINes can be re-lunea, |t the absolute emissions of BC for a nautical mile of
for different loads in a process where ti#g;,./ Psvep iS

- . } travel. Fuel consumption dons kilograms of fuel per nauti-
max'm'Z.Ed (Wettstgln and Brown, 2008); some advanced €Ntal mile of travel) is calculated (Eg. 1) based on the specific
gines with electronically controlled fuel meters may be able

h di busti i lind tially t fuel consumption relationship to load (Eqg. 2) presented by
1o mo '.fy combustion SEtngs, per cylinder, essentially Wn-y,o ;5 gpa (2000) and is estimated for an engine with a
ing during operational changes to better approximate beStFated power Pyw) of 70 MW and a rated speed of 25 knots
performance conditions. De-rating would likely be carried

out if the engine were to operate at that new load on a some-  1r cajculation of average and 10th-90th percentile, data were

what permanent basis. Fu_el efﬁciency can be improved byinned using central engine load values (10, 25, 50, 65, 75, 85
a few percent when de-rating is performed for loads lowerand 100 %), interpolated to 99 points from 1-100 % load and then
than the maximum design load (Wettstein and Brown, 2008)smoothed using a 11-point running smooth function.
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Table 1. Studies on the effect of engine load on BC emissions found in literature.

EFgc (rel. units kg'1) )

fgc Mass Change (per NM) ( mummm')

Fig. 3. (a) Average Elgc change with ship speed and engine load
(with 10th and 90th percentiles) ar{@) the potential absolute

Study (#) Engine Type Fuel Type Measurement Reference
1-6 MSD HFO, LFO EC - TOA, BC-FSN Ristimaki et al. (2010)
7-12,22-27 MSD HFO, MGO, Biodiesels BC —Filter, EC—TOA Petzold et al. (2011a)
13 MSD HFO EC -TOA Petzold et al. (2004)
14 MSD HFO EC —TOA, BC —Filter Petzold et al. (2010)
15 MSD MDO BC — PAS Cappa et al. (2012)
16 SSD HFO, MDO EC -TOA Kasper et al. (2007)
17 SSD HFO EC - TOA Agrawal et al. (2010)
18 SSD HFO EC - TOA Agrawal et al. (2008)
19-21 MSD Biodiesel EC-TOA Jayaram et al. (2011)
22 SSD, MSD HFO, MDO, MGO BC — PAS Lack et al. (2008b)
23,24 MSD HFO, MGO EC-TOA MAN-Diesel-SE (2007)
31-38 MSD HFO BC — FSN Sarvi et al. (20084, b)
39,40 MSD MDO BC — FSN Sarvi et al. (2008b)
2: \a) EFBC
10 5 3 Fcons-kwhiKg(kW - hr)_l) =0.0142x ( = + 0.195) (2)
25 fLoad
21 Using the average Egc with fractional engine load (faq)

16'5 3 and the kons the net per-nautical-mile BC mass emissions
43 oo tond 00 | is presented in Fig. 3 which shows that, on average absolute
2 T —— | emissions of BC per mile do not change significantly at loads

10 20 30 40 50 60 70 80 9010 . .
0.1 4 - between 50 to 100 %. Above50 % main engine load the

10

w1 -

15 20
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reduced fuel consumption offsets potential increases in the
EFsc. Below 25 % load absolute BC emissions may increase
by 50-100%. The exact behavior results from a balancing
between the increase in EE-and decrease indgnswith de-
creasing ship speed. This assessment is critically dependent
on the Elgc used and thus highlights the uncertainty associ-
ated with relationship between BC emissions and ship speed,
and the need for more measurements. Importantly, these es-
timates do not adjust for potential de-rating conditions; in
other words, the Bk from these studies and the calculated
average are from measurements on engines that were tuned
for operation at maximum loads.

3.2 Example of effect of engine load

In 2007 the AP Moller-Maerskshipping company imple-

changes in BC emissions with ship speed and engine load (Withmented a systematic management system for reducing ship

10th and 90th percentiles). BE data from(a) combined with fuel
consumption data frortb) (circle points) to produce data (b). All

but Fconsare normalized to 1 at 100 % load.

