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activity of ship exhaust particles
induced by fuel sulfur content reduction and wet
scrubbing†

Luis F. E. d. Santos, *a Kent Salo,b Xiangrui Kong, a Jun Noda, c

Thomas B. Kristensen,‡d Takuji Ohigashie and Erik S. Thomson *a

Maritime transport remains a large source of airborne pollutants, including exhaust particles that can act as

cloud condensation nuclei (CCN). While primary diesel engine exhaust particles are generally considered

hydrophobic, international regulations targeting a reduction of particulate emissions from ships may have

secondary effects, and therefore influence how exhaust interacts within the atmosphere. The effect of

international fuel sulfur content (FSC) regulations on the cloud forming abilities of exhaust particles was

investigated using a marine test engine operating on compliant low FSC fuels, non-compliant high FSC

distillate fuels and in conjunction with a marine wet scrubber (fresh- and seawater). Particle sizing and

liquid droplet activation measurements reveal that compliance measures can have opposing effects on the

CCN activity of exhaust particles. For a non-compliant, high FSC fuel, wet scrubbing leads to an increase in

CCN activity but not to significant increases in CCN emission factors. However, switching to low FSC fuels

resulted in emissions of highly hydrophobic particles, causing a significant reduction in CCN activity

resulting in smaller CCN emission factors by at least one order of magnitude. Our observations are

supported by chemical analysis of exhaust particles using scanning transmission X-ray microscopy and near

edge X-ray absorption fine structure (STXM/NEXAFS) spectra. Potential implications of effects on ship

exhaust particles for cloud and climate interactions due to different compliance measures are discussed.
Environmental signicance

International marine fuel regulations are aimed at reducing emissions of airborne pollutants from the shipping sector. Using either low sulfur content fuels or
alternatively high sulfur content fuels with exhaust wet scrubbers are two paths to achieving compliance that have been shown to result in unintended secondary
effects on particulate matter. Here, we specically study how these compliance alternatives affect cloud condensation nuclei (CCN) activity of fresh exhaust particles.
Whereas fuel sulfur content reductions are observed to lower CCN emissions, wet scrubbing affects chemicalmixing states and leads to increased emissions ofmore
hygroscopic exhaust particles. These ndings may have important implications for cloud processes and climatic feedbacks. This is of particular interest, as shipping
activity is projected to increase in the Arctic, a region already subject to unprecedented anthropogenic induced climate feedbacks.
1 Introduction

The maritime shipping sector is a major contributor of
anthropogenic air pollutants, such as particulate matter (PM).1
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Ship exhaust particles are primarily formed from incomplete
combustion but may also be formed from secondary gas-phase
precursors. They usually consist of carbon-containing aerosol,
e.g. black carbon (BC), and may include other inorganic
components,2,3 such as sulfates and other sulfur-containing
species, which are highly dependent on the sulfur content of
the fuel (FSC; fuel sulfur content).4 Physicochemical properties
of ship exhaust particles are generally determined by multiple
factors, such as the fuel type consumed,5–8 engine type and
load2,5,7 and consumption and type of lubricating oil.8,9 While
particle mass emissions from ships can be dominated by large,
primary particles of several mm,10 particle number (PN) emis-
sions are generally dominated by ne particles around 100 nm
in diameter. Ultrane particulate (<100 nm) can enter the
human body through the respiratory system and cause e.g.
cardiovascular diseases.11 Previous studies have estimated that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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shipping contributes ∼60 000 premature deaths per year12 and
that as many as 45 000 premature mortalities could be pre-
vented by lowering the FSC of marine fuels.13

Particulate emissions from ships also impact the climate
system by either directly interacting with solar radiation,
through absorption and scattering, or by acting as cloud nuclei,
affecting microphysical cloud processes and hence, their life-
times and radiative properties.14 Marine vessels can be
a signicant source of localized cloud condensation nuclei
(CCN) emissions which is of particular interest in remote
marine environments, where aerosol particle background
concentrations are low.5,15–19 Diesel engine exhaust particles,
specically BC, are generally considered hydrophobic and thus,
lead to a net warming effect due to absorption of radiation.20

Studies measuring CCN emissions from ships found, for
example, reductions in emissions when switching to lower FSC
fuels, which can be attributed to smaller fractions of sulfates in
the particulate as well as a general shi towards emissions of
smaller particles.5,16,19 Moreover, the ability of ship exhaust
particles to act as CCN may change due to co-emission and
condensation of other (in)organic compounds that undergo
photochemical transformations during particles' atmospheric
residence time. This can affect chemical compositions,
morphologies and consequently, CCN activities.20–23 The extent
to which aerosol perturbations caused by ship emissions can
alter cloud properties and what implications this has for the net
climate effect on global and regional scales is debated in liter-
ature and uncertainties persist.24–29

Over the past decades the International Maritime Organi-
zation (IMO) has introduced regulations limiting the maximum
allowed FSC in marine fuels, aiming to reduce emissions of
sulfur oxides (SOx) and PM from ships. In January 2020, the
global limit was reduced from 3.5% to 0.5% (by mass). Stricter
limits are enforced in sulfur emission control areas (SECAs),
where the FSC has been limited to 0.1% since 2015. An alter-
native to low FSC fuels, is the on-board installation of exhaust
gas aertreatment systems, particularly wet scrubber (WS)
systems, which allow ships to run on high FSC fuels as long as
they meet certain criteria regarding gaseous exhaust emis-
sions.30,31 Wet scrubbing, which has been employed in indus-
trial plants for a longer period of time compared to the shipping
sector, removes SOx by spraying sea- or freshwater (with added
buffering agents) into the ship exhaust. The water droplets
capture gaseous SOx which is removed with the discharge water
before the exhaust gas is emitted into the atmosphere.32,33 As
a side-effect, WS can also remove PM from the exhaust to
a certain extent. Whereas the SOx removal efficiency of such WS
systems is undisputed, studies investigating PM removal from
scrubbers installed on-board ships show large variability in
removal efficiency owing to differences in WS designs, engines
and fuels used, as well as sampling methods. Wet scrubbing
related PM emission reductions from ships range from no
signicant reduction at high engine loads to 75% of total
PM.34–38 Moreover, wet scrubbing has been shown to have
secondary effects on PM emitted from ships affecting mixing
states, morphologies and densities.39,40 As a consequence, while
reducing PM emissions, this can make generally hydrophobic
© 2023 The Author(s). Published by the Royal Society of Chemistry
diesel engine exhaust particles more hygroscopic and thus, have
a climate cooling effect by increasing direct aerosol radiation
scattering as well as indirect cloud–aerosol interactions. A
recent survey of global ship-tracks by Yuan et al.41 shows, for
example, that the FSC limits implemented in 2015 caused
strong reductions in ship-track density in SECAs, due to
reduced emissions of sulfur and general shis in shipping
routes. Moreover, the authors nd that global 2020 fuel stan-
dards led annual mean ship-track density to decrease by 50% or
more compared to the climatological mean in major shipping
lanes. However, FSC regulations appear to have opposing effects
on microphysical properties of marine clouds within SECA and
non-SECA regions.41

