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A B S T R A C T   

This study assessed the real-world gaseous and particulate emissions for a wet scrubber retrofit to an existing 
container ocean-going vessel as it cruised from Tacoma Washington to Anchorage Alaska. The vessel was 
operated with a high sulfur heavy fuel oil and testing was performed following the ISI 8178 E2 steady test cycle. 
The scrubber unit provided more than a 95% removal efficiency of sulfur dioxide (SO2) emissions across all 
engine loads. In contrast to the higher removal efficiencies for SO2 emissions, the scrubber only removed 
approximately 10% (ISO weighted reduction) of particulate matter (PM2.5) emissions. PM2.5 composition was 
primarily composed of sulfate, followed by organic carbon (OC) and elemental carbon (EC). Pre- and post- 
scrubber sulfate levels were similar, indicating why the PM2.5 removal efficiencies were low. This phenome
non was likely due to the formation of small sulfuric acid particles in the scrubber fluid that were not efficiently 
removed by impaction, influencing PM2.5 mass emission measurements.   

1. Introduction 

Ocean going vessels (OGVs) transport more than 80% of global trade 
by volume, with international maritime transport significantly contrib
uting to pollutants related to global warming, air quality and visibility, 
and human health for coastal communities [1–4]. Ships are responsible 
for about 1 billion tons of carbon dioxide (CO2) emissions, a strong 
greenhouse gas, representing approximately 3% of global CO2 emis
sions, with further projections showing that the international maritime 
sector could reach up to 17% of global CO2 emissions in 2050 [5,6]. 
Shipping is also a significant source of anthropogenic emissions, 
including nitrogen oxides (NOx), sulfur oxides (SOx), particulate matter 
(PM), carbon monoxide (CO), and volatile organic compounds [7–10]. 
These emissions are important sources for secondary organic and inor
ganic aerosol formation on local and regional scales, and also contribute 
to increased ozone (O3) levels in the atmosphere [11,12]. 

Efforts to reduce environmental pollution from maritime transport 
have been a priority in recent years, with the International Maritime 
Organization (IMO) adopting strict regulations under Annex VI of the 

International Convention for the Prevention of Marine Pollution from 
Ships (MARPOL) by implementing Emission Control Areas (ECAs). 
These ECAs include the North Sea and English Channel, Baltic Sea, North 
America, and United States Caribbean Sea for all vessels over 300 gross 
tons (GT). The North America and United States Caribbean Sea ECAs 
have also set limits for NOx emissions. Emissions of SOx are more strictly 
controlled within these areas by indirectly regulating the upper limit for 
sulfur content in marine fuels. From January 1, 2020 the current global 
sulfur limit in marine fuels dropped to 0.50% from 3.5%. For ships 
operating within designated ECAs, the sulfur limit was further reduced 
to 0.1% from a limit of 1.0%, with this stricter legislation coming into 
effect after January 1, 2015. 

Traditionally, marine low-speed two-stroke engines are designed to 
burn heavy fuel oil (HFO) or marine gasoil (MGO). HFOs are produced 
from residuals of the crude oil refining process and include residuums of 
the thermal and catalytic cracking, visbreaking, and coking processes. 
HFOs usually contain higher concentrations of sulfur, ash, metals, heavy 
hydrocarbons (aromatics and asphaltenes), and water than middle 
distillate MGOs. Elevated SOx and PM emissions from HFO combustion 
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are mainly dependent on the concentration of sulfur in the fuel 
[10,13,14]. Sulfur dioxide (SO2), the prime constituent of SOx, is 
oxidized in the exhaust to form sulfur trioxide (SO3), which is subse
quently combined with water to form sulfates that contribute to total PM 
emissions [15]. A number of studies have shown important SOx, NOx, 
and PM emissions benefits from the application of two strategies: fuel 
switching and the use of new generation ultra-low sulfur heavy fuel oils 
(ULSHFO) [14,16–18]. Recent studies conducted by McCaffery et al. 
[10] and Gysel et al. [19] on a Tier 2 container vessel and a very large 
crude carrier vessel, respectively, using ECA compliant ULSHFO fuels, 
reported reductions in NOx, PM, SOx, and carbon monoxide (CO) 
emission levels compared to other studies utilizing marine fuels with 
high sulfur contents [7,9,16,20,21]. 

