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This work presents an all-inclusive set of regulated and
nonregulated emission factors for the main propulsion engine
(ME), auxiliary engine (AE) and an auxiliary boiler on a
Suezmax class tanker while operating at sea. The data include
criteria pollutants (carbon monoxide, nitrogen oxides, sulfur
oxides, and particulate matter), a greenhouse gas (carbon dioxide),
the principal speciated hydrocarbons needed for human
health risk assessments, and a detailed analysis of the PM
into its primary constituents (ions, elements, organic, and elemental
carbon). Measurements followed IS0 8178-1 methods with
modifications described in the paper. The vessel burned two
fuels: a heavy fuel oil in the ME and boiler and a distillate fuel
in the AE.The weighted NO, emissions for the ME and AE

are 19.87 £ 0.95 and 13.57 &+ 0.31 g/kWh, respectively. The
weighted PM mass emissions factor is 1.60 £ 0.08 g/kWh for
the ME and 0.141 + 0.005 g/kWh for the AE, with the sulfate
content of the PM being the root cause for the difference. For
the ME, sulfate with associated water is about 75% of total
PM mass, and the organic carbon ranges from 15 to 25% of the
PM mass. A deeper analysis showed that the conversion of
fuel sulfur to sulfate in the ME ranged from 1.4 to 5%. This article
also provides emission factors for selected polycyclic aromatic
hydrocarbons, heavy alkanes, carbonyls, light hydrocarbon
species, metals, and ions for the ME, AE, and the boiler.

Introduction

Emissions from diesel engines are of concern to the health
communities, and many investigators have reported the
emissions of regulated and other compounds from diesel
engines (I1—4). Ocean-going vessels (OGVs) are a significant
and growing source of diesel emissions to thelocal and global
environments (5—10), yet emission factors from operating
vessels are scarce, and limited progress has been made toward
reducing these emissions (11, 12). In the past 15—20 years,
air pollution from other transportation sources has reduced
significantly across the world (5, 13). For example, the use
of advanced engine and emission control technologies has
resulted in the exhaust from new vehicles being 90% cleaner
than they were 10—20 years ago (14). However, emission
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reductions from OGVs lag behind other transportation
sources, resulting in OGVs as one of the largest anthropogenic
sources of air pollution in many areas of the world (5—7).

Concerns have been raised about the levels of sulfur
dioxide (SO), nitrogen oxides (NO,), and PM emissions
released into the atmosphere from slow- and medium-speed
marine diesel engines. Recent estimates indicate OGVs
represent approximately 9% of global SO, emissions and
18—30% of the world’s NO, pollution (15). Sulfur from the
fuel is oxidized in the combustion chamber to SO, and SO3,
typically in a ratio of 15:1 (II). Nitrogen oxides (NO,) are
formed when fuel nitrogen and nitrogen in air react with
oxygen at high temperatures in the burning fuel spray. A
first-order approximation shows a 100 °C increase in
combustion temperatures may increase NO, emissions by a
factor of 3 (I11). Particulate emissions in the exhaust gas
originate from agglomeration of very small particles of partly
burned fuel, partly burned lube oil, the ash content of fuel
oil and cylinder lube oil, sulfates, and water (16).

Currently, the U.S. Environmental Protection Agency
(EPA) offers only limited guidance regarding the development
of port emission inventories. Many current emission inven-
tories suffer from poor quantification of port activity and
use of outdated emission factors for assessing the impact of
ports on regional and global air quality (17).Various studies
(17—31) have focused on developing emission inventories
from OGVs. Recently, Petzold et al. (26) measured micro-
physical and chemical properties in the exhaust gas of a four-
stroke marine diesel engine under various load conditions.
Kasper et al. (20) presented results for emissions of particulate
matter from a turbocharged common rail two-stroke marine
diesel engine. Corbett and Koehler (15) published gaseous
emissions from marine engines. Cooper et al. (8, 21—23)
carried out emission measurements from main engines of
ferries and various auxiliary engines and reported emissions
datafor speciated hydrocarbons. Lloyd’s Register of Shipping
has performed testing of multiple engines to determine
emission factors for the principal marine diesel engine
exhaust emission species (29—31). Measured emissions from
ship plumes reported by researchers (27, 28) provide insight
into particle number and gaseous emission factors. In
addition to the regulated emissions, there is a widespread
interest in hydrocarbons species because these compounds
are often included in the human health risk assessment for
people living near the ports.

