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ABSTRACT: Intermediate volatility organic compound (IVOC) 03 “T_‘i“"“““" e
emissions from a large cargo vessel were characterized under real- dow

world operating conditions using an on-board measurement system. o
Test ship fuel-based emission factors (EFs) of total IVOCs were
determined for two fuel types and seven operating conditions. The
average total IVOC EF was 1003 + 581 mgkg-fuel”!, approximately
0.76 and 0.29 times the EFs of primary organic aerosol (POA)
emissions from low-sulfur fuel (LSF, 0.38 wt % S) and high-sulfur fuel
(HSF, 1.12 wt % S), respectively. The average total IVOC EF from LSF
was 2.4 times that from HSF. The average IVOC EF under low engine
load (15%) was 0.5—1.6 times higher than those under 36%—74%
loads. An unresolved complex mixture (UCM) contributed 86.1 + 1.9%
of the total IVOC emissions. Ship secondary organic aerosol (SOA)
production was estimated to be 546.5 + 284.1 mgkg-fuel™; IVOCs
contributed 98.9 + 0.9% of the produced SOA on average. Fuel type was the dominant determinant of ship IVOC emissions,
IVOC volatility distributions, and SOA production. The ship emitted more IVOC mass, produced higher proportions of volatile
organic components, and produced more SOA mass when fueled with LSF than when fueled with HSF. When reducing ship
POA emissions, more attention should be paid to commensurate control of ship SOA formation potential.

with effective saturation concentrations between 10° and 10°

B INTRODUCTION

Ship emissions have attracted increasing attention due to their
potential impacts on the atmospheric environment and public
health.' ™ Field measurements indicate that ship emissions
contribute substantially to ambient particulate matter in coastal
areas.” '’ Marine vessels are primarily fueled with heavy fuel
oil (HFO), which emits numerous gaseous and particulate
species, including organic matter (OM), black carbon (BC),
sulfate, and criteria pollutants such as SO,, NO, and PM."' ™"
OM is one of the most abundant components in ship
emissions, particularly in the exhaust of ships burning low
sulfur fuel (LSF), in which OM exceeds sulfate and is the
primary pollutant.>~"

Whereas particulate organic matter (POM) emissions are
significant, considerable amounts of intermediate volatile
organic compounds (IVOCs) have also been detected in
ship exhaust in previous studies.'®'” IVOCs include species
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ug-m~>, which roughly corresponds to the volatility range of
C12—C22 n-alkanes.”””' Laboratory experiments indicate that
individual IVOCs (e.g., polycyclic aromatic hydrocarbons and
linear, branched, and cyclic alkanes) can form secondary
organic aerosol (SOA) with high yields.”> > IVOCs released
from gasoline and diesel vehicles have been found to be
important SOA precursors in urban atmospheres.”” *° Zhao et
al.>"** reported total amounts and chemical compositions of
IVOC emitted from gasoline and diesel vehicles, which can be
used to quantify SOA production from on-road vehicle IVOCs.
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The techniques commonly used to measure volatile organic
compounds (VOCs) and organic aerosol (OA) cannot be used
to quantify IVOCs,” and the majority of IVOC emissions
cannot be speciated using traditional chromatography-based
techniques.”® Previous studies have estimated total IVOC
emissions by scaling measured hydrocarbon or primary organic
aerosol (POA) emissions.””*>7** However, these estimates
compare poorly with measured data.’’** Recently, Zhao et
al.** developed an IVOCs quantification method involving gas
chromatography/mass spectrometry (GC/MS) analysis of
adsorbed IVOC samples; this method was used to quantify
unspeciated IVOCs, which were used in turn to determine the
emission factors (EFs) and chemical compositions of IVOCs
emitted from gasoline- and diesel-fueled on-road vehicles and
gasoline-fueled off-road engines.”"”*

