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Abstract 

Little is known about the impact of post-combustion processes, condensation and dilution, on the 

aerosol concentration and chemical composition from residential wood combustion. The 

evolution of aerosol emitted by two different residential log wood stoves (old and modern 

technologies) from emission until it is introduced into ambient air was studied under controlled 

“real” conditions. The first objective of this research was to evaluate the emission factors (EF) of 

polycyclic aromatic hydrocarbons (PAH) and their nitrated and oxygenated derivatives from 

wood combustion. These toxic substances are poorly documented in the literature. A second 

objective was to evaluate the oxidation state of the wood combustion effluent by studying these 

primary/secondary compounds. EFs of 37PAHs and 27Oxy-PAHs were in the same range and 

similar to those reported in literature (4-240 mg kg-1). 31Nitro-PAH EFs were 2 to 4 orders of 

magnitude lower (3.10-2-8.10-2 mg kg-1) due to the low temperature and low emission of NO2 

from wood combustion processes. An increase of equivalent EF of PAH derivatives was 

observed suggesting that the oxidation state of the wood combustion effluent from the emission 

point until its introduction in ambient air changed in a few seconds. These results were 

confirmed by the study of both, typical compounds of SOA formation from PAH oxidation and, 

PAH ratio-ratio plots commonly used for source evaluation.  
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1. Introduction 

During this last decade in Europe, the use of wood burning for residential heating has 

significantly increased because it is a renewable source of energy. As a result, it is becoming a 

significant source of particulate matter (PM) in ambient air. Wood combustion could contribute 

to about 30-60% of the carbonaceous fraction of PM and, in the winter season, to about 50% of 

the total level of PM2.5 even in large cities such as Paris or London (Denier van der Gon et al., 

2015, Favez et al., 2009, Favez et al., 2010, Herich et al., 2014, Maenhaut et al., 2012, Viana et 

al., 2016). In France, emission inventories estimate that residential heating, and in particular 

wood combustion, accounts for about 31% of the total PM2.5 emissions (CITEPA, 2015). 

Emissions of PM from woodstoves used for residential heating are difficult to evaluate due to 

their strong semi-volatile nature and to the fast physicochemical transformation once they are 

injected into the atmosphere. Semi-volatile compounds (mainly organic species) remain in the 

gaseous phase in the chimney and are not taken into account using PM reference measurement 

methods (Nussbaumer et al., 2008). Once in the atmosphere, they can remain in the gas phase, 

condense on pre-existing particles or form new particles by nucleation and/or photo-oxidation 

processes. A significant difference could be observed between the emission levels of PM, 

measured using reference methods that take into account only the solid PM fraction, and the 

concentration levels actually measured in ambient air and/or in the field close of the emission 

sources. The difference could reach a factor of 2 to 3 when PM concentration levels in ambient 

air are normalized to the same O2 concentration found in emission measurements (Nussbaumer 

et al., 2008, Viana et al., 2016). To date, these processes are not well understood and not 

included in atmospheric chemical/transport models used to forecast air quality. It follows then, 

that modelled PM concentrations and the contribution of wood combustion to ambient air PM 
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concentrations and PM emission inventories are nowadays underestimated (Denier van der Gon 

et al., 2015). To better assess the impact of the combustion of wood used for residential heating 

on the PM concentration levels, a better description and understanding of the physicochemical 

properties of the emissions and of their formation/transformation processes in the field close to 

the source are needed. 

The impact of PM on ambient air quality and health is strongly associated to its chemical 

composition and content of toxic species. PAHs have been largely studied and regulated in 

ambient air (European Official Journal, 2004), due to their recognized carcinogenic and 

mutagenic properties (IARC, 2010). In contrast, PAH derivatives including nitrated and 

oxygenated PAHs (NPAHs and OPAHs, respectively) were given less attention although they 

are probably more toxic than their parent compounds (Durant et al., 1996, Durant et al., 1998, 

IARC, 2012, Pedersen et al., 2004, Pedersen et al., 2005). Interestingly, some PAH derivatives 

are now classified as probably or possibly carcinogenic to humans (groups 2A and 2B, 

respectively) (IARC, 2013). 

NPAHs and OPAHs are introduced in the atmosphere, as a result of direct emission during 

combustion (including biomass burning) (Environmental Health Criteria (EHC) 229, 2003, 

Rogge et al., 1993, 1998, Schauer et al., 1999, 2001, 2002, Zielinska et al., 2004) and by 

secondary formation through homogeneous (in the gas phase) or heterogeneous gas/particle 

photooxidation processes (Arey et al., 1986, Keyte et al., 2013). The latter involve the parent 

PAHs that undergo reaction with atmospheric oxidants such as NO2, O3, OH and NO3. PAH 

derivatives are also of scientific interest because they are typically found in secondary organic 

aerosol (SOA) formed via the photooxidation of PAHs. In fact, recent studies show that PAHs 

could be a significant source of SOA in urban locations (Chan et al., 2009, Chen et al., 2016, 
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Kautzman et al., 2010, Pye and Seinfeld, 2010, Shakya and Griffin, 2010, Zhang and Ying, 

2011). 

The main objective of the Champrobois research project was to study the evolution of aerosol 

emitted by residential log wood stoves (RWS) from emission to their introduction in the ambient 

air under controlled real conditions. Here, the specific objectives were first, to evaluate the 

emission factors (EFs) of PAH and PAH derivatives from combustion of wood, poorly 

documented in the literature (Bruns et al., 2015, Environmental Health Criteria (EHC) 229, 2003, 

Fine et al., 2001, 2002, Fine et al., 2004a, 2004b, Gonçalves et al., 2010, Gullett et al., 2003, 

Iinuma et al., 2007, Orasche et al., 2012, Orasche et al., 2013, Rogge et al., 1998, Schauer et al., 

2001, Shen et al., 2012a, Shen et al., 2012b, Vicente et al., 2015), and second, to evaluate the 

oxidation state of the effluent from wood combustion studying these primary/secondary 

compounds. 

 

2. Material and methods 

1.1. Wood burning experiments 

Wood combustion experiments were carried out in the INERIS’ fire gallery in March 2013 

(Figure S1 in the Supplementary Material, SM). The fire gallery (of about 3×3.5×50 m) has a 

controlled ventilation system that allows the extraction of the combustion gases. The system 

includes several air flow measuring points (Mac Caffrey probes) and the dilution factor can be 

easily adjusted and determined. RWS were placed in the bottom vertical part of the fire gallery. 

This large pipe (3×2 m), permitting a minimization of the wall effects, was instrumented in its 

upward and downward parts for the measurement of the different physical and chemical 

parameters. 
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Experiments were performed using two kinds of RWS (old and modern technology = 4* and 

5*, respectively) (Table S1). The 4* RWS was a cast-iron stove with only one air inlet, while the 

5* RWS is made of steel with bricks inside and includes several air inlets (primary and 

secondary).  

