

  atmosphere-13-00031




atmosphere-13-00031







Atmosphere 2022, 13(1), 31; doi:10.3390/atmos13010031




Article



Suitability of Different Methods for Measuring Black Carbon Emissions from Marine Engines



Päivi Aakko-Saksa 1,*[image: Orcid], Niina Kuittinen 2[image: Orcid], Timo Murtonen 1, Päivi Koponen 1, Minna Aurela 3, Anssi Järvinen 1, Kimmo Teinilä 3, Sanna Saarikoski 3, Luis M. F. Barreira 3, Laura Salo 2[image: Orcid], Panu Karjalainen 2[image: Orcid], Ismael K. Ortega 4, David Delhaye 4, Kati Lehtoranta 1[image: Orcid], Hannu Vesala 1, Pasi Jalava 5, Topi Rönkkö 2 and Hilkka Timonen 3[image: Orcid]





1



VTT Technical Research Centre of Finland, P.O. Box 1000, 02044 Espoo, Finland






2



Aerosol Physics Laboratory, Physics Unit, Faculty of Engineering and Natural Sciences, Tampere University, 33100 Tampere, Finland






3



Atmospheric Composition Research, Finnish Meteorological Institute, P.O. Box 503, 00101 Helsinki, Finland






4



DMPE, ONERA, Université Paris Saclay, CEDEX, 91123 Palaiseau, France






5



Department of Environmental and Biological Sciences, University of Eastern Finland, 70210 Kuopio, Finland









*



Correspondence: paivi.aakko-saksa@vtt.fi







Academic Editors: Baojie He, Ayyoob Sharifi, Chi Feng and Jun Yang



Received: 1 November 2021 / Accepted: 20 December 2021 / Published: 26 December 2021



Abstract

:

Black carbon (BC) emissions intensify global warming and are linked to adverse health effects. The International Maritime Organization (IMO) considers the impact of BC emissions from international shipping. A prerequisite for the anticipated limits to BC emissions from marine engines is a reliable measurement method. The three candidate methods (photoacoustic spectroscopy (PAS), laser-induced incandescence (LII), and filter smoke number (FSN)) selected by the IMO were evaluated with extensive ship exhaust matrices obtained by different fuels, engines, and emission control devices. A few instruments targeted for atmospheric measurements were included as well. The BC concentrations were close to each other with the smoke meters (AVL 415S and 415SE), PAS (AVL MSS), LII (Artium-300), MAAP 5012, aethalometers (Magee AE-33 and AE-42), and EC (TOA). In most cases, the standard deviation between instruments was in the range of 5–15% at BC concentrations below 30 mg Sm−3. Some differences in the BC concentrations measured with these instruments were potentially related to the ratio of light-absorbing compounds to sulphates or to particle sizes and morphologies. In addition, calibrations, sampling, and correction of thermophoretic loss of BC explained differences in the BC results. However, overall differences in the BC results obtained with three candidate methods selected by the IMO were low despite challenging exhaust compositions from marine diesel engines. Findings will inform decision making on BC emission control from marine engines.
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1. Introduction


Global warming is enhanced by black carbon (BC) emissions directly through increased radiative forcing of atmosphere and indirectly through ice melting through deposition of BC on ice and snow, which is particularly detrimental in the Arctic, along with increasing shipping [1,2,3,4]. The contribution of shipping in global anthropogenic greenhouse gas emissions was 2.89% in 2018 [1], and climate-warming BC emissions from shipping represent 7% of total shipping CO2-equivalent emissions on a 100-year timescale [5,6]. Besides global warming potential, BC, as a part of particulate matter (PM) emissions, is linked to adverse health effects [7,8]. The International Maritime Organization (IMO) has worked on consideration of the impact on the Arctic of emissions of BC from international shipping since 2011 (the 62nd meeting of the Marine Environment Protection Committee (MEPC 62)). The work progressed in 2015 (MEPC 68) by agreeing on the definition of BC for international shipping as defined by Bond et al. [9], and in 2018 by selecting the three candidate methods for BC measurements: photoacoustic spectroscopy (PAS), laser-induced incandescence (LII), and filter smoke number (FSN) (the 5th meeting of the Sub-Committee on Pollution Prevention and Response (PPR 5)).



Specific methods are designed for measuring BC from different sources, and none of the methods alone is optimal for measuring BC from all sources due to significant mismatch of the measurement ranges of the instruments with the BC concentrations and the chemical composition of gas and aerosol matrices [9,10,11,12]. Techniques using PAS, LII, and FSN principles are designed for measuring BC from engine exhaust, although they could also be used for measuring absorbing aerosols from other sources. Light absorption smoke meters (referred to as the FSN method by IMO) are the traditional method for engine exhaust measurements, while PAS and LII methods are new approaches. Techniques designed for characterising BC from ambient air include, for example, optical methods such as multi-angle absorption photometer (MAAP) and aethalometers (AE) [13,14]. Elemental carbon (EC) measured with the thermal-optical (TOA) method from filter samples is by definition not commensurable with the optically measured BC. Additionally, TOA analysis is challenging when using residual fuels in marine diesel engines due to the asphaltene and metal content of PM [15]. The correlation between light-absorption-based BC and thermoanalytically measured EC are discussed by, for example, Pöschl [16].



Each BC measurement method has its limitations related to the operative definitions of the carbonaceous particles [11,14,17]. The optical BC measurement methods are sensitive to interferences by aerosol species affecting the light absorption coefficient and the mass absorption coefficient (MAC), which are needed for converting the light absorption into a BC mass concentration [9,16,17,18,19]. Additionally, most filter-based techniques suffer from artefacts due to scattering caused by the filter fibres and aerosols embedded in the filter (increasing optical path, reflectance) and the filter-loading effect of aerosols accumulated on the filter (reducing optical path) [9,18]. The non-BC light-absorbing aerosol species include brown carbon (BrC), mineral dust [17,20,21,22,23], and also the sulphur content of aerosol, which may have cross-interferences with the light-absorbing properties of BC. Brownish, light-absorbing organic compounds include, for example, polyaromatic hydrocarbons (PAHs). The difference between BC and BrC is not sharply defined, and their differentiation by measurements is challenging [20,23,24,25,26]. BC absorbs light predominantly in the mid-visible wavelength, while BrC contributes in shorter wavelengths, and shows stronger wavelength-dependence than BC [17,27,28,29]. The absorption Ångström exponent (AAE) is determined by instruments using several wavelengths, and it describes the spectral dependence of light absorption by aerosols. Hence, AAE is valuable for source apportionment studies [24,27,28,29,30,31,32]. AAE is low (1.0–1.5) for BC, while AAE values can be high for aerosol containing absorbing organic carbon [20,21] and mineral dust [22]. To be quantitative, the share of non-BC absorbers needs to be high [33]. Some compounds that are condensed in BC, such as semi-volatile organic compounds and water vapour, may enhance absorption by 30–50% via the lensing effect [12]. A thicker coating of particles in an aged aerosol through the formation of secondary organic or inorganic aerosols may lead to overestimated BC [10,11,12,34,35]. Small aerosol particles also absorb more at near-UV than at longer wavelengths, but the effect of particle size on optical measurements of BC is not completely understood. Interferences of non-BC light-absorbing compounds are suggested to be at their minimum at a detection wavelength in the region from 600 nm to 700 nm [14].



Instruments using the filter-based light absorption principle include, for example, smoke meters (SM), MAAP, and aethalometers. The SM instruments measure light absorption by the change in the optical reflectance of visible light (peak at 550–570 nm) from a loaded filter relative to a clean filter. Measured reflectances are converted to FSN and further to BC concentrations as standardised conformity to ISO 10054 and ISO 8178-1. MAAP measures the relative change in optical transmission and reflectance of scattered light as particles are collected on a filter at a wavelength of 670 nm with multiple detectors simultaneously [36]. Since MAAP detects transmitted and backscattered light at two angles, instrumental aerosol-composition-dependent artefacts are reduced [14]. Aethalometers resemble MAAP, but they do not measure scattered light and hence do not correct instrumental artefacts caused by scattering. Aethalometers use several wavelengths, from which absorption at 880 nm is typically interpreted as BC. Aethalometer types using a double detection system minimise the filter-loading effect [37], viz. overestimation of BC concentration on a fresh filter and underestimation on a loaded filter [38], while the most correct concentrations are on lightly loaded filters [11]. PAS and LII are filter-free, in situ methods to measure BC, hence filter-related artefacts are avoided. These “zero background” methods are also more sensitive than the differential methods [39,40]. In the PAS principle, a modulated laser beam causes periodic temperature and pressure changes in the surrounding gas sample, and a sound pressure wave is detected by a microphone. [41]. Multi-wavelength PAS is an option [39,40]. The common PAS instrument, the AVL Micro Soot Sensor (MSS), uses 808 nm to determine absorption by BC [42,43], and correlation between PAS signal and BC mass is calibrated using a combustion aerosol standard analysed by the EC(TOA) [42]. Consequently, the interferences in the EC(TOA) analysis, for example, due to asphaltenes and metals potentially present in marine engine exhaust [15,43], affect calibration of the PAS. MSS(PAS) is a standard reference instrument for certification of aircraft engines (SAE E-31 AIR 6241). LII measures the thermal emission emitted from soot particles heated by the Nd:YAG pulsed laser (usually 1064 nm) to temperatures in the range from 2500 K to 4500 K. The laser fluence is set to a value, which heats the soot particles below their sublimation threshold values (4000 K for BC) [44,45,46]. The LII is by default insensitive to liquid particles and metal salts, which vaporise during the heating, although some impact of OC coating of soot in LII response has been reported [47,48]. The size of the soot agglomerates may have an impact on the LII response, which needs to be taken into account in calibration of the LII signal to the BC concentration [49].



