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ARTICLE INFO ABSTRACT

Keywords: The secondary organic aerosol formation potential of a ship engine emission is assumed to be significant
Secondary organic aerosol since ship engines are known to emit large amounts semi- and intermediate volatility organic compounds
Volatility modelling

capable of forming secondary organic mass in the atmosphere. However, this is poorly studied in real-world
conditions. Here, oxidation reactor was used to simulate atmospheric aging of an exhaust emission aboard a
ship in real-world conditions. The samples were also heat-treated to gain information on the volatility of the
aged emission. Genetic optimization algorithm was combined with a volatility model to study the volatility
distribution of the emission and partitioning of the emission was calculated in different dilution scenarios.
Aging of the ship exhaust emission was seen to produce significant amounts of secondary organic mass and
quite volatile particle phase sulphate. Most of the secondary organic aerosol was in semi- and intermediate
volatility range. This volatility range in particle phase means that care has to be taken when diluting the
samples. The gas-particle phase partitioning of volatile material can significantly change the particle phase
concentrations in addition to just dilution.

Ship emissions

1. Introduction be different between the open sea with a high engine load and harbour

areas with low engine load (Moldanové et al., 2013; Liu et al., 2022;

Transportation contributes significantly to global aerosol emissions.
These emissions have a negative impact on human health (Pope,
I and Dockery, 2006; Caiazzo et al.,, 2013; Pieters et al.,, 2015;
Lelieveld, 2017) and have an effect on the radiation balance and
climate change (Ramanathan and Feng, 2009; Seinfeld et al., 2016;
Bellouin et al., 2020). Significant portion of these transportation related
aerosols can be attributed to marine traffic, which impacts especially
the coastal and harbour areas. Shipping is a major source of nitro-
gen oxide (NO,), sulphuric oxide (SO,) and particulate matter (PM)
emissions (Sofiev et al., 2018; Becagli et al., 2017; Moldanova et al.,
2013). The particulate matter from marine traffic contains organic
carbon (OC), black carbon (BC), sulphates, nitrates and other inorganic
elements such as metals (Moldanové et al., 2009; Wu et al., 2018; Mifka
et al.,, 2021). Increasing shipping volumes and switching to cleaner
fuel alternatives are changing the composition and concentration levels
of the exhaust emission from marine traffic (Anon, 2023; Moldanova
et al., 2013; Streibel et al., 2017; Guo et al., 2024a). The ship emission
is also affected by the engine load of a ship engine and can therefore
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As an aerosol is released to the atmosphere, it will evolve due
to dilution and cooling, coagulation, condensation and evaporation,
wet and dry deposition and chemical processes. The initial emission
can change significantly during the atmospheric processing and there-
fore understanding these processes is crucial for estimating the effects
of aerosols, including those originating from combustion engines, on
human health and the environment.

Organic matter is released into atmosphere in particle phase as pri-
mary organic aerosol (POA). Especially engine emissions also contain
gas phase volatile organic compounds (VOCs). Atmospheric oxidation
of VOCs in the atmosphere can yield species of lower volatility which
can partition from gas to particle phase and secondary organic aerosol
(SOA) (Robinson et al., 2007; Zhao et al., 2014). Partitioning of these
compounds between particle and gas phases depends on their volatility
properties, which are temperature dependent and often expressed in
terms of their effective saturation concentration, and the overall mass
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concentration of organic material present. Therefore, dilution and cool-
ing in an aging exhaust plume will cause organic mass to move from
one phase to another.

The volatilities or effective saturation concentrations C* of or-
ganic compounds in the atmosphere cover a wide range but can be
classified according to their partitioning between particle and gas
phases (Donahue et al., 2012). Non-volatile (NVOCs) and extremely
low volatility organic compounds (ELVOCs) exist practically completely
in particle phase in the atmosphere, but unlike NVOCs, ELVOCs can
evaporate in high temperatures in a thermodenuder. Low volatility
organic compounds (LVOCs) exist predominantly in particle phase in
the atmosphere. Semi-volatile organic compounds (SVOCs) can simul-
taneously co-exist as both gas and particulate phase matter. Inter-
mediate volatility organic compounds (IVOCs) consist predominantly
of lower volatility gas phase species, but a small fraction can exists
in particle phase. VOCs exist only in gas phase in the atmosphere.
Oxidation of VOCs is an important source of SOA. Modelling studies
have shown that the oxidation of gas phase SVOCs and IVOCs to species
of lower volatility accounts for a significant fraction of observed SOA
formation (Robinson et al., 2007; Ling et al., 2022; Zhang et al., 2024).

Ship emissions have been shown to be a major source of SVOCs,
IVOCs and VOCs in gas phase (Kangasniemi et al., 2023; Liu et al.,
2022; Huang et al., 2018; Wu et al., 2021). The exact molecular compo-
sition of emitted VOCs, their evolution pathways and atmospheric SOA
formation mechanisms are not fully understood. The main components
of ship emitted VOCs are reported to be oxiginated VOCs, aromatics,
alkanes, and alkenes. The exact composition depends on factors such
as fuel type, engine type and mode of engine operation (Zhang et al.,
2024; Zeng et al., 2025). SOA yield calculations suggest that the species
with highest SOA formation potential in ship emission are benzene,
naphthalene, xylene, n-dodecane and n-undecane. These yield estima-
tions are typically based on laboratory measurements, where the results
may vary depending on the precursor, oxidant and NO, concentrations
and conditions in the simulation chamber (Srivastava et al., 2022).
This complexity presents challenges for both experimental SOA stud-
ies and modelling efforts. Modelling studies often underestimate how
much SOA is formed due to uncertainties in the understanding of SOA
formation (Ortega et al., 2016; Ling et al., 2022).

