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Abstract: There is an increase in installations of exhaust gas scrubbers on ships following international
regulations on sulphur content in marine fuel from 2020. We have conducted emission measurements
on a four-stroke marine engine using low sulphur fuel oil (LSFO) and heavy fuel oil (HFO) at different
steady state engine loads. For the HFO the exhaust was probed upstream and downstream of an
exhaust gas scrubber. While sulphur dioxide was removed with high efficiency in the scrubber, the
measurements of particle emissions indicate lower emissions at the use of LSFO than downstream
of the scrubber. The scrubber removes between 32% and 43% of the particle mass from the exhaust
at the HFO tests upstream and downstream of the scrubber, but levels equivalent to those in LSFO
exhaust are not reached. Decreases in the emissions of polycyclic aromatic hydrocarbons (PAH-16)
and particulate matter as black carbon, organic carbon and elemental carbon, over the scrubber were
observed for a majority of the trials, although emissions at LSFO use were consistently lower at
comparable engine power.
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1. Introduction

Regulations ban the use of marine residual fuels with sulphur mass content above 0.5% from
2020, in all ocean areas. The sulphur limits in emission control areas (SECAs) at 0.1% m/m will
remain. The regulation further permits the use of exhaust gas cleaning systems (EGCS) that reduce
the SO2 concentration in the exhaust to levels equivalent to those from the regulated fuel sulphur
limits [1]. The same regulation that limits the marine fuel sulphur content also aims at reducing particle
emissions. A fundamental difference compared to the sulphur limit is that the permitted particle
emission levels are not quantified but relies on the decrease of particle emissions with fuel sulphur
content [2]. The emissions of particles after the exhaust gas scrubbing are accordingly neither regulated
to a standard level nor is a specific measurement standard decided. The installation and operation of
exhaust gas scrubbers on ships is often an attractive choice compared to operating a ship on refined
fuel such as marine gasoil (MGO), from an economic perspective, see for example reference [3]. The
classification society DNV GL estimates that approximately 4100 ships will be equipped with one
or more EGCSs in 2021, based on statistics from a number of scrubber manufacturers [4]. Dry and
liquid bulk carriers, container ships, cruise ships and roll-on/roll-off (RoRo) ships are the ship types
most represented in the statistics. The engine power and fuel consumption of these ships are more
important aspects than number of ships from an environmental perspective. A complete inventory on
these parameters is not available. It seems though that large ships and high power engines are fitted
with scrubbers to a larger extent than is the case for smaller ships.
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Different scrubber designs exist. Open sea water scrubbers utilize the natural alkalinity of sea
water and keep a high flow of process water in order to reduce SO2 in the exhaust. The wash water
is discharged to sea, most often without substantial treatment. In closed-loop scrubber designs,
the process water is fresh- or seawater with an added alkaline chemical, often sodium hydroxide.
The water is recirculated in the system and the sodium hydroxide neutralizes the sulphuric acid,
see [5] for chemical reactions. Small portions of the process water are extracted from the process and
passed through a water treatment unit before being discharged to the sea. This is often referred to as
bleed-off water. The treatment produces a residue sludge that is brought ashore to a port reception
facility. Open systems can use over 100 times more scrubber fluid per kWh output of the engine than a
closed loop system. Washwater discharge criteria set minimum pH, maximum polycyclic aromatic
hydrocarbons (PAH) level, maximum nitrate level, and maximum turbidity level with guidelines given
in Resolution 259(68) of the Marine Environmental Protection Committee of the International Maritime
Organization (IMO). The same criteria are valid for effluents from closed-loop systems as for the open
systems. An important aspect for all types of exhaust gas scrubbers is the relocation of substances in
the exhaust gas from air to the marine environment when scrubber systems are employed [6].

Quantification and characterization of particle emissions from marine engines fitted with exhaust
gas scrubbers are interesting from environmental and health perspectives. The effects of an extensive
use of scrubbers could significantly impact particulate air emissions from shipping. A limited number
of previous studies have been published with the purpose to quantify and communicate the potential
to reduce harmful exhaust gases and particles by using marine exhaust gas scrubbers; in total,
specific emissions from six marine engines equipped with scrubbers have been found in scientific
literature [7–11]. The ability of scrubbers to efficiently abate SO2 is unchallenged while the effect
of the exhaust gas scrubbing process on particle mass concentration varies significantly between
the studies. Some measurements have indicated 75% reduction and more [7,9] and other studies
conclude on more moderate particle reductions or even increases in particles over the scrubber [8,11].
A measured increase in particle mass over a wet scrubber has been explained as an increase in salt
particles originating from salt in the process water and as an increase in sulphate particles due to low
temperatures and high humidity after the scrubber [8]. Two peer reviewed studies comprise results
from four engines in total and indicate between 7% and 75% particulate matter mass (PM) reduction
over the scrubber of which one study presents the higher extreme, and the other find reductions below
45% from all tests [7,11]. The engine types, fuel oil, exhaust gas systems, and scrubber design differ
between the two studies and could explain the differences in results.

Factors that influence particle removal in the scrubber include the design of the scrubber and
scrubber process, and the composition of the exhaust gas particles [10]. The occurrence of semi-volatile
species in the exhaust can be an important parameter since the temperatures in the scrubber process and
during sampling will influence whether these species are solid or in gas phase. The sampling system
setup could potentially be an important contributor to the large differences in results in different studies.

Only few studies have reported on the effects of scrubbers on specific particle contents and the
variations are high. Elemental carbon (EC) concentration reductions range from 50% to 81% and
reductions of condensable organic carbon (OC) concentrations of 13%–41% and 73%, in [7] and [8]
respectively, and the reductions presented in [11] appear to be within this range however not quantified.
Particulate sulphate increased over the scrubber in [8]. PAH contents were analysed by [7] who
observed a significant reduction of the tested PAHs over the scrubber. There is a need for more
measurement data on particle emissions in order to assess the potential environmental and health
impacts of the increased use of scrubbers in shipping.

This paper presents the emission reduction potential of a closed-loop scrubber and compares
emissions with those from combustion of low sulphur fuel oil (LSFO). LSFO is sometimes referred
to as ultra-low sulphur fuel oil (ULSFO) or hybrid oil. There is no standard specifying density or
viscosity for the LSFO fuels, and the name can be collectively used for marine fuels that do not fulfil
the marine distillate specifications for e.g. viscosity and density in the ISO 8217 standard, but that
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are below the regulated limit for sulphur content in fuel. In this case the limit is 0.1%, and the LSFOs
became available on the market shortly after the sulphur SECA regulations became effective. It costs
less than MGO and is, therefore, the preferable choice among some ship operators. With the 0.5%
global sulphur limit it is likely that hybrid fuels will be common also outside SECAs.

Our measurements cover both gases and particulate matter. Particle contents have been analysed
for organic and elemental carbon, elements, and sulphur. The PAH content in particle and gas
phase was analysed, and the SO3/H2SO4 content in gas phase was sampled. Furthermore, online
instruments were used to measure gas concentrations, black carbon concentrations and particle number
concentrations (PN). Analyses of the scrubber water and ecotoxicology tests were part of the same
campaign but are reported separately [6].

2. Materials and Methods

The test ship is a RoPax ferry taking rolling goods and passengers, on a scheduled timetable
between the ports and is one of the largest in its category. The engine used for the trials is of model
8LMAN48/60. It is a 9600 kW, four-stroke engine with common rail assisted fuel injection. The scrubber
system tested uses seawater, with added sodium hydroxide for increased alkalinity, as process water.
Tests on LSFO were conducted in February 2017 and tests on HFO in September 2017.

All sampling is performed through sampling holes cut in the exhaust pipe for the probes. One
set of holes are cut on deck 11, upstream of the scrubber and another set on deck 15, downstream of
the scrubber. During the measurements at LSFO operations, the set of holes on deck 11 are used for
sampling, while both decks are used during the tests with HFO.