All BC measurement technologies, filter- or non-filter-based, are suspected to suffer from interference, at least to some extent. In addition, methods use different reference materials for calibration [50]. The artefacts, combined with lack of a traceable and universally agreed upon BC reference material or methods, complicates setting regulations on BC emissions. Correlations between methods are typically decent, but regression slopes may vary [12,25], and intercomparison studies have shown substantial differences in BC concentrations between thermal and optical methods [51,52,53,54,55,56]. Instrument type, exhaust sampling, dilution and sample treatment procedures affect the BC results, which are topics for standardisation of measurements. Special considerations are needed for the BC measurements from marine engine exhaust due to its high temperature, potential content of sulphuric acid, sulphates (SO42−) and bound water, metals, and BrC, along with a wide range of particle sizes. Sulphur content of marine fuels will remain high, for example, in scrubber-equipped ships even after the introduction of the 0.5% global sulphur limit for marine fuels in 2020. The sulphates from ship emissions induce a cooling effect on the climate by reducing the absorption of visible light at longer wavelengths [57].



In this study, the suitability of three candidate methods (PAS, LII, and FSN) selected by the IMO for measuring BC emissions from marine engines was studied and discussed in view of controlling BC emissions from marine engines in the future. The measurement setup included instruments representing the FSN method (AVL 415S and AVL 415SE), PAS method (AVL MSS 483), LII method (Artium 300), and additionally MAAP, aethalometers, and TOA. Three campaigns covered measurements on-board a ship from two modern medium-speed diesel (MSD) engines, one equipped with selective catalytic reduction (SCR) and SOx scrubber, the other one equipped with scrubber only, using two fuels (0.6%S and 0.1%S). In laboratory, emissions from an MSD engine fuelled with three fossil fuels having sulphur contents up to 2.5 weight percent (wt%) and a 30% blend of biofuel fatty acid component (BioFA), while a modern high-speed diesel (HSD) engine fuelled with two sulphur-free fuels with different aromatic contents were characterised. The results from exceptionally wide real-life exhaust matrices from campaigns with different fuels, engines, and emission control devices enabled in-depth analysis of the differences between instruments measuring the BC emissions. New findings on the behaviour of the instruments and parameters to be considered (e.g., (AAExBC):SO4 and fuel properties) are presented. Furthermore, sampling issues are presented and discussed, since representative sampling is a prerequisite for reliable results. In this respect, correction of the thermophoretic loss of BC in the transfer line when sampling hot and humid engine exhaust potentially explains some differences in the results between instruments. All in all, experimental campaigns with various fuels, engines, and emission control devices provided extensive ship exhaust matrices to study the behaviour of the BC-measuring instruments, as well as discussion of significant parameters and sampling issues to evaluate the suitability of the studied measurement principles for marine engine measurements and regulations.




2. Materials and Methods


2.1. Measurement Campaigns


Three marine engine emission measurement campaigns, A, B, and C, were carried out in a laboratory and on-board ship (Table 1, details in the Supplementary Material Section S2 with refs [51,58,59,60,61,62]). In campaign A, laboratory tests were conducted with an MSD engine in the size range of auxiliary power engines in ships, a 1.6 MW Wärtsilä Vasa 4R32 LN (Wärtsilä, Finland) (Table S2 in the Supplementary Materials) at two engine loads (75% and 25%) corresponding to the open sea and near-harbour engine-loading conditions. In campaign B, on-board measurements were conducted from two modern medium-speed diesel engines (MSD1, MSD2), with one engine equipped with the SCR and scrubber, and the other engine with the scrubber only, at engine loads of 75% and 40%. The third campaign, C, was carried out with a high-speed diesel engine (HSD) in a laboratory. Engine characteristics are presented in Tables S1, S2 and S5 in the Supplementary Materials.



In campaign A, the three fuels used represented different sulphur contents (2.5%S, 0.5%S, and 0.1%S fuels; abbreviation %S means the sulphur content of fuel in percentage), and the fourth fuel contained 30% fatty-acid-type biocomponent (Bio-FA) (Table S3 in the Supplementary Materials). The fuels were characterised and were observed to have different compositions, including different aromatic, asphaltene, and ash content. PAHs(di+) content in 0.1%S fuel was 10.8% and ash content was <0.005 wt%, while BioFA fuel had PAH(di+) content of only 2.8 wt%. Residual fuels (0.5%S and 2.5%S) contained heavy asphaltenes (5.7 wt% and 28.3 wt%) and ash (0.038 wt% and 0.094 wt%). In campaign B, HFO (0.6%S) and MGO (0.1%S) fuels were used, and in campaign C, two sulphur-free diesel fuels, one that was aromatic-free diesel fuel (Ar-0) and another that was high-aromatic diesel fuel (Ar-20), were used.



Methods and setups are described in Sections S1 and S2 in the Supplementary Materials. Numerical results of the gaseous emissions (CO, HC, NOx, CO2) and the particle-related emissions (PM and its composition, BC) are presented in Section S5 in the Supplementary Materials.




2.2. Instrumentation


2.2.1. Light Absorption Smoke Meters (FSN Method) and Calculated MACBC


The SM instruments used were AVL 415S and AVL 415SE (AVL List GmbH, Austria), which measure the raw exhaust gas without the need for exhaust dilution. The BC measurement range of instruments was from 20 µg/m3 to 32 g/m3. SM model AVL415SE introduced “Shop Air Purging” to improve the cleaning of instruments when using residual fuels. Conversion of FSN to the BC concentration was conducted by the manufacturer’s equation, which takes into account thermophoretic losses (AVL List GmbH, Equation (S2) and Figure S1 in the Supplementary Materials). Methodology and conversion of measured reflectances to FSN and further to BC concentrations is standardised conformity to ISO 10054 and ISO 8178-1. SM(FSN) measured three replicates in one minute. The output concentrations at 100 kPa and 298.15 K were converted to reference conditions at 101.3 kPa and 273.15 K (abbreviated mg Sm−3). Details are presented in Appendix B and Section S1.1 in the Supplementary Materials with [9,42,63,64,65].



Light absorption SM instruments measure light absorption by the change in optical reflectance of visible light from a loaded filter relative to a clean filter. The mass absorption coefficient (MACBC) was calculated for these SM instruments with source information of (a) the standard ratio of Af /Vs = 2.47 m−1, where Vs is sample volume and Af is an effective cross-section area of a filter as specified in ISO 10054, and (b) reflectometer voltages (R) converted to a blackening (absorbance) fraction (1-Rsample/Rclean) scaled to FSN/10 and further to BC concentrations (details in the Section S1.1 in the Supplementary Materials). The thermophoretic loss correction of 15% was based on average parameters of the engine tests. Figure 1 shows that MACBC at 550–570 nm depends on BC concentrations, being in the range of 6–8 m2 g−1 at BC concentrations below 20 mg Sm−3, while gradually decreasing at higher BC concentrations. ISO 10054 defines that light source and receiver shall have a peak spectral response in the region from 550 to 570 nm.




2.2.2. AVL Micro Soot Sensor


The AVL Micro Soot Sensor (MSS) (AVL List GmbH, Austria) used in this study measures with the photo acoustic principle [30,42,43]. The AVL MSS instrument has its own diluter. The 808 nm light is absorbed by the particles. The AVL MSS provides a continuous online measurement of BC concentration at a rate of up to 10 Hz. One second intervals were used in this study. MSS is a standard reference instrument for the certification of aircraft engines (SAE E-31 AIR 6241, ARP6320). The measurement range of AVL MSS is from 1 µg/m3 to 50 mg/m3. MSS settings are presented in Appendix A, Table A1, other details in Appendix B and in Section S1.2 in the Supplementary Materials with [42,43].



Thermophoretic losses in the transfer line were corrected manually in the AVL MSS data. For the MSD engine in the laboratory campaign, the correction factor (cf) was 1.17 at high load and 1.14 at low load. In the on-board MSD measurements, the cf was 1.11–1.15, while for cold exhaust after the scrubber, the cf was 1.0. In the HSD measurements, the cf was 1.0–1.12, depending on engine load. AVL MSS output concentrations are corrected by firmware to 101.3 kPa and 273.15 K.




2.2.3. LII instrument Artium 300


The LII instrument used in the measurements was the Artium 300 instrument (hereinafter LII 300) (Artium Technologies, Canada) (details in Appendix B and in Section S1.3 in the Supplementary Materials). Emissions recorded from LII 300 signals can be used for determination of the mass concentration, volume concentration, active surface area, and primary particle diameter of soot particle emissions. LII 300 can measure at a rate of up to 10 Hz [44,45,46]. The LII 300 instrument used in this study is accepted in the aircraft engine certification procedure. LII 300 was calibrated using emissions from a Rolls Royce Gnome engine (Rolls Royce, United Kingdom), and its limit of detection (LoD) was 2 µg/m3, although an instrument could be calibrated down to LoD of 0.2 µg/m3 in the high-sensitivity mode. LII 300 data was manually corrected for the thermophoretic losses. See Appendix A, Table A1, and Appendix B.




2.2.4. MAAP and Aethalometers


The multiangle absorption photometer, MAAP 5012 (Thermo Fisher Scientific, Franklin, Massachusetts, United States), which is used in these measurements, measures the relative change in optical transmission as particles are collected on a filter combined with a measurement of reflectance of scattered light at a wavelength of 670 nm with multiple detectors simultaneously [36]. Calculation is based on a specific absorption of BC at a certain wavelength. MAAP provides continuous measurement at time intervals of at least one minute. A high dilution ratio is needed when measuring diesel exhaust, as the instrument is designed for ambient measurements. The BC measurement range of MAAP can be up to 60 µg/m3 with certain measurement parameters, but BC concentrations may already be underestimated at 9 µg/m3; see Appendix B and Section S1.4 in the Supplementary Materials with [18,66].