Many of the emission studies (20, 24— 26, 29—31) for slow-
and medium-speed marine diesel engines were carried out
with the engine on test rigs. In this research, the data were
gathered at sea while the tanker was operating at the
certification load points and during typical operation. Typical
operation included maneuvering and sailing at 12 knots in
and out of the harbor as a part of a voluntary vessel speed
reduction program (32). Testing and emissions measure-
ments took place over a 3-day period.

Experimental Methods
Engine Description. The sampling was conducted on a
Suezmax class vessel equipped with one main propulsion
engine, three auxiliary engines, and an auxiliary boiler with
three burners. Table 1 provides information about the test
engines. The boiler type was ADM-707, weighing 70.2 tons.
The maximum evaporation rate was 70 000 kg/h, and the
working pressure and temperature were 16 kg/cm? and
203.4 °C, respectively.

Fuel Properties. Two fuels were used during the testing.
The main engine and the boiler burned heavy fuel oil (HFO)
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TABLE 1. Properties of Test Engines

source manufacturer/model

main engine Sulzer 6RTA72
auxiliary engine no. 3

auxiliary boiler

Wartsila Vasa 6R22/26 spec. no. 17327
IHI, 2-drum-type steam generator with heating surface of 679 m?

serial no. power, kW technology maximum RPM
MS08.799/800 15750 2-stroke 90
5759 900 4-stroke 1200

with 2.85 wt % sulfur and 0.04 wt % ash content, and the
auxiliary engine burned marine gas oil with 0.06 wt % sulfur
and 0.01 wt,% ash content. One-liter samples were drawn
from the main engine and auxiliary engine final filter drains,
immediately upstream of the injector rail, for subsequent
analysis. Both fuels met DNV specifications, (33) and detailed
fuel analyses are reported in the Supporting Information.

Test Cycles. Emissions from a diesel engine strongly
depend on the load and RPM of the engine. Therefore, two
sets of operating conditions were used. The first approach
measured emissions while the engine followed the steady-
state certification load points, as outlined in ISO 8178 (34).
These data allowed the engine manufacturer to verify the
engine was operating near design. This provided credibility
that the nonregulated values were also representative of a
normal engine. For the main engine, testing followed the
ISO 8178-E3 four-mode test cycle, except that testing was
not carried out at the 100% power due to practical limitations.
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FIGURE 1. Emission factors of different gases for the main
engine, the auxiliary engine, and the boiler.

Emissions (kg/tonne)
w
o

Additional mode points were acquired at 85% load, the
maximum practical steady power, and 13% load, since the
vessel spent a considerable percentage of time at this load
point. Measurements for the auxiliary engine were made as
per the ISO 8178-D2 cycle, except for the 100% power. The
test cycles and test schedules are provided in the Supporting
Information.

The second set of operating conditions measured gaseous
and PM emissions in real time and continuously while the
engines followed typical operating conditions. The current
state of knowledge concerning the transient nature and
magnitude of marine “real world” emission data is scarce,
so exploratory measurements were conducted during startup,
sailing from the harbor following the vessel speed reduction
(32) at 12 knots, maneuvering and operating at various speeds
at sea. In addition to testing the diesel engines, emissions
were measured from the boiler with all three burners
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FIGURE 2. Emission factors of PM, EC, OC, ash, and hydrated
sulfate (H,S0,-6.5H,0) for the main engine, auxiliary engine,
and the boiler.
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operating at the maximum firing rate and reflective of when
the vessel is discharging crude oil from the tanker.