The RWS were connected to an insulated duct (CEN (European Comittee for Standardization), 

2013), except for its height (≈4 m) and used as an exhaust pipe. RWS smoke exhausts were 

maintained at a temperature >150 °C in order to avoid any physicochemical transformation 

processes of the semi-volatile compounds before their introduction in the vertical part of the fire 

gallery. The air flow in the gallery (constant flow from 10×103 to 24× 103 Nm3 h-1, depending on 

the experiment) and exhaust pipe length were adjusted in order to obtain the required dilution 

factors in the different sampling locations (Table 1, Figure S1). The determination of the dilution 

factors in each sampling point is detailed below. 

Wood burning experiments were performed in two different conditions: nominal and reduced 

outputs (Table 1). Duplicates were performed in nominal output condition while single 

experiments were performed in reduced output condition. One single type of wood, beech 

(typically used in France) from the same wood batch (moisture=12%), was used for all 

experiments. 

The fire in the RWS was started using a small quantity of wood and then preheated 

systematically before each test with a first wood load. Combustion experiments were carried out 

with weighed wood loads, in agreement with the device power, the test duration (around 1 hour), 

and in order to reach a minimum temperature in the exhaust pipe (>150 °C). For reduced output 

tests, the amount of wood put into the stove was lower to minimize the experiment durations. 

Loads were put in the wood stove once the preload was fully burned (i.e. no remaining material 
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to burn in the fireplace and CO2 exhaust concentration below 4%). Note that the loads used in the 

different experiments were more representative of a common use of the wood stoves than of the 

use during standard evaluations.  

 

1.2. Sampling locations and pollutants 

Samplings and measurements were performed at four different locations (Figure S1): emission 

source (E), at about 0.5 m from the chimney exhaust (named very close field, VCF, dilution 

factor of about 10-20), at 20 m from the emission exhaust (named close field, CF, dilution factor 

of about 500) and at the entrance of the fire gallery (named ambient air, AA) in order to evaluate 

and subtract the ambient air contribution to the pollutant emission concentrations. Manual 

measurements and samplings began immediately after the wood load addition in the RWS and 

ended when the initial test conditions were reached.  

Several parameters, such as smoke temperature, air flow, O2, NOx, CO, CO2, total VOCs 

concentrations, were monitored continuously by using automatic sensors or analysers (E, VCF, 

CF) (Tables S2 to S5). “On-line” physicochemical characterization of the wood combustion 

smoke was performed using TEOM-50, TEOM-FDMS (Thermo), FIDAS 200s (Palas) for PM 

mass determination (solid and solid + condensable fractions) (VCF, CF and AA, respectively). 

Manual samplings (“off-line”) (gaseous and particulate phases) were carried out at the 

different sampling locations for studying several parameters and pollutants including humidity 

(E, VCF), PM (solid and condensable fractions) (E, VCF), PM chemical composition including 

the analysis of PAHs and their nitrated and oxygenated derivatives (NPAHs and OPAHs) (for 

all, AA, E, VCF, CF). All the PM “on-line” and “off-line” measurements and samplings were 

performed on the PM2.5 fraction (Dp < 2.5 µm). 



 8 

An overview of the main parameters (gaseous pollutants and PM mass) observed during the 

different wood burning experiments is shown in Table S6. 

 

1.3. PAH, OPAH and NPAH samplings 

At the emission source location, samplings of PAHs, OPAHs and NPAHs were performed 

using two parallel sampling trains with different sampling flows (10 L min-1, isokinetic 

conditions, and 2 L min-1). Sampling probe and filter temperatures were regulated at about 125 

°C. Particulate and gaseous phase were collected on quartz fibre filters (Whatman, QM-A, Ø=75 

mm) and on Amberlite XAD-2 resin (80 g, Aldrich), respectively.  

At the VCF the same kind of instrumentation was carried out for the study of these toxic 

compounds with a sampling flow of 10 L min-1 (subdivision of a common sampling train at 30 L 

min-1, isokinetic conditions) and a temperature regulation (probe and filter at about 50 °C) (M1). 

In parallel, samplings were performed using a low volume sampler (Partisol, Model 2000, R&P) 

at 10 L min-1 on tissuquartz filter (Pallflex, Ø=47 mm) and PUFs (polyurethane foams, Tisch 

Environmental, 75 mm length) for particulate and gaseous phases, respectively. The sampling 

train was not heated but only insulated (M2). 

In the CF and AA, samplings were performed using a high-volume sampler (DA-80, Digitel, 

30 m3 h-1, PM2.5 sampling head) on tissuquartz filter (Pallflex, Ø=150 mm) and PUFs 

(polyurethane foams, Tisch Environmental, 79 mm length).  

Before sampling, filters were heated for 12 hours at 500 °C to remove any organic 

contaminants. XAD-2 and PUFs were pre-washed with dichloromethane or hexane/acetone 

(sequentially) using pressurized liquid extraction (PLE, Dionex, ASE 350) (Zielinska, 2008). E 
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and VCF sampling probes and glassware (bubblers) were pre-washed using deionized water and 

organic solvents (acetone, dichloromethane) before use. 

Overall, about 100 samples were collected and analyzed for their PAHs and PAH derivatives 

content, including field blanks and fire gallery blanks. After collection, all samples were 

wrapped in aluminum foil, sealed in polyethylene bags, and stored at -10 °C until analysis. 

 

1.4. PAHs, OPAHs and NPAH sample extraction and analysis 

PUF and XAD-2 samples were extracted with acetone and dichloromethane, respectively, 

using PLE (Dionex, ASE 200 or 350, depending on the sample size). The following conditions 

were adopted: 80 °C, 100 bars, 2 cycles and static time of 15 minutes. For PUFs, acetone was 

chosen to avoid any sampling media degradation. All extracts were then divided into two equal 

fractions by weighting (balance precision = 0.1 g) for the analysis of PAHs (LCME) and of 

NPAHs and OPAHs (INERIS), respectively.  

E and VCF filter samples, collected using emission-like sampling trains, were divided in two 

equal parts by weighting (balance precision=0.1 mg). Analyses of VCF Partisol and AA, CF 

particulate samples were performed on filter punches of 1 cm² and 47 mm diameter, respectively. 

Filter sections/punches were then used for the analysis of PAHs and PAH derivatives (LCME 

and INERIS, respectively).  

Briefly, for PAH quantification, filter sections/punches (AA, E, VCF and CF) were extracted 

by PLE [Dionex, ASE 200; 100 °C, 100 bars, 2 cycles with methanol/dichloromethane (10/90, 

v/v) and acetone/ dichloromethane (50/50, v/v), 5 min]. Extracts were reduced under a nitrogen 

stream (Zymark, Tubovap II) close to dryness and dissolved in a known volume of ACN or 

DCM before analysis. For NPAHs and OPAHs, particulate samples (AA, E, VCF and CF) were 
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extracted using the QuEChERS-like extraction procedure (Quick Easy Effective Rugged and 

Safe) (Albinet et al., 2013, Albinet et al., 2014). 

For both PLE and QuEChERS procedures, the samples (filter punches, PUFs or XAD-2 resins) 

were spiked with known amounts of deuterated NPAH and OPAH surrogate standards before 

extraction (addition of 5 μL, 25 μL or 50 μL, depending on the sample, of a surrogate mixed 

standard solution of five deuterated NPAHs and two deuterated OPAHs, at approximately 1 ng 

μL−1 in ACN) (Albinet et al., 2014). 