Aethalometers, AE42 and a newer model AE33 (Magee Scientific, Berkeley, CA, United States), measure the change in absorption of transmitted light due to collection of aerosol deposit on reinforced quartz fibre tape, which advances automatically when its loading threshold is reached [37]. In both aethalometers, measurement of absorption at 880 nm is interpreted as BC. AE33 uses seven wavelengths: 370 (UV), 470 (blue), 520 (green), 590 (yellow), 660 (red), 880 (IR-1), and 950 nm (IR-2), and a DUALSPOT™ technology alleviates “spot loading effects” [38]. These aethalometers provide continuous BC measurements at one minute or one second intervals. The measurement range of AE33 is 0.01–100 µg/m3. The output concentrations are at prevailing temperature and pressure, and they were converted to reference conditions (101.3 kPa, 273.15 K). See Appendix A, Table A1, Table A3, and Section S1.5 in the Supplementary Materials with [11,37,38,67,68].




2.2.5. Thermal-Optical Analysis


The quartz filters used for TOA analyses were Munktell MK360 (Munktell, Sweden) (campaign A) and Pall Tissuequartz (Pall Corporation, Port Washington, NY, United States) (campaigns B and C). These filters were pre-cleaned at 400 °C for two hours and stabilised. Loaded filters were stored in the freezer. See sampling details in Section 2.2.6. For elemental and organic carbon (EC/OC) analysis via the TOA method [69], the Sunset Laboratories Inc’s analyser model 4L was used. Temperature and gas atmosphere is adjusted while continuously measuring the transmission of a laser through the sample matrix. In the second phase, the sample is cooled, O2/He is introduced, and the temperature is raised again. Carbon is oxidised to CO2, which is then converted to methane and detected by the FID. The organic compounds pyrolytically converted to EC are compensated for by continuous measurement of the transmission of a laser. Based on the FID response and laser transmission data, the quantities of OC and EC in the sample are calculated. Methane and saccharose were used for calibration. The temperature program was EUSAAR2 (EN 16909) with peak temperature of 650 °C in the He phase to decrease the risk of premature evolution of EC and to minimise pyrolysis [55], which are risks for the PM samples from marine engines using residual fuels contained oxygen, sulphates, metal salts, and heavy OC. In addition to selection of the temperature program (EUSAAR2) to alleviates these artefacts, the most challenging samples were extracted with water and organic solvents (described in [15]) to remove disturbing constituents before TOA analyses that were parallel to TOA analyses of the untreated samples. The final concentrations are presented in reference conditions (101.3 kPa, 273.15 K).




2.2.6. Dilution, Particulate Matter (PM) Samples for TOA, and PM Characterisation


In both MSD engine campaigns, optimal dilution conditions were used for each BC measurement instrument, and hence sampling for different instruments was not the same. The MSS(PAS) and LII 300 measured at high and low dilution ratios (DRs), while SMs (FSNs) were measured from raw exhaust, and the PM for the TOA analysis was obtained with low DR (Appendix A, Table A1). PM for TOA and chemical characterisation was collected with ISO 8178 partial flow dilution with AVL SmartSampler (AVL List GmbH, Austria) without cyclone or hat, hence also collecting large particles. PM samples were collected using the DR of 8 (ISO 8178 limit: DR > 4), the temperature on the filter face below 52 °C (requirement 42–52 °C), and a face velocity of 37 cm/s on o.d. 70 mm filters (requirement 35–100 cm/s, 2017 version 90–100 cm/s). Transfer line heating was set to approximately 250 °C, except for 70 °C for AVL SM according to the manufacturers’ setting. The sampling probe was heated in the measurements after the scrubber to avoid conducting any possible droplets in instruments, and also before the scrubber to treat the sample in the same way as in the after-scrubber sampling. The first-stage diluters were heated.



PM samples were collected with Pallflex TX40HI20-WW filters (o.d. 70 mm) (Pall Corporation, Port Washington, New York, United States) for anion and PAH analyses. Elemental analysis was conducted from PM sample collected on quartz filters by extraction in a micro-oven by using nitric acid and hydrofluoric acid (EN 14385) and analysis by using inductively coupled plasma mass spectrometry (ICP-MS). Anions, including sulphates, were analysed by electrophoresis from water/isopropanol extracts. Water bound in sulphates was calculated according to SAE J1936 (standard of Society of Automotive Engineers), assuming relative humidity of 50% for other fuels than 2.5%S, for which a lower factor was used to adjust the composition with the PM’s mass. PAHs were analysed from toluene extracts of PM. Additionally, in-stack PM samples were collected according to standard EN 13284-1.



CO, HC, and NOx emissions were measured with analysers meeting the ISO 8178 requirements: THC by heated flame ionisation detector, NOx by heated chemiluminescence, and CO and CO2 by nondispersive infrared. O2 was measured with paramagnetic cell. More than 10 gaseous compounds were measured online at 20 s intervals using Fourier transformation infrared (FTIR) equipment (Gasmet DX-4000, Gasmet Technologies, Finland). Additionally, many parameters were recorded, including engine, fuel and exhaust, and cooling and lubrication parameters.






3. Results and Discussion


3.1. Statistical Analysis of BC Results from Different Instruments


3.1.1. Baseline for Analysis


In three measurement campaigns covering different engines, fuels, and after-treatment technologies, some instruments indicated lower and the others higher BC concentrations relative to one another (Appendix A, Table A1). None of the BC measurement principles used today are deemed to unambiguously measure true BC concentrations, particularly from challenging exhaust from marine diesel engines using residual fuels. EC is well-defined for clean diesel combustion, but not for engine exhaust containing high concentrations of, for example, sulphuric acid and metal salts, heavy organic compounds, and oxygen. Hence, the BC results from the individual instruments were compared with average results obtained with SM(SFN), MSS(PAS), MAAP, EC(TOA), and LII. The instrument selection in the three campaigns is considered suitable for this analysis, since the selection covers many different principles, including MAAP, taking account of both absorption and scattering. Using average BC results from different instruments as baseline in the analysis provides a technology-neutral approach without priority for any of the instruments.




3.1.2. Overview of BC Results in Three Measurement Campaigns


Average BC results and related standard deviations of replicate tests for different fuels and engine loads in three measurement campaigns are presented in Figure 2a–d. Engine loads are not necessarily as constant in on-board measurements as in the laboratory tests; however, standard deviations were low for all three campaigns (Appendix A, Table A1).



With the laboratory MSD engine using four fuels, the BC emissions ranged up to 25 mg Sm−3 while being strongly dependent on the engine load and fuel quality, but not directly on fuel sulphur content (Figure 2a, Section S3.3 in the Supplementary Materials). The highest BC emissions were observed at low (25%) engine load for fuel with high sulphur content of 0.5%S, and at high (75%) engine load for fuel with the highest sulphur content of 2.5%S. The BC emissions were the lowest for sulphur-free, oxygen-containing Bio-FA fuel. In the on-board measurements of the modern MSD engines, BC concentrations were always low (<6 mg Sm−3), upstream and downstream of SCR and scrubber, at 40% and 75% engine loads (Figure 2b). The discrepancies between the BC results obtained with different instruments were notably high in relative terms, but within ±1.5 mg Sm−3 in absolute terms.



The lowest BC emissions (<2 mg Sm−3) were observed for the common-rail HSD engine using sulphur-free fuels (Figure 2c,d). Despite the low concentration levels, PM and BC concentrations were systemically lower for aromatic-free Ar-0 fuel than for Ar-20 fuel containing 20 wt% of aromatics. For the HSD engine, stabilised running modes of the standardised cycle were short, while for the MSD engine, durations of engine load modes were sufficient for all instruments to stabilise. Comparison of the real-time instruments, MSS(PAS) and LII 300, is straightforward even for short load modes, while the semi-continuous method used in the SM(FSN) may cause some uncertainty in time adjustment. EC(TOA) results were obtained only from the filters collected over the whole 2 × 9 mode cycle in the tests with an HSD engine.



The focus of the analysis of this study is on the behaviour of the BC-measuring instruments. However, interesting observations on the effect of fuel properties on the EC emissions were found. In campaign A, EC concentrations expectedly correlated with PAH(di+) and the asphaltene content of fuels at high engine load, while at low engine load, a correlation was found with the pour point of fuel (Figure S5 in the Supplementary Materials). Constituents related to a high pour point of fuel could induce BC emission with some engines at certain running conditions, although this first finding is indicative and may apply to specific engine types. Fuel properties have been reported to also affect the BC emissions by others [70,71,72], and lately, the effect of the aromatic content of marine fuels has also been reported (IMO PPR 8/5/1).




3.1.3. Statistical Analysis


The correlations between the BC results obtained with different instruments were studied by Pearson’s correlation coefficients R2 (Table 2). Differences in BC results (ΔBC) between instruments as well as their averages (    Δ  (  BC  )   ¯   ) and standard deviations (σ(ΔBC)) are shown in Table 2. All statistical values are calculated against the average over all instruments. The linear regression equation (BCi = a + b BC) was used to calculate the slope (b) and intercept (a) for each instrument.



The correlation was good (R2 = 0.95–0.99) between the BC results obtained by different instruments in comparison to the average over instruments. The slopes of linear regression were close to 1.0 for MSS(PAS), SM(FSN), and LII, while they were lower for MAAP and EC(TOA) (b = 0.91–0.94) and the highest for AE (b = 1.26).