An attractive and widely used emissions abatement technology to 
primarily control SOx emissions and to some degree PM and NOx emis
sions, is to employ an exhaust gas cleaning system (EGCS) or a scrubber 
[22–24]. This alternative allows ships to use high sulfur and considerably 
less expensive HFOs instead of higher quality ULSHFOs in designated 
ECAs. The economic feasibility to install a scrubber on-board is not 
entirely clear in the current environment, where the COVID-19 pandemic 
significantly slowed global shipping trade, oil prices dropped significantly, 
and shippers reached an overcapacity in storing ECA compliant ULSHFO. 
For the maritime sector, wet scrubbers are mostly used to remove SOx 
emissions, which pass the exhaust through a liquid media (sea water or 
chemically treated fresh water) [25,26]. Wet scrubbers normally include 
open loop and closed loop systems, as well as hybrid systems [27]. In open 
loop systems, sea water is used to neutralize SOx in the exhaust and then is 
discharged from the system to the sea with minimal or no treatment [25]. 
This process will likely result in a release of CO2 emissions, as well as the 
release of organic and inorganic pollutants suspended in the washwater 
discharged in the aquatic ecosystem [22,26]. In the closed loop systems, 
the fresh or sea water enhanced with sodium hydroxide is used to reduce 
SOx emissions and continuously cleaned and recirculates in the system. 
Small amounts of discharged water typically occur in closed loop systems 
(bleed off), although this water is purified in a treatment plant to remove 
the residue sludge containing PM, polycyclic aromatic hydrocarbons 
(PAHs) [27–29]. This residual sludge is usually temporarily stored on 
board for on-land disposal. Hybrid systems can operate in both open and 
closed loop modes, where ships utilizing these systems can operate in open 
loop when cruising in open sea and in closed loop when operated in ECAs 
or at berth [27,28]. 

There are several studies in the open literature focused on the 
investigation of scrubber systems installed in the main and auxiliary 
engines, and boilers for the reduction of gaseous and PM emissions from 
ships [24,25,30–33]. Caiazzo et al. [34] demonstrated SO2 emissions 
reductions of up to 93% from a marine diesel engine operated on HFO 
and retrofitted with an open loop scrubber system. Winnes and co- 
workers [32] reported reductions in SO2, SO3, non-methane hydrocar
bon, PAHs, and PM emissions when they tested a RoPax ferry with a 
four-stroke engine operated on HFO equipped with seawater scrubber. 
In their experiments, SO2 emissions reduced up to 99% by the scrubber 
at all engine loads. Similar findings were seen in a different study 
employing a two-stroke, slow-speed diesel (SSD) marine engine with low 
sulfur HFO and a wet scrubber providing desulfurization efficiencies 
above 99% [30]. 

The present study investigates the effectiveness of a hybrid wet 
scrubber system designed and operated in both open loop and closed 
loop modes when retrofitted on a D7 Class contained vessel while 
running on high sulfur HFO. In-use gaseous and particulate emissions 
were measured pre and post the scrubber system from the main and 
auxiliary engines at different engine loads while the vessel was operated 
in a designated ECA and during cruising from the port of Tacoma, 
Washington to the port of Anchorage, Alaska. Results reported here are 
intended to provide information on the performance of a commercially 
available EGCS used in marine applications and to help understand their 
impact on the environment. 

2. Experimental 

2.1. Test platform: vessel and fuels 

Testing was performed on a D7 Class container vessel that was built 
in 1987 and moves up to 1676 twenty-foot equivalent units (TEUs) and 
249 reefers with a gross tonnage of 20,965. The vessel was equipped 
with one main engine (ME), two main generators (MGs), two auxiliary 
engines (AEs), and one boiler. The ME was a Tier 0 1986 build Mitsui 
B&W 7L70 two-stroke SSD engine with 7 cylinders, 16.6 megawatts 
(MW), and with 177,962 operation hours. The main generators were 
both Tier 0 model year 1986 Wartsila 6R32D, equipped with 6 cylinders, 
2.1 MW medium-speed, 4-stroke diesel engines with 70,096 and 79,020 
operation hours, respectively. During normal at sea operation, the main 
generators represent approximately 7% of the total exhaust flow 
compared to the main engine, indicating that the main engine dominates 
the contribution of emissions from this vessel. 

Commercial marine high sulfur content HFO meeting RMG-380 
specifications was used during testing, with the main properties 
shown in Table 1. The lubricant oil used for the main engine cylinder 
was MobilGard® 300, and for the main engine camshaft was Mobil
Gard® 560. 

2.2. Scrubber system 

The vessel was retrofitted with a wet scrubber system to allow the use 
of high sulfur HFO fuels while operating in designated ECAs. Only the 
main engine and the two larger main generators were connected to the 
scrubber system, whereas the two auxiliary engines and the boiler were 
not designed to operate with the scrubber, as shown in the experimental 
setup in Fig. 1. The scrubber system was designed by Alfa-Laval and 
included an exhaust gas inlet section, a high-pressure spray nozzle to 
create small droplets (~100 µm), a jet section, and an absorber section. 
The jet section was designed to accelerate particles and gases to create 
greater mixing and a chance for SOx to be removed via absorption, and 
PM2.5 by diffusion/impaction mechanisms. In the absorber section, the 
flow is slower, allowing time for collecting the mist with absorbed SOx 
and the PM2.5 by diffusion to the droplets [33]. Demister pads follow the 
absorption section to remove larger water droplets before the gas is 
vented to the atmosphere. 