For both gaseous and particulate samples, 37 PAHs (Table 2) were quantified by HPLC-

Fluorescence (Perkin-Elmer, LC240; column EC 250/4.6 Nucleodur C18 PAH, 3 μm) (18 PAHs 

quantified) (Besombes et al., 2001, Goriaux et al., 2006) and by GC/MS (HP 6890 and 5973; 

Column Optima 5 Accent, 30 m×0,25 mm×0,25 µm, Macherey Nagel) (19 methyl-PAHs 

quantified) (Golly et al., 2015). Before injection in GC/MS, extracts were spiked with 50 ng of 

Benzo[a]Anthracene-d12 as labelled internal standard. Finally, 27 OPAHs and 31 NPAHs were 

quantified by GC-NICI/MS (Albinet et al., 2006, Albinet et al., 2014) (Tables 3 and 4). Before 

analysis, purified samples were spiked with known amounts of two labeled internal standards (1-

nitropyrene-d9 and 9-fluorenone-d8; 5, 25 or 50 ng added, depending on the sample) to evaluate 

the recoveries of labeled NPAH and OPAH surrogates. 

 

1.5. Quality assurance/Quality control 

Before each wood burning experiment, fire gallery blanks were systematically performed. 

Concentration levels of pollutants continuously monitored in VCF and CF were compared to the 

ones observed during combustion experiments. Gaseous and particulate phase samplings, for 

about 1-2 hours, were performed in CF and AA in order to evaluate the level of contamination of 
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carbonaceous species including PAHs and PAH derivatives. Results show that for PM2.5, fire 

blank gallery concentration levels accounted for less than 1% of the PM2.5 concentration levels 

observed during the wood burning combustion experiments. NOx concentrations were 2-8 times 

lower than those measured at CF during combustion experiments and CO2 concentrations were at 

about 420 ppm ([CO2]>500 ppm during combustion experiments). 

The levels of nitrated and oxygenated PAH derivatives on filters and PUFs were also evaluated 

in CF, to assess any possible contamination. For all individual PAHs, NPAHs and OPAHs, fire 

gallery blank concentration levels accounted for less than 10%, and generally for less than 1%, 

of the concentration levels observed during wood combustion experiments. Most of the NPAHs 

were not detected in fire gallery blanks. 

All these results demonstrated that no significant contamination due to previous combustion 

experiments occurred. 

The equivalence of the two sampling trains used for samplings at the emission was checked for 

PM mass. No significant differences between the two sampling trains were observed showing 

and confirming that isokinetic sampling conditions are not fundamental for the emission-point 

study of PM emitted by RWS (Fraboulet, 2012). 

Quality control for the quantification of PAHs and PAH derivatives was achieved by the 

analysis of standard reference materials (NIST SRM 1649b, urban dust and/or SRM 2787, 

PM10). Results obtained were satisfactory and in good agreement with the certified, reference 

and indicative values and with the ones previously reported in the literature (Albinet et al., 2013, 

Albinet et al., 2014). Additionally, for PAHs, LCME participates every two years in national and 

European PAH analytical inter-comparison exercises. The last exercise showed results in good 

agreement with reference values (Verlhac and Albinet, 2015). 
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For NPAHs and OPAHs, a specific study of the calibration variability between the analytical 

sequences was performed (combination of two daily eight-point calibrations). Compounds with 

deviation larger than 30% were rejected and not considered in this study. This concerned 

phthalic anhydride, 1,2-naphthoquinone, 1,2-naphthalic anhydride, 2,3-naphthalenedicarboxylic 

anhydride, 5,6-chrysenequinone and 9-methyl-10-nitroanthracene. Finally, 31 NPAHs and 27 

OPAHs were effectively quantified and their results are discussed in this paper. 

 

2. Calculations 

Dilution factors were determined using air flow or gaseous compounds (CO, CO2, NOx) 

concentration ratios measured at each sampling point. An example of the calculation of the 

dilution factor in VCF is given below: 

[𝐶𝑂2]𝐸−[𝐶𝑂2]𝐴𝐴

[𝐶𝑂2]𝑉𝐶𝐹−[𝐶𝑂2]𝐴𝐴
   Equation (1) 

 

PAH, NPAH and OPAH emission factors (EF) were calculated using the following equation: 

𝐸𝐹𝑃𝐴𝐻𝑠,𝑂𝑃𝐴𝐻𝑠,𝑁𝑃𝐴𝐻𝑠 =  
[𝑃𝐴𝐻𝑠,𝑂𝑃𝐴𝐻𝑠,𝑁𝑃𝐴𝐻𝑠]×𝐷𝐹×𝑊𝑆𝐸𝐹𝑙 ×𝐶𝐷

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑜𝑜𝑑 𝑏𝑢𝑟𝑛𝑒𝑑
× 10−6  Equation (2) 

 

With: 

EFPAHs, OPAHs, NPAHs in mg kg-1 (dry mass basis). 

[PAHs], [OPAHs], [NPAHs] in ng Nm-3 (gaseous + particulate phases), corrected for ambient air 

(AA) concentrations. 

DF: dilution factor at the corresponding sampling point (Table 1). 

CD: combustion duration (in hours) (Table 1). 
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WSEFl: wood stove emission flow in Nm-3 h-1 (for dry gas) (Table 1). 

Mass of wood burned in kg (corrected for moisture content=12%) (Table 1). 

 

3. Results and discussion 

3.1. Emission factors (EFs) of PAHs, OPAHs and NPAHs 

The EFs of the individual PAHs, OPAHs and NPAHs (gaseous + particulate phases), 

determined using the measurements performed at the emission, are presented in Tables 2 to 4. 

Individual EFs of PAHs, NPAHs and OPAHs in VCF and CF are available in Tables S7 to S12.  

Overall, PAH and OPAH EFs were in the same range (EF 37 PAHs=28–240 and EF 27 

OPAHs=4–33 mg kg-1), while NPAH EFs were 2 to 4 orders of magnitude lower (EF 31 

NPAHs=3.1×10-2–7.5×10-2 mg kg-1). By comparison to diesel engines, the low wood nitrogen 

content (<1%) together with the relatively low temperature and the low NO2 emission from wood 

combustion processes induce a limited formation of nitrated species, including NPAHs 

(Scheepers and Bos, 1992, Shen et al., 2012a). Since OPAHs are probably more toxic than 

PAHs, these results suggest that evaluation of the OPAH EFs of RWS should be addressed in 

addition to those of PAHs. 

EFs for individual compounds determined in this work were comparable with those reported in 

the literature for RWS or fire place emissions. For example, for PAHs, EFs varied from 6×10-2 to 

4×103 mg kg-1 and for OPAHs, from 1×10-2 to 3 mg kg-1 (Bruns et al., 2015, Fine et al., 2001, 

2002, Fine et al., 2004a, 2004b, Gonçalves et al., 2010, Gullett et al., 2003, Iinuma et al., 2007, 

Orasche et al., 2012, Orasche et al., 2013, Rogge et al., 1998, Schauer et al., 2001, Shen et al., 

2012a, Shen et al., 2012b, Vicente et al., 2015). Individual EFs of NPAHs are in agreement with 
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those reported in the only two studies available in the literature about the emission of NPAHs 

from residential wood burning (1.5×10-4–7×10-3 mg kg-1) (Shen et al., 2012a, Vicente et al., 

2015). 