(example taken from Lack et al., 2011k drsis shown as the

black dashed line in Fig. 3.

Fconskg NM~1) =

(Fcons-kwhrx 1000Pyw) X fLoad

Uvessel

Atmos. Chem. Phys., 12, 398%100Q 2012

1)

speed in an effort to reduce fuel consumption, vessel idle
time and emissions. Based on changes in main engine load
across the fleet average main engine load has decreased
from 60 % to 35 % of maximum engine rating realizing mea-
surable reductions in fuel consumption and L&nissions
(deKat, 2011) (Fig. 4). To assess potential BC changes we
define two scenarios. The first scenario is where no engines
were re-tuned across the time period. Using the average BC

2Data were obtained from certain commercial organizations
mentioned in this review. This does not represent an endorsement
or disapproval of that or any other organization.

www.atmos-chem-phys.net/12/3985/2012/
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Fig. 4. Average main engine load change for the Maersk fleet (black :
line). Reproduced with permission from AP Moller-Maersk (deKat, 80-Ice Breaking -
2011). The potential range of BC mass changes due to the Maersk g : :
speed reduction program is also shown as the shaded region. 5 60 [Average Engine Load Range - Al Ship] -
o
-
2 40+ L
. . . =
mass change from Sect. 3.1, Fig. 3b, BC emissions could &
have increased by up to 7% for the load changes reported 201 \ B
This is shown in Fig. 4 as the high range of the shaded area Speed a Load
The alternative scenario is where all engines are re-tuned tc 0 T T T T

the lower load. Under this scenario BC emissions are linearly 0 loe Decision humeral (D) 0

correlated to fuel consumption and could have decreased by

over 20 % (low range of the shaded are in Fig. 4). This exam-ig. 5. (a) Ice Decision Numeral relationship to safe ship speeds
ple highlights the importance of ensuring engines are tunedn the Arctic. Reproduced from the data from Table 6 of McCal-
for the dominant load characteristics to minimize BC emis-lum (1996). Shaded area is standard deviation of data from multiple
sions. In actuality, the “vessels comprising that figure (Fig. 4)ships and different ship classés) The estimated engine load char-
present a mix of de-rated [re-tuned] and non-de-rated enacter_istics of all ship types currently opergting in the Arctic, as a
gines” (J. deKat, personal communication, 2011). It is there_fur_1ct|0n of IDN. Average speed/IDN and high speed/IDN relation-
fore difficult to assess the actual change in BC emissionsShIIO presented.

without direct measurements. However, if the operators re-

tuned even some of the engines, then Fig. 4 suggests that BC

emissions likely declined as a result of the Maersk speed re-

duction program. quired to break ice and maintain a minimum forward motion
(IMO, 2012c): (ii) where ship hull resistance is dictated by
3.3 Regional effect of engine load — arctic fleet water only and speed engine load (MAN, 2004), although

the vessel may be required to slow in response to various

The Arctic environment is particularly sensitive to BC both conditions (no ice breaking or moving) and (iii) an interme-
in the atmosphere and when deposited on snow and icéiate condition between (i) and (ii) where ships may invest
(Quinn et al., 2008). As sea ice extent declines the possienergy into breaking or moving ice but faster than minimum
bility of more Arctic shipping traffic increases as resource speeds are possible. For this intermediate condition we ap-
exploration/extraction and full Arctic ship transits become ply a speedx load relationship. We investigate these three
possible. Ships, therefore, may represent an increasing localonditions further below.
source of Arctic pollution (Corbett et al., 2010a). In addition  The study by McCallum (1996) showed that ships in the
to emissions from local ship traffic, BC emissions from ships Arctic are speed limited according to ice conditions and ship
as far South as 40N may impact the Arctic climate (IMO, construction. Safe Arctic travel speeds through varying ice
2010a). To understand how shipping activities in the Arctic conditions are determined by the ice decision numeral (IDN),
may contribute to BC emissions and how this may changea number that scales from 0-20 (i.e. IDN of 0=very thick
with ice conditions we must have some sense for the currenice/no travel possible, IDN of 20 =very limited ice/open wa-
and potential future operating conditions (i.e. engine load ater travel) (Timco et al., 2005). McCallum (1996) produced
different ice conditions) of ships in that region. an IDN framework for the Canadian Arctic using historical