A tendency for lower or higher BC results in comparison to the average over instruments is indicated by     Δ  (  BC  )   ¯   . For the whole dataset,     Δ  (  BC  )   ¯    was positive for SM(FSN) (0.66 ± 0.50 mg Sm−3) and for AE (0.90 ± 1.91 mg Sm−3), while it was slightly negative for MSS(PAS) and MAAP (−0.05 ± 0.74 and −0.02 ± 0.62 mg Sm−3), and particularly for EC(TOA) (−0.60 ± 0.53 mg Sm−3). For sulphur-free fuels in the HSD engine, the results from different instruments were particularly close to one another:      Δ BC   ¯    was slightly negative for MSS(PAS) (−0.10 ± 0.04 mg Sm−3) and slightly positive for LII (0.10 ± 0.08 mg Sm−3), while the results obtained with SM(FSN) were close to average. EC(TOA) results were also generally in line with the BC results. Lobo et al. [73] found a good correlation between the MSS and the LII 300 results, but higher concentrations for the MSS than for the LII 300, while in this work, BC concentrations were higher for LII than for the MSS. Note that the LII used here was calibrated with aviation (Gnome) engine soot.



Individual ΔBC results from SM(FSN), MSS(PAS), MAAP, and EC(TOA) were mainly within ΔBC of ±1.5 mg Sm−3 of the average results according to analysis using 90th percentile as criteria for MSD engines (Figure 3), which is a narrow difference of average when considering wide variation in the properties of the exhaust matrices studied. The largest ΔBC values were observed for aethalometers, but these were not included in the BC averages. In another study, an agreement on the BC results obtained with LII, PAS, FSN, and TOA methods was better than the one for MAAP and the aethalometer [74].



The standard deviation between results obtained with SM(FSN), MSS(PAS), LII 300, MAAP, and EC(TOA) increased in absolute terms as BC concentrations increased (Figure 4a). Aethalometers that showed the highest ΔBC results were not included in this analysis. In relative terms, the standard deviation was 5–15% for engine-out exhaust and, at a wide range of BC, concentrations were up to almost 30 mg Sm−3 (except aethalometers). After the SOx scrubber, and in some cases after SCR, deviation in relative terms was high (15–35%) due to the low BC concentration level (<5 mg Sm−3), although deviation in absolute terms was only <0.8 mg Sm−3. For engine-out exhaust at the same BC concentration level, deviation was even lower in absolute terms (<0.4 mg Sm−3). For the HSD engine, the deviation of the BC results was higher when Ar-20 fuel was used than when aromatic-free Ar-0 fuel was used, and the aromatic content of fuel influenced the BC results and comparability between instruments.



More details of the BC results and inter-correlations with the SM(FSN) and MSS(PAS) techniques, instruments designed for ambient measurements (MAAP, aethalometers), and EC(TOA) from ISO 8178 and in-stack sampling are available in the Supplementary Materials (e.g., Figure S7). Note also that MAAP’s narrow measurement range was exceeded at the highest BC concentrations, even at DRs above 600.





3.2. The Effect of PM Composition on Instrument Behaviour


3.2.1. Sulphates, Metals, Organic Carbon, and Equivalent Light Absorbing Carbon of PM


Considering the different instruments used, and various dilution conditions and exhaust matrices, correlations in the BC results were surprisingly good (see previous section). However, deviation in the BC results was sufficiently large to evaluate the effect of exhaust properties on the instrument behaviour. Of the characterised exhaust properties, especially interesting were sulphates, metals, and organic fraction of PM (Appendix A, Figure A1).



Sulphates were present in PM when using residual fuels and were found to increase with increasing fuel sulphur content [15,75], although the relationship between fuel sulphur and exhaust SO42− concentrations is not straightforward due to promotion of SO3 precursor at high combustion temperatures. The share of SO42− in PM was higher at 75% engine load than at 25% engine load (13–35% versus 2–7% of PM) in campaign A, with the MSD engine using four fuels (0–2.5%S). In the on-board campaign B, exhaust PM contained substantial amounts of SO42− both before and after the scrubber when using 0.6%S fuel. In combination with varying organic fractions of PM, the exhaust composition downstream of the SCR and SOx scrubber was unique.



Metal oxides and sulphates (ash) are typically found in engine exhaust PM originating from fuel (e.g., with asphaltenes), lubricating oil, or engine wear. In campaign A, exhaust PM contained substantial amounts of metals when using residual 2.5%S and 0.5%S fuels (V 5.9–8 mg Sm−3, Ni 1.4–1.7 mg Sm−3), and to a lesser extent in campaign B on-board (V 0.28–0.43 mg Sm−3, Ni 0.20–0.28 mg Sm−3, Fe 0.23–0.35 mg Sm−3, and Na 0.23–0.46 mg Sm−3). Ca was also present in exhaust PM, likely originating from Ca observed in fuels and lubricating oil. Exhaust PM contained substantial amounts of water and oxygen attached to sulphuric acid and metal salts. For the HSD engine, exhaust PM did not contain significant amounts of SO42− or metal salts, albeit some Ca, Na, and Ni were present in PM (<0.04 mg Sm−3). Ni, Na, Cr, and Cu indicate engine wear, Ca lubricating oil of MSD engines, and Zn lubricating oil of HSD engines.



Organic carbon is typically a substantial contributor to exhaust PM mass emissions from marine diesel engines. The OC fraction of PM is not uniform, since coloured (BrC type) and colourless compounds with varying tendencies to absorb light may be present. Dilution with moderate DR promotes OC condensation on the filter due to phase partitioning of semi-volatile organic compounds, and cooling of diluted exhaust further shifts OC from gas to particle phase [76]. The share of OC in the PM was the highest (56–77%, diluted) for the 0.5%S fuel in campaign A, while in campaign B, the share of OC in PM reduced over the SCR. For the HSD engine, the PM emission practically only contained EC (18–21%) and OC. Typically, diesel engines using sulphur-free fuels contain only a low share of non-BC material [9]. The absorption Ångström exponent (AAE) describes the spectral dependence of light absorption by aerosols. Helin et al. [29] observed high AAE470/950 values (0.9–1.3) for high-sulphur marine fuels, potentially linked to high PAH and metal salt content in PM. All PM samples contained PAHs. The sum of the six priority PAHs was 3–17 µg Sm−3 with campaign A, 1.7–6.5 µg/Sm−3 in campaign B, and only <0.7 µg/Sm−3 in campaign C. The removal of volatiles from exhaust using a thermodenuder or a catalytic stripper is reportedly less significant than the removal of non-volatile light-absorbing organics or metal salts for distinguishing BC from other light-absorbing compounds [29,51,59]. For further analysis, the concentration of light-absorbing compounds was calculated as a product of the AAE470/950 ratio and BC concentrations (AAExBC).




3.2.2. Analysis of the Effect of Exhaust Properties in the BC Results Obtained with Different Instruments


Regression analyses of the ΔBC results and exhaust properties were carried out, and squared Pearson’s correlation coefficients are presented in Appendix A, Table A2. Several exhaust properties, such as SO42−, AAE470/950, AAExBC, metals, CO, and NOx concentrations seemed to correlate with instruments in individual measurement campaigns, but not over all campaigns. Dependencies were not found between BC concentrations and diluted OC:EC ratios or the AAE470/950 values, while AAE470/950 correlated with the raw exhaust (in-stack) OC:EC ratios (Figure S5 in the Supplementary Materials).



In continuation, the effects of the SO4 and AAExBC on ΔBC between instruments were studied (Figure 5), and some systematic behaviours of instruments were observed. SM(FSN) showed positive ΔBC at high SO4 and AAExBC concentrations, and elsewhere ΔBC was close to average (neutral, green region). For MSS(PAS), ΔBC was generally negative, and at high SO4 concentration even more negative than for EC(TOA), while positive ΔBC was found only at a low SO4 level. EC(TOA) showed the lowest BC emissions of instruments (negative ΔBC) or similar BC level as the other instruments, with the exception of lower ΔBC for MSS(PAS) at high SO4 concentrations. With MAAP, ΔBC was mainly positive or neutral; however, the highest BC concentrations exceeded the measurement range of MAAP even at DR of 600. Overall, BC concentrations measured with the MSS(PAS) and EC(TOA) were in most cases lower than BC concentrations measured with the SM(FSN) and MAAP.



A more detailed look at the combined effect of SO4 and AAExBC on measured BC is presented in Figure 6, with separate subplots for different measurement points. For exhaust containing a low or moderate level of AAExBC and SO4, different instruments resulted in BC results close to each other (low ΔBC, Figure 6b,e), particularly for sulphur-free fuels (<0.001 wt%). Hence, the lowest ΔBC between the instruments was observed at the lowest AAExBC and SO4 concentrations. The following observations can be made regarding instrument behaviour:




	
SM(FSN) showed positive or neutral ΔBC in all cases.



	
EC(TOA) showed negative or neutral ΔBC in all cases.



	
MSS(PAS) showed negative or neutral ΔBC in most cases. Exceptions are positive ΔBC for 0.1%S and 0.5%S fuels at 25% load (campaign A) and for 0.1%S fuel in on-board tests (campaign B) (Figure 6f,g). In these cases, AAExBC was elevated, while SO42− level was low. Notable also is the very low BC level at the highest SO42− level, even lower than that for EC(TOA) (Figure 6a).



	
MAAP showed higher BC concentrations than the MSS(PAS) and EC(TOA) in most cases (7abce). Exceptions with negative ΔBC were observed in the same cases as exceptions for MSS(PAS) in Figure 6f,g.








SM(FSN) and EC(TOA) behaved as expected and systematically regardless of the exhaust’s composition. Noted is that EC(TOA) was analysed from extracted samples to reduce bias and to improve the reliability of the analysis, whereas OC(TOA) was analysed from untreated samples [15].