In this study a marine test-bed engine was used to charac-
terize how international regulations targeting emission reduc-
tions of airborne pollutants from the shipping sector, i.e. usage
of low FSC fuels and wet scrubbers, alter CCN formation abili-
ties of submicron exhaust particles. Here we present on-line
measurements of CCN activities and off-line chemical analysis
using scanning transmission X-ray microscopy (STXM) to
unravel physical and chemical reasons for the observed
behavioural changes. Both compliant (FSC < 0.1%) as well as
non-compliant (FSC > 0.1%) marine distillate fuels were used. A
laboratory based WS was operated in conjunction with the non-
compliant fuel.
2 Methods

Results presented in this study were obtained during
measurement campaigns performed between 2019 and 2021.
Data from on-line gas and aerosol instrumentation were
measured during engine experiments at the Chalmers Univer-
sity of Technology's Marine Engine Laboratory in Gothenburg,
Sweden. The instrumental setup used at the engine laboratory is
illustrated in Fig. 1. Given the large number of acronyms asso-
ciated with aerosol instrumentation, fuels, and analysis tech-
niques we provide a list of acronyms within the ESI (see Table
S1†). Off-line analyses examining chemical properties of
exhaust particles were conducted at the BL4U beamline at the
UVSOR Synchrotron Facility in Okazaki, Japan, and the Soi-
MAX beamline at MAX IV Laboratory in Lund, Sweden.
2.1 Chalmers Marine Engine Laboratory

The Marine Engine Laboratory is equipped with a four-stroke,
common-rail Volvo Penta D3-110 marine diesel engine.
During the measurement campaigns it was operated at an
engine load of 32± 1%. Equal combustion conditions across all
experiments were ensured by continuously monitoring engine
parameters and gaseous emissions as well as using the same
types and batches of distillate fuels. In total, three different
marine distillate fuels were used to investigate the effects of
IMO FSC regulations on physicochemical properties of the
exhaust particles. Detailed information on fuel properties can
be found in Table 1. The high FSC fuel used in this study was
heavy gas oil (HGO; FSC= 0.86%). It was not possible to operate
the engine with higher viscosity, residual fuel oils such as HFO,
Environ. Sci.: Atmos., 2023, 3, 182–195 | 183
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Fig. 1 An experimental setup schematic comprising instrumentation used in 2019 and 2020. The dashed box around the laboratory wet
scrubber (WS) signifies that it was bypassed except for actual WS experiments when exhaust gas was directed through it. WS experiments were
performed using the high FSC fuel HGO. See Section 2 for more details.

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
24

 1
1:

28
:5

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
although HFO fuels are more representative of marine fuels
used on-board large container ships. Within this study HGO
represents the class of high FSCmarine fuels which do not meet
IMO FSC compliance on global as well as SECA levels. The low
FSC fuels (FSC < 0.03%) reach IMO FSC compliance both on
global and SECA levels. Marine gas oil (MGO) is commonly used
for medium- and high-speed engines within the shipping sector
whereas hydrotreated vegetable oil (HVO) is a distillate fuel
Table 1 Chemical compositions and properties of the studied fuels;
heavy gas oil (HGO; FSC = 0.86%), marine gas oil (MGO; FSC < 0.03%)
and hydrotreated vegetable oil (HVO; FSC < 0.03%). Fuel samples were
analyzed in 2019 and 2021 by Saybolt Sweden, Gothenburg

HGO MGO HVO

Density at 15 °C [kg m−3] 865.3 847.4 780.0

Heat of combustion [MJ kg−1]
Gross heat of combustion 45.02 45.60 46.57
Net heat of combustion 42.30 42.79 43.55
Carbon content [%] 86.4 86.5 85.2
Sulfur content [%] 0.86 <0.03 <0.03

Aromatic content [vol%]
Total aromatics 27.4 23.6 0.2
Mono-aromatics 20.2 20.5 0.2
Di-aromatics 6.46 2.60 <0.1
Poly aromatics (Tri+) 0.71 0.43 <0.02

Additive and wear metals [mg kg−1]
Cu 1.81 <0.1 <0.1
K 0.4 0.27 0.25
Al, Ca, Cr, Fe, Pb, Ni, Na, V, Zi <0.1 <0.1 <0.1

184 | Environ. Sci.: Atmos., 2023, 3, 182–195
made of renewable raw materials such as rapeseed oil.
Compared to HGO and MGO, HVO has a signicantly lower
density as well as low aromatic content (0.2 vol%). The amount
of metals within the samples was relatively low. All three fuels
contain K whereas Cu was only detected in the HGO sample. All
other analyzed metals were below detection limits.

The WS used in this study was non-commercial and con-
structed at Chalmers University of Technology. It is designed to
reduce SOx emissions by spraying water droplets into the
exhaust gas. During the measurements the total water ow rate
distributed across all nozzles was controlled by a pressure
pump and varied between 1.5 and 2 l min−1. More information
on the laboratory WS, including physical dimensions, is
detailed in Santos et al.40 During wet scrubbing experiments
both freshwater, taken from Gothenburg's municipal water
supply, and seawater were used. Seawater samples were either
collected from surface water near the southern archipelago of
Gothenburg or provided by University of Gothenburg's Kristi-
neberg Marine Research Station north of Gothenburg. It was
ensured that the wet scrubber was operated at SECA compliance
levels, i.e. the ratio between emitted SO2 in ppm and CO2 in% is
#4.1.31 Further information regarding the SO2 removal effi-
ciency can be found in Santos et al.40
2.2 Gas and aerosol instrumentation