As reported in previous studies, the dominant PAHs were naphthalene (34-55%), phenanthrene 

(10-25%), fluoranthene (3-10%) and pyrene (3-10%) (Gonçalves et al., 2010, Shen et al., 2012a). 

1-Naphthaldehyde (60% and 15-40% in nominal and reduced output conditions, respectively), 1-

acenaphthenone (15-20%), 9-fluorenone (8-25%), benzanthrone (3-30%), 1,4-naphthoquinone 

(2-10%) and 9,10-anthraquinone (2%) were the most abundant OPAHs. These results are in 

agreement with previous studies except for 1-H-phenalen-1-one reported as a major OPAH 

emitted by residential wood combustion but not analyzed in this work (Bruns et al., 2015, Fine et 

al., 2004a, 2004b, Gullett et al., 2003, Rogge et al., 1998). 1,8-Naphthalic anhydride was also 

reported as a major OPAH emitted by residential wood combustion (results focused only on the 

particulate phase) (Bruns et al., 2015, Gullett et al., 2003, Orasche et al., 2012, Orasche et al., 

2013, Vicente et al., 2015). In this study, for the particulate phase, it was also the case with 

mainly benzo[b]fluorenone, benzanthrone, benz[a]antracene-7,12-dione and 

acenaphthenequinone. 1-Nitronaphthalene (8-20%), 2-nitronaphthalene (8-20%) and in specific 

experiments, 6-nitrobenzo[a]pyrene (7% in nominal output conditions), 3-nitrobiphenyl (reduced 

output) 9-nitroanthracene (20%, 5* RWS reduced output) and 1,8-dinitropyrene (4* RWS 

reduced output and 5* RWS nominal output) were the main NPAHs emitted by wood burning 

combustion. Both dominant NPAHs, namely 1- and 2-nitronaphthalene, were reported by 

previous authors (Shen et al., 2012a). 

Finally, the results obtained showed that, for 5* RWS, the EFs of PAHs, OPAHs and, to a 

lesser extent, NPAHs were 2 to 5 times larger than those observed for the 4* RWS. Similar 
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results were also observed for the other pollutants studied, including PM (Table 1) and total 

VOCs (Table S6). All these results are in contradiction with the 5* RWS manufacturer’s 

specifications. The new RWS technology, with secondary air inlet, should in theory improve the 

combustion. However, in our experimental conditions, that were more similar to a common use 

(notably in terms of RWS wood loading), the benefit with the tested 5* RWS was not observed. 

Normative tests of the RWS are probably done only in almost ideal conditions which are not 

representative of a common use.  

 

3.2. Physicochemical evolution of the wood combustion effluent from E until CF 

3.2.1. Gas/particle partitioning 

Figure 1 shows the results obtained with the 5* RWS in nominal output conditions of the 

gas/particle partitioning (particulate fraction in %) of individual PAHs, NPAHs and OPAHs 

according to their molecular weight. Results for the other conditions and RWS are presented in 

Figures S1 to S6 (Annexes). In VCF, only the results from the emission-like sampling train are 

reported (heated sampling train) (M1). Results from the Partisol measurements (M2) were not 

taken into account. Since this sampling line was only thermally insulated, SVOC condensation 

processes were artificially increased and resulted probably in a bad evaluation of the gas/particle 

partitioning.  

The results obtained show that the gas/particle partitioning of PAHs and PAH derivatives is 

quite linked to their molecular weight and vapor pressure. Lighter compounds were mainly in the 

gaseous phase, while heavier compounds were mainly associated to the particulate phase. These 

results are comparable to literature reports for ambient air or wood combustion emission studies 

(Albinet et al., 2007, Albinet et al., 2008, Pankow, 1987, Shen et al., 2012a, Tomaz et al., 2016) 
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and references therein). Besides, other parameters like the molecular structure could have a 

strong importance in the gas/particle partitioning as shown by the singular behaviour observed 

for some OPAHs and NPAHs (e.g. acenaphthenequinone) (Tomaz et al., 2016). 

Overall, results obtained in both output conditions (either nominal or reduced) did not differ 

significantly. However, in reduced output experiments, the low concentration levels in VCF and 

CF induced a disruption of the results obtained for some compounds (e.g. 1,4-anthraquinone, 2-

nitro-9-fluorenone, 3-nitrofluoranthene, 6-nitrochrysene and 1,8-dinitropyrene). 

From E until VCF, results showed that SVOCs condensed rapidly on pre-existing particles due 

to the high temperature decrease (from 200-350 °C to less than 50 °C in VCF). Lighter 

compounds (MW≤180-192 g mol-1) remained only in the gaseous phase while heavier 

compounds (MW≥273 g mol-1, in nominal output, and MW≥230 g mol-1, in reduced output) 

remained associated to the particulate phase. The differences between nominal and reduced 

outputs, observed for the heavier compounds, were related to the lower emission smoke 

temperature in the latter condition (≤275 °C for the reduced output vs. ≥340 °C for the nominal 

output). Because of dilution, re-evaporation from the particulate phase to the gaseous phase 

could also occur between VCF and CF.   
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3.2.2. Evolution of the total PAH, OPAH and NPAH emission factors from E until 

CF 

The evolution of the total EFs (or equivalent EFs in VCF and CF) of parent PAHs, NPAHs and 

OPAHs (sum of the individual EFs), from the emission until close field, is shown in Figure 2. 

Overall, for PAHs, the EF 37PAHs slightly decreased from E until CF. At the same time, for 

NPAHs and OPAHs, the results show a strong and significant increase of EF 31NPAHs and EF 

27OPAHs from E until CF. This was clearly observed for both, NPAHs and OPAHs, with the 

5* RWS in nominal output conditions and, for NPAHs, with the 4* and 5* RWS in reduced 

output conditions. These results suggest that a fast oxidation process occurred between E and CF 

(about 10 seconds after emission), and notably between VCF and CF, resulting in higher 

equivalent OPAH and NPAH EFs determined in VCF and CF. The oxygen content of the wood 

combustion effluent from the emission point until its insertion in ambient air changed only in a 

few seconds, resulting in the rapid formation of OPOA (oxidized primary organic aerosol). 

 

3.2.3. Study of PAH ratio-ratio plots 

PAH ratio-ratio plots are usually used for PAH source apportionment studies (Robinson et al., 

2006). Figure 3 shows the PAH ratio-ratio plot of Benzo[b+k]Fluoranthene/Indeno[1,2,3-

cd]Pyrene vs Benzo[g,h,i]Perylene/Indeno[1,2,3-cd]Pyrene, (B[b+k]F/Ind[1,2,3-cd]P) vs 

(B[g,h,i]P/Ind[1,2,3-cd]P), obtained at the E, VCF (both measurement methods, M1 and M2) and 

CF for all experiments (both nominal and reduced output). These compounds are commonly used 

as PAH molecular markers (Albinet et al., 2007, Marchand et al., 2004, Robinson et al., 2006). 