Based on review of literature there are three possible enspeed data from class A (smaller support ships) and class B
gine load conditions under which a ship may operate in Arc-ships (larger, cargo carrying) (Fig. 5a). The Arctic marine
tic waters; (i) where up to 100 % of engine load may be re-shipping assessment (AMSA, 2009) identified the maximum
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Table 2. Average Design Speed of Ships Operating in the Arctic have an IDN of~11 for class B ship and an IDN cf17

(AMSA, 2009). for class A ships (Timco and Johnson, 2003). For conditions
of IDN < =16 the average BC emissions are 30-100 % larger
Reporting Category Average At-Sea Design Speed  (using data from Fig. 3b) than they would be under maximum
[knots] (# of ships) load assuming the engines are not re-tuned for the lower en-
Bulk Carrier 14 (99) gine loads.
Container 15 (321) We point out that this analysis is based on the limited his-
General Cargo 14 (248) torical data and that as ice conditions change, future Arc-
Government/Icebreakers 17 (67) tic ships may not have the same speed, engine or design
Passenger 16 (147) configurations as the current Arctic fleet. For example, So-
Special Purpose 11 (14) manathan et al. (2009) predicted, for an Arctic-class cargo
Tanker 13 (174) vessel, an average operating load of 75 % using the IDN sys-
Tug and Barge 10(11) tem for 1999—2003 North West Passage ice conditions. Eide
Unknown 14 (396)

et al. (2010) predicted the range of speeds across the Arc-
tic in 2030 for an Arctic-class cargo vessel and estimated
that high speeds (approx. 75-100 % load) would be possible
* Note: Fishing vessels are not included here due to the difference in operation for almost all of an Arctic transit through the Northern Sea
compared to merchant ships. .
Route. Polar and North West Passage transits for the same
vessel would span loads from approximately 10—100 % with
the lower load range required for approximately 20-50 % of
rated speeds for ships currently operating in the Arctic (Ta-the distance of the transit.
ble 2). It is apparent from the available data that ships currently
In Fig. 5b we show estimated engine loads under the thre@perating in the Arctic will have highly variable engine load
different scenarios mentioned above. Ice breaking and minprofiles, due to ice conditions and ship activity. If engine load
imal forward motion (scenario (i) would occur with IDNs profiles are indeed so variable, predicting how de-rating or
around @5. Under these conditions ships may operate en-speed limits may affect BC emissions is difficult for Arctic
gines at very high engine loads (85-100 %) despite travellingoperations. It is apparent that for ships operating in the Arctic
at a minimal speed (IMO, 2012a, b, c) (see Fig. 5b, blackthat are not involved in ice-breaking activities, engine loads
shaded region). If this high load is maintained then BC emis-are<40 % and as such BC emissions are larger than they oth-
sions are optimized low. However if ice conditions vary then erwise would be for a re-tuned engine or an engine operating
these high loads may be part of a duty cycle between iceat higher loads.
breaking activity and lower load operation, resulting in in-
creases in BC emissions (based on Fig. 3b).
By combining the safe speed/IDN data (Fig. 5a) and the4 Fuel quality
rated speed data (Table 2) we can offer some insights into
the operating load of non-ice breaking ships operating inThe effect of fuel quality or speed on BC emissions is more
the Arctic with varying sea ice conditions. Here we convert complex than fuel-emissions relationships for other shipping
the safe speed/IDN data (Fig. 5a) and the rated speed datsmissions. In this section we investigate the effect of fuel
(Table 2) (using the speed — load relationships discussed iguality on BC emission factors. Given that all regulations on
scenarios (ii) and (iii) above) to engine load. For scenariofuel quality are currently motivated by reductions in.Sshd
(ii) ship speed and engine load follow a cubic function as particulate sulfate, is there a co-benefit reduction in BC, or an
would be expected for ideal cruising conditions. For sce-unintended increase?
nario (iii) we assign a linear relationship between engine
load and speed, suggesting that at low speeds Arctic vessels1 Literature review
are investing engine energy into breaking and moving ice as
well as forward movement. This serves to construct a boundThe relationship between sulfur emissions and fuel quality is
ing range of expected relationships between speed and loaéxplicitly understood. S@emissions are directly related to
pending additional empirical data for Arctic ship operations. Fs (e.g. Williams et al., 2009) and primary particulate sulfate
Figure 5b shows that, based on historical average speedss linked to Fs and engine load (Lack et al., 2009; Petzold et
ships operating in the Arctic are running at loads betweenal., 2010). However the impacts of fuel quality on some emis-
10% (speedr loacP, light grey) and 40% (speed load,  sions is unknown or there have been relatively few studies
dark grey) for IDN up to approximately 16. Although a spe- performed. Recently, it has been observed that better qual-
cific IDN is difficult to represent visually (depending on ship ity fuels (i.e., processed distillates versus residual blends) re-
class, ice type and ice surface coverage), waters with thinneduce particulate sulfate and organic particles from unburned
and fragmented ice with more than 70 % open water wouldlubricating oil and fuel (Lack et al., 2011; Lack et al., 2009).

