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Abstract

Liquefied natural gas (LNG) is becoming increasingly popular as a marine fuel as emission regulations
become more stringent. However, very little data are available on the particulate matter emissions of modern
marine natural gas engines. In this study, we present a first detailed characterization of the composition
of the particulate matter emitted by a modern, in-use, natural-gas-powered vessel. The vessel engines
use compression-ignition and only a small amount of diesel fuel as pilot. Our emissions characterization
includes six different techniques to measure black carbon, including all methods determined as appropriate
for measuring BC emissions from ships by the International Maritime Organization, as well as particle size
distributions, metal concentrations, and organic particulate emissions. Particulate-matter emissions differed
significantly between idle and at-sea operating conditions. At idle, particulate emission factors were primarily
organic (approximately 1500 mg/kWh), with black carbon emission factors over two orders of magnitude lower
(5.6 £ 0.4mg/kWh). At engine loads above 25%, all emissions were independent of load and substantially
lower than at idle, at 4.4 + 1.7 mg/kWh for organics and 0.8 £ 0.2 mg/kWh for black carbon. When operated
only on diesel fuel, this engine emitted 8-fold more organic particulate matter (38 + 15 mg/kWh) and 37-
fold more black carbon (30 + 11 mg/kWh) at loads above 25%. At idle loads, the diesel-fuel emissions were
comparable to the natural-gas emissions. In addition to organics and black carbon, a third category of non-
volatile sub-10-nm particles was identified. A detailed consideration of our measurements indicated that the
sources of the organic, BC, and sub-10-nm particles were lubrication oil, diesel pilot fuel, and lubrication-oil
metals, respectively. Future studies should seek to quantify the emissions of other dual-fuel engines that will

be entering the market.

Highlights
e Detailed characterization of particulate matter emissions from natural-gas-powered marine vessel.
e Particulate mass and number was primarily volatile organics, which may originate from lubrication oil.

e Black-carbon emissions were a factor 37 higher when using diesel fuel compared to liquid natural gas

fuel.
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1. Introduction

Marine transportation is traditionally powered by non-renewable crude-oil fossil fuels, either residual or
distillate, the availability of which is fundamentally limited [1]. Partly for this reason, attention has recently
shifted to natural gas (NG), a mixture of gaseous fossil fuels typically containing approximately 90% methane,
a small percentage of ethane, and traces of other alkanes and nitrogen [1], which may be transported and
used as liquefied NG (LNG). A far more urgent reason is the goal of reducing CO5 emissions by at least 50%
by 2050 in order to stabilize the climate [2, 3]. NG is considered to have the potential to contribute to such
reductions because its low carbon-to-hydrogen ratio results in fewer moles of COs produced per mole of NG
combusted relative to heavier fossil fuels, and its lower heating value is slightly higher than that of gasoline
or diesel [1, 3]. In the longer term, a transition from NG to sustainable biogas fuels may also be preferable
to a transition from diesel to sustainable biodiesel [4, 5].

For sufficiently-rich combustion mixtures [6], NG combustion produces substantially lower concentrations
of particulate matter (PM) than traditional fuels [1]. This is because of its low number of carbon atoms per
molecule, as well as its low carbon-to-hydrogen ratio [7]. The low carbon-to-hydrogen ratio of NG therefore
reduces both its PM and its CO2 emissions. Similarly, NG combustion also emits smaller amounts of nitrogen
oxides (NO,) than traditional fuels due to its lower combustion temperatures. However, emissions of carbon
monoxide (CO) and of total volatile hydrocarbons (TVHCs), particularly methane, tend to be higher for
NG than for traditional fuels [1]. The mixture of gas-phase and PM pollutants emitted by NG combustion
can therefore be expected to be substantially different to the emissions from traditional fuels. This is likely
to result in a substantially different toxicity, as indicated by the very different biological effects observed
between traditional fuels such as diesel and heavy fuel oil which have been observed on human lung cells [8].

In addition to their harmful effects on public health, combustion emissions may adversely affect the
environment through radiative forcing of the climate, deposition on snow, and potentially eutrophication or
acidification [5, 9]. The radiative forcing exerted by greenhouse gases such as CO2 and methane generally act
on a global scale, as the atmospheric lifetime of these gases (>> 200 [10] and 10 years [11], respectively) is much
longer than the 1-2 years they require to be mixed throughout the tropo- and stratospheres [11]. In contrast,
PM exerts a regional radiative forcing as it has a short lifetime of only 1-2 weeks before being deposited to the
surface [11]. If deposited onto snow, light-absorbing PM such as black carbon (BC) may continue to exert a
radiative forcing [12, 13, 14]. The greater sensitivity of the Arctic to BC deposition is particularly noteworthy,
as the Arctic currently faces substantial increases in marine traffic in upcoming decades due to retreating
sea ice[15], which has motivated ongoing discussions at the International Maritime Organization (IMO) to
investigate BC emissions from marine vessels. Other regional effects of BC may include the formation [16] or
induced-evaporation of clouds [17].

The cetane number of NG is so low that it is not usually quoted [1], meaning that compression-ignition
engines require a pilot fuel, such as diesel, to initiate combustion. The percentage contribution of this pilot
fuel to the total fuel energy is typically about 30% [1], but is as low as 1% in modern marine NG engines
such as the one studied herein. It is therefore not clear to what degree the results of previous studies on
NG combustion [1, 18, 19, 20, 21, 22, 23] are relevant to such NG engines. Moreover, there is a need for a
more comprehensive emissions characterization of dual-fuel engines, as the following summary of existing NG
studies on either buses or marine vessels will demonstrate.

