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Abstract: Particulate and gaseous emissions were studied from a large two-stroke slow-speed diesel
engine equipped with an open-loop scrubber, installed on a 78,200 metric tonnes (deadweight)
containership, under real operation. This paper presents the on-board emission measurements
conducted upstream and downstream of the scrubber with heavy fuel oil (HFO) and ultra-low sulfur
fuel oil (ULSFO). Particle emissions were examined under various dilution ratios and temperature
conditions, and with two thermal treatment setups, involving a thermodenuder (TD) and a catalytic
stripper (CS). Our results show a 75% SO, reduction downstream of the scrubber with the HFO to
emission-compliant levels, while the use of the ULSFO further decreased SO; levels. The operation
of the scrubber produced higher particle number levels compared to engine-out, attributed to the
condensational growth of nanometer particle cores, salt and the formation of sulfuric acid particles in
the smaller size range, induced by the scrubber. The use of a TD and a CS eliminates volatiles but
can generate new particles when used in high-sulfur conditions. The results of this study contribute
to the generally limited understanding of the particulate and gaseous emission performance of
open-loop scrubbers in ships and could feed into emission and air quality models for estimating
marine pollution impacts.

Keywords: shipping emissions; on-board measurements; exhaust gas cleaning system; scrubber; PN;
particle size distribution

1. Introduction

The maritime sector is responsible for transporting over 80% of global trade by vol-
ume [1], but the drawback of this activity is its significant contribution to air pollution,
air quality degradation [2] and adverse effects on human health [3,4]. Ships emit high
quantities of harmful pollutants, such as sulfur oxides (SOx), nitrogen oxides (NOx) [5]
and particulate matter (PM) [6,7], as well as species contributing to climate warming (CO,,
black carbon, etc.) [8]. Particulate properties, such as particle number (PN) concentration
and particle size distribution (PSD), are also of significant importance [9,10], due to the
severe consequences of PM on human health [11], since most of the particles emitted by
combustion in ships are found in the ultrafine region [12], below 100 nm [13-16]. Nanopar-
ticles can penetrate deeply into the respiratory system, impacting the lungs, and can also
cause cardiovascular issues, affecting the brain and other organs. In general, nanoparticles
are a source of serious human diseases [17,18].
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The International Maritime Organization (IMO) has taken actions to reduce shipping
greenhouse gas (GHG) emissions, which were projected to reach up to 17% of global CO,
emissions by 2050 [19]. Energy-efficient designs and operational requirements for ships are
being applied, as a strategy to minimize losses and, therefore, the carbon footprint [20,21],
and requirements for monitoring and reporting of CO, by ship operators in the European
Union (EU) [22] and at international level [23] are being put forward. In addition, the EU
emission trading system (ETS) has been established, to limit CO, emissions and impose
a cost on those emissions [24,25]. NOx emissions are regulated in the context of engine
certification and are subject to further geospatial restrictions in low-emission areas, called
nitrogen emission control areas (NECA) [26]. SOx emissions have been regulated by
the reduction of maximum fuel sulfur content (FSC) from 3.5% to 0.5% on a mass basis
on a global scale [27]. In addition, a stricter FSC limit of 0.1% is applicable in sulfur
emission control areas (SECA). Current shipping legislation does not regulate particulate
emissions [12].

The drawback of using low-sulfur fuels is the rise in fuel expenditure [28]. An alter-
native enabled by IMO and often adopted is the utilization of cheaper high-sulfur HFO
in combination with exhaust gas cleaning systems, so-called scrubbers [29]. Scrubbers
have the ability to decrease exhaust SO, emissions, typically by up to 99% [5,30], so as
to provide reductions equivalent to low-sulfur fuel criteria. Three types of scrubbers are
technically feasible and are most often installed in ships: open-loop, closed-loop and hybrid
ones [30]. Open-loop scrubbers use the natural alkalinity of seawater to clean the exhaust,
while closed-loop ones most often utilize freshwater with an added alkaline chemical [31].
Hybrid scrubbers can operate in both configurations, depending on the restrictions im-
posed over different sailing areas [32,33]. An important difference between open-loop and
closed-loop operation is that for the former, large volumes of untreated wash water are
released directly into the sea, while for the latter only smaller volumes of polluted bleed-off
water are released from the system, and the majority of the pollutants in the wash water
are handled in port facilities [34].

The number of scrubber installations on ships has been dramatically increasing since
the introduction of the 0.5% global sulfur cap, from only 8 globally scrubber-equipped ships
in 2008 to 313 in 2016, which further escalated to 4341 in 2020 [35]. Hence, it is imperative
to characterize the emission performance of such emission control systems. To evaluate
emissions downstream of scrubbers, a few studies have performed on-board measurements
on ships equipped with scrubbers in real-world conditions [19,36-39], as well as on engines
with scrubbers placed on test beds [40-42]. All three types of scrubbers have been tested
in the literature: open-loop [37,43], closed-loop [36,40] and hybrid ones [44,45]. Exhaust
was characterized for gases and particles both upstream and downstream of scrubbers
in the mentioned literature studies, in order to compare emission levels and to evaluate
scrubber performance. Winnes et al. (2020), Zhou et al. (2017), Santos et al. (2022) and
Karjalainen et al. (2022) [36,40,41,43] also performed additional emission measurements of
the same engine, utilizing low-sulfur fuel (the scrubber was deactivated). This allowed for
a comparison of the emission effects of low-sulfur fuel with those observed downstream of
the scrubber. Sampling has been conducted based on the ISO 8178 method [46] in several
studies [15,47,48], but this method is not suitable when FSC is greater than around 0.8% [49].
Winnes et al. (2020) and Fridell & Salo, (2016) [36,37] measured the PN and the PSD both
upstream and downstream of a scrubber and applied thermal treatment to the sample,
using a TD, in order to vaporize volatile particles.

As demonstrated in the preceding section, there are only a handful of studies looking
at scrubber emissions. Better understanding of emission performance downstream of
scrubbers is of importance, in order to evaluate the effect of shipping on air quality and
human health, in particular near populated areas. The levels and characteristics of particle
emissions at the outlet of the scrubber depend both on engine operation and scrubber
performance parameters [19]. Such parameters correspond to engine load [36], system
type and age [45], sulfur restrictions in the geographical location of cruising (ECA /other
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particular regional restrictions or global IMO FSC) [33], wash-water alkalinity (seawater or
added chemical) [32] and the specific operation of the scrubber by the ship crew, as well
as to the combination of these parameters during actual sailing. Particles are expected
to be captured by the scrubber’s seawater droplets and discharged into the sea, thereby
reducing atmospheric emissions [13,37]. However, new particles can form downstream
of the scrubber, primarily due to salt cores from seawater and sulfuric acid particles
under high-sulfur and high-humidity conditions [19,41]. Our study aimed to investigate
these specific mechanisms by examining the PSD both upstream and downstream of the
open-loop scrubber and providing insights into the particulate contributions downstream
of scrubbers.

