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d physical analysis of nanoparticle
emissions from a marine engine using different
fuels and a laboratory wet scrubber†

Luis F. E. d. Santos, *a Kent Salob and Erik S. Thomson *a

A marine test-bed diesel engine was used to study how international fuel sulfur content (FSC) regulations

and wet scrubbing can affect physical properties of submicron exhaust particles. Particle size

distributions, particle number and mass emission factors as well as effective densities of particulate

emissions were measured for three distillate fuels of varying FSC and a laboratory wet scrubber. While

particle number concentrations were reduced by up to 9% when switching to low FSC fuels, wet

scrubbing led to increased ultrafine particulate emissions (<30 nm). Exhaust processed through the

scrubber was also found to have particles with greater effective densities, a result that directly

contradicts the particulate characteristics of low FSC fuel emissions. The results demonstrate that

alternative pathways to comply with marine FSC regulations can have opposing effects and thus may

have very different implications for important atmospheric processes. The relevance for air quality, and

the potential implications for cloud and climate interactions are discussed.
1 Introduction

Marine transport remains a large source of particulate matter
(PM) emissions and shipping alone contributes nearly as many
particles to the air as all continental anthropogenic emissions.1

Ship exhaust particles are formed from incomplete combustion
processes and engine wear, and consist mostly of carbonaceous
species, black carbon, or soot, and may also include other
inorganic compounds.2,3 Exhaust is dominated by ultrane
particulates below 100 nm, which are particularly harmful for
humans and ecosystems4 and have been estimated to signi-
cantly affect human mortality in coastal areas.5,6 Physicochem-
ical properties such as particle size, chemical composition and
total particle number (PN) have been shown to depend on the
fuel type consumed,7–9 engine load2,8 and lubricating oil.9,10

These properties also determine how particles interact within
the climate system, for example by increasing cloud reectivity
or suppressing precipitation.11 Soot has the ability to directly
absorb solar radiation and cause local warming,12 but with time
in the atmosphere, oxidation and aging processes might change
this rst order behavior.13,14 Studies have shown that ship
exhaust particles can impact cloud properties, yet it remains
ology, Atmospheric Science, University of

. E-mail: luis.santos@cmb.gu.se; erik.

Sciences, Maritime Studies, Chalmers

, Sweden
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unclear how such perturbations affect different cloud types and
whether they have larger scale effects.15–20

In order to reduce sulfur oxides (SOx) and PM emissions the
International Maritime Organization (IMO) has introduced
regulations that limit the maximum allowed fuel sulfur content
(FSC; Usually stated as a relative mass fraction in % m/m. For
simplicity, herein FSC is abbreviated as %) in marine fuels.
Since January 2020 the global limit of marine FSC has been
0.5%, while in sulfur emission control areas (SECAs) the FSC
has been limited to 0.1% since 2015.21 However, in reality ship
operators have two alternative pathways to achieve regulatory
compliance. As an alternative to using distilled marine fuels
with low FSC, exhaust aer-treatment systems like wet scrubber
(WS) systems allow ships to run on high FSC fuels.21 Wet
scrubbing removes SOx by directing the exhaust gas through
high pressure sprays of seawater or fresh water. Gaseous SOx

and PM are captured by the sprayed water and removed from
the exhaust gas before it is emitted into the atmosphere.22,23

Different types of WS technology exist where the water is
subsequently discharged directly back into the sea (open loop
mode) or recirculated within the system aer undergoing
a treatment process (closed loop). While the wastewater in
closed loop scrubbers may still be discharged at later stages, on
the open sea, wet scrubbers are largely operated in an open loop
mode. Depending on the ship type, ship operators may also
choose to switch between fuel types, and WS usage, and even
alternate between open- and closed loop modes. Such fuel and
treatment switching practices are oen used when ships enter
or leave SECAs and pose an additional challenge for assessing
Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781 | 1769
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Table 1 Properties of the tested fuels. Fuel analysis conducted by
Saybolt Sweden in Gothenburg

HGO MGO HVO

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

�1
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View Article Online
and quantifying global particulate emissions from ships to the
environment, especially in near-shore environments.

Economics typically control ship operators’ decision-making
when choosing low FSC fuels and/or scrubbing systems. For
example, switching from heavy fuel oil (HFO) or other high
sulfur content fuels to low FSC fuels is associated with a cost
premium due to the higher prices of more distilled fuels.
However, scrubber installation is also costly and on-board wet
scrubbing, particularly open-loop scrubbers, has been a focus of
ecotoxicological studies because the discharge water is a source
of marine pollution.24–26

A wide range of studies have examined particulate emissions
from ships and/or combustion of different marine fuels based
on on-board measurements,1,2,27,28 plume intercepts1,18,29–31 and
lab-based studies.1,9,28,32,33 In recent years more studies have
specically investigated the effects of IMO FSC regulations on
particulate emissions, e.g., by examining the differences
between HFO, low FSC distillate fuels and alternative fuels such
as liqueed natural gas (LNG).1,34–37 However, the amount of
research intoWS emissions remains limited. While SOx removal
efficiency is undisputed, studies investigating other, less tar-
geted, effects of scrubbing on ship exhaust particles show large
variations with regards to particulate removal efficiencies. Some
studies show scrubbers reduce total PM concentrations with
a wide range of variability, anywhere from 8% to 75% reduc-
tions compared to HFO,28,38–40 while others observe no clear PM
reductions in post-scrubber emissions.41 The discrepancies are
highlighted in a recent IMO report.42 The current consensus is
that WS technology might reduce PN and PM emissions
compared to the combustion of HFO but does not provide
a clear reduction compared to the usage of low sulfur distillate
fuels. There is also a lack of studies that investigate secondary
effects of wet scrubbing on particles, such as impacts on particle
mixing states, morphologies and densities like those observed
by Lieke et al.43