Almost no information is available on the properties of the PM emitted by LNG-powered marine engines.
The only published peer-reviewed study is that of Anderson et al. [24]. Anderson et al. [24] characterized par-

ticle number and gaseous emissions from a compression-ignition, LNG-powered ship and found that particles
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were generally volatile, with mobility diameters < 50 nm after 20-fold dilution. Consistent with general trends
for NG [1], CO and total gas-phase hydrocarbons (HCs, as measured by flame ionization) emissions were
higher for NG than diesel-fuel operation. In contrast, PM number, NO,, SO5, and COs were lower for NG.
PM mass, as estimated from Engine Exhaust Particle Sizer (EEPS) measurements, was also lower. However,
as noted by those authors, the EEPS is not an accurate technique and requires several empirical corrections
in order to be reliable, which could not be made in their study. Finally, based on the trace-metal content of
the PM, Anderson et al. [24] hypothesized that the volatile fraction of NG-combustion PM originated from
evaporated lubrication oil, and that the non-volatile fraction originated from metal oxides within the oil.

No other studies have measured the emissions of NG-powered ships, although recent studies on NG-
powered buses are worth mentioning in the present context [23]. These studies have generally concluded that
the PM from NG combustion is largely volatile, and that methane and other HCs respectively represent the
greatest risk to climate and public health from NG emissions. The introduction of a catalyst into the exhaust
of an NG engine has been shown to reduce those HC emissions by a factor of 20 to 50, with a corresponding
20-30 fold reduction in genotoxic activity [25]. Reliable measurements of black carbon (BC) concentrations
from NG combustion have not been reported to our knowledge.

Here, we have performed a detailed characterization of the aerosol emitted by a dual-fuel engine primarily
combusting NG for the propulsion of a commercial, in-use vessel. Our characterization focusses on the PM
emissions, in particular, on quantifying the amounts of BC and organic carbon (OC) observed at different
engine loads. We discuss volatile and non-volatile particle size distributions, the physical origin of BC and
OC, the relative performance of various techniques used to measure BC, and the importance of these PM
emissions in the context of co-emitted methane and HCs. Recommendations for the future use of NG engines

are provided.

2. Methods

Measurements were taken aboard a commercial, in use NG-powered vessel in western Canada. The vessel is
powered by two nine-cylinder, compression-ignition, dual-fuel, four-stroke diesel engines with a power output
of 4320 kW each. The engine has been in use for less than a decade. While the vessel stores its fuel as LNG,
we refer to the fuel as NG where appropriate since the fuel is injected in gaseous form as NG. The NG is
indirectly injected and ignited by a diesel-fuel pilot charge, which contributes < 10% of the total derived
energy at 10% engine load, and much less at higher loads. The diesel pilot fuel is injected by a common rail
system. The engines operate at constant speed and varying load to drive electrical generators. The engines
are specifically designed for operation on NG, rather than being retrofitted, and are also capable of running
entirely on diesel fuel. The engine meets Tier 3 emission standards in NG mode and Tier 2 standards in diesel
mode.

The measurements presented herein were taken on a single engine during normal operation of the vessel.
The load of the engine was set to a desired value between 6 and 91% of the rated maximum of 4320 kW
(Table 1), typically for 30 minutes, while any additional required power was provided by the second engine.
The actual time spent at each load during commercial operation can be varied by the operator, as discussed
further in Sommer et al. [6]. Both LNG (91-95% methane) and ultra-low-sulfur diesel fuels were used. The
vessel normally operates with LNG.

The engine emissions were extracted from the exhaust stack at average temperatures above 350 °C, using
the sampling configuration shown in Figure S1. Three lines distributed the sample to multiple instruments,
as summarized in Table 2. The first two lines were used by an AVL 415SE smoke meter (AVL LIST GmbH,
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Austria) and a Horiba PG350 portable gas analyzer (Horiba, Japan). The third line was heated to 5060 °C,
connected to a sampling manifold of the design described in Gysel et al.[26], diluted approximately sixfold
with compressed, dried and activated-charcoal-filtered air, and then distributed to the remaining instruments.
The total sampled flow (approximately 60 L min~!) was less than the total available flow, and an excess flow

I was directed into an exhaust line. The dilution factor was determined as the

of approximately 10 Lmin~
ratio of background-subtracted COs concentrations before and after dilution; the measured background CO-
concentration was 454 + 12 ppmv (mean + SEM of multiple background measurements). The sampling line
length between manifold and instruments (2 to 4 m) was selected to give approximately comparable residence
times of 2 to 4 seconds in each case.

The remaining instruments included five BC instruments (described below), a scanning mobility particle
sizer (SMPS, TSI, USA), two sets of filter samplers, two transmission electron microscopy samplers, a custom-
built methane sensor, a CO5 monitor, and a flame ionization detector for methane and non-methane HCs.
The filter samplers were used to obtain quartz-backed-quartz and teflon samples for thermal-optical carbon
analysis (TOA; EUSAAR2 protocol [27]) and X-ray fluorescence spectroscopy (XRF) analysis, respectively.
The filters which were analyzed by TOA were sealed and stored on ice prior to their measurement. The TEM
samples were collected in duplicate using using two different samplers, a thermophoretic sampler constructed
at the University of British Columbia and an electrostatic sampler (ESPnano, DASH Inc., USA) [28], and
were analyzed using a Hitachi H7600 at 80eV acceleration voltage; a detailed analysis will be presented
elsewhere (Trivanovic et al., in review). The custom-built methane sensor utilized wavelength modulation
spectroscopy and was validated in the laboratory as described by Sommer et al. [6].