This paper intends to contribute to our better understanding of scrubber effects by
presenting the particulate and gaseous emissions of an actual vessel equipped with a slow-
speed two-stroke engine and an open-loop scrubber during real-world operation over a
7-day measurement campaign. The objective was to collect real performance data, in order
to feed emission and air pollution modelling tools with emission factors (EF) downstream
of a scrubber both for open-seas operation and, especially, for operation near inhabited
port regions.

2. Materials and Methods
2.1. Measurement Campaign

The on-board measurement campaign was performed on a 300 m long container vessel,
between 16 and 24 November 2021, on a voyage from the port of Rotterdam, Netherlands to
the port of Gebze, Turkey. The ship was built in 2002 and was equipped with a two-stroke
slow-speed diesel (SSD) main engine (ME), with nominal power of 62 MW at 98 rpm that
could transport 6160 twenty-foot-equivalent units (TEUs). The ship was also fitted with
four medium-speed diesel (MSD) auxiliary engines (AEs) operating at a constant speed of
720 rpm, each producing 2900 kW at maximum power, to feed the different hoteling loads,
especially when the ship was berthed at port and the ME was turned off. A summary of
the main specifications of the vessel is presented in Table 1.

Table 1. Tested ship specifications and technical parameters.

Parameter Value
Gross tonnage (tonnes) 75,201
Deadweight (tonnes) 78,243
Length (m) 300
Breadth (m) 40.1
Container capacity (20-foot equivalent units—TEUs) 6160
Year built 2002
Main engine Wartsila-Sulzer 12RTA96C
Main engine power (kW)/nominal rpm 62,587/98
Auxiliary engine Daihatsu 8DK32
Auxiliary engine power-mechanical (kW)/nominal rpm 2942 /720
Design/service speed (knots) 25/18

The ship sailed at an average speed of 18.4 knots during the cruising phase of the
trip, similar to its indicated service speed, while the engine load over the same period
was around 36%. The ship was mostly cruising in stable operating conditions, except for
the final voyage segment, when the engine load was mostly transient, varying between
30% and 10%. The map on Figure S1 (left) illustrates the ship’s voyage along with the
color rendering of the ME load (in %) and the speed over ground (SOG, in knots) ratio,
designating the speed and load fluctuations throughout the voyage.

The ship was equipped with an open-loop exhaust gas cleaning system, in order to
comply with the global 0.5% FSC cap and the stricter 0.1% FSC limit inside SECAs and
ports, where fuel with high-sulfur content is used. The exhaust lines of both the ME and the
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AEs entered the same scrubber and exited on a common funnel. The physical dimensions
of the scrubber tower were 13.8 m in height and 4.5 m in diameter. Three pumps for
seawater feeding were used to maintain the necessary seawater flow inside the scrubber.
The seawater flow rate ranged from 200 to 1200 m®/h, depending on the total exhaust
flowrate that had to be cleaned. Along with the main scrubber unit and its components, a
dedicated software package was also installed on the ship, from the scrubber manufacturer,
to measure and monitor several parameters, including those required by regulations, i.e.,
the SO, /CO; ratio in the exhaust, the pH and turbidity in the water effluent and the inlet
and outlet exhaust temperatures.

2.2. Fuels

Three types of fuels were used on the ship’s ME during the on-board campaign. Two
batches of HFO fuel (further called HFO1 and HFO2) were used, having FSCs of 2.64%
and 2.45%, respectively, and one ULSFO (0.1% FSC). The ship started its voyage by using
HFOL1 and, after two days, on 18 November, the HFO2 was fed into the fuel system. In
the final stage of the trip, on 23 November, the fuel was changed to ULSFO, when the full
fuel transition from HFO2 to ULFSO lasted for 5 h. The map presented in Figure S1 (right)
illustrates the geographical positions of the fuels used, as well as the two fuel changeover
processes, from HFO1 to HFO2 and, finally, from HFO2 to ULSFO. One-liter fuel samples
were collected from each fuel batch, as well as from the engine lubricant, for further
laboratory analysis. The samples were analyzed for their chemical composition, including
their metals and ash content.

2.3. Testing and Sampling

The emitted particles were examined with a variety of sampling systems and condi-
tions, as shown in Figure 1. Two different units of the same dilution system (eDiluter Pro,
Dekati, Kangasala, Finland) were utilized for the sampling and dilution of the exhaust gas
from the stack through an L-shaped probe. The eDiluter Pro is a two-stage dilution system
operating on cleaned pressurized air, where the first stage is heated (150 °C or 250 °C),
followed by the second non-heated stage [50]. The total dilution ratio (DR) after the second
stage ranged between 25:1 and 100:1, based on the measurement requirements. The DR
was monitored and verified with simultaneous CO, concentration measurements in the
stack and in the diluted sample. The first eDiluter Pro (dilution system 1) was used for
collection of samples on PM filters and absorbents for off-line analyses: PM gravimetry and
chemical characterization of the exhaust (particle speciation, polycyclic aromatic hydrocar-
bons (PAHs) and non-methane volatile organic compounds (NMVOC) and aldehydes). The
results of the filter-based PM and chemical characterization will be presented in a future
dedicated publication. The second eDiluter (dilution system 2) was connected to the online
instrument for PN measurements.

Samples were extracted from two different locations, upstream and downstream of the
scrubber tower, which were designated as sampling point upstream (SPU) and downstream
(SPD), respectively, as illustrated in Figure 1. The sampling method followed, the dilution
systems and the instrumentation were the same for the two sampling points. The eDiluter
was connected to the sampling probes by a transfer line, which was insulated and heated
at 150 °C. This was primarily important for the SPD, to avoid condensation of the wet and
cold exhaust on the probe but was also implemented for the SPU. These transfer lines were
spanned for 2.5 m and 1 m at the SPU and SPD, respectively. The SPU transfer line was
longer than the one on the SPD, due to lack of suitable space and ease of accessibility. The
diluted sample was led through a 12 m insulated copper line to the instrument room, where
the sample was split and fed to the individual instruments by Tygon tubing. The instrument
room provided an ideal setting for instrument installation, since it was air-conditioned and
equally spanned, between the SPU and the SPD.
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Figure 1. Layout of the measurement setup.

Gaseous emissions were measured in raw exhaust by a multi-gas analyzer (PG 350
E, Horiba, Kyoto, Japan) and by a flame ionization detector (FID) (Bernath Atomic 3006,
SICK, Waldkirch, Germany) for THC (total hydrocarbons), which both operated witha1s
time resolution. A non-dispersive infrared (NDIR) analyzer was utilized to measure SO,,
CO; and CO, and a chemiluminescence analyzer (CLA) was utilized for NOx in the Horiba
system. The exhaust sample was extracted by a probe connected to a ceramic filter and
then led to the instruments with a sampling line heated to 180 °C. The length of the heated
sampling line was 15 m.