In this study, we characterize how submicron particulate
emissions of a marine test-bed engine are affected by IMO FSC
regulations by examining particle number size distributions,
effective densities and particulate mass emissions. We use IMO
compliant marine distillate fuels as well as a non-compliant
marine distillate fuel with and without a laboratory based WS.
Potential implications for cloud and climate interactions, as
well as human health are discussed.
Heat of combustion [MJ kg ]
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
2 Methods

This study, investigating gaseous and particulate exhaust
emissions from a marine diesel engine, was conducted during
May and June 2020 at Chalmers University of Technology’s
Marine Engine Laboratory in Gothenburg, Sweden.
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
2.1 Engine and fuels

The laboratory is equipped with a four-stroke, turbo-charged
Volvo Penta D3-110 marine diesel test-bed engine. The engine
has ve cylinders with a common rail fuel injection system and
can achieve a maximum cranksha power output of 81 kW as
1770 | Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781
well as a maximum engine speed of 3000 RPM. Each cylinder
has a bore of 81.0 mm and a stroke of 93.2 mm. For the
measurements presented here the engine was operated at a load
of 32 � 1%. The engine load was determined based on the
operational engine speed and output torque. Cruising or ocean-
going ships oen operate at engine loads above 60%, whereas
loads as low as 30% are common for ships operating in coastal
and port areas as well as in sea-ice or in ice-breaking condi-
tions.44 To study the effects of IMO FSC regulations on ship
exhaust particulate emissions three fuels were used. Heavy gas
oil (HGO), a marine distillate fuel with a FSC of 0.86%, served as
a proxy for fuels that do not meet IMO FSC compliance (global
and SECA). In contrast to HFO, HGO has a lower viscosity and
density, thus it does not need to be heated prior to combustion.
This is expected to affect emitted particle number concentra-
tions8 and the physicochemical properties of the exhaust
particles,34 however the Chalmers engine is not suitable or
equipped to operate with HFO. HGO was also the fuel used in
conjunction with the laboratory wet scrubber. An additional two
low FSC fuels #0.03% were used during the experiments. Both
Marine gas oil (MGO) and hydrotreated vegetable oil (HVO) are
compliant with IMO FSC regulations on global and SECA levels.
Marine gas oil is widely used in shipping for medium- and high-
speed engines and HVO is a biodiesel, which has the lowest
density and aromatic content of the three tested fuels. The
notable physical and chemical characteristics of the tested fuels
are presented in Table 1.
2.2 Laboratory wet scrubber and seawater sampling

The laboratory-scale WS used in these experiments was engi-
neered and constructed at Chalmers University of Technology
with its primary purpose being to reduce SOx emissions in
exhaust gas. Thus, its design is based on scrubbers currently
deployed in the shipping sector. The 50 cm long, stainless steel
This journal is © The Royal Society of Chemistry 2022
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scrubber is cylindrical with a 40 cm inner diameter. Six water
nozzles are mounted concentrically around the circumference
of the inner wall, with an additional seventh nozzle suspended
in the center and aimed at the exhaust inlet (see Fig. 1 and S1†).
Water ow from a storage tank to the spray nozzles is regulated
by a pressure pump. During experiments the water ow was
xed between 1.5 and 2 L min�1. Two demister plates mounted
close to the scrubber outlet separate large water droplets from
the exhaust gas and the resulting discharge water is continu-
ously removed from the scrubber and collected in wastewater
tanks. For these experiments the WS was operated with both
freshwater and seawater to investigate effects of salinity on the
particulate emissions. The general design of scrubbers
including dimensions and liquid separation techniques can
vary substantially between systems and thus individual designs
may impact scrubbed particle emissions differently. The design
of the laboratory WS used in this study is simplistic compared
to what is employed on-board ocean-going ships. These gener-
ally have much larger dimensions, allowing for longer exhaust
gas residence times and may also utilize enhanced particulate
removal technology, such as packed beds and cyclonic air ows.
That said, WS design is not regulated by the IMO, rather they
must simply satisfy compliance guidelines.45

Scrubber freshwater was taken from the Gothenburg
municipal water supply and seawater was sourced from
a sampling line at the University of Gothenburg’s Kristineberg
Marine Research Station, located on Gullmar Fjord north of
Gothenburg. The seawater in the ord is inuenced by both the
fresher Baltic and Kattegat/Skagerrak surface waters, as well as
high salinity bottom water from the North Sea.46 The Kristine-
berg sampling line pumps water from depths representative of
those from which ships equipped with WS obtain water.

During measurements involving the scrubber operation,
IMO FSC regulation compliance with respect to gaseous SO2

emissions was monitored according to the Guidelines for
Exhaust Gas Cleaning Systems.45 The guidelines state that the
ratio between SO2 (ppm) and CO2 (%) measured aer the
cleaning system should not exceed the ratio measured for
a corresponding compliant fuel. For fuels with 0.1% and 0.5%
FSC this corresponds to ratios of 4.1 and 21.7, respectively.45

The average emission ratio measured during the WS experi-
ments wasz1.25, and thus well below the required thresholds.
2.3 Instrumentation & data analysis

A schematic of the instrumental set-up is presented in Fig. 1.
Transient experimental periods were observed during engine
ignition and warm-up periods, and up to 30 minutes aer fuel
changes. Data analysis has excluded these periods, in order to
focus on periods of stable gas and particle emissions within the
raw exhaust, and to minimize the effect of sample contamina-
tion from fuel mixing.