International ship;)ing is a globally important source of air
pollutant emissions,” and shipping emissions have increased
with recent growth in global maritime trade.””*' To address
ship emissions, the International Maritime Organization
(IMO) has gradually tightened the fuel sulfur content (FSC)
limits for ships. The FSC has been restricted to 0.1% in sulfur
emission control areas (SECAs) in European and North
American coastal waters since 2015, and will be more widely
restricted to 0.5% in international waters beginning in 2020.*
Emissions of most pollutants produced by ships have
decreased due to the transition from HFO to distillate fuel
(DF)."”*~* However, emissions of gaseous organic com-
pounds have not decreased significantly; in fact, some aromatic
species, such as toluene, phenanthrene, and naphthalene, have
increased.'®"” One field measurement campaign in a coastal
city indicated that SOA load can increase substantially under
the influence of local ship emissions.*® Quantifying IVOC
emissions from ships is therefore of great importance in
accurately assessing the impact of anthropogenic sources on
SOA. However, due to the lack of measurement, quantitative
information on IVOC emissions from ships, especially under
real-world operating conditions are largely unknown at present.

In this study, total (speciated and unspeciated) IVOC
emissions from a large bulk carrier were measured under real-
world operating conditions via on-board measurements. The
mass, volatility, and chemical composition of IVOCs from the
ship were determined under various operating modes,
including at-berth, maneuvering, and cruising. The relation-
ships between total IVOC emissions and emissions of
hydrocarbons and POA were investigated. SOA production
from the measured IVOCs was predicted and compared with
estimates of gasoline and diesel exhaust SOA formation from
previous studies.

B EXPERIMENTAL PROCEDURES

Test Ship and Fuels. In this study, measurements were
performed on a Handysize class bulk carrier built in 2012 with
a dead weight of 45308 t and gross tonnage of 31 113 t. Bulk
carrier is the main type of ocean-going and coastal ships in East
Asia, accounting for 21% of the register number of ships.” The
ship has one main engine, four auxiliary engines, and an
auxiliary boiler. The main engine is a MAN B&W 6SSOME-C8
two-stroke low-speed diesel engine with a maximum power of
7948 kW and rated speed of 127 rpm. The auxiliary engine is a
MAN B&W 6L16/24, a four-stroke medium-speed diesel
engine with a maximum power of 660 kW, and rated speed of
1200 rpm. China has executed legislation that requires ships to
use low-sulfur fuel (LSF, < 0.5 wt %S) when at-berth since

January 1, 2017. Apart from that, high-sulfur fuel (HSF) is
commonly used for ocean-going and coastal ships in China. In
this study, both the main and auxiliary engines were fueled
with RMG 180-grade HFO during the test. When at-berth, the
main and auxiliary engines burned LSF with 0.38 wt % S, then
switched to HSF with 1.12 wt % S during the subsequent
voyage. It should be mentioned that LSF was also used by the
main engine during departure from the port although HSF was
allowed by the current policy in Chinese SECAs. Fuel details
are presented in Supporting Information Table S1.

Test Procedures. Measurements were conducted through-
out a July 2017 voyage across a number of Chinese seas. The
ship traveled sequentially through Bohai Bay, the Yellow Sea,
the East China Sea, and eventually into the Yangtze River. In
total, eleven exhaust samples were collected from the test ship
under typical operating conditions, including at-berth,
maneuvering, and cruising at sea. Specifically, one sample
was collected from an auxiliary engine when at-berth, while the
other ten samples were collected from the main engine when
the ship was maneuvering or cruising at sea. Two samples were
collected during departure (once from port and once from
anchor), one sample was collected during arrival, and the other
seven samples were collected during cruising. During cruising
sampling, the ship was manually operated at four different
speeds corresponding to four engine loads (74%, 51%, 36%,
and 15%) to investigate the impact of engine load on
emissions. A detailed description of the test procedures is
provided in SI Section S1. The measurement campaign voyage
and ship operating conditions during each sampling period are
presented in Figure S1 and Table S2, respectively.