Sampling and Analysis. The methods for sampling and
analysis of the gases and particulate matter (PM) conformed
to the requirements of ISO 8178-1 (34). The approach involved
the use of a partial flow dilution system with single venturi
(Figure S1 of the Supporting Information). Although ISO
8178-1 allows a transfer line of 5 m, no transfer line was used
in this research. The concentrations of CO, or NO, were
measured in the raw exhaust gas and diluted gas streams
using an exhaust gas analyzer. The dilution ratio was
determined from both the CO, and NO, raw and dilute
concentrations, and the dilution ratios agreed within 5%, as
specified in the reference method (34).

Nonregulated emission measurements for different gases;
PM; s mass; metals; ions; elemental and organic carbon; and
selected hydrocarbon species, including PAHs, carbonyls,
and n-alkanes were performed following methods that are
described in detail in the Supporting Information. The real
time PM measurements with a Dekati mass monitor (35)
were performed during actual tanker activity.

Results

Emission results for the main and auxiliary engines during
the modal tests are reported as grams per kilowatt-hour (g/
kWh) using the concentration of the measured species, the
recorded engine load, and the calculated flow rate. The
calculated flow rate assumed the engine operated as an air
pump and used recorded values for RPM and scavenger air
pressure and temperature. The load points, corresponding
RPM values and scavenger properties, are provided in the
Supporting Information. Emission factors for the gases and
PM were sent to the engine manufacturer, who verified the
values were representative for an engine running near design.

Emissions rates for the auxiliary boiler at full power and
the exploratory continuous measurements of gases and PM
from the main engine can only be reported on a fuel-specific
basis (grams per gram or kilogram of fuel or carbon dioxide)
since flow or load information was not available. The real
time traces of PM, NO,, and CO, concentrations during
transient operations in leaving the harbor, including ma-
neuvering, are presented in the Supporting Information.

In addition to the modal emission factor, an overall
emission factor is calculated using the methodology and
weighting factors specified in ISO 8178 E3 for the main engine
and ISO 8178 D2 for the auxiliary engine.

Gaseous Emissions. In this study, the concentration of
carbon dioxide (CO,), carbon monoxide (CO), and nitrogen
oxides (NO,) were measured, and the concentration of sulfur
dioxide (SO,) was calculated from the sulfur in the fuel as per
ISO 8178-4. Modal data for the engines and for the boiler at
full power are presented in Figure 1. The results show gaseous
emissions dominated by CO, and NO, with emissions of CO
low, as expected. Since triplicate measurements were made
at each point, the error bars indicate the confidence limits.

Of particular interest was the modal emission rate at 12
knots. In May 2001, a Memorandum of Understanding
between the Ports of Los Angeles and Long Beach (POLA/
POLB) and others (32) was signed requesting OGVs to
voluntarily reduce their speed to 12 knots at a distance of 20
nautical miles from POLA/POLB to reduce the overall NO,
emissions. For this vessel, the 12 knots speed corresponded
to 50% engine load, which is an efficient operating zone for
the diesel engine. However, these values should not be used
for container ships. Modern container ships often have ME
about 60 MW engines for which the 12 knot speed corre-
sponds to an 8—13% engine load. Emission rates of NO, and
PM per kWh on the container ship would be much higher
than the values measured at 50% power (38) in this study.
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FIGURE 3. Relative weighted emission factors of various trace
elements.

Particulate Matter (PM.5) Emissions. Understanding the
mass and composition of PM from marine engines and boilers
was a critical goal for this research, since data are scarce.
Results in Figure 2 provide emission factors for particulate
matter mass and the mass speciated into elemental and
organic carbon (EC/OC), ash, and hydrated sulfate
(H2S04-6.5H,0). Results from the main engine’s burning the
high-sulfur fuel show the PM mass is primarily hydrated
sulfate, amoderate amount of organic carbon (OC), and small
amounts of elemental carbon and ash. The auxiliary engine
emissions are about 10% of those of the main engine, largely
due to the use of a lower-sulfur distillate fuel. Emissions
from the boiler are predominately sulfate and lower than the
weighted main engine value when reported on the same
basis. In these charts, the OC positive artifact was assumed
to offset hydrogen and oxygen content of the organic mass,
on the basis of previous research (36).