Four different combustion sources are also displayed on the PAH ratio-ratio plots, including 
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biomass burning (Fine et al., 2004a), green grass waste burning (Piot, 2011), vehicular (El 

Haddad et al., 2009) and industrial emissions (graphite material production) (Golly et al., 2015). 

In Figure 3A, only the particulate phase is considered, while Figure 3B shows the results taking 

into account both the gaseous, and particulate phases. 

For the particulate phase only (Figure 3A), the results obtained showed an evolution of the 

PAH ratio-ratio from E to CF. Finally, the values in CF were close to those calculated using the 

literature data for biomass burning and green waste burning. Interestingly, considering both 

particulate, and gaseous phases (Figure 3B), the PAH ratio-ratio values in E and VCF were 

similar. B[g,h,i]P and Ind[1,2,3-cd]P were only associated to the particulate phase at all sampling 

locations (E, VCF and CF), while B[b+k]F was in the gaseous phase at the emission and shifted 

to the particulate phase in VCF and CF. This phenomenon was due to condensation processes 

linked to the temperature decrease (Figures 1, S2, S3, S4). Considering both the gaseous, and the 

particulate phases, the ratio B[b+k]F/Ind[1,2,3-cd]P was not impacted by the condensation 

process (contribution of SVOCs was already included). It resulted in similar values for both the 

E and VCF sampling locations. 

From VCF until CF, the PAH ratio-ratio evolved with a strong decrease of the 

B[g,h,i]P/Ind[1,2,3-cd]P ratio. Since B[g,h,i]P is known to be a highly reactive PAH, while 

Ind[1,2,3-cd]P is more stable (Esteve et al., 2006, Ringuet et al., 2012), a fast oxidation process 

from VCF until CF could explain the observed changes. B[k]F and B[b]F (and notably the latter 

one) are stable compounds in the presence of oxidants such as OH (Esteve et al., 2006, Ringuet 

et al., 2012), explaining why the ratio B[b+k]F/Ind[1,2,3-cd]P remained quite constant between 

VCF and CF.  
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The PAH ratio-ratio data in the literature has been derived by using tunnel dilution systems or 

open fire experiments. The literature values could as well be affected by a fast oxidation process 

like in our study, explaining why our CF PAH ratio-ratio values were similar to literature data 

for biomass burning and green waste burning. 

All these results tended to prove that fast oxidation processes occurred between E to CF (and 

notably between VCF and CF) changing in a few seconds the oxidation state of the wood 

combustion effluent and causing the formation of OPOA. 

 

3.2.4. Evolution from E until CF of the ratios PAH derivatives/Parent PAHs 

The evolution, from E until CF, of the PAH derivatives/parent PAHs concentration ratios has 

been investigated for all combustion experiments. These ratios are usually used as indicators of 

the secondary formation of OPAHs and NPAHs from PAH atmospheric photooxidation 

processes (Alam et al., 2014).  

Figure 4 shows, as an example, the results obtained for phenanthrene (6H-dibenzo[b,d]pyran-

6-one, biphenyl-2-2′-dicarboxaldehyde, 9,10-phenanthrenequinone and 9-phenanthrene 

carboxaldehyde) and acenaphthene OPAH derivatives (1,8-naphthalic anhydride, 1-

acenaphthenone and acenaphthenequinone) (both, gaseous and particulate phases considered). 

Some of these compounds have been reported as typical by-products of PAH photooxidation 

resulting in SOA formation [for phenanthrene: 6H-dibenzo[b,d]pyran-6-one, biphenyl-2-2′-

dicarboxaldehyde, 9,10-phenanthrenequinone ; for acenaphthene: 1,8-naphthalic anhydride (and 

also for acenaphthylene, PAH not analyzed here) and 1-acenaphthenone] (Lee and Lane, 2010, 

Lee et al., 2012, Perraudin et al., 2007, Zhou and Wenger, 2013a, 2013b). 
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OPAH derivatives/parent PAHs ratios increased significantly from E until CF highlighting a 

PAH oxidation process. Similar results were obtained for almost all the other PAHs derivatives 

and parent PAHs. As already shown before, fast oxidation seemed to occur mainly between VCF 

and CF. The structure of the vertical part of the fire gallery (Figure S1) provided ideal mixing 

and reaction conditions between PAHs and oxidants (H˙, O˙ and OH˙ free radicals) emitted by 

the flames. As mentioned before, the oxidation process was particularly obvious during nominal 

output experiments. In these flaming combustion conditions, emission of oxidants and smoke 

temperature were higher. Previous studies have shown that the formation of OPAHs is increased 

at higher temperatures (Fitzpatrick et al., 2007, Orasche et al., 2013).  

Therefore, this suggested that fast oxidation processes occurred between E and CF (and 

especially between VCF and CF), notably in nominal output conditions, modifying the oxidation 

state of the wood combustion effluent in a few seconds and resulting in the formation of OPOA 

including toxic compounds like OPAHs and, to a lesser extent, NPAHs. 

 

Figures 5 and S5 show the evolution of individual PAH derivatives/parent PAHs ratios from E 

until CF (both, gaseous and particulate phases considered). The results obtained for naphthalene, 

acenaphthene and benz[a]anthracene are presented as examples The increase of the ratios 

highlights fast oxidation processes from E to CF. Some of these OPAHs and NPAHs have been 

previously identified as typical secondary pollutants formed from photooxidation of the parent 

PAHs in atmospheric conditions (i.e. by reaction with atmospheric oxidants such as O3, OH, NO2 

or NO3). They include 1- and 2-nitronapthalene, 1,4-naphtoquinone, 2-formyl-trans-

cinnamaledhyde and phthaldialdehyde for naphthalene (Chan et al., 2009, Lee and Lane, 2009, 
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Nishino et al., 2009, Sasaki et al., 1997), and 1,8-naphthalic anhydride and 1-acenaphthenone for 

acenaphthene (Zhou and Wenger, 2013b).  

Besides, the ratios of PAH derivatives/benz[a]anthracene (namely, 7-nitrobenz[a]anthracene 

and benz[a]anthracene-7,12-dione) showed two different trends (Figure S5). The increase of the 

7-nitrobenz[a]anthracene/benz[a]anthracene ratio from E to CF is in agreement with its probable 

secondary formation (Ringuet et al., 2012). For benz[a]anthracene-7,12-dione, the ratio remained 

constant. This result suggests that benz[a]anthracene-7,12-dione is prevalently part of primary 

emission by wood combustion. This is consistent with the results of Ringuet et al. (2012), who 

showed that benz[a]anthracene-7,12-dione was formed by the reaction of benz[a]anthracene with 

O3 but not in the presence of OH˙ radicals. In fact, during combustion experiments, there was no 

O3 and only O˙, H˙ and OH˙ free radicals could be emitted by the flames. Therefore, no 

formation of benz[a]anthracene-7,12-dione could occur. Additionally, (Keyte et al., 2016) 

showed that this compound had a primary origin in ambient air. This result supports the 

argument that the formation of typical by-products from PAH oxidation, observed from E to CF, 

was major and not a consequence of sampling artefacts or analytical drift.  

