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Abstract Gaseous and particulate emissions from a ship diesel
research engine were elaborately analysed by a large assembly
of measurement techniques. Applied methods comprised of
offline and online approaches, yielding averaged chemical
and physical data as well as time-resolved trends of combustion
by-products. The engine was driven by two different fuels, a
commonly used heavy fuel oil (HFO) and a standardised diesel
fuel (DF). It was operated in a standardised cycle with a duration of 2 h. Chemical characterisation of organic species and
elements revealed higher concentrations as well as a larger
number of detected compounds for HFO operation for both
gas phase and particulate matter. A noteworthy exception was

the concentration of elemental carbon, which was higher in DF
exhaust aerosol. This may prove crucial for the assessment and
interpretation of biological response and impact via the exposure of human lung cell cultures, which was carried out in
parallel to this study. Offline and online data hinted at the fact
that most organic species in the aerosol are transferred from the
fuel as unburned material. This is especially distinctive at low
power operation of HFO, where low volatility structures are
converted to the particulate phase. The results of this study give
rise to the conclusion that a mere switching to sulphur-free fuel
is not sufficient as remediation measure to reduce health and
environmental effects of ship emissions.
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Introduction
In recent years, global emissions from shipping, which were
estimated to be of comparable amount to that of road vehicles
(Eyring et al. 2005), gained strong interest due to their potential effects on climate and human health. Cargo and container
ships, running with low-grade heavy fuel oil (HFO), emit high
quantities of SOx, aromatic and aliphatic hydrocarbons, black
carbon as well as fine and ultrafine particulate matter (PM).
Due to the combined particulate and gaseous emissions from
ship activities and the limited knowledge of the characteristics
of these emissions, the mechanisms and extent to which they
affect global climate and human health are not well understood. In particular, PM gained attention recently and was
the subject of various studies about ship emissions (Agrawal
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et al. 2008a; Moldanová et al. 2009, 2013; Murphy et al. 2009;
Petzold et al. 2011; Popovicheva et al. 2009). PM affects the
climate indirectly by modifying optical and microphysical
properties of clouds and acting as cloud condensation nucleus
(CCN). As a consequence, long and narrow clouds called ship
tracks are formed behind a ship, so that heavily frequented
ship routes can even be observed on satellite images (Eyring
et al. 2010; Hobbs et al. 2000).
Moreover, it was found that there is a strong correlation
between particulate emissions of ships and an increased mortality due to cardiovascular diseases in coastal areas, which is
expected to grow due to increasing ship traffic in the future
(Corbett et al. 2007). Ship traffic was attributed for ∼60,000
annual deaths by cardiopulmonary diseases and lung cancer as
it can contribute significantly to the urban aerosol of coastal
and harbour cities, depending on weather conditions such as
wind direction and wind speed (Gonzalez et al. 2011; Yau et
al. 2013). It was estimated that the total external costs for
healthcare in Europe caused by ship traffic will increase from
58.4 billion € year−1 in the year 2000 to 64.1 billion € year−1 in
the year 2020 (Brandt et al. 2013).
Until now, studies of the emissions mainly from cruising
ship engines with HFO, marine diesel oil/marine gas oil
(MDO/MGO), or biofuel have been carried out. Plume measurements have been implemented to investigate the freshly
emitted aerosols from a cruising ship (Lu et al. 2006;
Moldanová et al. 2009; Murphy et al. 2009; Sinha et al.
2003). Direct measurements from the engine exhaust were
conducted using different engine types and fuels (Agrawal
et al. 2008a; Cooper 2001, 2003; Fridell et al. 2008;
Jayaram et al. 2011; Petzold et al. 2011). In-port measurement
of ships passing by was done by (Healy et al. 2009). Major
PM species such as vanadium and nickel were identified from
these sources, which are regarded as markers for shipping
emissions (Agrawal et al. 2008a; Ault et al. 2010). Pandolfi
et al. (2011) found a ship-dependent marker ratio of V/Ni ∼ 3
for PM10 and PM2.5 based from their monitoring in the Bay
of Southern Spain from 2003 to 2007. Lu et al. (2006) identified ship plumes by monitoring the elevation of SO2 concentration nearby at a bay area. Increased levels of PM2.5
were associated with localised ship traffics (Poplawski et al.
2011). In addition, an increase in sulphate, organic carbon
and elemental carbon concentration was also associated with
increased PM due to ship emission (Healy et al. 2009).
Higher PM concentrations were generally found in HFO
combustion emissions which were associated with an increase in the accumulation and coarse modes as well as an
increase in organic carbon (OC) and sulphate concentrations
(Mueller et al. 2011). Fridell et al. (2008) found that coarse
mode particles dominated the mass of HFO combustion aerosols for both auxiliary and main engines due to the reentrainment of soot particles, whereas the submicron particles
dominated the number concentration.