The positive ΔBC for MSS(PAS) and negative ΔBC for MAAP (Figure 6f,g) were the opposite of the general trends observed for these instruments. These results were obtained under two conditions: a) with 0.1%S and 0.5%S fuels where AAExBC concentrations were high (16–34 mg Sm−3) and b) downstream of the SCR with 0.1%S fuel where AAExBC concentration was medium (3–4 mg Sm−3). In both cases, SO4 concentrations were low (1.2 and 4 mg Sm−3), and so were fuel-related metal salt concentrations. None of the exhaust properties alone directly explained this phenomenon; however, a high ratio of AAExBC:SO4 may potentially affect instrumental behaviour regarding the obtained BC results. The BioFA ratio of AAExBC:SO4 was high (Figure 6d), but the ΔBC values remained small, which was due to very low BC emission. In addition, unexpected behaviour of MSS(PAS) and MAAP was observed downstream of SCR at slightly higher BC levels (Figure 6f), while it was not at slightly lower BC levels (Figure 6c). Hence, morphology or particle sizes could affect BC measurements through changes in extinction and scattering of mass coefficients (Figure S7 in the Supplementary Materials; [77]). The mass extinction coefficient of BC is nearly constant for ultrafine particles (<100 nm), but changes in larger particle sizes, which are present, for example, after scrubber [78] and in aging of exhaust with grown particles via gas-to-particle processes condensing on primary BC particles [29]. Detailed characterisation of particle sizes and morphology would warrant attention in future studies. Exhaust aerosol with a high content of AAExBC and moderate content of SO4 and metals may become more typical than before with the introduction of the 0.5%S limit globally in 2020.



The BC level measured with MSS(PAS) was lower than with EC(TOA) at very high SO42− concentrations (Figure 6a, Appendix A, Figure A2), although results obtained with these instruments are typically close to each other due to calibration of the MSS(PAS) with EC(TOA). The presence of interfering compounds in residual fuels may affect EC(TOA) results, and this may not be fully taken into account in the calibration of MSS(PAS) (or other instruments) with EC(TOA).



In the tests with the SCR or SOx scrubber (Figure 6c), combination of the low or moderate AAExBC concentration and high SO42− concentration presents an exceptional composition of exhaust when compared to traditional diesel exhaust. However, ΔBC between instruments followed the general patterns in other cases than in the measurements from downstream of the scrubber using 0.1%S fuel, which was discussed in relation to Figure 6f. Notably, overall differences in BC concentrations obtained with different instruments were low.





3.3. Other Factors Affecting Comparability of the BC Results


3.3.1. Correction Factors Used for BC Measurement Instruments


Generally, correction factors are used in the calculation of BC results obtained by different instruments. Identifying potential artefacts has led to corrections for MAAP [18] and aethalometers [30,67]. Different BC sources may warrant specific correction factors and algorithms [79], including exhaust from marine diesel engines using residual fuels.



BC-dependent variation of MACBC is known for optical BC measuring principles, for example, MACBC for fresh BC is reportedly on average 7.5 ± 1.2 m2 g−1 at 550 nm, but the range from 4.3 to 15 m2 g−1, and values even up to 50 m2 g−1 have been reported (references in [9]). For the SM(FSN) instruments based on light absorption, the MACBC calculated in this study was 6–8 m2 g−1 at 550–570 nm at BC concentrations below 20 mg Sm−3, and it gradually decreased at higher BC concentrations (Figure 1). A non-linear relationship between MACBC and BC concentrations may be due to different BC and non-BC species, the morphology of the particles, the age of the aerosol, and the size of the particles, as well as the loading of the filter and the measured wavelength. Generally, source and BC-concentration-dependent correction factors used for different BC measuring instruments may explain some of the differences observed in studies, indicating that correction factors may not sufficiently take account of all types of exhaust.




3.3.2. Measurement Range of Instrument, Pre-Treatment, and Necessity of Dilution


Detection limits and measurement ranges of BC measurement instruments need to be sufficient for the BC concentrations measured. With the MSS(PAS) and LII 300 instruments used here, LoD was 0.005 and 0.002 mg Sm−3, and for the SM(FSN) instrument, LoD was 0.02 mg Sm−3.



The capability to measure raw or diluted exhaust varies between instruments. The SM(FSN) was the only instrument in this study designed for measuring raw exhaust gas. The MSS(PAS) and LII 300 need at least some dilution to measure ship exhaust containing sulphates and metal salts. The ability to measure high concentrations is a benefit when determining BC in raw exhaust from diesel engines, as using dilution air always leads to more uncertainty in results, especially if very high dilution rates are required. DR is a multiplier in the calculation of the BC results, and any uncertainty is directly reflected in the BC results. Measurement ranges for instruments designed for ambient air are narrow, and high DRs are typically needed for measuring BC from diesel engines.



For all measurements, and particularly when measuring the raw exhaust, lowering the sample air temperature is necessary to protect the instrument. Condensation is specifically a threat when sampling raw exhaust. When using high-sulphur fuels, clogging of diluters (heated or non-heated) and corrosion-related problems are also potential threats. The durability of the SM(FSN) is proven for marine engine exhaust.



Removing volatiles could alleviate bias in some BC measurement techniques (Figure S6 in the Supplementary Materials); however, it would do so at the cost of increased complexity of the test setup, potentially inducing new problems and losses of BC as discussed before [51]. The methods studied here are mostly used in laboratory, and on-board measurements bring more challenges if dilution or pre-treatment is applied. In aircraft certification, sampling with LII applies a DR of 8, and a catalytic stripper is used for high-sulphur fuels (3000 ppm).




3.3.3. Sampling


Sampling of raw exhaust is one of the determining steps in engine exhaust measurements towards reliable results regardless of instrument, and a starting point for achieving comparable results with different instruments. General recommendations on sampling and conditioning of raw exhaust from engines are given by standards (e.g., ISO 8178), and good practices are applied in laboratories. Instrument manufacturers have also presented guidelines (e.g., [42,65]). Some practical issues from the mentioned sources are listed as follows:




	
A sampling probe (stainless steel) should be located in the centre of an exhaust duct, in a straight section to avoid pressure fluctuations. A 45° bevelled probe should have an opening facing the flow of the exhaust stream. This setting is less significant for particles <200 nm than for those >400 nm, which escape sampling if the cap is used.



	
The transfer and sampling lines should be as straight and as short as possible, preferably maximum 3 m. For high-sulphur fuels, recommended SM (AVL) sampling lines are from 4–8 m and are in an ascending layout from sampling that point to the device.



	
Sampling lines should have a smooth inner surface to lower the contamination effect. Bends and edges should be avoided to minimise particulate (turbulent) deposition. Fast dilution reduces thermophoretic losses, for which correction factors can be calculated (ISO 8178-1 Annex, 2017), if not applied automatically by instruments.



	
Heated sampling lines are needed to avoid condensation, which occurs depending on the dew point of the water and sulphuric acid, and heat transfer through the line walls. Diluters also need heating. The sampling probe may need heating when measuring exhaust after a scrubber to avoid droplets in instruments (applied in the on-board campaign of this study).



	
The sampling line purging with compressed air lessens condensation and contamination during measurements (some instruments have this option).









3.3.4. Thermophoretic Losses


Thermophoretic losses can affect BC particles when sampling engine exhaust. This is not necessarily an issue in the ambient air measurements where the temperature gradient is low. In exhaust measurements, BC may deposit on the walls of transfer line between raw exhaust sampling point and diluters or instruments due to temperature differences between the walls and the raw exhaust. Thermophoretic losses are greater for BC particles than, for example, inertial losses and turbulent diffusion [80].



In the instruments used in this study, thermophoretic loss was automatically corrected in the BC results only by the SM(FSN) instrument. Thermophoretic loss was manually corrected in the results for MSS(PAS) and LII 300 in this study (factors for MSD engines 1.11–1.17, SOx scrubber 1.0, HSD engine 1.0–1.12, see Section 2.2). Thermophoretic loss correction was not applied for EC(TOA), MAAP, or aethalometers. The BC results without corrections of thermophoretic losses may be underestimated to some extent. Jiang et al. [81] also reported factors of 1.22–1.29 times between BC emissions from the SM(FSN) (with correction), and LII and PAS (without correction) due to differences in applying corrections of a thermophoretic loss.



We note that correction of thermophoretic loss is not standardised or systematically applied, and hence it is a possible source of ΔBC between different instruments.




3.3.5. Data Processing


Data processing varies for different BC measurement instruments. Output from the SM(FSN) is on screen or saved on a computer in an easily accessible format. The MSS(PAS) saves the results at high resolution: one second intervals were used in this study, but 10 Hz intervals would be an option. For the MSS(PAS), the data format is easily readable with common programs (e.g., Excel). For the LII 300, data resolution is adjustable, and for these measurements, recording in 5Hz intervals was recommended and used, which led to large file sizes. Data files from LII were not readable with common programs and data processing required special software. LII 300 data processing also required a user familiar with instrument settings, since the results are influenced by the choices made. Otherwise, all three instruments, SM(FSN), MSS(PAS), and LII 300, were straightforward to use. Additionally, SM(FSN) and MSS(PAS) instruments used converted concentrations in the defined temperature and pressure, while for LII this conversion is optional and would deserve to be reported in the data output file.




3.3.6. Calibration and Traceability


Calibration procedures for instruments are presented in the standards and manufacturer guidelines (Section S1 of the Supplementary Materials).



Traceability is optimally available for a measured property. However, the BC measurements today are not traceable, since there are no commonly agreed upon “reference instruments” or standard reference materials (SRM) of BC to be used in calibrations [19]. Additionally, all of the BC-measuring instruments use their own (calibration) factors to calculate the result from the measured quantity, and these factors change when the properties of the measured aerosol change. One of the methods for atmospheric aerosol absorption calibration considered is the extinction minus scattering (EMS) technique; however, even this technique may be sensitive to interference with high NOx concentrations present in the engine exhaust. Reference methods (materials, aerosol generators, or instruments) or defined parameters and conditions can be agreed upon by standardisation organisations. It is noteworthy that PM emissions are regulated in the road sector, although PM is at least as complex an emission species as BC, and measurement methods are also not traceable.



