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ABSTRACT

Intermediate volatility organic compounds (IVOCs) are crucial precursors of secondary
organic aerosol (SOA). In this study, gaseous IVOCs emitted from a ship main engine
burning heavy fuel oil (HFO) were investigated on a test bench, which could simulate the
real-world operations and emissions of ocean-going ships. The chemical compositions,
emission factors (EFs) and volatility distributions of IVOC emissions were investigated. The
results showed that the main engine burning HFO emitted a large amount of IVOCs, with
average IVOC EFs of 20.2-201 mg/kg-fuel. The IVOCs were mainly comprised of unspeciated
compounds. The chemical compositions of exhaust IVOCs were different from that of HFO
fuel, especially for polycyclic aromatic compounds and alkylcyclohexanes. The volatility
distributions of IVOCs were also different between HFO exhausts and HFO fuel. The
distinctions in IVOC emission characteristics between HFO exhausts and HFO fuel should
be considered when assessing the IVOC emission and related SOA formation potentials
from ocean-going ships burning HFO, especially when using fuel-surrogate models.

Distribution © 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.
Introduction of the International Maritime Organization (Sippula et al.,,

2014; Streibel et al., 2017), ocean-going ships use HFO as a

Heavy fuel oil (HFO) is used as fuel for the main and auxiliary
engines of ocean-going ships (Huang et al., 2018a; Puskar et
al,, 2018). Burning HFO can emit a large amount of harmful
pollutants, such as black carbon, sulfur dioxide, nitrogen
oxides and particulate matter (Huang et al., 2018b; Moldanova
et al,, 2013; Sippula et al.,, 2014; Zhang et al., 2016; Zhao et al,,
2013). Although nearshore ships shift from HFO to distillate
fuels to reduce emissions in accordance with the regulations
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routine fuel around the world. Because nearly 70% of ocean-
going ships are sailing along routes within 400 km of
coastlines, the exhaust can migrate to the coastal areas
under adverse weather conditions (Eyring et al., 2010, 2005).
Around the world, about 60,000 people die annually from
diseases such as cardiovascular disease and lung cancer
caused by pollutants emitted by ocean-going ships (Kulmala,
2015).
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In addition, ships burning HFO can emit large amounts of
organic compounds (Huang et al., 2018a). Among the exhaust
organic compounds, intermediate volatility organic compounds
(IVOCs), with the effective saturation concentration (C*) of 10°-
10° pg/m°®, are found to be crucial precursors of secondary
organic aerosol (SOA) (Ait-Helal et al., 2014; Gentner et al., 2017,
Hayes et al., 2015; Ots et al., 2016; Robinson et al., 2007; Zhao
et al., 2014, 2015, 2016). SOA is of concern to researchers due to
its great proportion and hazard in fine particles (Couvidat et al.,
2018; Hallquist et al., 2009; Hui et al., 2019), which can penetrate
into the lungs and cardiovascular system and cause heart and
lung cancer deaths (Huck et al., 2017; Kim et al., 2017; Liu et al,,
2017; Manojkumar et al., 2019). Thus, understanding IVOC
emissions and corresponding SOA potentials from ships burn-
ing HFO is helpful in assessing the effects of ocean-going ship
exhaust on coastal air quantity comprehensively.

To our knowledge, very limited studies have been con-
ducted on the IVOC emissions from ships burning HFO until
now (Huang et al., 2018a; Pieber et al.,, 2016), and the IVOC
emission characteristics have not yet been revealed compre-
hensively. Therefore, in this study, emission factors, chemical
compositions and volatility distributions of IVOCs emitted
from a typical ship main engine burning HFO under various
loads are investigated, and compared with those of HFO fuel,
to further understand the IVOC emission characteristics and
corresponding SOA potentials.

1. Materials and methods
1.1. Test fuels, engine and operation modes

A 100-hr test was conducted on the MAN 6S35ME-B9 marine
two-stroke low-speed engine in the Engine Performance Test
Laboratory of Shanghai Maritime University, which has been
widely used as the main engine on board. The test bench is
equipped with a hydraulic dynamometer, and can simulate the
real-world operations and emissions of ocean-going ships. The
detailed fuel properties of HFO are as follows: flash point 81°C,
density at 20°C 976 kg/m?, viscosity at 50°C 160.8 mm?sec,
sulfur content 2.13% (W/W), water content 0.32% (V/V), and
pour point 13.5°C. Moreover, the following are engine specifi-
cations information: compression ratio 21, bore/stroke 550/
1550 (mm/mm), rated speed 142 r/min, rated power 3570 kW,
ignition order 1-5-3-4-2-6, and intake type inter-cooling. The
deposited carbons were cleaned from the nozzle and cylinder
and the piston rings were renewed before testing.