Tests with similar scopes are made at multiple steady state engine loads close to these load points:
85%, 75%, 50%, and 34% of maximum continuous rating (MCR), for measurements on LSFO.
76%, 49%, and 32% MCR, for measurements on heavy fuel oil upstream of the scrubber.
76%, 48%, and 41% MCR, for measurements on heavy fuel oil downstream of the scrubber.
The engine loads are equally relevant to everyday operations, although long periods on loads

below 35% MCR are avoided.
A number of gases and metrics of particles are included in the measurement scheme. The gas

phase pollutants are sampled without dilution, extracting the hot exhaust sample through a heated
probe directly to online instruments and adsorbent tubes. A Horiba PG 350 measures sulphur dioxide
(SO2), carbon monoxide (CO) and carbon dioxide (CO2) by non-dispersive infrared (NDIR), and
nitrogen oxide (NOX) by chemiluminiscence. Raw gas is prior to the instrument conducted through a
heated tube with Teflon lining via a ceramic filter to a preparation unit. The tube is heated to 190◦C. The
gas preparation unit cools the gas to 4◦C and removes particles by filtration. The dry and particle free
gas is used for continuous concentration measurements in the instruments with the interval 1 second.
Hydrocarbons are measured with a flame ionisation detector instrument of model Graphite 52M-D.
The instrument monitors total hydrocarbon, non-methane hydrocarbon and methane simultaneously.
Hydrocarbons are measured as total carbon in unit ppb(V) of CH4 equivalents.

Gaseous SO3/H2SO4 concentrations are sampled in adsorbent glass tubes containing NaCl placed
directly inside the exhaust channel. A flow is pumped through the NaCl tube and gas-phase H2SO4

reacts to form sodium sulphate and sodium bisulphate. Any gas-phase SO3 is converted to H2SO4

in the flue gas at temperatures below 500◦C, and is not present at temperatures below 200◦C due
to the presence of water vapour in the exhaust [12]. Subsequent analysis of the salt columns by ion
chromatography for sulphates is made at the IVL Swedish Environmental Research Institute laboratory
in Gothenburg.

Two different devices for exhaust gas dilution are used prior to particle sampling and measurements.
The first system is a dilution tunnel designed to comply with ISO standard 8178:2/8178:1 for partial
dilution systems. Filtered ambient air is used as dilution gas. The dilution tunnel dilutes the exhaust
gas sample to a ratio of ~1:5-20 and allows for minor adjustments of flow through the system. The exact
dilution rate is checked by CO2 measurements using a sensor from Servomex in the diluted sample
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and comparing with the readings from the Horiba PG 350 in the raw exhaust gas. The second system
is a Dekati Fine Particle Sampler (FPS) model 4000, using pressurized and optionally heated air in a
two-stage dilution, with an adjustable dilution to a ratio of up to 1:500. A heated probe is used in all
measurements with the FPS. The primary diffusion dilution stage dilutes the extracted exhaust sample
with preheated air (set to ~250◦C). The secondary ejector dilution step uses pressurized air of ambient
temperature. The dilution ratios are determined from the ratio of CO2 in raw and diluted exhaust gas
using a CO2 analyser from LiCor in the diluted sample.

The dilution tunnel is used prior to filter sampling for determination of PM mass and composition
at LSFO operations and at HFO operations upstream of the scrubber while filter sampling downstream
of the scrubber is conducted using dilution with the FPS. The choice not to use the dilution tunnel
downstream of the scrubber is mainly due to space restrictions and inaccessibility of that measurement
point; the dimensions of the dilution tunnel are approximately 1.5 × 1 × 0.3 m and the sampling point
downstream of the scrubber is located on deck 15 and accessible only via ladders from six decks
below. In order to assure comparability of the two dilution alternatives, filter sampling was conducted
at similar engine loads both with the dilution tunnel and FPS at operations on LSFO and on HFO
upstream of the scrubber. For particle measurements performed with the online particle instruments,
the FPS is always used for the dilution.

Sampling and dilution procedures bring uncertainties to the particle measurements. The first
group of uncertainties relates to the representativeness of the extracted partial flow exhaust sample.
Both dilution devices use isokinetic probes with adjustable inlet nozzle sizes to achieve near-isokinetic
sampling. However, deviations can occur especially for the FPS device as the sample flux changes
with the dilution ratio and the set-up does not allow for changes of the nozzle during the experiments.
For particles in the typical size-range of the diesel exhaust particles, i.e., with a large part of the
particle mass in sizes with particle diameter below 100 nm [13,14], deviation from the isokinetic
sampling has only a small impact, and the isokinetic conditions are not required by ISO 8178 standard.
Hence, potential influence of parameters that relates to particles’ kinetics is not investigated further.
Secondly, uncertainties are related to the dilution process affecting both condensation and nucleation
of semi-volatile species and hence the measured PM mass and number. Achieving ISO 8178 standard
sampling downstream of the scrubber is not possible as the exhaust temperature at this point is too
low. Our filter sampling experienced deviations from the standard, including a stack temperature
downstream of the scrubber that was too low and often lower filter sampling temperatures than
prescribed. The FPS device is not designed to fulfil the ISO 8178. We see that sampling with FPS at
LSFO combustion results in higher particle emission estimates than when using the dilution tunnel.
Contrary to this, the particle emissions at HFO combustion upstream of the scrubber are often indicated
to be lower for measurements with the FPS than for measurements with the dilution tunnel. A large
variability of the measured emission factors, also when only samples taken with the dilution tunnel
are considered, reveals large uncertainties, especially at low engine loads. An analysis of all individual
filter samples still indicates agreement between the sampling systems at the tests with high engine
loads. For the low engine load, the individual samples vary more and there is less agreement between
the two sampling systems, see Table A1 in the Appendix A and Figure 1.

At the tests with LSFO and the dilution tunnel, the temperatures at the filters were between 29 ◦C
and 33 ◦C, which is close to the dilution air temperature. This is lower than prescribed by ISO 8178.
Filter temperatures are not recorded for the other tests. The raw gas transfer line is a 5 meter long
tube with Teflon lining, heated to 190 ◦C. Dilution ratios were between 15.9 and 23.8. The ambient
temperature was approximately 35 ◦C at tests on HFO at the location upstream of the scrubber and
approximately 50 ◦C at the location downstream of the scrubber. We can assume similar temperatures
also at the filters. The FPS gives a record of the temperature of the sample leaving the device, and the
PM sample temperature was indicated to be between 32 and 50 ◦C during the tests (see the table in the
Appendix A for details). The automatic logging of temperature data during the tests were performed
in high surrounding temperature and it is probable that the high temperature cause problems with the



J. Mar. Sci. Eng. 2020, 8, 299 5 of 21

dilution system signals. The dilution ratios were however confirmed, also when logging failed, by the
CO2 instruments. The transfer lines include approximately 1 meter insulated metal tubing prior to the
FPS and 0.5 meter conductive tubing for the diluted sample. Table A1 in the Appendix A includes
details on temperatures during sampling.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 5 of 21 
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Figure 1. Particulate matter (PM) emission factors calculated from individual filter samples in a
comparison between the two sampling systems used for exhaust gas dilution.

Particulate matter mass is sampled as PMtot and PM1.6 on polytetrafluoroethylene (PTFE) filters.
Cyclones are used for the PM1.6 sampling, assuring that large particles are removed from the sampling
stream before the filter. The cyclones used are primarily designed for a cutoff at particle diameter
of 2.5 µm, however, the flow through the cyclone during the tests was higher than the design flow,
resulting in a lower cutoff diameter. The size cutoff at particle diameter 1.6 µm is calculated from the
actual flow through the system. The gravimetrical analysis of the filter samples was performed at
the certified laboratory of IVL. The filters are weighed in a controlled environment before and after
sampling. A Mettler Toledo model MT5 balance is used. The balance is calibrated to an uncertainty
limit of ±3 µg in the range 0–10 000 µg and ±7 µg in the range 10 000–100 000 µg, our sample weights
are in the range 15 000–100 000 µg (Table A1 in the Appendix A).