Sampling and Analysis. The ship has six separated
chimneys at about 10 m above the deck. One for the main
engine, four for the auxiliary engines, and the other one for the
auxiliary boiler. During sampling, we installed the sampling
instruments separately on the chimney of the main engine and
auxiliary machine in turn. The exhaust was partially diverted to
the deck level through a stainless-steel duct with an internal
diameter of 108 mm. The sampling ports were located
approximately 15 m downstream from the chimney. To avoid
IVOC condensation and particle precipitation, a thermal
insulating sleeve was wrapped around the outside of the duct
to maintain an exhaust temperature of ~150 °C. A schematic
diagram of the sampling setup is shown in Figure S2. The
sampling port featured two channels: one leading to a dilution
system and the other leading to a raw gaseous-species analyzer.
Both sample types were collected through straight multiholed
probes constructed from stainless steel and extending across
the exhaust duct. In one channel, the exhaust was diluted by a
Dekati FPS 4000 dilution system with HEPA-filtered and
carbon-adsorbed compressed air before sampling. Both the
exhaust sample and dilution air were heated to 180—200 °C to
maintain the temperature of the exhaust to avoid condensation
due to rapid decrease of exhaust temperature. The test-average
dilution ratios were ~64:1 during the first two sampling; the
other samples featured ratios of ~8:1 (Table S2). The diluted
exhaust stream was collected on filters, in stainless-steel
canisters, and in thermal desorption (TD) tubes for various
analyses. The canisters and TD tubes sampled the diluted
exhaust via Teflon tubes. After dilution, the exhaust temper-
ature was about 40—50 °C, and the filters and TD tube
sampling train were maintained at the same temperature
during sampling.
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IVOCs were sampled by drawing dilute exhaust through a
quartz filter immediately followed by a TD tube (6 mm
internal diameter (i.d.) X 100 mm length) that contained
absorbents consisting of (from weak to strong) 10 mm of
quartz wool, 10 mm of Tenax TA (35/60 mesh), and 10 mm
of Carbograph STD (40/60 mesh) from Markes International
Ltd. (Liantrisant, UK). Prior to initial use, the TD tubes were
subjected to a cleanup at 320 °C for 1 h at a flow rate of 100
mL/min, then sealed with long-term storage caps, wrapped in
aluminum foil, and stored in a refrigerator at 4 °C. Pocket air
sampling pumps (210—1000 MH, SKC, Houston, TX, USA)
were used for sample collection at a nominal flow rate of 100
mL-min~". The actual flow rate of the pump was calibrated
using a digital flow meter (Sensidyne Gilian Gilibrator, St.
Petersburg, FL, USA) before and after sampling. All samples
were placed in a cooling box, transported to the laboratory,
stored in a freezer at —18 °C, and analyzed within a month.

TD tubes were analyzed using a TD-GC/MS system."” Prior
to analysis, a known amount of deuterated standards (ds-
naphthalene, d)j-acenaphthene, d ;-phenanthrene, d)g-octane,
dyg-dodecane, and d,y-nonadecane) were injected into each
adsorbent tube to determine the recoveries of the various
IVOCs during analysis. Nineteen individual IVOC compounds
were quantified using authentic standards. The analytical
methods are detailed in SI Section S2. Detection of a peak in
the samples was based on a signal-to-noise ratio of 3 or greater.
Internal standard quantification method was used to determine
the amounts of targets in the samples; detailed calculation is
also provided in SI Section S2. Repeatability was evaluated by
assessing the relative standard deviation (RSD) of replicate
tubes (n = S) with the value below 20%. Desorption recovery
(DR) (97—100%) was defined as the percentage of amount
detected from the first sample run divided by the sum of
amount from the first and second sample runs. To evaluate the
breakthrough of TD tubes during sampling, a pre-experiment
was conducted on the test ship by using two TD tubes
connected in series before the formal test. The first tube was
spiked with five internal standards used in the study at 1 ng/
tube dg-naphthalene, d;,-acenaphthene, and d,(-phenanthrene,
and at 3 ng/tube d,s--dodecane and dy-nonadecane. The
second tube was blank. The sample was collected from an
auxiliary engine of the test ship when it was docked in the port.
The test sequences followed the same procedure as with the
formal test described above. The sampling time was 45 min.
After sampling, the second tube was analyzed; d,s-dodecane,
dg-naphthalene, and other internal standard compound were
not detected in the back up tubes, which indicated no
breakthrough during this collection.