The emission of sulphur and nitrogen-containing species can also
impact the particle phase emission and SOA formation potential of
a ship engine emission. Sulphur dioxide (SO,) and reduced-sulphur
compounds such as dimethyl sulphide can react with OH radicals to
form sulphuric acid (H,SO,) in the presence of water vapour (Berndt
et al., 2023). H,SO, is an important precursor for nucleation of new
particles in the atmosphere and sulphate formed from SO, emissions is
an important component of shipping-related PM (Sipild et al., 2010).
Sulphuric acid can react to form organosulphates when mixed with
VOCs from biogenic sources (Briiggemann et al., 2017; Wang et al.,
2018; Yang et al., 2023). Nitrates can be a significant component in
the exhaust emission due to the formation of nitric acid (Seinfeld and
Pandis, 2016). Aerosol nitrate is semi-volatile and can participate in
SOA formation (Zakoura and Pandis, 2018).

To reduce sulphur pollution, the International Maritime Organiza-
tion (IMO) has introduced controls that limit the sulphur content of
fuels — the latest regulation limits the fuel oil sulphur to less than
0.5 mass-% outside Emission Control Areas (ECA) and to below 0.1%
in ECAs. This has been projected to decrease the particulate matter
burden on air quality in shipping-influenced areas, which benefits
human health, but as a tradeoff some of the cooling climate effects
caused by sulphate aerosols is lost (Sofiev et al., 2018).

Shipping emission inventory is calculated using proxies for shipping
activity and emission factors specific for this proxy. The proxy is most
often fuel used or energy output of ships’ engines and the differences
in emissions under different ship operations are captured by differen-
tiating both the activity data and the emission factors with respect to
the fuel used, engine type and engine load or operation mode.
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Exhaust emission can contain thousands of different organic species
and trying to explicitly model or experimentally characterize their
volatilities is challenging (Hallquist et al., 2009). The Volatility Basis
Set (VBS) is a method used in modelling studies concerning aerosol
volatility (e.g. Donahue et al., 2006; Han et al., 2016; Ciarelli et al.,
2016; Huang et al., 2018). In the VBS approach, the organic mass
is divided to discrete volatility bins described by effective saturation
concentrations, rather than being considered to be individual species.
These volatility distributions can be experimentally constructed by
e.g. direct identification of species present or measuring the retention
times of hydrocarbons (Zhao et al., 2014). Alternative approach is
to look for a volatility distribution that produces results matching
evaporation measurements when used as an input in a volatility sim-
ulation. With known volatility distribution the mass transfer between
the gas and particle phases can be calculated (Riipinen et al., 2010).
Inversely, it should be possible to construct an initial volatility dis-
tribution that reproduces measured behaviour when used as a model
input. In practice several combinations of effective saturation concen-
trations, vaporization enthalpies and mass accommodation coefficients
can produce similar results. A possible solution is the use of a genetic
optimization algorithm to find the initial parameters that match the
measured behaviour as well as possible (Tikkanen et al., 2019; Yli-Juuti
et al., 2017; Kangasniemi et al., 2023).

The VBS approach has been used to model emissions of organic
species and their effects on atmosphere (Han et al., 2016; Jiang et al.,
2019; Chen et al., 2019). Volatility studies for on- and off-road engines
exist (Zhao et al., 2016; Alam et al., 2019; Lu et al., 2018) as well as
laboratory experiments measuring the overall volatility of ship exhaust
emissions (Anderson et al., 2015; Eichler et al., 2017; Alanen et al.,
2020). Existing on-board measurements in real-world conditions show
that a large amount of a ship engine emission is in IVOC range (Eichler
et al.,, 2017; Huang et al., 2018; Kangasniemi et al., 2023). However,
there is a lack of research on ship emitted SOA formation and volatility
under real-world conditions. We measured mass and number concen-
trations from engine emissions aboard a ship using an oxidation flow
reactor (OFR) to simulate atmospheric aging. A thermodenuder was
used to study the evaporation of the aged organic aerosol. This data
was then used to obtain the volatility distribution of the aged emission
using genetic optimization together with a mass transfer model. We also
observed a large amount of volatile sulphate mass in the particle phase.

2. Materials and methods

The exhaust emissions of a ship were measured aboard the
passenger/Ro-Pax ferry Stena Germanica. The measurements were
carried out on September 2021 between Gothenburg, Sweden, and Kiel,
Germany. The ferry has four 4-stroke Sulzer 8ZAL40S diesel engines,
each providing 6000 kW for two controllable pitch propellers. During
the secondary organic aerosol volatility studies, the fuel used was
marine gas oil (MGO) with a low sulphur content of 0.095 wt %,
in line with the shipping route which is within the Baltic Sea ECA.
Emissions were sampled after the selective catalytic reduction (SCR)
catalyst which can be operated with or without urea injection. The
engine was operated to reach stable test periods with loads of about
50% or 75%. The three cases studied here were engine operated with
50% engine load with and without urea injection and 75% engine load
with urea injection.