An important quality element designed into the analysis
was a check of whether the total PM mass was conserved.
Specifically, the total mass collected on the Teflon filter was
compared with the sum of the masses independently
measured as sulfate, organic and elemental carbon, and
calculated water bound with sulfate. Ash emissions were
calculated from the ash content in the fuel. The data presented
in Figure 2 show a favorable comparison of the two
independent approaches to determining the PM, s mass.

Emissions of Metals and Other Elements. Both modal
and overall weighted emission factors were figured on the
basis of the elemental analysis. Relative weighted emission
factors for the main engine, the auxiliary engine, and the
boiler are presented in Figure 3. The main engine and boiler
show the expected predominance of sulfur, followed by
vanadium and nickel and the metals from the crude oil. For
the auxiliary engine, sulfur is followed by calcium, a
constituent of the lube oil used with sulfurous fuels. Also
found were zinc and phosphorus, the antiwear elements in
the lube oil. The emission factors for different elements as
a function of load are presented in the Supporting Informa-
tion.

Emissions of Carbonyls and Selected C,—Cs Hydrocar-
bons. The concentration of 13 different carbonyls and



TABLE 2. Emission Factors of Different Carhonyls and Selected C4—C8 Hydrocarhons for Main Engine, Auxiliary Engine, and the Boiler

boiler emission factor (g/ton)

auxiliary engine emission factor (mg/kWh)

main engine emission factor (mg/kWh)

percent load

percent load

75%

25%

85%

75%

X5
=)
o

13%

0.26 + 0.30
0.09 +£0.15
0.11 £ 0.11

BDL
BDL
BDL

0.79 £ 0.16
3.27 £ 0.06
BDL
1.25

2.81 £0.92
BDL
0.20 £ 0.02
BDL
0.75
3.86
1.39
0.39
0.26

.65 +0.26
+ 0.37
+0.29
7 + 0.06
+0.03
+ 0.06
+ 0.61
+0.14
+ 0.08
+0.05
+ 0.07
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2 Typically repeats + 15%. BDL = below detection limit.

TABLE 3. Weighted Emission Factors of PAHs and Alkanes®

main engine auxiliary engine  boiler
g/kWhr g/kWhr kg/ton
naphthalene 8.12 x107%  7.20 x10%  1.54 x1072
acenaphthylene 1.17 x10~4 2.71 x107%  8.14 x10°°
acenaphthene 248 x10™*  1.17 x107% 2,569 x1074
fluorene 1.16 x10~* 481 x10°5  6.71 x10°®
phenanthrene 5.85 x10*  4.69 x10* 7.85 x10~*4
anthracene 8.26 x107° 1.48 x10~4  3.05 x10~4
fluoranthene 3.16 x10°5 245 x107%  2.32 x10°°
pyrene 1.70 x10~* 3.37 x1075  4.07 x10~*
benz(a)anthracene 2.02 x107° 1.72 x106 496 x107°
chrysene 3.49 x10°5 2.80 x1076  4.96 x10°°
benzo(b)fluoranthene  1.25 x1075 7.80 x1077  3.27 x10°5
benzo(k)fluoranthene  1.37 x10°° 1.46 x1076  3.43 x107°®
benzo(a)pyrene 3.68 x104 1.46 x1076  9.31 x10~4
indenol1,2,3-cd]lpyrene 5.90 x10-5 1.20 x10°¢  1.74 x1074
dibenz[a,h]lanthracene 5.68 x107% 1.22 x10°¢  9.08 x1075
benzo[ghilperylene 2.30 x10° 2.40 x107%  4.68 x10°
dodecane 8.24 x10™4  4.84 x103  4.88 x1072
tetradecane 1.18 x1073 5.568 x1073  1.75 x1072
hexadecane 7.97 x1074 438 x107%  1.70 x1072
octadecane 9.96 x10~4 3.85 x10%  8.30 x103
nonadecane 7.08 x1074 2.23 x1073  2.84 x1073
eicosane 1.60 x103  3.26 x10™% 6.90 x10~4
docosane 2.25 x1073 1.19 x1074  2.29 x10~4
tetracosane 549 x104  8.10 x107®  3.18 x107*
hexacosane 3.26 x10* 535 x10°5 3.92 x10°*
octacosane 9.13 x1074 8.02 x1075  1.21 x10~*
triacontane 1.15 x1073 1.44 x10~4  7.20 x10~4