Average Speed: 14
(Total Ships: 1477)
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Table 3. Studies on the effect of fuel quality found in literature.

Study (#) Low Quality Fuel High Quality Fuel Measurement Type Reference

Type, Fs(%), Ash (%) Type, (%), Ash (%)
1 HFO 22 0.03 MGO <0.01 <0.01 EC-TOA MAN-Diesel-SE (2010)
2 HFO 0.9 0.02 LFO <0.05 <001 EC-TOA Ristimaki et al. (2010)
3 HFO 0.9 0.02 LFO <005 <001 BC-FSN Ristimaki et al. (2010)
4 HFO 24  0.07 LFO <0.05 <001 EC-TOA Ristimaki et al. (2010)
5 HFO 24 0.07 LFO <0.05 <0.01 BC-FSN Ristimaki et al. (2010)
6 HFO 22 0.02 MDO 0.1 0.001 BC —Filter Petzold et al. (2011a)
7 HFO 2.2 0.02 Biodiesel — Palm QOil <0.01 0.002 BC -—Filter Petzold et al. (2011a)
8 HFO 2.2 0.02 Biodiesel — Animal Fat  <0.01 0.002 BC —Filter Petzold et al. (2011a)
9 HFO 22 0.02 Biodiesel — Soya Bean <0.1 <0.001 BC -Filter Petzold et al. (2011a)
10 HFO 2.2 0.02 Biodiesel — Sunflower Oil <0.01 <0.001 BC - Filter Petzold et al. (2011a)
11 HFO 22 0.02 MDO 0.1 0.001 EC-TOA Petzold et al. 92011a)
12 HFO 2.2 0.02 Biodiesel — Palm Oll <0.01 0.002 EC-TOA Petzold et al. (2011a)
13 HFO 2.2 0.02 Biodiesel — Animal Fat  <0.01 0.002 EC-TOA Petzold et al. (2011a)
14 HFO 2.2 0.02 Biodiesel — Soya Bean <0.1 <0.001 EC-TOA Petzold et al. (2011a)
15 HFO 2.2 0.02 Biodiesel — Sunflower Oil <0.1 <0.001 EC-TOA Petzold et al. (2011a)
16,17 HFO 3.15 0.07 MDO 0.07 <0.01 rBC Lack et al. (2011)
18,19 HFO 0.83 0.04 MGO 0.1 <0.01 BC-FSN Sarvi et al. (2008b)

2ncludes effects of engine load changes.