The measurement setup is shown in Fig. 1. The sample was first
diluted with a porous tube diluter (PTD) and an ejector diluter. The
dilution ratio ranged between 60-110. After the first dilution step,
the sample entered the potential aerosol mass (PAM) chamber (Aero-
dyne (Kang et al., 2007)) where it was aged simulating approximately
five days of atmospheric aging. The sample needed to be diluted to
quite low concentration, because undiluted the samples can introduce
high concentrations of OH reactive compounds. This can suppress the
OH chemistry in PAM, promoting reactions irrelevant to atmospheric
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conditions. The NO concentrations in PAM can also have an impact on
how well the reactions represent atmospheric photochemistry. When
not using the urea treatment, the emission contained more NO and
therefore extra dilution was necessary to have similar NO levels inside
PAM in each measurement case. Peng and Jimenez (2017) OFRs are a
valuable tool when studying atmospheric aging, but there are concerns
about how well the highly oxidative conditions for short period of time
really represent several days of atmospheric aging. Experiments using
OFR need to be planned carefully to achieve results simulating relevant
conditions for each study (Peng and Jimenez, 2020). It has however
been shown, that SOA formation studies using OFRs yield similar re-
sults to chamber studies, where the time scales and OH concentrations
are closer to atmospheric conditions (Lambe et al., 2015).

Another ejector diluter with a dilution ratio of 7 was used before the
thermodenuder and the measurement setup. The thermodenuder was
heated to 250 °C and the temperature was gradually brought down to
50 °C. The upper temperature limit is used because test studies have
shown that at 265 °C the test aerosols have mostly evaporated, but
at the same time when the temperature is higher than 250 °C a new
mode starts to re-nucleate (Amanatidis et al., 2018). The cooling of
the thermodenuder can take a long time as the temperatures drop and
it is not practical to cool the instrument to temperatures lower than
50 °C (Alanen et al., 2017).

The particle size distributions of the heat-treated samples were
measured with two scanning mobility particle sizers (SMPS). The dif-
ferential mobility analyzers (DMA) and condensation particle counters
(CPC) forming the SMPSs were DMA 3081 and CPC 3756 (TSI), for
long-SMPS and DMA 3085 and CPC 3776 (TSI) for nano-SMPS. Both
diffusion correction and multiple charge correction were applied to the
SMPS data in the AIM software provided by the manufacturer. The
Soot-Particle Aerosol Mass Spectrometer (SP-AMS; Aerodyne Research
Inc. Onasch et al., 2012) was measuring refractory black carbon (rBC),
total organic, sulphate, nitrate, ammonium and chloride concentrations
and submicron particle mass concentration of the emission. SP-AMS
was calibrated using ammonium nitrate during the campaign and the
measured concentration were corrected according to the calibration
results. The aethalometer (Model AE33; Magee Scientific) was used to
measure the equivalent black carbon (eBC) concentration. AE33 has a
time resolution of 1 s but a median filter with 30 s time window was
used to smooth the data. eBC and rBC are measured using different
techniques and eBC results are typically higher (Wu et al., 2025). Not
shown in Fig. 1 is the multigas analyzer (Horiba PG350E) which was
measuring SO, and several other gas emissions directly from the stack.
The stack of a ship is the point where the undiluted ship emission is
released to the atmosphere.

The aerosol volatility was studied by comparing the mass remaining
in particle phase after thermodenuder treatment in different tempera-
tures to the particle mass bypassing the thermodenuder. The amount
of mass lost, after taking into account the nominal thermodenuder
losses, is the mass evaporating from particle to gas phase in different
temperatures. This gives the mass fraction remaining in the particle
phase as a function of the thermodenuder temperature, which can be
used as a target function in size-resolved modelling studies. Since BC
can be considered to be non-volatile, the aethalometer measurements
were used to estimate the losses not caused by vaporization in the
thermodenuder. Based on the aethalometer results, the particle phase
losses ranged from 4.3% at 25 °C to 72.1% at 265 °C. The SP-AMS
results for rBC were similar but the aethalometer results were used due
to possible measurement artifacts on higher temperatures with SP-AMS.

To compare the sulphate particles in ship exhaust emission to pure
sulphuric acid particles, results from an earlier, separate experiment
were used. This experiment measured SO, concentrations and particle
phase distributions after heat treatment in laboratory setting. Mixtures
of SO, and relatively dry air (~5% relative humidity at 25 °C), was
passed through heaters and a small scale platinum loaded oxidation
catalyst, sampling from the test gas by the porous tube diluter (PTD)

Atmospheric Environment: X 28 (2025) 100376

system, and measuring the particle size distribution with a Nano-SMPS.
The small-scale oxidation catalyst was designed so that the gas flow
velocity and residence time were comparable to the real-world exhaust
application. After the PTD sampling the formed fresh nucleation mode
was led through a thermodenuder with low nanoparticle losses. The
thermodenuder temperature was changed between 60 °C to 265 °C
having eight set points in total. A ninth measurement point was without
thermodenuder at 25 °C. The remaining particle size distribution was
measured with the Nano-SMPS system downstream of the thermode-
nuder. SMPS measured 1-3 size distributions for each temperature with
60 s interval between the measurements.