PSD and PN concentrations were measured with a scanning mobility particle sizer
(SMPS 3080, TSI, Shoreview, MN, USA) comprising a differential mobility analyzer (DMA
3081, TSI, Shoreview, MN, USA) and a condensation particle counter (CPC 3776, TSI,
Shoreview, MN, USA), covering a particle range from 5.9 to 225 nm. The instruments and
the respective operation principles for gaseous and particulate pollutants are described in
Table 2.

Table 2. Online instruments and analysis method for reference measurements of gaseous pollutants
and particulates.

Pollutant Instrument Operational Principle Range Uncertainty
Non-dispersive
SO, infrared (NDIR) 0-500 ppm (vol) +5 ppm
Chemiluminescence
NOx analyzer (CLA) 0-2500 ppm (vol) +12.5 ppm
Horiba PG 350E Non-dis ;
persive —30% %
CO, infrared (NDIR) 0-30% vol +0.3% vol
(@) Para-magnetic 0-25%vol +0.25% vol
Non-dispersive
cOo infrared (NDIR) 0-1000 ppm (vol) +10 ppm
. Flame ionization o o
THC Bernath Atomic BA 3006 detector (FID) 0.05 ppm-10% (vol) +0.1% vol
PN concentration and TSI SMPS 3080 and CPC 3776 Particle size classification 5.9-225 nm 1£10%

size distribution

and particle counter
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Three alternative sample conditioning schemes were studied, to characterize the total,
i.e., volatile and non-volatile, and non-volatile particles alone with two different thermal
treatment configurations, as indicated in Figure 1. The eDiluter Pro was used as the main
dilution system for all three sampling schemes. In the first sampling scheme, the diluted
sample was directly fed into the instruments after the second dilution stage of the eDiluter.
This was denoted as the “Fresh” sample. In the second scheme, a thermodenuder (TD,
Dekati, Kangasala, Finland) [51] was applied after the second dilution stage of the eDiluter.
The TD comprised a heating stage at 300 °C, to vaporize the semi-volatile particles, and the
vaporized material was then collected on the activated carbon wall surfaces. Hence, only
non-volatile particles at 300 °C penetrated the TD. This will be henceforth referred to as
the “Thermodenuder”. For the “Fresh” and “Thermodenuder” configurations, the sample
was taken after the second dilution. The third dilution scheme utilized a slightly modified
commercial catalytic stripper (CS) with oxidation, sulfur and nitrogen storage capabilities,
identical to the one that was used by Amanatidis et al. (2018) [51]. The CS was designed to
operate along with an ejector diluter (ED, Dekati, Kangasala, Finland) providing a DR of
12:1. To maintain a relatively high concentration, despite the additional dilution, the sample
for the CS + ED was taken from the first dilution stage of the eDiluter at a nominal DR
ranging between 5:1 and 10:1. The CS + ED was heated at 350 °C, to evaporate volatile and
semi-volatile particles. This scheme was denoted as “catalytic stripper + ejector diluter”.

The three sampling configurations were selected to emphasize different particle treat-
ment mechanisms, each attributed to distinct removal processes. The “Fresh” configuration
focused solely on the heat treatment of the sampling lines [52]. The “TD” configuration
utilized adsorption into active charcoal [53], while the “CS + ED” configuration empha-
sized oxidation [54]. The latter two are presumed to be more effective in removing volatile
particles, since the extended length of the sampling lines may cause the re-volatilization
of volatile particles in the case of thermal treatment alone. Additionally, it was also of
interest to examine the CS’s behavior when reaching its maximum sulfur storage capac-
ity. Comparing the three schemes with the relevant automotive legislation sampling
requirements [55-57], the last configuration aligned more closely with commercial imple-
mentations (e.g., AVL particle counter, APC). Nevertheless, all three configurations were
expected to meet the requirement of achieving >99% removal of >30 nm tetracontane
(CH3(CHy)38CH3) particles.

Before commencing the campaign, the instruments were calibrated, to ensure the
reliability of the measurements. The eDiluter instruments were brand new, so no additional
calibration was necessary. The active carbon cartridges of the TD were replaced with new
ones prior to use. The catalytic stripper was brand new, and the ejector diluter was properly
cleaned prior to the measurements. The sampling lines were calibrated using the SMPS
NanoScan (NanoScan SMPS 3910, TSI, Shoreview, MN, USA), and the induced losses were
identified and included in the total system losses. Additionally, the CPC instrument never
reached its limit during the measurements.

The eDiluter continuously reported its operational status and indicated any issues,
which were checked daily throughout the campaign. The SMPS and CPC similarly dis-
played their status conditions. Whenever a problem was reported, such as a low butanol
level, the root cause was identified and resolved promptly. No major issues arose during
the campaign.

At the SPU, the raw exhaust from the engine was measured, while at the SPD, the
scrubbed exhaust was collected. Therefore, the effect of the scrubber from the same engine
with the use of HFO could be evaluated. Measurements were also performed for the ULSFO
operation at the SPD but with the scrubber deactivated. So, in this case, we considered
this to be an equivalent sampling condition to the SPU used for the HFO. Thus, the effect
of the fuel (HFO and ULSFO) from the same engine could be assessed, and an emissions
comparison between ULSFO and HFO combined with a scrubber could also be performed.
Specifically, HFO1 was sampled at the SPD, HFO1 + HFO2 were sampled at the SPU under
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equivalent engine conditions and HFO2 was sampled at the SPD under the lower engine
load. The measurement conditions, sampling systems and points are presented in Table S2.

Table 3 presents the summarized measurement durations (expressed in hours) for
the gaseous pollutants, THC and PN concentrations at each sampling point. Notably, the
majority of these measurements were taken downstream of the scrubber.

Table 3. Measurement durations (in hours) of gaseous pollutants, THC and PN concentrations for
each sampling point.

Sampling Point Gaseous Pollutants THC PN Concentration
Upstream scrubber 4.60 6.33 12.0
Downstream scrubber 36.0 6.75 16.7
ULSFO and deactivated scrubber 7.27 0.733 7.23

The PN concentrations and size distributions were corrected for losses, primarily
occurring in the eDiluter, the rather long sampling copper transfer lines, the TD, the CS
sampling lines and the CS + ED. The losses were considered per size range, based on
the SMPS size range (Figure 2). For estimating sampling line losses, an SMPS NanoScan
(NanoScan SMPS 3910, TSI, Shoreview, MN, USA) was utilized, which measured particles
at various size ranges, initially at a position downstream of the eDiluter and then, after the
12 m transfer line, upstream of the SMPS. Therefore, particle losses produced in the sam-
pling transfer lines could be assessed per size range. The losses induced from the eDiluter
and TD were estimated based on the manufacturers’ technical recommendations [52,58].
The losses for the CS were estimated according to a similar oxidation catalyst utilized by
Giechaskiel et al. (2009) [53].