These organic particles contain large molecular weight arosured EEc-toa (Fig. 6b). Given the acceptable correlation in
matic hydrocarbons and may cause significant health effectabsolute Egc_rsn and Efectoa from Fig. 1c, it is difficult
(Marin-Morales et al., 2009). Lack et al. (2011) also suggestto assess which of the trends is in error. When we remove
that BC emissions decline as fuel quality improves. the Ristimaki et al. (2010) data from the statistical analysis
A review of literature reporting on the effect of fuel quality the average Egc decreases 45 % (at 100 % load). The 10th
on ERgc is shown in Table 3 and Fig. 6. These studies includeand 90th percentile ranges do not change significantly, ex-
EFsc measurements from in-use marine engines, full, and recept for the 90th percentile range at high loads (Fig. 6b). The
duced size test bed engines and provide converging evidencgudy of Petzold et al. (2011a) measured botBEriier and
that improved fuel quality is linked to reductions in g EFec-toa. EFsc_Filter data show a consistent 80 % decrease
for marine diesel engines. This is consistent with the well-when shifting from residual to distillate and bio fuels. How-
understood relationship between fuel quality ands&For ever the EEc-toa data show 20-60 % decreases for MGO,
on-road diesel engines (Maricq, 2007). Figure 6a shows thgalm oil and animal fat bio-diesel whereas the soya bean
ratio between Egc for distillate fuels (Elgc—Distillate) and ~ and sunflower oil biodiesel show increases incEfoa of
the EFRgc for residual fuels (Egc — Residual) as the same 20-50 % for intermediate loads. These data suggest some in-
engines switched fuels. A ratiel indicates a decrease in consistency between B, and EGoa measurements. We
EFRsc, while a ratio>1 indicates an increase in gEE as fuel suggest that Efpa measurements are not as reliable mea-
quality improves. At 100 % engine load the gg-decreases surement tool as the others reviewed here. This is possibly
by an average of 30 % between residual and distillate fuelsdue to organic particle biases discussed in Sect. 2.
EFgc reduction is at most 80 % for the data presented. Specific components of the residual fuel that may be
There are some irregularities within the data presented thalinked to BC formation are not clearly understood, and BC
highlight the importance of careful measurement protocolsformation is affected by marine engine combustion condi-
Figure 6 includes a study by an engine manufacturer (Ristitions that may be associated with residual fuel operation. The
maki et al., 2010) where Elc-toa was measured and shows lower concentrations of fuel sulfur, ash or high molecular
a dramatic EEc-toa increase as fuel quality improved, op- weight aromatic hydrocarbons in refined fossil and biogenic
posite to the majority of the trends observed in Fig. 6a. Ris-fuels are responsible for an increase in combustion efficiency
timaki et al. (2010) cite heavy metal oxidation of BC as the (American-Bureau-of-Shipping, 2001). The oxidative ability
reason for reduced BC emissions from residual fuel. In whatof heavy metals in decreasing BC production for residual fuel
is a problematic inconsistency, that study also reported filtermay be an opposing factor, however the balance of informa-
smoke number (FSN) trends opposite to theirB£trends.  tion available suggests that distillate fuels result in a decrease
We find that all derived Efc_Fsn of Ristimaki et al. (2010)  in BC emissions.
actually decrease for distillate fuel, in contrast to their mea-
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Fs=1.6+0.7 %, load = 44-28 %) (Fig. 7). If we consider the

_,—0-.\_ l I trend of increased Ec with engine load from Sect. 3, we

e might expect, ignoring any competing factors, that BC emis-
sions from California would be higher than for Texas. That
EFsc are lower for California is suggestive of a link between
EFsc and fuel quality. We suspect that the variability in ves-
sel and engine type and operating conditions in the field study
of Lack et al. (2009) swamped the ability to observe a link
between Egc and Fs.

EFgc Ratio (EFgc pistiliate / EFgc Residual)

Ristimaki et al. (2010) BCrsy .
0.1+ Ib) : : : : tl —r 5 Efficacy of scrubbers for BC removal
0 20 40 60 80 100 ) ) ]
Engine Load (%) Exhaust scrubbing technology can be applied to marine

diesel engines to reduce emissions, particularly gas phase
emissions of SQ NOy. With a scrubber onboard, a ship can
continue to consume highgHi.e. lower cost) fuel and yet
comply with Fs regulations (e.g. Hamworthy, 2011). Scrub-
bers can use wet or dry physical scrubbing or chemical ad-
sorption to remove combustion products. Removal of parti-
. cles is possible however the removal rates by species are un-
We also note that the effect of speed orggfemissions certain. What is the scrubbing efficacy of BC particles? How

was T empved from the Lack et' al. (2011) data (see AP-4o BC removal rates compare to the effect of shifting from
pendix Fig. Al and text for details). The g before and residual to distillate fuels?

after this correction is included in Fig. 6.