Emissions of gaseous compounds including O2, CO2, CO, NOx

and SO2 were monitored in 1–5 second intervals using either
a single-beam NDIR analyzer (Model ZRE, Fuji Electric Co., Ltd.,
Japan) or a Testo 350-XL ue gas analyzer (Testo SE & Co. KGaA,
Germany). In all experiments a 2-stage ne particle sampler (FPS-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4000, Dekati Ltd., Finland) was used to dilute the exhaust gas
before entering aerosol instrumentation. The dilution factor of
both stages was controlled within the FPS unit. Dilution ratios
during experiments were determined based on measured CO2

ratios between raw and diluted exhaust. A LI-840A CO2 analyzer
(LICOR Inc., USA) was used to determine the CO2 concentration
in the diluted exhaust gas. During measurements involving the
WS, IMO FSC regulation compliance was monitored according to
the IMO Guidelines for Exhaust Gas Cleaning Systems.31

Particle size distributions (PSD) including statistical infor-
mation, such as count median diameters (CMD) and geometric
standard deviations (sg), used in this study are reproduced from
Santos et al.40 Herein, PSDs in the form of (bimodal) lognormal
distributions represent average combustion conditions for the
engine and fuels at an engine load of z32%. A scanning
mobility particle sizer (SMPS; Electrostatic classier, EC, Model
3080L, and condensation particle counter, CPC, Model 3075,
TSI Inc., USA) covering a mobility diameter (dmo) range of
15.1 nm to 661.2 nm was used to measure the PSDs. All PSDs
were corrected for multiple charging artefacts and size-
dependent diffusional losses within the instruments and the
tubing. Moreover, number concentrations of individual size
bins and the total particle population, were corrected for dilu-
tion factors. Particle number emission factors (EFPN) can be
calculated using the formula

EFPN ¼ QexhNPN

FC
; (1)

where Qexh is the exhaust gas ow in [m3 h−1], which was
calculated using a simplied model assuming all carbon in the
fuel is converted to CO2 during combustion,40,42 NPN is the
particle number concentration in [# m−3] calculated by numer-
ical integration of the PSDs, and FC is the fuel consumption in
[kg h−1]. Prior to entering any aerosol analysis instrumentation,
diluted sample ow was dried using silica gel diffusion dryers.
2.3 CCN measurements and derivation of the hygroscopicity
parameter k

The ability of engine exhaust particles to act as CCN was
investigated using a single column CCN counter (CCNc; CCNC-
100, DMT). The growth chamber of the CCNc consists of
a wetted column to which a stream-wise (increasing) tempera-
ture gradient (DT) is applied. The supersaturation (SS) achieved
within the CCNc depends on the sample ow rate (Q) and DT
and can be increased by either increasing Q or DT. The oper-
ating principle of the CCNc is described in detail elsewhere.43,44

The CCNc was operated in Scanning Flow CCN Analysis (SFCA)
mode as described by Moore and Nenes.45 SFCA allows for
continuous measurements of SS spectra by ramping the sample
ow rate while keeping DT constant. The sample ow rate was
increased from 0.2 to 1.0 l min−1 at a constant rate for 120 s. At
0.2 and 1.0 l min−1 the sample ow rates were kept constant for
30 s. A mass ow controller (MFC) operated in parallel with the
CCNc maintained the total ow rate (QCCNc + QMFC) at 1.0
l min−1. The usage of the CCNc under similar operating
conditions has previously been studied by Wittbom et al.22 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
Kristensen et al.46 Supersaturation spectra were measured at DT
= 4, 10 and 18 °C, resulting in a SS range of 0.07–2.4%. Exhaust
particles were size-selected at dmo = 50, 90 and 150 nm using an
EC (Model 3080L, TSI Inc., USA). A CPC (Model 3775, TSI Inc.,
USA) measured total particle number (condensation nuclei)
concentrations (NCN) parallel to the CCNc. These combined
measurements allowed for determination of activated fractions.
All CCN spectra were individually inspected and multiple
charging artefacts were accounted for by identication of pre-
activation plateaus. Critical supersaturations (SSc; activation
of 50% of the size-selected singly charged particle population
into cloud droplets) were determined by tting the measured
activation curves to sigmoidal functions,45

NCCN

NCN

¼ a0 þ a1 � a0

1þ ðQCCNc=Q50Þ�a2 ; (2)

where a0, a1, a2 and Q50 are the minimum, maximum, slope,
and inection point respectively. Data were converted from Q50

to SSc using linear ts derived from instrument calibrations (see
ESI; Fig. S2†).

The resulting SSc values were converted to the dimensionless
hygroscopicity parameter (k) using,

k ¼ 4A3

27dmo
3ln2ð1þ SSc=100%Þ ; with A ¼ 4swMw

RTrw
; (3)

where SSc is given in%, sw= 71.99mNm−1 is the surface tension
of water at 25 °C,Mw is themolar mass of water, R is the universal
gas constant, T is the absolute temperature and rw is the density
of water at 25 °C (rw = 0.997 g cm−3).47 The CCNc was calibrated
during the campaign using (NH4)2SO4 particles generated from
an aerosol generator (3079A, TSI Inc., USA; see Fig. S2†).
2.4 Calculation of CCN emission factors

CCN emission factors (EFCCN) were estimated in similar fashion
to Kristensen et al.46 Herein, a simple model is applied where k

values for dmo between 50 nm and 150 nm were estimated using
exponential t functions (see ESI, eqn (S1)†). For dmo smaller
than 50 nm or larger than 150 nm the k value of the respective
threshold value was assumed. A more detailed description of
this method is provided in the ESI.† Resulting size-dependent k
values are shown in Fig. S3.† Thereaer, k values were converted
into corresponding SSc using eqn (3), which were used to
calculate the activated fraction of a PSD at a given supersatu-
ration. Case dependent PN concentrations from the 2020
campaign were used (Fig. 2).

