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Abstract

:

Emission factors of 16 particle-bound polycyclic aromatic hydrocarbons (16 p-PAHs) from residential fuel combustion are highly variable, resulting in significant uncertainty with respect to the estimation of emissions of PAHs from this sector. Emissions of 16 p-PAHs were characterized during daily cooking activities for two traditional Indian cookstoves: the angithi, which burns dung, and the chulha, using brushwood, dung, and a mix of brushwood and dung fuels. Previous work has shown that ethyne–furan ratios are reasonable predictors of high- and low-temperature pyrolysis that explain most of the variability in volatile organic compound (VOC) emissions from biomass burning. Here, we demonstrate that, as the ethyne–furan ratio increases in these stoves, the 2- and 3-ring p-PAHs account for a smaller fraction of summed 16 p-PAHs and emissions of high molecular weight p-PAHs and elemental carbon (EC) increase. This indicates a shift from less to more fused ring p-PAHs, leading to higher EC emissions. Similar to studies of VOC emissions from biomass burning, 16 p-PAH emissions from the same stove type varied widely and were not related to modified combustion efficiency, thus suggesting that larger numbers of field studies are required to adequately capture these emissions using inventories. In addition, in these stoves, fluoranthene and pyrene ratios used in source apportionment overlap with ratios typically used to identify fossil-fuel burning and thus do not adequately constrain these sources.
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1. Introduction


Approximately three billion individuals worldwide live in households that primarily cook with solid fuels, which represents 90% of rural households and approximately 50% of all households worldwide [1]. In South Asia, combustion of solid fuels for residential heating and cooking results in elevated levels of PM2.5 in households [2], neighborhoods [3], and urban areas [1,3,4] and is a major emission source of particulate polycyclic aromatic hydrocarbons (p-PAHs). The p-PAHs emitted from cooking with solid fuels are involved in both non-malignant and, after biotransformation, malignant diseases of the airways [5], adverse reproductive health outcomes [6], and pose a significant health concern from solid fuel exposures [7]. The 16 p-PAHs measured in this study are designated as high-priority pollutants by the United States Environmental Protection Agency (US EPA) due to their health risks and prevalence and persistence in the environment. Indoor air concentrations of 16 p-PAHs have generally been reported to be higher than outdoor concentrations [8], and present an exposure risk to women and young infants [7]. The regional implications of these emissions are less well known, as p-PAH emissions from solid fuel use span several orders of magnitude in existing inventories [9].



There have been very few field assessments of PAH emissions from traditional stoves in rural Indian households [7,10,11,12,13]. The majority of studies reporting emission factors (EFs) and source diagnostic ratios of PAHs have been estimated using controlled burns from fuels in laboratory tests, which have been widely reported as not representative of emissions during typical household use [12,14,15,16,17,18]. For example, EFs for PAHs from household solid fuel burning indoors were 4–6 times higher than EFs from burning similar fuels in test chambers. In addition, EFs were highly variable between homes, with standard deviations > 50% of emission values as a result of stove type and cooking practices that are not well represented by laboratory burns [9,19]. Variability in these EFs has been ascribed to a number of factors, including the high fuel moisture content, the design of cook stoves, and the burning phase of fuel during testing [9]. The temperature of the reaction and the physical characteristics of the biopolymer control which pyrolysis mechanism is the main source of emitted volatile organic compounds (VOCs) from biomass burning. Recent work has demonstrated that ethyne–furan ratios, as markers for high (>500 °C) and low-temperature pyrolysis (300–500 °C), explain most of the variability in VOC emissions from biomass burning [20]. Further, ethyne–furan ratios were better predictors of VOC emissions from cookstoves when compared to non-pyrolysis based metrics such as modified combustion efficiency (MCE), as the temperature of the pyrolysis process drives differences in VOC profiles from distinct combustion events [20]. Pyrolysis products such as eugenol, typical of lignin decomposition to substituted propylphenols, are highly sooting, which indicates that the pyrolysis fingerprint of a fuel is a contributing factor to the rate of soot formation during combustion [21]. For p-PAH, as temperatures increase, it is generally understood that lower molecular weight smaller p-PAH compounds transition to larger, generally more mutagenic p-PAHs, and finally to coagulated soot particles that form EC [22].