The SMPS (TSI model numbers 3088, 3082, 3081 and 3776) employed an X-ray charger and generally
scanned the mobility-diameter range 6—-170 nm. The SMPS data were monitored throughout the experiments
and, when evidence of larger particles was present, the upper limit of the SMPS scans was extended to ensure
that the majority of particles had been observed (in number space). A median SMPS scan time of 20 seconds
was used; scans of up to 200 seconds were used to ensure that 20 seconds was adequately long. The SMPS
was used to obtain number-based particle size distributions and to estimate concentrations of both total
PM (after the factor of approximately 6 dilution) and non-volatile PM. Non-volatile PM was obtained after
denuding at 623 K using a catalytic stripper (Catalytic Instruments GmbH, Germany, model CS015). The
SMPS estimations of total PM mass are approximations, as the instrument is designed to measure number
rather than mass. The more reliable measurement of total PM mass in this study was obtained from the

carbon mass measured on the filters by thermal-optical analysis (TOA), as described below.

2.1. BC (eBC, rBC, and EC) measurements

Motivated by ongoing discussions at the IMO on measurement of BC and the investigation of BC control
measures in the context of marine emissions in the Arctic, we deployed multiple instruments to measure BC
during this campaign. BC is a complex material which is normally defined as consisting of aggregates of
nano-spherules of refractory, insoluble, strongly-light-absorbing, sp?-bonded graphitic carbon [29, 30]. The
preceding list of properties means that different measurement principles may be used to determine BC mass
concentrations. In the following, we follow the recommendations of Petzold et al. [29] and use technique-
specific terminology when discussing the measurements of different BC instruments. The properties of the
instruments described in this section are summarized in Table 2.

It is essential to note that some types of PM may possess properties (in terms of solubility, light absorp-
tivity, refractoriness, and sp? bonding) which overlap with the above-mentioned defining properties of BC

[31]. Since most BC measurement instruments rely on measuring only one of these properties, disagreement
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between different BC measurements may result in special cases of complex PM mixtures. In particular, for
engines operated on heavy fuel oil, the presence of so-called tar and char PM will result in disagreement be-
tween instruments which aim to exploit either the light absorption, refractoriness, insolubility, or sp? bonding
of BC [31]. (The only other special case is that of biomass-burning PM [31].) The principles on which these
instruments operate are defined in the following.

The most common measurand for BC is light absorption at a wavelength A\, which may be reported
as equivalent BC concentrations eBC(\) if a mass-specific absorption efficiency (MAE) is assumed [32]. In
this study, the Photoacoustic Extinctiometer [PAX; Droplet Measurement Technologies, USA; eBC(870 nm)]
[33], CAPS PMssa monitor [Aerodyne Research Inc., USA; eBC(660nm)] [34], Micro Soot Sensor [MSS,
AVL GmbH Austria; eBC(808 nm)] [35], and smoke meter [eBC(560 nm)] [36] all measured and reported eBC
assuming the MAE of 7.5m?g~! at A = 550 nm recommended by Bond et al. [37]. For each instrument, this
MAE is converted to the measurement wavelength by assuming a wavelength-independent refractive index,
from which it follows [38] that MAE()\;) = MAE(550nm) - 550 nm/\;.

The eBC instruments were calibrated as follows. The scattering detectors of the PAX and CAPS were
calibrated on-site using non-absorbing aerosol (ammonium sulfate), according to the manufacturer’s instruc-
tions. The absorption coefficient of the PAX was additionally calibrated with nebulized Aquadag (colloidal
graphite). The MSS and smoke meter were not calibrated on-site. The MSS is calibrated against EC (defined
below), although its principle of operation is identical to the PAX. The smoke meter measures the attenuation
of green light (A = 560 nm) through a PM-laden filter and reports filter smoke numbers (FSN), which were
converted to eBC concentrations by the instrument software using the manufacturer’s calibration (provided
in the supplement as Equation S1).

Two other BC measurement techniques were employed. First, laser-induced incandescence (LIT) was em-
ployed by the Artium LII-300 (Artium Technologies, CA, USA). This involves heating particles to approxi-
mately 3000 K with a high-fluence laser and measuring the intensity of laser-induced incandescence (LII) that
results. From this intensity measurement, together with a two-colour-pyrometry measurement of temperature
and literature knowledge of the BC absorption function E(m), a measurement of BC known as refractory
BC (rBC) [29] can be retrieved as a mass concentration. The LII detectors are calibrated with a spectral
radiance standard and the overall rBC quantification is calibrated against EC, as described by Snelling et al.
[39].

Second, thermal-optical analysis (TOA) was employed for the quartz-fibre filters, using a bench-top Sun-
set analyzer (Model V5) calibrated with sucrose and following the EUSAAR2 protocol, which is designed to
minimize potential artifacts [27]. Filter punches (area 1c¢m?) were first heated in helium to desorb volatile
carbon (the so-called organic carbon or OC mass) before the remaining carbon residue (the so-called ele-
mental carbon or EC mass) was combusted in 2% oxygen. Because some OC may pyrolyze during analysis,
transmittance (and reflectance) of a 630 nm laser through the filter punch is monitored throughout. In this
study, pyrolysis was observed to be negligible in general.