70%
Sampling line
60% Catalytic stripper sampling lines
eDiluter
50% Thermodenuder
= Catalytic stripper + Ejector Diluter
<40%
72
2
230%
—
20%
10%
0% bL— e N
0 50 100 150 200 250

Diameter (nm)

Figure 2. Dilution system, sampling copper transfer line, thermodenuder, catalytic stripper sampling
lines and catalytic stripper + ejector diluter losses in relation to particle size diameter.

As seen from Figure 2, the losses were found to increase for smaller particles. Specif-
ically, particle losses of up to 40% from the sampling lines were observed, which were
mainly attributed to diffusion, and which decreased with increasing particle diameter.
In the sampling line connecting the first stage of the eDiluter to the CS and the line con-
necting the CS to the ED, the losses were estimated to be constant at 20% for the whole
size range. These losses were attributed to thermophoresis, since these lines were not
insulated and were exposed to room temperature while hot exhaust was passing through.
The losses associated with the eDiluter primarily resulted from the turbulent flow and
the high residence time of the sample in the system [59]. TD losses, mainly attributed to
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diffusion in the adsorber section, were reduced with the increase in particle diameter and
remained constant at 25%. Losses of up to 14% were found for smaller particles in the CS,
due to diffusion and thermophoresis, and they were minimized with increasing particle
diameter [60]. In general, particle penetration losses increased for smaller particles, due to
diffusion and thermal losses [51].

3. Results and Discussion
3.1. Overview of Gaseous Emissions

The SO,, NOx, CO and THC emission levels (in g/kg fuel) at the examined sampling
points upstream and downstream of the scrubber and for the different fuel types are
displayed in Figure 3, where the mean engine load for each sampling point is also indicated.
These values correspond to the mean of the measured values with a 1 s resolution for
all the examined periods at the respective sampling points. The emission levels from the
individual sampling periods of the different sampling points are shown in Table S1, along
with the engine load, type and batch of fuel and the specific fuel oil consumption (SFOC).
The error bars in Figure 3 correspond to the standard deviation of the measurements for
each sampling point.

100 7

00 BNOx gco
mSO2 BTHC*10
80 T

-

=
S
[

=
S
N

s
S
w

NOy & SO, (g/kg fuel)
w 9
=} (=}

CO & THC*10 (g/kgfuel)

o

20
0.5% FSC limit 0.1% FSC

limit
——

H

0
HFO, Upstream, 37% HFO, Downstream, 34%ULSFO, Deactivated, 11% HFO, Upstream, 37%  HFO, Downstream, 34% ULSFO, Deactivated, 11%

Figure 3. Mean emission levels (in g/kg fuel) of SO,, NOx, CO and THC at different sampling points
upstream and downstream of the scrubber and fuel type (HFO and ULSFO). Mean load (in %) of the
main engine during the sampling at the point is indicated for each sampling point. The error bars
correspond to two standard deviations of the measured values in 1 s resolution. The equivalent SO,
for the 0.5% and 0.1% FSC values are represented by red and green horizontal lines, respectively, on
the left panel. THC is presented as THC*10.

As expected, much higher SO, was measured upstream of the scrubber (31.8 g/kg fuel)
than downstream (7.63 g/kg fuel), which shows that the scrubber decreased SO, emissions
by 75% at this setting, to a level complying with the 0.5% global sulfur limit (10 g/kg fuel
equivalent—red dashed line). The scrubber was not operating at its full capacity, since the
actual seawater flow rate ranged between 640-725 m3/h during the particular cruising
phase. Use of the ULSFO resulted in the lowest overall SO, levels, since this fuel had a
sulfur content complying with the stricter 0.1% limit (2 g/kg fuel equivalent—green dashed
line) and, generally, SO, depends on the fuel quality [61]. The estimated FSC equivalences
downstream of the scrubber were in the range of 0.39% to 0.45%, depending on the fuel
batch (HFO1 and HFO2) and operating conditions. Lehtoranta et al. (2019), Winnes et al.
(2020), Fridell & Salo, (2016), Ushakov et al. (2020), and Zhou et al. (2017) and Johnson
et al. (2018) [5,36-38,40,45] reported scrubber efficiencies of up to 99% in SO, reduction.
In our study, the calculated SO, /CO, ratios according to [62] were always lower than
21.7, which corresponds to the global 0.5% IMO FSC limit. This was also cross-checked
with the scrubber monitoring equipment recordings that were provided by the vessel crew.
As a result, since regulation compliance was accomplished, there was no need for the
ship operator to further increase the scrubbing performance, which would, in turn, have
increased the energy and fuel consumption.
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The NOx levels on the g/kg fuel basis varied slightly (approximately £4%, on average)
between the different operating and sampling conditions. The scrubber operation led
to higher NOx emission levels by 4.3% compared to the upstream and HFO sampling
condition, while the ULSFO decreased NOx emissions by 4.3% compared to HFO engine-
out. Grigoriadis et al. (2021) [63] showed that a lower engine load leads to higher NOx
emissions, while fuel does not play a critical role in influencing NOx emissions, since NOx
formation is mainly determined by the combustion setting parameters, rather than the fuel
properties, for typical liquid marine fuels (residual and distillate). In our study, the highest
(94.9 g/kg fuel) and the lowest (81.5 g/kg fuel) NOx emissions were measured downstream
of the scrubber at 33.5% and 32% engine load (Table S1), respectively, while the ULSFO and
deactivated scrubber condition, which was measured at an 11% engine load, resulted in
slightly higher NOx emission levels (81.9 g/kg fuel) than the lowest observed. In Figure S2,
the mean NOx emission levels are plotted against the engine load for the different sampling
points. Based on our analysis, we believe that the fluctuations in NOx levels were primarily
driven by slight variations in engine load rather than being attributable to the effects of the
scrubber and fuel types.

Yang et al. (2021), Winnes et al. (2020) and Jeong et al. (2023) [19,36,42] observed minor
or negligible differences in NOx upstream and downstream of a scrubber and concluded
that any differences were related to the different engine loads. Fridell & Salo, (2016) [37]
observed a 12% NOx reduction downstream of the scrubber compared to upstream, when
measured on a two-stroke SSD engine at 51% engine load. Lehtoranta et al. (2019) [5]
showed a 5% decrease in NOx emissions over the scrubber, supposing that probably
NOx were transferred into the effluent. In principle, any reduction over the scrubber
means that NOx is captured in the droplets of the scrubbing water and further transferred
either to the effluent or to the atmosphere [5]. According to our findings, the scrubber
discharged less than 12% of NOx into the effluent, demonstrating its compliance with the
IMO requirements. Combining our emission observations with the existing knowledge
from the literature, scrubber impact on NOx is not well-established, but it is considered
negligible when technologies safeguarding NOx Tier III regulation compliance are assessed.