Genetic optimization algorithm was used to solve the initial volatil-
ity distribution from the evaporation data (Tikkanen et al., 2019;
Yli-Juuti et al., 2017; Kangasniemi et al., 2023). The algorithm gener-
ates an initial population of individuals with randomly drawn volatility
distributions. Each volatility distribution is then an individual with a
randomly generated volatility basis set distribution. Each individual is
used as an input in an evaporation model to produce evaporation curves
showing what fraction of the particulate mass stays in particle phase
in different temperatures. This can be compared to the thermodenuder
measurements described earlier to give each individual a measure of
fitness, i.e. how good the individual is.

Once the initial population has been generated, the model chooses
randomly, but with some bias towards the individuals with the best
fitness values, two parent distributions to produce a new candidate dis-
tribution. The properties of these two parent distributions are combined
to create a new volatility distribution. A fitness value is then calculated
for this new individual and compared to the whole population. If in the
population there exists an individual with a lower fitness value than
the new candidate, the old individual is discarded and the candidate
enters the population. Otherwise the candidate is discarded. This is
repeated over the whole population to produce a new generation of
individuals. This process can be repeated over a desired number of
generations. The algorithm attempts to improve the population by
introducing new, better, volatility distributions to the population with
the aim of finding an individual that reproduces the experimental data
as well as possible when used in an evaporation model. When a new
candidate is created, there is also a possibility of mutation. In practice
this means we are creating an individual with totally random properties
rather than combining the properties of the parent distributions. This is
done to prevent the algorithm from converging to a local, rather than
a global minimum.

3. Results and discussion
3.1. Composition of the secondary emission

The compositions of the aged aerosols measured with SP-AMS as
a function of temperature are shown in Fig. 2. In the bypass sample
and lower temperatures the particulate mass is dominated by sulphates
which cover 60%-85% of the total mass. This sulphate mass is quite
volatile; most of it disappears in under 100 °C. Organics account for
13%-27% of the total mass and while this mass also evaporates in
relatively low temperatures, it is not as volatile as the sulphate fraction
is. The SP-AMS results would suggest that the concentrations increase
slightly at higher temperatures. The reason for this could be related
to the instrument and possibly the low concentrations it is measur-
ing. BC concentration should not increase at any temperature since
it is non-volatile. This increase is not observed by the aethalometer
measurements shown in Supplementary material Figure S1, suggesting
the concentration increase in SP-AMS at higher temperatures is a
measurement artifact. As mentioned before, the eBC concentration from
aethalometer measurements is expected to be higher than the rBC con-
centration from SP-AMS measurements. There are also small amounts
of nitrogen-containing species but the concentrations are negligible in
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Fig. 1. Setup used in the SOA volatility measurements. The sample from the stack is diluted before it enters the PAM chamber. After aging the sample is diluted
again followed by thermodenuder treatment. Alternatively, the sample can also bypass the thermodenuder. The sample is then lead to an aethalometer, SP-AMS

and two SMPS setups.
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Fig. 2. The composition of the aged exhaust emission measured with SP-AMS. The bar on the left side of each panel is the Bypass sample (BP) which does not

enter the thermodenuder.

comparison to sulphates, organics and BC. This can be due to the after-
treatment with SCR and urea which removes NO, from the emission. In
addition, the high sulphate concentration means the aerosol is acidic.
This has the effect of driving out the nitrates from the aerosol (Vasilakos
et al., 2018).

Fig. 2 shows results corrected only with the dilution ratio. The effect
of volatility and partitioning is therefore ignored in the composition
results. The results suggest an increased sulphate emission when using
a higher engine load. This agrees with earlier studies, although those
used fuels with a higher sulphur content (Karjalainen et al., 2022).
Urea treatment in the SCR seems to lead to an increased organic
mass concentration with 50% engine load, but the results from the
fresh emission (Kangasniemi et al., 2023) show that the fresh volatil-
ity distributions with and without urea treatment are quite similar.
Furthermore, while for 50% engine load the urea treatment increases
the fresh organic particle phase emission, for 75% emission the results
show the opposite. More data would be required to draw any reliable
conclusions. Increasing the engine load with urea treatment on reduces
the organic particle phase mass concentration slightly. Lower tempera-
tures with lower engine loads might results in less complete combustion
and increased VOC emission (Zhang et al., 2024). This in turn would
mean there are more gas phase organic compounds available to form
secondary particles during aging.

3.2. Volatility of the secondary organic aerosol

Fig. 3 shows the modelled and measured evaporation curves for the
aged organic fraction of the aerosol. The optimization algorithm clearly
had trouble finding a solution matching the measured evaporation,
with mean square errors of 0.012, 0.003, 0.005 for 50% engine load
without and with urea treatment and 75% engine load with urea
treatment, respectively. There is an evident gap between the low and
high temperature results for particle mass fraction remaining. One
explanation could be the quality of data. The sample had to be diluted
twice before the thermodenuder treatment. The concentrations mea-
sured with SP-AMS were quite small and this can cause large relative
errors in the data.