When analyzing a first filter taken during NG operation at engine-idle conditions, we observed that
the OC concentrations were extremely high and resulted in saturation of the TOA analyzer detectors. This
occurred because filter sampling times were calculated according to the desired BC concentration, rather than
the OC concentration. We therefore performed two separate experiments to determine OC concentrations
at idle. First, we performed an isopropanol extraction of an idle-load filter before performing EUSAAR2
analysis, and found that the results were in excellent agreement with the consensus value discussed below.

Second, we modified the EUSAAR2 protocol by adding an additional, slower heating step between the first
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and second stages of helium-atmosphere desorption in order to quantify carbon on these filters. This second
experiment was performed to avoid detector saturation and allowed us to quantify OC concentrations at idle
by subtracting the total evolved carbon from the EC determined from the extraction, as recommended by
the VDI 2465/1 protocol [40].

The OC concentrations at idle were also estimated using the SMPS data. At idle, the uncertainties
associated with estimating mass from SMPS measurements were lowest, since the single scattering albedo
(ratio of scattering to extinction coefficients) measured by the CAPS PMssa showed that a large fraction of
the PM mass was OC, reducing the uncertainty associated with the assumption that particles were spherical.
However, agreement between SMPS and OC at idle was still poor (Figure S6) and we rely on the SMPS-

estimated mass below for qualitative interpretation only.

2.2. Calculated quantities

Engine emission factors EF,, in terms of PM mass emitted per kWh produced, were calculated as

EFm _ [PM]m : Qexhaust (1)
P

Where [PM] | is the mass concentration of a PM species in mg Nm ™3, Qexhaust is the engine exhaust flow
rate (measured in-situ for a given test point with a pitot probe) in Nm3 h~!, and P is the engine power in kW
reported by the engine control software. All concentrations were corrected to standard conditions of 273 K
and 1 atmosphere.

Equation 1 can also be used to calculate number-based EFs, if the quantity [PM]_ is replaced by 10¢ [PM] ,
with [PM] given in units of particles per cm?®.

Measured size distributions were corrected for losses in the catalytic stripper by multiplying the mea-
sured values with a penetration function provided by the manufacturer, which was itself derived through a
combination of theory and empiricism (personal communication, Catalytic Instruments, 2018).

Particle penetration through our sampling system was modelled using the software published by von der
Weiden et al.[41]. At 10, 20, 40, 100 nm penetration to the SMPS was 73, 85, 91, 95%. The size-resolved
penetration is shown in Figure S4 in the context of the particle volume distribution calculated from the SMPS
data for each engine load. Comparison of the penetration function and volume distribution shows that the
majority of BC (largest mode) will have been measured with approximately 95% penetration, whereas OC
will have been measured with approximately 75% penetration and the small involatile mode discussed below
will have been measured with approximately 60% penetration. We have not corrected the values reported
below by these penetration estimates.

No loss correction for the remainder of the sampling lines was made. As there were no small-angle bends
in that sampling line, such losses would be dominated by diffusion to the tubing walls, which (for 5 L min—!
flowing through 2.5 m of tubing) fall from 99% at approximately 100 nm mobility diameter to 50% at about
20nm and 20% at about 11nm [42]. The corresponding losses of the smallest mode of particles measured
below 20 nm would therefore be substantial. However, as our sampling system was not designed to quantify

such particles, we have not attempted to perform a correction.

2.8. Uncertainties

In general, error bars are reported as the standard error of the mean (SEM, representing variability in
the specific measurement point). Mean values (such as emission factors) are reported together with their

standard deviations (representing the spread of measured values).
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When calibration uncertainties were analytically available (CAPS, PAX, CO2 monitor) they were added
in quadrature to the statistical imprecision, as described in the following. The span value of the CO5 monitor
was checked at the beginning and end of each day using a 14.42% COs reference mixture; the measured value
was always within £2% of the reference value. This +2% was therefore propagated into the COg uncertainty.
(No absolute-value CO2 uncertainty is necessary, since all measurements were of high COs concentrations
[43].) The CAPS calibration results in a single scattering-coefficient calibration factor, which is obtained by
the slope of a weighted least-squares fit; the corresponding uncertainty in the fitted slope was propagated into
the uncertainties reported here. The PAX calibration results in an analogous slope and a similar procedure
was applied. As no other instruments were calibrated on-site, no other calibration uncertainties were treated
explicitly. Overall, statistical uncertainties were generally smaller than the symbols in the plots shown below,
with the exception of some SMPS data. Unquantified uncertainties, such as the potential measurement biases
between BC instruments, are considered qualitatively by comparing instruments when possible.

Special uncertainties are worth mentioning for certain instruments. In general, the quantities presented
below were measured analytically. The exception is the SMPS-estimated mass concentration, which was
estimated by treating all measured particles as spheres with an assumed effective density. This density is
described as effective because it requires the assumption of particle sphericity. Previous studies[44, 45] have
measured the effective density of typical BC particles in the size range discussed below as 700-900 kg m 3.
For an NG-powered engine, Bullock and Olfert[18] reported a mean effective density of 850kgm~™3 under
conditions where > 95% of the PM was volatile. Bullock and Olfert also reported that this density is similar
to that of lubrication oil. Here, we have used an effective density of 850kgm™2 for all engine conditions,
which serendipitously applies to both OC and BC particles, according to the discussion above. We note that
the uncertainty of this effective density is greatest for BC, and estimate a 25% uncertainty in the accuracy of
all SMPS-derived mass concentrations. The corresponding error bars shown below do not include this 25%

and reflect statistical variability only.

