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ABSTRACT: Emissions from ocean-going vessels (OGVs) are a signifi
cant health concern for people near port communities. This paper
reports the emission benefits for two mitigation strategies, cleaner
engines and cleaner fuels, for a 2010 container vessel. In-use emissions
were measured following International Organization for Standardization
(ISO) protocols. The overall in-use nitrogen oxide (NO,) emis-
sion factor was 16.1 + 0.1 ngl b7}, lower than the Tier 1 certification
(17 gkW™" h™") and significantly lower than the benchmark value of 18.7
gkW™' h™! commonly used for estimating emission inventories. The in-
use particulate matter (PM, ) emission was 1.42 + 0.04 gkW™" h™' for
heavy fuel oil (HFO) containing 2.51 wt % sulfur. Unimodal (~30 nm)
and bimodal (~35 nm; ~75 nm) particle number size distributions
(NSDs) were observed when the vessel operated on marine gas oil

(MGO) and HFO, respectively. First-time emission measurements during fuel switching (required 24 nautical miles from coastline)
showed that concentrations of sulfur dioxide (SO,) and particle NSD took ~S5 min to reach steady-state when switching from
MGO to HFO and ~84 min in the opposite direction. Therefore, if OGVs commence fuel change at the regulated boundary, then
vessels can travel up to 90% of the distance to the port before steady-state values are re-established. The transient behavior follows a
classic, nonlinear mixing function driven by the amount of fuel in day tank and the fuel consumption rate. Hence, to achieve the
maximum benefits from a fuel change regulation, fuel switch boundary should be further increased to provide the intended benefits

for the people living near the ports.

B INTRODUCTION

Globalization and continuous growth in international trade has
led to larger and more powerful engines on ocean-going vessels
(OGVs). The diesel engines on the OGVs are relatively high
emitters of PM, s, NO,, sulfur oxides (SO,), and carbon dioxide
(CO,), a consequence of the combination of using heavy fuel
oil and few emission regulations. Increasing ship emissions affect
global climate' ™ and regional air quality near port commun-
ities,”* suggesting that mitigation strategies and controls are
needed to reduce the impact of OGV emissions and shipping-
related PM mortalities.® Two mitigation strategies were inves-
tigated in this research: use of a cleaner burning modern diesel
engine and the switch to cleaner, lower-sulfur fuels near coastal
communities.

The current emission standards do not include limits on PM
mass emissions; however, it is well established that reducing fuel
sulfur content is effective in lowering SO, and PM mass emis-
sions from combustion sources. The approach is based on the
fact that SO, is formed during the fast reaction of fuel-sulfur with
oxygen in the combustion process, and subsequently, particles
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form during the slower oxidation of sulfur dioxide and its hydra-
tion to sulfuric acid (eq 1).

Fas 1/20,(Slow H,0
(Fest) SO, xtSlow) SO, i Sulfuricacid (1)

S+0,

Research shows that the sulfur content for heavy fuel oil is
the primary factor contributing to PM mass emissions.”>>

Recent shipping regulations have tightened the emission limits
for NO, and SO, and fuel quality in global and designated emission
control areas (ECAs). The International Maritime Organization
(IMO) set progressive reductions in NO,, emissions and fuel sulfur
content. From 2010 to 2015, fuel used by all vessels operating in
ECAs cannot exceed 10000 ppm sulfur. After 2015, fuel used in
ECAs may not exceed 1000 ppm sulfur. In contrast, the sulfur content
of fuel used in on-road vehidles is <15 ppm. The reduction in PM
mass emissions is expected to reduce annual premature ship-related
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mortality by 50% in ECAs.” In addition to the fuel change, the
California Air Resources Board (CARB) currently requires that
OGV main and auxiliary engines burn fuel with sulfur content equal
to or less than 1.5 wt % within 24 nautical miles (nmi) of the
California coastline.®