EFCCN were calculated in a similar fashion to eqn (1),

EFCCN ¼ QexhNCCNðSSÞ
FC

; (4)

where NCCN(SS) is the number concentration of CCN as a func-
tion of SS [# m−3].
2.5 Chemical characterization of exhaust particles using
STXM/NEXAFS

The combination of scanning transmission X-ray microscopy
(STXM) and near edge X-ray absorption ne structure (NEXAFS)
Environ. Sci.: Atmos., 2023, 3, 182–195 | 185
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Fig. 2 Lognormal least squares fits representing particulate emissions
for all five fuel and aftertreatment cases retrieved from measured
particle size distributions (PSD). All PSDs have been corrected for
diffusion losses and dilution factors.40 (a) HGO, HVO and MGO
designate exhaust particles produced from the combustion of the
respective fuels, whereas (b) FWS and SWS indicate HGO combustion
in conjunction with wet scrubbing using either sea- (SWS) or fresh-
water (FWS). In both WS cases bimodal lognormal distributions have
been fitted to the data points. Variations in combustion conditions for
HGO, FWS and SWS, characterized by changes in CO2 emissions, are
denoted by subscript l, for relatively low CO2 concentrations, e.g.
HGOl, and subscript h, for relatively high CO2 concentrations, e.g.
HGOh. Fits shown in this figure are reproduced from data presented in
Santos et al.40
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analysis is advantageous in high spectral and spatial resolu-
tions, and can be used to distinguish the mixing states of
different functional groups, especially complicated carbon
functional groups.48 Samples for off-line STXM and NEXAFS
analysis were collected on standard transmission electron
186 | Environ. Sci.: Atmos., 2023, 3, 182–195
microscopy (TEM) copper mesh grids (Ted Pella Inc.) using the
Zurich electron microscope impactor (ZEMI). ZEMI is a custom
built rotating drum impactor, developed at ETH Zürich in
Switzerland. ZEMI holds a total of 24 TEM grids. During
sampling, the sample stream containing the exhaust particles
was directed onto the TEM grids. While exhaust particles
impact and are trapped on the grids, gas molecules are aspi-
rated. A detailed description of ZEMI is provided in Mahrt
et al.49 ZEMI sampled from the dilution unit as shown in Fig. 1.
The sampling time within each individual case and grid was
varied between 5 and 30 minutes.

Collected exhaust particle samples were inspected and
analyzed at the BL4U beamline at the UVSOR Synchrotron
Facility in Okazaki, Japan and at the SoiMAX beamline at MAX
IV laboratory in Lund, Sweden. With STXM/NEXAFS it is
possible to resolve bonding and oxidation state information of
sampled particles. Samples are subjected to so X-rays that can
be absorbed by core electrons. This absorption is inuenced by
several parameters, such as photon energy, elemental compo-
sition, sample thickness and density. When the photon energy
approaches the ionization energy threshold, the photons excite
corresponding core electrons and absorption occurs. This
specic increase in absorption close to the ionization threshold
is referred to as an absorption edge. For carbon, sharp peaks in
NEXAFS spectra arise from electronic resonance transitions of
different functional groups and involve both 1s / p* and/or
1s / s* transitions. The NEXAFS peak positions and the rela-
tive intensities are used to determine functional groups and
relative abundance(s) of the various functional groups that are
present.48 STXM/NEXAFS measurements were performed at the
carbon K-edge (280–300 eV), nitrogen K-edge (393–425 eV),
oxygen K-edge (525–550 eV) and sodium K-edge (1068–1095 eV)
as well as L-edges for sulfur (159–196 eV), chlorine (190–210 eV)
and calcium (343–357 eV).

Data analysis, including image alignments, selection of
background regions and conversion of transmitted ux data
was performed using AXIS 2000.50

3 Results and discussion
3.1 Particle size distributions and number emission factors
(EFPN)

Particle emissions from combustion of the three fuel types as
well as HGO with theWS using fresh- and seawater are shown in
Fig. 2 in the form of (bimodal) lognormal size distributions.
During the experiments performed by Santos et al.40 sporadic
variations in combustion conditions, presumably caused by
uctuations in the engine cooling system, were observed to also
affect exhaust emissions. Combustion temperature has
a signicant effect on PM and soot formation within the
cylinder. For diffusion ames, for example, the amount of soot
formed increases monotonically with increasing combustion
temperature.51 As a result, sampling periods were further sub-
categorized using the subscripts h and l, referring to relatively
low (l) or high (h) CO2 concentrations measured in the raw
exhaust during respective sampling periods. Variations of the
samemagnitude were not observed during CCNmeasurements.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Particle number emission factors (EFPN) derived from integrated
lognormal distributions (Fig. 2 and Santos et al.;40 replotted in Fig. S2†).
The values are compared to other studies. Anderson et al.7 measured
EFPN for two low FSC distillate fuels (MK1 and MK3) and HFO (FSC =

0.12%) using the same engine and similar load conditions as in this
study. Data provided by Lack et al.5 is based on plume intercepts of
ships categorized into high FSC (>0.5%) and low FSC (<0.5%) fuel
consumption. Petzold et al.15 results are based on experiments with
a large 4-stroke test-rig engine at different engine loads using HFO
with an FSC between z2.2 and z2.3%. Lack et al.16 intercepted
plumes of a large container vessel using HFO with a FSC = 2.6% and
MGO with a FSC = 0.21%. Cappa et al.17 derived EFPN from plume
intercepts of an older marine vessel operating on 0.1% FSC fuel at
different engine loads. Results from Aliabadi et al.18 are based on plume
intercepts of a marine vessel operating on 1.5% FSC fuel at relatively
low loads. Yu et al.19 measured EFPN in plumes of ships using either low
(<0.5%) or high FSC (>0.5%) fuels. Percentages in the figure either
indicate FSC (legend) or engine load (next to data points).
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Exhaust particles from combustion of HGO, MGO and HVO
exhibit unimodal PSDs dominated by particle sizes in the
ultrane mode (dmo < 100 nm) with CMDs between 45 nm and
53 nm (Fig. 2a). In both fresh- (FWS) and seawater (SWS)
scrubbing scenarios the PSDs become bimodal (Fig. 2b), with
a mode around 20 nm and a mode centered between 58 and
70 nm. Particles within the 20 nm mode are assumed to be
formed via secondary pathways, originating from sulfuric acid
droplets and other material condensing within the WS.
Formation of these particles is favored by the strong reduction
in exhaust gas temperature from z235 °C to z41 °C, relatively
large amounts of gaseous SO2 (>100 ppm) in the exhaust,
possible oxidation of SO2 to SO3, as well as the generally high
humidity caused by the water spraying within the WS. The
aforementioned variability in combustion conditions becomes
apparent when comparing FWSh to the other wet scrubber
cases, as seen from the distinct differences in peak ratios. In
this case, the highest CO2 concentrations of all cases were
measured, suggesting that this sampling period was heavily
affected by insufficient engine cooling which resulted in an
altered emission prole.40

Calculated particle number emission factors (EFPN) per kg of
fuel consumed are presented in Fig. 3 and are also compared to
other studies. Studies included in the comparison include
measurements of both PM and CCN from large marine vessels or
test-rig engines. In general, EFPN vary from z5.6 × 1014 # kg−1