Table 1 about here; instrument descriptions.

3. Results

8.1. Overview of NG-mode engine emissions

Figure 1 about here; a simple example of our data set.

A typical time series of the engine output is shown in Figure 1. The figures shows a period of rapid changes
in engine load as the vessel was manoeuvred close to shore. This time period was selected to highlight several
features of the engine: stable emissions at engine loads above 20%, variable BC concentrations at lower
engines loads, and the emission of substantial amounts of volatile PM at lower engine loads.

The increase in variability of BC concentrations at lower engine loads in Figure 1 is shown by all four
real-time BC instruments (CAPS, LII-300, MSS, and PAX). This variability corresponds to the triggering
of a cylinder-deactivation strategy by the engine-control software at engine loads below 15 %. This cylinder-
deactivation strategy entails deactivating LNG injection to two of the nine engine cylinders to increase
combustion efficiency and therefore substantially reduce methane emissions [6]. Diesel pilot fuel is still injected
in all cylinders.

A substantial increase in volatile PM emissions was observed at lower engine loads, as evident from the

SMPS data shown in Figure 1. The figure shows the integrals of the first (number) and third (volume)
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moments of the SMPS size distributions, labelled as Ng.170nm and (after weighting by an effective density
of 850kgm~3) mass concentration. It is clear that the total PM mass increases substantially immediately
after the engine load fell below approximately 15%, As discussed further below, this increase in PM mass is

attributable to organic PM, since BC concentrations remained constant and the LNG fuel is sulfur-free.

3.2. Size distributions and TEM of volatile and non-volatile particles

Figure 8 about here; Size distributions vs load for NG showing volatile and nonvolatile PM.
Figure 2 about here; TEM images.

Figure 2a shows the mobility-size number distributions measured at various loads for LNG-mode opera-
tion. The number distributions are generally log-normal with a mode diameter of 10-20 nm at engine loads
> 30%, and 50nm at 6% load (idle) load. Repeated measurements at higher loads indicated a substantial
variability in mode diameter, which is discussed further in Section 4 below. Figure 2b shows that the primary
particle mode at 50% load evaporated upon heating to 623 K; this 10-20 nm mode was therefore composed
of organic PM and not BC.

The larger non-volatile particles shown in Figure 2b were typical soot aggregates, as shown by the TEM
micrographs presented in Figure 3a-c. These examples were selected to be representative of a detailed TEM
analysis which is to be published in a separate manuscript (Trivanovic et al., in review). Note that the
TEM images do not include the most abundant particles in the PM, which dominate the particle number
distributions in Figure 2a, because those particles were volatile.

The TEM images also do not represent the extremely small (< 10nm) non-volatile particles visible
in Figure 2b. These particles remained visible after heating to 623 K, and were not partially-evaporated
organics: their size did not grow when the heating temperature was reduced from 623K to either 473 or
548 K (Figure S2). We therefore hypothesize that these particles consisted of nucleated metal-oxides [46]
from the lubrication oil.

We emphasize that the measured mass (and size) of organic PM is a function of the amount of dilution
employed prior to its measurement [47, 48]. Correspondingly, the larger particles measured at 6% load should
be interpreted as caused by the higher overall organic PM mass concentrations. The potential cause of
these higher organic emissions at lower load is discussed further in Section 4. Particle volume distributions
corresponding to Figure 2a are shown in Figure S4.

When operating the engine with diesel fuel, the particle size distribution was substantially larger and
bimodal, corresponding to the emission of BC-dominated rather than organic-dominated PM. Figure 2b
shows the diesel-fuel size distributions at 50% load, for total and non-volatile particles; Figure S5 shows the
distributions at all loads. The smaller mode was volatile, and corresponded to organic PM, whereas the larger

mode was non-volatile, corresponding to BC.

3.8. Number, BC, and OC emission factors

Figure 4 about here; (a) PM emission factors vs load.

Figure 4a shows the measured emission factors, per kWh, of the present engine in NG mode. The BC-
and number-based emission factors were constant for loads above idle. Organic PM emissions were greater
than BC emissions, at 4.4 + 1.7 mg/kWh (mean + SD) for organic PM compared to 0.8 + 0.2mg/kWh for
BC. However, the BC particles were much larger than the organic particles, such that light scattering from

the organic PM was relatively minor and the aerosol SSA at 660 nm was generally dominated by BC; the
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measured SSA of approximately 0.2 (Figure 5) at higher loads is consistent with literature values for BC-only
aerosols [37]. At lower loads, this SSA was as high as 0.5, due to the correspondingly larger size of organic
PM (Figure 2a).

Figure 5 about here; single-scattering albedo data.

Figure 4b shows the same data as Figure 4a for diesel-powered operation. Switching from LNG to diesel
mode, the BC emission factors at higher loads increased by over an order of magnitude, from 0.8 £ 0.2
to 30 + 11 mg / kWh (mean and relative standard deviation of all BC measurements for > 30% load). Idle
emissions of BC were not changed by fuel switching, and were 5.6 £ 0.6 mg/kWh in both LNG and diesel
modes. Idle emissions of organic PM were extremely high in both modes, (1450 + 75 and 518 + 28 mg/kWh in
LNG and diesel modes respectively) as shown in Figure 4b. At higher loads, particle number emissions were
somewhat higher in LNG mode ((6.9 4= 2.7) 1013 kWh~!) compared to diesel mode ((3.8 £ 1.7) 10** kWh~1).
In both cases, these values were an order of magnitude higher at idle ((3.8 & 0.2) 1014 kWh~?! for LNG mode,
(3.3 £ 0.3)10* kWh~! for diesel mode), due to the higher OC emissions. SSA measurements for diesel mode
were not available as the BC concentrations were above the upper limit measurable with the CAPS PMgga

at the dilution levels employed herein.