Elemental and organic carbon (EC/OC) content on particles are determined by sampling using filter
holders with pre-heated double quartz filters (Pall, Tissuequarz). Backup filters are used to correct for
the positive sampling artefact from condensation of volatile organics on the filter. A filter section with a
total area of 2.01 cm2 is cut out of the filter for the analysis of OC and EC by a thermal–optical method
(EC/OC analyser Model 4, Sunset Laboratory, USA) using the EUSAAR_2 temperature protocol [15].
The analyses of filters are conducted by Laboratory of Aerosols Chemistry and Physics; Institute of
Chemical Process Fundamentals, in Prague. Reported uncertainties by the laboratory for their analyses
are 10% for OC and 20% for EC.

An on-line electromobility-based instrument (TSI EEPS 3090) measures the number concentrations
of particles between 5.6 nm and 560 nm in diameter in 32 size channels at 10 Hz. The instrument is
used at HFO operations, upstream and downstream of the scrubber. There are no EEPS results for
the LSFO fuel due to EEPS instrument failure during this fuel testing. A thermodenuder of model
Dekati ELA 423 is used to vaporize volatile particles from the sample. We can thereby identify total
number concentrations and size distributions of solid particles. The thermodenuder is heated to
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300 ◦C in order to vaporize the volatile fraction of particles including many organics and sulphate.
The use of a thermodenuder has been shown to also cause a loss of solid particles in the denuder
through thermophoresis and diffusion depends on particle size, temperature, and velocity through the
thermodenuder. Size dependent particle losses in the thermodenuder are calculated according to the
manufacturer’s instructions.

Magee Scientific’s Aethalometer AE33, with continuous measurement of the attenuation of
transmitted light at eight wavelengths is used for the detection of black carbon (BC) content.
Measurement of absorption at 880 nm is interpreted as concentration of BC; in this context the
BC refer to equivalent black carbon (eBC) as recommended in [16].

A schematic of the scrubber system and the instrument and sampling setup is presented in
Figure 2.

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 6 of 21 

 

and Physics; Institute of Chemical Process Fundamentals, in Prague. Reported uncertainties by the 
laboratory for their analyses are 10% for OC and 20% for EC. 

An on-line electromobility-based instrument (TSI EEPS 3090) measures the number 
concentrations of particles between 5.6 nm and 560 nm in diameter in 32 size channels at 10 Hz. The 
instrument is used at HFO operations, upstream and downstream of the scrubber. There are no EEPS 
results for the LSFO fuel due to EEPS instrument failure during this fuel testing. A thermodenuder 
of model Dekati ELA 423 is used to vaporize volatile particles from the sample. We can thereby 
identify total number concentrations and size distributions of solid particles. The thermodenuder is 
heated to 300 °C in order to vaporize the volatile fraction of particles including many organics and 
sulphate. The use of a thermodenuder has been shown to also cause a loss of solid particles in the 
denuder through thermophoresis and diffusion depends on particle size, temperature, and velocity 
through the thermodenuder. Size dependent particle losses in the thermodenuder are calculated 
according to the manufacturer’s instructions. 

Magee Scientific’s Aethalometer AE33, with continuous measurement of the attenuation of 
transmitted light at eight wavelengths is used for the detection of black carbon (BC) content. 
Measurement of absorption at 880 nm is interpreted as concentration of BC; in this context the BC 
refer to equivalent black carbon (eBC) as recommended in [16]. 

A schematic of the scrubber system and the instrument and sampling setup is presented in 
Figure 2. 

 
Figure 2. Schematic of the scrubber system and the instrument and sampling setup. 

Uncertainties in the on-line instruments are expressed as coefficients of variance of average 
values. The variations in dilution ratios are assumed to add more uncertainty to these results. 

PAHs are sampled from the undiluted exhaust by an adsorbent for subsequent Soxhlet 
extraction and analysis by high-performance liquid chromatography (HPLC) in the IVL laboratory 
in Gothenburg. Particle-bound PAHs are collected on filters coupled in series to glass columns with 
XAD7 and polyurethane foam (PUF) absorbent for capture of gas phase PAH. This method gives an 
analysis of combined content of PAHs in gaseous and particulate form. Contents of USEPA’s PAH-
16 priority pollutants are analysed. These include naphthalene, acenaphthylene, acenaphthene, 
fluorene, phenantrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, 

Figure 2. Schematic of the scrubber system and the instrument and sampling setup.

Uncertainties in the on-line instruments are expressed as coefficients of variance of average values.
The variations in dilution ratios are assumed to add more uncertainty to these results.

PAHs are sampled from the undiluted exhaust by an adsorbent for subsequent Soxhlet
extraction and analysis by high-performance liquid chromatography (HPLC) in the IVL laboratory
in Gothenburg. Particle-bound PAHs are collected on filters coupled in series to glass columns
with XAD7 and polyurethane foam (PUF) absorbent for capture of gas phase PAH. This method
gives an analysis of combined content of PAHs in gaseous and particulate form. Contents of
USEPA’s PAH-16 priority pollutants are analysed. These include naphthalene, acenaphthylene,
acenaphthene, fluorene, phenantrene, anthracene, fluoranthene, pyrene, benz[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenz[a, h]anthracene,
benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene.
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Exhaust gas flow and emission factors of gases are calculated based on the carbon balance method
as specified in ISO 8178:4. Fuel oil samples were sent for analysis of density, viscosity, calorific value
and elemental content to the Saybolt Laboratory in Gothenburg. Analyses of the lubrication oil were
also made. The density and viscosity of the HFO were significantly higher than those of the LSFO. The
LSFO was still too viscous and dense to qualify as marine distillate oil (DMX-DFB) according to ISO
8217:2017 standard for marine fuels. The results from the analyses of the LSFO, the HFO, and the lube
oil are presented in Table 1. Sulphur dioxide emissions are calculated from the sulphur content of fuel
except for measurement downstream of the scrubber, since this presents a more reliable value than
SO2 measurements with the gas analyser.

Table 1. Fuel and lube oil analyses.

Unit Low Sulphur Fuel
Oil (LSFO)

Lube Oil (at
LSFO Tests)

Heavy Fuel
Oil (HFO)

Lube Oil (at
HFO Tests)

Date of Analysis 2017-03-15 2017-03-15 2017-10-13 2017-10-13

Density (at 15◦C) kg/m3 908.5 909.1 989.5 919.9
Viscosity (at 50◦ C) mm2/s 81.49 n.a. 420.0 n.a.

Gross heat of combustion MJ/kg 44.25 n.a. 42.19 n.a.
Net heat of combustion MJ/kg 41.52 n.a. 39.97 n.a.

Sulphur Mass % 0.10 0.43 2.77 0.55
Carbon Mass % 86.8 84.3 85.4 83.4

Hydrogen Mass % 12.9 13.2 10.5 12.7
Nitrogen mg/kg 1800 520 4300 1200

Oxygen (calculated) Mass % <0.1 0.4 0.9 <0.1
Vanadium mg/kg <1 3 122 72

Nickel mg/kg 21 7 32 33
Iron mg/kg 11 7 22 40

Ash content Mass % 0.041 1.636 0.035 >0.180
Total aromatic hydrocarbons Mass % 15.5 25.5 23.5 24.9

Asphaltenes Mass % <0.50 n.a. 8.9 n.a.

3. Results

We present results from two viewpoints. One aspect is the reduction of different pollutants over
the scrubber at tests on HFO. This is interesting from the viewpoint of which substances in the exhaust
gas that can be expected to be removed in the scrubbing process, and to what extent. We also compare
emissions downstream of the scrubber with emissions from LSFO combustion. This is an interesting
comparison to make from an environmental point of view since both solutions are alternatives to
comply with existing regulation on sulphur in marine fuel and corresponding emissions. In addition,
the composition of particles is presented and discussed separately.