(HVO) toz1.1 × 1015 # kg−1 (SWSl) and in most cases are about
one order of magnitude smaller than other studies, including
ships operating on both, low and high FSC fuels.5,15–19 It is
important to highlight that all of these studies are based on
measurements of particulate emitted from generally, large
marine vessels usually using much larger engines than the
Volvo Penta engine used in this study. Moreover, in some of the
studies15,16 marine engines were operated on HFO which can
vary substantially from distillate fuels with regard to its physi-
cochemical properties, such as having signicantly different
viscosities and chemical compositions. Anderson et al.7 studied
particulate emissions from the same engine used in this study,
at comparable engine loads, using two Swedish environmental
class distillate fuels (MK1 andMK3), marine diesel oil and HFO.
The EFPN for MK1, MK3 and HFO from that study have been
included in Fig. 3. Results obtained for MK1 and MK3 were in
line with the results obtained in this study, at engine loads of
35% and 25%, where EFPN varied between 2.3–2.9 × 1014 # kg−1

and 5.1–5.4 × 1014 # kg−1 respectively. Contrastingly, EFPN were
signicantly increased when combusting HFO. At 25% engine
load, for example, EFPN reached 6 × 1017 # kg−1,7 demon-
strating how PM emissions can be strongly affected by fuel
quality and combustion conditions.
3.2 Critical supersaturations (SSc) and k values

CCN activities and particle hygroscopicities are presented in the
form of averaged case and size dependent SSc and k values in
Fig. 4. As shown in Fig. 2 variations in combustion conditions
affect PM emissions. Moreover, changes in combustion condi-
tions, such as differences in combustion temperature, have
© 2023 The Author(s). Published by the Royal Society of Chemistry
signicant effects on PM and gaseous emissions from engines.51

The amount of condensed matter on exhaust particles and
degree of oxidation are strongly linked to combustion parame-
ters and ultimately, also affect the water uptake abilities of
emitted particulate. However, the observed variability in abso-
lute emission characteristics (PM, CO2, etc.) was not observed to
propagate to CCN activity and thus averaged cases are presented
that represent the full range of combustion conditions.

In all cases shown in Fig. 4a a decrease in required SSc with
increasing particle size is observed which has previously been
reported for engine combustion particles.4,22,52 In general, the
pathways to achieve regulatory FSC compliance, i.e. switching
from high to low FSC marine fuels or using high FSC fuels with
exhaust gas wet scrubbing, yield opposing effects regarding the
CCN activation of fresh exhaust particles. Switching to low FSC
fuels resulted in signicantly increased SSc required to form
cloud droplets. Moreover, when comparing MGO and HVO,
results indicate that a reduction in organic PM precursors further
reduces CCN activity. Combustion of HVO resulted in emissions
of highly hydrophobic exhaust particles, which did not show any
sign of CCN activity even at the largest DT setting (18 °C),
Environ. Sci.: Atmos., 2023, 3, 182–195 | 187
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Fig. 4 (a) Critical supersaturations SSc and (b) k values of fresh exhaust
particles obtained for mobility diameters of 50 nm, 90 nm and 150 nm.
HGO and MGO designate exhaust particles produced from the
combustion of the respective fuels, whereas FWS and SWS indicate
HGO combustion in conjunction with wet scrubbing using either sea-
(SWS) or freshwater (FWS). The CCN activity was below the detection
limit for HVO particles, and therefore HVO related data points are not
present in the figure. Data points are calculated mean values with
whiskers indicating measurement uncertainties given by ± 1 standard
deviation.
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corresponding to a maximum achievable supersaturation of
2.4%. While HVO data are excluded in Fig. 4, we can estimate for
HVO a SSc > 2.5%. For MGO measured SSc values were larger
compared to HGO. Activation of MGO particles required SSc > 1%
for all particle sizes. Such high SSc values are in line with other
studies investigating droplet formation from freshly-emitted, low
sulfur content diesel exhaust particles.22,52,53

Both WS cases, on the other hand, facilitated more efficient
droplet formation as seen from the reduced SSc values
compared to HGO (Fig. 4a). Wet scrubbing can also have
secondary effects on exhaust particles, such as affecting the
chemical composition, mixing state and morphology39 as well
as the effective density,40 and consequently the amount of
188 | Environ. Sci.: Atmos., 2023, 3, 182–195
condensed material, which can impact the water uptake of
exhaust particles. Lieke et al.39 describe the effects of wet
scrubbing on particulate matter as a substantially accelerated
atmospheric aging process. Therein, the authors observe that
scrubbed exhaust particles collapsed and had more dense, ball-
like structures as well as larger fractions of water soluble
compounds compared to unscrubbed exhaust particles.39

Scrubbing with seawater (SWS) decreased the droplet formation
threshold even further compared to freshwater scrubbing
(FWS). A larger fraction of more hydrophilic salt condensates,
for example, could explain this observation, which is supported
by earlier observations where seawater scrubbing led to
increased effective densities compared to freshwater usage.40

Observed SSc trends are also reected in the average calcu-
lated k values, which vary between 0.04 (MGO) and 0.22 (SWS)
for 50 nm particles and 0 (MGO) and 0.03 (SWS) for 150 nm
particles (Fig. 4b). These k values agree well with literature
results for the hygroscopicity of engine combustion particles.22

Assuming that SSc for 50 nm, 90 nm and 150 nm HVO particles
is equal to 2.5%, one can derive conservative k estimates of
0.018, 0.003 and 0.001 respectively. It is important to note, that
actual SSc values for HVO particles might be signicantly larger
than 2.5%, implying that actual k values may be even lower.
3.3 Chemical characterization and mixing state of emitted
soot particles

Fig. 5a shows the carbon K-edge NEXAFS spectra of collected
soot particles for four of the ve cases. No soot particles were
collected for the HVO case, though the same sampling proce-
dures were applied. Sulfur L-edge spectra are displayed in
a separate panel (Fig. 5b). A common feature in all carbon
spectra is the peak at z285.4 eV, which is the characteristic
transition of sp2 hybridized carbon (doubly bonded carbon)54

that is abundant in soot or elemental carbon.55 At z287.4 eV,
a component corresponding to carbonyl (C]O)56 appears in
some spectra, SWS1, FWS1 and MGO1 and MGO2 samples. In
some cases an extended distribution around z288.6 eV
appears, which refers to carboxyl groups (COOH).48,56 The rela-
tive heights of these peaks vary between cases, which implies
a heterogeneity of organic(s) mixing with soot particles. More-
over, a broad component around 292 eV is indicative of the s*

transition of C–C bonds in all cases. Together with the double
bond at 285.4 eV, these carbon–carbon bonds are commonly
found in soot and graphite.57