For each test, PM samples were collected on two Teflon
filters (47-mm, TE38, Whatman, UK) and two quartz filters
(47-mm, QM-A, Whatman, UK) (Figure S2). The Teflon filter
samples were subsequently analyzed gravimetrically in the
laboratory for particulate mass. One quartz filter sample was
analyzed for organic carbon (OC) and elemental carbon (EC)
content using a Desert Research Institute (DRI) thermal/
optical carbon analyzer model 2001 following the IMPROVE-
A protocol.*® POA was estimated by multiplying the measured
OC by 12" VOC species emissions were sampled in
SUMMA canisters and analyzed offline for individual C2 to
C11 hydrocarbons using a gas chromatograph with a mass
spectrometer and a flame ionization detector (GC-MS/FID).
The PM and VOC analysis techniques are detailed in our
previous study.’> A Horiba OBS 2200 portable emission

measurement system (PEMS) was used to analyze the raw
exhaust gas for total hydrocarbon (THC), nitrogen oxide
(NO,, which includes NO and NO,), CO, and CO,. THC was
evaluated using flame ionization detection (FID), NO and
NO, were measured via chemiluminescent detection (CLD),
and CO and CO, were measured using nondispersive infrared
detection (NDIR).

Quantification of IVOCs. The total IVOC mass (speciated
+ unresolved complex mixture, or UCM) was determined
using the approach outlined in Zhao et al,** and the detailed
calculation method is provided in SI Section S3. Briefly, the
total ion signal from each adsorbent sample was separated into
11 bins based on retention time during the GC analysis. The
retention time associated with each bin number is shown in
Table S4. Bins corresponding to given C, n-alkanes were
designated B,, where “n” denotes the n-alkane carbon number.
The resolved compounds included straight-chain alkanes (n-
alkanes), branched alkanes (b-alkanes), and polycyclic
aromatic hydrocarbons (PAHs). The UCM IVOCs in each
retention-time-based IVOC bin were further classified into
unspeciated b-alkanes and unspeciated cyclic compounds with
reference to Zhao et al.’"** Quartz filter samples were also
analyzed via an Agilent GC/MS system under the same
method used for the IVOCs. Detailed methods are provided in
SI Section S4. As shown in Figure S4, the POA emissions
measured by the GC/MS analysis are clearly related to those
measured by the OC/EC analyzer.

Emission Factor Calculations. IVOC emissions are
reported as fuel-based EFs (mgkg-fuel™'), which were
calculated using the carbon-mass-balance approach as shown
in eq 1.

[IVOCs] ><fC
ACO, + ACO + APM_ + ATHC 1)

ERyocs =

where [IVOCs] is the measured mass concentration of the
IVOC species (ug'm™), and f, is the mass fraction of carbon
(%) in the fuel as determined by the fuel analysis (see Table
S1). ACO,, ACO, APMc, and ATHC are the background-
corrected carbon concentrations in CO,, CO, carbonaceous
PM, and THC. Figure 1 shows the total IVOC EFs in each
retention-time bin for samples no. 2 (a) and no. 4 (b) from the
main engine fueled by LSF and HSF. The total IVOC signal
appears to consist predominantly of an UCM. Unlike IVOC
emission distributions from gasoline or diesel vehicles,**” the
test ship IVOC emissions feature two peaks, which are located
at retention times of 18—19 min and 21-22 min,
corresponding to the By, and B;3z—B 9 IVOC bins, respectively.
High-carbon-number IVOC emissions are higher when using
HSF than when using LSF.

B RESULTS AND DISCUSSION

IVOC Emission Factors. Figure 2a shows the total IVOC
EFs for the test ship under different operating conditions. Ship
IVOC emissions are primarily controlled by the fuel type. The
average IVOC EF when the ship is fueled by LSF is 2052 +
282 mg-kg-fuel ™!, which is roughly 2.4 times the HSF-fueled
IVOC EF. The operating conditions also influence ship IVOC
emissions. When the ship was cruising at sea, the IVOC EF at
low load (15%) was relatively higher, about 0.5—1.6 times
higher than those produced at loads of 36%—74% (data shown
in Table S6). This trend is consistent with the changes in THC
and POA emissions from the test ship (as revealed by OC/EC
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Figure 1. EFs of quantified IVOC components in each retention-time
bin for samples no. 2 and no. 4 from the test ship main engine fueled
with (a) LSF and (b) HSF.