The scrubber on this vessel was designed for both an open loop mode 
at-sea where the ocean water provides the alkalinity needed to meet the 
scrubber design and a closed loop mode during operation with low- 
alkalinity water. During closed loop mode, the scrubber water is forti
fied with added caustic solutions to boost alkalinity and re-circulated. 
This scrubber was designed to work with up to 3 wt% sulfur in the 
fuel. Above 3 wt%, the SOx absorption efficiency decreases with both 
decreasing salinity and alkalinity [25]. 

2.3. Testing protocol 

Normally, the main propulsion engine while at sea operates at 
80–85% load, which represents a time fraction of about 90% of the total 
trip. Higher main engine loads are uncommon, but are possible for short 
durations of the trip if requested. While on the voyage, one main 

Table 1 
Selected properties of the HFO.  

Fuel properties Test method Result Specification 

Density at 15 ◦C (kg/m3) ISO 12185  989.3 991.0 max 
Viscosity at 50 ◦C (mm2/s) ASTM D445  306.6 380.0 max 
Micro carbon residue (mass %) ASTM D524  12.59 18.00 max 
Sulfur (mass %) ASTM 

D2622  
1.89 3.5 max 

Calculated carbon aromaticity index 
(CCAI) 

ISO 8217  825.5 870 max  
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generator is typically operated for ship services, hotel, maneuvering, 
and reefer power. The generator load typically varies from 45% to 65% 
and depends on the reefer’s needs. During berth entry and exit maneu
vers, the main engine power is reduced between 25% and 50% load, 
while the main generator remains at 45%-65% load. While in port and 
during loading and unloading goods, the main generator is typically at a 
load between 45% and 65% (i.e., without shore power), with the main 
engine turned off. Ship operation during berth entry, exit, and maneu
vering usually represents about 1% (or less) of the total trip, while dock 
conditions account about 9% of the total trip. 

For this study, emissions measurements for the main generators were 
conducted with the generator turned off and 50% load. At sea, main 
engine operation followed the certification loads for the E3 cycle in 
International Organization for Standardization (ISO) 8178-4, as closely 
as possible during ship operations. The load/power points for the main 
engine were with the engine turned off and at 50%, 75%, and maximum 

load (92%), which represented 4%, 48%, 70%, and 85%, respectively, of 
the scrubber’s maximum flow capacity. Table 2 lists the engine load 
points, percent of scrubber capacity, and tunnel dilution where pre- 
scrubber emissions were measured separately for the main engine and 
main generators, and post-scrubber emissions measured for the com
bined exhaust of the main engine and main generators. 

The test points covered the range of the normal scrubber exhaust 
flow and represented about 85% of the weighting factor used for 
determining the overall emission factor. Prior to the first test, the engine 
was operated for 30 min at maximum power to stabilize emissions. At 
subsequent scrubber capacity points, measurements for gaseous and 
PM2.5 mass emissions were conducted when the gas concentration 
values stabilized. Gaseous and PM2.5 mass emissions measurements 
were made for 5–20 min to allow sufficient time for PM2.5 mass filter 
loading. Testing was conducted in triplicate. It should be noted that 
testing on the main generator pre-scrubber was conducted in Tacoma, 

Fig. 1. Schematic diagram of the experimental setup showing the OGV engine layout.  
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Washington, whereas testing on the main generator post-scrubber was 
conducted in Anchorage, Alaska. The scrubber was operated in an open 
loop mode during at sea operation and a closed loop mode at berth. 

2.4. Emissions sampling and measurement 

The exhaust duct configuration allowed the engine-out emissions 
from the main engine and main generator to be measured separately; 
however, both streams were combined before the scrubber unit, so only 
combined emissions were monitored after the scrubber. The post- 
scrubber sampling port was located approximately 1 m above the 
absorber section of the scrubber unit and 0.5 m below the vessel’s 
continuous emissions monitor (CEM). 

Exhaust concentrations of CO, CO2, NOx, oxygen (O2), and SOx 
emissions were continuously measured following the ISO 8178-2 pro
tocol with a Horiba PG-350 portable multi-gas analyzer. The PG-350 
utilizes Non-Dispersive Infra-Red (NDIR) detectors to measure CO, 
CO2, and SO2 and a chemiluminescence detector (CLD) for NOx mea
surement. The PG-350 analyzer was calibrated using EPA protocol gases 
several times during the testing and measured drift was accounted for 
during the analysis of the data. Instrument drift met the manufacturer’s 
specification. 