 

4. Conclusions 

The evolution, in controlled real conditions, of the aerosol emitted by two different residential 

log wood stoves (old and modern technologies) from emission until ambient air introduction was 

studied. Toxic substances, primary and/or secondary formed, such as polycyclic aromatic 

hydrocarbons (PAH) and their nitrated and oxygenated derivatives, were especially investigated. 

Results obtained showed that emission factors (EF) of 37PAHs and 27Oxy-PAHs were in the 

same range and similar to those reported in literature. EF of nitro-PAHs (31 compounds), poorly 
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documented in the literature, were 2 to 4 orders of magnitude lower linked to the low 

temperature and the low NO2 emission from wood combustion processes. The study of the 

gas/particle partitioning of these semi-volatile organic compounds showed a fast condensation on 

pre-existing particles due to the high temperature decrease between emission and very close field 

(from about 200-350 °C to less than 50 °C). Interestingly, from emission to ambient air 

introduction, an increase of equivalent EF of PAH derivatives was observed. The study of PAH 

ratio-ratio plots, commonly used for source evaluation, and PAH derivative/parent PAH ratios, 

calculated also for typical compounds of PAH SOA formation, showed that the oxygen content 

of the wood combustion effluent changed in a few seconds. This was especially obvious for 

nominal output combustion conditions due to the large emission of oxidant radicals from the 

flames. These processes resulted in the fast formation of OPOA. The differences of chemical 

profiles observed between measurements performed directly at the emission and in close field 

(after dilution to simulate ambient air concentrations) have an impact on the emission inventories 

currently used and then, this kind of chemical processes should be taken into account in air 

quality models.  
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Table 1. Summary of the wood burning experiment conditions and concentrations of PM2.5 (concentrations on dry gas basis 95 

calculated for normal conditions and at actual O2 concentration levels). 

# 
a 

RWS Output 
Wood load (kg) 

(number of logs) b 

Combustion 

duration (h) 

Wood stove 

emission flow 

(Nm3 h-1) c 

Ambient 

temperature 

(°C) 

Dilution 

Factor d 

Smoke temperature 

(°C) 

PM2.5  

(solid fraction) 

(mg Nm-3) h 

PM2.5 

(solid + condensable 

fractions) 

(mg Nm-3) h 

VCF CF E e VCF f CF g E VCF CF E VCF CF 

1 4* Nominal 4.05 (2) 0.95 34.4 10.5 21 668 367 37 12 136 5.5 0.18 201 8.6 0.28 

2 4* Reduced 3.18 (2) 1.1 26.6 13.5 16 639 275 33 15 73 2.7 0.18 301 5.8 0.60 

3 4* Nominal 4.03 (2) 1.03 29.3 13.0 20 777 358 35 15 135 3.6 0.16 191 7.8 0.29 

4 5* Nominal 2.81 (2) 0.75 30.3 9.2 16 596 362 50 11 279 20.8 0.58 396 27.8 0.72 

5 5* Nominal 3.07 (2) 0.87 30.9 10.0 16 580 340 49 12 275 13.8 0.32 335 18.8 0.54 

6 5* Reduced 2.11 (2) 1.18 18.6 9.3 24 555 187 24 11 101 13.0 0.27 647 29.6 0.74* 

a Experiment number. 
b Beech, 12 % moisture. 
c Dry gas. 
d Dilution factors determined using air flow or concentration ratios of the gaseous compounds (CO, CO2, NOx) measured at each sampling point. Results obtained 

were all in agreement if no probe/analyzer dysfunction or overload was observed. 
e E: emission. 
f VCF: very close field. 
g CF: close field. 
h Concentrations on dry gas basis calculated for normal conditions (273.15 K, 1.013×105 Pa). 
* Doubtful value. 
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Table 2. Average emission factors of parent PAHs (mg kg-1, dry mass basis) for both RWS (4* 

and 5*) in nominal and reduced output conditions. Measurements performed at the emission 

sampling location 

Compounds 
4* RWS 5* RWS 

Nominal output Reduced output Nominal output Reduced output 

Naphthalene 5.0×101 (3.3×101)a 9.5×100 9.7×101 (1.4×101) 8.6×101 

Acenaphthene 2.3×10-1 (3.2×10-1) 8.7×10-2 5.9×10-1 (3.8×10-1) 1.5×100 

Fluorene 2.1×100 (6.2×10-1) 1.2×100 4.0×100 (2.3×100) 4.1×100 

Phenanthrene 2.3×101 (1.7×101) 3.2×100 4.3×101 (3.4×101) 2.9×101 

Anthracene 2.1×100 (1.1×100) 5.7×10-1 9.0×100 (7.3×100) 5.3×100 

Fluoranthene 4.7×100 (3.3×100) 7.8×10-1 1.8×101 (1.3×101) 5.8×100 

Pyrene 7.9×100 (8.0×100) 8.3×10-1 1.9×101 (1.5×101) 4.3×100 

Retene 1.7×10-1 (2.3×10-1) 8.5×10-2 2.4×100 (1.2×100) 9.7×10-1 

Benz[a]anthracene 6.2×10-1 (4.6×10-1) 1.7×10-1 4.7×100 (2.1×100) 1.7×100 

Chrysene 5.6×10-1 (4.2×10-1) 8.7×10-2 3.5×100 (2.1×100) 7.7×10-1 

Benzo[e]pyrene 3.7×10-1 (1.4×10-1) 8.1×100 4.0×100 (4.2×100) 7.7×10-1 

Benzo[b]fluoranthene 6.3×10-1 (4.8×10-1) 1.1×10-1 2.2×100 (1.1×100) 6.8×10-1 

Benzo[k]fluoranthene 2.7×10-1 (2.1×10-1) 5.3×10-2 1.4×100 (5.0×10-1) 3.5×10-1 

Benzo[a]pyrene 6.1×10-1 (5.0×10-1) 1.3×10-1 3.8×100 (1.5×100) 8.6×10-1 

Benzo[g,h,i]perylene 2.0×10-1 (2.2×10-1) 7.2×10-3 2.4×100 (1.3×10-2) 6.7×10-1 

Dibenz[a,h]anthracene 1.2×10-2 (1.2×10-2) 6.8×10-4 9.5×10-2 (1.3×10-1) 5.6×10-2 

Indeno[1,2,3-cd]pyrene 1.6×10-1 (1.7×10-1) 7.9×10-3 2.1×100 (1.5×10-1) 4.1×10-1 

Coronene 8.9×10-2 (6.4×10-2) 1.2×10-2 4.7×10-1 (6.2×10-1) 2.0×10-1 

2-Methylnaphthalene 2.7×100 (2.2×100) 1.9×100 1.1×101 (5.3×100) 7.5×100 

1-Methylfluorene 1.5×10-1 (1.1×10-1) 2.2×10-1 5.5×10-1 (6.0×10-1) 3.9×10-1 

3-Methylphenanthrene 1.9×10-1 (1.6×10-1) 1.3×10-1 6.0×10-1 (6.2×10-1) 2.4×10-1 

2-Methylphenanthrene 2.2×10-1 (1.8×10-1) 1.5×10-1 7.1×10-1 (7.2×10-1) 2.7×10-1 

2-Methylanthracene 5.8×10-2 (4.3×10-2) 8.6×10-2 3.8×10-1 (3.9×10-1) 1.5×10-1 

4- + 9-Methylphenanthrene b 1.3×10-1 (1.1×10-1) 9.3×10-2 5.3×10-1 (5.9×10-1) 1.7×10-1 