Murphy et al. (2009) found that ultrafine organic aerosols in
a ship plume from a container ship using heavy fuel oil are
hydrocarbon-like organic aerosols (HOA), which were identified as alkanes, cycloalkanes, alkenes, dienes, alkynes, and
phenylalkanes. Moreover, polycyclic aromatic hydrocarbons
(PAHs), esters, azoles and anhydrides as well as nickel, vanadium and calcium were detected on particles by Moldanová
et al. (2009). Popovicheva et al. (2009) found distinct morphological structures from a large ship engine fuelled with HFO
which are soot aggregates containing metals, char particles,
clean or mineral-containing, and mineral and/or ash particles.
Toxicological studies showed that aerosol components
which can be related to ship emissions and combustion in diesel
engines deposit in the lungs and subsequently trigger biological
responses in humans, such as cardiovascular diseases, inflammations and oxidative stress due to vanadium, nickel, PAH and
organic carbon in general (Araujo and Nel 2009; Squadrito
et al. 2001; Tian et al. 2013). To reduce these emissions and
therefore health effects, especially in coastal regions, numerous
approaches were carried out, such as switching from HFO to
desulphurized distillate fuels (e.g. MDO or MGO) (Browning
et al. 2012; Khan et al. 2012), blending fossil fuels with biodiesel from different sources (Jayaram et al. 2011; Petzold et al.
2011) or the usage of additives (Lin and Huang 2003). Every
strategy results in less emissions of particle mass and PAH, but
it has not been demonstrated that the toxicological potential of
the PM declines as well. For example, in comparison to HFO,
particulate matter from distillate fuels is known for a higher
content of soot (Browning et al. 2012; Petzold et al. 2011),
which can enable chemical transformations due to reactions
on the surface of a particle (Shiraiwa et al. 2012).
As part of Helmholtz Virtual Institute of Complex
Molecular Systems in Environmental Health (HICE), this
study was carried out by combining online and offline analytical techniques for the characterisation of gas phase and PM
emissions from a marine diesel engine in conjunction with a
cell exposure system. Human lung cells were exposed at an
air–liquid interface to the combustion aerosols or filtered combustion aerosols (gas phase only). The biological response was
characterised on a multi-omics level (i.e. on the transcriptome,
proteome, metabolome and metabolic flux level). A surprising
conclusion of this investigation was the fact that diesel fuel
influenced several essential pathways of lung cell metabolism
more strongly than HFO aerosol (Oeder et al. 2015). In this
respect, chemical and physical characterisation of the combustion aerosol is mandatory for a deeper understanding of such
effects in the biological system. By correlating the complex
biological response with detailed chemical and physical information, the most biologically active compounds/parameters
may be identified. Further interesting items are the temporal
trend of various emitted compounds, the occurrence of transient maximum peak concentrations and the possibility that
both could influence the biological response.
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Materials/methods
Engine/fuels/cycles
The engine used in this study was a single-cylinder four-stroke
80-kW diesel research engine installed at the BInstitute of
Piston Machines and Internal Combustion Engines^ at the
University of Rostock, Germany. The engine has a common
rail injection system with system pressures up to 1.3 · 107 Pa.
Engine details are listed in Table S1 of the supplemental material. By use of an external air compressor, the air-fuel equivalence ratio (λ) can be set to defined values (see Table S2),
independent from the combustion conditions as for turbocharged systems. Engine parameters such as pressures, temperatures, mass flows, etc. were measured using National
Instruments™ LabView data acquisition system with a sampling rate of 1 Hz. Cylinder pressure traces were measured at a
resolution of 0.25° crank angle (°CA) using KistlerDatac data
acquisition system. The scheme of the engine experimental
setup is depicted in the supplemental material (Fig. S1).
HFO 180 was used as a representative fuel for ship operation
in non-sulphur-emission-control-areas. On the other hand, a
distillate fuel according to DIN EN 590 (DF) was used as a
reference. It meets upcoming sulphur limits for fuels in
sulphur-emission-control-areas (SECAs) from 2015 onwards.
Fuel properties are listed in Table S3 of the supporting
material.
In order to cover representative operating conditions, the
engine ran at four different operating points: 100, 75, 50 and
25 % load (named as full, rated, medium and low power,
respectively) at nominal speed of 1500 min−1. The duration
of each operation point was set in accordance to their
weighting factors as described in ISO 8178-4 E2, viz.
24 min at 100 %, 60 min at 75 % and 18 min at 50 and
25 %, respectively. The total cycle duration was 2 h. Each test
cycle was performed twice, resulting in a total length of 4 h for
one measurement cycle. Five repetitive 4-h cycles were performed for each fuel.

Sampling train
The aerosol from the exhaust pipe was first taken through a
temperature-insulated sampling probe to a pre-cyclone, to remove coarse particles from the sample, and then diluted in two
stages by applying a porous tube–ejector sampling system
(Venacontra, DAS, Finland). The pre-cyclone and the sampling lines upstream of the diluters were heated to approximately 300 °C in order to minimise losses of particles and
vapours and to keep the sampling system above the sulphuric
acid dew point before dilution. The theoretical cutoff diameter
of the pre-cyclone was either 2.5 μm with a main sampling
train dilution ratio (DR) = 10 or 5.0 μm at DR = 40.

The primary dilution was carried out using a porous tube
diluter where compressed air flowed through a porous tube
wall providing a sheath flow which prevented wall losses of
vapours and particles. Thereafter, the aerosol was taken into
an ejector diluter with a fixed dilution ratio of roughly 3 and
total flow rate of 150 NL min−1. After this stage, the sample
stream was divided to several stainless steel sampling lines
and diluted further with ejector diluters (Palas, VKL 10 E,
Germany) depending on the desired concentration range
(Fig. 1). The dilution was carried out with clean, dried and
particle-free compressed air which was at room temperature.
The dilution ratios were calculated based on the CO2 measurements in the raw exhaust (AVL, CEB II) and after dilution
(Vaisala, Carbocap GMP343) as described by Sippula et al.
(2012) and adjusted using critical orifices. The final applied
dilution ratios were approximately 40 for the offline filter and
gas phase sampling and 400 for online instruments and TEMgrid sampling, when the engine was operated on DF. The
respective dilution ratios with heavy fuel oil were 100 and
1000. Online mass spectrometers for gas phase analysis were
sampled directly from the undiluted raw gas.
Sample collection
The samples for transmission electron microscopy (TEM)
were collected on perforated carbon substrates supported by
a copper mesh (Agar Scientific, UK) from the engine load
points of 50 and 75 %. A sample flow of 300 ml/min was
taken through the sampling substrate. PM2.5 filter samples
for offline analyses were taken with a modified speciation
sampler (Rupprecht & Patashnick 2300, Thermo Scientific,
USA) which was able to sample four filters in parallel at a
flow of 10 l min−1. PM samples were collected on quartz fibre
filters (QFF, T293, Munktell, Sweden) and PTFE membrane
filters (Zefluor 1 μm, Pall, USA). The QFF were conditioned
before sampling by baking at 500 °C for at least 12 h. Filters
were stored in sealed glass containers before and after sampling. Immediately after collection of PM, the filter samples
were frozen at −25 °C. Gas phase carbonyls were collected by
derivatisation with 2,4-dinitrophenylhydrazine (DNPH) using
commercially available cartridges ‘ORBO/555’ (SigmaAldrich, USA). The cartridges were placed at the same dilution stage used for filter sampling. Loaded cartridges were
sealed immediately after sampling with quick fit caps and
stored in a refrigerator.
Offline analysis
Inorganic elements were determined from PTFE filters using
inductively coupled plasma atomic emission spectroscopy.
Elemental carbon (EC)/OC analysis was carried out by a
thermo/optical carbon analyser (Desert Research Institute
2001A, USA) coupled to a time-of-flight mass spectrometer
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Fig. 1 Sampling setup. a Simplified scheme of the sampling and measurement setup. DR = dilution ratio, TC = temperature control, T = temperature
measurement, P = pressure meter. b Detailed setup of the sampling train used with porous tube and ejector diluter units