Particle emissions have been previously characterized from
slow-speed marine engines using test rigs, stack and plume
studies during ship transit. Kasper et al.” reported a mean
diameter of particles of 20—40 nm for a two-stroke marine diesel
engine operating on a test rig and burning a heavy fuel oil (HFO)
with 0.6 wt % sulfur. Petzold et al.' reported physical properties,
chemical composition, and cloud-forming potential of particulate
emissions from a 4-stroke, medium-speed, marine diesel engine
operating on a test rig for load conditions from 10% to 110%
with HFO containing 2.21 wt % sulfur. Moldanova'' reported
microphysical and chemical properties of the exhaust for various
load conditions of a 2-stroke diesel engine and observed bimodal
particle mass size distribution with peaks at 0.5 and 7 pm. Fridell
et al."”” used a cascade impactor to study the size distribution
of particles from the exhaust of three transiting ships. Lyyranen
et al.">'* studied particle number size distributions (NSDs) from
4-stroke medium speed engines operating on HFO with 2.4 wt %
sulfur. Murphy et al.'® measured criteria emissions, cloud con-
densation nuclei (CCN) concentrations, and estimated the
particle number emission factors from simultaneous on-board
(3.01 wt % sulfur) and aircraft measurements.

The contribution of ship emissions to local inventories require
knowledge of emission factors (EFs) with most researchers using
either data compiled by IVL Swedish Environmental Research
Institute (IVL) for ENTEC UK*® or Lloyd’s register (LR).>' In
each study, only 3 container vessels were tested to represent
thousands of container vessels that sail around the globe. A similar
number of measurements were made from variety of vessels
(tankers, ferries, tugboat, etc.). In total, the IVL EFs, which are
widely used, are based on eight measurements from slow speed
diesel (SSD) engines and LR EFs are from 11 SSD engines. For
practical inventory development, these EFs are applied to SSD
engines irrespective of vessel type; they only depend on the type
of engine, fuel, and operating mode. Hence the EFs from this
study are especially important as they represent the first in-use
measurements from a modern container vessel using the latest
Tier 1 engine technology.

Under the current certification scheme, engines are allowed
to be certified while operating on distillate fuel (nitrogen free)
both on test-bed and in-use even though the OGVs operate on
HFO in international boundaries. The fuel-bound nitrogen can
account for up to 10% of NO, emissions which can effectively
bias the certified NO, emission to a lower value. In this study,
data were collected at sea near the prescribed OGV certification
load points and during fuel switching between marine gas oil
(MGO) and HFO fuel. This research provides the first com-
parison of Tier 1 certification values with in-use data obtained
from a modern container vessel (launched in 2010) at sea.
Additional information is provided on the transition in
emissions, particle size, and particle number during fuel switch. A
nonlinear equation representing the fuel mixing process is verified
as an approach to estimate the time required to switch fuels.

B EXPERIMENTAL METHODS

Vessel and Engine Description. A 2010 post-Panamax
container vessel was tested (Table S1) as it is representative of the
large container vessels and slow-speed diesel engines being built
today. The main propulsion engine (Hyundai B&W 11K98ME7)
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for the vessel was an electronically controlled, slow speed two-
stroke, 68 530 kW diesel engine rated at 97 rpm with a displace-
ment of 22 060 L (Table S2). The engine was equipped with the
latest technology to meet IMO Tier 1 emission specifications for
vessel construction between 2000 and 2010. The engine was
designed with low-NO,, slide valves, an electronic fuel injection
system, and improvements in the in-cylinder combustion for
lowering NO,, emissions and improving fuel economy.

Fuel Properties. Emissions were evaluated for two fuel types:
MGO and HFO. In compliance with California regulations, MGO
with 0.17 wt % sulfur was used in the main engine within 24 nmi
of the California coastline. Outside 24 nmi, the engine operated on
HFO with 2.51 wt % sulfur. One-liter fuel samples were drawn
from the main engine final filter drains, immediately upstream of
the injector rail, for analysis of fuel properties (Table 1).