On the other hand, the higher temperature range might produce
new species via thermal reactions inside the thermodenuder. There
are results showing that more than half of ambient organic aerosol
mass could decompose in temperatures under 180 °C (Guo et al.,
2024b). This could change the volatility distribution of the particle
phase sample at higher temperatures, while the model assumes there
are no chemical reactions taking place during the heat treatment.
Dilution chamber measurements combined with thermodenuder mea-
surements can restrict the potential errors (Louvaris et al., 2017), but
can be challenging to implement in a measurement setup aboard a ship.
The rapidly decreasing mass concentration at lower temperatures does
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Fig. 3. The evaporation curves of aged organic mass for engine loads of 50% without (a) and with added urea (b) in the after-treatment system and engine
load of 75% with urea (c). The blue circles are the measured mass concentrations from SP-AMS after thermodenuder treatment in different temperatures and the
orange line is the best matching result found using the optimization algorithm. The mean square errors between measured and modelled results were 0.012 (a),
0.003 (b) and 0.005 (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

however suggest the aged aerosol mass is relatively volatile before the
effects of potential thermal reactions.

Another feature of the measured data causing the model issues
is the almost non-existent evaporation in 50 °C. The reference con-
centrations of the bypass sample should have been in approximately
25 °C temperature and the organic mass in the particles is relatively
volatile. Modelling suggests that the mass fraction remaining should
be lower, about 80%—-90% in 50 °C. This is also supported by earlier
results (Feng et al.,, 2023; Jathar et al., 2016). The PAM chamber
was placed in a room with elevated temperatures and despite of the
sampling line being insulated, it is possible the sample passed through
higher temperatures before the thermodenuder and the bypass section.
If the sample encountered elevated temperatures in the sampling line,
some of the bypass sample might have evaporated in the sampling line
bringing the particle phase mass concentration down. However, the
sample was still diluted and cooled before aging in the PAM chamber.
The aging process, subsequent dilution and heat treatment should have
much larger impact on the measured particle phase mass concentration
than the early possible evaporation in the sampling line. This is further
supported by the fresh exhaust emission results done with the same
setup, where the modelling and measurement results agreed well with
each other and results by others (Kangasniemi et al., 2023; Feng
et al.,, 2023; Jathar et al.,, 2016). Another explanation could be the
absorption section of the thermodenuder which is assumed to remove
all the evaporated gases. The thermodenuder was operated starting
from 250 °C and then lowering the temperature. Thermodenuder ramps
are often operated this way (Alanen et al.,, 2017; Amanatidis et al.,
2018). Heating up the thermodenuder in a controlled way would
require a programmable heater, while heating up the thermodenuder
to the maximum temperature and then letting it cool down is much
more convenient. If some of the gas phase was not removed from
the system in the absorption section of the thermodenuder the lower
volatility fraction of that could have condensed back to particles phase
when cooling down, raising the measured mass concentration of the
lower temperature samples. However, this cannot be verified with
our measurement data. It is also worth noting that the decrease in
temperature slows down considerably when approaching 50 °C and
any potential residual gases might be flushed out of the cooling section
before reaching the lower temperatures.

The simulations were also carried out assuming that the real mass
fraction remaining was 88% of the measured mass fraction in Fig. 3.
The results are shown in Supplementary material Figures S2-S5. The
evaporation curves were in a better agreement, with mean square errors
of 0.009, 0.001, 0.004 for 50% engine load without and with urea treat-
ment and 75% engine load with urea treatment, respectively. While
there were some differences in the resulting volatility distributions, the
same IVOC bins still clearly dominated the volatility distribution. The

rapid decrease of the particle phase mass in certain temperature indeed
suggests that the organic mass consists mostly of material of a narrow
volatility range, since volatility curves for individual species have been
seen to behave much like the measurement data seen in Fig. 3 (Xu et al.,
2019). While the goodness of fit value is better with the correction
made in the Supplementary material, the optimization method is still
successful in minimizing the difference between the simulation results
and measurements. The volatility modelling results are probably mainly
dependent on the temperature in which the particle phase mass falls
rapidly. The partitioning results presented later in this section were
similar between what is presented here and in the Supplementary
material especially in particle phase.

The model does not consider possible chemical reactions taking
place in the thermodenuder such as thermal decomposition. These reac-
tions are currently a challenge in defining volatility distributions (Kang
et al.,, 2022). Especially the amount of low-volatility material which
needs higher temperatures to evaporate can be underestimated in the
volatility distributions (Stark et al., 2017). The evaporation in our study
is strongest under temperatures lower than 100 °C. While there are
species that experience thermal decomposition in low temperatures, it
seems reasonable to assume that the effect on a distribution dominated
so clearly by more volatile species, which should evaporate before
thermal reactions, is minor (Stark et al., 2017).

The volatility distributions that produced the curves in Fig. 3 are
presented in Fig. 4. The distributions are shown as fractions from total
organic (particulate) matter (OM) mass concentration. There is a non-
volatile fraction of approximately 20% in each of the distributions.
When the engine load is 50% there is also some low-volatility mass in
the aerosol but with 75% engine load the lower volatility material is not
visible. This does not mean there is no low volatility material present at
all with 75% engine load, but the fraction of total mass concentration is
very small. Lower temperatures during the combustion process produce
more VOCs, which might explain the higher fraction of lower volatility
species with lower engine loads. In each case the distribution is dom-
inated by the intermediate volatility range with more than half of the
particulate mass in the bins with effective saturation concentration C*
between 10° - 10° pg/m?3. The reference temperature used for the effec-
tive saturation concentration was 25 °C. The volatility of corresponding
fresh emissions reported earlier (Kangasniemi et al., 2023) for organic
gas phase consisted mostly of material with C* of 10* ug/m> and 10°
pg/m3. Aging and partitioning of this material could explain why the
particle phase is so clearly dominated by IVOC range. A ship emission
can also contain large amounts of gas phase naphthalene (Zhang et al.,
2024), which can form phthalic anhydride during aging. The effective
saturation concentration of phthalic anhydride would place it in the
bin with C* of 10* pg/m? Kangasniemi et al. (2023), Williams et al.
(2010), Kautzman et al. (2010). The aged particulate mass is therefore
quite volatile and can be expected to start evaporating from the particle
to gas phase when diluted in the atmosphere.
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Fig. 4. The volatility distributions of the organic particle phase mass in the samples in each measurement case found using the genetic optimization algorithm.
The reference temperature for the effective saturation concentration was 25 °C. NV refers to the non-volatile part of the aerosol.