analysis; Table S5) and also agree with published THC and
OC emissions data for ocean-going ships.' "'

Figure 2b compares the total IVOC EFs from the test ship in
this study with those measured in previous studies for diesel
and gasoline vehicles.”"*> The average test ship IVOC EF is
1003 + 581 mg-kg-fuel ', which is similar to the average IVOC
EF for diesel vehicles, but much higher than that for gasoline
vehicles. It should be noted that the test sample size in this
study is limited compared with those in previous diesel and
gasoline vehicle studies. Additional measurements would be
helpful for exploring variability in IVOC emissions from ocean-
going ships.

IVOC Chemical Compositions. Figure 3a compares the
chemical compositions of IVOC emitted by the test ship under
different operating conditions (data shown in Table S6). n-
Alkane and aromatic speciated IVOCs contribute 12.8 + 1.9%
and 1.1 + 0.6% of the total IVOC emissions, respectively.
Naphthalene dominates the speciated aromatic IVOC
emissions, accounting for 56.0 + 19.4% of the total aromatics.
Unspeciated IVOCs account for 86.1 + 1.9% of the total
IVOC emissions, and unspeciated cyclic compounds are the
dominant class of IVOCs, contributing 55.3 + 3.5% of the total
IVOC emissions. Fuel type has little influence on the emitted
IVOC chemical composition, with the exception of aromatics,

which feature higher mass fractions under LSF fueling (2.4 +
0.4%) than under HSF fueling (0.8 # 0.3%). The mass fraction
contribution of naphthalene to total aromatics is also much
higher from LSF (822 + 1.2%) than from HSF (50.2 +
16.1%), which is consistent with results from previous
studies."®"?

Figure 3b compares the chemical compositions of IVOC
emissions from the test ship with those from diesel and
gasoline vehicles in previous studies.”*” The test ship n-alkane
mass fraction (of total IVOC emissions) is much higher than
those for diesel and gasoline vehicles. The test ship aromatic
mass fraction (of total IVOC emissions) is similar to that for
diesel vehicles, but much lower than that for gasoline vehicles.
In addition, the test ship features a higher fraction of
unspeciated b-alkanes and lower fraction of unspeciated cyclic
compounds than the diesel and gasoline vehicles. These results
indicate that the chemical composition of IVOC emissions
from ocean-going ships is quite different from those of diesel
and gasoline vehicle emissions. The IVOC composition is
partially affected by fuel composition. HFO usually has much
higher carbon numbers and lower combustion efficiency than
diesel and gasoline, resulting in higher mass fractions of
unburned n-alkanes in ship exhaust. However, we did not
analyze the organic composition of fuel used in this study.
Further fuel analysis may elucidate the formation mechanisms
behind ship IVOC emissions.

Total Organics and Volatility Distributions. By
combining the GC/MS data from the quartz filters and TD
tubes, one can construct volatility distributions for IVOCs (C*
= 300 to 3 X 10° ug-m™3), semivolatile organic compounds
(SVOCs, C* = 0.3—300 ugm™>), and low-volatility organic
compounds (LVOCs, C* < 0.3 ug'm™>) using the effective
saturation concentration (C*) of the n-alkane in each bin.
Figure 4 presents the volatility distributions of organics
desorbed from quartz filters and TD tubes sampled from the
test ship when fueled with LSF and HSF. The organics
collected by the quartz filters (including IVOCs, SVOCs, and
LVOCs) dominate the test ship total organics. Fuel type
largely determines the organic volatility distribution. When
fueled with LSF, IVOCs account for the majority (78.9 +
1.1%) of the total organic emissions with C* values of less than
3 x 10° ug:m™ (IVOCs + SVOCs + LVOCs), followed by
SVOCs (18.3 + 1.2%) and LVOCs (2.8 + 2.4%). When fueled
with HSF, the IVOC fraction decreases to 42.2 + 7.5%, while
the SVOC and LVOC fractions increase to 40.8 + 2.3% and
17.0 =+ 5.4%, respectively. The IVOC fraction from the HFO-
fueled ship is less than that found for diesel vehicles,®" while
the SVOC and LVOC fractions are much higher. The volatility
of the fuel itself may largely explain this difference. HFO
usually contains a considerable amount of high-boiling-point
impurities and asphaltites, including heterocyclic compounds,
which result in large amounts of low-volatility and nonvolatile
organic emissions from ships. This result also implies that
although the use of LSF can reduce POA emissions, it may
lead to an increase in IVOC emissions, which may contribute
to greater eventual SOA production.