Diagnostic ratios of p-PAHs have been frequently used in source apportionment studies of ambient PM to apportion PAHs to biomass burning, vehicular emissions, and other sources in either household or direct emissions [23,24] and in downwind atmospheric concentrations [25,26,27], as the ratios of individual species are considered fairly stable during atmospheric transport [23,25]. Apportioning sources, for example, by diagnostic ratios or principal component analyses [8,9], relies on well-constrained PAH isomer ratios for separating source signatures [18,28,29]. PAH isomer ratios are often applied to PAHs that are close together in molecular weight, such as fluoranthene and pyrene (FLA and PYR), as the transition to higher-molecular-weight PAHs is associated with differences in combustion that can be considered intrinsic to the burn [25,26,30,31,32]. PAH isomer ratios of FLA to the sum of FLA and PYR (FLA/FA + PYR) in the range of 0.5 ± 0.1 are typically associated with vehicle emissions. Wood combustion diagnostic ratios vary widely across stoves, with diagnostic ratios ranging from ~0.1 to ~0.8 [30]. Parent PAH compounds have been widely used to detect PAHs from combustion, for example, in order to gauge the contribution from petroleum versus other combustion sources [31].



The analyses presented in this paper demonstrate that high-molecular-weight 16 p-PAH and elemental carbon (EC) emissions from wood, bovine dung, and mixture of both fuels in in-field measurements of chulha and angithi stoves cooking typical meals are well predicted by the proportion of high- to low-temperature combustion. In addition, the analyses demonstrate that diagnostic ratios used to apportion sources of 16 p-PAHs in ambient PM are not sufficiently constrained to accurately separate source signatures in the context of these cookstove tests.




2. Methods


Samples were collected between August and September 2015 in a rural Indian village located at the SOMAARTH Demographic, Development, and Environmental Surveillance Site in Palwal District, Haryana, India, run by the International Clinical Epidemiological Network (INCLEN). Pictures of the stoves in use are provided in the supplementary information (Figures S1 and S2). The chulha is a traditional U-shaped cookstove usually made with baked clay where fuels are loaded in the front and cookware placed on top. The angithi is typically used to simmer milk or animal feed and is a bowl shape also made of baked clay where animal dung patties are loaded around the bowl and an ember placed in the center before the large pot is placed over the dung patties limiting airflow. Both stoves utilize small amounts of fire starters, in this case plastic bags, to begin combustion. The plastic bags, dung patties, and wood were locally sourced from the village where measurements were performed.



More information on the field measurements can be found elsewhere [14,33,34]. Briefly, a local woman was recruited to cook 36 traditional meals for 4 people (average household size) in an outdoor kitchen in the village of Khatela, Palwal, Haryana, using the chulha with either rice or chapatti (an Indian flatbread) as starch, vegetables, and dahl based on market availability. Each meal was prepared by the same local cook who was instructed to cook typical daily village meals rather than food for special occasions. Fuel types consisting of dung (n = 10), brushwood (n = 14), or both mixed together (n = 12), and moisture content were predetermined, but fuel loading, fire-tending, and fuel mixture ratios of dung and brushwood were determined by the cook according to cooking preference. No other instructions regarding cooking were given to the cook to better represent typical cooking patterns. In an additional nine cooking tests, the angithi stove was used to simmer animal fodder. The molecular composition of particles was reported in Fleming et al. [33], gas phase VOC emissions were reported in Fleming et al. [34], SOA formation from these VOCs was reported in Rooney et al. [3], and Weltman et al. [14] discussed climate effects and contrasts between in-field versus laboratory emissions testing.



2.1. Sample Collection


Details on sample preparation, collection, and storage are reported in Fleming et al. [34]. Briefly, emissions were sampled in the plume 1 m above the stove. Quartz filters were used to collect PM2.5 samples using a flow rate of 1.5 L min−1 (PCXR-8, SKC Inc., Pittsburgh, PA, USA) through cyclone samplers (2.5 micron, URG corporation, Chapel Hill, NC, USA). Flows were evaluated before and after sampling using a mass flowmeter (TSI 4140) and the average flow rate combined with the elapsed time was used to calculate sample volume. Background samples were collected on quartz filters at the same flow rates, but no PAHs above the limits of detection were observed and background subtractions were not performed. No PAHs above the limits of detection were observed in the solvent blanks used in this project. Filters were sealed after collection and kept at −20 °C in the INCLEN field offices then moved to UCI for storage at −80 °C at the end of the measurement campaign to minimize the PAH volatilization loss which may bias results towards lower emissions [35].



Quartz filters were removed from storage at −80 °C and a 1 cm square punch was taken with a SP-10 sample punch (Sunset Laboratory Inc., Tigard, OR, USA) for elemental carbon/organic carbon (EC/OC) analysis. The remaining filter was then placed in individual 15 mL polypropylene centrifuge tubes (Corning, Corning, NY, USA) and stored at −80 °C until extraction and analysis of PAHs.