The CO and THC emission levels appeared to rise with engine load decrease. Down-
stream of the scrubber and when using ULSFO, higher levels of CO and THC were found in
comparison to the measurements taken upstream of the scrubber. It is noteworthy that the
engine load differed between the sampling points (Figure 3 and Table S1). Our understand-
ing is that these pollutants are mainly combustion-related [61] with limited solubility in
water and, therefore, the scrubber and fuel properties did not affect their emissions quantity.
Engine load emerged as the dominant parameter affecting these pollutants, as evidenced
by the substantial increase in CO and THC emission levels at lower loads. Specifically, at
the lowest engine load (11%), CO emissions rose by 37% and THC emissions surged by
62% compared to the levels observed at a higher engine load (37%). Similar trends with
engine load for CO and THC were also observed by [63]. The mean CO and THC emission
levels for the different sampling points are displayed in Figure S2.

Lehtoranta et al. (2019) and Winnes et al. (2020) [5,36] reported a 20% CO reduction
downstream of the scrubber on four-stroke MSD engines, while Yang et al. (2021) [19] did
not find any statistically significant differences in CO EFs, when comparing emissions up-
stream and downstream of the scrubber on a two-stroke engine. Fridell & Salo, (2016) [37]
showed a 200% increase in CO downstream of the scrubber, without providing a specific rea-
son for that. Compared to our results, where we found a 13% increase of THC downstream
of the scrubber, Winnes et al. (2020) [36] measured a THC reduction over the scrubber of
20% to 50%, depending on the engine load, while Fridell & Salo, (2016) [37] found only
a slight decrease. In our case, the scrubber seems to have adversely impacted CO and
THC emissions, but, since the engine load was not constant between the upstream- and
downstream-of-scrubber measurements, the impact of the scrubber could not be reliably
evaluated. Scrubber operation creates backpressure, which, in turn, deteriorates engine
efficiency and increases emissions [64]. In our study, we could not identify the effect of
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pressure drop because measurements both upstream and downstream of the scrubber were
conducted with the scrubber in operation. The literature findings in conjunction with our
observations are controversial, in terms of scrubber impact on CO and THC, considering
also experimental uncertainties in such sampling activities. Theoretically, the scrubber
should have had zero impact on these pollutants, but more evidence is still required in
this direction, and also to exclude the possibility of any measurement artefacts, especially
downstream of the scrubber.

The high error bars depicted for the NOx, CO and THC for measurements conducted
downstream of the scrubber were related to the high number of measurements performed
over different operating conditions, compared to the upstream and ULSFO measurements,
as detailed in Table 3. The scrubber operation may also have affected the measurement
repeatability, considering that the properties of the incoming flow water may also have
changed during the operation. Since these pollutants are combustion-related [61,63], oper-
ating conditions and, mainly, engine load variance are the critical parameters that affect
their emission levels.

3.2. Particulate Matter
3.2.1. Scrubber Effect

The effect of the scrubber and fuels on PN levels and the corresponding PSD are
demonstrated in Figure 4. These measurements were conducted for the so-called “Fresh”
sample conditions and, therefore, the total particles were obtained, including volatile and
non-volatile ones. The mean PN levels and size distributions are presented in each case,
together with the individual PSD along with the corresponding uncertainty range that
corresponded to one standard deviation on each side of the mean value. The individual
PN levels together with the fuel batch, mean load of the main engine, SFOC and sampling
conditions are found in Table S2.
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Figure 4. Mean PN size distribution (a) and PN emission levels (b) in (#/kg fuel) on “Fresh” sample,
measured upstream and downstream of the scrubber with HFO and deactivated scrubber with
ULSFO. Individual mean PN size distributions per each sampling point (right panels) are depicted
along with error bars that correspond to standard deviation.
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The PSD upstream of the scrubber appeared trimodal, with one peak at 6 nm, a second
at 14 nm and a third, larger peak at 76 nm, while the PSD downstream of the scrubber
was quadrimodal, with the first peak at 6 nm, a second peak at 10 nm, a third, larger
one at 31 nm and the fourth one at 66 nm (Figure 4a). The PN level downstream of the
scrubber was found to be higher than upstream of the scrubber by 150% (Figure 4b). The
soot mode, which represented the non-volatile carbonaceous part of the particles [51], was
found at the same level, both in terms of PN level and PSD in locations upstream and
downstream of the scrubber. Soot emissions are mainly attributable to engine performance,
combustion quality and fuel type [49]. The particles downstream of the scrubber were
dominated by nanoparticles in the size range between 10 and 40 nm that were formed
from nucleation of volatized fuel ash species [49,65], as seen in Figure 4a. Hot exhaust of
approximately 300 °C, containing high amounts of SO, and SO3, was inserted into the
scrubber, where high humidity conditions existed, and rapidly cooled down to 40 °C, due
to the presence of seawater. In such conditions, SO3 reacts with water vapor molecules, to
form sulfuric acid nucleation particles [19,41]. These nuclei-sized sulfuric acid particles
are not captured by coalescence with the seawater droplets and, therefore, a new high-
concentration particle mode is generated downstream of the scrubber. Salt cores, originating
from seawater, are formed through the evaporation of water in the presence of hot exhaust
gases. Thus, the increased PN downstream of the scrubber (Figure 4b) was probably due
to the enhanced nucleation mode that seemed to be produced by the scrubber, through
nucleation or condensation on smaller particles. The increased PN levels downstream of
the scrubber were also enhanced by the fact that the scrubber was inefficient in removing
soot mode particles:

SOz + HpyO = HyS04 (1)

On the right side of Figure 4, the mean PSD upstream and downstream of the scrubber,
as well as with ULSFO use, of Figure 4a are separately demonstrated, along with the
corresponding uncertainty ranges, expressed by one standard deviation. The variance was
rather high, due to the utilization of two different HFO batches and variable DRs during
the campaign, for both the upstream- and downstream-of-the-scrubber measurements,
as well as the different dilution temperatures upstream of the scrubber and the variable
engine loads when downstream of the scrubber. In the ULSFO case, the ship was cruising
at a slow speed (about 12 knots) and the engine load was low and slightly variable (10%),
which created additional measurement uncertainty.