(Stefan Kaesdorf, Munich, Germany) using single-photon and
resonance-enhanced multi-photon ionisation (SPI and
REMPI-MS, Grabowsky et al. 2011). Organic species analysis was done using in situ derivatisation and thermal desorption–gas chromatography–time-of-flight mass spectrometry
(IDTD-GC-ToFMS; Orasche et al. 2011), for most of the particulate organic target analytes (PAHs, o-PAHs, alkanes and
hopanes). Nitro-PAHs were analysed by a HPLC method
based on the post-column reduction of nitro-compounds
followed by fluorescence detection of the resulting aminoPAHs. Non-targeted analyses by comprehensive twodimensional GC (GCxGC) were carried out using an Agilent
6890 gas chromatograph equipped with a LECO Pegasus 4D
option, including a Pegasus III ToFMS (LECO, St. Joseph,
MI, USA) (Weggler et al. 2014). Ultra-high resolution mass
spectrometry was carried out by Fourier-transform-ioncyclotron-resonance mass spectrometry (FTICR-MS), using
laser desorption ionisation (LDI) and gas chromatography
with atmospheric pressure chemical ionisation (GC-APCI).
HFO fuel and PM extracts were analysed using LDI coupled
to an Apex Qe Series II FTMS system (Bruker Daltonics,
Germany) in the 7-T magnet (FTICR-MS). GC-APCImeasurements were performed using a CP 3800 gas chromatograph (Agilent, USA) hyphenated to the FTICR-MS.
Fuels (diluted 1:1000 in dichloromethane/methanol (1/1))

and PM extracts (concentrated 5:1) were analysed. Organic
carbonyl-hydrazones were analysed with GC-MS (Reda
et al. 2014).
Detailed information on the specified methods can be
found in the supplemental material and the cited publications.

Online analysis
Detailed online analyses of organic gaseous motor emissions
were carried out by single-photon ionisation mass spectrometry (SPI-MS; Diab et al. 2015) and resonance-enhanced multiphoton ionisation mass spectrometry (Radischat et al. 2015).
A high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS) was used to measure sub-micrometer nonrefractory particle composition (Müller et al. 2015). Light absorption properties of PM were determined using a multiwavelength aethalometer. Black carbon (BC) was determined
at 880 nm and UV-absorbing PM (UVPM) at 370 nm. Size
distribution data was determined using a scanning mobility particle sizer (SMPS) for the size range from 15
to 615 nm and an electrical low pressure impactor
(ELPI) for 14-nm to 6.3-μm particles.
Detailed information on the methods can be found in the
supplemental material and in the cited publications.
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Results/discussion
Integral results
Analytical methods that are working with sampled material
provide integral results averaged over 4-h engine runs. For
comparison purposes, some data from online methods are
discussed as 4-h averages in this section as well. Contents of
all chemical species analysed in exhaust gas and particulate
phase are given as emission factors (mass emitted per energy
output of the engine). Additional data are given in the supplemental material.
Gas phase
The averaged exhaust concentrations of NOx, THC, CO, CO2
and SO2 are summarised in Table 1. SO2 emissions only occurred during HFO operation in measurable concentration
(9.0 g kWh−1) due to its significant sulphur content of
1.6 %. NO x emissions were slightly higher for HFO
(9.4 g kWh−1, DF 8.2 g kWh−1) presumably due to the N
content of the heavy fuel oil. Carbon monoxide emissions
were increased during DF operation (2.4 g kWh−1), which is
caused by optimisation of the injector nozzle for HFO
(1.7 g kWh−1). Hydrocarbon emissions were slightly lower
for HFO (3.0 g kWh−1) compared to 3.2 g kWh−1 from DF,
which is also likely caused by the nozzle design.
The results from gas phase carbonyl analyses show that
HFO emissions exhibited higher mean emissions of all carbonyl compounds compared to DF measurements (Table 1).
Formaldehyde, 4.0 mg kWh−1 in HFO and 1.6 mg kWh−1 DF
emissions and acetaldehyde (1.1 mg kWh−1 in HFO and
0.20 mg kWh−1 in DF) were found to be dominant. Both
compounds represent in total 75–80 % of carbonyls in the
gas phase. Acrolein, which is of considerable interest due to
its high toxicity, was found with almost similar average

Table 1 Mean emission factors
of selected gas phase compounds
from HFO and DF

Compound

SO2
NOx
CO
CO2
THC
Formaldehyde
Acetaldehyde
Acrolein
Methacrolein

Unit

g kWh−1
g kWh−1
g kWh−1
g kWh−1
g kWh−1
mg kWh−1
mg kWh−1
μg kWh−1
μg kWh−1

<LOD below limit of detection

concentration in both DF (71 μg kWh −1 ) and HFO
(91 μg kWh−1) measurements. Carbonyl measurements
showed less variation with DF compared to HFO measurements. More details on carbonyl measurements can be found
in Reda et al. (2014).
Particle phase
Particle sizing and TEM analysis In Fig. 2, size distributions
are plotted for DF and HFO averaged over all load conditions,
including the standard deviations calculated for each size
channel and considering the temporal dilution and load conversion factors to yield concentration at the sampling point.
DF data showed a monomodal size distribution with a peak
concentration of 9 · 1013 particles per kWh at 85 nm. This is
consistent with the diesel emission characteristics of other
studies (Desantes et al. 2005; Kasper et al. 2007; Ushakov
et al. 2013). The HFO size distribution data were processed
identically. They showed a range over four orders of magnitude and excessively high emission factors below 100 nm,
which were up to 100-fold higher compared to DF (Kasper
et al. 2007; Winnes and Fridell 2009). It also shows a
monomodal size distribution with peak concentration of 8 ·
1015 particles per kWh at about 40 nm. For particle diameters
beyond 180 nm, the distribution is nearly identical to DF.
Despite of averaging over different loads, the coefficient of
variation was relatively low (61 %) as emission factor distributions were rather similar for all cycles. Concentration, modal size and load dependency are comparable to the emission
factors of other marine diesel engines (Kasper et al. 2007;
Lyyranen et al. 1999). For particle diameters beyond
100 nm, both DF and HFO size distributions show similar
concentration within a factor of 2.
For operation with DF, the TEM shows mainly loose soot
agglomerates (Figs. 3g, h and S4A, insert). The primary particle size varied between 26 ± 10 nm. Concentrically stacked