1.2. Sampling methods and exhaust measurements

Samplings were performed when the cooling water tem-
perature, the lubricating oil temperature and the exhaust
temperature had reached a steady state. Three parallel
samples were collected for each load.

Before sampling, the exhaust was diluted with ambient air
at a ratio of ~10:1. Thereafter, the exhaust was drawn through
a quartz filter followed by two tandem stainless steel tubes
filled with Tenax TA (SEFM-S60 Agilent, Agilent Technologies,
USA) filled with ~200 mg of Tenax TA for each tube at a flow

rate of 0.4 L/min to collect IVOCs. Samples were deemed to be
valid when the IVOC mass in the downstream tube was less
than 10% of that in the upstream tube. The quartz filters were
baked at 450°C for 6 hr and the Tenax tubes were baked at
300°C under a nitrogen stream for 2 hr before sampling. Blank
tubes were also incorporated for analyses and were handled
and processed in an identical manner as the sample tubes.
Fuel consumption and CO, concentrations were continuously
measured during samplings. The dilution and measurement
methods are described in our previous study (Su et al., 2018).

1.3. IVOCs analysis

Known amounts of deuterated standards (dg-naphthalene and
dio-acenaphthene, d;o-phenanthrene, Ci¢, Cyo, Cp4 deuterated
n-alkanes where “n” was the carbon number of straight-chain
alkanes) were injected into each Tenax tube prior to thermal
desorption to determine the recovery of IVOCs during analysis.
The Tenax samples were analyzed using an gas chromatograph
(Agilent 7890-5975C, Agilent Technologies, USA) coupled with
a mass-selective detector (GC/MSD), equipped with a DB-5
capillary column (30 m, 0.25 mm id, 0.25 pm film thickness,
Agilent, USA) and a thermal desorption sample extraction and
injection system (Optic4, GL Sciences B.V., Japan). IVOCs were
thermally desorbed from the tube in splitless flow mode with a
helium flow of 50 mL/min, via a temperature program of 30 to
275°C at a rate of 60°C/min and hold for 5 min. Thereafter,
desorbed IVOCs were enriched by a cold trap at —120°C. The
enriched IVOCs were thermally desorbed in a split flow mode
with a helium flow of 20 mL/min and a split ratio of 7.7:1, via a
temperature program of —120 to 300°C at a rate of 60°C/min and
hold for 5 min. Finally, IVOCs were determined using GC/MSD.
Helium was used as the carrier gas at a constant flow of 0.5 mL/
min. The temperatures of the transfer line and EI (electron
impact ionization) source were 310 and 230°C, respectively. The
column oven temperature program was: 6°C/min from 60 to
300°C and hold for 8 min.

For HFO fuel, 10 pL of HFO was spiked with a known amount
of deuterated standards and extracted with 20 mL of dichloro-
methane for 20 min in an ultrasonic bath. The extracts were
reduced to 2 mL under a gentle stream of nitrogen and cleaned
up using dispersive solid phase extraction (SPE, Agilent Part No.
5982-5421, Agilent Technologies, USA). After centrifugation for
5 min at 2500 r/min, the supernatant was solvent-exchanged
into isooctane to a final volume of 1 mL. A known amount of
volumetric internal standard (hexamethylbenzene) was added
prior to instrumental analysis. The mass spectral analysis of
IVOCs in HFO was the same as described above.

1.4. Quantification of IVOCs and emission factor

The quantification method of IVOCs in this study was performed
according to previously reported methods (Huang et al.,, 2018a;
Zhao et al,, 2014). Briefly, IVOCs were identified by matching the
mass spectra obtained with the mass spectra from the standards
and National Institute of Standards and Technology (NIST) library
(https://webbook.nist.gov/chemistry/name-ser/). IVOCs were
classified into straight-chain alkanes (n-alkanes) and
branched alkanes (b-alkanes), cycloalkanes, alkylcyclohexanes,
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Table 1 - Engine test cycle and fuel consumption.

Time Engine Engine speed Fuel consumption rate
(min) load (r/min) (g/kWh)

30 25% 90 220

30 50% 114 200

500 75% 130 192

10 90% 130 190

unsubstituted and substituted polycyclic aromatic hydrocarbons
(PAHS), single-ring aromatics and unspeciated cyclic compounds.
The total ion signal was integrated into 11 bins (B,) based on the
GC retention times of n-alkanes. Emissions of individual IVOCs
were quantified based on the calibrated instrument response to
authentic standards and accounting for recovery of the deuter-
ated internal standard. Naphthalene (nap), 1-methylnaphthalene,
2-methylnaphthalene (C1-Nap), 1,2-dimethylnaphthalene (C2-
Nap), acenaphthylene (Acp), acenaphthene (Ace), fluorene (Flu),
phenanthrene (Phe), anthracene (Ant), fluoranthene (Fluo),
pyrene (Pyr), n-alkanes and deuterated standards were used as
authentic standards. The recoveries of the deuterated internal
standards were 71.3%-114%.