Table 1. Selected Fuel Properties

certificate of

analysis (CoA) collected samples

fuel units HFO MGO HFO MGO
density @15C kg/m’ 988.8 845.5 - -
viscosity @40C mm?/s 368.6 33 - -
sulfur % m/m 2.40 0.17 2.51 0.17
ash % m/m 0.07 <0.01
vanadium mg/kg 262 <1 - -
density @15.5C kg/m3 988.2 845.2

Test Cycles. HFO emissions at 90%, 75%, 47%, and 24% of
full load were evaluated. Efforts were made to achieve loads similar
to those specified in the ISO 8178-E3 test cycle (Table 2) to
compare measured in-use emissions with the engine certification
values; however, the actual loads at sea only approximate those in
the E3 test cycle due to perturbations in loads caused by the
interactions of the vessel and sea. Data for the engine load (kW),
engine speed (rpm), and fuel consumption (kg/h) were down-
loaded from the engine computer. A check of the accuracy
of the gauge readings was carried out by calculating the
engine efficiency using the reported engine load and fuel
consumption. At 90% and 75% engine load, efficiencies were
46.9% and 47.5% which is slow-speed diesel engines.*®
Specific fuel oil consumption (SFOC) is calculated based on
fuel consumption and engine load. Measurements were also
made at slower speeds, 12% and 23% of full load, while the engine
operated on MGO. Additional real-time emission measurements
were conducted while the engine followed typical operating
conditions (including fuel switching).

Sampling and Analysis. Sampling and analysis of gases
and PM conformed to ISO 8178-2 requirements.'® Briefly,
testing was conducted using a partial flow dilution system with
a single venturi.'”'® The dilution tunnel was attached directly
to the stack negating the need for a heated transfer line. Dilution
ratios (DRs) were obtained from both CO, and NO,
measurements of raw and dilute exhaust gas with DRs agreeing
within $% for the two gases. Carbon monoxide (CO), CO,,
NO,, and SO, were monitored using the Horiba PG-250 Exhaust
Gas Analyzer. SO, EFs were calculated from the fuel sulfur
content per ISO 8178-1 protocol'® except during the fuel switch
when a Horiba Analyzer was used to monitor the continuous
change in SO, exhaust concentration.

PM,  samples were taken from the dilution tunnel after a
2.5-pm cyclone separator, collected on filter media, and the mass
was determined gravimetrically on preweighed 47-mm-diameter
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Table 2. Engine Operating Conditions

targeted modes 1SO100 1SO75 1SOS0 ISO25
fuel HFO HFO HFO HFO
load (%) 90 75 47 24
load (kW) 61,944 51,703 31,902 16,707
engine speed (rpm) 97 91 78 61
SFOC (g kW' h™") 191 188 200 205

MGO23 MGO12 fuel switch

MGO MGO MGO to HFO HFO to MGO
23 12 30 24

15,481 8,275 20,559 16,447

59 49 67 58

209 232 201 208

2-um pore Teflo filters (Pall Gelman, Ann Arbor, MI). Loaded
Teflo filters were weighed using a Mettler Toledo UMX2
microbalance following the guidelines within the Code of Federal
Regulations (CFR).%° Before and after the collection, the filters
were conditioned for 24 h in an environmentally con-
trolled room (RH = 40%, T = 25 °C) and weighed dail_?r until
two consecutive weight measurements were within 3 ug."” Teflo
filters were subsequently extracted with HPLC-grade water and
isopropyl alcohol and analyzed for sulfate ions using a Dionex
DX-120 ion chromatograph. Sulfate on the Teflo filter PM was
assumed to be in hydrated form (H,SO,-6H,0) as predicted using
the aerosol thermodynamic model ISORROPIA.**73* Therefore,
a factor of 2.15 was applied to the mass of sulfate ions to determine
its total contribution to the PM mass. Parallel 2500 QAT-UP
Tissuquartz Pall (Ann Arbor, MI) 47-mm filters (preconditioned
at 600 °C for a minimum of S h) were used to collect PM, g for
subsequent elemental and organic carbon (EC/OC) analysis
following the NIOSH>" method using a Sunset Laboratory (Forest
Grove, OR) thermal/optical carbon aerosol analyzer.