HFO

DF

Mean

Standard deviation

Mean

Standard deviation

9.0
9.4
1.7
780
3.0
4.0
1.1
91
130

0.79
0.26
0.25
6.1
0.31
0.96
0.35
21
44

<LOD
8.25
2.4
650
3.2
1.6
0.20
71
68

0.38
0.24
20
0.17
0.42
0.022
0.7
7.9
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Fig. 2 Particle emission factors dEf/dlogDp in particles per kilowatt hour
engine output for DF and HFO averaged overall loads

graphitic layers, typical for diesel fuel combustion generated
soot (Chen et al. 2005), were observed (Figs. 3f and S4A). The
EDS analysis revealed that the particles were composed mainly of carbon, along with oxygen and sulphur. Most likely, the
source of sulphur is the lubrication oil. In addition,

significantly smaller agglomerated particles were observed
(Fig. 3e) which are apparently seen in the SMPS particle size
distributions at 100 % load (Fig. S5 left) as an elbow of a
‘nucleation mode’, and they indicate a distinct particle formation process in addition to soot formation. The elemental composition, observed with the EDS, did not deviate from that of
the carbon background. Due to that, and the very small size of
the particles, the contrast of the particles was poor against the
carbonaceous substrate so that the primary particle size could
not be determined. However, the presence of these particles in
the TEM micrographs shows that the ‘nucleation mode’ particles contain also non-volatile matter, being in agreement
with some earlier findings on heavy duty diesel engine emissions (Rönkkö et al. 2007). A possible source for these particles might be lubrication oil, as was observed by Fushimi et al.
(2011) for a large diesel engine.
The particles originating from HFO operation show a more
compact agglomerate structure and smaller particle sizes
(Figs. 3c, d and S4B, insert) than the diesel soot particles,
which can be seen also in the particle size distributions measured with the SMPS (Fig. S5, right). They also contain small
(5–10 nm in diameter) visible speckles (Fig. 3b) formed from

Fig. 3 TEM images from the ship engine emission particles when operated on HFO (a–d) and DF (e–h)
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Ba, Cu, Fe, Mn, S and Zn. The HFO-operated engine emitted
19 mg kWh-1 of sulphur compared to 0.32 mg kWh-1 with DF.
The already high concentrations of Ca in DF emissions might be
caused by lubricating oil’s detergent and anti-wear additive chemistry. Moreover, the high amount of phosphorus and the higher
concentration of Zn might origin from anti-wear additive containing zinc dialkyldithiophosphate (ZDDP) in the lubricating oil.

inorganic species. Along with carbon, oxygen and sulphur, the
EDS analysis revealed a large content of transition metals,
such as V, Fe, Ni as well as S, Ca, Mg and P, similarly to the
ICP-OES analyses carried out (Table 2). As the carbon analysis revealed a high fraction low vapour pressure organic species (Table 2), the appearance of the HFO particles may be
seen as a result of internal mixture of nucleated metal species,
condensed organic matter and soot. Furthermore, similar small
agglomerates were observed as in the DF samples (Fig. 3a).

Organic composition of PM samples Thermal/optical analysis of DF- and HFO-derived particles revealed significantly
different quantities of carbonaceous material. Generally, the
combustion of HFO led to the double amount of TC
(330 mg kWh − 1 ) in the particles compared to DF
(137 mg kWh−1). Thereby, the TC of HFO particles consisted
of approximately 83 % of OC (270 mg kWh−1), whereas OC
and EC of the DF particles were closer together. Despite the
fact that HFO-derived particles were characterised by higher
TC, DF and HFO particles covered the same quantity of EC
(DF = 51 mg kWh−1; HFO = 56 mg kWh−1), which corresponds well with BC data from aethalometer measurements.
The strong differences of the relative amount of OC/EC are
finally reflected by their ratios of 4.8 for HFO and 1.7 for DF.
Previous studies also pointed out that HFO particles gave
higher OC/EC values (Agrawal et al. 2008a, b; Moldanova
et al. 2009) than DF-derived particles (Jayaram et al. 2011). It
is difficult to compare emission factors because in every study,

Inorganic composition of PM samples The highest differences in composition were observed when comparing the inorganic fraction of emissions from DF- and HFO-operated engine
(Tables 2 and S10). This is quite predictable due to the process of
crude oil refining. The distillation of organic fractions leads to an
enrichment of the very low boiling organic material as well as
metals in residual oil. Where most metal emissions can be related
to inner mechanical abrasion from the engine when regarding the
results of DF operation, the partly much higher emissions of a
couple of metals are related to the HFO composition. The highest
ratios can be found for vanadium which was about 175 times
higher in HFO emissions (HFO = 7.9 mg kWh -1 vs.
LFO = 45 μg kWh-1). Nickel is also striking in this respect, being
more abundant by a factor of 80 in HFO emissions
(HFO = 2.0 mg kWh-1, DF = 26 μg kWh-1). Still more than 10
times higher concentrations in HFO emissions were found for

Table 2 Mean emission factors
of selected particle phase
compounds from HFO and DF

Compound

HFO

DF

Mean

Standard deviation

Mean

Standard deviation

Cu
Ni

μg kWh−1
μg kWh−1

360
2000

55
190

23
26

13
19

S

mg kWh−1

V
Zn
EC
OC
Pyrene
Chrysene
Benz[a]pyrene
Dibenzo[ah]anthracene
Anthracene-9,10-dione
Benz[a]anthracene-1,12-dione
3-Nitrophenanthrene
1-Nitropyrene
17α(H),21β(H)-30-Norhopane
17α(H),21β(H)-Hopane
Eicosane
Triacontane

μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
ng kWh−1
ng kWh−1
μg kWh−1
μg kWh−1
μg kWh−1
μg kWh−1