Gaseous species in the undiluted, raw exhaust gas were
measured using a Testo 350-XL gas analyzer (Testo SE & Co.
KGaA, Germany). The analyzer measures oxygen (O2; range¼ 0–
25%; resolution¼ 0.01%), carbon dioxide (CO2; range¼ 0–50%;
resolution <25% ¼ 0.01%), carbon monoxide (CO; range ¼ 0–
This journal is © The Royal Society of Chemistry 2022
10 000 ppm; resolution ¼ 1 ppm), nitrous oxides (NOx ¼ NO +
NO2; range 0–3000/500 ppm; resolution¼ 1/0.1 ppm) and sulfur
dioxide (SO2; range ¼ 0–5000 ppm; resolution ¼ 1 ppm) at 5
second intervals.

Emission factors (EF) for total particle number (EFPN) and
mass concentrations (EFPM) were calculated as,34,47

EFx ¼ QexhCx

P
; (1)

where Qexh is the exhaust gas ow in m3 h�1, Cx is either the
total particle number [# m�3] or mass concentration [g m�3],
and P is the brake power of the engine [kW]. For the calculations
an average P�of 25.25 kW was used. The ow Qexh was approx-
imated by assuming that all carbon in the fuel is converted to
CO2 using,48

Qexh ¼
FC � FCC

100
� MCO2

MC

CCO2

100
� rCO2

: (2)

Here FC is the fuel consumption [kg h�1], FCC is the fuel carbon
content [%], MCO2

and MC are the molar weights of CO2 (44 g
mol�1) and C (12 g mol�1), CCO2

is the CO2 concentration in the
raw exhaust [%], and rCO2

is the density of CO2 at room
temperature (1.963 kg m�3). Previously, researchers at the
Swedish Environmental Research Institute (IVL) have found
good agreement between using eqn (2) and the carbon balance
method, as well as Pitot tube measurements at a load setting of
41%, similar to what we have employed.48 CalculatedQexh values
were veried by comparing them with idealized exhaust ow
estimates using the operative engine speed and displacement
taken from the manufacturer’s data sheet.

Exhaust gas was diluted using a 2-stage dilution system (FPS-
4000, Dekati Ltd., Finland). Dilution ratios were determined
from the CO2 ratios between the raw and diluted exhaust.
Diluted CO2 was measured with a LI-840A CO2 analyzer (LI-COR
Inc., USA) and corrected for background CO2 values.
Throughout the experiments the dilution ratio was kept
between 60 and 126.

The diluted sample aerosol was passed through a silica gel
diffusion dryer prior to entering the particle analysis instru-
mentation. Particle size distributions (PSD) were measured
using a scanning mobility particle sizer (SMPS; Electrostatic
classier, EC, Model 3080L, and condensation particle counter,
CPC, Model 3075, TSI Inc., USA). The SMPS was operated with
a sample ow of 0.3 L min�1 and a sheath ow of 3 L min�1 and
measured mobility diameters (dmo) between 15.1 nm and
661.2 nm. Lognormal distributions were tted to the measured
PSDs to determine the count median diameter (CMD) and the
geometric standard deviation (sg). PSDs were corrected for the
dilution ratios and diffusional losses within the sampling lines
and diffusion dryers.49

A second particle sizing system consisting of an EC (3080N,
TSI Inc., USA) paired with an aerodynamic aerosol classier
(AAC, Cambustion Ltd., UK) was used to determine the effective
density reff of size-selected particles. The reff is dened as the
particle mass m divided by the volume of a sphere with
Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781 | 1771
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Fig. 1 Schematic of the experimental system, where the exhaust flow originates within the Volvo engine and proceeds through or bypasses the
scrubber before being diluted and fed into analysis instrumentation.
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a diameter equal to the particle’s mobility diameter. The 3080N
was used to pre-select particles from the sample ow at constant
dmo, while the AAC was operated in scanning mode to classify
selected particles by their aerodynamic diameter, dae. Aero-
dynamic diameters of the pre-selected particles were calculated
by applying Gaussian ttings to the resulting dae distributions.
Using these values, m was calculated following Tavakoli and
Olfert,50

m ¼ pr0
6

CcðdaeÞdae2dmo

CcðdmoÞ ; (3)

where r0 is 1000 kg m�3 and Cc is the Cunningham slip
correction factor. The sequence of instruments in the described
setup can also be reversed with the AAC size-selecting particles
and a SMPS scanning downstream.50 Both sequences were
tested and found to be in good agreement (see the ESI and
Fig. S2†). Using the denition of reff and eqn (3), it follows that,

reff ¼
6m

pdmo
3
¼ r0

CcðdaeÞdae2
CcðdmoÞdmo

2
: (4)

For each fuel and both WS cases a minimum of three AAC scans
were performed at dmo of 50, 90 and 150 nm. The sizes were
chosen within the EC 3080N sizing range and limited by low PN
concentrations for dmo $ 200 nm.

It has been shown that soot particles become less compact
with size due to aggregation of smaller primary particles, which
is oen observed for diesel exhaust particles.51 Consequently,
reff of these particles decreases with size. A mass-mobility
relationship, which assumes that the radius of primary parti-
cles is constant captures this behavior as,
1772 | Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781
reff ;MB ¼
�
6k

p

�
dmo

Dm�3; (5)

where k is the mass-mobility pre-factor and Dm is the fractal
dimension.51,52 The Dm is used to describe primary particle
(fractal) aggregates and to extract characteristics of particle
morphology and shape. It may vary between 1 (long straight
chain agglomerates) and 3 (spheres) and is z3 for compact
agglomerates.53 The results obtained from the sequential EC-
AAC operation and eqn (4) were tted according to eqn (5)
and used to extrapolate reff,MB for particles $50 nm. PSDs are
converted into mass size distributions using size-dependent
reff,MB.