3.4. Consistency between BC measurements

A major goal of the present study was to investigate to what extent different techniques for measuring
BC would be reproducible for LNG-mode emissions. The very small scatter between BC instruments in
Figure 4a shows that all instruments performed consistently. The similarity in scatter between Figure 4a and
Figure 4b indicates that the performance under LNG- and diesel-modes was comparable, in spite of a factor
50 higher BC concentrations in diesel mode. Figure S3 allows a more detailed comparison of the instrument
performances by plotting the ratio of each instrument to an arbitrary reference instrument as a function of
BC mass concentration. These ratios were generally within the range +20%, with two exceptions: the ratio for
the AVL 415SE Smoke Meter increased to approximately2 at mass concentrations below 30 ug m=2; and the

3. as this instrument

ratio for the CAPS PMgga became meaningless at mass concentrations above 800 ug m™
is not capable of measuring such high concentrations. The lower detection limit of the Smoke Meter, according
to its manual, is 20 ug m~3. While in our data set, the instrument accuracy suffered at concentrations slightly
above this limit, we also note that the instrument accumulates PM prior to each measurement, so that a

change of sampling configuration could improve its accuracy at lower concentrations, in future work.

4. Discussion

4.1. Comparison with literature

Data on the emissions of LNG marine vessels are very scarce in the literature. To our knowledge,
the only study of this nature is that of Anderson et al. [24]. The engine studied by Anderson et al. [24]
(Wiartsild 8L 50 DF) was slower (514 rpm) than the engine we studied herein (720 rpm), with a longer bore
and stroke (500 and 580 mm) than the engine we studied (340 and 400 mm). Its maximum mechanical output
is 15,600 kW, compared with 4,320 kW for the engine we studied.

Anderson et al. [24] reported number emission factors that were independent of load, for loads above
30%, with a mean value of approximately 5 x 10'2kWh™!, over two orders of magnitude lower than our

corresponding mean and standard deviation of (4.4 + 1.7) x 1014 kWh~!. Note that although our measured
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size range, 6-170nm, was smaller than theirs, 5.6-560 nm, the measured size distributions in both cases
indicate that the instruments counted the majority of particles.

Anderson et al. also estimated non-volatile PM mass emission factors from these number-distribution
measurements at > 30 % load as approximately 0.15 mg/kWh, substantially smaller than our corresponding
value of 0.79 + 0.17mg/kWh. We consider this difference as much greater than the uncertainty in the data
sets. Overall, the emission-factor differences between the engine studied by Anderson et al. [24] and the engine

we studied highlight the extent to which emission factors may vary with engine design parameters.

4.2. Origin of PM emissions in NG mode

In NG mode, both BC (Figure 4) and COs (Figure S7) emission factors were constant as a function of
engine load, for loads > 30%. At lower engine loads, decreased combustion efficiency has been highlighted
as leading to methane emissions due to a decreased burnoff of injected methane [6]. Our data show that
this decreased combustion efficiency also corresponds to enhanced emissions of organic PM and BC. These

enhanced emissions may be attributed to a decreased burn-off of the PM, as predicted by theory [1].
Figure 6 about here; effects of skipping methane injection.

BC emissions were constant at all other loads, which leads to the hypothesis that the primary source
of BC was the diesel-fuel pilot injection. We tested this hypothesis by considering an experiment in which
the number of deactivated cylinders under idle conditions was varied. As shown in Figure 6, either two (the
default number during this study), zero, or three cylinders were deactivated. Each cylinder was deactivated
for a short time period only, as controlled by the engine software. The figure shows that injecting NG into
all cylinders (middle case) resulted in lower BC emissions than deactivating NG injection into two or three
cylinders. In other words, BC emissions increased when increasing the ratio of diesel to NG fuel in the
cylinders. The observed near-instantaneous decrease in BC suggests that the diesel pilot fuel serves as a
source of BC whereas the NG serves as an overall sink by increasing burnoff. We assume here that potential
differences in fuel injection timing during cylinder deactivation conditions were negligible; we did not have
access to this information in this study.

Deactivating three cylinders instead of two led to slightly more BC. Also, BC concentrations were more
variable during cylinder deactivation, on a timescale of seconds. Since cylinder deactivation involved rapidly
switching which two or three cylinders were deactivated, this variability indicates that the switching process
directly influenced BC emissions. Variability in the organic PM emissions occurred on a different timescale.
Rather than a rapid variation, a slow decrease on a timescale of several minutes is observed in Figure 6 after
a change in cylinder deactivation strategy. This slow decrease indicates that the organic PM did not originate
directly from the NG but from some mechanism associated with the engine operation or equilibration, such
as the evaporation of lubrication oil.