19
7900
1300
56
270
21
67
2.8
2.3
68
4.0
250
88
100
120
350
56

2.3
640
220
11
77
2.2
4.9
0.58
0.44
14
0.81
34
14
33
30
130
13

0.32
45
90
52
86
5.5
3.4
< LOQ
< LOQ
34
<LOQ
174
44
8.9
11
200
3.5

0.09
15
31
15
16
1.6
0.93

<LOQ below limit of quantification

6.7
20
4.6
3.8
3.8
100
1.5
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only a single load or different loads from our cycle were used.
However, OC of HFO from this study is in the range of literature data (193–300 mg kWh −1 (Murphy et al. 2009;
Moldanová et al. 2009), whereas EC is higher (7–
29 mg kWh−1 (Murphy et al. 2009; Agrawal et al. 2008a, b).
GC-MS analyses showed that the use of DF for operating
the ship engine yielded quite low concentrations of particle
bound PAH compared to the use of HFO (Tables 2 and S11).
Especially PAHs with more than four fused rings were not
detected in the emissions from the DF-operated engine. In
average, the emissions ranged from 0.66 μg kWh-1 (benz[a]anthracene) to 7.8 μg kWh-1 (fluoranthene). This agrees very
well to the results from Cooper et al. (1996), who found a
range from 0.3 to 6.3 μg m-3 for benz[a]anthracene and fluoranthene, respectively, from ferries’ emissions. The HFO
emissions on the other hand showed significant amounts of
PAHs with high health risk potential such as benz[a]pyrene
(2.8 μg kWh-1) and dibenzo[ah]anthracene (2.3 μg kWh−1).
High abundances were observed for chrysene (67 μg kWh−1)
and fluoranthene (36 μg kWh−1) in HFO. Dibenzopyrenes
were not found within the emissions of the applied operation
conditions and different fuels.
The concentrations of oxygenated PAHs (o-PAH) showed
less differences between DF and HFO, which might be due to
different formation mechanisms compared to the parent PAHs.
Whilst heavy PAHs already exist in the tarry HFO and can be
emitted unburned, o-PAHs are formed during the combustion
process. Thus, o-PAH concentrations from HFO combustion
were not exceeding those from DF more than twice for most
representatives, but higher o-PAHs such as benz[a]anthracene1,12-dione were not found in DF.
Diesel engines have drawn special interest as a nitro-PAH
source. 1-Nitropyrene normally is the main nitro-PAH present
in diesel exhaust and sometimes is used as an indicator for
diesel emissions in environmental samples (Bamford et al.
2003; Feilberg et al. 2001). On average, for HFO, the concentrations are higher compared to DF engine operations (88 and
44 ng kWh−1, respectively). 3-Nitrophenanthrene is found in
diesel exhaust samples, but according to literature, the concentrations are normally much lower than those of 1-nitropyrene
(Bamford et al. 2003). In our study, the concentrations were
significantly higher (250 and 170 ng kWh−1 for HFO and DF,
respectively) than those of 1-nitropyrene. This can be a result of
the nature of the combusted fuels. On the other hand, a coelution of one or several non-separated nitro-PAHs during
HPLC determination must be taken into consideration.
Hopanes are released through unburned lubricating oil as
well as incomplete combustion of HFO, which contains
hopanes. Therefore, the concentrations within HFO emissions
were approximately one order of magnitude higher than in DF
emissions. The most stable 17α,21β-conformation isomers,
which are formed due to ongoing diagenesis, dominate the composition of hopanes in crude oil as well as in particulate matter.

The concentrations of n-alkanes (C18–C22) were slightly
higher in HFO emissions than in DF emissions. DF generally
contains alkanes with carbon chains not longer than C22,
whereas HFO contains n-alkanes up to C37. Therefore, the
concentration ratios HFO/DF for longer alkanes were rising
dramatically up to a ratio of >20. C33 and longer n-alkanes
were not detected in DF at all. Alkanes from C20 to C35 were
most likely from lubricating oil, whereas the higher alkanes
originated from the HFO fuel. The overlap of composition of
fuels and lubricating oil is reflected by emission maxima at
C20, both for DF emissions (200 μg kWh-1) as well as for
HFO emissions (350 μg kWh-1).
Non-targeted analysis of organic composition of PM
samples The coupling of the EC/OC analyser to a time-offlight mass spectrometer enabled evolved gas analysis of the
desorbed fractions by hyphenation with photo-ionisation mass
spectrometry. Averaged mass spectra of different fractions of
the carbon analysis are presented in Fig. 4. The DF spectrum of
the combined OC 12 with SPI (Fig. 4a) represents the
thermodesorbed species. Naphthalic anhydride (m/z 198) and
methyl esters of fatty acids (oleic acid: m/z 296; linoleic acid: m/
z 294; palmitinic acid: m/z 270) dominate the spectrum. The
fatty acid methyl esters are ingredients of biodiesel (Salamanca
et al. 2012), which is a part of the utilised DF with an amount of
3.2 %. Moreover, the masses of small PAHs (C3-phenanthrene:
m/z 220) and oxy-PAHs (fluorenone: m/z 180; anthraquinone:
m/z 208) (Fushimi et al. 2012) can be identified. In contrast to
the DF samples, the spectrum of HFO-derived particles is
strongly characterised by masses of the homologue series of
alkylated PAHs such as phenanthrene (m/z 178), chrysene/
benz[a]anthracene (m/z 228), benzopyrenes/
benzofluoranthenes (m/z 252) and benzo[ghi]perylene/
indeno[1,2,3-cd]pyrene (m/z 276). Furthermore, sulphurcontaining compounds such as alkylated dibenzothiophenes/
naphthothiophenes (m/z 184), which are known as some of
the most abundant sulphur species in vacuum gas oil
(Behbehani and Andari 2000) and for their estrogenic effect
on human health (Mori et al. 2002), appear in the spectrum.
Acetone (m/z 58) is a contaminant from an undisclosed source.
The mass spectrometric analysis with REMPI emphasises the differences between the two particle emissions
according to their PAH content. In DF, particulate emissions consist almost solely of homologue series of phenanthrene and pyrene/fluoranthene and their alkylated homologues, whereby the masses of C 0 - to C 5 -phenanthrenes represent approximately one third of the total ion
count (Fig. 4b). Anthracene as isomer of phenanthrene
can be neglected because of its cross section for 266 nm
ionisation being two orders of magnitude lower (Adam
et al. 2012). HFO-derived particles contain larger aromatic structures, at least up to m/z 400. Phenanthrenes and
chrysenes/benz[a]anthracenes are the most abundant
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Fig. 4 SPI (left) and REMPI (right) mass spectra of thermodesorption-like OC12 (a and b) and pyrolysis-like OC34 (c and d) of DF-derived particles
(blue) and HFO-derived particles (red)