Fig. 6. (a) The change in Efc as fuel quality improves (as a ra-
tio between EBc_pistillate 2Nd EFBC-Residual- 10th—90th percentile
range of data shown as shaded regi@),lllustration of measure-
ment inconsistency.

5.1 Literature review
4.2 Evidence from field measurements

Current studies show scrubbers to be efficient at reducing
A link between fuel quality (using & as a proxy) and the mass of PM emissions from anywhere from 25 to 98 %
EFgc is evident within the data of Lack et al. (2008b) and (Kircher, 2008; Marine-Exhaust-Solutions, 2006; Ritchie et
Buffaloe et al. (2012). In the waters off Californiag s al., 2005; Andersson and de Vries, 2009). These estimates
regulated t0<0.5% for marine distillate oil (MDO) and are based on different particle mass diameter cut effs {,
<1.5% for marine gas oil (MGO) (CARB, 2009a). Buf- 2.5 or 10 um [PM, PM. 5, PM;(]). Despite the potential to
faloe et al. (2012) measured gd-for 41 ships in compliance remove a large amount of total particle mass, there is un-
with the Californian s regulations (E=0.4£0.3%, aver- certainty as to their effectiveness for smaller BC particles
age load =185 %). These Egc data are 57 % lower than for three reasons; (i) BC may comprise up to 4% of PM
the Efgc measured by Lack et al. (2008b) in the Gulf of mass from shipping (including hydrated sulfate) (Lack et al.,
Mexico and Houston where nglfegulations exist (40 ships, 2009); (i) BC from ship exhaust is usually associated with
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6 Implications for regulation

N
)
n
)

)

)

Evaluation of literature data on the emissions of BC from
marine diesel engines (Swects. 3, 4, and 5) allows us to as-
sess the effects of current or potential regulation on ships.
For example, ship speed reductions can reduce fuel consump-
tion and some emissions significantly. Many shipping com-
panies are using ship speed reductions to reduce fuel con-

-
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Fuel Quality

EFgc Ratio (EFgc pistiliate / EFac Residual) (

EFpc Ratio (EFpc aster scrub / EFc Before scrun) (1

0.5 _ o5 sumption and costs. Will a ship speed regulation provide any
benefit by locking in the voluntary speed reductions already
taking place? Fuel sulfur limits are regulated in certain re-

0.0 . . . . — 0.0 gions of the word to reduce the negative air quality impacts
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Engine Load (%) of ship emissions. Stricter global regulations will come into
force within a few years. Will these regulations effectively
Fig. 8. Comparison of the range of lgE changes due to fuel quality reduce BC emissions, without other measures like re-tuning
improvement (grey) and exhaust scrubbing (black). engines? The concern of the sensitivity of the Arctic envi-
ronment to a potential increase in shipping has triggered dis-
cussions on possible regulatory action for that region. What

particles having mass median diameters-6f2 um (Lack &t mjight the best regulatory actions be for reducing, or mini-
al., 2011; Lack et al., 2009; Petzold et al., 2011a); and (iii) mizing the emission of BC in the Arctic?

The wet scrubbing efficiency for BC is uncertain because
BC particles in engine exhaust can be hydrophobic or hy- ) )
drophilic, depending on the mixing state and water uptake®-1 Ship engine load and black carbon

ability of co-emitted species.