In Fig. 5b, sulfate can be identied by its ngerprint peaks at
z173.5 eV and z182 eV in the cases with sulfur-containing
fuel,58,59 i.e. HGO1, SWS1 and FWS1. Similar to the heteroge-
neity observed for organics, sulfate is not necessarily present in
all particles from HGO and WS related particles. No obvious
correlations between the COOH/C]O groups and sulfate are
observed. For the sulfur-free MGO, no sulfates were detected,
which conrms that the sulfur source in the other cases is the
fuel itself or traces in the seawater or -salt, which cannot be
excluded for both SWS cases. The presence of sulfate in SWS
and FWS cases indicates that the scrubbing process does not
remove sulfur that is already in the particulate phase.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Near edge X-ray absorption fine structure (NEXAFS) spectra of
HGO, MGO, FWS and SWS particles, (a) measured at the carbon K-
edge and (b) at the sulfur L-edge. HGO and MGO designate exhaust
particles produced from the combustion of the respective fuels,
whereas FWS and SWS indicate HGO combustion in conjunction with
wet scrubbing using either sea- (SWS) or freshwater (FWS). Spectra
haven been grouped for each individual case and shifted vertically for
better differentiation. Dotted lines represent spectra of individual
particles and solid lines are averaged spectra.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In order to investigate, whether compounds associated with
salts in the seawater partition into the particle phase, several
SWS particles were inspected for sodium (Fig. 6) and chlorine
(Fig. S4†). While no signicant signals of chlorine were detec-
ted, other inspected particles showed that seawater scrubbing
affected their mixing states, both internally and externally.
Fig. 6 shows an image of SWS particles and carbon, sodium and
oxygen NEXAFS spectra for corresponding areas marked on the
particles. Results show both externally mixed soot and inor-
ganic salt particles as well as internally mixed soot particles with
salt fractions on the particle surfaces. We assume that salt
fractions on soot surfaces are formed during or aer the
scrubbing process via condensation, coagulation, collisional
transfer between externally mixed particles, or perhaps contact
efflorescence whereby refractory soot particles act as the seeds
to stimulate salt efflorescence as the relative humidity decreases
aer scrubbing.60 Moreover, in the case of SWS, an inhomoge-
neous agglomerate consisting of an inorganic salt particle,
a column-shaped mineral particle as well as a soot particle was
found (Fig. S7†). Similarly mixed particles could not be observed
for HGO, MGO and FWS which indicates that the origin of
observed salt and mineral particles is likely the seawater itself.

Taken as a whole, the results suggest that the comparatively
high CCN activities for FWS, SWS as well as HGO result primarily
from larger fractions of hygroscopic sulfate components in the
particulate phase. Furthermore, NEXAFS spectra reveal salt frac-
tions in the particulate phase of SWS particles which is a possible
explanation for the observed increase in CCN activity compared
to the other cases. While larger externally mixed (sea)salt particles
could be observed, no qualitative differences in CCN activation
spectra between SWS and FWS could be observed, which indi-
cates that for the investigated mobility diameters pure salt
particles do not comprise a signicant amount of CCN emissions.
As for the MGO samples, we found an extraordinarily low level of
sulfate as well as low measured CCN activities.
3.4 CCN emission factors

CCN emission factors (EFCCN) as a function of SS are shown in
Fig. 7 for the exhaust with measured CCN activity. MGO yields
the smallest EFCCN which is caused by the reduced hygroscop-
icity (Fig. 4) given the differences in PSDs between MGO and
HGOl (Fig. 2). When using average values of both HGO cases as
a baseline, at SS values of 0.3% and 0.7% EFCCN were reduced by
z91.1% and z91.5% respectively. On the other hand, a clear
distinction in EFCCN between HGO and WS cases is not imme-
diately apparent, suggesting that CCN emissions are limited by
both hygroscopicity and the size of emitted exhaust particles.
Within Fig. 7, the inset panel shows the SS range from 0 to 0.3%
in detail, which is a good approximation of the supersaturation
range for Arctic mixed-phase clouds. In this SS range EFCCN
seem to be more affected by particle size than by increased
hygroscopicity from wet scrubbing, as seen from the increased
HGOh CCN emissions compared to most wet scrubber cases.
Nevertheless, results also show that seawater scrubbing leads to
increased EFCCN emissions compared to freshwater scrubbing
(compare, for example, SWSh and FWSl which exhibit very
Environ. Sci.: Atmos., 2023, 3, 182–195 | 189
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Fig. 6 STXM image of SWS particles (center panel) and NEXAFS K-edges of carbon, sodium and oxygen. Individual spectra correspond to the
regions on the particles marked with the respective colors.

Fig. 7 CCN emission factors (EFCCN) normalized relative to fuel
consumption as function of supersaturation (SS) for each case where
CCN activity was observed. EFCCN were calculated using (bimodal)
lognormal distributions representing particulate emissions for each
case (Fig. 2) and CCN activity derived from inter- and extrapolated k

values (Fig. 4b). Observed differences in combustion conditions for
HGO, FWS and SWS are denoted by subscript l for relatively low CO2

concentrations, e.g. HGOl, and subscript h for relatively high CO2

concentrations, e.g. HGOh.
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similar PSDs). This can be attributed to the higher salinity and
the generally greater heterogeneity of seawater in terms of
chemical composition compared to freshwater.

Random errors for EFCCN were estimated using measured
variability in PN concentrations, k for 50, 90 and 150 nm, as well
190 | Environ. Sci.: Atmos., 2023, 3, 182–195
as estimated relative uncertainties of 10% for the fuel
consumption and exhaust ow rate(s). We nd that depending
on the k uncertainty for the respective sizes and cases, EFCCN
display relative uncertainties between 18% and 36%. Moreover,
our assumption of constant k values for particles larger than
150 nm introduces further uncertainties in EFCCN estimates,
especially for SS values below 0.3%, i.e. EFCCN in this range are,
depending on the case, overestimated to various degrees. Given
the relatively small amount of emitted particles larger than
150 nm, we expect this uncertainty to have a limited effect on
our main observations.