PM emissions in this study are only derived from PSDs, i.e.
lter-based techniques were not employed. Given thez660 nm
upper size limit of the SMPS, this means only submicron (nano)
particles are characterized. Studies have shown that primary
particulate mass emissions from ships are dominated by
particles with diameter modes up to 8 mm.54–56 This leads to
a systematic underestimation of total PM emissions in this
study and hence, observed effects on PM emissions are only
valid for submicron exhaust particles.

3 Results and discussion

Experiments were performed over a six week time span with
some experiments repeated on multiple days. Results are
summarized in Table 2 where the acronyms HGO, MGO and
HVO correspond to fuel usage and FWS and SWS identify
experiments using HGO and the WS with fresh- (FWS) or
seawater (SWS), respectively. Variability in engine parameters
and combustion conditions affected exhaust emissions, and in
This journal is © The Royal Society of Chemistry 2022
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Table 2 Summary of experimental results, including statistical values characterizing the measured PSDs for emitted exhaust particles. For each
fuel the count median diameter (CMD), the geometric standard deviation (sg), reff determined for specific mobility diameters, the corresponding
fractal dimensions (Dm), total particle number (NPN), mass concentration (NPM), and EFPN and EFPM are shown. EFPM has been calculated in two
ways, (1) using the interpolated reff,MB (EFPM) and (2) assuming unit density for all particles (EFPM, r0). The uncertainties are given as� two standard
deviations with the exclusion ofNPM and EFPM where systematic uncertainty was calculated following Tavakoli and Olfert50 andMomenimovahed
and Olfert57

Case
CMD
(nm) sg

reff (g cm�3)

Dm

NPN (107 #
cm�3)

EFPN (1014 #
kWh�1)

NPM (mg
m�3)

EFPM (1) (10�2 g
kWh�1)

EFPM,r0 (2) (10
�2 g

kWh�1)
50
nm

90
nm

150
nm

HGOl 45 1.56 1.01 0.86 0.65 2.62 1.9 � 0.3 1.0 � 0.2 4.1 � 0.7 2.3 � 0.5 3.4 � 0.7
HGOh 53 1.49 2.6 � 0.1 1.4 � 0.1 7.8 � 1.2 4.2 � 0.9 6.4 � 0.7
MGO 53 1.54 0.91 0.71 0.53 2.53 2.4 � 0.4 1.2 � 0.2 6.2 � 1.0 3.2 � 0.7 6.1 � 1.4
HVO 46 1.47 0.91 0.70 0.52 2.51 1.8 � 0.2 0.9 � 0.1 2.8 � 0.4 1.4 � 0.3 2.4 � 0.3
FWSl 20/59 1.18/1.32 1.14 0.94 0.78 2.67 3.6 � 0.6 2.0 � 0.4 3.7 � 0.6 2.1 � 0.4 2.5 � 0.9
FWSh 19/70 1.20/1.33 3.6 � 0.6 1.7 � 0.4 10.1 � 1.6 4.7 � 1.0 6.1 � 0.8
SWSl 17/59 1.24/1.32 1.18 0.97 0.81 2.66 3.1 � 0.2 1.7 � 0.1 3.1 � 0.5 1.7 � 0.4 2.0 � 0.2
SWSh 22/64 1.21/1.28 3.9 � 0.3 2.0 � 0.3 4.3 � 0.7 2.3 � 0.5 2.7 � 0.2
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these instances, sampling periods are subcategorized using the
subscripts h and l. These refer to relatively low (l) or high (h) CO2

concentrations in the raw exhaust during the sampling periods.
It is assumed that this variability was caused by changes in
engine cooling water temperature. Average gas concentrations
and exhaust gas temperatures for the individual cases are
summarized in Table S1.†
3.1 Particle size distributions and PN emission factors

The statistical information summarized in Table 2 is largely
aggregated from the lognormal least squares ttings of the PSDs
presented in Fig. 2a–e. All fuels exhibit unimodal PSDs domi-
nated by particle sizes in the ultrane mode (dmo < 100 nm).
Two distinct sampling periods were observed for HGO with
average CO2 concentrations of 7.53% (HGOl) and 7.76%
(HGOh). Similar observations were also made for bothWS cases,
FWS and SWS. The CMD for HGOl was found at 45 nm and
shied to 53 nm for HGOh. The respective sg were 1.56 and 1.49
and corresponding total particle number concentrations were
1.9 � 107 # cm�3 and 2.6 � 107 # cm�3. These values are
comparable to total number concentrations measured for two
low FSC distillate fuels at engine loads of 25% and 35% by
Anderson et al.8 and are signicantly lower than number
concentrations for HFO measured within the same study. We
assume that the increase in total number concentration and
shi in the CMD between HGOl and HGOh are not directly
related to an increase in engine load, but as mentioned earlier,
likely result from changes in the engine cooling water temper-
ature affecting engine parameters and thus, exhaust emissions.
In supplemental experiments performed in 2021 PSDs for HGO
(new fuel batch; FSC¼ 0.28%) and HVO (same batch as Table 1;
FSC < 0.03%) exhaust at engine loads of 10%, 30% and 50%
were measured using the same engine. Results showed that
total number concentrations and CMDs decreased with
increasing engine load (Fig. S3 and S4†). PSDs for the two low
FSC fuels are similar to HGO. Comparing average values of total
particle number concentrations (NPN) of HGOh andMGO as well
This journal is © The Royal Society of Chemistry 2022
as HGOl and HVO we measured NPN reductions of 9% and 7%
respectively when switching to the low sulfur content fuels.
Several studies investigating particulate emissions from the
combustion of marine fuels report nucleation mode particles at
or below 15 nm for different fuel types.8,9,32,33 Anderson et al.8