Fridell & Salo, (2016) [37] observed a bimodal PSD forming upstream of the scrubber,
with a first high peak at approximately 10 nm and a second lower one at about 50 nm, and
a unimodal PSD downstream of the scrubber, with a peak at around 50 nm. The sampling
scheme comprised a dilution system providing a DR of 64:1 to 109:1. The PN emission
levels over the scrubber were reduced by 84% compared to engine-out, when HFO with
2.3% FSC was used. Kuittinen et al. (2021) [13] measured a bimodal PSD upstream of
the scrubber, which was dominated by ultrafine particles in the size range of 20 to 40 nm
and a lower-concentration soot mode between 30 and 100 nm. They also reported that the
scrubber reduced particle concentrations in the nucleation mode, mainly due to volatile
species of smaller particles, and increased soot mode particles in the size range over 50 nm.
The sampling system utilized a porous tube diluter (PTD) along with an ejector diluter with
anominal DR of 12:1 and 8:1, respectively, and an SMPS for PSD measurements with a size
range of 10414 nm. A 92% PN reduction was observed when utilizing a scrubber with 0.7%
FSC HFO. A unimodal PSD at about 50 nm was found by Santos et al. (2022) [41] upstream
of the scrubber, while a bimodal PSD with a first peak at about 20 nm and a second one at
60 nm downstream of the scrubber was identified, due to the formation of primary-mode
sulfuric acid particles induced by the scrubber. This research team used a two-stage dilution
system at a ratio between 60:1 and 126:1 and an SMPS measuring particles at a range of
15.1 to 661.2 nm. Winnes et al. (2020) [36] reported significant decreases (around 80%) of
total PN over the scrubber.
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Typically, PSD upstream and downstream of scrubbers, as reported in the previously
mentioned literature sources, has display either unimodal or bimodal characteristics. In
contrast, our findings revealed trimodal PSD upstream of the scrubber and quadrimodal
PSD downstream. In studies by [13,37], scrubbers were found to reduce particles in the
nucleation mode. However, in our research, as well as in the results presented by [41], an
opposing trend was observed, primarily due to the formation of new particles. Conse-
quently, this disparity resulted in decreased and increased downstream-of-the-scrubber PN
emission levels for the former and latter sources, respectively.

The integration of the literature findings with our own experimental observations
reveals a certain level of controversy regarding the impact of scrubbers on PN emissions.
PN emission levels and PSD discrepancies between our results and the existing litera-
ture findings may be attributed to a multitude of factors. These may include variations
in engine types and specifications, engine load operations, engine age, the type of fuel
utilized and its respective sulfur content. Additionally, the target FSC equivalent, based
on the area of sailing, can also contribute to differences. Other relevant factors encom-
pass wash-water alkalinity, engine and scrubber wear and the specific operation of the
scrubber by the crew, particularly in terms of controlling the seawater flow rate. Such
a complex interplay of factors underscores the necessity for comprehensive research to
ensure a holistic understanding of scrubber influences on PN emissions and PSD in various
operating conditions.

Another critical element contributing to discrepancies between research studies is
the variability in the sampling schemes and conditions and instrumentations employed.
The choice of sampling locations, sampling lines and their length, the proper heat line
application and DR and dilution temperature can significantly influence the obtained
results. To ensure more consistent and reliable data, it is crucial for future research to
standardize particle sampling methodologies and adopt advanced, precise instrumentation
in PN emission experiments.

3.2.2. Fuel Effect

The ULSFO led to a bimodal PSD with a first peak at 6 nm and a second, higher peak
at 53 nm. The lowest PN levels were observed for ULSFO use, reduced by 55% compared
to engine-out (Figure 4b). This is consistent with the findings of Lack et al. (2009) [66],
who observed a higher number of smaller-sized particles when using high-sulfur fuels
compared to low-sulfur fuels. The use of ULSFO changed the PSD compared to upstream
of the scrubber and HFO, moving nucleation and soot mode to smaller particle diameters
(Figure 4a). This was in contrast to the findings of Ntziachristos et al. (2016) [49], who
observed similar PSD between HFO and low-sulfur fuel oil (LSFO) on a four-stroke engine
tested at 25% load. Low-sulfur fuels or MGO produced 70%-lower PN levels compared to
downstream of the scrubber under the same engine conditions, as shown by [43]. This was
similar to our study, where we found an 82% decrease of PN with ULSFO, compared to
that downstream of the scrubber.

3.2.3. Fuel Transition

The transition from HFO2 to ULSFO took place as the ship approached the Turkish
territorial waters, due to restrictions on the use of open-loop systems [33]. The PN concen-
trations were also measured during the fuel transition process and the mean PN emission
level is presented in Table S2. The mean fuel transition PN emission level was of the same
magnitude as most of the downstream scrubber PN levels and higher than the ULSFO one.
In Figure 5, the PN emission levels at the fuel transition phase are presented over time for
the ship’s trip, along with the ship speed (in knots) and the engine load (in %).
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Figure 5. PN emission levels over time of the ship’s trip for the fuel transition (HFO2 to ULSFO) in
relation to ship speed (knots) and engine load (%).

During the fuel changeover process, both HFO and ULSFO were supplied to the ME,
with decreasing HFO flow and increasing ULSFO, in parallel with the scrubber operation,
until the HFO in the fuel pipes was completely consumed. The ship decreased its speed at
this stage, from 17 to 12 knots, and the engine load fluctuated between 28% and 17%, further
contributing to the transient effect. Based on the data provided from the ship operator, the
fuel change procedure lasted for 5 h, with this time being required for the ULSFO to be
stabilized for combustion in the ME. In Figure 5, only two hours of the PN fuel transition
time series are depicted, due to malfunction of the eDiluter heater and, therefore, the last
three hours of measurement data were considered invalid.

3.2.4. Effects of Sample Conditioning

The effects of sample conditioning on the PSD and PN emission levels are depicted in
Figure 6. Measurements were conducted on the “Fresh” samples taken directly from the
primary eDiluter, as well as with the utilization of TD and CS + ED removing volatiles. The
individual PN levels, together with fuel type, sampling point, layout scheme, sampling
conditions (DR and dilution temperature), mean load of the main engine and SFOC, are
found in Table S2.

The PSD of the “Fresh” sample upstream of the scrubber was trimodal, with a first
peak at 11 nm, a second one at 20 nm and a third one of higher concentration at 88 nm
(Figure 6a). The use of the TD, for samples collected upstream of the scrubber, shifted the
PSD to smaller particles and the distribution was altered to bimodal, with a first mode at
10.5 nm and the second, higher peak at 68.5 nm. The CS + ED completely changed the PSD
to unimodal, with a peak at 41 nm. The TD actually increased the PN by 80% compared
with the “Fresh” sample, most probably due to the formation of artifact particles in the
nucleation mode. The soot mode with the TD remained at the same level compared to
“Fresh”, both in terms of concentration and PSD, with only a slight shift in size. This artifact
creation of particles was clearly described by [51], who observed re-nucleation of smaller
particles, starting from 5 nm downstream of a similar TD, when the temperature exceeded
a certain threshold (approximately 250 °C) under high-sulfur conditions (>200 ppbv).
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Figure 6. Mean PN size distributions (left panels) and mean PN emission levels (right panels)
in (#/kg fuel) on “Fresh” sample, with “Thermodenuder” and with “Catalytic Stripper + Ejector
Diluter”: (a) upstream scrubber with HFO, (b) downstream scrubber with HFO and (c) deactivated
scrubber with ULSFO. The error bars correspond to standard deviation. PN upstream of the scrubber
with “Catalytic stripper + Ejector diluter” is presented as PN /10.