In Fig. 8 calculated CCN emission factors are compared to
other available data for different ship, engine and fuel types as
well as different SS. Comparisons are made at 0.3%, 0.44%,
0.6% and 0.7% of SS. Relative reductions in EFCCN caused by
a switch to low FSC fuels are also observed in other studies.5,15,19

Lower FSC has been shown to lower the amounts of particulate-
phase sulfuric acid coating4 and sulfates,19 reducing the water-
soluble fraction of exhaust particles and hence, their CCN
activity. Calculated EFCCN are generally much smaller than
those derived from plume measurements of ships using high
FSC fuels, specically HFO.5,16 However, results for the HGO and
WS cases agree well with those of ships using low FSC fuels. As
previously discussed and shown in Fig. 3, we assume that these
discrepancies have different origins. First, comparing emis-
sions from different ships or diesel engines can be difficult. The
Volvo Penta D3 engine used in this study can vary quite
substantially from those used on-board ships in the cited
literature. Large marine vessels, such as container ships, are
oen equipped with large 2-stroke diesel engines, which affects
particulate emissions. Secondly, the engine operating mode,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Calculated EFCCN are compared to literature values from ships
or ship engines at supersaturations (SS) of 0.3%, 0.44%, 0.6% and 0.7%.
Percentages in the figure either indicate SS (top row), FSC (legend) or
engine load (next to data points). Data provided by Lack et al.5 are
based on plume intercepts of ships categorized into high FSC (>0.5%)
and low FSC (<0.5%) fuel consumption. Petzold et al.15 results are
based on experiments with a large 4-stroke test-rig engine at different
engine loads (denoted by the percentages next to the data points)
using HFO with an FSC between z2.2 and z2.3%. Lack et al.16 inter-
cepted plumes of a large container vessel using HFOwith a FSC= 2.6%
and MGOwith a FSC= 0.21%. Cappa et al.17 derived EFCCN from plume
intercepts of an older vessel operating on 0.1% FSC fuel at different
engine loads (indicated by the percentages). Results from Aliabadi
et al.18 are based on plume intercepts of a marine vessel operating on
1.5% FSC fuel at relatively low loads. Yu et al.19 measured EFCCN in
plumes of ships using either low (<0.5%) or high FSC (>0.5%) fuels.
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e.g. differences in engine load, as well as larger consumption of
lubricating oil have effects on PM emissions. These differences
usually affect the size distributions, number concentrations and
chemical compositions of exhaust particles. As shown in Fig. 7,
differences in EFCCN for HGO andWS are mostly constrained by
the measured particle size distributions rather than differences
in hygroscopicities. Lack et al.,16 for example, observed
a substantial shi towards smaller sizes in emitted particles
when the investigated container ship switched from HFO to low
FSC MGO and concluded that the measured reduction in EFCCN
was primarily caused by changes to the PSD rather than
a decrease in hygroscopicity. Similarly, Yu et al.19 observed
a larger mode in PSDs (70–80 nm) measured in plumes of ships
operating on the open sea (high FSC) compared to plume
measurements conducted within a SECA (30–50 nm) and
concluded that changes in EFCCN were induced both by changes
in PSDs as well as chemical composition of exhaust particles.

Activated fractions (AF), i.e. the fraction of particles activated
into droplets at a given SS expressed in [%], ranged from 0.1%
(MGO) to 2.6% (FWSh) at SS of 0.3% and increased to 1.4%
(MGO) and 20.3% (FWSh) at SS of 0.7%. AF as low as those
© 2023 The Author(s). Published by the Royal Society of Chemistry
calculated for MGO, even at relatively high SS, have previously
been reported by Cappa et al.17 whomeasured CCN emissions of
a ship operating on 0.1% FSC fuel. In contrast, other studies5,16

report activation ratios between 40% and 42% for high FSC
fuels at SS of 0.3% and 0.44% respectively, although AF are, in
general, sensitive to the experimental setup and thus, difficult
to compare between different studies.

4 Atmospheric implications

Results presented in this study show that pathways to interna-
tional fuel sulfur content regulatory compliance may have
opposing effects on CCN activity of fresh exhaust particles
emitted by marine diesel engines. These observations may have
implications for atmospheric processes, clouds and regional
climate. One region of interest where shipping activity is pro-
jected to increase in the future and where associated airborne
emissions might affect regional climate due to relatively low
background concentrations of various pollutants is the
Arctic.27,61–63 In particular, Arctic low-level mixed-phase clouds,
which can sustain themselves over extended periods of time
compared to those of lower latitudes, are a key aspect to
understanding climatological responses.64 Gilgen et al.27 high-
light that the indirect aerosol-cloud net-effect of increased ship
emissions is cooling but is insufficient to counteract other
changes induced by the enhanced warming, such as a general
decrease in surface albedo, which has a net warming effect. It is
important to note, that Gilgen et al.27 use emission inventories
from Peters et al.61 which include signicant reductions in
emission factors of SO2 and BC but not potential secondary
effects of different fuels and abatement technologies as pre-
sented in this study. Conversely, Stephenson et al.63 found that
future trans-Arctic shipping can potentially suppress Arctic
warming by 1 °C by 2099, using different emission inventories.

Once emitted into the atmosphere, exhaust particles will
undergo processes that affect their physicochemical properties.
For exhaust particles transported from lower, more anthro-
pogenically affected latitudes, aging processes, i.e. surface and
photochemistry, are key aspects in increasing the hygroscop-
icity of aerosol particles.21–23,65 Similarly, we observe the particle
population emitted from seawater scrubbing to be signicantly
altered with regards to its general mixing state. Interspersed
with salt particles we detected salt condensates as well as
sulphates on the surface of scrubbed soot particles. These
particles and their hygroscopic fractions can promote water
vapor adsorption and potential unique interfacial chemistry
even at low RH.66 In this study we estimate CCN emissions
based on CCN activity of combustion particles but especially in
the case of wet scrubbing, emission of inorganic salt particles
can be an important source of CCN.

Bulatovic et al.67 have shown that SS in Arctic mixed-phase
clouds can be sufficiently large to activate Aitken mode parti-
cles (dmo z 25–80 nm) into cloud droplets. They also found that
particles did not have to be very hygroscopic and that k values of
z0.1 were sufficient for CCN activation that extends cloud
lifetime.67 This implies that k values for 50 nm FWS (0.15) and
SWS (0.22) particles are sufficiently large to become CCN active
Environ. Sci.: Atmos., 2023, 3, 182–195 | 191
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in this environment. The derived k value for HGO at 50 nm
(0.11) is very close to the threshold, whereas fresh 50 nm MGO
particles (0.04) would likely not act as CCN. It is important to
note, that the activation process depends on several things,
including the concentration of larger accumulation mode
particles as these can serve as scavengers for water vapor and
inhibit activation of smaller particles. Low concentrations of
larger accumulation mode particles are oen encountered in
the high Arctic where an increase in CCN concentrations can
have large effects on the aerosol indirect effect.68 The potential
for increased CCN activity, due to WS exhaust particles, to lead
to net cooling should be further investigated with aerosol,
cloud, climate modeling.