observed bimodal particle emissions for high FSC fuels with
a dominant mode around 10 nm and a minor mode between 45
and 50 nm, also using the Chalmers D3 engine. Although, the
size range of the SMPS system used in this study was insuffi-
cient to observe similar nucleation mode particles, a limited
number of scans using a nano-SMPS indicate an exhaust
particle mode around 5 nm for HGO (Fig. S5†). Nevertheless,
this mode is far less pronounced than those observed in the
aforementioned studies.

InWS experiments the PSDs become bimodal (Fig. 2d and e),
with the primary mode between 17 nm and 22 nm. This result
appears irrespective of scrubber water composition, and in fact
post-scrubber particle emissions appear unaffected by the type
of scrubber water utilized (FWS vs. SWS). Wu et al.58 measured
similar bimodal PSDs from container ship exhaust, with the
engine operating at 80% load using both HFO and diesel oil
(DO). Particularly, the PSD for DO is similar to what we have
measured using the WS, with a peak around 23 nm.58 Moreover,
computational studies have demonstrated that within diesel
exhaust gas sulfuric acid and water can combine to nucleate
particles if the FSC is sufficient and the exhaust gas is rapidly
cooled.59 A similar result is manifest in a Schneider et al.60 study
where particulate emissions from diesel road vehicles, oper-
ating with different FSC fuels, and emissions near a motorway
were measured. The authors observed nucleation mode parti-
cles in high FSC fuel emissions and assumed those to be formed
from sulfuric acid, with subsequent growth through conden-
sation of low-volatile organic compounds. The primary mode
particles measured near the motorway were assumed to contain
a signicant contribution of organic matter from emitted
unburned fuel and/or lubricant oil.60 Here, we suspect that
particles within the primary mode are formed from nucleation/
agglomeration that is favored by the high humidity and lower
Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781 | 1773
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Fig. 2 (a–e) Measured average PSDs for all cases are depicted by square and circular markers. Lognormal distributions have been fitted to the
PSDs and are represented by the colored solid lines. HGO, MGO and HVO refer to 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). In these cases bimodal lognormal
distributions have been fitted to the data points. (f) Average EFPN are plotted with whiskers indicating � two standard deviations. Observed
differences in combustion conditions for HGO, FWS and SWS are denoted by downward triangles for relatively low CO2 concentrations, HGOl,
and upward triangles for relatively high CO2 concentrations, HGOh.
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temperature within the WS. The exhaust gas temperature (Texh)
is reduced signicantly by the WS from �Texh,HGO ¼ 234.8 �C to
�Texh,WS¼ 40.8 �C which is below the dew point of sulfuric acid.61

Srivastava et al.61 suggest that SO2 in exhaust is oxidized to SO3

which then reacts with the water to form a ne mist of sulfuric
acid (SA) droplets. A similar hypothesis was posed by Yang
et al.41 who measured PM emissions from a container ship
equipped with a WS system and observed low PM removal
efficiencies. The authors propose that small SA particles formed
within the WS do not to diffuse to water droplets’ surfaces to be
absorbed.41 Follow-up experiments using the WS system with
HVO and a new batch of HGO (FSC ¼ 0.28%) under different
engine load conditions indicate that the primary particle mode
depends on FSC and engine load. A link between measured SO2

concentrations, which is used as a proxy for S-containing
compounds in the exhaust including SO3, and the formation
and magnitude of this mode was observed (see Fig. S7†).
Moreover, the primary particle mode did not appear when the
WS was used with HVO exhaust (Fig. S8†).

It has been shown that the particle removal efficiency of WS
systems increases with increasing particle aerodynamic diam-
eter.39 However, small particles formed within the WS may not
grow large enough to be removed efficiently.42 Tests of the
scrubber itself demonstrate that absent an exhaust ow it is not
a signicant source of particles (Fig. S9†). Results obtained from
1774 | Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781
a test using heated air and the WS are presented in Fig. S9.† In
this case, there is a unimodal distribution that peaks around
10 nm but the total number concentration is more than four
orders of magnitude less than that observed in experiments
with scrubbed exhaust. Low background particle number
concentrations from water spraying and the results shown in
Fig. S7 and S8† indicate that particles in this mode are not
articial sea spray aerosol and are rather formed through
secondary processes.

In the bimodal distributions the secondary mode is located
between 59 (SWSl) and 70 nm (FWSh) where FWSh had the
sampling periods with the highest measured CO2 concentration
(8.05%). Under these conditions the nucleation mode appears
reduced relative to other scrubber cases and the secondary peak
appears shied to larger sizes by z10 nm. The CO2 rich FWSh
are also the only scrubber experiments that show a substantially
different peak ratio. Given the generally consistent scrubber
results it is likely the unique FWSh measurements are altered
due to engine conditions and are not related to the scrubbing
water composition. The dilution ratios during WS experiments
varied between 73 and 126, and during FWSh the average dilu-
tion ratio was 81. The relatively larger and shied secondary
mode may indicate that in these conditions primary particles
grow via continued condensation and coagulation, and there-
fore such emissions might include primary soot coated with
This journal is © The Royal Society of Chemistry 2022
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compounds of different volatilities. The nal mixing state of
particles is undetermined, but future work will focus on illu-
minating such details.