The summary of results for specific fuel oil consumption and emissions are presented in Table 2,
and further elaborated upon in the following text.

Uncertainties in the results cannot be described by the coefficient of variation alone. In addition,
uncertainty is added from difficulties in determining the fuel flow. We estimate a load-dependent
uncertainty of the specific fuel oil consumption (SFOC) which of approximately ±10% at 50% engine
load and lower, and±5% at more than 50% engine load for this engine and measurement. Determination
of the dilution ratios is another source for uncertainties as well as the handling of samples in the rough
environment in the funnel. Uncertainties in the PM sampling system setup further includes a loss of
particles in the system that increases with the length of the transfer line from the exhaust gas channel
to the dilutor.

3.1. Scrubber emission reduction efficiency

The scrubber efficiently reduces emissions of sulphur dioxide in the exhaust gases. The SO2

emission factor at HFO tests is reduced >99% over the scrubber, at all engine loads.



J. Mar. Sci. Eng. 2020, 8, 299 8 of 21

Table 2. Specific emissions at the different tests. Coefficients of variation (cov) at continuous measurements are presented in italics. MCR = Maximum continuous
rating; SFOC = specific fuel oil consumption.

Low Sulphur Fuel Oil (LSFO) Heavy Fuel Oil (HFO) Upstr. of Scrubber Heavy Fuel Oil (HFO) Downstr. of Scrubber

Engine Load (%MCR) Engine Load (%MCR) Engine Load (%MCR)

Parameter Unit 85% 75% 50% 34% 76% 49% 32% 76% 48% 41%

SFOC g/kWh 181 180 198 239 187 208 253 187 211 239

CO2
g/kWh 601 598 659 793 617 687 739 618 690 847

cov 2.4 3.0 4.0 8.7 3.7 9.6 11.8 4.9 9.0 17.8

SO2
g/kWh 0.36 1 0.36 1 0.40 1 0.48 1 10.4 1 11.6 1 14.1 1 0.06 0.03 0.02

cov n.d. n.d. n.d. n.d. n.d. n.d. n.d. 92.1% 64.1% 41.0%

SO3 g/kWh b.d.l. b.d.l. b.d.l. b.d.l. 0.37 0.13 0.16 0.08 0.05 0.06

NOX
g/kWh 11.84 9.73 11.85 15.38 11.0 12.6 16.3 10.9 12.4 14.6

cov 5.2% 0.5% 0.5% 1.8% 0.7% 4.2% 4.3% 1.4% 5.9% 5.1%

nmHC
g/kWh 0.24 n.d. 0.30 0.45 0.36 0.30 0.40 0.16 0.24 n.d.

cov 6.9% n.d. 4.1% 4.2% 12.6% 2.7% 4.1% 1.5% 1.6% n.d

CH4
g/kWh 0.002 n.d. 0.002 0.004 0.001 0.004 0.005 0.004 0.002 n.d.

cov 9.6% n.d. 7.4% 17.4% 29.8% 4.9% 4.1% 4.3% 6.3% n.d

CO
g/kWh 0.42 0.53 0.88 0.96 0.93 1.72 1.87 0.79 1.40 1.50

cov 2.6% 4.2% 5.0% 5.8% 6.9% 8.6% 8.5% 6.5% 16.6% 12.3%

PMtot
g/kWh 0.17 0.12 0.16 0.17 0.44 0.30 0.41 0.27 0.19 0.25

Number of filter samples 4 2 3 3 4 4 4 3 3 2

PM1.6
g/kWh 0.14 0.11 0.16 0.14 0.32 0.36 0.60 0.24 0.25 0.24

Number of filter samples 2 2 3 2 2 2 2 3 3 2

PMall
2 g/kWh 0.16 0.11 0.16 0.16 0.40 0.36 0.44 0.27 0.23 0.25

PN
#/kWh n.d. n.d. n.d. n.d. 6 × 1015 5 × 1015 7 × 1015 1 × 1015 9 × 1014 2 × 1015

cov n.d. n.d. n.d. n.d. 9.7% 24.9% 15% 8.9% 4.0% 25.0%

PN (non-volatile) #/kWh n.d. n.d. n.d. n.d. 9 × 1014 2 × 1015 9 × 1014 1 × 1015 9 × 1014 8 × 1014

cov n.d. n.d. n.d. n.d. 0.7% 7.7% 8.8% 2.2% 1.4% 1.1%

BC
g/kWh 0.006 0.004 0.01 0.012 0.022 0.035 0.065 0.022 0.022 0.028

cov 7.3% 7.5% 6.0% 4.5% 4.9% 8.5% 4.9% 5.1% 3.4% 5.3%

EC
g/kWh 0.0030 0.0091 0.0043 0.0052 0.022 0.052 0.096 0.015 0.017 0.018

Number of filter samples 3 2 2 3 1 2 1 2 2 1

OC
g/kWh 0.066 0.076 0.092 0.16 0.084 0.13 0.26 0.084 0.11 0.086

Number of filter samples 3 2 2 3 1 2 1 2 2 1

PAH-16 3 mg/kWh 0.43 0.40 0.68 0.85 1.4 1.5 1.9 0.77 1.1 0.92
1 Calculated from fuel sulphur content; 2 Median values from all samples of PMtot and PM1.6; 3 Analysis includes both particulate phase and gas phase polycyclic aromatic hydrocarbons
(PAHs); n.d. = no data; b.d.l. = below detection limit.
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Around 1%–8% of the sulphur oxides that form during the combustion in a diesel engine are
sulphur trioxide SO3 [17]. SO3 will react rapidly with water in the exhaust gas to form gaseous H2SO4.
Condensed H2SO4 can cause corrosive damage in locations with low temperatures in the cylinder
and the exhaust channel and levels are preferably kept at a minimum. The temperature at which the
H2SO4 condenses depends on the concentration of SO3 and H2O in the gas. In a wet scrubber, the
exhaust is rapidly cooled to below the acid dew point; the hot exhaust in our measurements were
approximately 250 ◦C and reduced to 20 ◦C, over the scrubber. Since the rate of cooling exceeds that of
H2SO4 gas absorption in the scrubber fluid, it has been suggested that sub-micron H2SO4 particles
are formed [18]. A reduction of these particles in the scrubber is dependent on mass-transfer through
Brownian diffusion. As a removal mechanism, it is not efficient enough to remove all H2SO4 from the
exhaust gas [18].

The concentrations of gas phase sulphuric acid and sulphur trioxide (H2SO4/SO3) in our tests
were significantly reduced over the scrubber. At 76% engine load there is a removal of 78% of the
H2SO4/SO3. At the two lower engine loads the reduction is less, 61%–63%. The observed reduction
efficiency for SO2 of over 99% for all loads indicates that the scrubber is less efficient in removing
H2SO4/SO3 than in removing SO2. The measured H2SO4/SO3 concentrations are higher than the SO2

concentrations in the tests downstream of the scrubber. Metals such as V and Ni, present in the exhaust,
can act as catalysts for the oxidation of SO2 to SO3, which can be a reason for the higher SO3 levels at
combustion of HFO [19].

There is also a reduction of the CO concentration over the scrubber. At lower engine loads this
is more pronounced. We saw minor differences in the emissions of NOX upstream and downstream
of the scrubber at low engine loads. These differences are, however, most likely more related to the
different engine loads than to scrubbing of NOX. The engine load is around 32% at tests upstream of
the scrubber and 41% at tests downstream of the scrubber.

Furthermore, specific PM emissions at HFO combustion are reduced over the scrubber. Reductions
are approximately 34% at 76% engine load, and 42% at 48%–49% engine load. These reductions are in
line with a central value of PM reductions in a joint analysis of previous studies, although values to
compare with are few and results vary significantly.