The exhaust flow rates for the engine were calculated
using the carbon balance method specified in ISO 8178-2,
assuming complete conversion of fuel carbon to CO, (Corréa

and Arbilla, 2006). Based on the fuel consumption (Table 1)
and the concentrations of IVOCs, the emission factors (EFs) of
gaseous phase IVOCs were determined.

2. Results and discussion
2.1. Chemical composition of IVOCs

The chemical characteristics of the IVOCs were illustrated by
the average mass spectrum of the total IVOCs (in B1,-By,). Fig.
la-d shows the average mass spectrum of IVOCs in the
exhausts from the engine fueled with HFO collected under
four loads.

The IVOC mass spectra exhibited that the chemical
composition varied for different loads. The primary mass
fragment was mass-to-charge ratio (m/z) of 128 for loads of
25% and 50%, while the m/z of 57 was dominant in mass
fragments of loads of 75% and 90%. The m/z 57 and 128 peaks
are the main mass fragments of alkanes and naphthalene
(Dall’Osto et al., 2012), respectively. In addition, cycloalkanes
(m/z 55, 69 and 97), alkylcyclohexane (m/z 83) (Moldanova
et al, 2009; Zhao et al, 2014; https://webbook.nist.gov/
chemistry/name-ser/), single-ring aromatic hydrocarbons
(m/z 91 and 105) (Gentner et al, 2012) and substituted
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Fig. 1 - Average mass spectra of heavy fuel oil (HFO) exhausts at (a) 25%, (b) 50%, (c) 75%, and (d) 90% engine loads and (e) HFO
fuel, and average mass spectra of marine gas oil (MGO) exhaust at (f) 75% load and (g) MGO fuel. m/z: mass-to-charge ratio.
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pounds (IVOGs) of HFO fuel. Inset: a magnified view of the
emission factors for straight-chain alkanes (n-alkanes),
polycyclic aromatic hydrocarbons (PAHs), single-ring aro-
matics, alkylcyclohexanes and cycloalkanes in HFO fuel and
exhausts from four engine loads. b-alkanes: branched
alkanes.

naphthalene (m/z 141) were also major contributors to IVOCs.
The mass fragments of aliphatic hydrocarbons (m/z 43, 55, 57,
69, 71, 83 and 111) in the exhausts were more abundant than
those of the aromatic compounds (m/z 91, 105, 128, 141, 155).
In addition, as shown in Fig. 1e, the average mass spectrum
of HFO fuel was mainly composed of n- and b-alkanes (m/z 43,
57, 71 and 85), and also included cycloalkanes (m/z 97) and
aromatic compounds (m/z 128, 141 and 155). The difference
between the mass spectra of HFO exhaust and HFO fuel was
observed mainly in the proportions of naphthalene (m/z 128).
For comparison, the average mass spectra of IVOCs
emitted from marine gas oil (MGO), which represents a
common alternative nearshore fuel, are also shown in
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Fig. 1f-g. The tests of MGO were conducted on an auxiliary
engine and the results will be reported in our other paper. A
primary comparison was conducted between HFO and MGO
herein due the difference in test engines. Fig. 1 illustrates that
HFO and MGO fuel exhibited similar chemical compositions,
whereas HFO exhaust contained greater portions of naphtha-
lene (m/z 128) and substituted naphthalene (m/z 141) as
compared to MGO exhaust.

Compared with the IVOC emissions of vehicles, the IVOC
composition of HFO exhausts in this study was similar to that
of diesel vehicle exhaust, which is also dominated by aliphatic
compounds (m/z 43, 57 and 71) (Zhao et al., 2015). In contrast,
gasoline vehicle exhaust contains more aromatic components
(m/z 91, 105, 128, 141 and 156) (Zhao et al., 2016).