species. Nevertheless, both emissions have in common
that the degree of alkylation drops with increasing basic
structure of the respective PAH.
In the pyrolysis-like fraction (OC34), an expected shift towards smaller masses occurs in the SPI (Fig. 4c) as well as in
the REMPI spectra (Fig. 4d), due to thermal decomposition of
low volatile compounds. Usually, during pyrolysis, compounds
are formed by elimination reactions. Therefore, masses of alkenes and unsaturated aldehydes/ketones, such as propene (m/z
42), butene or acrolein (m/z 56), can be observed. Furthermore,
aromatic structures such as benzene (m/z 78), phenol (m/z 94),
indane/benzofuran (m/z 118), naphthalene (m/z 128) and phenanthrene (m/z 178), including the homologue rows of their
alkylated species, are characteristic for both types of emission.
However, in the HFO-derived particulate emission, there are
still masses up to 400 of low volatile but thermally stable aromatic structures observable in the REMPI spectrum. Again,
only the pyrolysis of HFO-derived particles led to small
sulphur-containing molecules such as carbon disulphide (m/z
76) and hydrogen sulphide (m/z 34). The results of the
pyrolysis-like OC34 agree well with previous studies using
TG-EGA-SPI-MS and flash pyrolysis GC-MS by Streibel
et al. (2009) and Antipenko and Melenevskii (2012).
GCxGC-ToFMS data were obtained for HFO- and DFderived particulate emissions. In Fig. 5, data is shown in bubble plot representation. The HFO sample contained 4472 resolved compounds where the DF sample contained 1652.
Advanced scripting algorithms based on knowledge-based
rules were developed and applied to the GCxGC-ToFMS data
with the LECO ChromaTOF scripting feature (Groeger et al.
2008; Hilton et al. 2010; Welthagen et al. 2003). With these

algorithms, 46 % of the compounds for DF and 49 % of HFO
compounds could be classified. From the bubble plot representation, it could easily be seen that health relevant compound classes such as PAH (red bubbles) and alkylated benzenes (orange bubbles) were present in a much higher number
in HFO than in DF. With the advanced scripting approach, it is
even possible to discriminate PAHs according to their methylation grade in a non-targeted, comprehensive way (Weggler
et al. 2014).
LDI-FTICR-MS data is shown as average values from six
replicate measurements in a mass range from 200 to 900 m/z
(Fig. 6a). Only sum formula assignments which could be
found in each replicate from one sample type were considered.
As a result, approximately 2600 formulas for the fuel and
1500 for the PM were found. The relative standard deviation
of the intensities for six repetitions covers a range from 15 to
30 %. Species with higher mass-to-charge ratios are more
abundant in the fuel mass spectrum. Both mass spectra show
a maximum around 280 to 300 m/z and a distinct pattern of
species with 14 m/z difference according to alkylation rows. In
the particulate matter extract, the homologue rows of PAHs
are most abundant, especially the distribution of C16H10 and
C18H12, referring most likely to the pyrene- and chrysene/
benz[a]nthracene-alkylation peaks. In contrast to that, the fuel
is dominated by alkylated nitrogen-containing aromatics such
as carbazole and acridine species.
The compound class distribution data show a significantly
higher relative abundance of CH-species in the aerosol and a
depletion of the amount of CHN-species. The PM reveals a
significant enrichment of CHS- and CHO-species in comparison to the fuel. The compound class results can be explained
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Fig. 5 Two-dimensional gas
chromatography analysis of
particles emitted with a DF and b
HFO. Bubble radii correspond to
the relative area of the represented
peak. Each class of compounds
can be assigned a different colour,
allowing fast visual analysis of
group-type classifications (red
PAHs, orange hydrocarbons,
striped orange linear
hydrocarbons, purple alkylated
benzenes, cyan unsaturated
hydrocarbons, green ester, black
aldehydes and ketones)

by the combustion process itself, which is known to lead to
oxidation and reformation of feed fuel species. The selectivity
of the method for high aromatic compounds and especially for
nitrogen-containing aromatics, as shown by (Cho et al. 2013),
has to be taken into consideration for the comparison with
other techniques.
GC-APCI-FTICR-MS enabled separation of volatile and
semi-volatile compounds and the detection of selected compound classes with little fragmentation. Compared to LDIFTICR, the detectable mass range is shifted to lower values;
thus, compounds with higher volatility could be detected.
Nevertheless, the results of heavy fuel oil and the corresponding combustion aerosol particles of HFO are quite comparable
to the LDI data (Fig. 7, right). Sulphur- and oxygencontaining compound classes are favoured; thus, the overlap
of the assigned sum formulas for heavy fuel oil and HFO
particles is larger.

The measurements of diesel fuel and the corresponding
combustion aerosol particles showed less complex compound
distribution (Fig. 7, left). The major compounds of DF are
saturated hydrocarbons, composing 80–90 % of the fuel,
which cannot be detected by the method. As a consequence,
the number of detected compounds was lower than for heavy
fuel oil. In general, for both fuels, an increase of the oxygen
content and a decrease of the aromaticity were detected in the
combustion particles compared to the fuels, but the complexity of the detected compounds did not change from fuel to
combustion particles.
Time-resolved results
Two afternoon cycles of 2 h each were chosen as a representative depiction of the online data. Figure 8 shows the time
series for HFO and DF experiments, respectively. Besides the
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Fig. 6 a Averaged mass spectra resulting from LDI-FT-ICR measurement; inset shows the different pattern at nominal mass 372. b Venn plot. c
Compound class distribution

flue gas temperature and the engine loads, the figures show the
temporal course of gas monitor data, SPI-TOFMS, REMPITOFMS, AMS and aethalometer. Engine loads are 100 % or
full power (FP), 75 % or rated power (RP), 50 % or medium
power (MP) and 25 % or low power (LP). It has to be noted
that the test cycle protocol demanded an engine start at 75 %
load, which is hold for some time, before the 2-h cycle is
begun by switching to 100 % load. This causes an initial steep
increase in almost all emission factors at the very beginning of
the depicted cycle. Moreover, at each time, when the load
states were changed, in most cases, signal peaks could be
observed, which were abating after some minutes. This was
partially caused by the necessity to adjust the dilution ration
manually to the load-dependent exhaust pressure.
Gas phase
Emissions of nitrogen oxides are strongly dependent on premixed combustion and maximum combustion temperatures.
Whilst the diffusion combustion phase decreases for lower
loads, which leads to lower combustion temperatures, the
pre-mixed combustion increases due to longer ignition delays.