2.2. HPLC Methods


PAHs were analyzed using established HPLC methods [36]. First, 5 mL aliquots of HPLC-grade acetonitrile (Thermo Fischer Scientific, Waltham, MA, USA) were added to the centrifuge tubes containing the quartz filters via autopipette. Each centrifuge tube was then placed in a water bath sonicator (FS30 Ultrasonic Cleaner, Thermo Fisher Scientific, Waltham, MA, USA) in ice water for 45 min without being submerged. After sonication, each tube was placed into a centrifuge (IEC Centra CL3R, Thermo Fisher Scientific, Waltham, MA, USA) at 4000 rpm for 5 min. Finally, 1 mL of these extracts were filtered using a 0.2 μm syringe filter (polyvinylidene fluoride PVDF syringe filters, 0.22 μm pores, 13 mm diameter, Luer-Lok/Luer Slip, Tisch Scientific, Cleves, OH, USA) and placed in autosampler vials (amber glass vials with screw tops, Shimadzu, Kyoto, Japan) for analysis by high-performance liquid chromatography with a fluorescence detector (HPLC-FLD). The HPLC separations were carried out using a Hewlett Packard pump system (HP 1100 Series) connected to a diode-array detector (Hewlett Packard, HP 1050 Series, Palo Alto, CA, USA). The data were collected and integrated by HP Chem Station for LC, A.06 Revision (Hewlett Packard). An Aquasil C18 column was employed for separation (250 × 4.6 mm I.D., 5 μm particles, Western, Analytical Products, Inc., Murrieta, CA, USA). The injection volume was 50 μL, the flowrate 0.7 mL/min, and detection was performed at 254 nm. The mobile phase consisted of acetonitrile/H2O (70:30 v/v). Concentrations in each amber glass vial were calculated using a six-level linear calibration curve at 1:10, 1:50, 1:100, 1:150, 1:250, and 1:500 dilutions of a 10 μg/mL 16-PAH analytical standard (47940-U Supelco, Millipore Sigma, St Louis, MO, USA) with duplicate injections of the 1:10, 1:150, and 1:500 dilutions (R2 > 0.9999). The limits of detection were between 1.8 and 22.1 ng/mL for each PAH species in solution, calculated by multiplying the standard deviation of the intercept divided by the slope of the calibration curve by a factor of 3.3. Due to co-elution, acenaphthene and fluorene, benzo(b)fluoranthene, and benzo(k)fluoranthene, and 1,2-benzathracene and chrysene were not resolved separately. Acenaphthylene and benzo[ghi]perylene were not well resolved or quantified in this study. Particle-bound PAHs were evaluated in a standard reference material (Standard Reference Material 1648a, Urban Particulate Matter) and recoveries were generally good for PAHs with 3 or more rings (Table S3). As a quality control check, two sets of quartz filters were also spiked in triplicate with 1 mL of a prepared 50 ng/mL PAH Standard Mix (47940-U Supelco, Millipore Sigma, St. Louis, MO, USA), and after 15 min or 24 h sealed in the dark at room temperature were extracted and analyzed by HPLC-FLD following NIOSH Method 5506 to evaluate recovery. Because PAH recoveries were acceptably high (>60% and less than <110%, Table S4) after 15 min, no adjustments were made to our values presented here. After 24 h at room temperature, lower molecular weight PAHs were mostly absent (Table S4). Fourteen PAHs are reported here: naphthalene (NAP), acenaphthene/fluorene (ACE/FLO), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), 1,2-benzanthracene/chrysene (BaA/CHY), benzo(b)fluoranthene/benzo(k)fluoranthene (BbK/BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene (DahA), and indeno(1,2,3-c,d)pyrene (IcdP). For comparisons between stove/fuel combinations, one-way analyses of variance (1-way ANOVA) followed by Tukey’s honest significance tests were used.




2.3. Sample Detection


Sample p-PAHs were above the limit of detection (LOD; between 2 and 22 ng/mL depending on species) for 45 out of 46 cooking events. In the 45 tests where PAHs were detected, 93% of individual PAH species were detected above the limit of detection (Table S1). For tests in which a measured PAH level was below LOD, the minimum ratio of that PAH to CO2 above the LOD was substituted for subsequent analyses. PAH emissions by compound for each stove/fuel combination are presented on a milligram per kilogram of dry fuel basis (Figure 1) and per PAH species (Table 1). PAH emissions by compound for each stove/fuel combination are also presented on a BaPe basis, calculated by multiplying the emission factor by its toxic equivalency factor (Table S5) for all PAHs that contribute more than 1% to the total BaPe (Table S2).