Quartz filter GC/MS measurements can only recover
organic components in volatility bins with Log (C*) values
greater than —1. For the same samples, the GC/MS analysis
recovered an average of 51.8 + 8.4% of the organics measured
by the OC/EC analyzer; these recoveries are similar to those of
filter samples collected from diesel exhaust.”’ During LSF- and
HSE-fueled periods, 36.2 + 1.9% and 42.5 =+ 8.5%,

DOI: 10.1021/acs.est.8b04418
Environ. Sci. Technol. 2018, 52, 12934—12942


http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04418/suppl_file/es8b04418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04418/suppl_file/es8b04418_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b04418

Environmental Science & Technology

(a) (b)
3000 1
At-berth Maneuvering Cruising X
2500
%
~ — =~ *
e )
S 2000 2 1000 5
b 03 i
2 )
& &0
£ 1500 g
E E
v w
[+ 9
& &
S 1000+ Q 100
o) ]
2 >
500
%
0 T T T T 10 T T T
X X X BN = = = = T T~ T~
[ [ [ [ = e = = R i) 8 &
2 32 g2 2 5 &5 s 3 % 2 s 3 33
s 5 £ £ 7 4 42 A4 2 59 e
o — o b
£ ] E £ 3 &5 & = 5 @ i s
o = € = ~ s} A — e » D = 2 =
Z - R e s s £ 8 o =
< 2 o 7] 7] %) 2] s e A 2 S 8
2 A =2 L S T S S S
> > > > ] o o=
= = = =
2 g 2 =
) 9] &) &)

Figure 2. (a) Total test ship IVOC EFs under various operating conditions, including at-berth (red bar), maneuvering (blue bars), and cruising
(purple bars); (b) box-whisker plots of total IVOC EFs for the ocean-going ship herein (black), diesel vehicles (red), and gasoline vehicles (blue).
The boxes represent the 75th and 25th percentiles, the centerline is the median, and the whiskers are the 90th and 10th percentiles. The asterisks

indicate the minimum and maximum IVOC EFs.
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Figure 3. (a) Chemical composition of IVOCs, including n-alkanes (blue), aromatics (red), unspeciated b-alkanes (green), and unspeciated cyclic
compounds (gray) for the test ship under different operating conditions; (b) comparison of IVOC chemical compositions for the ocean-going test
ship herein and diesel and gasoline vehicles in previous studies. The error bars in (b) represent the standard deviation from the mean for the given

chemical component.

respectively, of organics (including the organics measured on
the quartz filters and TD tubes by GC/MS analysis) remain
unrecovered. Table 1 shows the fractions of total organics in
each volatility basis set (VBS) bin when the ship was fueled
with LSF and HSF.

Relationships among Total IVOCs, POA, and THC. The
IVOC and POA (from OC/EC analysis) EFs are correlated
under various operating conditions. For HSF, the linear
regression yields a slope (average IVOC-to-POA ratio) of 0.29
+ 0.06 and an R* of 0.64 (Figure SS). The IVOC and THC
EFs have a weaker relationship, with an average IVOC-to-THC
ratio of 0.67 + 0.20 and R? of 0.23. During LSF-fueled periods,
the average IVOC-to-POA and IVOC-to-THC ratios are 0.76

12938

+ 0.00 and 1.54 + 0.94, respectively, much higher than the
slopes found for HSF. Unlike in gasoline or diesel exhaust,”"**
IVOC:s are better correlated with POA than with THC. This is
mainly because a large fraction of IVOCs is adsorbed on quartz
filters due to high organic aerosol loadings in ship’s exhaust.
Especially for HSF, the IVOCs measured on quartz filters
accounted for ~60% of the total, as shown in Figure 4. The use
of stainless-steel duct may also induce some IVOC losses
owing to adsorption.