Defined requirements for instruments and their validation protocols are needed for the expected regulatory BC measurements drawn from marine engines. Typically, instrument manufacturers define instrument-specific calibrations and maintenance (e.g., flows, sample cell cleaning) and other factors that are a part of quality assurance in the laboratory conducting the measurements, in addition to regulations, standards, and good practices of laboratories. We note that the results here apply to the instruments used, and standards are needed to extend them to other instruments using the same measurement principles. For standardised measurements, defined requirements for instruments and parameters are set, as well as defined produces for sampling, measurement, and calibrations. Out of the measurement techniques studied here, SM(FSN), MSS(PAS), LII 300, and EC(TOA) are standardised for measuring exhaust from internal combustion engines, but only the SM(FSN) standard covers marine engines. MAAP and aethalometers are designed for ambient air measurements and consequently demand dilution and sample treatment when measuring high BC concentrations of diesel engine exhaust, although they are proven to work in, for example, plume measurements where BC concentrations are low. A summary of exhaust properties and instrument characteristics is given in Table A3.






4. Conclusions


BC concentrations were measured from diesel engines using the IMO’s candidate methods, FSN, PAS, and LII, and instruments commonly used in ambient studies (MAAP, aethalometers, TOA). Extensive exhaust matrices were obtained by using various engines, emission control technologies, and fuels. With the MSD engine in laboratory, fuels with 0.1%, 0.5%, and 2.5% sulphur content and biofuel were used. On-board a modern ship, emissions from two MSD engines with 0.6% and 0.1% sulphur content fuels were measured upstream and downstream of SCR and SOx scrubbers. With the HSD engine in laboratory, sulphur-free fuels with two levels of aromatics (0% and 20%) were studied. The PM composition varied from high to low content of sulphates, metals (e.g., V, Fe, Ca, and Ni), and low-volatility organic compounds offering extensive exhaust matrices for research on the suitability of different methods for measuring BC emissions from marine engines.



Correlation between the BC results obtained with the smoke meters (AVL 415S, AVL 415SE), AVL MSS (PAS), LII (Artium-300), MAAP 5012, and aethalometers (Magee AE-33, AE-42) was relatively good, and the EC results also compared rather well with the BC results (R2 0.95–0.99). LII 300 and SM(FSN) showed slightly higher BC concentrations than MSS(PAS) in the HSD engine campaign. The standard deviation between instruments (excluding aethalometers) was in the range of 5–15% for engine-out exhaust at BC concentrations <30 mg Sm−3. After SOx scrubber, and in some cases after SCR, deviation was higher in relative terms (15–35%), while in absolute terms it was only <0.8 mg Sm−3.



Differences between the BC results obtained by instruments in comparison to average over instruments is designated by Δ(BC). The observed 90th percentile of ΔBC was ±1.5 mg Sm−3, which is a narrow range when considering the wide marine exhaust matrices studied. Typically, BC concentrations measured with SM(FSN) and MAAP were higher than those measured with MSS(PAS) or EC(TOA). The ΔBC was consistently positive for SM(FSN) (+0.66 ± 0.50 mg Sm−3) and negative for EC(TOA) (−0.60 ± 0.53 mg Sm−3), while for MSS(PAS) and MAAP the direction of   Δ  (  BC  )    (−0.05 ± 0.74 mg Sm−3 and −0.02 ± 0.62 mg Sm−3) depended on the aerosol properties, ratio of AAExBC:SO4, or on particle sizes and morphology, which is a new finding.



Regression analysis of the results revealed correlations between ΔBC and exhaust properties in individual measurement campaigns, but not over the whole dataset, indicating that combined effects of aerosol properties could be significant. Indeed, interaction of ΔBC and concentrations of light-absorbing compounds (AAE470/950xBC) and SO42− was found. The negative ΔBC for MSS(PAS) was expected following the EC(TOA) used in calibration MSS(PAS). Unexpectedly, ΔBC was positive for MSS(PAS) in some conditions. Analysis showed that this was potentially explained by combination of high AAExBC (16–34 or 3–4 mg Sm−3) and low SO4 concentrations (1.2 and 4 mg Sm−3; also low metal salt concentrations). The direction of ΔBC for MAAP was also different for these than the other exhaust compositions. The magnitude of ΔBC was the smallest at low AAExBC and SO4 concentrations of exhaust.



Besides exhaust properties, instrument correction factors and representativeness of sampling affect the capability of instruments to achieve comparable BC results. For example, correction of thermophoretic loss of BC in the transfer line was automatic only for SM(FSN), while thermophoretic loss needs to be corrected by users for other instruments. For the sampling of hot and humid diesel engine exhaust, the SM(FSN), MSS(PAS), and LII 300 instruments were practical, while special dilution to obtain a high dilution ratio was needed for MAAP and aethalometers. Sampling for EC(TOA) used a standardised system. Data output from the SM(FSN) and MSS(PAS) instruments was easily accessible without special software or an experienced user, and data was in the specified temperature and pressure, which was not the case for all instruments. Many other issues should be taken into consideration also, for example, calibrations and durability. The SM(FSN) instrument is standardised covering marine engines using residual fuels, while the MSS(PAS) is a standard method in road and aviation sectors, and LII 300 is standard in the aviation sector.



The results showed that the BC measurement instruments studied distinguished BC concentrations from marine engine exhaust even when the exhaust composition varied substantially. Differences in BC emissions obtained with studied instruments were affected at least to some extent by exhaust constituents and further improvements, for example, by developing methods for calibration and determining correction factors one could improve measurements of challenging exhaust from ships. Differences in correction of thermophoretic losses should be considered. Novel findings include an observation that individual exhaust properties may not explain differences between instruments, while the (AAExBC):SO4 ratio seemed significant. New combinations of exhaust properties appearing with high-sulphur fuels will remain in the SOx scrubber-equipped ships, while fuels below 0.5% sulphur still contain residual components, and emission control (SCR, scrubbers) is increasingly used. In summary, BC results obtained with instruments selected by the IMO correlated well even with challenging exhaust compositions, and differences between instruments were relatively low. Further improvements are possible by appropriate standardisation of procedures for sampling, correction factors, and calibrations.
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Table A1. PM, BC, and EC concentrations and ratios of OC/EC and AAE470/950 at low and high loads in campaigns A and B and over cycle in campaign C.






Table A1. PM, BC, and EC concentrations and ratios of OC/EC and AAE470/950 at low and high loads in campaigns A and B and over cycle in campaign C.





	

	
LoD/Range

(mg Sm−3)

	
DR

	
Sample Concentrations

(mg Sm−3)

	
Raw Exhaust Concentrations

(mg Sm−3)

	
Raw Exhaust Concentrations

(mg Sm−3)

	






	
A.MSD laboratory

	

	
Min.

	
Aver.

	
Max.

	
75% engine load

	
25% engine load

	




	

	

	

	

	

	

	
Bio30

	
0.1%S

	
0.5%S

	
2.5%S

	
Bio30

	
0.1%S

	
0.5%S

	
2.5%S

	




	
BC, FSN principle

	
0.02/32,000

	
1

	
1.4

	
8.7

	
25.9

	
1.4

	
2.0

	
2.4

	
5.8

	
6.4

	
12.1

	
25.9

	
13.6

	




	
BC, PAS principle

	
0.005/1000

	
7

	
0.2

	
1.1

	
3.7

	
1.3

	
1.9

	
1.8

	
3.8

	
6.5

	
13.1

	
25.8

	
9.0

	




	
BC, MAAP

	
0.0001/0.06 *

	
~200/>600

	
0.003

	
0.011

	
0.06

	
1.5

	
2.2

	
2.4

	
5.8

	
7.4

	
9.1

	
*

	
11.1

	




	
BC, AE33

	
0.00003/0.1

	
~200/>600

	
0.002

	
0.019

	
0.16

	
1.3

	
1.9

	
1.7

	
4.4

	
11.0

	
16.2

	
31.1

	
9.6

	




	
EC

	
0.2/1–15 **

	
8

	
0.2

	
0.9

	
2.8

	
1.3

	
2.0

	
2.1

	
4.6

	
5.5

	
10.7

	
22.8

	
10.7

	




	
OC:EC diluted

	

	
8

	

	

	

	
8.3

	
7.2

	
11.4

	
3.9

	
6.7

	
4.3

	
3.1

	
4.9

	




	
OC:EC raw exh.