Fig. 7 Venn plots of diesel fuel and combustion particles (left) and heavy
fuel oil and combustion particles (right)

These two effects cancel each other out resulting in relatively
stable volumetric NOx emissions for all investigated engine
loads. However, specific NOx emissions decrease for higher
loads because the power increases. This has also been determined earlier (Sarvi et al. 2008a). NOx emission levels are
quite similar for HFO and DF. Generally, DF leads to less
NOx emissions because of its higher cetane number and therefore shorter ignition delay (Sarvi et al. 2008b). It must be
pointed out that injection timings were different for DF and
HFO to obtain highest efficiency for both fuels since for ship
application engine efficiency is more desirable than reduced
emissions. Diesel engines operate at λ > 1; thus, THC emissions are relatively low for both fuels.
Generation of carbon monoxide is directly depending on λ.
It occurs under conditions with λ < 1 (Merker et al. 2011).
Again, since global λ is greater than 1, CO emissions are
relatively low. Some peaks appearing with the lower loads
for HFO hint on transient unstable combustion conditions,
which are also reflected in the SPI, REMPI and aethalometer
graphs. At 75 % load for DF operation, CO emissions are
significantly higher than for HFO. It is likely that DF mixing
conditions are worse at this operation point than for HFO
caused by the nozzle design. Due to significant sulphur contents in HFO, SO2 is a main exhaust gas component. SO2
exhaust emission is directly correlated to fuel consumption
and air–fuel equivalence ratio. Higher λ values generally lead
to formation of more oxidized sulphur species such as SO2.
A more detailed chemical analysis of the exhaust gas was
performed in real time, applying two different time-of-flight
mass spectrometers (TOF-MS) with complementary photoionisation techniques. The discussion is focused on the timedependent emission profiles of nine exemplary aromatic and
aliphatic species, namely methanethiol (m/z = 48), 1,3-butadiene (m/z = 54), acetone (m/z = 58), benzene (m/z = 78), toluene

Environ Sci Pollut Res

Fig. 8 Time-resolved trends of several signals recorded over a representative 2-h engine cycle from HFO (left) and DF (right). From above to below
engine conditions, gas monitors, SPI-TOFMS, REMPI-TOFMS, AMS, and aethalometer data is shown

(m/z = 92), phenol (m/z = 94), naphthalene (m/z = 128), acenaphthylene (m/z = 152) and phenanthrene (m/z = 178).
These substances represent typical combustion products.
Regarding aromatic compounds, measured with high sensitivity using the REMPI technique, DF emissions showed higher
emission factors for the mono-aromatic hydrocarbons (MAH),
naphthalene and acenaphthylene when compared to HFO. For
larger PAHs such as phenanthrene and pyrene, HFO emission
levels are higher. This is reflecting the more volatile constituents of DF being present in high abundance and transferred to
the gas phase mostly as unburned fuel compounds. However,
the emission factor level of smaller aromatic compounds with
DF as well as with HFO is heavily depending on the actual
composition of the utilised fuels, diesel containing lower

quantities of these compounds would yield considerably lower emission levels, as could be seen in measurements conducted prior to this campaign (Radischat et al. 2015).
FTICR-MS analyses revealed that the majority of the exhaust components are already present in fuel. All aromatic
hydrocarbons showed a quite similar time signature for DF
combustion with slightly increasing emission factors at 75 %
load, consistent with the similar trend of CO. An interesting
feature is the behaviour at the start of the cycle for DF combustion. High emission peaks could be observed for aromatic
and aliphatic hydrocarbons followed by declining values,
whereas oxygen-containing species such as phenol exhibit a
lower level at the start followed by a continuous increase
during the full power load. This could be attributed to
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injection loads beyond the stoichiometric limit, which is determined by the compressor charger performance as well as by
mixing conditions in the cylinder. The differences in species’
behaviour reflect the distinction between unburned fuel emissions and products of oxidation. Noteworthy is the high emission peak of the carcinogenic and mutagenic 1,3-butadiene,
which is also linked to incomplete combustion (Montero et al.
2010; Peltonen and Vaaranrinta 1995).
Another unexpected feature for DF combustion is the diverging behaviour, when the engine is operated with medium
and low power. Some species—1,3-butadiene, benzene, toluene, naphthalene and phenol—tend to decrease; other compounds—acetone, acenaphthylene and phenanthrene—however increase. Compounds that decrease comprise typical indicators for combustion quality, as is CO, which shows the
exact same trend. Thus, combustion seems to proceed
suboptimally at 75 % load and is partially improving at lower
loads.
Compared to the DF emission data, both REMPI as well as
SPI data for HFO combustion showed comparable absolute
emission factors as well as similar overall trends for a number
of molecules, including high emission factors at rated and
medium power in contrast to lower values for the full power
phase. The 50 % load was to some extent showing a complicated behaviour, since disturbances in the combustion process
occurred, which are also reflected in the CO and aethalometer
signals. This was especially observable with toluene.
However, there were some significant differences at low power. A couple of aromatic species that remained constant for DF
combustion exhibited a significant decrease for HFO combustion. At 25 % load with its low temperatures, combustion
conditions are generally worse, and the emission signature
consists almost only of unburned fuel. In contrast to DF, with
HFO, the residual fuel is formed of low volatile species, which
are transferred to the particulate phase and thus lead to the
observed decline of gaseous constituents for HFO. An exclusive feature of HFO data is the presence of methanthiole due
to the high sulphur content.
Particle phase
Aethalometer For DF, the Å exponents calculated from the
aethalometer signals ranged between 0.8 and 1.0 and showed
no differences for individual engine loads indicating that almost pure soot dominates the emissions. These values are
characteristically for motor vehicle emissions, as discussed
in Andreae and Gelencser (2006). The 75 % load phase is
characterised by a 30-min lasting continuous increase of BC
emissions followed by a 30-min lasting plateau, exhibiting the
highest mean BC emission factors in the engine cycle. This is
a similar behaviour to most species in the gas phase.
Significantly lower BC emission factors were observed for
medium and low power (Fig. 8).