Use of a CS + ED to isolate non-volatile particles upstream of the scrubber re-
sulted in the PN concentration increasing 65-fold compared to the “Fresh” sample.
Amanatidis et al. (2013) [54] showed that in the presence of oxygen and high-sulfur condi-
tions, such as combustion of marine HFO, sulfur is stored in the form of sulfates in the CS’s
sulfur trap. They also observed generation of sulfate particles, which grew from 5 nm to
50 nm in a short time period, when exposed to high-sulfur conditions. Particle generation
also depends on the CS geometry, design and storage capabilities. In our case, the increased
SO, concentration upstream of the scrubber, due to the utilization of fuels with high FSCs,
accompanied by high quantities of NOx (approximately 1500 ppm), reduced the adsorbent
ability of the CS and, therefore, sulfate and nitrate particles were generated. Specifically,
we believe that the CS adsorbent material (Barium oxide, BaO) had reached its nitrogen
and sulfur storage capacity during the first CS measurement, downstream of the scrubber,
which lasted about 2 h. We then observed that the PN concentration was increased by
2000% in the first 5 min of the second CS testing, upstream of the scrubber, meaning that
the CS + ED configuration was creating new particles.

Use of a TD downstream of the scrubber produced a trimodal PSD (Figure 6b), similar
to the “Fresh” sample, but with a slight shift of each mode to smaller particles. The TD
PN was higher than the “Fresh” sample by 12%, mainly due to re-nucleation of particles
in the size range between 10-30 nm when exposed to high-sulfur conditions [51]. Even
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downstream of the scrubber, sulfur was found in increased concentrations of various sulfur-
based components (SO,, SO3, sulfates), compared to the use of low-sulfur fuels, since the
scrubber could not completely abate the sulfur particle species [19]. Moreover, the high
operating temperature of 300 °C probably decreased the adsorption efficiency of the TD
and promoted the onset of re-nucleation, due to the reduction of the residence time of the
species in the low temperature region of the TD that allowed adsorption in the denuding
section [51]. Unfortunately, no measurements at a lower TD temperature were available, to
compare findings.

The PSD downstream of the scrubber, using the CS + ED, displayed a bimodal pattern,
with a higher first peak at 20 nm and a lower second peak at 70 nm, shifting the PSD to
smaller particles. The respective CS + ED PN emission level was 37% lower compared to
the “Fresh” sample one, meaning that the CS + ED eliminated the majority of volatile and
semi-volatile particles downstream of the scrubber.

Winnes et al. (2020) and Fridell & Salo, (2016) [36,37] used a TD, which heated
the sample at 300 °C, to vaporize volatile particles, when they measured upstream and
downstream of a scrubber with HFO. Fridell & Salo, (2016) [37] reported a bimodal PSD
upstream of the scrubber, characterized by a primary peak at 15 nm and a second, higher
peak at 50 nm. Similarly, downstream of the scrubber, the PSD was also bimodal, featuring
a first peak at 20 nm and a second, higher peak at 50 nm. The utilization of the TD
was found to reduce both upstream- and downstream-of-the-scrubber PN emission levels
when compared to “Fresh” samples. Winnes et al. (2020) [36] showed that upstream-of-
scrubber PSD was bimodal for all engine loads tested (32%, 49%, 76%), with a first peak at
smaller than 10 nm particles and a second, higher peak at 50 nm, but with higher loads
producing higher PN concentrations. Downstream of the scrubber, the PSD seemed to be
bimodal and trimodal at higher (76%) and lower (48%) engine load, respectively, but with
higher concentrations compared to upstream ones [36]. For the downstream scrubber case,
the effect of the TD on the reduction of volatiles was unclear, since concentrations were
comparable before and after the TD. In both the literature sources, the implementation of a
TD upstream of the scrubber appeared highly effective in removing the majority of volatiles,
up to 85%, in contrast to our study, where formation of particles was observed. Downstream
of the scrubber, the TD had a negligible impact on PN concentrations, suggesting that
the majority of the volatiles had been removed by the scrubber, as reported in both the
aforementioned literature sources. In our study, we noted an increase in concentration,
attributed to the re-nucleation of particles within the size range of 10 to 30 nm.

In the ULSFO and deactivated scrubber case (Figure 6¢), the TD showed a bimodal
PSD, with a first peak at 6 nm and a second one at 53 nm, while the CS + ED was trimodal,
with a first peak at 6 nm, a second one at 10 nm and a third one at 51 nm. Even for the
ULSFO with much less FSC (0.1%), the CS + ED induced the generation of new artifact
particles in the size range of 10 to 20 nm. The PN levels with the TD and CS + ED were
reduced by 14% and 38%, respectively, compared to the “Fresh” sample PN. This means that
the volatiles were diminished by the TD and were further eliminated by the CS + ED, due
to the higher heating temperature (350 °C). The high error bars for the “Fresh” sample and
the CS + ED with ULSFO were related to the unstable sailing conditions of the ship, which
was slow-steaming (12 knots), and the engine was working at an extremely low engine
load (10%) during these measurements, thereby affecting the PSD and PN emission levels.

Both thermal treatment systems generated new particles under high-sulfur conditions.
The TD created artifact particles in the smaller size range both upstream and downstream
of the scrubber, although the PN levels remained comparable to the “Fresh” sample. The CS
+ ED system, when used upstream of the scrubber with HFO, formed particles, due to the
stored sulfur and nitrogen in the instrument’s sulfur trap, resulting in higher PN levels com-
pared to the “Fresh” sample. Downstream of the scrubber, the CS + ED system effectively
evaporated the volatiles. Generally, the widely acknowledged and commonly employed
measurement techniques for separating volatiles and non-volatile particles in road vehicle
applications may not be as effective in ships using HFO. Especially, downstream of the
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scrubber, where high-humidity conditions exist, PSD should be interpreted carefully, as we
have identified significant particle artifact formation in several cases. Moreover, different
TD and CS systems may exhibit different performance, so our results may not hold true for
every commercial system available.