	

	
1

	

	

	

	
0.70

	
0.51

	
0.62

	
1.31

	
0.72

	
0.40

	
0.34

	
1.28

	




	
AAE470/950

	

	

	

	

	

	
1

	
0.9

	
1.3

	
2

	
1.1

	
1

	
1.1

	
1.6

	




	
PM

	

	
8

	
2.2

	
9.2

	
19.1

	
17.9

	
20.5

	
43.7

	
152.9

	
52.5

	
63.5

	
102.9

	
134.2

	




	
Average BC, EC

	

	

	

	

	

	
1.3

	
2.0

	
2.1

	
4.9

	
7.4

	
12.3

	
26.4

	
10.8

	




	
BC,EC, st.dev. per instrument

	

	

	

	

	
6.7%

	
3.1%

	
3.7%

	
8.5%

	
1.8%

	
4.3%

	
2.0%

	
6.1%

	




	
BC,EC st.dev. over instruments

	

	

	

	

	
8.2%

	
4.9%

	
11.9%

	
17.7%

	
9.2%

	
12.5%

	
5.5%

	
15.3%

	




	
B.MSD, on-board

	

	

	

	

	
MSD1, pre-scrub.

	
after scrubber

	
MSD2, pre-scrub., after SCR

	
after scrubber and SCR




	
Engine load

	

	

	

	

	

	
75%

	
40%

	
75%

	
40%

	
75%

	
40%

	
40%

	
75%

	
40%




	
Fuel sulphur content

	

	

	

	

	

	
0.6%S

	
0.6%S

	
0.6%S

	
0.6%S

	
0.6%S

	
0.6%S

	
0.1%S

	
0.6%S

	
0.6%S




	
BC, FSN principle

	
***

	
1

	
3.3

	
3.8

	
5.2

	
3.7

	
4.0

	
3.6

	
3.6

	
3.7

	
3.3

	
5.2

	
3.3

	
3.0




	
BC, PAS principle

	
***

	
7

	
0.2

	
0.4

	
0.8

	
2.8

	
3.4

	
2.4

	
2.6

	
2.2

	
2.8

	
5.6

	
1.5

	
2.1




	
BC, MAAP

	
***

	
125–211

	
0.01

	
0.02

	
0.03

	
3.0

	
3.2

	
3.5

	
3.2

	
2.0

	
2.8

	
3.8

	
2.1

	
2.2




	
BC, AE33

	
***

	
125–211

	
0.01

	
0.02

	
0.04

	
3.2

	
3.8

	
4.0

	
4.5

	
2.3

	
3.2

	
4.0

	
2.9

	
2.5




	
EC

	
***

	
10

	
1.4

	
2.4

	
3.2

	
3.2

	
3.1

	
1.9

	
2.1

	
2.1

	
2.3

	
2.9

	
1.4

	
1.5




	
OC:EC diluted

	

	

	

	

	

	
8.2

	
8.0

	
7.3

	
7.9

	
5.2

	
2.7

	
1.6

	
5.1

	
3.1




	
AAE470/950

	

	

	

	

	

	
2.0

	
1.7

	
2.2

	
1.8

	
1.8

	
1.5

	
0.9

	
1.6

	
1.5




	
PM

	

	
10

	

	

	

	
52.2

	
47.2

	
29.9

	
38.1

	
27.5

	
20.5

	
14.2

	
21.7

	
16.9




	
Average BC, EC

	

	

	

	

	

	
3.2

	
3.5

	
3.1

	
3.2

	
2.5

	
2.9

	
4.3

	
2.2

	
2.2




	
BC,EC, st.dev. per instrument

	

	

	

	

	
2.8%

	
2.6%

	
3.7%

	
3.9%

	
2.3%

	
2.3%

	
4.9%

	
4.4%

	
4.1%




	
BC,EC st.dev. over instruments

	

	

	

	

	
10.4%

	
9.2%

	
23.8%

	
18.9%

	
27.8%

	
12.8%

	
25.3%

	
32.8%

	
24.5%




	
C.HSD laboraory

	

	

	

	

	

	
Ar-0

	
Ar-0

	
Ar-20

	
Ar-20

	
Aver. Ar-0

	
Aver. Ar-20

	

	

	




	

	

	

	

	

	

	
Low DR

	
High DR

	

	
High DR

	

	

	

	

	




	
BC, FSN principle

	
***

	
1

	
0.12

	
0.55

	
1.2

	
0.37

	
-

	
0.75

	
-

	
0.37

	
0.75

	

	

	




	
BC, PAS principle

	
***

	
1–400

	
-0

	
0.12

	
1.25

	
0.35

	
0.39

	
0.62

	
0.73

	
0.37

	
0.67

	

	

	




	
BC, LII principle

	
0.002

	
270–400

	
0

	
0

	
0.01

	
-

	
-

	
-

	
0.88

	

	
0.88

	

	

	




	
EC

	
***

	
8

	
-

	
-

	
-

	
0.31

	
-

	
0.64

	
-

	
0.31

	
0.64

	

	

	




	
OC:EC diluted

	

	

	

	

	

	

	

	

	

	
2.69

	
1.54

	

	

	




	
AAE470/950

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
PM

	

	
-

	
-

	
-

	
-

	
1.00

	
-

	
1.83

	
-

	
1.0

	
1.8

	

	

	




	
Average BC, EC

	

	

	

	

	

	

	

	

	

	
0.35

	
0.73

	

	

	




	
BC,EC, st.dev. per instrument

	

	

	

	

	

	

	

	

	
6.4%

	
4.7%

	

	

	




	
BC, EC st.dev. over instruments

	

	

	

	

	

	

	

	

	
7.7%

	
12.5%

	

	

	








* Exceeded measurement range at 1 min averaging used. ** µgC cm−2. *** See campaign A above.
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Figure A1. Measured OC, EC, sulphate, PAH, and metal concentrations for (a) MSD engine in laboratory (diluted and raw exhaust), (b) MSD engines in on-board campaign (EO = engine-out exhaust, AS = after scrubber; on-board 2 × MSD), and (c) HSD engine in laboratory (Fuels Ar-20, Ar = 0. HSD). 
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Table A2. Regression analyses between the ΔBC results and exhaust properties. Squared Pearson’s correlation coefficients in the campaigns A and B and in all campaigns. R2 between ΔBC and OC:EC was always below 0.33.






Table A2. Regression analyses between the ΔBC results and exhaust properties. Squared Pearson’s correlation coefficients in the campaigns A and B and in all campaigns. R2 between ΔBC and OC:EC was always below 0.33.





	

	

	
Squared Pearson’s Correlation Coefficients (R2)




	
Variable 1

	
Variable 2

	
Camp. A

	
Camp. B

	
All






	
AAExBC

	
SO42−

	
0.03

	
0.19

	
0.12




	
AAE

	
SO42−

	
0.94

	
0.74

	
0.07




	
Metals

	
SO42−

	
0.81

	
0.49

	
0.75




	
AAE470/950

	
Metals

	
0.76

	
0.15

	
0.23




	
ΔBC, MSS

	
AAE470/950

	
0.48

	
0.77

	
0.26




	

	
AAExBC

	
0.01

	
0.08

	
0.00




	

	
SO42−

	
0.48

	
0.76

	
0.37




	

	
Metals

	
0.59

	
0.28

	
0.50




	

	
CO

	
0.06

	
0.82

	
0.02




	

	
NOx

	
0.09

	
0.06

	
0.04




	
ΔBC, FSN

	
AAE470/950

	
0.19

	
0.00

	
0.01




	

	
AAExBC

	
0.59

	
0.23

	
0.30




	

	
SO42−

	
0.19

	
0.01

	
0.12




	

	
Metals

	
0.53

	
0.03

	
0.36




	

	
CO

	
0.86

	
0.02

	
0.43




	

	
NOx

	
0.37

	
0.31

	
0.08




	
ΔBC, MAAP

	
AAE470/950

	
0.16

	
0.41

	
0.12




	

	
AAExBC

	
0.05

	
0.07

	
0.01




	

	
SO42−

	
0.13

	
0.39

	
0.13




	

	
Metals

	
0.06

	
0.11

	
0.07




	

	
CO

	
0.01

	
0.45

	
0.06




	

	
NOx

	
0.14

	
0.14

	
0.06




	
ΔEC, TOA

	
AAE470/950

	
0.02

	
0.37

	
0.13




	

	
AAExBC

	
0.67

	
0.17

	
0.24




	

	
SO42−

	
0.04

	
0.34

	
0.03




	

	
Metals

	
0.02

	
0.24

	
0.04




	

	
CO

	
0.24

	
0.29

	
0.33




	

	
NOx

	
0.49

	
0.13

	
0.10
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Figure A2. Differences in the BC concentrations obtained with different instruments compared with averages as a function of fuel sulphur content. MSD engines (a) at 75% engine load, campaign A, (b) at 25% engine load, campaign A, and (c) on-board measurements before and after scrubber in campaign B. 
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Table A3. BC measurement methods’ suitability for different purposes.
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Ambient

	
Ship Exhaust

	
MAAP

	
AE33

	
SM(FSN) AVL 415S

	
MSS(PAS) AVL MSS

	
LII Artium 300

	
EC(TOA) Sunset 4L






	
Standardised

	

	

	
No

	
No

	
Yes (marine) ISO 10054, ISO 8178-3

	
Yes (road, aviation)

	
Yes (aviation)

	
Yes (not for marine)




	
Design for

	

	

	
Ambient

	
Ambient

	
Exhaust

	
Exhaust

	
Exhaust

	
Ambient




	
Filter-based

	

	

	
Yes

	
Yes

	
Yes

	
No

	
No

	
Yes




	
Wavelength for BC

	

	

	
670nm

	
880nm

	
550–570nm peak

	
808nm

	
1064nm 532nm

	




	
MAC, m2 g−1

	

	

	
6.6

	
7.77

	
6.4–7.1 (at BC <30 mg Sm−3)

	

	

	




	
BC range, mg m−3

	
0.001–0.020

	
1–>15

	
0.0001–0.06

	
0.00001–0.1

	
0.02–32,000

	
0.001–1000

	
0.001–20,000

	
EC: 1–15 µgC cm−2 filter




	
Time basis

	

	

	
2 min basis or longer

	
1 s or 1 min

	
3 replicates in 1 min

	
On-line ≤ 10 Hz, Rise <1 s

	
On-line ≤ 10 Hz

	
Vary, e.g., <10 min




	
Sample/Dilution

	

	

	
Diluted 6/16.7 L min−1 PM1 inlet

	
Diluted. 2–5 L min−1 PM1 inlet.

	
Raw exhaust. 10 L min−1

	
OEM diluter DR 2–20, 3.8 L min−1

	
Yes

	
Sampling varies




	
Compressed air or nitrogen.

	

	

	
Yes, dilution in engine tests.

	
Yes, dilution in engine tests.

	
No

	
No (internal pump)

	
Yes

	
Yes, filter sampling.




	
Condensation

	

	

	
Low risk (dil.)

	
Low risk (dil.)

	
Low risk (temp.)

	
Low risk (dil.)

	
Low risk (dil.)