1-Methylphenanthrene 2.1×10-1 (1.8×10-1) 1.4×10-1 7.4×10-1 (7.8×10-1) 2.4×10-1 

4-Methylpyrene 1.2×10-1 (1.2×10-1) 7.6×10-2 6.4×10-1 (5.6×10-1) 1.1×10-1 

1-Methylpyrene 1.3×10-1 (1.3×10-1) 7.0×10-2 5.8×10-1 (5.0×10-1) 1.0×10-1 

1- + 3-Methylfluoranthene b 9.3×10-2 (9.1×10-2) 5.7×10-2 4.7×10-1 (4.2×10-1) 9.9×10-2 

Methylfluoranthene 

+ Methylpyrene b, c 
7.4×10-2 (7.3×10-2) 6.4×10-2 6.0×10-1 (4.8×10-1) 9.9×10-2 

Methylfluoranthene 
+ Methylpyrene b, c 

4.8×10-2 (4.8×10-2) 3.5×10-2 2.2×10-1 (2.0×10-1) 5.0×10-2 

3-Methylchrysene 3.0×10-2 (2.1×10-2) 1.7×10-2 1.6×10-1 (9.8×10-2) 5.8×10-2 

Methylchrysene 

+ Methylbenz[a]anthracene b, c 
1.1×10-2 (1.1×10-2) 7.1×10-3 6.1×10-2 (3.3×10-2) 2.8×10-2 

37PAHs 9.9×101 (6.6×101) 2.8×101 2.4×102 (1.1×102) 1.5×102 

a mean (standard deviation), n = 2. 
b Not separated and quantified as a single compound. 
c Not identified (native standard compounds not available). 

 

 



 37 

Table 3. Average emission factors of OPAHs (mg kg-1, dry mass basis) for both RWS (4* and 

5*) in nominal and reduced output conditions. Measurements performed at the emission 

sampling location 

Compounds 
4* RWS 5* RWS 

Nominal output Reduced output Nominal output Reduced output 

Phthaldialdehyde 3.3×10-3 (2.3×10-3) a 2.1×10-3 5.4×10-3 (2.6×10-3) 1.7×10-1 

1,4-Naphthoquinone 2.1×100 (1.9×100) 1.4×10-1 6.6×10-1 (6.5×10-2) 4.1×10-1 

1-Naphthaldehyde 1.3×101 (7.7×100) 1.5×100 2.0×101 (5.6×100) 1.8×100 

2-Formyl-trans-cinnamaldehyde 3.1×10-3 (1.4×10-3) 3.6×10-3 2.0×10-3 (6.2×10-4) 5.7×10-3 

Benzophenone 4.4×10-2 (1.9×10-2) 4.1×10-2 5.2×10-2 (3.5×10-2) 4.7×10-2 

1-Acenaphthenone 3.2×100 (1.0×100) 7.7×10-1 4.9×100 (1.5×100) 2.4×100 

9-Fluorenone 1.8×100 (1.4×10-2) 1.0×100 5.6×10-1 (1.2×10-1) 1.2×100 

Biphenyl-2-2′-dicarboxaldehyde 2.8×10-3 (2.3×10-3) 1.6×10-3 8.1×10-4 (5.7×10-6) 8.6×10-4 

Xanthone 4.3×10-2 (2.4×10-2) 2.0×10-2 1.1×10-1 (1.2×10-1) 2.1×10-1 

Acenaphthenequinone 1.8×10-2 (1.8×10-2) 3.9×10-3 8.7×10-3 (2.3×10-3) 5.7×10-3 

Anthrone 1.5×10-2 (8.6×10-3) 1.5×10-2 2.7×10-2 (2.0×10-2) 3.7×10-2 

6H-Dibenzo[b,d]pyran-6-one 1.3×10-1 (1.3×10-1) 4.0×10-2 2.3×10-1 (1.6×10-1) 2.2×10-1 

9,10-Anthraquinone 4.1×10-1 (4.0×10-1) 9.5×10-2 7.3×10-1 (5.1×10-1) 2.6×10-1 

1,8-Naphthalic anhydride 7.7×10-2 (9.6×10-2) 9.1×10-3 4.2×10-2 (2.2×10-2) 3.8×10-1 

1,4-Anthraquinone 1.7×10-3 (2.4×10-3) 4.7×10-3 1.9×10-3 (1.2×10-3) 5.2×10-2 

4,4′-Biphenyldicarboxaldehyde 3.9×10-3 (3.5×10-3) 4.1×10-3 9.0×10-4 (3.5×10-4) 1.7×10-3 

2-Methylanthraquinone 2.2×10-2 (1.9×10-2) 1.6×10-2 6.9×10-3 (6.3×10-3) 3.6×10-2 

9-Phenanthrene carboxaldehyde 2.6×10-2 (2.1×10-2) 6.1×10-3 2.8×10-2 (8.9×10-3) 1.2×10-2 

9,10-Phenanthrenequinone 1.1×10-2 (9.0×10-3) 3.0×10-3 9.0×10-3 (1.8×10-3) 1.5×10-3 

2-Nitro-9-fluorenone 2.7×10-3 (1.4×10-3) 1.0×10-3 5.4×10-4 (1.6×10-4) 6.2×10-4 

Benzo[a]fluorenone 1.3×10-1 (1.2×10-1) 3.7×10-2 3.4×10-1 (5.8×10-2) 9.8×10-2 

Benzo[b]fluorenone 2.0×10-1 (1.9×10-1) 3.7×10-2 5.6×10-1 (1.4×10-1) 3.4×10-1 

Benzanthrone 7.0×10-1 (6.9×10-1) 1.2×10-1 4.9×100 (2.1×100) 3.3×100 

1-Pyrene carboxaldehyde 3.3×10-2 (3.0×10-2) 7.9×10-3 9.2×10-2 (1.8×10-2) 6.5×10-2 

Aceanthrenequinone 2.8×10-2 (2.3×10-2) 5.1×10-3 1.3×10-1 (1.3×10-1) 1.9×10-2 

Benz[a]anthracene-7,12-dione 7.8×10-2 (6.6×10-2) 1.4×10-2 1.1×10-1 (6.9×10-3) 7.6×10-2 

1,4-Chrysenequinone 6.1×10-3 (2.9×10-3) 2.0×10-3 2.4×10-3 (1.6×10-4) 1.0×10-2 

27OPAHs 2.2×101 1.3×101 3.9×100 3.3×101 7.2×100 1.1×101 

a mean (standard deviation), n = 2. 
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Table 4. Average emission factors of NPAHs (mg kg-1, dry mass basis) for both RWS (4* and 