The real-time PM mass concentration in the dilution tunnel
was monitored with a TSI DustTrak model 8520 taken directly
from the tunnel and without a 2.5-um cyclone separator. This
measurement provided assurance that the PM concentration was
steady while the mass was collected on the filters. A secondary
dilution tunnel was installed to obtain particle NSD using a TSI
scanning mobility particle sizer (SMPS) model-3080 with 3081
classifier and TSI 3772 condensation particle counter (CPC).

B RESULTS AND DISCUSSION

Triplicate measurements were made consecutively across all
loads. EFs are reported as grams per kilowatt-hour (gkW~' h™")
based on the concentration of measured species, recorded
engine load, and calculated exhaust flow rate. The exhaust flow
rate for the vessel was calculated assuming complete conversion
of fuel carbon to carbon dioxide (carbon balance method).

Modal Emission Factors. Modal EFs are determined at
steady-state conditions and are important for OGVs and loco-
motives as those engines normally operate for long periods of
time at steady-state conditions or modes. Thus, modal EFs are
essential for estimating inventories in a particular area. Modal
EFs for CO, CO,, NO,, and SO, are summarized in Table 3.
The modal value for NO, at 75% engine load is just below the
Tier 1 limit (17.0 gkW™' h™') and close to the Tier 2 limit
(144 gkW™ h™") at 47% load. The modal EF, also reflects
fuel efficiency at different operating modes. EFq, is lowest at
75% load (590 gkW™' h™') where OGVs spend a significant
amount of time during transit.

The modal EFs for PM, s mass, EC/OC, hydrated sulfate
(H,S0,-6H,0), and ash are summarized in Table 4. The PM,
mass was composed of 69—82% hydrated sulfate, 10—19% OC,
<5% EC, and ash. EC and OC emissions decreased with
increasing load (reflecting the engine efficiency tuning at 75%
load) while sulfate emissions increased with increasing load.
Fuel sulfur conversion to sulfate increased from 2.4% to 4.2% as
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Table 3. Modal Emission Factors (gkW™' h™') of Different
Gases for Main Engine

load
(%) fuel CO, NO, CO SO,
12 MGO 749 + 11 264 + 1.5 039 + 0.002  0.76
23 MGO 672 + 1 16.8 + 0.1 1.9 + 0.09 0.68
24 HFO 644 + 29 149 + 0.2 1.7 £ 0.71 10.1
47 HFO 626 + 15 144 + 0.1 1.2 + 0.07 9.86
75 HFO 590 + 2 16.9 + 0.2 0.32 + 0.02 9.29
920 HFO 600 + S 152 £ 0.1 0.36 + 0.004 9.44
30 MGO to 654 + 30 158 = 0.5  2.09 + 0.3“ n/a
HFO
24 HFO to 651 + 20¢ 16.1 + 0.3° 1.44 + 04 n/a
MGO

“Average EFs during the fuel switch.

the engine load increased from 24% to 90%, consistent with
previous studies.'®*®

The main propulsion engine was operated at 24% (HFO)
and 23% (MGO) allowing for a comparison of the PM, s mass
emissions. Results in Table 4 show the EF for PM, 5 mass
was reduced by ~70% by switching to MGO with lower
sulfur content. This reduction is significant and shows the
impact of PM, 5 emissions on communities near coastlines
can be substantially mitigated by switching to a cleaner fuel,
MGO 2425

Modal Data for Particulate Diameters. The SMPS
provided near continuous determination of the particle NSD
for different operating modes and different fuels (Figure 1a).
The exhaust particle NSDs for MGO are monodisperse with a
mobility mode diameter at ~30 nm when operating at <25%
load. A slight increase in the mobility diameter is observed as
load increases. In contrast, the particle NSD data for the HFO
show the aerosol is distinctly bimodal with first mode at ~35 nm
and second mode between 70 and 95 nm. The shift to a larger
diameter is consistent with the higher PM mass levels measured
on the filters when the engine operated on HFO. Assuming
constant particle density, particle volume distributions (Figure 1b)
indicate a decrease in particulate mass with decreasing engine load.