2.2. Emission factor

The emission factors (EFs) of detected IVOCs (in chemical
classes) were calculated and are shown in Fig. 2. The total
IVOC mass (XIVOC) EFs of the HFO exhausts under the loads of
25%, 50%, 75% and 90% were 201 + 13.1,67.5 + 19.7,20.2 + 6.43
and 25.6 + 10.8 mg/kg-fuel, respectively. The smallest EFs
were observed at the 75% load, which were as low as ~10%
and ~30% of the EFs at 25% and 50% loads, respectively. With
respect to 90% load, the EFs were higher than that of the 75%
load. This was speculated to be related to the difference in air-
fuel ratio between 75% and 90% loads. The engine was
operated by increasing air intake under constant engine
speed to increase the load after 75% load (Table 1). Thus, the
combustion at 90% load took place under a higher air—fuel
ratio and a correspondingly lower combustion temperature as
compared to 75% load. And, the lower combustion tempera-
ture at 90% load led to an increase in IVOC emissions. By
comparison, YIVOC EFs in the MGO-fueled auxiliary engine
exhausts under the loads of 25%, 50%, 75% were 93.8 + 0.1,
50.9 + 9.29, 2.33 + 0.34 mg/kg-fuel, respectively.

Unspeciated cyclic compounds were the dominant con-
tributors of IVOC emissions at all loads, accounting for over
57% of the YIVOCs (Fig. 3), followed by b-alkanes, accounting
for about 15% of the XIVOCs (Fig. 3). These chemical

14
12

Fraction of > IVOC (%)

Fig. 3 - (a) Fractions of all IVOC compositions in the total IVOC compositions (XIVOCs) and (b) fractions of PAHs, single-ring

aromatics, alkylcyclohexanes and cycloalkanes in the XIVOCs.
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HFO fuel.

compositions were similar to those of MGO-fueled auxiliary
engine exhaust, in which the fraction of unspeciated cyclic
compounds and b-alkanes was 80% and 15%, respectively.

In addition, Fig. 3 also illustrates that HFO fuel contained
IVOC compounds. This implied IVOC emissions when HFO
fuel was emitted unburned. On ocean-going ships, unburned
HFO fuel can arise from fuel preheating and non-ideal
combustion. IVOCs in HFO fuel were comprised of similar
fractions of unspeciated cyclic compounds and b-alkanes to
those in HFO exhaust, while the fractions of other IVOC
compounds in HFO exhausts varied from those in HFO fuel
(Figs. 2 and 3). Compared with HFO fuel, the fraction of
alkylcyclohexanes in HFO exhausts decreased significantly,
while the fraction of PAHs in the exhausts increased. The
variations in IVOC composition between HFO exhausts and
HFO fuel implied that, for HFO, the IVOC emission character-
istics were not likely correlated to the IVOC composition of
the fuel.

2.3. Volatility distribution of IVOC EFs

The SOA formation potentials of IVOCs are dependent on the
volatility distribution of IVOCs. In this study, the volatility
distribution of IVOCs was studied using the IVOC bins (B,).
Fig. 4a shows that exhaust IVOCs exhibited similar volatility
characteristics under different loads. Nevertheless, the vola-
tility distributions of HFO exhaust IVOCs were different from
those of HFO fuel (Fig. 4b). For HFO fuel, the IVOCs mainly
distributed in the lower volatility bins (B,;-B,,), accounting for
30% of the total emissions. However, in exhausts, IVOCs
mainly concentrated in the higher volatility range (B15-B1s),
with about half of the emissions in the By, bin (Fig. 5).

With respect to individual classes of IVOCs, most detected
compounds mainly distributed in higher volatility bins
(B12-Bss) at all loads (Fig. 6). The volatility distributions of
individual classes of IVOCs in exhausts were significantly
different from that of HFO fuel. For HFO fuel, large amounts
of n-alkanes, b-alkanes, alkylcyclohexanes and unspeciated
cyclic compounds distributed in the lower volatility bins
(B1o-Byy), while in the exhausts these compounds mainly

distributed in the higher volatility bins. In addition, cycloal-
kane and alkylcyclohexanes could be detected in every bin for
HFO fuel, whereas they could be detected in the higher
volatility bins (B12-B1g) in the exhausts. Generally, compared
with HFO fuel, exhaust IVOCs tended to distribute in higher
volatility bins, except for IVOC PAHs, which distributed in
higher volatility bins for both HFO fuel and exhausts. It was
likely that the lower volatility IVOCs (B17-By,) in HFO fuel were
prone to be combusted or transformed via pyrolysis processes
(Tree and Svensson, 2007), and thus the IVOCs with higher
volatility (B;o-B1g) were emitted as a result of incomplete
combustion and pyrolysis processes. In contrast, the exhaust
hydrocarbon compositions (including IVOCs) of volatile fuels
(such as gasoline and diesel) likely depend more closely on the
hydrocarbon compositions of the fuels, which is attributed to
the emission of unburned fuels (Gentner et al., 2012).
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Fig. 5 - Box-whisker plot of mass fraction of IVOCs in each
retention-time bin. The boxes represent the 75th and 25th
percentiles with the centerline being the median. The
whiskers are the 90th and 10th percentiles.
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Fig. 6 also shows that the emissions of IVOCs with higher
volatility (B;,—B1s) declined as the load increased from 25% to 75%.
This could be attributed to the occurrence of complete combus-
tion at higher loads, because the IVOCs with higher volatility were
emitted via incomplete combustion, as discussed above.