3.3. Sulphate in the aged emission

The aged aerosol contained significant amounts of sulphates evap-
orating at relatively low temperature and it was initially not clear
what forms this sulphate fraction. Organosulphates are thought to be
formed mostly when an anthropogenic emission is mixed with bio-
genic organic compounds making it unlikely that the sulphate part is
organosulphates (Briiggemann et al., 2017; Wang et al., 2018; Yang
et al., 2023). Sulphuric acid on the other hand is typically assumed to
be non-volatile but there are conditions, including small particle size,
where significant evaporation has been seen to happen (Tsagkogeorgas
et al.,, 2017). Ammonium sulphate would start evaporating at low
temperatures but there was no evidence of significant amounts of
ammonia in our SP-AMS data.

Size distributions measured with SMPS in different temperatures
are shown in Fig. 5. SMPS cannot directly give information on aerosol
composition but for the ship engine aerosol measurements, different
volatility modes were fitted to data to distinguish between aerosol
masses evaporating at different temperatures. A non-volatile NV mode
was fitted to the size distributions at temperatures exceeding 200 °C.
This non-volatile mode includes non-volatile organics and sulphates.
Fig. 2 shows a rapid drop in mass concentrations between 50 and
80 °C. To match the size distribution at 80-90 °C, a new mode is
combined with the NV mode. This Mode 1 is a low volatility mode
left after the most volatile particle phase mass has evaporated. Mode 1
is assumed to correspond to SVOC and lower volatility organics and
sulphates. To match the size distribution at 50 °C before the initial
strong evaporation starts, another mode needs to be combined with
Mode 1 and NV mode. This very volatile Mode 2 is assumed to mostly
consist of the volatile sulphate matter seen in Fig. 2, but it should also
contain the most volatile organic particulate matter. The evaporation of
the sulphate measured from the ship engine was compared to sulphuric
acid measurements in laboratory conditions shown in the bottom right
panel of Fig. 5. The laboratory measurements of sulphur evaporation
show that the concentration starts falling in relatively low temperatures
and the size of the particles is clearly reduced which agrees well with
what is seen in the size distributions measured from the ship engine.
The peak of Mode 2 or the sulphate mode for ship engine aerosol also
matches that of the laboratory experiments.

Fig. 6 shows the fraction of sulphate mass remaining in differ-
ent thermodenuder temperatures compared to a sample that was not
heat-treated for the ship engine measurements and for sulphuric acid
measured in laboratory. The sulphate mass shows similar behaviour
in all four cases, the ship engine emissions and the laboratory mea-
surements for sulphuric acid. Evaporation starts at low temperatures
and most of the sulphate mass has disappeared before the temperature
reaches 100 °C. This can be interpreted with a process in which the
SO, contained in the ship emission reacts with OH radicals and then
forms significant amounts of sulphuric acid in presence of water during
photochemical aging. SO, concentrations measured directly from the

ship stack were between 18-23 ppm. The measured sulphate mass con-
centrations can be converted to ppm assuming standard atmospheric
conditions and molecular weight of sulphuric acid. Since one SO,
molecule is needed for one sulphuric acid molecule, we can estimate if
there is enough SO, to account for the measured amount of sulphuric
acid. The sulphuric acid concentrations are 3.5 ppm and 2.9 ppm for
the 50% engine load without and with urea treatment, respectively,
corresponding to 17% and 13% of the measured SO, concentration.
For 75% engine load, the sulphuric acid concentration is 6.3 ppm, 35%
of the measured SO, concentration. The observed sulphate particles in
laboratory were small (the geometric mean diameter (GMD) without
thermodenuder was ca. 60 nm) which could explain the fast evapora-
tion in low temperatures due to the Kelvin effect. The small size also
means that partial evaporation of the particles could remove them from
the detection range of SP-AMS, which has an instrumental cut-off at
50 nm, and look like mass concentration loss.

3.4. Partitioning of the secondary organic aerosol

The volatility of a fresh emission from the same ship engine used
here was published in a previous study (Kangasniemi et al., 2023).
To compare the effect of the volatility on the fresh and aged organic
aerosol and its development in the atmosphere we can compare the
partitioning of these two cases. Partitioning of an organic aerosol to
particle and gas phases is governed by the total organic mass concen-
tration and the volatility of the organic mass. Therefore the dilution
in the atmosphere changes the partitioning of an aerosol emission
from an engine. This mass transfer affects the gas and particle phase
concentrations in addition to just dilution. Fig. 7 shows the partitioning
for both fresh and aged aerosols in stack and after being diluted with
dilution ratios of 75 and 1000 to estimate the partitioning in the
oxidation reactor and the atmosphere (Lipsky and Robinson, 2006).
The numerical values and error estimates are shown in Table 1. The
error estimates for aged aerosol are based on the previous discussion
concerning the uncertainties in the data quality and results presented
in Supplementary material S1-S4. The error estimates for fresh aerosol
are based on the uncertainty in the volatility distributions reported in
our previous study (Kangasniemi et al., 2023).