3. Results


Table 1 shows a summary of p-PAH emissions in mg per kilogram dry fuel from chulha and angithi cookstoves using dung, wood, and a mixture of both fuels. Compared to ∑16 p-PAHs emissions from dung burned in the angithi, lower emissions of ∑16 p-PAHs were observed for dung burned in the chulha (p = 0.06), mixed fuels in the chulha (p < 0.01), and wood in the chulha (p < 0.001). ∑16 p-PAHs emissions ranged from 75 mg/kg dry fuel in the angithi to 5 mg/kg dry in the chulha burning wood. While ∑16 p-PAHs emissions from mixed fuels in the chulha fell in between emissions from wood and dung burned independently, significant differences in emissions of ∑16 p-PAHs emission were seen between wood and dung burned in the chulha (p = 0.045).



In this in-field assessment, ∑16 p-PAHs emissions using the chulha were a factor of 2–3 higher than those reported for the controlled laboratory testing of wood using electric heaters, and approximately a factor of 1.5 higher than those reported for emissions from dung. The greater emissions from in-field testing is in general agreement with previous in-field assessments that reported that ∑16 p-PAHs emission from a variety of Indian cookstoves were 4–6-fold higher compared to test chambers [9]. The mean ratio of ∑16 p-PAHs to PM2.5 was 1.8 ± 0.8 mg p-PAHs per gram of PM2.5 across fuels/stoves (corresponding to a mass fraction of 0.18 ± 0.08%).



Figure 1 shows ∑16 p-PAHs emissions separated by ring size alongside EC emissions. While 4- to 6-ring 16 p-PAHs were similar across the different stove and fuel combinations, the 2- and 3-ring 16 p-PAHs emissions were substantially larger from dung burning, and they were also larger in the angithi compared to chulha stoves. The fraction of 2- and 3-ring 16 p-PAHs emissions in ∑16 p-PAHs was higher in the angithi than in the chulha, as well as in the chulha with dung compared to mixed fuels (Figure 1). The ratio of 5- and 6-ring 16 p-PAHs to EC emissions was similar for the chulha (14 ± 1) and angithi (15 ± 2) when both burned dung but was a factor of 2–3 greater for dung (15 ± 2) and mixed fuels (9 ± 1) compared to wood fuels (4 ± 1). Similar to previous studies, 4- and 5-ring particulate PAHs were the dominant fraction in 16 p-PAHs in all chulha burns [37]; however, the angithi was dominated by 2- and 3-ring 16 p-PAHs and generated lower emissions of EC per kilogram of fuel burned.




4. Discussion


A better understanding of the factors that influence emissions of p-PAHs from cookstoves is necessary to better constrain variability in ∑16 p-PAHs emissions from cookstoves and also to determine sample sizes for representative measurements. ∑16 p-PAHs and individual PAH concentrations are measured after the emissions are diluted to ambient temperature, and reported correlations reflect the partitioning equilibria of individual species at that temperature. Measurements of PAH emissions during cooking were performed in August with average ambient temperatures ranging from ~30 to ~35 °C. Cooking events conducted in different climatic regions, or during different seasons with differing ambient temperatures, would be expected to alter the amount of 16 p-PAH species, with the fraction of smaller PAHs increasing at colder ambient temperatures.



The 16 p-PAHs measured in this study are a subset of the total PAHs emitted from cooking events, and inclusion of other PAH species formed during combustion or through atmospheric reactions with parent PAH emissions [38], such as nitrated and oxygenated PAHs (nitro-PAHs and oxy-PAHs) [39], would allow for more comprehensive assessment. Strong correlations, however, have been observed between nitro- and oxy-PAHs and parent PAHs in different solid fuels used for indoor cooking [40,41,42], which allows for an overall estimation of emission ranges, although the relationship between parent PAHs and nitro- and oxy-PAHs is likely to vary across biomass burns. Greater abundance of compounds that are likely to be PAHs containing heterocyclic nitrogen atoms have been reported for these dung-burning compared to wood-burning stoves [33].



PM2.5 emissions were higher during smoldering combustion in the angithi in contrast to higher EC emissions in the chulha [33] generally in agreement with increased emissions from flaming combustion suggested in theoretical and measured papers on soot formation [43,44]. One possible explanation for the increase in ∑16 p-PAHs for the angithi is that the placement of the cooking pot on top of the flat dung patty arrangement in the stove limits the availability of oxygen [43]. Emissions of PM2.5 mass were not well correlated with individual 16 p-PAHs or EC (R2 < 0.7). For the PAHs that contributed over 1% of the total BaPe (Table S2), emissions of PM2.5 mass were particularly poorly correlated with individual PAHs (R2 < 0.3), and therefore, health effects associated with PM mass or PAHs and EC are likely to have different mechanisms.