? Note: Typically repeats + 15%.

selected hydrocarbons (1,3 butadiene; benzene; toluene; m-
plus p-xylene; ethylbenzene and o-xylene) were measured
in triplicate for the exhaust of the main and auxiliary engines
and the boiler. The emission factors for these hydrocarbons
are presented in Table 2.

Polycyclic Aromatic Hydrocarbons (PAHs) and C10+
Alkanes. The concentrations of 11 different alkanes and 16
different PAHs were measured, and weighted emission factors
are presented in Table 3. The emission factors for different
PAHs and alkanes as a function of engine load for the main
engine and the auxiliary engine are provided in the Sup-
porting Information.

Methane and Total Gaseous Non-Methane Organics
(TGNMO) as Methane. The concentrations of methane and
TGNMO as methane in the diluted exhaust were low and
near ambient levels. Data are provided in the Supporting
Information. This measurement was an exploratory probe,
and samples collected from future measurements for this
analysis will be collected from raw exhaust to avoid near
detection limit concentrations in the SUMMA canisters.

Discussion of Regulated Emissions

Tankers are around 10% of the total number of ocean going
vessels worldwide (14, 15), and yet, there are very little data
available from tankers during actual operation at sea. Table
4 compares the measured weighted emission factors (EFs)
of NO,, PM, and calculated weighted EFs for SO, from this
study with literature data and those used by regulatory
agencies. The NO, emission factors for the main and auxiliary
engines from this study are comparable to those in Lloyd’s
and the regulatory agencies. Although the SO, levels show
differences, they should be similar if calculated from the ISO
protocol and measured sulfur levels in the fuel.

Key elements of the research were to measure the PM
mass and to dissect the PM mass into its major constituents,
since it is classified as a toxic air contaminant in California.
This study shows PM mass levels are 30% higher than Lloyd,
48% higher than EPA, and close to ARB’s number. A deeper
analysis of the PM mass from main engine running on HFO

VOL. 42, NO. 19, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 7101



TABLE 4. Comparison of measured emission factors with literature data

units measured (weighted) Lloyds Services data (12) Cooper et al. (8 US EPA EFs (77 CARB EFs (40)
Auxiliary Engines
NOx g/kWh 13.57 +£ 0.31 13.9 17.5—-17.9 13.9 13.9
PM g/kWh 0.141 + 0.005 0.3 0.26 0.42 0.25
S0,? g/kWh 0.28 1.1 0.14-0.16 0.66° 0.4
Main Engine
NO, g/kWh 19.87 £ 0.95 18.7 18.1 18.1
PM g/kWh 1.60 4+ 0.08 1.23 1.08 1.5
S0,7 g/kWh 10.5 10.3 10.5
Boiler
NOx kg/ton 9.24 + 0.09 12.3
PM kg/ton 2.78 +£ 0.26 1.04
S0,? kg/ton 55.7 54

250, values reported are calculated from sulfur in the fuel. ® Corrected for sulfur in the fuel used.