The discussed IMO regulations have a large impact on the
shipping sector where companies and ship operators have to
decide whether to use low FSC fuels or wet scrubbing in order to
meet compliance standards. Given the opposing effects we
observe for compliance measures on the CCN activity of fresh
exhaust particles and what this implies, for example, for Arctic
mixed-phase clouds and regional climate, it is important to
further investigate how the shipping sector will evolve in the
coming decades.

5 Conclusions

Here, we investigated how international maritime fuel sulfur
content restrictions may impact the CCN activity of fresh ship
exhaust particles. One non-compliant, high FSC fuel was used,
HGO, as well as two compliant, low FSC fuels, MGO andHVO. In
addition, we investigated how wet scrubbing affected the CCN
activity of HGO exhaust particles using both sea- and fresh-
water. CCN measurements were performed on 50, 90 and
150 nm (dmob) exhaust particles using a DMT CCN counter in
SFCA operation mode.45 Chemical compositions of particulate
were studied using STXM and NEXAFS measurements.

Our results demonstrate that the investigated compliance
measures can have opposing effects on the water uptake ability
of fresh exhaust particles. Combustion of the low FSC fuels,
showed signicant reductions in CCN activity compared to the
high FSC fuel (HGO). HVO particles proved to be highly
hydrophobic, rendering it impossible to calculate EFCCN. Simi-
larly, MGO particles required higher SS to induce droplet acti-
vation. Consequently, EFCCN were signicantly reduced for
MGO compared to HGO. At an atmospherically relevant super-
saturation of 0.3%, EFCCN were reduced by z91%. These
observations agree with other studies investigating the effect of
FSC reduction on CCN emissions from ships.5,16,19

Wet scrubbing, on the other hand, reduced the SS threshold
for CCN activation for HGO. These observations support earlier
ndings showing that wet scrubbing has secondary effects on
ship exhaust particles, e.g. by increasing the amount of
condensable material as well as changing the structure and
morphology of the particles.39,40 The results are supported by
NEXAFS spectra that show traces of sulfates and salt conden-
sates on soot particles. When operating the WS with seawater,
particles displayed greater CCN activity. We assume that
increased CCN activity was caused by larger salt fractions.
192 | Environ. Sci.: Atmos., 2023, 3, 182–195
Nevertheless, observed increases in CCN activity for WS cases
did not yield signicantly larger EFCCN. EFCCN were limited by
particle number concentrations and size distributions.
Measured EFCCN for ships using high FSC fuels and reported for
ocean-going ships oen yield values one order of magnitude
greater than the largest EFCCN calculated in this study.5,15,16,19

However, it is important to highlight, that compared to our
engine, large marine vessels oen emit both, physically larger
as well as larger amounts of exhaust particles. Moreover, we
cannot exclude whether the temperature controlled dilution
system in our experiments reduces CCN emissions compared to
real-world dilution of exhaust gas in the atmosphere.

Considering the general lack of studies and reported
discrepancies with regard to the effects of wet scrubbing on
particulate matter emissions from ships, it is important to
consider potential unforeseen climatological effects. Future
ship exhaust studies should not only focus on particle removal
efficiencies of on-board wet scrubbing but also investigate
secondary effects that might have atmospheric relevance.
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G. Myhre, J. Mülmenstädt, D. Neubauer, A. Possner,
M. Rugenstein, Y. Sato, M. Schulz, S. E. Schwartz,
O. Sourdeval, T. Storelvmo, V. Toll, D. Winker and
B. Stevens, Bounding Global Aerosol Radiative Forcing of
Climate Change, Rev. Geophys., 2020, 58, 1–45.

15 A. Petzold, E. Weingartner, J. Hasselbach, P. Lauer, C. Kurok
and F. Fleischer, Physical properties, chemical composition,
and cloud forming potential of particulate emissions from
a marine diesel engine at various load conditions, Environ.
Sci. Technol., 2010, 44, 3800–3805.

16 D. A. Lack, C. D. Cappa, J. Langridge, R. Bahreini,
G. Buffaloe, C. Brock, K. Cerully, D. Coffman, K. Hayden,
J. Holloway, B. Lerner, P. Massoli, S.-M. Li, R. McLaren,
A. M. Middlebrook, R. Moore, A. Nenes, I. Nuaaman,
T. B. Onasch, J. Peischl, A. Perring, P. K. Quinn,
T. Ryerson, J. P. Schwartz, R. Spackman, S. C. Wofsy,
D. Worsnop, B. Xiang and E. Williams, Impact of Fuel
Quality Regulation and Speed Reductions on Shipping
Emissions: Implications for Climate and Air Quality,
Environ. Sci. Technol., 2011, 45, 9052–9060.

17 C. D. Cappa, E. J. Williams, D. A. Lack, G. M. Buffaloe,
D. Coffman, K. L. Hayden, S. C. Herndon, B. M. Lerner,
S. M. Li, P. Massoli, R. McLaren, I. Nuaaman, T. B. Onasch
and P. K. Quinn, A case study into the measurement of
ship emissions from plume intercepts of the NOAA ship
Miller Freeman, Atmos. Chem. Phys., 2014, 14, 1337–1352.

18 A. A. Aliabadi, J. L. Thomas, A. B. Herber, R. M. Staebler,
W. R. Leaitch, H. Schulz, K. S. Law, L. Marelle, J. Burkart,
M. D. Willis, H. Bozem, P. M. Hoor, F. Köllner,
J. Schneider, M. Levasseur and J. P. Abbatt, Ship emissions
measurement in the Arctic by plume intercepts of the
Canadian Coast Guard icebreaker Amundsen from the
Polar 6 aircra platform, Atmos. Chem. Phys., 2016, 16,
7899–7916.

19 C. Yu, D. Pasternak, J. Lee, M. Yang, T. Bell, K. Bower, H. Wu,
D. Liu, C. Reed, S. Bauguitte, S. Cliff, J. Trembath, H. Coe
and J. D. Allan, Characterizing the Particle Composition
and Cloud Condensation Nuclei from Shipping Emission
in Western Europe, Environ. Sci. Technol., 2020, 54, 15604–
15612.

20 T. C. Bond, S. J. Doherty, D. W. Fahey, P. M. Forster,
T. Berntsen, B. J. Deangelo, M. G. Flanner, S. Ghan,
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