While ∑16 p-PAHs emissions tended to decrease from dung to mixed to wood fuels in the chulha, emissions of particle bound benzo-a-pyrene (p-BaP) were correlated with total particulate PAH carcinogenicity measured on a BaPe basis (BaPe = 1.42 * BaP, R2 = 0.70, p < 0.001) for all stove and fuel combinations. These relationships were especially robust for dung fuels (R2 = 0.88). Emissions on a BaPe basis are slightly higher than those seen from in-home measurements of heating and cooking with yak dung in traditional stoves (0.5 and 2 mg/kg) [45]. Large increases in total PM2.5 emissions from the angithi mostly result in increases in lower molecular weight, less toxic, PAHs.



Recent work has reported that two high- and low-temperature VOC emission profiles explained on average 85 % of the VOC emissions during controlled burns of 15 types of natural fuel mixtures representative of fuels burned in wildfires in the western US [20]. VOC emissions did not correlate well with emissions of CO, CO2, and NOx mainly produced from flaming or smoldering processes, as VOC formation is controlled by pyrolysis of fuel biopolymers [20]. PAH emissions from household solid fuel use are affected by fuel type and are temperature-driven [46], resulting from the balance of two competing processes; chemical synthesis of PAHs enhanced by increasing temperature [47,48] and increasing conversion of PAHs into elemental carbon with temperature [49]. Precursor particles observed in diffusion flames can undergo conversion to carbonaceous soot in the high-temperature regions of the flame leading to the formation of aromatic clusters, and then finally EC [50]. During early flaming combustion, when temperatures are lower, a large amount of low-molecular-weight PAHs are synthesized through the hydrogen-abstraction/acetylene-addition (HACA) pathway due to oxygen restriction [51]. Wood burned in a quartz tube furnace produced large particles with diameters between 0.2 μm and 1 μm during early flaming combustion, containing higher concentrations of low-molecular-weight PAHs indicating that PAH synthesis was the dominant process during wood combustion [51]. As temperatures increase in later burning stages, the proportion of higher-molecular-weight PAHs increases [20]. During the carbon burn phase particles within the range of 0.04 μm to 0.2 μm were emitted in lower number concentrations but with a higher concentration of higher-molecular-weight PAH emissions [51]. ∑16 p-PAH emissions are not correlated with MCE and can actually increase despite the combustion in improved cookstoves being more thermally efficient than traditional cookstoves [52,53,54].



Using the emission factors reported in Fleming et al. [34], we calculated the predicted ratio of high- to low-temperature VOCs [20] given in Equation (1):


      Total   Predicted   VOC ,   High   Temperature   ( ppbv )       Total   Predicted   VOC ,   Low   Temperature   ( ppbv )     =     Ethyne   ( ppbv ) / 0.039     Furan   ( ppbv ) / 0.016      



(1)







Figure 2 shows that the ratio of 2- and 3-ring p-PAHs to total ∑16 p-PAHs was correlated with the natural log of the ratio of high- to low-temperature VOCs (R2 = 0.71). As the ratio of high- to low-temperature combustion increases, the 2- and 3-ring PAHs account for a smaller fraction of total summed particulate ∑16 p-PAHs, which demonstrates a transition from less to more fused rings in particulate PAHs. This transition from lower- to higher-molecular-weight PAHs is most clearly demonstrated in the angithi when temperatures are lower and a large amount of low-molecular-weight PAHs are synthesized through the HACA pathway due to oxygen restriction [51]. As temperatures increase with the transition to flaming combustion in the non-angithi stoves, the proportion of high-molecular-weight PAHs increases.



To further explore the determinants of ∑16 p-PAH and EC formation, Table 2 shows linear regression models for EC, ∑16 p-PAH, and BaPe emission concentrations. ∑16 p-PAHs and BaPe are predicted by the ratio of high- to low-temperature VOCs, fuel, and stove parameters and the removal process of EC formation as an end step in the transition from low molecular weight PAHs to high molecular weight PAHs, and then finally to soot particles. Emissions of ∑16 p-PAHs from the chulha and angithi during tests in the village kitchen using dung and mixed fuels were not significantly correlated with MCE, and like other VOC emissions, the ratio of high- to low-temperature was a better predictor.