As presented in Table 2, both BC and EC measurement indicate that there are reductions over the
scrubber. BC results are not as consistent as EC results, although also these indicate a removal rate that
increase at low engine loads.

Particle number (PN) concentrations were measured only at tests on HFO. Measurements were
conducted using a thermodenuder (TD) to remove volatile species. By removing a majority of the
volatiles with the TD (some organic matter can still remain at 300 ◦C), the large uncertainties coupled
to the nucleation of volatile particles during the sampling dilution process is eliminated. The fraction
of the solid particles that remains downstream of the exhaust gas scrubber can therefore be argued to
give a more reliable value on cleaning efficiency than total particles. No clear reducing effect on solid
PN concentration by the scrubber is seen, see Table 2, although the size distribution is changed. Size
distributions of solid particle number concentration are presented in Figure 3.

Recalculating particle numbers in the different size channels to particle mass indicates higher
specific emissions downstream than upstream of the scrubber at 75-76% engine load. This can possibly
be explained as salt formation during the scrubber process. The increase in mass despite the loss in
EC over the scrubber further emphasizes that there might be an addition of solids during the process.
There is no indication of increases in solid particle mass at tests at the lower engine loads, see Table 3.

While upstream of the scrubber the thermodenuder tests indicate large part of particles being
volatile (50–85% by number), measurements downstream of the scrubber give comparable number
concentrations of particles with and without the thermodenuder. This could be due to a high hydrophilic
content of the particles, which would cause them to react with, and be removed by, the scrubber liquid
during the scrubbing process to a large extent. Additional explanations include that as the exhaust
temperature decreases in the scrubber stack, the volatile compounds condensate on any available
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surface, such as water droplets and solid particles, and the effect of the reheating of the cold sample in
the dilution system.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 10 of 21 
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Trial EF PM 1 (g/kWh)

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 12 of 22 

 

Table 3. Particle mass calculated from particle number size distribution for the size range 5.6–532 nm. 

Engine loads during trials are indicated. Cov of emission factors (EF) in parenthesis. 

Trial  EF PM1 (g/kWh) 

 

Upstream scrubber; 76% 

T
D

 O
N

 

0.050 (8%) 

Downstream scrubber; 76% 0.084 (3%) 

Upstream scrubber; 49% 0.071 (7%) 

Downstream scrubber; 48% 0.067 (3%) 

Upstream scrubber; 32% 0.11 (7%) 

Downstream scrubber; 41% 0.066 (4%) 

Upstream scrubber; 76% 

T
D

 O
F

F
 

0.18 (6%) 

Downstream scrubber; 76% 0.084 (7%) 

Upstream scrubber; 49% 0.15 (7%) 

Downstream scrubber; 48% 0.075 (5%) 

Upstream scrubber; 32% 0.22 (7%) 

Downstream scrubber; 41% 0.10 (5%) 

1 Calculated from measured PN concentration in different size channels of the EEPS. 

While upstream of the scrubber the thermodenuder tests indicate large part of particles being 

volatile (50%–85% by number), measurements downstream of the scrubber give comparable number 

concentrations of particles with and without the thermodenuder. This could be due to a high 

hydrophilic content of the particles, which would cause them to react with, and be removed by, the 

scrubber liquid during the scrubbing process to a large extent. Additional explanations include that 

as the exhaust temperature decreases in the scrubber stack, the volatile compounds condensate on 

any available surface, such as water droplets and solid particles, and the effect of the reheating of the 

cold sample in the dilution system. 

There was a significant decrease of total particle number over the scrubber (Table 2). At the 

highest engine loads tested (75% and 76% MCR) the reduction was 79% and at the medium engine 

loads tested (48% and 49% MCR) the reduction was 82%. The lowest engine loads are not fully 

comparable since one test is run on 32% MCR and the other on 41% MCR, but the measurements 

indicate a significant reduction also at low loads. 

There is also a reduction of the total PAH-16 concentrations over the scrubber at all engine loads, 

Table 2 and Figure 4a and b. The specific emissions of total PAH-16 are in most cases higher at lower 

engine loads. 

0.00

0.05

0.10

0.15

0.20

0.25

U
p

st
re

am
 s

cr
u

b
b

er
; 7

6%
 M

C
R

D
o

w
n

st
re

am
 s

cr
u

b
b

er
; 7

6%
 M

C
R

U
p

st
re

am
 s

cr
u

b
b

er
; 4

9%
 M

C
R

D
o

w
n

st
re

am
 s

cr
u

b
b

er
; 4

8%
 M

C
R

U
p

st
re

am
 s

cr
u

b
b

er
; 3

2%
 M

C
R

D
o

w
n

st
re

am
 s

cr
u

b
b

er
; 4

1%
 M

C
R

U
p

st
re

am
 s

cr
u

b
b

er
; 7

6%
 M

C
R

D
o

w
n

st
re

am
 s

cr
u

b
b

er
; 7

6%
 M

C
R

U
p

st
re

am
 s

cr
u

b
b

er
; 4

9%
 M

C
R

D
o

w
n

st
re

am
 s

cr
u

b
b

er
; 4

8%
 M

C
R

U
p

st
re

am
 s

cr
u

b
b

er
; 3

2%
 M

C
R

D
o

w
n

st
re

am
 s

cr
u

b
b

er
; 4

1%
 M

C
R

Thermodenuder Without thermodenuder

E
F

 P
M

 (
D

p
 =

5.
6 

-
53

2 
n

m
),

 g
/k

W
h

Upstream scrubber; 76%

TD ON

0.050 (8%)
Downstream scrubber; 76% 0.084 (3%)

Upstream scrubber; 49% 0.071 (7%)
Downstream scrubber; 48% 0.067 (3%)

Upstream scrubber; 32% 0.11 (7%)
Downstream scrubber; 41% 0.066 (4%)

Upstream scrubber; 76%

TD OFF

0.18 (6%)
Downstream scrubber; 76% 0.084 (7%)

Upstream scrubber; 49% 0.15 (7%)
Downstream scrubber; 48% 0.075 (5%)

Upstream scrubber; 32% 0.22 (7%)
Downstream scrubber; 41% 0.10 (5%)

1 Calculated from measured PN concentration in different size channels of the EEPS.

There was a significant decrease of total particle number over the scrubber (Table 2). At the highest
engine loads tested (75% and 76% MCR) the reduction was 79% and at the medium engine loads tested
(48% and 49% MCR) the reduction was 82%. The lowest engine loads are not fully comparable since
one test is run on 32% MCR and the other on 41% MCR, but the measurements indicate a significant
reduction also at low loads.
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There is also a reduction of the total PAH-16 concentrations over the scrubber at all engine loads,
Table 2 and Figure 4a,b. The specific emissions of total PAH-16 are in most cases higher at lower
engine loads.
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Figure 4. Specific emissions of US Environmental Protection Agency’s (EPA) PAH-16 (a) and PAH-7
(b) at HFO combustion upstream and downstream of the scrubber.

3.2. From an Environmental Perspective

The measured SO2 emission factors with a scrubber and HFO fuel are lower than when the engine
use LSFO, 84% to 96% lower from high to low engine load. Significant differences in emissions between
the use of HFO combined with a scrubber, and LSFO, are observed for a number of gases (Table 2).
There is a significant reduction of the total hydrocarbon (THC) concentration over the scrubber and
specific emissions downstream of the scrubber are lower than at LSFO combustion for all engine loads
tested. Emissions of CO and NOX are however lower for LSFO combustion than for HFO combustion
combined with the scrubber.