The fresh particle phase exhaust aerosol is more evenly distributed
between the different volatility bins than the aged one. When taking
into account the gas phase results in the previous study, there is also
a significant amount of organic gas phase mass in the more volatile
bins of the fresh exhaust emission (Kangasniemi et al., 2023). When
calculated to a non-diluted situation in fresh exhaust emission, the
partitioning to the particle phase is 34%, 36% and 25% of the total
organic mass for 50% engine load without and with urea treatment
and 75% engine load with urea treatment, respectively. For the aged
aerosol, we can use the volatility distribution to calculate the frac-
tion of organic mass fraction partitioning to the particle phase in the
hypothetical situation where the exhaust emission in the stack would
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Fig. 6. Evaporation of the aged sulphate particulate mass measured from the
ship stack and evaporation of a sulphuric acid aerosol in laboratory when heat-
treated with thermodenuder.

already be aged. The organic particle phase mass fractions would then
be 85%, 92% and 96%. In the diluted, aged sample measured with SP-
AMS the particle phase organic mass is mostly in the volatile IVOC bins
according to the modelling results. This means that the partitioning
calculations require a high organic mass concentration in the stack,
which in turn causes the organic mass to partition strongly in particle
phase. The less volatile fresh organic material does not partition as
strongly to the particle phase. When the fresh and aged organic mass

is diluted to a concentration around atmospheric conditions, the per-
centages of organic mass in particle phase are 9%, 7% and 12% for the
fresh emission and 10%, 30% and 17% for the aged emission. Similar
or larger fraction of the aged aerosol is then partitioning to the particle
phase in the atmosphere when compared to the fresh case.

The total organic mass concentration and emission factors for three
different dilution scenarios are shown in Table 2. The emission factors
have been calculated as grams of organic matter per kilogramme of
fuel used. To calculate emission factors, the mass concentrations of
the organic gas and particle phase masses are calculated to stack and
compared to concentration of emitted carbon dioxide. This can then
be converted to emission per amount of fuel used when the carbon
content of the fuel is known. The carbon content of the MGO used was
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Table 2

Total organic mass concentration for fresh and aged particle phase and emission factors for fresh and aged
particle and gas phases. The concentrations and emission factors with different dilution ratios were calculated
from measured data taking into account partitioning. Dilution ratios of 75 and 1000 correspond to the dilution
before PAM-reactor and estimated atmospheric dilution, respectively.

50%, urea off

50%, urea on 75%, urea on

Fresh Aged Fresh Aged Fresh Aged
Org. concentration (mg/m?) 7.7 12.5 9.0 12.6 12.8 17.0
EF (undiluted) Particle 77.0 652.0 101.3 718.6 174.7 946.7
(mg/kg fuel) Gas 397.0 119.3 469.2 59.2 594.3 99.1
EF (DR = 75) Particle 57.1 504.5 51.7 639.9 125.3 826.4
(mg/kg fuel) Gas 416.8 266.8 502.7 138.0 663.5 219.4
EF (DR = 1000) Particle 42.6 76.6 40.9 237.1 94.9 177.0
(mg/kg fuel) Gas 431.3 694.8 513.5 540.7 693.9 868.6

86.5% of the fuel mass. The emission factors have been calculated in an
undiluted situation in stack, with dilution ratio of 75 corresponding to
the dilution before entering the oxidation reactor and dilution ratio of
1000 estimating atmospheric dilution. The emission factors and Fig. 7
show how the particle phase emission is much higher when calculated
to the undiluted situation in all three cases. As the samples are diluted,
the difference between the fresh and aged cases becomes smaller since
partitioning moves organic mass to gas phase as the total organic mass
concentration is reduced. Still, the overall organic mass concentration
and the particle phase emission are clearly higher in the aged than the
fresh case.

Fig. 8 shows how the aerosol samples partition between the gas
and particle phases. In the diluted case the dilution ratio is again 75
matching the dilution between the stack and the PAM reactor during
the aging measurements. In the fresh case the fraction of the material
in particle phase is reduced slightly when diluted, since according to
partitioning the lower organic mass concentration moves the mass from
particle phase to gas phase. The fresh particle mass concentration in the

diluted case should be non-volatile. The aged and diluted particle phase
mass is divided to primary mass and secondary mass by assuming the
primary mass is equal to the fresh diluted particle mass and the increase
in the aged particle mass is due to secondary particle formation. In the
aged case in stack the primary mass is the dilution corrected primary
mass from the diluted case. In the gas phase we do not have enough
information to separate between the primary and secondary masses.
The secondary oxidized mass should be heavier than the unoxidized
fresh material due to the addition of oxygen to the organic molecules.
We assume the O:C ratio in the fresh case is 0.25:1 and 0.75:1 in
the aged aerosol (Donahue et al., 2011). This in a good agreement
with our SP-AMS measurements, where the O:C ratio for the fresh
aerosol was 0.22-0.25:1 and the aged aerosol 0.65-0.75:1. Taking into
account the molecular weight of oxygen, this means the oxidized mass
is approximately 1.5 times heavier than the corresponding fresh organic
mass. Since no organic material is removed or added during aging,
multiplying the fresh organic mass concentration, including both the
gas and particle phase, with 1.5 should give an upper limit to the
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potential aged mass concentration of the emission. The red dashed line
in Fig. 8 shows the potential aged mass concentration based on the fresh
organic mass concentration and agrees well with our aged emission
results. In each case the aged organic mass is partitioning clearly more
strongly towards the particle phase.