In regression models, while modified combustion efficiency was not predictive (Pr>t = 0.79), increased PM2.5 was significantly associated with an increase in the 2- and 3-ring p-PAHs as a % of total p-PAHs (Pr>t = 0.03), where the best fit using Akaike’s information criterion included only the variables of PM2.5 and the calculated ratio of high- to low-temperature VOC, given in Equation (2):


  2  -   and   3 -ring   p - PAHs   as   %   of   total   p - PAHs = 0.33    −    0.09   ×   ln ( Ratio   of   High   to   Low   T   VOCs ) + 0.004   ×      PM   2.5    



(2)







This model suggests that, as PM2.5 emissions (g/kg dry fuel) increase the percent of lower-molecular-weight p-PAHs increases, and as the ratio of high- to low-temperature VOCs increases the p-PAHs transition towards higher-molecular-weight p-PAHs. Similarly, elemental carbon had an inverse relationship with the fractional amount of 2- and 3-ring p-PAHs. Taken together, these models indicate that MCE is a poor measure of the transition of p-PAHs from low- to high-molecular weight but that PM2.5 and EC are significantly associated with the transition.



PAHs from biomass burning are important brown carbon chromophores [33,55] and are also directly related to emissions of EC. EC was moderately well predicted by linear regression models for these cooking events. Since EC formation occurs in the high temperature regions of the flame, the predictor variables highlight the wood combustion stoves that have the most flaming combustion as the main predictor for EC followed by synthesis of 5–6-ring compounds that are EC precursors. In general, the angithi was negatively associated with EC as it is a lower-temperature smoldering stove, where flaming combustion is prevented.



In general, the primary predictor for Ʃ16 p-PAH emissions was the ratio of high- to low-temperature VOCs, which reflects that Ʃ16 p-PAHs were largely driven by the concentration of 2–3-ring p-PAHs, and thus predictors reflect the HACA synthesis pathways of 2–3-ring p-PAHs (R2 = 0.56). When benzo(a)pyrene was the dependent variable, independent predictors were also driven by high- to low-temperature combustion, consistent with the models with Ʃ16 p-PAHs as the dependent variable. As the ratio of high-temperature VOC to low-temperature VOC increases, there is a rise in BaPe that is consistent with larger-molecular-weight PAHs occurring as a greater proportion of total emissions. Regression models with summed Ʃ16 p-PAH as the dependent variable were well predicted by benzo-a-pyrene concentrations as expected (R2 = 0.86).



PAHs have a much higher thermal stability than most other VOC compounds shifting to five-ring p-PAHs during flaming combustion [56]. Predictors for the percentage of 5–6-ring p-PAH were associated with the overall combustion parameters of the cooking event (MCE), and negatively associated with PM2.5 and OC, which reflects greater flaming combustion that generates less organic carbon and particulate matter.



Overall, the regression models indicate that high- to low-temperature ratios are predictive of the HACA temperature-dependent formation of 2–3-ring PAHs, which drives the overall ∑16 p-PAH concentrations in agreement with high-temperature–low-temperature formation of VOC [20]. The formation of 5–6-ring PAHs and EC were more dependent on the overall flaming combustion in the cooking event indicated by higher MCE combined with less organic carbon and particulate matter.



Use of PAH Isomer Ratios in Source Apportionment


Ratios of anthracene to the sum of anthracene and phenanthrene (ANT/(ANT + PHE)) are used in combustion source characterization, with lower values (usually a ratio < 0.1) reported for petroleum than those seen with biomass (approximately 0.1–0.4) [31]. In these cooking tests, all ANT/(ANT + PHE) values were in the range typically seen for biomass (averages 0.18 to 0.35), with higher values for wood-only tests in the Chulha compared to other fuel stove combinations (p-values < 0.01) (Table 1). The ratios of ANT/(ANT + PHE) in these cooking tests generally overlap with those in the literature for wood burning and those seen with controlled burn measurements from Chinese and Nepalese clay pots [30,31].



Ratios of fluoranthene to the sum of fluoranthene and pyrene (FLT/(FLT + PYR)) below 0.5 are reported for petroleum combustion, whereas values above 0.5 are reported for coal or biomass burning [30,31]. The FLT/(FLT + PYR) ratio found for biomass burning in these cooking tests (averages between 0.45 and 0.55, Table 3) overlapped the ranges for petroleum combustion source signatures [27], indicating that these emissions could be incorrectly ascribed to petroleum combustion rather than domestic household biomass combustion. Further, the FLT/(FLT + PYR) ratio decreased in this study going from dung to wood fuels (borderline significant; Pr>F = 0.15), indicating that the degree to which cooking sources are misrepresented as fossil fuel burning can be dependent on the specific fuel and stove combination for biomass cooking fuels. While all dung-burning tests, including mixed fuels, had average FLT/(FLT + PYR) ratios over 0.5, the wood-only tests in the chulha had an average of 0.46 (arithmetic mean; geomean = 0.45). While the FLT/(FLT + PYR) ratios observed in these in-field cooking tests are lower than controlled burns using Chinese and Nepalese clay pots burning wood [31], ratios for wood combustion in traditional stoves have ranged between 0.43 and 0.74 [30], which also indicate overlapping source signature ranges and that household cooking may be incorrectly ascribed to petroleum combustion.