Average specific PM mass emissions at combustion of LSFO with 0.1% sulphur are lower than
PM emissions downstream of the scrubber when using HFO. Comparisons at 75% (LSFO) and 76%
(downstream) engine loads indicate emissions are 59% lower at LSFO combustion. At engine loads of
50% (LSFO) and 48% (downstream) the specific PM mass emission is 36% lower.
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Compared to previous studies on particle emissions from low sulphur fuels, our results are in
the lower end. PM emissions increase with sulphur content of fuel due to the sulphate content of
particles. However, the correlation between particle emissions and sulphur content in fuel is weak for
fuels with sulphur content below <0.5%. Emission factors derived for fuels with sulphur contents
in the interval 0–0.5% give a mean value for the PMtot emission factor of 0.2 g/kWh [2,8,11,14,20–27],
compared to 0.12–0.17 g/kWh in our study. Other characteristics of fuel that impact particle formations
include density, since a high density will increase combustion thermal efficiency, and viscosity, due
to its impact on atomization during combustion. The low sulphur fuel oils will have higher density,
increasing combustion efficiencies and oxidation of particles, and higher viscosity, which cause higher
particle formation compared to distillate oils (Gysel et al). It is further difficult to relate how differences
between engines and measurement setups influence the results. In two published studies, emissions
from low-sulphur fuel oil and distillate oils have been tested on the same engine; Gysel et al., tested
an MGO and a low sulphur (≤0.5%) fuel oil in the same engine and observed three times higher PM
emissions from the latter [27]. Sulphur contents were 0.005% in the MGO and 0.009% in the LSFO.
Winnes et al. observed similar differences in particle emissions when testing an MGO with 0.1% fuel
sulphur content and a LSFO with 0.5% sulphur in two engines [20].

Specific emissions of both BC and EC downstream of the scrubber seem little influenced by engine
load. Although some BC is removed by the scrubber, the specific emissions are higher than those from
LSFO combustion by approximately 1.5 to 4 times.

PAH emissions are in our tests lower at LSFO combustion than at HFO combustion downstream of
the scrubber, at each comparable engine load. The share of different PAH species is similar for all loads.
Naphthalene is the most abundant and accounts for around 50% or more at all trials. The two- and three
ring PAHs constitute between 78% and 91% of total PAHs, which is close to, but higher than, the 76%
concluded as a typical value for diesel engine exhausts reported by [28]. The emissions of heavier PAHs,
which can be represented by the EPA PAH-7 priority carcinogenic species, are at all occasions higher for
LSFO than downstream of the scrubber. For the PAH-7 species an increase in emissions with decreasing
engine load is observed at the LSFO tests. Specific emissions of US Environmental Protection Agency’s
PAH-16 and PAH-7 for tests at LSFO combustion and HFO combustion downstream of the scrubber
are compared in Figure 5a,b, respectively.

3.3. Particle Composition

Filter samples of particles from two of the tested engine load points are analysed for composition.
Our results indicate that also solid particles are removed during the scrubber process. An efficient
removal of EC is seen at the high engine load. The removal of EC at the tests at low engine loads appear
to be higher still, although tests upstream were made at 32% and tests downstream at 41% engine load,
which could possibly exaggerate the effect seen. At LSFO combustion, the organic carbon dominates
particle mass at both engine loads. Sulphates are not significantly contributing to particle mass and
constitute 1.2% and 2.7% of total mass at 34% and 75% engine load, respectively. The particles from
HFO downstream of the scrubber are similar in composition at the two loads tested. Upstream of
the scrubber both organic and elemental carbon contribute significantly to particle mass, especially
at the lower engine load. Sulphur is more abundant in particles at the higher load in the upstream
tests. The absolute and relative contributions of components are presented in Table 4 and Figure 6.
The undefined mass of particles at the respective test conditions varies between 1% and 25%.

3.4. Effects of Sampling System Parameters

Sampled particles (PM) include all solid and condensed material present in the diluted and cooled
diesel exhaust. The composition can be expected to change throughout their passage in the exhaust
duct and during the sampling due to changing conditions. The PM, both in terms of mass and number
concentration, are sensitive to variations in temperature and humidity in the exhaust and during the
sample conditioning (dilution). In the scrubber, the gases are cooled from around 300 ◦C to around
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20 ◦C using water that is added to the exhaust as part of the scrubber design. Water that remains in
the exhaust is removed with a demister system as part of the scrubber design. In the hot exhaust
tests on HFO, upstream of the scrubber, we followed the ISO 8178 for dilution and sampling with
a few exceptions. The standard is not applicable for cold exhaust gas sampling and an alternative
sampling system was used downstream of the scrubber. Downstream of the scrubber, the sample line
is heated, and the dilution is first made with hot and then ambient-temperature air. The temperature
influences the volatile content of particles to a great extent. Detailed analysis of emission factors for
PM mass sampled with the dilution tunnel and with FPS shows a great deal of variability, especially
for the low engine load emission factors. The variability is, however, not only between the two dilution
devices, but also within the samples taken with the same device. The variability is larger for HFO tests
upstream the scrubber where a large influence of condensable sulphate is expected. Development of a
robust sampling methodology for testing of emissions of particulate matter in the exhaust of widely
varying physical and chemical properties is an important subject for further research.
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Figure 5. Specific emissions of US EPA’s PAH-16 (a) and PAH-7 (b) at HFO and downstream of the
scrubber and at LSFO combustion.
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Table 4. Absolute and relative contributions of particulate components to particle mass at different tests. Relative values in brackets.

Engine Load (%MCR) OC mg/kWh EC mg/kWh Sulphate + Associated Water 1 mg/kWh Elements mg/kWh Undefined mg/kWh PM 2 mg/kWh

Upstream scrubber 76% 77 (20%) 41 (11%) 150 (39%) 21 (5.3%) 95 (25%) 380
Downstream scrubber 76% 84 (34%) 15 (5.9%) 110 (46%) 24 (9.5%) 11 (5%) 250

LSFO 75% 78 (67%) 9.4 (8.0%) 3.2 (2.7%) 7.6 (6.4%) 19 (16%) 120
Upstream scrubber 32% 250 (49%) 94 (18%) 53 (10%) 36 (7.0%) 80 (16%) 510

Downstream scrubber 41% 87 (38%) 18 (8%) 89 (39%) 30 (13%) 2.4 (1.0%) 230
LSFO 34% 130 (91%) 4.9 (3.4%) 1.7 (1.2%) 2.3 (1.7%) 3.8 (2.7%) 140

1 sulphate calculated from analyses of S on filters, H2O calculated as SO4
2−*0.8, see [14]; 2 average at test conditions (considering dilution ratio) from gravimetric analysis on filter.
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Figure 6. Absolute and relative contributions of particulate components to particle mass at different
tests. N.B. analysis of filters from similar sampling and dilution conditions are considered, and total
PM values may differ from the average values given in Table 2.

4. Conclusions

This study suggests that the reduction of particle mass over an exhaust gas treatment system is not
efficient enough to accomplish particle emission levels equal to those from combustion of low sulphur
fuel oil. With a traditional marine gasoil or other low sulphur fuel oil as marine fuel, the particle
emissions can be expected to be significantly lower than at the use of HFO and a scrubber. The results
from our measurement and previous studies suggest particle mass reductions of on average around
40% over exhaust gas scrubbers. Results of measurement studies on particle emission spread largely.
This likely reflects the influence of sampling systems on the results. Particularly challenging are
measurements in the cold exhaust gas downstream of the exhaust gas scrubber which are not covered
by any standard.

The measurements also showed lower specific emissions of BC, EC, PAH-16 at operations on
low sulphur fuel oil than downstream of the scrubber at heavy fuel oil operations. The scrubber
efficiently reduced concentrations of gaseous SO2, SO3, total hydrocarbons and the heavier fraction of
the measured PAHs.