The PM2.5 mass emission measurements were made using a partial 
flow dilution system design based on the ISO 8178-1 protocol and on 
conditioning the diluted exhaust gas, as per 40 CFR Part 1065. The 
dilution ratio ranged from 6:1 for the highest flow rate on the scrubber 
system to 20:1 for the lower flow conditions on the scrubber, as rec
ommended in 40 CFR Part 1065. The residence time was approximately 
1.5 s, a filter flow rate of 15 slpm, with a dilution tunnel of two inch 
outside diameter, no transfer line (direct coupled to the exhaust) and 
mass flow controllers sampling through URG filter holders equipped 
with Delrin cassettes housed for Whatman Teflon filters and Quartz 
filters. The dilution system maintained the PM2.5 sampling to 47 ◦C±
5 ◦C for both the pre-scrubber and post-scrubber testing. Note during 
post-scrubber testing the exhaust temperature was near sea water tem
perature and required heating to get the sample to the same conditions 
of the pre-scrubber and CFR 1065 conditions. Heating was implemented 
using heated dilution air, a heated sample line, and a heated tunnel 
body. This system was used for both pre- and post-scrubber samples, 
where more heating was needed for the post-scrubber sample to achieve 
the same filter temperature. After sample conditioning, PM2.5 mass was 
collected on a Teflon filter and weighed off-line daily with a Mettler 
Toledo ultra-precision balance (0.1 µg resolution) placed in a Heraeus 
climate chamber until consecutive measurements were within 3.5 µg. 

PM2.5 mass was fractionated into sulfate, organic carbon (OC), 
elemental carbon (EC) and black carbon (BC). Sulfate was removed from 
the Teflon filter by sonication with deionized water and a small amount 
of alcohol and subsequently analyzed using a Dionex ICS-3000 ion 
chromatography (IC) via modified EPA Method 4.2. A thermal/optical 

method analyzed the carbon aerosol deposited on a quartz filter 
collected in parallel with the Teflon filter according to the National 
Institute for Occupational Safety and Health (NIOSH) 5040 reference 
method. The analysis reported elemental carbon and organic carbon 
(EC/OC) fractions. Equivalent black carbon (eBC) was measured with an 
AVL Micro Soot Sensor (MSS) Model 483 based on the photoacoustic 
measurement principle and an AVL Smoke Meter (FSN) Model 415 SE 
filter paper method. The AVL MSS continuously monitored PM2.5 con
centrations and was used to confirm that PM2.5 levels were stable before 
and during filter collection. 

Exhaust gas flow rates were calculated using both the air pump 
method and the carbon balance method. Engine power output in kilo
watts (kW), engine revolutions per minute (RPM), boost pressure (bar), 
and intake manifold temperature (◦C) were recorded during the testing 
in order to calculate the engine exhaust flow via the air pump method. 
Fuel consumption by the engine was also measured enabling calculation 
of exhaust flow using the carbon balance method. For this study, the 
results are based on exhaust flow rates from the carbon balance method, 
although the results for both methods are similar. 

3. Results and discussion 

The following sections present the experimental results of the 
gaseous and particulate emissions for pre- and post-scrubber operation. 
For the post-scrubber results, the analysis considers the combined results 
from the main engine and main generators. As such, the scrubber ca
pacity on the x-axis represent the percent of the full scrubber capacity 
based on the exhaust flow rate through the scrubber using the sum of the 
exhaust flow from both tested engines (i.e., main engine and main 
generator). For example, the 4% scrubber capacity represents the main 
generator at 50% load and the main engine turned off, while the 85% 
scrubber capacity represents the main engine at 92% maximum load and 
the main generator at 50% load for a combined 85% scrubber capacity 
percentage. This approach allows for an evaluation of the emission 
factors (EF) for the vessel as a whole. Note that the main generator, 
which feeds into the scrubber unit, was targeted to be operated at 50% 
load for all tests. However, the main generators showed a large variation 
in load over the course of testing and varied from 29% of the maximum 
continuous rating (MCR) at the port to 56% of MCR at sea cruising. 

3.1. NOx, CO, and CO2 emissions 

Table 3 shows the NOx, CO, and CO2 emissions, expressed in g/kW- 
hr, at different scrubber capacity points pre- and post-scrubber. NOx is a 
targeted pollutant from marine engines, especially when ships operated 
at berth. Post-scrubber results show both increases and decreases in NOx 
emissions for the combined exhaust of the main engine and main 
generator. Since the use of a scrubber is not expected to have a large 
impact on NOx emissions and will likely not cause an increase in NOx 

Table 2 
Test matrix and sampling conditions.  