Organic PM emissions at lower loads were an order of magnitude greater than BC emissions for both diesel-
and LNG-mode operation, in terms of mass-based emission factors. These emissions were almost negligible at
higher engine loads (Figure 4 and Figure 5) for both NG and diesel mode. These condensed-phase organics
therefore likely originated from lubrication oil, based on their independence from NG injection (Figure 6), the
similar patterns of organic PM emissions between the two fuel modes, the observed volatility of the organic
PM (Figures 2 and S2), and the literature evidence [18] of the organic PM density being similar to that
of lubrication oil. However, we emphasize that gas-phase organic emissions of methane (Figures S7 and S8)

were substantial..
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Finally, our data show that BC and organics are not the only PM found in the NG exhaust. A particle
type with mode diameter < 10 nm was observed after a 623 K (350 ° C) catalytic stripper removed all volatile
material (as verified experimentally; Figure S2). Therefore, these particles cannot be organics. These particles
form a second mode in the non-volatile size distribution (Figure 2) relative to the larger BC mode at 100 nm
diameter. It is therefore most likely that this small, non-volatile particle mode represents metal oxides formed
by combustion of the lubrication oil. Such particles have been observed previously in diesel-engine exhaust
[46]. In support of these conclusions, we note that separate transmission-electron-microscopy measurements
of the present samples showed that BC particles had typical aggregate sizes that were much larger than 10 nm
(Trivanovic et al., in review) and that the X-ray fluorescence elemental-composition measurements (Table S1)
showed that trace metals associated with lubrication oil (Zn, Ca) were the only metals present in the PM
with mean concentrations greater than the detection limit. Furthermore, the ratio of these two metals was
not statistically different between the two fuels (4.4 + 1.7 for six LNG-mode samples and 5.3 & 3 for seven

diesel-fuel samples).

4.8. Environmental implications

Our results are relevant to three environmental domains: direct global radiative forcing, BC deposition
on snow, and public health.

The radiative-forcing effects of greenhouse gases are often summarized using the global-warming potential
metric (GWP) [12]. GWPs are calculated by scaling emission factors up by a constant factor. This is a limited
metric for multiple reasons, the most important being that the choice of GWP timescale strongly influences
its interpretation [49]. Other reasons include the treatment of emissions as pulsed and the fact that aerosol-
climate effects are complex [49, 50, 51]. The technology warming potential (TWP) is a significantly-improved
metric [52]. Nevertheless, we calculated the 100-year GWP of CO2, methane (GWP1qgg of 28 [12]), and BC
(GWPqgp of 680 [51]) using our CO, and BC data in combination with the methane emissions from this
vessel measured simultaneously with our data and reported by [6]. We found that the GWP of BC was
negligible relative to CO2 and methane, as illustrated by the fact that it is not visible in a plot of these
GWPs (Figure S8). This result is due to the much shorter atmospheric lifetime of BC relative to methane
and COy [49]. However, the short atmospheric lifetime of BC means that it is deposited onto the planetary
surface within approximately 10 days [11], where BC may continue to exert climate forcing, for example by

lowering the albedo of snow and ice. These continued climate effects are not taken into account by the GWP.
Figure 7 about here; BC emissions bar chart.

We illustrate the potential snow-albedo impacts of BC emissions in Figure 7, where the emission factors
reported in Figure 4 have been weighted according to the ISO 8178 E2 cycle and expressed as emission rates.
We have not converted these emission rates into snow albedo reductions as the relationship is complex, being
influenced by sublimation, precipitation, atmospheric processing, and snow aging [12, 13, 14]. However, higher
emission rates are directly associated with greater snow-albedo reductions. Therefore, our results suggest that
the use of NG is favourable over diesel or residual fuels in regions such as the Arctic, where BC deposition
may affect climate.

It should be emphasized here that engine tuning and operation may play a large role in the emissions of a
particular engine, and that some diesel engines may emit less BC per kWh than observed here. With regard
to operation, the operator of the commercial vessel measured in this study has already modified its daily

operations such that the engine is not idled at shore; hotel power is rather obtained from shore power. Further
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improvements, in collaboration with the engine manufacturer, are expected to be possible, as the present data
set reflects the performance of this engine after initial deployment of this relatively-new technology.

With regard to health effects, three issues must be noted. Diesel-fuel exhaust has been statistically as-
sociated with lung cancer [56, 57, 58], and mechanistic studies have shown that exhaust toxicity is related
to the non-volatile component of the PM [59, 60]. Therefore, the decrease of BC in LNG-mode operation
versus diesel-mode operation must correspond to a decrease in certain toxic species. The overall toxicity of
the emissions of this engine, considering BC, formaldehyde, and particle number emissions, must be evaluated

in future studies.

5. Conclusions

A comprehensive characterization of the particulate matter (PM) emitted by a modern dual-fuel, LNG-
powered vessel was performed. The emission factors of organic PM and BC were determined, compared with
those of CO2 and methane, and discussed in terms of the origin of the PM species. Size distributions of total
and non-volatile (solid) PM were also reported. Volatile PM had a mode number distribution of approximately
50nm at idle loads and 10-20nm at loads above 25%. Non-volatile PM particles were measured with two
modes, one above 100 nm and one below 10 nm. Based on TEM evidence, the larger mode was BC; the smaller
mode most likely contains metal-oxide particles originating from the combustion of lubrication oil. The larger
mode dominated PM mass while the smaller mode contributed significantly to PM number. When the engine
was idling at berth, over 99% of the emitted PM mass was organic (volatile) and most likely also originated
from lubrication oil. At engine loads above 25%, the majority of the emitted PM mass was BC, most likely
originating from the diesel pilot fuel.