Figure S6 shows the THC mass closure under different fuel
type and operating conditions. Speciated VOCs constitute
24.5%—34.3% and 2.1%—11.4% of the THC mass when the
ship is fueled with LSF and HSF, respectively. The results from
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Figure 4. Volatility distribution of organics desorbed during GC/MS
analysis of quartz filters and adsorbent tubes collected from the test
ship when fueled with (a) LSF and (b) HSF. The distribution is
expressed as the mass fraction of total organics in the 10~ to 10 ug-
m™> bins. The error bars represent the standard deviations of total
organics. The orange bars are the average mass fractions of organics
collected by the quartz filters; the blue bars show the average mass
fractions of organics collected by the TD tubes.

Table 1. Mass Fractions of Total Organics Measured by
GC/MS Analysis (Including Quartz Filter and TD Tube
Samples) in Each VBS Bin, along with the Unrecovered OA
(Log (C*) < —1) Mass Fraction

Log (C*) LSE HSE
<—1 362 £ 1.9% 42.5 + 8.6%
-1 1.8 £ 1.6% 9.6 + 3.0%
0 2.6 + 0.4% 7.8 + 1.8%
1 2.9 £+ 0.5% 8.7 £ 1.7%
2 6.2 + 1.4% 6.9 + 1.6%
3 11.4 + 0.3% 5.8 £ 2.6%
4 16.4 + 0.1% 10.4 £+ 3.2%
S 13.5 + 0.3% 5.0 + 1.6%
6 9.1 = 1.5% 3.3 £ 0.7%

LSF are similar to those from diesel fuel, more than 70% of
THC mass is unidentifiable by the VOC speciation analysis.*’
HSF usually contains more high carbon components which
cannot be identified by traditional chromatography-based
techniques, resulting in more than 90% in THC mass cannot
be identified as individual VOCs in HSF’s exhaust. Even when
gas-phase IVOCs are taken into account, only 20.4%—51.7% of
the THC mass can be explained, much lower than the
speciated fraction by VOCs and IVOCs (~70%) in gasoline
exhaust reported by Zhao et al.” The main reason is ~60% of
the IVOC:s is adsorbed on quartz filters as particulate-phase. If
IVOCs on quartz filters were considered, the fraction of VOCs
and IVOCs in THC mass could reach 48.9%—108.6%.
Therefore, IVOC emissions from ships fueled with HFO are

mainly determined by POA emissions. Thus, the use of POA
to estimate total IVOC emissions from ships is recommended.

Estimation of SOA Production. On the basis of the
measured test ship IVOC and VOC emissions, the SOA
production from the total IVOCs and single-ring aromatics can
be estimated using the following equation.’

SOA = Z ([HC]i x (1 _ e—kOH’ix[OHJxAt) % Yz) (2)

where [HC]; is the emission factor of SOA precursor i (mg-kg-
fuel™); koy; is the OH reaction rate constant of precursor i at
25 °C (cm®*molecules™-s7'); [OH] is the OH concentration
(molecules-cm™), which is assumed in this study to be 1.5 X
10° molecules-cm™; At is the photochemical age (h); and Y; is
the SOA mass yield of precursor i under high-NO, conditions
at an OA concentration of 20 yug:m~>. The SOA yields of the
precursors were derived from Zhao et al.*’** The POA and
IVOC emissions were corrected based on OA gas—particle
partitioning behavior before estimating the SOA production.
The POA EF (EFpp,) can be predicted using absorptive
partitioning theory,” as shown in eq 3.

¢\
EFPOA = EEcotaI Z.}i(l + C—I]
i oA (3)

where EF,,, is the total organic aerosol EF in both the gas-
and particle-phases (mg-kg-fuel™"), f; is the mass fraction of
species i, Co, is the organic aerosol mass concentration (20 Hg:
m~3), and C* is the effective saturation concentration of
species i (ug:m™).