5*) in nominal and reduced output conditions. Measurements performed at the emission 

sampling location 

Compounds 
4* RWS 5* RWS 

Nominal output Reduced output Nominal output Reduced output 

1-Nitronaphthalene 1.8×10-2 (1.2×10-2) a 4.6×10-3 5.8×10-3 (1.1×10-3) 5.6×10-3 

2-Methyl-1-NN+1-Methyl-5-NN 3.7×10-3 (1.7×10-3) 3.7×10-3 8.4×10-4 (2.6×10-5) 3.9×10-3 

2-Nitronaphthalene 1.7×10-2 (1.4×10-2) 4.9×10-3 6.2×10-3 (9.9×10-4) 5.3×10-3 

2-Methyl-4-nitronaphthalene 1.7×10-3 (1.1×10-3) 8.2×10-4 5.5×10-4 (3.4×10-5) 7.9×10-5 

1-Methyl-4-nitronaphthalene 7.5×10-4 (4.8×10-4) 5.6×10-4 6.9×10-4 (8.5×10-6) 1.1×10-3 

1-Methyl-6-nitronaphthalene 1.0×10-3 (8.4×10-4) 1.0×10-3 1.3×10-4 (1.8×10-4) 4.2×10-4 

1,5-Dinitronaphthalene 8.3×10-4 (6.8×10-4) 0.0×100 2.3×10-4 (7.0×10-5) 4.4×10-4 

2-Nitrobiphenyl 2.5×10-3 (1.8×10-3) 1.1×10-3 7.3×10-4 (1.2×10-4) 4.7×10-4 

3-Nitrobiphenyl 2.0×10-3 (1.2×10-3) 1.3×10-3 6.4×10-4 (9.9×10-5) 7.1×10-3 

3-Nitrodibenzofuran 2.8×10-3 (2.7×10-3) 5.6×10-4 1.1×10-3 (2.3×10-4) 2.8×10-3 

5-Nitroacenaphthene 4.4×10-4 (3.6×10-4) 1.8×10-4 2.5×10-4 (3.6×10-4) 5.6×10-4 

2-Nitrofluorene 0.0×100 (0.0×100) 0.0×100 1.9×10-4 (5.0×10-5) 0.0×100 

9-Nitroanthracene 7.6×10-4 (6.9×10-4) 3.9×10-4 4.7×10-4 (1.9×10-4) 1.0×10-2 

9-Nitrophenanthrene 1.1×10-3 (9.3×10-4) 4.9×10-4 3.2×10-4 (7.9×10-5) 0.0×100 

2-Nitrodibenzothiophene 1.2×10-3 (1.7×10-3) 5.7×10-4 3.3×10-3 (7.3×10-5) 6.0×10-4 

3-Nitrophenanthrene 1.4×10-3 (1.2×10-3) 6.0×10-4 3.9×10-4 (6.5×10-5) 5.7×10-4 

2-Nitroanthracene 8.2×10-4 (6.4×10-4) 6.2×10-4 7.2×10-4 (2.3×10-4) 0.0×100 

2-Nitrofluoranthene 2.4×10-3 (2.2×10-3) 9.7×10-4 9.3×10-4 (2.4×10-4) 1.0×10-3 

3-Nitrofluoranthene 2.6×10-3 (2.3×10-3) 1.2×10-3 9.4×10-4 (1.2×10-4) 3.4×10-4 

4-Nitropyrene 5.3×10-3 (4.1×10-3) 1.5×10-3 4.7×10-3 (8.8×10-4) 3.1×10-3 

1-Nitropyrene 1.9×10-3 (1.7×10-3) 8.8×10-4 6.1×10-4 (2.2×10-5) 4.1×10-3 

2-Nitropyrene 4.1×10-4 (5.7×10-4) 1.1×10-3 9.2×10-3 (1.1×10-2) 2.3×10-3 

7-Nitrobenz[a]anthracene 0.0×100 (0.0×100) 0.0×100 6.1×10-4 (1.4×10-4) 0.0×100 

6-Nitrochrysene 1.9×10-3 (1.6×10-3) 1.0×10-3 3.8×10-4 (8.3×10-5) 7.8×10-5 

1,3-Dinitropyrene 7.4×10-4 (1.0×10-3) 0.0×100 3.0×10-3 (6.2×10-5) 5.9×10-4 

1,6-Dinitropyrene 0.0×100 (0.0×100) 0.0×100 0.0×100 (0.0×100) 0.0×100 

1,8-Dinitropyrene 0.0×100 (0.0×100) 2.8×10-3 2.3×10-2 (2.9×10-2) 4.5×10-4 

1-Nitrobenzo[e]pyrene 7.8×10-4 (1.1×10-3) 0.0×100 2.7×10-3 (2.0×10-3) 3.9×10-4 

6-Nitrobenzo[a]pyrene 6.0×10-3 (4.6×10-3) 0.0×100 5.7×10-3 (6.5×10-3) 0.0×100 

3-Nitrobenzo[e]pyrene 0.0×100 (0.0×100) 0.0×100 6.6×10-4 (5.1×10-4) 0.0×100 

31NPAHs 7.8×10-2 (5.8×10-2) 3.1×10-2 7.5×10-2 (4.7×10-2) 5.1×10-2 

a mean (standard deviation), n = 2. 
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Figures 

 

Figure 1. PAH (A), OPAH (B) and NPAH (C) gas/particle partitioning evolution from emission 

until close field according to their molecular weight (5* RWS, nominal output). Results in VCF 

from the heated emission sampling train measurement method. Note, in this graphical 

representation, that there is no link between the compounds on the X-axis.  
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Figure 2. Comparison of the equivalent emission factor of PAHs (EF 37PAHs) (A), OPAHs 

(EF 27OPAHs) (B)and NPAHs (EF 31NPAHs) (C) (mg kg-1) from emission until close field 

for both RWS and combustions conditions (nominal and reduced outputs). The error bars 

correspond to the standard deviation for the duplicate experiments in nominal output conditions. 

Note that the Y-axis is split.   
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Figure 3. Ratio-ratio plot for the evaluation of PAH sources. Application to the results taking 

into account the particulate phase only (A) and both, gaseous and particulate phases (B). M1 and 

M2: two measurement methods carried out in parallel in VCF, heated emission sampling train 

and Partisol sampler, respectively. The error bars show the standard deviations for the duplicate 

experiments.  
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Figure 4. Evolution from emission until close field of the ratio of the sum of Acenaphthene 

OPAH derivatives/ Acenaphthene (ΣOPAHs[Acenaphthene]/ Acenaphthene) (A) and Phenanthrene 

OPAH derivatives/Phenanthrene (ΣOPAHs[Phenanthrene]/Phenanthrene) (B) (gaseous + particulate 

phases). The error bars correspond to the standard deviation for the duplicate experiments in 

nominal output condition, and for both measurement methods (M1 and M2) used in VCF. Y-axis 

is in log scale.   
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Figure 5. Evolution from emission until close field of the individual ratios of Acenaphthene 

OPAH or NPAH derivatives/Acenaphthene (A) and Naphthalene OPAH or NPAH 

derivatives/Naphthalene (B) for the 5* RWS in nominal output conditions. The error bars 

correspond to the standard deviation for the duplicate experiments in nominal output conditions 

and for both measurement methods (M1 and M2) used in VCF. Y-axis is in log scale. 