Mode Location Source Scrubber Me load MG load Scrubber capacity Dilution ratio 

4 At-berth MG Pre 0% 50% – 20:1 
3 At-sea ME Pre 50% 50% – 12:1 
2 At-sea ME Pre 75% 50% – 8:1 
2 At-sea ME Pre 75% 50% – 8:1 
1 At-sea ME Pre 92% 50% – 6:1 
1 At-sea ME + MG Post 92% 50% 85% 6:1 
2 At-sea ME + MG Post 75% 50% 70% 8:1 
2 At-sea ME + MG1 Post 75% 50% 70% 8:1 
3 At-sea ME + MG Post 50% 50% 48% 11:1 
1 At-sea ME-only Post 92% 0% n/a 6:1 
2 At-sea ME + MG* Post 75% 50% 70% 8:1 
4 At-berth MG Post 0% 50% 4% 20:1 

*Closed loop vs. open loop scrubber control evaluated at two conditions 85 and 70% scrubber flow percent. 
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emissions, the observed differences in NOx were probably due to the 
engine load variation for the main generator along the trip. For the 
combined main engine and main generator exhaust stream, pre-scrubber 
NOx emissions ranged from 13.8 to 16.9 g/kW-hr and post-scrubber 
NOx emissions from 14.4 to 16.9 g/kW-hr. In general, the Tier 0 en
gine NOx emissions are comparable to the certification values for a Tier 
1 Category 3 marine engines and are consistent with values reported in 
previous studies of Tier 0 and Tier 1 vessels [20,35]. NOx emissions did 
not follow a clear pattern with engine load. The intermediate 70% 
scrubber capacity showed the highest pre-scrubber NOx, with the 
maximum scrubber capacity showing the lowest pre-scrubber NOx. Our 
results agree with previous studies reporting lower NOx emissions with 
higher loads [10,17,36], but are in contrast with other studies showing 
higher NOx emissions with higher engine loads due to higher combus
tion temperatures that favor thermal NOx formation [7,13,35]. The 
lower pre- and post-scrubber NOx emissions at maximum load can be 
attributed to the reduced oxygen levels available in the combustion 
chamber to facilitate thermal NOx formation. 

NOx emissions for the main generator at the lowest engine load con
dition and lowest scrubber capacity percent of maximum rating (repre
senting at-berth operation with the main generator at 50% load) were 
slightly lower than those of the combined exhaust streams of the main 
engine and main generator, where the main engine was operating at in
termediate loads. Elevated NOx emissions are expected for two-stroke SSD 
engines due to the longer expansion stroke and the more time available 
under high temperature conditions for NOx formation compared to me
dium speed 4-stroke engines [37]. Post-scrubber NOx emissions for the 
lowest scrubber capacity percent were statistically significantly lower than 
pre-scrubber emissions, resulting in a 42% scrubber efficiency. It is plau
sible that more NO was produced during the higher combustion temper
ature process of a 4-stroke engine, which was oxidized into NO2. The latter 
was likely removed in the scrubber by absorption. This finding suggests 
that the use of a scrubber may lead to important NOx reductions while at 
berth. Post-scrubber NOx emissions are similar to but slightly lower than 
those recently reported by McCaffery et al. [10] when they utilized an 
ultra-low sulfur HFO in a medium speed 4-stroke auxiliary engine and 
found emissions that were below the Tier 2 NOx certification values (9.8 
g/kW-hr) for auxiliary engines. 

Pre- and post-scrubber CO emissions were relatively constant as a 
function of the percent of scrubber capacity for the combined exhaust 
stream of the main engine and main generator (Table 3). CO emissions 
levels are comparable or lower than those reported in previous studies of 
vessels with low speed two-stroke engines [7,8,10]. CO emissions did 
not show any statistically significant differences between measurements 
pre- and post-scrubber for the combined exhaust stream of the main 
engine and main generator. For the main generator, which is repre
sented by the lowest scrubber capacity point, CO emissions levels were 
significantly higher than the CO levels observed when the ship was 
operated under cruising at sea conditions. Low speed two-stroke engines 

generally produce lower CO emissions than medium speed engines 
because of enhanced oxidation of the combustion products during the 
longer expansion stroke. The use of a scrubber for the main generator 
resulted in a 53% reduction in CO emissions at a statistically significant 
level. 

CO2 emissions dominated the gaseous emissions and exhibited a 
relatively flat trend with the percent of scrubber capacity for the com
bined exhaust stream of the main engine and main generator (Table 3). 
This finding is in contrast with previous studies reporting a typical 
declining trend of CO2 emissions with increasing engine load 
[7,10,16,36]. It should be noted CO2 emissions over the scrubber tren
ded higher, but this phenomenon was likely related to engine load dif
ferences rather than a catalyst effect. It is worth mentioning that CO2 
emissions showed good repeatability at each engine load, indicating 
good consistency in the emissions measurements. The main generator 
produced higher CO2 emissions compared to the combined exhaust of 
the main engine and main generator due to the lower combustion effi
ciency at medium loads for smaller displacement 4-stroke engines 
relative to two-stroke engines. 