In a review of sea water scrubbing efficacy Corbett Regulations of ship speed for reductions in fuel consumption
et al. (2010b) concluded that PM removal was likely may be accompanied by increases in BC unless automatic
75+£15% and inferred from this review (mostly from the tuning or engine de-rating are employed. When ships reduce
measurements from Ritchie et al., 2005) that BC removal wadoad from 100 % to 25 % without retuning the engine, an in-
likely 40 (+10, —15) %. The study of Ritchie et al. (2005) crease in Egc of a factor of 3 occurs. At loads25 % Efgsc
showed that the PM reductions for the scrubber used weréncrease significantly (up to 6.5 times). ThisggFincrease
98 % for PMb, 74 % for PM 5, 59% for PM and 45% is a result of when engines are operated at a loading condi-
for PMg,05. Given the common mass median diameter rangetion outside of the tuned load. When thedcfincreases are
for BC (0.2 um), a likely BC scrubbing efficiency of around combined with the reduced fuel consumption associated with
45-50% is inferred from these results. Andersson and ddower loads, absolute emissions of BC increase by 15-40 %
Vries (2009 showed EGoa reductions of 55 % for low sul-  down to 25 % load. Below 25 % load, absolute emissions of
fur diesel and 70 % for 1.5 %ddiesel, indicating a potential BC increase by 100-150 %.
increase in scrubbing efficiency when the higherfel is Technology is emerging on newer ships where electroni-
used. This can be explained by the formation of hygroscopiccally controlled engines can be optimally tuned in real time
particulate sulfates that are internally mixed with the BC. It for the current load (between 30 and 100 % load, Brown,
must be noted that Andersson and de Vries (2009) used 2009). In addition, engines can be re-tuned for operation
light duty diesel engine and fuel doped with an organic sulfurat specific loads (Wettstein and Brown, 2008). Under these
compound to produce the high sulfur fuel. Based on currenoptimal tuning conditions fuel efficiency is maximized and
studies, scrubbers can remove BC from the exhaust of marin# is likely that EFsc would remain approximately constant
diesel engines between 25-70 %, dependent@nf scrub-  across a wide load range. Assuming an optimursd=kcross
ber design (shown in Fig. 8 as dark shaded bar in comparisoall loads (i.e. EBc of unity: using the convention of Bt at
to the effects of fuel quality changes ondd}. There is no 100 % load = 1) absolute BC reductions equivalent of the fuel
data showing scrubber BC removal rates as a function of ensavings are achievable.
gine load and so we assume constant removal for illustrative De-rating or investment in automatic tuning to achieve
purposes. This removal rate is within the ranges presentethese BC reductions are likely to be motivated by regulations
for fuel switching from residual to distillate fuels, and BC on ship speed, where a ship operator has certainty that an en-
control may be more consistently effective across transiengine will be operated within a specific range of reduced load.
engine loads. If ship speed regulations were a permanent part of the regu-
latory environment, new ship designs could innovate to use

SReport and data used with permission from Sustainable Mar-smaller engines with maximum-load ratings appropriate for
itime Solutions the required speed.