Figure Sa shows the POA emissions and predicted SOA
production for the test ship under various operating conditions
after 48 h of photo-oxidation. POA emissions are higher than
the SOA production under all operating conditions. Never-
theless, the SOA formation potential of the ship emissions
cannot be ignored. The test ship average SOA production is
546.5 + 284.1 mg~kg—fue171, which is higher than the average
SOA production estimated by Zhao et al.>" for diesel vehicles
without exhaust after-treatments. Fuel type influences SOA
production considerably. The average SOA production reaches
958.0 + 132.0 mg-kg-fuel ' when the test ship is fueled with
LSF, which is ~1.6 times higher than the SOA production
during HSF use. Previous studies have indicated that organic
emissions from ships can be significantly reduced by switching
from HFO to DE.'”'” With the increasingly stringent global
regulations on ship fuel quality, SOA production by ships may
become more prominent in the future. Furthermore, it should
be noted that SOA production is likely underestimated herein,
as the calculation method does not account for multigenera-
tional oxidation on semivolatile POA and SOA.>>

Figure Sb presents the contributions of different precursor
classes to predicted SOA production after 48 h of photo-
oxidation under various test ship operating conditions. IVOCs
contribute the vast majority of the test ship SOA production,
accounting for 98.9 + 0.9% on average. Unspeciated cyclic
compounds dominate the predicted SOA production under all
operating conditions. Although fuel type is the leading
determinant of SOA production, the test ship operating
conditions also influence SOA production. SOA production is
predicted to be 0.8 and 1.0 times higher under maneuvering
(include departure and arrival) and low load (15%),
respectively, than under medium and high load (36%—74%)
cruising conditions. Ship maneuvering and low-load cruising
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SOA production after 48 h of photo-oxidation under various
operating conditions; (b) comparison of predicted SOA production
from different classes of precursors, including VOCs and IVOC:s.

operations usually occur in port or within inland rivers near
urban areas, which will inevitably contribute to higher SOA
production in coastal urban atmospheres.

Implications. In this study, IVOC, VOC, and POA
emissions from an operating large cargo vessel were measured
under real-world conditions. The results indicate that IVOCs
from ships contribute considerably to total organic emissions.
The average test ship IVOC EF is 1003 + 581 mg-kg-fuel”’,
which is similar to the EF from diesel vehicles and much higher
than that from gasoline vehicles. Combining the IVOC EFs
measured in this study with the global shipping fuel
consumptions (~276 Tg) predicted in a previous study for
the year 2015,” global IVOC emissions from ships total
approximately 277 + 160 Gg. The International Energy
Agency (IEA) reported global transportation sector gasoline
and diesel consumptions of 935 Tg and 981 Tg, respectively, in
2017.>* According to the gasoline and diesel vehicle IVOC EFs
published by Zhao et al,>"** global IVOC emissions from
gasoline and diesel vehicles can be estimated at 127 Gg and
1021 Gg. This indicates that IVOC emissions from ships
constitute as much as one-quarter of the total IVOC emissions
from the land transportation sector and have exceeded the
total emissions from gasoline vehicles. In addition, because

ship emissions are concentrated primarily in coastal areas,”
SOA formation potential from IVOC emissions will be more
prominent in neighboring port cities. It is important to note
that the ship has higher IVOC EFs when fueled with LSF than
when fueled with HSF, which suggests that the regulations
requiring the use of LSF may lead indirectly to increases in
SOA formation from ships despite direct reductions in POA
emissions. HFO used by ocean-going ships has been switched
with DF in SECAs including the Baltic Sea, the North Sea, the
English Channel, and coastal waters around the U.S., Canada,
and the U.S. Caribbean Sea since 2015. By 2020, DF will be
further promoted on a global scale according to IMO’s
regulation.*” Tt can be expected that POA emissions from
ocean-going ships will be effectively reduced. However, their
IVOC emissions and contributions to SOA in the global
atmosphere will increase. This study prospectively explores the
IVOC emission characteristics from a HFO fueled ship.
However, the actual contribution of ship emissions to SOA
formation is closely related to the ambient conditions,
including radiation, temperature, and the concentrations of
precursors and OA. It is suggested that more field measure-
ments or laboratory studies should be carried out in the future
to identify the SOA contribution from ships.
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