3.2. SO2 emissions and scrubber efficiency 

Pre- and post-scrubber SO2 emissions are shown in Fig. 2. SO2 
emissions are highly dependent on fuel sulfur content. This study 
showed somewhat lower pre-scrubber SO2 emissions than previous in- 
use studies tested high sulfur HFOs in two-stroke engines 
[7,9,14,20,32]. Pre-scrubber SO2 emissions exhibited reductions with 
increasing engine load due to the better combustion efficiency at loads 
typical of cruising conditions compared to at berth operation. Post- 
scrubber SO2 emissions showed dramatic reductions at all scrubber ca
pacity points, resulting in scrubber efficiencies between 96.7% and 
98.4%. Results reported here are in line with previous studies reporting 
similar SO2 reduction efficiencies with wet scrubbers [30,33]. 
Compared to a recent study by McCaffery et al. [10], the post-scrubber 
SO2 emissions reported here, which ranged from 0.10 to 0.14 g/kW-hr, 
were about three times higher than the SO2 emissions obtained with an 
ultra-low sulfur HFO (sulfur content of 0.038%) without a scrubber, 
suggesting that developments in marine fuels quality and refining will 
likely provide greater reductions in SO2 emissions than utilizing a 
scrubber. 

3.3. PM2.5 emissions and PM composition 

Fig. 3 shows the PM2.5 emissions and PM composition for pre- and 
post-scrubber measurements at all scrubber capacity points. Pre- 
scrubber PM2.5 emissions ranged from 0.9 g/kW-hr to 1.46 g/kWh-hr, 
while the post-scrubber PM2.5 ranged from 0.56 g/kW-hr to 1.24 g/kW- 
hr. Previous studies have shown similar or lower levels of PM2.5 emis
sions from two-stroke marine engines operated with high sulfur HFO 
[7,9,14,35,36]. It should be noted that additional experiments per
formed with the scrubber in open loop vs. closed lope mode at 85% 
scrubber capacity showed no statistically significant differences in PM2.5 
emissions (1.22 vs. 1.25 g/kW-hr), indicating that PM2.5 emissions were 
similar and were not affected by the scrubber operating modes. Overall, 
pre-scrubber PM2.5 emissions did not show a consistent trend with 
scrubber capacity, whereas post-scrubber PM2.5 trended higher with 
increasing scrubber capacity percentage. For the combined exhaust 
stream of the main engine and main generator, PM2.5 emissions showed 
reductions of 37% and 16.3% over the scrubber at the 4% and 70% 
scrubber capacity points, respectively, while no statistically significant 
changes in PM2.5 emissions were seen at the 48% and 85% scrubber 
capacity points. For the main generator at low load conditions, PM2.5 
emissions were found to be lower than those of the combined exhaust of 
the main engine and main generator, but scrubber efficiency was greater 
for the main generator at 37%. The overall ISO weighted reduction in 
PM2.5 emissions over the scrubber was about 10%. The observed 

Table 3 
Pre- and post-scrubber NOx, CO, and CO2 emissions, expressed in g/kW-hr, for 
the main generator at 4% engine load and the combined exhaust stream of the 
main engine and main generator at different loads.  

Engine 
load 

NOx CO CO2 

Pre Post Pre Post Pre Post 

85% 13.8 ±
0.1 

14.4 ±
0.4 

0.21 ±
0.02 

0.24 ±
0.00 

617.0 ±
2.0 

620.5 ±
4.9 

70% 16.9 ±
0.1 

16.6 ±
0.2 

0.22 ±
0.03 

0.22 ±
0.02 

592.7 ±
6.2 

607.4 ±
9.8 

48% 15.7 ±
0.9 

16.9 ±
0.1 

0.19 ±
0.01 

0.22 ±
0.00 

574.0 ±
31.3 

621.3 ±
2.8 

4%* 15.0 ±
0.2 

8.6 ±
0.1 

1.34 ±
0.05 

0.63 ±
0.00 

763.1 ±
0.1 

694.4 ±
0.0 

*Main generator only with main engine turned off. 

J. Yang et al.                                                                                                                                                                                                                                    



Fuel 304 (2021) 121323

6

Fig. 2. Pre- and post-scrubber SO2 emissions for the main generator at 4% engine load and the combined exhaust stream of the main engine and main generator at 
different loads. 

Fig. 3. Pre- and post-scrubber PM2.5 mass emissions and total PM2.5 composition including sulfate, OC, and EC fractions for the main generator at 4% engine load 
and the combined exhaust stream of the main engine and main generator at different loads. 
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reductions under the present test conditions were substantially lower 
than those reported in previous studies employed scrubbers [30–33]. 
For example, Fridell and Salo [33] demonstrated a 75% reduction in 
total PM emissions when they tested a high sulfur HFO on-board a two- 
stroke marine engine. 