Total particle number concentrations were generally higher
in all WS cases compared to unscrubbed cases (Table 2 and
Fig. 2f). In all comparisons we observed increases in number
concentration ranging from 38% to 87% that result from new
primary mode particles. Although this WS does not efficiently
remove particles $30 nm, in part due to its laboratory-scale
dimensions that limit the residence time and therefore
particle growth, thus impacting removal efficiency – such issues
also arise with full-sized, ship-based installations that are not
designed to optimize particulate removal.39,41,42 It is also
important to note that in previous experiments with the same
engine where Anderson et al.8 measured comparable EFPN for
distilled fuels similar to those used in our experiments, they
also observed strong increases in EFPN ($10�) for less distilled
fuels than we have used here. Thus, those without scrubbing
observations might be further amplied when a WS is inserted
to achieve regulatory compliance.8
Fig. 3 (a) Effective densities (reff) determined for the three fuels (HGO,
MGO and HVO) as well as both WS cases using HGO and either sea-
(SWS) or freshwater (FWS) plotted as a function of mobility diameter
with the measurement uncertainty given by the whiskered error bars.
The mass-mobility power law fittings are shown as dotted lines with
the resulting fractal dimensions (Dm) given in the legend. (b) Fitting
results are replotted for comparison with published size-resolved
effective densities, measured for particles emerging from compression
ignition engines. Park et al.51 conductedmeasurements on John Deere
(10% and 50% engine loads) and Volkswagen (idling) diesel engines
using fuels with different FSC. Rissler et al.62 investigated low FSC fuels
using a heavy duty test-bench diesel engine and a light duty Euro II
vehicle. Corbin et al.34 used a 80 kW, 4-stroke marine diesel engine
with HFO and MGO. The black solid line represents the universal fit
proposed by Olfert and Rogak.63 Momenimovahed et al.64 are from IFO
(FSC ¼ 0.8%) and low FSC DIN EN 590 diesel fuel oil (diesel) particles
using a marine test-bed engine. The fit-uncertainty represented by
measurement uncertainty is now depicted using the color shading.
3.2 Effective density measurements

Effective densities calculated from the tandem DMA-AAC
measurements are presented in Fig. 3a and plotted with the
measurement uncertainty. In these calculations, uncertainty in
dmo and/or dae is quickly amplied by the cubic nature of their
ratios (eqn (4)) and was therefore carefully evaluated in ideal-
ized laboratory experiments using polystyrene latex beads,
sodium chloride and ammonium sulfate particles (Fig. S2†). A
general decreasing trend for reff with increasing dmo was
observed. This observation is in-line with previous studies that
characterize reff of diesel exhaust particles.34,51,62,65

The lowest observed reff resulted from MGO and HVO, both
with reff ¼ 0.91 and 0.91 g cm�3 at dmo of 50 nm and 0.53 and
0.52 g cm�3 at 150 nm respectively. For HGO reff ¼ 1.01 and
0.65 g cm�3 at 50 and 150 nm respectively. A similar trend with
respect to FSC was previously observed by Park et al.51 who
measured reff for diesel engines using fuels with FSCs of
0.0036% and 0% at idling conditions (Fig. 3b). An increase in
reff for exhaust particles from fuels with higher FSCs can be
attributed to sulfates and sulfuric acid which can partition into
the particle phase via condensation.34,51,66 FWS and SWS yielded
the largest reff with 1.14 g cm�3 (FWS) and 1.18 g cm�3 (SWS) at
50 nm and 0.78 g cm�3 (FWS) and 0.81 g cm�3 (SWS) at 150 nm,
similar to the trends in effective densities observed for the other
fuel types. Higher effective densities for FWS and SWS may
derive from greater amounts of condensed material and also
from restructuring of the particles themselves. Lieke et al.43

investigated effects of an exhaust gas recirculation scrubber
system and observed an increase in exhaust particles’ fractal
dimension as a result of a restructuring and densication,
attributed to the abundance of water vapor and hygroscopic
growth. They also found that particle mixing-state was affected
and that the fraction of sulfates and salts increased when
compared to pre-scrubbed particles.43 In our experiments
slightly greater reff was observed for particles emerging from the
This journal is © The Royal Society of Chemistry 2022
SWS, whichmight result from salts and other compounds in the
seawater that partition into the particle phase. However, the
differences from FWS particles were not signicant, and lay
within the envelope of measurement uncertainty, suggesting
that the scrubber water composition does not strongly affect
emissions.
Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781 | 1775
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Studies investigating reff of ship exhaust particles remain
limited. In Fig. 3b published results for reff of diesel engine
exhaust particles34,51,62,64 are collected and replotted for compar-
ison with our measurements. Our measured values agree well
with the previous measurements. Corbin et al.34 analyzed the reff
of particles emitted from a marine diesel engine burning HFO
(reff ¼ 1.46 � 0.05 g cm�3) and MGO (reff ¼ 0.89 � 0.03 g cm�3)
and found a similar FSC dependence but did not observe reff to
vary with particle size.While different engine loads were tested by
Corbin et al.34 it is not clear at which engine load reff measure-
ments were performed. It is therefore difficult to conclude
whether higher engine loads and consequently, larger amounts
of gaseous SOx are responsible for the, comparably, large reff of
HFO. The FSC of HFO used by Corbin et al.34 was 2.33% and thus
substantially larger than the FSC of HGO.67 By comparison, Pet-
zold et al.32 calculated reff ¼ 1.385 � 0.007 g cm�3 for exhaust
particles from a large marine four-stroke engine utilizing HFO
with a FSC of 2.21%. Importantly, HFO differs signicantly from
marine distillate fuels in its physicochemical characteristics,
which affects the chemical composition of exhaust particles.27