	
Vary by sampling




	
Temperature, °C

	
−0–+30

	
>200

	
Ambient

	
Ambient

	
OEM sample line conditioned, 70 °C

	
OEM sample line conditioned

	
OEM sample line, not conditioned. Max 150 °C.

	
Sampling varies. E.g., ISO 8178.




	
System complexity for diesel exhaust

	

	

	
Very complex if high DR needed.

	
Very complex if high DR needed.

	
Very simple

	
Simple

	
Quite simple

	
Complex. Experienced operators needed




	
Durability

	

	

	
Not known for ship exhaust

	
Not known for ship exhaust

	
Good

	
Not known for ship exhaust

	
Not known for ship exhaust

	
Not known for ship exhaust




	
Maintenance

	

	

	
Not known for ship exhaust

	
Not known for ship exhaust

	
Low maintenance needs

	
Not known for ship exhaust

	
Not known for ship exhaust

	
Not known for ship exhaust




	
Interferences

	

	
**

	
Absorption and scattering: Lower interferences than for aethalo-meters to, e.g., humidity, O3, NO2 and SOx,

	
Absorption: sensitive to many interfering compounds. E.g., humidity, O3, NO2, SOx, metals, heavy organics.

	
Absorption: May be sensitive to exhaust properties, e.g., metals and heavy organics.

	
Not significant, e.g., humidity, NO2 in BC unit <5µg/m3. [43] * see TOA

	
Low risk of interfering compounds. OC and particle size may have an impact.

	
Metals, heavy organics may interfere when using residual fuels. *




	
Water vapour, %

	
0–100

	
~10




	
NOx, µg m−3

	
<500

	
2,000,000




	
SO2 µg m−3

	
<50

	
300,000




	
PM µg m−3

	
<1000

	
45,000




	
H2SO4 µg m−3

	
<20

	
4000




	
Metals, e.g., V, Ni µg m−3

	
<10

	
1000




	
Calibration, relation to BC

	

	

	
Conversion factors of measured absorption to BC by calibration with artificial (surrogate) particles

	
Conversion factors to BC by calibration with artificial (surrogate) particles

	
Measured reflectance and BC mass concentration empirically determined on exhaust gas. Correlation in ISO 8178-1 (eq. A. 16)

	
Calibration factors achieved by calibration with artificial (surrogate) particles with EC(TOA)

	

	




	
Corrections, (MAC et al.)

	

	

	
Corrections (MAC)

	
Options to be chosen (MAC+c)

	
Automatic

	
Automatic

	
Options to be chosen

	




	
Concentration TP correction, thermophoretic loss

	

	

	
Manual T, P correction. Manual therm. loss correction.

	
Manual T, P correction. Manual therm. loss correction.

	
Automatic T, P and thermoph. loss correction (firmware)

	
Automatic T, P correction. Manual thermoph. Loss loss corr.

	
Manual thermoph. loss correction

	
Depends on sampling




	
Quality control

	

	

	
OEM procedures, but not for dilution

	
OEM procedures, but not for dilution

	
OEM procedures

	
OEM procedures

	
OEM procedures, but not for dilution

	
OEM procedures, but not for sampling




	
Uncertainty

	

	

	
Dilution, interfering compounds

	
Dilution, interfering compounds

	
Interfering compounds

	
Interfering compounds

	
Interfering compounds

	
Sampling, interfering compounds




	
Data processing

	

	

	
Easy access

	
Easy access

	
Easy access

	
Easy access

	
Restricted, special software

	
Easy access




	
Overall

	

	

	
Not for regular ship BC measurements. Good for ambient, plume and research.

	
Not for regular ship BC measurements. Good for ambient, plume and research

	
Standard for ship exhaust, robust, no need for pressurised air, filtration, drying, simple installation, no dilution.

	
Feasible for ship exhaust, but durability/maintenance with residual fuel use are to be proven

	
Feasible for ship exhaust, but durability/maintenance with residual fuel use are to be proven

	
Not for regular ship measurement due to challenging sampling of proper filter darkness.








* Refers to [15]: interfering exhaust species from residual fuels (>0.5 wt% sulphur) for EC(TOA). ** Particle size distribution may affect the BC results with all instruments listed.
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Figure 1. MACBC at 550–570 nm as a function of BC concentrations calculated via ratio of sample volume and an effective cross-section area of a filter and reflectometer voltages converted to a blackening (absorbance) fraction scaled to equation of BC concentrations including thermophoretic loss correction. 
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Figure 2. BC emissions measured from MSD engines (a) in a laboratory campaign A, (b) on-board campaign B, and from an HSD engine (campaign C) using (c) aromatic-free fuel and (d) fuel with aromatic content of 20 wt%. Average BC results from designated instrument and respective standard deviations of replicate tests (error bars) are on y-axis, and average BC results over different instruments (see Section 3.1.1) on x-axis. Boxes group the results obtained with different fuels and engine loads (LL = low engine load, HL = high engine load). CS designates catalytic stripper. 
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Figure 3. The difference in the BC results in relation to average BC for MSD engines in laboratories and on-board ships; 90th percentile of ΔBC (±1.5 mg Sm−3) is highlighted by green box. 
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Figure 4. BC concentrations and their standard deviations when measured with different principles in three campaigns, (a) in absolute terms and (b) in relative terms. 
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Figure 5. Difference in BC concentrations, ΔBC, measured with different instruments at variable exhaust AAExBC and SO4 concentrations obtained with (a) SM(FSN), (b) MSS(PAS), (c) EC(TOA), and (d) MAAP. 
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Figure 6. Measured ΔBC for exhaust concentrations of (a) high SO42− and high AAE470/950xBC; (b–d) medium SO42− and low, medium, and high AAE470/950xBC; and (e–g) low SO42− and low, medium, and high AAE470/950xBC. The square dots are data points, and bars are their averages. 
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Table 1. The utilised fuels, after-treatment, measurement points, and instruments in the three measurement campaigns.
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Engine

	

	
Fuel

	

	

	

	

	
Instrument

	




	
Engine/Load

	
After-Treatment

	
Type

	
Sulphur (%)

	
Aromatics (%)

	
PAH/Asphaltenes (%)

	
Ash (%)

	
Type

	
Model






	
A. Laboratory

	

	

	

	

	

	

	

	




	
MSD-lab

	
None

	
HFO

	
2.22

	
22.9

	
-/28.3

	
0.094

	
SM (FSN)

	
AVL 415 S




	
75%

	

	
HFO

	
0.375

	
28.3

	
-/5.7

	
0.038

	
SM (FSN)

	
AVL 415SE




	
25%

	

	
DMB

	
0.078

	
42.5

	
10.8/-

	
<0.005

	
PAS

	
AVL MSS




	

	

	
Bio-FA

	
0.00043

	
19.5

	
2.8/-

	
<0.005

	
MAAP

	
Thermo 5012




	

	

	

	

	

	

	

	
Aethalometer

	
Magee AE33




	

	

	

	

	

	

	

	
Aethalometer

	
Magee AE42




	

	

	

	

	

	

	

	
TOA (EC/OC)

	
Sunset 4L




	
B.On-board

	

	

	

	

	

	

	

	




	
MSD-1

	
None

	
HFO

	
0.652

	
-

	
-

	
<0.005

	
SM (FSN)

	
AVL 415S




	
MSD-2

	
SCR

	
MGO

	
0.078

	
39.7

	
13.0/-

	
<0.001

	
PAS

	
AVL MSS




	
75%

	
Scrubber

	

	

	

	

	

	
MAAP

	
Thermo 5012




	
40%

	

	

	

	

	

	

	
Aethalometer

	
Magee AE33




	

	

	

	

	

	

	

	
TOA (EC/OC)

	
Sunset 4L




	
C.Laboratory

	

	

	

	

	

	

	

	




	
HSD

	
None

	
Ar-20

	
0.00062

	
19.6

	
1.7/-

	
<0.001

	
SM (FSN)

	
AVL 415S




	
Ramped

	

	
Ar-0

	
<0.0001

	
0.1

	
<0.1/-

	
<0.001

	
PAS

	
AVL 483 MSS




	
mode cycle

	

	

	

	

	

	

	
LII

	
Artium-300




	

	

	

	

	

	

	

	
MAAP

	
Thermo 5012




	

	

	

	

	

	

	

	
Aethalometer

	
Magee AE33




	

	

	

	

	

	

	

	
TOA (EC/OC)

	
Sunset 4L
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Table 2. Statistical analysis of the BC results obtained with different methods.






Table 2. Statistical analysis of the BC results obtained with different methods.





	
BC Instrument

	
BC

	
BC Equation

	
b (Slope)

	
       Δ B C   ¯     

	
σ (ΔBC)




	
R2

	
a (Intercept)

	

	
mg Sm−3

	
mg Sm−3






	
SM(FSN) (all data 1)

	
0.99

	
0.50

	
1.04

	
0.66

	
±0.50




	
MSS(PAS) (all data 1)

	
0.98

	
−0.23

	
1.04

	
−0.05

	
±0.74




	
EC(TOA) (all data 1)

	
0.99

	
−0.32

	
0.94

	
−0.60

	
±0.53




	
MAAP (all data 1)

	
0.95

	
0.32

	
0.91

	
−0.02

	
±0.62




	
AE (all data 1)

	
0.96

	
−0.33

	
1.26

	
0.90

	
±1.91




	
SM(FSN) 2 (HSD data)

	
0.97

	
0.019

	
0.955

	
−0.01

	
±0.08




	
MSS(PAS) 2 (HSD data)

	
0.99

	
−0.117

	
1.004

	
−0.09

	
±0.04




	
LII 2 (HSD data)

	
0.98

	
0.098

	
1.000

	
0.10

	
±0.05








1 AE is not included in BC average. 2 Campaign C with HSD engine using sulphur-free fuels (clean exhaust).
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