1.93 (CARB EF)1

1.43 (EPA EFP

.20 (EPA EF

PM (g/kw-hr)

13% 25%

50% 75% 85%

Load%

mAVG. (meas.) m EPA (calcﬂ

" from CARB “Emissions Estimation Methodology for Ocean-Going Vessels,” October, 2005
(transit/maneuvering modes, corr. from 2.5 wt. % to 2.85 wt.% S fuel)

2 from US EPA “Current Methodologies and Best Practices in Preparing Port Emission
Inventories,” January, 2006 (corr. from 2.7 wt.% to 2.85 wt.% S fuel)

3 from reference (2), corr. to 13% load

4 from Environ/EPA calculation based on brake-specific fuel consumption and 2.85 wt. % S fuel

FIGURE 4. Comparison of measured emission factors in this study and estimated EFs of PM for main engine.

shows the PM is dominated by hydrated sulfate (about 75%
of total PM). Organic carbon constitutes about 15—25% of
the PM, and the remainder is EC and ash. For the auxiliary
engine running on marine gas oil, the PM is dominated by
organic carbon, which constitutes about 45% of total PM.
The EC/OC ratio for the main engine varies from 0.03 to 0.05
and from 0.1 to 0.4 for auxiliary engines, and these ratios are
significantly different from the on-road diesel engine range
of 1—4 (37). This finding may be useful for researchers doing
source apportionment projects.

A deeper investigation of the fuel sulfur to sulfate
formation revealed that for the auxiliary engine running on
marine gas oil, the conversion of fuel sulfur to sulfate
increased from 1.4 to 5% as engine load increased from 25
to 75%. For the main engine running on heavy fuel oil, the
conversion of sulfur from fuel to sulfate increased from 1.9
to 3.9% as engine load increased from 25 to 85%. Kasper et
al., (20) report a conversion ratio of 1.4% at 100% engine load
for a 2-stroke marine diesel engine running on marine diesel
oil. The data gathered by the present study shows a higher
conversion of fuel sulfur to sulfate than earlier investigators
but does not provide the relationship between conversion,
engine, fuel, and combustion conditions.

Various regulatory agencies estimate PM mass emission
factors from the brake specific fuel consumption and the

7102 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 19, 2008

sulfur level in the fuel (39, 40). The U.S. EPA considers
emission factors to be constant, down to about 20% load.
Below 20% load, diesel engines are less efficient, and the fuel
consumed per unit work will increase, so EPA has an
adjustment factor (39). Thus, although mass emissions (grams
per hour) decrease with low loads, the emission factor will
increase as the load decreases (40), which is consistent with
the measured emission factors in this study. Figure 4
compares the emission factor of PM mass from the main
engine measured in this study with emission factors estimated
by regulatory agencies.

Discussion of Nonregulated Emissions

As expected, the concentration of methane and total gaseous
non-methane organics as methane were low and near ambient
levels. An important objective of this research was to report
emissions of speciated hydrocarbons, especially hazardous air
pollutants, since they were nonexistent for the main engine
and boiler of ocean going tankers. The deeper analysis of the
total hydrocarbons showed that formaldehyde emissions were
significant and were over 50% of the total aldehydes for the
main and auxiliary engine. For the boiler, acetaldehyde was the
primary aldehyde. Details are provided on the emissions of
other HAPs and indicate, for example, that benzene emissions
were about 10% of the formaldehyde values.



Cooper et al. (21) provided emission factors of PAH and
Cs—Ci2 hydrocarbon emissions from auxiliary engines (me-
dium speed marine diesel engines), emphasizing that PAH
emissions from marine diesel engines are most probably a
significant PAH source. The emission factors of PAHs
presented in this study for the auxiliary engine are in general
agreement with Cooper.

Auxiliary boilers on tankers are significantly larger than
auxiliary boilers on container vessels because a lot of steam
is needed to pump the large volume of crude oil. The fuel-
specific emissions show that PM emissions from the boiler
were about 34% of the weighted emissions from the main
engine, and NO, emissions were 9% of the weighted emissions
from the main engine.

The weighted emission factors for all the different hydro-
carbon species are provided in the Supporting Information.
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