4. Policy Implications

This analysis underscores the need to thoroughly assess the environmental perfor-
mance of scrubbers, in terms of both gaseous and particulate pollutants, to accurately
estimate shipping pollution impacts. Scrubbers have demonstrated the ability to decrease
50, emissions to compliant levels, including the stricter 0.1% FSC threshold. However, a
significant drawback identified in our analysis is the increased PN levels resulting from
nanoparticle emissions, which can have severe human health effects and, consequently,
increase external costs [67]. It is important to note that our analysis was based on the results
of a single measurement campaign and, therefore, could not be generalized for the entire
scrubber fleet. Additionally, particle emissions from various literature sources have shown
a reduction downstream of scrubbers [13,37]. The results for open-loop scrubbers cannot
be extended to other types, such as closed-loop scrubbers, which operate on a different
principle, by adding an alkaline chemical to freshwater [31]. Various factors, including
engine type, scrubber type, fuel and lube oil, seawater properties, alkaline chemical prop-
erties and quantity and specific ship operation by the crew, may affect scrubber emission
performance [68]. Moreover, apart from air pollution, the impact of scrubbers on the ma-
rine environment should also be evaluated [69]. Genitsaris et al. (2024) collected scrubber
effluent discharge from the same ship and observed the biodegradation of PAHs in the
sea, which originated from the scrubber effluent [70]. This biodegradation is considered a
positive impact of scrubbers, as these PAHs would otherwise have been emitted into the
atmosphere. Overall, it can be seen that scrubbers have environmental impacts that go
beyond the mere reduction of exhaust SOx, highlighting the need for more research aiming
at better understanding their effects on both air and marine environments. The maritime
sector should focus on alternative solutions, such as low- or zero-carbon fuels, which have
the potential to reduce both GHG and air pollutant emissions. This approach will help the
industry comply with increasingly stringent regulatory frameworks and contribute to more
sustainable maritime operations. Due to their severe consequences on human health, new
policies should be established, to regulate particulate emissions from the shipping sector.

5. Conclusions

This study provided the particulate and gaseous emission levels along with the PSD
from a large two-stroke SSD engine equipped with an open-loop scrubber. These values
were derived from a 7-day measurement campaign conducted on a large containership,
which performed a scheduled voyage between two international ports. This was the first
time in the worldwide literature that real-sailing-conditions measurements were conducted
on an open-loop scrubber used to abate emissions from such a large engine with a maximum
power output of 62 MW. Another special and unique element of this study was the first
application of both TD and CS + ED on a marine engine environment during on-board
testing. The developed EFs downstream of scrubbers can be fed into emission and air
pollution models, to identify their overall effect on the environment and human health
and, thus, to support policy makers in promoting new effective emission control policies
and regulations.

The results of this study contribute to the generally limited understanding of the par-
ticulate and gaseous emission performance of open-loop scrubbers in ships. The emission
levels of gaseous pollutants, NOx, CO and THC were found to be unaffected by the scrub-
ber operation but were mostly dependent on engine load. As expected from the literature
findings, SO, emissions were reduced to compliant levels downstream of the scrubber,
while ULSFO SO; levels were even lower. In contrast, downstream of the scrubber higher
PN levels, by 150%, were found compared to engine-out, which were mostly attributable to
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the condensational growth of nanometer particle cores, salt and the formation of sulfuric
acid particles in the smaller size range, induced by the scrubber. In terms of fuel, the ULSFO
showed lower PN levels compared to the HFO fuel batches. A TD and CS + ED were
applied to evaporate the volatiles, but in our study were seen to generate new particles
under high-humidity-and-sulfur conditions. The TD created artifact particles in the smaller
size range both upstream and downstream of the scrubber. Upstream of the scrubber, the
use of CS + ED resulted in the generation of artifact particles at levels over 65 times higher
than the “Fresh” sample under high-oxygen-and-sulfur conditions, while downstream of
the scrubber the PN level was reduced by 37%.

Despite the notable rise in the installation of scrubbers on newbuild and retrofit ships
worldwide, scrubber emission performance is quite unclear, since it can effectively abate
SO, emissions but produce nanoparticles, based on the results of this study. Therefore, more
research is needed in this area, to comprehensively address the remaining challenges in
scrubbers’ emissions effectiveness. Scrubber manufacturers should address the formation
of nanoparticles induced by scrubbers and should implement innovative engineering
solutions optimized for both SOx and particulate abatement. Future research should further
elaborate on the environmental performance of different scrubber types, both open-loop
and closed-loop, considering their impact on emissions to the atmosphere and sea. This
study also highlights the importance of appropriate particle testing conditions for marine
engines under various DR, temperature and thermal treatment configurations, as well as
the additional complexity induced by the scrubber. This should be further investigated in
future research, as the necessity of creating a standardized marine measurement protocol is
obvious for accurate shipping emissions estimation.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/atmos15070845/s1: Figure S1: Map designating the ship’s voyage
and the color rendering of the mean load (in %) of the main engine and the speed-over-ground-
(in knots) ratio (left); Map illustrating the geographical locations of each fuel used and the two
changeover processes during the voyage (right). Table S1: Mean NOx, SO,, CO and THC emission
levels (in g/kg fuel) and standard deviation for different sampling points, fuel types, mean load
(in %) of the main engine and specific fuel oil consumption (in g fuel/kWh). Figure S2: Mean
emission levels (in g/kg fuel) for NOx (left) and CO and THC (right) in relation to engine load
(in %) for the different sampling points; Squares corresponding to upstream of the scrubber with
HFO, circles corresponding to downstream of the scrubber and HFO and triangles to deactivated
scrubber with ULSFO. Table S2: Mean PN emission levels (in #/kg fuel) and standard deviation
(and number of individual values in parenthesis) for different sampling points, fuel types, sampling
scheme (layout, dilution, temperature), mean load (in %) of the main engine and specific fuel oil
consumption (in g fuel/kWh).
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Abbreviations

AE auxiliary engine

APC AVL particle counter

CLA chemiluminescence analyzer
CcO carbon monoxide

CS catalytic stripper

DR dilution ratio

ECA emission control area

ED ejector diluter

EF emission factor

EU European Union

FID flame ionization detector

FSC fuel sulfur content

GHG greenhouse gas

HFO heavy fuel oil

MO International Maritime Organization
ME main engine

MSD medium speed diesel

NDIR non-dispersive infrared

NECA nitrogen emission control area
NMVOC non-methane volatile organic compounds
PAH polycyclic aromatic hydrocarbons
PM particulate matter

PN particulate number

PSD particle size distribution

Rpm revolutions per minute

SECA sulfur emission control area
SFOC specific fuel oil consumption
SMPS scanning mobility particle sizer
SOG speed over ground

SPD sampling point downstream
TD thermodenuder

TEU twenty-foot-equivalent unit
THC total hydrocarbon

ULSFO ultra-low sulfur fuel oil
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