Overall Emission Factors. The overall measured EFs were
calculated (eq 2) for an engine operating on HFO with the
weighting factors established in the ISO 8178-4 E3 protocols
(Table S). The equation for calculating the overall EF is

> MEF X MWF

WEF = ————
Y Load X MWF

(2)
where

WEEF: weighted emission factor (gkW~'h™")
MEF: modal emission factor (gh™")

MWE: ISO weighting factor for the mode
Load: engine load for the mode (kW)

Results show the overall EF(, was 600 + 2 gkW™' h™" and
similar to values reported in other studies.'”** As expected, the
EF¢o of 0.5 + 0.04 gkW™ h™' was much lower than that
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Table 4. Modal Emission Factors (gkW~' h™') of PM, 5 and Speciated PM, 5 for Main Engine

load (%) fuel PM, ¢ EC oC H,S0,-6H,0 ash
12 MGO 0.28 + 0.04 0.0023 + 0.002 0.17 + 0.003 0.0S + 0.01 0.02
23 MGO 0.34 + 0.07 0.0034 + 0.0003 0.17 £ 0.01 0.08 + 0.02 0.02
24 HFO 1.19 + 0.0S 0.0087 + 0.002 0.22 + 0.006 0.79 + 0.0 0.14
47 HFO 1.22 + 0.0S 0.0057 + 0.0004 0.19 + 0.002 0.90 + 0.06 0.14
75 HFO 1.44 + 0.04 0.0043 + 0.001 0.17 + 0.001 1.13 + 0.11 0.13
90 HFO 1.54 + 0.04 0.0039 + 0.0002 0.16 + 0.003 128 + 0.02 0.13
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Figure 1. Particle number (a) and volume concentrations (b) for all operating modes.

Table 5. Comparison of Measured Overall Emission Factors
with Others

NO, PM, S0,* CO,
measured 16.1 =+ 0.1 1.42 + 0.04 9.44 600 + 2
Agrawal' 1821 1.63 8.39 644
Agrawal®® 19.77 £ 028 240 + 005 11583 617
Llyods service data®®  18.7 1.23 - -
U.S. EPA 2009%7 18.1 1.31 1029 620
CARB 2008 18.1 1.46 10.50 620

“S0, values reported are calculated from sulfur in the fuel.

measured for CO, as most of the carbon (99.9%+) in the fuel
was converted to CO,. Results in Table 5 show the overall
EFyox was about 14% lower than the Lloyd’s values and 5%
lower than the Tier 1 certification value. EF for PM, mass
is strongly dependent on the sulfur content of the fuel and
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therefore hard to compare with previous work. Comparative
values for EC* indicate the overall EF is lower, suggesting an
improved combustion process.

Transient Data. Although OGVs generally operate at a fixed
load, there are times when the engine operates in a transient mode.
For example, transient modes can occur when maneuvering and
entering or leaving the harbor. Another transient period is during
the fuel switch from HFO to MGO or from MGO to HFO.
Transient data are quite scarce, as are the opportunities for taking
such measurements. During this research we continuously measured
the gaseous and PM concentrations and particle NSD transitions
during the fuel switching operations. As the vessel left the harbor, it
operated on MGO and then beyond 24 nmi the vessel switched
from MGO to HFO. Fuel switching takes time as the crew carefully
follows a detailed checklist for fuel switching that was prepared in
consultation with the engine manufacturer. According to engine
manufacturers, rapidly changing fuel and/or temperature will
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move viscosity outside the specified range and harm the fuel
delivery system, including pumps and injectors. Therefore,
switchover must be carried out slowly in order to avoid
scuffing of fuel valves, fuel pump plungers, and suction
valves.”®

Figure 2a shows the continuous emissions data as the vessel
switched fuels. During the switch, vessel load was ~30%, except
for two times at ~9:08 and ~9:43 a.m. when small perturba-
tions occurred. As a consequence of the constant load, the gas-
phase emissions for NO,, CO, and CO, did not change
significantly; however, the real-time EFgn, and particle NSD
took about ~55 min to reach steady-state again. Figure 2b
shows the transient behavior of the particle mode diameter and
particle number concentrations during the fuel switch. The
results show a new particle mode occurred within a few minutes
of the fuel switch from 35 to 75 nm; leading to the formation of
a bimodal particle NSD within 1 hour. The transient particle
NSD data are consistent with observations of particle NSD for
steady-state mode testing using HFO.