A quite different pattern was observed when the ship diesel
engine was fuelled with HFO. In this case, the high peak
emissions of BC and UVPM emission factors were found
for 50 % engine load. UVPM values remain elevated at low
power accompanied by an increased Å exponent, whilst BC
emissions drop down again. This corresponds well to the online gas phase monitoring that showed a concurrent decrease
of gas phase organics. Hence, the fact is corroborated that at
low power conditions HFO is subjected to bad combustion
conditions, which leads to evaporation of unburned residual
low volatile structures immediately condensing to particulate
matter. Significant higher Å exponents calculated for full and
low power compared to the other engine loads indicate higher
OC contents. The high Å exponents correlate well with elevated organic matter content of HFO seen throughout all
offline analyses.
Aerosol mass spectrometer (AMS) Using HFO, the operation at full power was characterised by high contributions of
OM and SO42−. As the engine load was shifted to 75 % load,
the contributions of both OM and SO42− decreased progressively, before slightly increasing at medium power and finally
dramatically increasing at low power conditions. The increase
of SO42− content at 25 % load is directly linked to the concurrent rise of SO2 measured by the gas monitors. The behaviour
of OM corresponds to the aethalometer and MS signals as
discussed before. Especially at 25 % load, additional soot
formation was negligible, which is well expressed by the constant BC signal. As a consequence, an unburned fuel content
of HFO was visible as organic matter on the particles, considerably enhancing the respective AMS signal.
The amount of emitted OM from DF combustion was less
than that of HFO combustion, confirming the findings from
both offline analyses and aethalometer. During the 75 % load
phase, the OM emission factor increased reflecting suboptimal
combustion conditions for DF at this load. This observation is
analogous to the behaviour of the BC content and most organic gas phase species and again CO showing a sloping increase
as well. The OM emission factor dropped when the engine
was shifted to medium power and dropped further when
reaching low power, again in good correlation to the other
measurements.
The O/C and H/C ratios in both HFO and DF combustion
showed almost no variation throughout the engine cycle.

Conclusion
One main finding of this study is the higher concentration
level of particles, organic species and elements in HFO aerosol compared to DF aerosol. This is particularly remarkable,
since general parameters such as the gas phase concentrations
of carbon monoxide, nitric oxides, and total hydrocarbons are
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approximately equal for both fuels. The differences are only
revealed by a more detailed molecular characterisation of the
aerosols. In the case of polycyclic aromatic hydrocarbons,
which could be analysed by several of the applied measurement methods, a further distinction of this conclusion is made
possible. In the gas phase, DF exhibited larger concentrations
for one- and two-ring aromatic compounds, whereas the
heavier three- to five-ring PAHs were found to be more abundant in HFO exhaust. A comparable shift in PAH pattern
could be observed for the particulate matter as well.
Especially the heaviest analysed PAHs showed a considerable
enhanced concentration with HFO aerosol.
The same observation holds for substituted aromatic species. Methylated naphthalenes were more abundant in DF
aerosol; however, the methylated three- and four-ring PAHs
showed a substantially higher concentration in HFO aerosol.
A comparison of the actual composition of the aerosols and
the respective fuels give rise to the hypothesis that a majority
of chemical species are transferred to the aerosol as unburned
fuel content. This is made evident by similar mass spectrometric patterns and a plain relation of observed chemical structures of fuel and both gas and particulate phase of the aerosol.
One potentially important exception to the fact that HFO
aerosol exhibits larger concentration of pollutants than DF
aerosol is the amount of black and elemental carbon or soot
particles, which showed a slightly higher abundance in DF
particles. In addition, the morphology investigation of HFO
particles revealed that they consist of a mixture of nucleated
metal species, condensed organics and soot, in contrast to the
soot agglomerates in DF aerosol. The inorganic coating of
HFO particles may have an impact on the physiological effects caused by organic species.
The first intention that may come to mind when
scrutinising the results from this study is the commendation
to gradually switch the fuel from HFO to more ‘cleaner’ distillate fuels, since the latter obviously emit much less organic
and inorganic pollutants with high potential health risks. On
the other hand, the elevated levels of elemental carbon and
methylated naphthalenes in DF aerosol could pose problems
of their own, which will have to be elucidated in more detail
before any recommendations to future fuel-side measures for
emission reduction can be discussed. The study on biological
responses of the aerosol cited in the introduction (Oeder et al.
2015) gives first hints on this subject.
In addition to the general comparison of concentration levels
emitted during a 4-h engine cycle, the employment of timeresolved measurement methods allowed a deeper insight in
the different segments of the cycle, unfolding dynamic changes
in emission factors of various organic trace contaminants.
Thereby, HFO combustion tended to take course rather undisturbed and with only minor changes during the main combustion stages running on full and rated power, respectively. This is
a somewhat expected behaviour, since the engine design

parameters are optimised for HFO operation at steady-state
operation at rated power. However, with the lower load states,
some deviating behaviour could be observed, which maybe
would have gone unnoticed when only averaged values would
have been considered. At low power, a drastic increase in organic particulate matter occurred. At this stage, unburned residuals of the HFO fuel were transferred directly to the particulate
phase. This observation could be of special interest, since lower
loads are applied in the vicinity of the shores and when the
ships enter the harbours. Hence, such considerable changes in
emission behaviour at low power stages might enhance the risk
for people living in shore regions.
The engine used in the study is optimised for HFO combustion, and this fact is well reflected in the behaviour of the
measured signals of DF at 75 % load, the main combustion
segment of the cycle. Almost all observed emission factors
steadily increased during this phase. At medium power, the
repercussions of the suboptimal nozzle design for DF operation are less pronounced, and the emission factors tended to
decrease again. However, this observation emphasises one
outcome of the averaged data, viz. the fact that switching from
HFO to distillate fuels in order to reduce the emission of
pollutants may prove more difficult than at first glance.
Emission of other contaminants could increase, and in addition, nozzle design is suboptimal for distillate fuels. This in
reverse leads to eventual higher emissions in certain stages of
DF combustion whilst lowering aerosol contamination during
other stages, a tradeoff that could cause new and hitherto unforeseen problems in ship diesel emission appraisal and the
evaluation of induced health risks.
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