The mass concentrations and emission factors calculated to the stack
are based on SP-AMS measurements after aging and corrected with
sampling dilution and partitioning due to the organic mass concentra-
tion change. They should be thought of as maximum potential mass
concentrations or emission factors the particle phase emission could
reach after being released to the atmosphere. In reality, the aging
of course does not happen in the stack. In the diluted situation, the
difference between how the fresh and aged organic mass is partitioning
is not as pronounced as in the stack but the concentrations and emission
factors in the organic particle phase are higher for aged emission. This
suggests that the aged organic aerosol or SOA has a large potential
impact on the organic aerosol concentration. It is not clear how well
OFRs really describe the aging of an aerosol in the atmosphere but even
taking this result as an upper limit, it is clear that SOA is present in
significant amounts in environment affected by ship emissions.

The case with 50% engine load and urea injection shows results
deviating from the other two cases. The volatility distribution shows
more low-volatility mass in comparison to the other two cases. It is
unclear how representative this result is when comparing different
engine loads but it does illustrate the importance of considering the
volatility of the sample when measuring samples with large fraction
of the mass in SVOC or IVOC range such as the aged ship engine
emission presented here. These results show that while measuring the
potential SOA mass concentrations, the added effect of partitioning can
be considerable during dilution.

4. Conclusions

The formation and volatility of secondary organic aerosol was stud-
ied in real-world conditions using an oxidation reactor to simulate
atmospheric aging and thermodenuder to measure the evaporation of
the samples. These results were used to computationally study the
volatility distributions of the samples and their partitioning between
particle and gas phases in different dilution scenarios.

The emission of potential mass of the secondary organic particle
phase from ship engine was seen to be higher than the emitted primary
particle mass even when taking into account the more volatile nature
of the aged emission. The organic mass concentration in particles after
aging was seen to be 3—4 times higher when calculated to the stack and
approximately 2 times higher when taking into account the dilution to
the atmosphere. This is due to the large fraction of the aged particle
phase aerosol being more volatile in comparison to the fresh parti-
cles (Kangasniemi et al., 2023) meaning the partitioning between gas
and particle phases has a stronger effect when the total organic mass
concentration changes. While the uncertainties relating to the data
quality, atmospheric relevance of reactions inside the OFR and possible
reactions in the thermodenuder should be kept in mind when studying
the emission factors, the results showing the dominance of IVOCs in
aged emission and therefore the overall partitioning behaviour seem
reliable.

Sulphates formed a dominant fraction of the experimentally aged
aerosol. This sulphate mass was seen to disappear in relatively low
thermodenuder temperatures. The reasons for this could be the volatile
nature of the sulphate or small particle size. The sulphate mass could
be sulphuric acid, but further compositional analysis would be required
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to confirm this. While particle phase sulphuric acid does not usually
evaporate at temperatures under 100 °C, it has been seen to evapo-
rate from very small particles in low temperatures. The experiments
show that despite the reduction of sulphur content in low-sulphur
MGO, sulphur compounds are still emitted to an extent that enable
particle formation from oxidized emitted sulphur dioxide. Our aging
experiments reached conversion factors of 13 to 35% of emitted SO,
to H,SO,; in the atmosphere, a higher conversion is possible over
longer time periods. The formed sulphuric acid particles’ contribution
to the formed particle number in aging experiments was of the same
order as the semivolatile organic particle number as much to the aged
aerosol. With lowering primary particulate emissions, conversion of
SO, to sulphuric acid and subsequent particle formation might increase
in importance, as observed e.g. Myllari et al. (2016). As the indirect
aerosol effect is dependent on the number of cloud condensation nuclei
(CCN) formed rather than particulate mass, studies in the microphysics
of shipping plume particle formation for low-sulphur plumes might be
warranted.

More comprehensive data on the volatility distributions for different
engine loads, operating conditions and fuels in real-world conditions
are necessary to get a full picture of the ship engine emission volatilities
and emissions. This would help in building more complete emission
databases in real-world conditions and perhaps aid in finding the ship
operation modes when the engines are producing most pollutants.

To our knowledge there are no reported volatility measurement and
modelling studies of aged aerosol under real-world conditions for ship
engines such as reported here. The potential for SOA formation in ship
engine emissions has been estimated to be high, which is supported
by our results. Care should be taken when performing measurements
on aerosol samples containing significant amount of SVOCs and IVOCs
since diluting the sample can affect the partitioning and cause error
when the measurements are calculated back to non-diluted situation by
simply multiplying with a dilution ratio. Partitioning affects the mass
concentration in addition to dilution and should be taken into account.
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