The PM measurements were placed in the context of diesel-only mode emissions from the same engine.
The BC emissions were over an order of magnitude lower in LNG mode. As a consequence, the snow-and
ice-albedo reductions due to BC deposition are predicted to be reduced by at least an order of magnitude in
LNG mode. From a GWP perspective, BC emissions are negligible relative to co-emitted methane and CO,
emissions in both LNG and diesel mode. The long-term (>100-year) GWP of LNG mode emissions was lower
than the corresponding diesel mode emissions. The above conclusions do not account for idle emissions, which
were over an order of magnitude higher in both cases; idling at low loads should be avoided. In addition,
engine emissions may vary substantially between vessels, and emissions-control technology may substantially

mitigate the negative impacts of some of the engine emissions.
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Parameter Value
Power 4320kW
Net IMEP 22bar
Bore and stroke 340 and 400 mm
Displacement  36.3 1/cyl
Speed 720 rpm
Cylinders 9
Intake valves 2
Exhaust valves 2
NG injection indirect

Table 1: Parameters of the engine studied. IMEP = indicated mean effective pressure.
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Figure 1: Dilution-corrected time series of BC, COa2, and particle number concentrations during transition from high load to
idle. At loads greater than 20%, the SMPS-estimated mass concentration is smaller than the black carbon mass concentration
due to the inaccuracy of the assumed particle shape and density (Section 2). Note the increased variability at idle due to cylinder
deactivation. Error bars are omitted for clarity and generally smaller than the data symbols.
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Instrument Abbrev. DR Measurand Reported Quantity
Scanning SMPS 6 Mobility size distributions of Ng_1700m, AN /dlogdmon
mobility particle nascent and 623 K-denuded
sizer particles
AVL 483 Micro MSS 6 In-situ aerosol light absorption eBC® at 808 nm
Soot Sensor (photoacoustic)
ARI CAPS CAPS 6 In-situ aerosol light absorption eBC® at 660 nm
PMgga monitor (extinction-minus-scattering)
DMT PAX 6 In-situ aerosol light absorption eBC® at 870 nm
Photoacoustic (photoacoustic)
Extinctiometer
AVL 415S Smoke SM 1.0 Light  attenuation  through eBC® at 560 nm
Meter PM-laden filter
Artium LIT300 LIT 6 Laser-induced incandescence rBC
with two-color pyrometry
Quartz filter - 6 Carbon evolution in inert and EC, OC
samples oxidizing gases, with optical
correction for pyrolysis
Teflon filter - 6 X-ray induced fluorescence Metal concentrations
samples
Horiba  PG350 - (1.0, 6)> CO, CO2, NO,, SO, Gas concentrations [ppmv]
Gas Analyzer
LI-COR 850 - 6 CO9, H>O Gas concentrations [ppmv]

Table 2: Instruments used in this study and corresponding principles of measurement. DR = dilution ratio. eBC = equivalent

BC, rBC = refractory BC,

EC = elemental carbon, OC = organic carbon. *All eBC concentrations defined relative to a mass

absorption cross section of 7.5m? g at 550 nm, scaled to the measurement wavelength with an Angstrém absorption exponent
of 1.0 [32]. ®This instrument was switched between two different lines.
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Figure 2: (a) Size distributions as a function of engine load in LNG mode. (b) Size distributions at 50% load for diesel and
LNG modes, with and without the removal of volatiles at 623 K by the catalytic stripper.
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Figure 3: Transmission electron micrographs of representative non-volatile particles sampled when operating in (a—c) LNG mode
and (d—f) diesel mode. Note that the organic PM fraction will have evaporated within the vacuum of the microscope. Note also
that these images do not represent the extremely-small (< 10 nm) non-volatile particles shown in Figure 2b and discussed in the
text.
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Figure 4: Emission factors per kWh versus load for BC, total PM. (a) LNG mode, (b) diesel mode. Number emission factors
measured by SMPS are plotted on the right ordinate; mass emission factors for BC (measured as eBC, rBC, or EC) and OC
are plotted on the left ordinate. The positively-biased outlier in EC in panel (b) may be due to high OC concentrations; the
corresponding measurement in panel (a) was performed after solvent extraction.
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Figure 5: The single-scattering albedo (SSA; ratio of scattering to extinction coefficients) of the aerosol at 660 nm, measured
by CAPS PMgga as a function of engine load. The asymptotic value of ~ 0.2 is typical of BC[37]. Higher values at lower
engine loads correspond to increased organic PM concentrations. Error bars are smaller than the data symbols. Corresponding
diesel-mode data are not available.
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Figure 6: Effect of skipping methane injection on rBC and total PM (estimated by SMPS) concentrations in LNG mode at idle
(load 5.4 + 0.4 %, mean and standard deviation). rBC concentrations were higher and more variable when methane (CHy4) was
not injected into the cylinder, suggesting an origin of incomplete pilot-diesel-fuel oxidation. Total PM concentrations decreased
only slightly, and with a slow response, when changing injection conditions. Note that the cylinders into which methane was not
injected were varied rapidly at each condition.
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Figure 7: BC emissions averaged over the ISO 8178 E2 Cycle in units of g BC emitted per hour. The E2 cycle weights emissions at
loads of {25%, 50%, 75%, 100%} by factors of {0.15,0.15,0.5,0.2}; we have used data from the nearest available loads (Figure 4)
for this calculation. BC deposition onto snow and/or ice is directly related to this emission rate, in addition to depending on
atmospheric processing and precipitation.
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