Two cases fromMomenimovahed et al.64 who used a marine test-
bed engine are also shown in Fig. 3b. Similar to HFO in Corbin
et al.34 intermediate fuel oil (IFO) particles yield relatively large
reff, which is hypothesized to arise from the presence of heavy
metals in the particulate phase. Conversely, diesel oil particles
display an increasing trend of reff with dmo which highlights the
range of reff values obtained for exhaust particles using different
marine fuels and engine types.64 Olfert and Rogak63 reviewed and
summarized effective density measurements of fresh soot parti-
cles from different sources and derived a universal t that is
represented by the solid black line in Fig. 3b. Although, values
from our study generally display larger reff values than the
universal t, they are consistent with data points from
compression ignition engines.63 In addition, Olfert and Rogak63

only included data from soot particles stripped of, or with rela-
tively low amounts of, volatile material. Our experiments and the
data points presented from the literature represent undenuded
particles. Consequently, the positive bias with respect to Olfert
and Rogak63 is expected, as condensation of volatile material
leads to an increase in reff compared to denuded particles.

The Dm for HGO, FWS and SWS were 2.62, 2.67, and 2.66
respectively and larger than the Dm of MGO and HVO (2.53 and
2.51). These values agree with earlier studies of diesel exhaust
particles,51,62,66 and support the idea that more sulfate, the
formation of sulfuric acid and the consequent partitioning into
the particulate phase, also leads to more dense particulate. For
example, Olfert et al.66 observed an increase in Dm from 2.22–
2.48 to 2.47–2.76 when switching to higher engine loads and
attributed this to elevated gaseous sulfate. It remains to be
determined how diverse scrubbing conditions might affect
particulate reff, but our observations show that scrubbing leads
to densication.
3.3 PM emissions

Number distributions are converted to mass distributions using
the SMPS size channel mid-point diameters and reff, where for
1776 | Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781
dmo # 50 nm a constant reff ¼ reff,50nm is employed. The mass
distributions are integrated and scaled for the dilution etc., to
determine the mass concentrations of emitted nanoparticles
(Table 2). The results show that switching to low FSC fuels
potentially reduces particle emissions by mass on the order of
21% (HGOh vs. MGO) to 33% (HGOl vs. HVO), which can be
largely attributed to the change in particle density and vari-
ability in combustion conditions. When using the scrubber
although both reff and particle emissions by number are
increased, the total emitted mass was generally reduced relative
to the unscrubbed cases. The new, small particles that appear
within the primary mode of the WS cases tend to contribute
little mass relative to what is lost from the larger particle frac-
tion. In Fig. 4a average HGOl and FWSl PSDs observed from
almost matching engine operating conditions, and their
difference spectrum (D, black line) shows that the scrubber
removes some particles above 50 nm, although these reductions
lie within the ranges of uncertainty and thus, we cannot exclude
whether a slight change in combustion conditions, indicated by
an increase in CO2 concentration, for FWSl would eliminate the
observed PN reduction above 50 nm. The lone exceptions to the
observed mass reductions were FWSh experiments, where the
secondary particle mode remained pronounced. These obser-
vations are valid for submicron exhaust particle emissions but
we cannot exclude that there may be also particles with diam-
eters above 1 mm in the exhaust gas.

Emission factors calculated from eqn (1) are shown in
Fig. 4b, c and Table 2. The measured values are qualitatively
comparable with previous measurements by Anderson et al.8

who calculated EFPM between 0.67 and 2.13 � 10�2 g (kW h)�1

for two low FSC distillate fuels and marine diesel oil (MDO) at
engine loads of 25% and 35% – when assuming unit density (cf.,
Fig. 4c). However, considering both the previous observations
and our new observations, no clear trend of EFPM with the level
of fuel renement emerges. Rather Fig. 4b and c suggests that
variability in combustion conditions may have affected mass
emissions as well as fuel changes or scrubbing (i.e., compare
relative differences between upward and downward triangle
symbols versus the differences between fuels). Moreover, as with
other parameters mass emissions appear weakly correlated with
scrubber water composition. It is, however, important to note
that the particle density is a key determinant to accurately
calculating the EFPM (compare Fig. 4b and c). In this case the
trend, or lack of trend, between fuels is not signicantly
affected, but in most cases the absolute values are shied.
Furthermore, an increase in EFPM when assuming unit density
was observed for all cases. Whereas the increase in EFPM for
both SWS cases ranged from 17% to 19%, EFPM increased by
92% for MGO. On average EFPM werez48% larger compared to
values estimated using case-dependent reff data. This highlights
the need for careful and transparent accounting of assumed
particle properties when comparisons and/or inventory esti-
mates are made. The discrepancy also supports the previous Liu
et al.68 suggestion that robust estimates of PM emissions from
online aerosol size spectrometers should utilize documented
reff values.
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Particle number spectra for HGOl and FWSl experiments
with comparable engine conditions and their difference spectrum. (b)
PM emission factors (EFPM) calculated using eqn (1) and reff,MB values.
Systematic uncertainty was calculated following Tavakoli and Olfert50

and Momenimovahed and Olfert.57 (c) EFPM calculated using a size
independent particle density of 1 g cm�3. In this case, uncertainties are
given as � two standard deviations. HGO, HVO and MGO refer to 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). Observed differences in combustion

This journal is © The Royal Society of Chemistry 2022
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4 Environmental implications