5. Summary


In this paper, quantitative assessment of 16 particle-phase polycyclic aromatic hydrocarbons (PAHs) in 45 in-field cooking events using wood, bovine dung, and these two fuels mixed together in two types of stoves indicated that ∑16 p-PAH emissions were greatest from dung-based cooking events as a result of high emissions of 2–3-ring PAHs. Wood fuels showed the lowest emissions with mixed fuels between dung and wood, and emissions from wood-fired cooking events were higher than in laboratory studies. Elemental carbon emissions were closely linked to the higher molecular weight of 5- and 6-ring PAHs and the fuel type and stove types used in this study. In general, regression models indicate that ethyne–furan ratios are predictive of the HACA temperature-dependent formation of 2–3-ring p-PAHs, which drives overall ∑16 p-PAH concentrations. Formation of 5–6-ring p-PAHs and EC were more dependent on the overall flaming combustion performance in the cooking event. PAH isomer ratios used in source apportionment were shown to vary between dung and wood burns and the ratio of fluoranthene to the sum of fluoranthene and pyrene (FLU/FLU + PYR) typically used for fossil-fuel burning overlapped with the mean value for our wood-only testing.
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The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/atmos16020121/s1, Figure S1: Chulha (left) and angithi (right) used during this project. The angithi is loaded with smoldering cow dung patties and used to simmer animal feed; Figure S2: Chulha stove using brushwood; Figure S3: Average particulate PAH emissions by species for the angithi stove (brown), chulha with mixed fuels (green), chulha with dung (blue), and chulha with wood (orange). Error bars show one standard error of the mean. Benzo(b) and Benzo(k)fluoranthene are summed together; Figure S4: Average particulate PAH emissions by BaP-equivalency for each species for the angithi stove (brown), chulha with mixed fuels (green), chulha with dung (blue), and chulha with wood (orange). Error bars show one standard error of the mean. Benzo(b) and Benzo(k)fluoranthene are summed together; Table S1: Percentage of samples above LoD for all samples where PAHs were detected; Table S2: PAH emissions by compound for each stove/fuel combination are presented on a milligram BaPe per kilogram of dry fuel basis. The final column lists the percentage of total mgTEF that the ∑PAHs add up to. Only the measured compounds that contribute over 1% of total calculated BaPe are listed here; Table S3: Concentrations of individual PAH species in standard reference material 1648a, urban particulate matter, measured in this study by HPLC-FLD and values reported by the manufacturer via GC-Soxhlet/pressurized fluid extraction; Table S4: Recovery (in %) of individual PAH species on quartz Filters (47 mm) spiked with 1 mL of 50 ng/mL PAH Standard Mix, extracted and analyzed by HPLC-FLD following NIOSH Method 5506; Table S5: Toxic equivalency factors for individual PAH species presented in this paper.
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Figure 1. Average PAH emissions on a milligram of ∑16 p-PAHs per kilogram of dry fuel separated by ring sizes as well as EC emissions on a gram per kilogram of dry fuel basis. PAH emissions are presented as a stacked bar chart with 2 or 3 rings, 4 or 5 rings, and 6 rings on a linear scale. 
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Figure 2. The ratio of 2- and 3-ring PAHs as a percent of the total summed PAHs plotted against ethyne–furan ratios. 
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Table 1. PAH emissions by compound for each stove/fuel combination are presented on a milligram per kilogram of dry fuel basis.
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	PAH Species
	Angithi Dung

(n = 9)
	Chulha Dung

(n = 10)
	Chulha Mixed

(n = 12)
	Chulha Wood

(n = 14)