The internationally agreed sulphur regulations for ships aim at reducing emissions to air of
particles as well as sulphur oxides. In a wider context, the results from this study indicate that an
extensive use of scrubbers may partly cancel the aimed for effect of reduced particle emissions to air
that would be achieved by only using fuels with low sulphur content.
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Further research on the amount of fuel used in the engines on ships equipped with scrubbers is
important to draw conclusions on environmental and health effects of the technology.
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Appendix A

Table A1 presents information on individual filters. Backup filters, background filters and blanks
are excluded from the table. Fuel and engine load identify the test. EGCS indicates that samples
are taken downstream of the scrubber. Filter type is indicated, the quartz filters are used for OC/EC
analysis as indicated in the table. The OC/EC filters are also gravimetrically analysed although it is
not recommended to use these results in further analyses. We have not included these results for
calculating specific emissions. The dilution systems used are either a dilution tunnel (DT) or a fine
particulate sampler from Dekati (FPS). The FPS gives temperatures at different locations in the dilutor.
T1 is measured after primary dilution with heated air, T2 is measured upstream of the second dilution
step and T4 is the temperature of the sample leaving the dilutor. The flows of the two dilution steps is
also indicated. At measurements downstream of the scrubber (EGCS) the surrounding temperature
was reaching above 50 (◦C). It is likely that this was a cause of logging failure of the FPS. DR was
continuously checked with trace gas measurements and the Horiba to make sure the dilutor worked
though communication and logging suffered. Plausible ranges of sample temperatures are estimated
when no log was retrieved from the FPS. These are based on logged values during tests that are adjacent
in time. Filter temperatures during dilution tunnel experiments are given as a range based on dilution
air temperature when measurements were not logged.

It is indicated in the table which filters that were used for analysis of PMtot, PM1.6, elements,
sulphur and OC/EC. The table also presents PM mass concentrations and PM EF calculated from
individual filters if applicable.
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Table A1. Details on temperatures, flows dilution ratios, analyses and results from individual filter samples at different test settings.

Fuel Filter
Type

Engine
Load

Dilution System
(DT = Dilution

Tunnel)

Dilution T,
Primary Dilutor

(◦C) (T1)

T Up-Stream
Ejector Dilutor

(◦C) (T3)

T Down-Stream
Ejector Dilutor =

Sample T (◦C) (T4)

Flow Primary
Dilutor (l/min)

Flow Ejector
Dilutor (l/min)

Dilution
Ratio

Filter
T (◦C) PMtot PM1.6 Elemetnts S OC/EC PM Mass

Conc (g/m3)
PM EF

(g/kWh)

LSFO Teflon 85% DT n.a. n.a. n.a. n.a. n.a. 15.9 33 X 0.026 0.16

LSFO Teflon 85% DT n.a. n.a. n.a. n.a. n.a. 15.9 33 X X 0.026 0.16

LSFO Teflon 85% DT n.a. n.a. n.a. n.a. n.a. 16.4 32.5 X 0.021 0.12

LSFO Teflon 85% DT n.a. n.a. n.a. n.a. n.a. 16.4 32.5 X 0.018 0.11

LSFO Teflon 75% DT n.a. n.a. n.a. n.a. n.a. 15.9 29 X 0.018 0.10

LSFO Teflon 75% DT n.a. n.a. n.a. n.a. n.a. 15.9 29 X 0.019 0.11

LSFO Teflon 75% DT n.a. n.a. n.a. n.a. n.a. 16.3 25–35
* X X 0.021 0.12

LSFO Teflon 75% DT n.a. n.a. n.a. n.a. n.a. 16.3 25–35
* X 0.022 0.13

LSFO Teflon 50% DT n.a. n.a. n.a. n.a. n.a. 16.7 33 X X 0.027 0.16

LSFO Teflon 50% DT n.a. n.a. n.a. n.a. n.a. 16.7 33 X 0.026 0.16

LSFO Teflon 50% DT n.a. n.a. n.a. n.a. n.a. 16.8 33 X 0.024 0.14

LSFO Teflon 50% DT n.a. n.a. n.a. n.a. n.a. 16.8 33 X 0.023 0.14

LSFO Teflon 34% DT n.a. n.a. n.a. n.a. n.a. 20.2 29 X 0.017 0.12

LSFO Teflon 34% DT n.a. n.a. n.a. n.a. n.a. 20.2 29 X 0.016 0.12

LSFO Teflon 34% DT n.a. n.a. n.a. n.a. n.a. 23.8 31 X X 0.021 0.16

LSFO Teflon 34% DT n.a. n.a. n.a. n.a. n.a. 23.8 31 X X 0.023 0.17

LSFO Teflon 50% FPS 34.7 ± 0.6 39.1 ± 0.5 36.3 ± 0.6 9.3 ± 0.2 78.2 ± 0.7 40 n.d. X 0.034 0.21

LSFO Teflon 50% FPS 34.7 ± 0.6 39.1 ± 0.5 36.3 ± 0.6 9.3 ± 0.2 78.2 ± 0.7 40 n.d. X 0.031 0.19

LSFO Teflon 34% FPS 95.7 ± 1.3 71.7 ± 0.7 40.8 ± 0.4 9.6 ± 0.2 80.8 ± 1.0 80 n.d. X 0.049 0.36

LSFO Teflon 85% FPS 147.9 ± 1.8 106.2 ± 1.1 49.8 ± 0.8 9.5 ± 0.1 81.3 ± 1.0 92 n.d. X 0.033 0.18

LSFO Teflon 85% FPS 147.9 ± 1.7 105.9 ± 0.9 50.3 ± 0.4 9.4 ± 0.1 81.3 ± 1.1 82 n.d. X 0.032 0.19

LSFO Quartz 75% DT n.a. n.a. n.a. n.a. n.a. 15.7 25–35
* (X) X 0.025 n.a.

LSFO Quartz 75% DT n.a. n.a. n.a. n.a. n.a. 15.7 25–35
* (X) X 0.026 n.a.

LSFO Quartz 50% DT n.a. n.a. n.a. n.a. n.a. 16.6 25–35
* (X) X 0.024 n.a.

LSFO Quartz 50% DT n.a. n.a. n.a. n.a. n.a. 16.6 25–35
* (X) X 0.024 n.a.

LSFO Quartz 34% DT n.a. n.a. n.a. n.a. n.a. 20.1 25–35
* (X) X 0.032 n.a.

LSFO Quartz 34% DT n.a. n.a. n.a. n.a. n.a. 20.1 25–35
* (X) X 0.041 n.a.
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Table A1. Cont.

Fuel Filter
Type

Engine
Load

Dilution System
(DT = Dilution

Tunnel)

Dilution T,
Primary Dilutor

(◦C) (T1)

T Up-Stream
Ejector Dilutor

(◦C) (T3)

T Down-Stream
Ejector Dilutor =

Sample T (◦C) (T4)

Flow Primary
Dilutor (l/min)

Flow Ejector
Dilutor (l/min)

Dilution
Ratio

Filter
T (◦C) PMtot PM1.6 Elemetnts S OC/EC PM Mass

Conc (g/m3)
PM EF

(g/kWh)

LSFO Quartz 34% FPS 95.6 ± 1.3 71.7 ± 0.7 40.1 ± 0.5 9.6 ± 0.2 80.8 ± 1.0 71.9 n.d. (X) X 0.059 n.a.

LSFO Quartz 85% DT n.a. n.a. n.a. n.a. n.a. 22.8 25–35
* (X) X 0.027 n.a.

LSFO Quartz 85% DT n.a. n.a. n.a. n.a. n.a. 22.8 25–35
* (X) X 0.021 n.a.

LSFO Quartz 85% FPS 149 ± 1.7 106.5 ± 0.9 49.6 ± 0.6 9.4 ± 0.3 80.5 ± 1.1 83.9 n.d. (X) X 0.034 n.a.