When nearing the coastline the vessel switched from HFO
to MGO at about 24% load. With the load constant, the

concentrations of NO,, CO, and CO, were basically steady;
however, the EF(, and particle NSD decreased over the ~84 min
needed to achieve steady state (Figure 2c). Transient particle
NSD data (Figure 2d) show the initial bimodal distribu-
tion returns to a single mode, as expected for MGO. Although
total particle number decreased gradually along with SO,, high
concentrations of smaller particles were observed throughout
the fuel switch which is an indication of the presence of HFO
in the fuel feed even 84 min after the fuel switch commenced.

Except for SO,, the averages of transient EFs (Table 3) for
fuel switching are calculated. SO, concentrations exhibit non-
linear change due to continuous changes in the fuel sulfur con-
tent. EFgo, (gkW™' h™') changed from 0.7 to 11 during fuel
switching from MGO to HFO and 10.1 to 0.7 from HFO to
MGO. In both switches, rapid change in EFs was observed
(Figure 2a, c) during the early stage of mixing fuels which tends
to slow down in the rest of the fuel switch. Because of its
nonlinear behavior, EFgq, cannot be averaged out for the entire
fuel switch and requires continuous monitoring of SO,
concentration or an equation that can predict change in sulfur
content of the mixing fuel (see Figure S1).

@2 NOy
= CO Load Change
—_— CO,
A SO,
20 | —— PMzs

e

=
-
= -
g 8
8 15 — 3
S 2
o2 Jecss o
8 4 &
3 z
8 10 3_:
s s
o- W&
g -2

N \

i I
Aggs Wogal e’ Suag gl e et NS Ny drey b oag tqn S
45 L— T | — T T T T T L T — i o
8:40 AM 8:50 AM 9:00 AM 9:10 AM 9:20 AM 9:30 AM 9:40 AM 9:50 AM  10:00 AM
Time

o
[=)
=)
k)
3
=z
°

Dp (nm)

9:00 AM 9:15 AM

Figure 2. continued

5053

9:30 AM 9:45 AM 10:00 AM

Time

dx.doi.org/10.1021/es2043646 | Environ. Sci. Technol. 2012, 46, 5049—-5056



Environmental Science & Technology

5 — NOy
(Y
@ 2
— CO,
A SO,
o~ 20| — PM2s
_'_.:
2
=2
S 15
&
o
8
S 10
(s
(&)
g
5_

6
=]
o
*
s}
2

= T
=y
=
£
=,

-2

@

Dp (nm)

12:00 AM 12:15 AM

12:30 AM 12245 AM 1

‘00 AM

[+:]
=
Py
(=]
2

a
a
g
2
=
i1

(=10 ST

115 AM  1:30 AM 1:45 AM

Time

Figure 2. Real-time (a) gaseous EFs (gkW™' h™") and (b) particle number concentration measurement when fuel was switched from MGO to HFO
at 30% engine load. Change in load was observed at 9:08 and 9:43 a.m. Note: CPC 3772 data were not available around 8:50 a.m. and 9:30 a.m.
Real-time (c) gaseous EFs (gkW™ h™') and (d) particle number concentration measurement when fuel was switched from HFO to MGO at 24%
engine load. Note: CPC 3772 data were not available around 12:40 a.m.