Combustion-related nanoparticles have particularly adverse
effects on human health,69,70 and shipping is observed to
enhance particle concentrations downwind of major transit
corridors.71 Corbett et al.5 have shown that most mortality
effects from shipping-related PM emissions are seen in Asia and
near the European North Sea, a SECA where fuel switching and/
or WS usage is mandatory. A report by IVL, the Swedish Envi-
ronmental Research Institute,72 calculated that ships within the
Port of Gothenburg consumez46 kilotons of fuel per year, and
a later study projected that by 2040 annual PM emissions for the
Port could be 14 tons of particles per year.73 Using average EFPM
normalized by fuel consumption for each individual case,
choices with regard to fuel compliance measures and scrubber
usage may account for up to 35% of this total 2040 emission
inventory. Given that this estimate is based on a bottom-up
approach using a single test-bed engine and only includes
emissions of particles below 1 mm, these values are likely
conservative. Moreover, additional effects may amplify the
impacts of ship emissions. Wu et al.35 observed increased
emissions of reactive volatile organic compounds by ships at
berth that can lead to ozone pollution and through oxidation
pathways lead to the formation of secondary organic aerosols,
and thus add complexity and potential health impacts down-
wind of ports and heavily transited areas. Passig et al.74

measured health-relevant metals in exhaust particles of ships
equipped with WS, which are generally associated with
combustion of residual fuel oils such as HFO,55 at distances of
more than 10 km, showing that long range transport of toxic wet
scrubber exhaust particles poses a health risk.

Moreover, observed differences in reff show that both
compliance measures have secondary effects on exhaust parti-
cles, affecting their physicochemical properties which are key to
understand the role of ship exhaust particles within the atmo-
sphere and the climate system. Petzold et al.75 have shown that
the ability of combustion particles to act as CCN increased
signicantly with increasing FSC due to the formation of sul-
phuric acid layers on the particulate. Moreover, the authors
observed that the formation and presence of H2O–H2SO4

particles further enhanced CCN activity due to increased mass
transfer of water-soluble material from the gas-to the particle-
phase.75 Anything that changes the cloud forming potential of
ship exhaust will possibly have amplied effects due to the
radiative properties of clouds, and strong precipitation and
cloud lifetime feedbacks. The Arctic is possibly the critical
testbed of such feedbacks, because we already know that ship-
ping activity is projected to increase in the Arctic given the
steady sea ice retreat.76 In its current state the Arctic has very low
background aerosol particle concentrations and the introduc-
tion of strong point source emissions like ships will have effects
conditions for HGO, FWS and SWS are denoted by downward triangles
for relatively low CO2 concentrations, HGOl, and upward triangles for
relatively high CO2 concentrations, HGOh.
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and potential feedbacks on radiative properties of Arctic mixed-
phase clouds, and thus climate.77

5 Conclusions

Present IMO regulations are aimed at reducing global emis-
sions of SOx and PM from the shipping sector. Ship operators
can comply with regulations by using marine fuels with low FSC
or by using high FSC fuels in conjunction with exhaust aer
treatment technologies, like wet scrubbers. However, particle
emissions from marine diesel engines are not only driven by
FSC.8,30,33 While our results show that FSC compliant marine
distillate fuels reduce mass emissions of submicron exhaust
particles compared to a non-compliant marine distillate fuel,
PM emissions also appear to be very sensitive to variations in
combustion conditions.

The laboratory-based scrubber used in this study is capable
of reaching IMO FSC regulation compliance when operated
with a high sulfur content distillate fuel. When operated at
compliance levels, exhaust that went through the scrubber did
not efficiently reduce number of particles larger than 50 nm and
simultaneously generates many more smaller diameter parti-
cles, z20 nm. Thus, a potentially small reduction in larger
particles is offset by the large increase in total particle number
concentration, and the effect on mass concentration of
submicron particles is negligible. As previously mentioned, wet
scrubber engineering is not regulated as long as they achieve
emissions compliance and thus, our observations illuminate
a potential risk for real-world scenarios, as increases in
combustion-related ultrane particulate may have unintended
consequences. The results make clear the need for further
investigations into particulate emissions from ships using WS
technology, as well as more comprehensive regulations
regarding the usage of WS on-board ships.

The choice of wet scrubbing as a fuel compliance measure
can lead to other secondary effects on the particulate matter.
Here we observe that WS usage results in increased effective
densities. The shi is of the same magnitude but opposite in
sign to density changes observed when using FSC compliant
distillate fuels. Such secondary effects could imply, for example,
an increase in the particulate mass fraction of water soluble
compounds as well as changes in morphological properties of
scrubbed particles, which can potentially inuence atmo-
spheric processes, such as affecting the water uptake and
atmospheric lifetime of the exhaust particles. Raw, diesel
exhaust particles are generally considered to have limited cloud
forming potential, for example by acting as cloud condensation
nuclei78 or as ice nucleating particles.18 The potential for denser
particles with modied mixing states and chemical composi-
tions to alter this behavior is a key future step of this research.

This study makes clear that not all pathways towards IMO
fuel sulfur compliance have the same broad benet of the
simplest solution, which is the use of distilled, low FSC fuels.
Solutions, like scrubber usage, may be detrimental by
increasing emissions of ultrane particulate and by changing
the potential for exhaust particles to play new, unanticipated
physicochemical roles in atmospheric processes. Given our
1778 | Environ. Sci.: Processes Impacts, 2022, 24, 1769–1781
observations it is important that future studies also examine
physicochemical properties of exhaust particles, including their
chemical compositions, morphologies, their abilities to act as
cloud forming particles, et al., in order to evaluate how IMO
compliance measures may alter the atmospheric fate of ship
exhaust.
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