It is noteworthy that, compared to the test bench exhaust
results, the exhaust IVOCs of a real-world ocean-going ship’s
main engine burning the same HFO are comprised of more
compounds in lower volatility bins (Huang et al., 2018a), and
have more similarity to the IVOC components of HFO fuel (Fig.
4b). Thus, we speculated that the exhausts sampled from this
real-world ocean-going ship contain more unburned HFO fuel,
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which may result from the deterioration of the engine after
long-term navigation. In contrast, the engine tested in this
study had undergone maintenance, including the cleaning of
deposited carbons from the nozzle and cylinder and renewal of
the piston rings, and thus the combustion likely took place
under very good conditions. The optimized engine conditions
during the test in this study likely mitigated the emissions of
unburned fuels. The mitigation of unburned fuel emissions also
resulted in lower IVOC EFs in this study, which were on the
order of ~107! the magnitude of IVOC EFs in the literature,
because even a small amount of fuel evaporation can dramat-
ically impact IVOC emissions, as discussed in Section 2.2.
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Fig. 7 - Secondary organic aerosol (SOA) production (a) at all loads and (b) at 75% load and SOA production of HFO fuel.
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2.4. SOA production

The SOA production was calculated using a method described
in the literature (Zhao et al.,, 2015) and shown in Fig. 7. The
SOA production of the HFO exhausts under the loads of 25%,
50%, 75% and 90% was 40.9 + 11.4, 12.6 + 4.22,3.79 + 1.42 and
4.78 + 1.70 mg/kg-fuel, respectively. Consistent with the case
for IVOC EFs, exhaust IVOCs exhibited the smallest SOA
production at 75% load (Fig. 7a). The SOA production of
exhausts was mostly contributed by IVOC compounds in
higher volatility bins at all loads (Fig. 7a). In contrast, the SOA
production of HFO fuel (if unburned HFO fuel was released)
was mainly contributed by the IVOC compounds in lower
volatility bins (Fig. 7b). Considering that IVOC compounds
with lower volatility exhibit greater SOA formation potential
as compared to compounds with higher volatility in the same
chemical class (Atkinson and Arey, 2003; Chan et al., 2009;
Kwok and Atkinson, 1995; Zhao et al., 2014), the IVOC
distributions in the higher volatility bins of HFO exhausts
versus in the lower volatility bins of HFO fuel in this study
suggested that reducing the unburned HFO fuel released due
to non-ideal combustion via fuel preheating might be a more
efficient method to mitigate the SOA production from IVOCs
emitted by ocean-going ships burning HFO.

The change in the SOA production between HFO exhaust
and HFO fuel should be noted (Fig. 7a). These distinctions
indicated that one of the most widely used SOA assessment
methods, i.e., the “Bottom-Up” method, which considers SOA
formation potential using unburned (gasoline and diesel)
fuels as emission surrogates on the basis of the compositional
consistency between gasoline and diesel fuels and their
exhausts (Gentner et al., 2017), should be applied to IVOC
emissions from HFO with more caution.

3. Conclusions

(1) The HFO-fueled ship main engine emitted a large
amount of IVOCs, and the average XIVOC EFs under
four loads ranged from 20.2 to 201 mg/kg-fuel, which
were much higher than those of the MGO-fueled marine
auxiliary engine.

(2) The IVOC emissions were related to the engine load,
and exhibited the smallest EFs at the load of 75%.

(3) The chemical compositions of IVOCs were different

between HFO exhausts and HFO fuel. The HFO exhausts

contained a greater proportion of PAHs, while the
fraction of alkylcyclohexanes decreased significantly
compared to HFO fuel.

The volatility distributions of IVOCs were also different

between HFO exhausts and HFO fuel. The IVOCs in

exhausts were mainly concentrated in the higher
volatility bins (B1,-Bss), while those of HFO fuel were
mainly distributed in the lower volatility bins (B21-Bs,).

(5) The distinctions in IVOC emission characteristics be-
tween HFO exhausts and HFO fuel should be considered
when assessing the IVOC emission and related SOA
formation potentials from ocean-going ships burning
HFO, especially when using fuel-surrogate models.
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