The times measured for a fuel change during this research
were substantial and surprisingly long. These results can be
compared with earlier research by our group where the times
were also measured (Table 6). Taken in total it is evident that

Table 6. Fuel Switching Time (t,5) for Different Vessels

vessel 19 vessel 17 vessel 2 vessel 3¢
tMGO to HF0 (MiN) 60 70 80 s
tr0 1o MGo (min) 90 84

“Trip I on vessel 1. l’Trip II on vessel 1. “Current study.

the long times measured in this research are representative of
the time required for a fuel switch to be completed when
following the checklist and procedure developed by the engine
manufacturer.

Nonlinear Mixing Equation. Because the time required for
the fuel switch was about an hour, rather than minutes, a simple
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kinetic equation was independently developed with the goal of
identifying the primary parameters that control the length of time
required for 95% switchover of the fuel, to;. Developing an
equation required a schematic of the fuel flow system model for a
marine engine (Figure 3) and some assumptions, including (1)
ideal mixing in the day tank, (2) the rate of fuel to the engine,
E > R, the fuel rate in the return line, (3) perturbations in load
due to variations in the sea state are insignificant, and (4) to is not
affected by changes in fuel viscosity. With these assumptions, o
can be parameterized as a function of net fuel consumption rate,
f (L min™"), and volume of the fuel in the day tank, Vi1 (L), eq 3.

tos = kln 20
(©)
The output of this equation is compared with the observed
time needed for fuel switch in this study. Comparisons are
presented here as Case I (MGO to HFO, f= 77 L min™") and
Case I (HFO to MGO, f = 65 L min™"). Vpyp reported for this

dx.doi.org/10.1021/es2043646 | Environ. Sci. Technol. 2012, 46, 5049—-5056
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HFO MGO

Day Tank Fuel
Volume, Vp (L)

Return line, R

Feed line, £ (L min™) (L min™)

Marine Diesel Engine

Figure 3. Fuel flow system for marine diesel engine.

study was 1500 L in both cases. The fy calculated by the
equation is equal to 59 and 69 min, for Case I and Case II,
respectively. With 95% change in fuel for Case I, the expected
SO, concentration would be 435 ppm after 65 min of fuel
switching and agrees with calculated values from eq 3. Similarly,
in Case II, expected SO, concentration is 50 ppm after 84 min
of fuel switching. The comparison of measured and calculated
SO, concentrations with time is shown in Figure S1. Additional
measurements are required to account for uncertainties associa-
ted with eq 3. A detailed derivation for the equation is provided
in Supporting Information.

Note the eq 3 predicts the longer time to switch for Case II
since the load and corresponding fuel rate were lower. The key
parameters driving the length of time for the fuel switch are the
volume of fuel in the day tank and the rate of fuel consumption.
Equation 3 predicts that the time required for fuel switching
for an OGV can be reduced by either decreasing the volume
of fuel in the day tank or by increasing the rate of fuel con-
sumption or both.

Implications. The results of the research measured the
significant benefits for two mitigation strategies: cleaner engines
and cleaner fuels. The actual in-use EFyq, was 5% and 14% lower
than the Tier 1 certification value and the Lloyds service data com-
monly used in the development of emission inventories, respec-
tively. The overall in-use EFg¢ and EFc were 33% and 20% lower
than the comgarative post-Panamax container vessel studied by
Agrawal et al, 3 reflecting the benefits of newest engine techno-
logies. This research also verified an equation to calculate the length
of time for a fuel switch. Given that vessels do not have monitoring
equipment to calculate the length of time to switch fuels, vessels
may switch at the distance specified in the regulation. While this
approach is practical, regulated boundaries close to the ports for
burning cleaner fuels will not provide the intended protection for
people’s health. For example, a large container vessel operating at a
speed of 15 knots and requiring 85 min for fuel switching will have
traveled 21 nmi within the 24 nmi regulated zone with elevated SO,
and PM, 5 emissions. Even at lower speeds, there will be a signi-
ficant increase in OGV emissions on the port communities. From a
global perspective, the increase in emissions when entering the
harbor will be offset by the decrease in emissions on leaving the
harbor. However, the interest is in the health of people in local port
communities. Therefore, it is important to set the regulatory boun-
dary far enough from the port so that the time required to switch to
cleaner fuel becomes a trivial issue.
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