For the combined exhaust stream of the main engine and main 
generator at all scrubber capacity points, both pre- and post-scrubber 
PM2.5 mass was predominantly comprised of sulfate (66.5%–93%), 
with smaller contributions of OC (6.5%–24.5%) and EC (0.6%–9%) 
fractions. For the main generator, sulfate (71.3%) was also the main 
component of PM2.5 followed by OC (21.7%) and EC (7%). These results 
are consistent with previous studies that utilized high sulfur HFO [9,14], 
but differ from studies using very low sulfur HFO, where sulfate was a 
minor fraction of PM2.5 and OC dominated the PM2.5 composition 
[10,32]. Engine load did not show any obvious influence on PM2.5 
composition, except for the relatively higher OC and EC fractions for the 
main generator at the lowest load point, which can be ascribed to the 
incomplete combustion of heavy hydrocarbon components of the HFO 
and lubricant oil, generating more OC and EC emissions. 

It should be noted that the low PM2.5 removal efficiencies down
stream the scrubber was primarily due to the small differences in sulfate 
for pre- and post-scrubber PM2.5. Similar findings were reported in a 
different study, which utilized high sulfur HFO in a medium speed 4- 
stroke engine with and without a scrubber [31]. For the main gener
ator over the scrubber’s lowest capacity measured (4%), sulfate removal 
efficiency was close to 30%. OC removal efficiency over the scrubber 
was approximately 27% and 31% for scrubber capacity points at 48% 
and 70%, respectively, with lower OC removal efficiency of 17% at 
maximum scrubber capacity. The highest OC removal efficiency (~41%) 
was seen for the main generator. Overall, these results differ from a 
previous study that reported OC removal efficiencies captured by an 
open loop wet scrubber on the order of 70% [33]. As previously dis
cussed, EC represented only ~ 1% of the total PM2.5 mass for the 

combined exhaust stream of the main engine and main generator, 
resulting in less consistent removal efficiencies over the scrubber likely 
due to challenges measuring the low EC levels. 

The very low removal efficiencies in PM2.5 emissions by the scrubber 
are not entirely clear and depends on engine technology, operating 
conditions, fuel composition, sampling methodology, and scrubber 
design. Our results indicated that the temperature before the scrubber 
unit was sufficiently high and the humidity levels sufficiently low to 
ensure both the SO2 and SO3 will remain in the gas-phase when traveling 
in the exhaust. When both SO2 and SO3 entered the scrubber unit, the 
exhaust is rapidly cooled and the humidity increases significantly due to 
the exposure of sea water droplets. Under these conditions, the SO2 is 
absorbed by the sea water droplets, which are subsequently discharged 
from the system. We theorize that SO3 was more likely to transition from 
the gas- to particle-phase forming sulfuric acid (H2SO4) particles, which 
would not be absorbed by the droplets in the scrubber system [38]. 
These observations are in line with previous experimental and modelling 
studies that have shown that under conditions with rapid cooling, and 
excessive moisture and low dilution in the exhaust, similar to the con
ditions experienced in this study, there is a greater tendency for the 
formation of sulfuric acid particles [25,38,39]. The removal of these 
nuclei-sized sulfuric acid particles is dependent on Brownian diffusion. 
It is assumed that these particles are embedded in the scrubber fluid 
traveling around the sea water droplet, but not close enough to the 
droplet surface to diffuse and be captured. 

Sampling methodology, even when following the ISO 8178 protocol 
can have a significant impact on PM emissions [37]. Especially in a 
scrubber environment, PM2.5 measurements can be further complicated 
due to the formation of condensable particles, such as the gas-phase SO3 
into particle-phase hydrated sulfate (H2SO4 × 6.656 H2O) and the par
titioning of semivolatile organic compounds to the particle-phase. 
Studies have shown that sampling approach will affect PM emissions 
and their properties when the exhaust contains both solid and 

Fig. 4. Pre- and post-scrubber black carbon emissions measured with different methods for the main generator at 4% engine load and the combined exhaust stream 
of the main engine and main generator at different loads. 
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condensable PM [38]. The present work collected PM2.5 on a filter using 
a dilution ratio of 6:1 to 20:1 and dilution air at 47 ◦C. In a different 
study by Fridell and Salo [33], a two-stage dilution unit was used with 
the first dilution being ~ 10:1 with the dilution air heated to 250 ◦C. 
Their second dilution increased the overall dilution from 64 to 106. 
Differences in sampling conditions can lead to differences in the pene
tration of condensable PM mass at the filter face and the overall 
measured PM2.5 mass. Both approaches will capture the solid PM2.5 
mass, but an approach with a lower dilution ratio and collection tem
perature will capture more of the condensable PM2.5 mass. We therefore 
theorize that the higher total PM removal over the scrubber reported by 
Fridell and Salo [33] was a result of some of the condensable mass being 
lost by using high dilution ratios and dilution air heated up to 250 ◦C, 
where the sulfuric acid particles and organic PM transitioned back to the 
gas-phase and penetrated the filter. 