www.atmos-chem-phys.net/12/3985/2012/ Atmos. Chem. Phys., 12, 398H4 2012



3996 D. A. Lack and J. J. Corbett: Black carbon from ships

6.2 Fuel quality and black carbon sult from using residual fuel. Policies requiring scrubbing of
residual or distillate fuel exhaust would provide alternate or
The balance of evidence suggests that shifting from high suladditional options for BC reductions.
fur, high ash residual fuels to low sulfur, low ash distillate  Arctic ship speed limits might serve to reduce the proba-
fuels will decrease BC emissions. Up to 80 % reductions inbility of whale strikes, reduce navigation hazards, and will
EFsc have been observed for such fuel quality shifts within reduce some emissions (e.g. £§0OShip speed-engine load
several studies. From the data presented, an averagerBF  relationships may be atypical under ice-safe operations com-
duction of 30 % at 100 % engine load is observed. It is there-pared to ice-free voyages and so it is difficult to assess the
fore likely that Fs regulations, such as those implemented in characteristics of current or future engine loads. Under ice
the Baltic and North Seas (IMO, 2005, 2007) and Californiabreaking conditions engine load is likely near a maximum
(CARB, 2009a), and those to be introduced for North Amer-while ships moving slowly through loose ice flows are likely
ica (IMO, 2009) and globally (IMO, 2010b), will reduce BC running at low engine loads and may be emitting up to twice
emissions. In addition, the call by the European Parliaments much BC per nautical mile of travel that is estimated using
for the IMO to ban HFO in the Arctic (to eliminate effects of current methodologies (Corbett et al., 2010a) (assuming en-
spilled fuel) is strengthened as this will likely reduce and/or gines are tuned for maximum load ratings). For the next few
minimize BC emissions in the Arctic (EU, 2011). Current decades it is likely that the transit paths of ships in the Arc-
regulation on fuel quality addresseg Bnly. From the re- tic would encounter a variety of ice conditions (and require
viewed literature, it was not possible to determine whethera range of engine load). De-rating may not be a viable op-
Fs, or another component of fuel quality, such as ash, aro+ion for the variability in lower loads possible. BC emission
matic hydrocarbon or heavy metal content, was responsibleeduction strategies may require an automatic tuning technol-
for the changes in BEdc. From the data presented, we are un- ogy or assessment of each ship’s load distribution history to
able to conclude if heavy metals catalyze the combustion oensure the engine can be optimally tuned. If there is so much

BC. variability in the engine load distribution as to make a spe-
cific tuning below maximum-load rating unviable, exhaust
6.3 Scrubbers and black carbon scrubbing or consumption of higher quality fuel would be

effective options for controlling BC under speed-restriction
Scrubbers that reduce emissions of;3@Ilevels equivalent  policies.
to consuming regulatory-compliant low sulfur fuel offer an
alternative to using distillate fuels. In addition to reductions
in SO, emissions, it is apparent, from the very limited data 7 Summary
available, that BC removal by scrubbers is between 40—-70 %,
dependent ond: While more work is needed to characterize Emissions of BC are of concern from both an air quality and
scrubber BC control efficacy across varying loads, scrubbingclimate (particularly Arctic climate) perspective. The Inter-
residual high k fuel appears to provide similar BC reduction national Maritime Organization (IMO) has begun to investi-

rates to switching from residual to distillate fuels. gate the impacts of BC emitted from shipping activity and
tasked an IMO subcommittee with providing more details
6.4 Regional regulatory combination: arctic shipping on the definition of BC, measurement methods and possible

strategies for BC mitigation. This review addressed the defi-
Given the sensitive eco-systems of the Arctic, careful con-nition, measurement methods and effects of speed, fuel qual-
sideration is being given to minimizing the impact of Arctic ity and exhaust gas scrubbing on BC emissions from ships.
shipping. Emissions of BC from ships have been identified We find that BC emission factors measured by photo-
as one of a number of priority BC mitigation opportunities acoustic, filter-based absorption (PSAP and MAAP) and
for the Arctic (Arctic-Council, 2010; Rosenthal and Watson, laser-induced incandescence are consistent with one an-
2011). Distillate fuels already required in the Antarctic could other on an absolute level. Corrected filter smoke number
become required in the Arctic for reasons unrelated to BC(FSN) BC also show good correlation with thermal optical
and climate forcing (e.g. elimination of residual oil spills). It reflectance-measured EC, however the TOA method shows
is apparent, however that the use of distillate fuel may alsanconsistent results to both Bgy and BGjer for two stud-
reduce BC emissions, therefore providing a co-benefit fories.
the Arctic. If Arctic shipping routes evolve into commonly  BC emission factors increase as engine load decreases and
used alternatives to the traditional Panama and Suez canabsolute emissions of BC increase up to 100 % at low loads
routes for transits from Europe to Asia and North America when the average gk is combined with the reduced fuel
to Asia (e.g. Somanathan et al., 2009), activity of ships con-consumption that results from reduced ship speeds.
suming residual fuels is likely to increase in the Arctic. The  Ships currently operating in the Arctic are likely operat-
use of distillate fuels by these ships in the Arctic (similar ing at highly variable engine loads (25-100 %) due to ice
to the Antarctic) would reduce BC emissions that would re-conditions. If this load engine variability makes it difficult
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