	NAP
	9.2 ± 1.2
	3.1 ± 0.6
	1.4 ± 0.3
	1.7 ± 0.7



	ACE/FLO
	7.2 ± 1.6
	1.0 ± 0.5
	0.1 ± 0.1
	0.7 ± 0.2



	PHE
	3.1 ± 0.5
	0.9 ± 0.2
	0.4 ± 0.1
	0.4 ± 0.2



	ANT
	0.7 ± 0.1
	0.2 ± 0.0
	0.1 ± 0.0
	0.1 ± 0.0



	FLA
	6.6 ± 1.5
	4.9 ± 1.1
	3.5 ± 0.4
	1.5 ± 0.5



	PYR
	5.4 ± 1.2
	4.5 ± 0.7
	3.3 ± 0.5
	1.7 ± 0.5



	BaA/CHY
	2.1 ± 0.4
	2.9 ± 0.5
	2.7 ± 0.3
	1.4 ± 0.2



	BbF/BkF
	1.7 ± 0.4
	3.8 ± 0.6
	4.0 ± 0.4
	2.9 ± 0.4



	BaP
	1.4 ± 0.3
	2.5 ± 0.3
	2.5 ± 0.3
	1.9 ± 0.2



	DahA
	1.2 ± 0.2
	1.1 ± 0.2
	0.9 ± 0.1
	0.7 ± 0.3



	IcdP
	0.7 ± 0.2
	1.3 ± 0.2
	1.6 ± 0.2
	1.0 ± 0.1



	BaPe
	3.2 ± 0.6
	4.3 ± 0.6
	4.1 ± 0.4
	3.0 ± 0.4



	∑16-PAH EF
	39.3 ± 5.4
	26.3 ± 3.4
	20.6 ± 2.2
	14.0 ± 2.5










 





Table 2. Linear regression models of determinants of EC, PAH, and BaPe emission concentrations. Dependent variables are listed on the left-hand side. Models were fit either with information on PAHs as summed PAHs, the sum of 5–6-ring PAHs, BaPe, or no summed PAHs. Partial r2 values are listed under the significant predictor variables for each model. Variables that were negatively correlated are displayed with a (-) in front of them in each model.
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Dependent

	
Model Includes

	
r2

	
p Value

	
Independent






	
EC

	
Summed PAH

	
0.67

	
<0.001

	
Wood only

	
Mixed

	
(-) Angithi

	
Summed PAH

	
OC




	

	

	

	

	
0.62

	
0.19

	
0.17

	
0.15

	
0.09




	

	
Sum 5–6 ring

	
0.72

	
<0.001

	
Wood only

	
Sum 5–6 ring

	
OC

	
(-) BaPE

	
(-) Angithi




	

	

	

	

	
0.63

	
0.18

	
0.16

	
0.13

	
0.09




	

	
No PAH

	
0.64

	
<0.001

	
MCE

	
CO

	
OC

	
Mixed

	




	

	

	

	

	
0.50

	
0.42

	
0.19

	
0.13

	




	
Summed PAH

	
BaPe

	
0.86

	
<0.001

	
BaPe

	
(-) Angithi

	
(-) PM2.5

	

	




	

	

	

	

	
0.79

	
0.31

	
0.31

	

	




	

	
no BaPe

	
0.56

	
<0.001

	
High/low

	
PM2.5

	
Angithi

	

	




	

	

	

	

	
0.26

	
0.24

	
0.11

	

	




	
5–6 ring

	
No PAH

	
0.68

	
<0.001

	
MCE

	
(-) PM2.5

	
(-) OC

	

	




	

	

	

	

	
0.15

	
0.1

	
0.05

	

	




	
BaPe

	
Summed PAH

	
0.8

	
<0.001

	
Summed PAH

	
(-) Angithi

	
high/low

	
(-) PM2.5

	




	

	

	

	

	
0.71

	
0.19

	
0.12

	
0.12

	




	

	
No Summed PAH

	
0.39

	
<0.001

	
High/low

	
(-) Wood only

	
EC

	
(-) Mixed

	




	

	

	

	

	
0.32

	
0.21

	
0.12

	
0.10

	











 





Table 3. Arithmetic means and standard deviations of PAH isomer ratios used in source apportionment studies from dung, mixed fuels, and wood only from in-field cooking tests using the angithi and chulha. Ratios from Chinese and Nepalese clay pots from [57] are for particulate matter only from 8 kg wood over a 4 h burn.
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	PAH Isomer Ratio
	Wood in Chulha
	Mixed Fuel in Chulha
	Dung in Chulha
	Dung in Angithi
	Wood in Chinese Clay [57]
	Wood in Nepalese Clay [57]





	ANT/(ANT + PHE)
	0.35 ± 0.13
	0.22 ± 0.06
	0.18 ± 0.06
	0.18 ± 0.01
	0.25
	0.07



	FLT/(FLT + PYR)
	0.46 ± 0.08
	0.53 ± 0.06
	0.51 ± 0.16
	0.55 ± 0.02
	0.71
	0.67



	FLT/PYR
	0.90 ± 0.26
	1.14 ± 0.29
	1.15 ± 0.46
	1.22 ± 0.08
	2.4
	2
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