EGCS Teflon 41% FPS 148.7 ± 14.1 n.d. 49.2 ± 0.9 5.1 ± 0.3 101.1 ± 4.6 131 n.d. X X 0.0367 0.23

EGCS Teflon 41% FPS 148.7 ± 14.1 n.d. 49.2 ± 0.9 5.1 ± 0.3 101.1 ± 4.6 131 n.d. X 0.0342 0.22

EGCS Teflon 41% FPS 163.8 ± 0.9 * n.d. 53.2 ± 0.9 3.6 ± 1.1 40.9 ± 8.0 55 n.d. X 0.0416 0.26

EGCS Teflon 41% FPS 163.8 ± 0.9 * n.d. 53.2 ± 0.9 3.6 ± 1.1 40.9 ± 8.0 55 n.d. X X 0.0428 0.27

EGCS Teflon 48% FPS n.d. n.d. 40-55 * n.d. n.d. 55 n.d. X 0.0444 0.28

EGCS Teflon 48% FPS n.d. n.d. 40-55 * n.d. n.d. 55 n.d. X 0.0399 0.25

EGCS Teflon 48% FPS 165.5 ± 0.7 n.d. 46.8 ± 1.1 5.1 ± 0.03 98.9 ± 1.2 165 n.d. X 0.031 0.19

EGCS Teflon 48% FPS 165.5 ± 0.7 n.d. 46.8 ± 1.1 5.1 ± 0.03 98.9 ± 1.2 165 n.d. X 0.040 0.25

EGCS Teflon 48% FPS n.d. n.d. 40-55 * n.d. n.d. 53 n.d. X 0.0401 0.16

EGCS Teflon 48% FPS n.d. n.d. 40-55 * n.d. n.d. 53 n.d. X 0.0341 0.21

EGCS Teflon 76% FPS 104.8 ± 19.0 n.d. 33.7 ± 0.8 5.2 ± 0.1 99.2 ± 1.0 348 n.d. X 0.0595 0.54

EGCS Teflon 76% FPS 104.8 ± 19.0 n.d. 33.7 ± 0.8 5.2 ± 0.1 99.2 ± 1.0 348 n.d. X 0.0467 0.27

EGCS Teflon 76% FPS n.d. n.d. 30-45 * n.d. n.d. 69 n.d. X 0.0412 0.24

EGCS Teflon 76% FPS n.d. n.d. 30-45 * n.d. n.d. 69 n.d. X X 0.0469 0.24

EGCS Teflon 76% FPS n.d. n.d. 30-45 * n.d. n.d. 74 n.d. X 0.0388 0.22

EGCS Teflon 76% FPS n.d. n.d. 30-45 * n.d. n.d. 74 n.d. X X 0.0465 0.27

HFO Teflon 32% FPS 89.5 ± 2.0 78.9 ± 1.9 34.5 ± 1.1 13.1 ± 0.4 99.6 ± 0.9 151 n.d. X 0.1011 0.75

HFO Teflon 32% DT n.a. n.a. n.a. n.a. n.a. 14 30–45
* X X 0.0816 0.63

HFO Teflon 32% FPS 93.4 ± 1.5 82.3 ± 1.1 36.9 ± 0.7 13.4 ± 0.2 99.7 ± 1.0 246 n.d. X X 0.0596 0.44

HFO Teflon 32% FPS 93.4 ± 1.5 82.3 ± 1.1 36.9 ± 0.7 13.4 ± 0.2 99.7 ± 1.0 246 n.d. X X 0.0465 0.35

HFO Teflon 32% DT n.a. n.a. n.a. n.a. n.a. 14 30–45
* X 0.0713 0.41

HFO Teflon 49% DT n.a. n.a. n.a. n.a. n.a. 16 30–45
* X 0.0708 0.45

HFO Teflon 49% DT n.a. n.a. n.a. n.a. n.a. 16 30–45
* X 0.0597 0.38

HFO Teflon 49% FPS 88.0 ± 1.2 75.7 ± 1.0 35.9 ± 0.5 11.0 ± 0.0.5 98.8 ± 1.0 190 n.d. X 0.0581 0.23

HFO Teflon 49% FPS 88.0 ± 1.2 75.7 ± 1.0 35.9 ± 0.5 11.0 ± 0.0.5 98.8 ± 1.0 190 n.d. X 0.0598 0.36

HFO Teflon 49% FPS 86.6 ± 3.3 75.0 ± 3.2 35.1 ± 1.3 10.9 ± 0.2 98.2 ± 1.0 162 n.d. X 0.0534 0.21

HFO Teflon 49% FPS 86.6 ± 3.3 75.0 ± 3.2 35.1 ± 1.3 10.9 ± 0.2 98.2 ± 1.0 162 n.d. X 0.0588 0.36
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Table A1. Cont.

Fuel Filter
Type

Engine
Load

Dilution System
(DT = Dilution

Tunnel)

Dilution T,
Primary Dilutor

(◦C) (T1)

T Up-Stream
Ejector Dilutor

(◦C) (T3)

T Down-Stream
Ejector Dilutor =

Sample T (◦C) (T4)

Flow Primary
Dilutor (l/min)

Flow Ejector
Dilutor (l/min)

Dilution
Ratio

Filter
T (◦C) PMtot PM1.6 Elemetnts S OC/EC PM Mass

Conc (g/m3)
PM EF

(g/kWh)

HFO Teflon 76% FPS 96.3 ± 1.7 75.9 ± 1.4 37.7 ± 0.7 13.4 ± 0.09 99.0 ± 1.1 174 n.d. X X 0.0755 0.43

HFO Teflon 76% FPS 96.3 ± 1.7 75.9 ± 1.4 37.7 ± 0.7 13.4 ± 0.09 99.0 ± 1.1 174 n.d. X 0.048 0.28

HFO Teflon 76% DT n.a. n.a. n.a. n.a. n.a. 14 30–40
* X X 0.0645 0.37

HFO Teflon 76% DT n.a. n.a. n.a. n.a. n.a. 14 30–40
* X X 0.077 0.44

HFO Teflon 76% FPS 97.5 ± 2.3 77.6 ± 2.3 41.4 ± 2.6 13.3 ± 0.2 99.0 ± 1.0 154 n.d. X 0.084 0.48

HFO Teflon 76% FPS 97.5 ± 2.3 77.6 ± 2.3 41.4 ± 2.6 13.3 ± 0.2 99.0 ± 1.0 154 n.d. X X 0.0623 0.36

EGCS Quartz 41% FPS n.d. n.d. 40-55 * n.d. n.d. 44 n.d. (X) X 0.0209 n.a

EGCS Quartz 48% FPS n.d. n.d. 40-55 * n.d. n.d. 54 n.d. (X) X 0.055 n.a

EGCS Quartz 48% FPS n.d. n.d. 40-55 * n.d. n.d. 54 n.d. (X) X 0.0357 n.a

EGCS Quartz 76% FPS n.d. n.d. 30-45 * n.d. n.d. 71 n.d. (X) X 0.0477 n.a

EGCS Quartz 76% FPS n.d. n.d. 30-45 * n.d. n.d. 71 n.d. (X) X 0.0491 n.a

HFO Quartz 32% FPS 92.9 ± 1.4 82.3 ± 1.2 37.4 ± 1.0 13.4 ± 0.06 99.6 ± 1.0 230 n.d. (X) X 0.0795 n.a

HFO Quartz 49% FPS 88.9 ± 1.3 75.0 ± 3.2 36.4 ± 0.9 11.2 ± 0.05 99.8 ± 1.0 255 n.d. (X) X 0.0864 n.a

HFO Quartz 49% FPS 88.9 ± 1.3 75.0 ± 3.2 36.4 ± 0.9 11.2 ± 0.05 99.8 ± 1.0 255 n.d. (X) X 0.1189 n.a

HFO Quartz 76% FPS 42.0 ± 1.0 44.2 ± 1.0 40.3 ± 1.8 12.3 ± 0.3 96.1 ± 1.0 60 n.d. (X) X 0.0769 n.a

HFO Quartz 76% FPS 42.0 ± 1.0 44.2 ± 1.0 40.3 ± 1.8 12.3 ± 0.3 96.1 ± 1.0 60 n.d. (X) X n.d. n.a

* Missing temperature readings in sample gas and filter. The range is an estimate based on temperatures of dilution air. n.a. = not applicable, n.d. = no data.
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