3.4. Black carbon emissions and scrubber efficiency 

Pre- and post-scrubber black carbon emissions measured with three 
different instruments, each having a different measuring principle, are 
shown in Fig. 4. For the combined exhaust stream of the main engine 
and main generator, pre- and post-scrubber black carbon emissions 
ranged from 0.003 g/kW-hr to 0.009 g/kW-hr, while black carbon 
emissions ranged up to 0.063 g/kW-hr for the main generator. The FSN 
black carbon values were systematically higher than those obtained with 
the MSS, consistent to the results from Jiang et al. [40] when they tested 
a small two-stroke marine engine on marine gasoils and HFO with 
different sulfur contents. The EC results from the thermal optical method 
were higher than both the FSN and MSS measurements. Since sulfate 
dominated PM2.5 composition, along with organic carbon (over 99.5%), 
high levels of sulfur species could potentially facilitate pyrolysis of OC to 
black carbon during the earlier heating stages of the NIOSH thermal 
optical method. This phenomenon could affect the EC-OC split point and 
lead to higher EC readings. It has been previously suggested that metals 
and metal oxides in HFO can enhance the oxidation of soot during 
combustion, which may also affect the NIOSH EC/OC method [41]. In 
addition, some metals could contribute more to the charring of the 
oxidized carbon species, especially when the fraction of EC on the filter 
is considerably less than OC [42]. 

For the combined exhaust stream of the main engine and main 
generator, there was a slight trend toward lower black carbon emissions 
measured with the FSN and MSS with increasing engine load, which is in 
line with previous studies [10,14,16,17]. The elevated black carbon 
emissions seen for the main generator, were likely due to the shorter 
residence time during combustion for soot to oxidize in localized fuel- 
rich areas compared to the low speed two-stroke main engine. The 
black carbon removal efficiencies over the scrubber varied between the 
methods and engine loads. The ISO weighted removal efficiencies were 
39%, 35.6%, and 20%, respectively, for EC, MSS, and FSN methods, with 
much of the removal efficiency attributed to the lowest scrubber ca
pacity. While the removal efficiencies for the combined main engine and 
main generators were not consistent with scrubber capacity, the main 
generator showed increased removal rates at 48.5%, 43%, and 36.6%, 
respectively, for EC, MSS, and FSN methods, also indicating greater 
removal efficiencies for the 4-stroke engine. 

4. Conclusions 

In this study, gaseous and particulate emissions were measured on- 
board a D7 Class container vessel while operating at sea and at berth 
using high sulfur HFO. Emissions were measured at sea at different 
engine loads for the main propulsion engine and main generator with 
and without the use of a hybrid wet scrubber system, and at berth for the 
main generator with and without the use of a scrubber. Results showed 
very low or no removal efficiencies for NOx, CO, and CO2 emissions. The 
results from our measurements on wet scrubbers showed significant 

removal efficiencies in SO2 emissions (>97%) across all engine loads, 
consistent with previous studies. The SO2/CO2 (% v/v) ratio, which is 
required for monitoring scrubber efficiency, was in the range of 0.19 to 
0.64, and met the 2015 IMO Guidelines for EGCS of being less than 4.3, 
which corresponds to the sulfur equivalent of using a 0.1% sulfur fuel. 
Using this approach only considers the sulfur in the gas phase and not 
the sulfur in the particle phase. As such, the validation method is not 
accounting for all the sulfur species and may be slightly underestimating 
the scrubber performance as it relates to the fuel sulfur rule. 

Although this work presents results for a single scrubber design and 
does not reflect the entire fleet of ships installed with scrubbers, we 
suggest that the use of scrubbers may not provide the desired reductions 
in PM2.5 and black carbon emissions to achieve levels similar to those of 
ultra-low sulfur HFO combustion. The ISO weighted reduction in PM2.5 
emissions over the scrubber was 10% across all engine loads, which is 
significantly lower than the removal efficiencies reported in other 
studies. The absence of IMO standards for PM2.5 emissions or EGCS 
sulfate emissions and the fact that sampling methodology likely affects 
significantly the measured PM, suggests the need for a separate PM2.5 
emissions standard at the exhaust upstream and downstream the 
scrubber system. 

CRediT authorship contribution statement 

Jiacheng Yang: Formal analysis, Investigation, Methodology. 
Tianbo Tang: Formal analysis, Validation, Investigation. Yu Jiang: 
Formal analysis, Investigation. Georgios Karavalakis: Writing - review 
& editing, Data curation. Thomas D. Durbin: Writing - review & edit
ing. J. Wayne Miller: Writing - review & editing, Supervision. David R. 
Cocker: Data curation. Kent C. Johnson: Resources, Data curation, 
Supervision, Project administration. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by International Council on Clean Trans
portation (ICCT). The authors thank Mr. Edward O’Neil and Mr. Mark 
Villela of the University of California, Riverside for their contribution in 
conducting this research program. We also thank Dr. Kevin Thomson 
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