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Abstract

An accurate speciation mapping of non-methane volatile organic compounds
(NMVOC) emissions has an important impact on the performance of chemical
transport models (CTMs) in simulating ozone mixing ratios and secondary organic
aerosols. Taking the INTEX-B Asian NMVOC emission inventory as the case, we
developed an improved speciation framework to generate model-ready anthropogenic
NMVOC emissions for various gas-phase chemical mechanisms commonly used in
CTMs in this work, by using an explicit assignment approach and updated NMVOC
profiles. NMVOC profiles were selected and aggregated from a wide range of new
measurements and the SPECIATE database v4.2. To reduce potential uncertainty from
individual measurements, composite profiles were developed by grouping and
averaging source profiles from the same category. The fractions of oxygenated volatile
organic compounds (OVOC) were corrected during the compositing process for those
profiles which used improper sampling and analyzing methods. Emissions of
individual species were then lumped into species in different chemical mechanisms
used in CTMs by applying mechanism-dependent species mapping tables, which
overcomes the weakness of inaccurate mapping in previous studies. Emission
estimates for individual NMVOC species differ between one and three orders of
magnitude for some species when different sets of profiles are used, indicating that
source profile is the most important source of uncertainties of individual species
emissions. However, those differences are diminished in lumped species as a result of
the lumping in the chemical mechanisms. Gridded emissions for eight chemical
mechanisms at 30 min x 30 min resolution as well as the auxiliary data are available

at: http://mic.greenresource.cn/intex-b2006. The framework proposed in this work can

be also used to develop speciated NMVOC emissions for other regions.
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1. Introduction

Non-methane volatile organic compounds (NMVOCs) include a variety of
chemical species that can be emitted from biomass burning, biogenic, and
anthropogenic sources (Guenther et al., 2012; Piccot et al., 1992; van der Werf et al.,
2010). NMVOCs are of great concern because they play a key role in tropospheric
chemistry as precursors of ozone and secondary organic aerosols (SOA) and many
NMVOC species do damage to human health. NMVOCs differ significantly in their
impacts on ozone and SOA formation, and these differences need to be represented
appropriately in chemical transport models (CTMs). Such CTMs have been used to
guide the development of emission control strategies by governmental agencies (e.g.,
US EPA, 2007; Wang et al., 2010; Xing et al., 2011), predict the effects of changes of
emissions on the formation of ozone and SOA (e.g., Hogrefe et al., 2004; Y. Zhang et
al., 2010, 2013), and study the sensitivity of the model predictions of pollutant
concentrations to different gas-phase chemical mechanisms (e.g., Kim et al., 2011;
Zhang et al., 2012).

In CTMs, atmospheric chemical reactions are usually characterized by a specific
chemical mechanism, in which many individual NMVOC species are lumped together
according to similarities in chemical structure or reactivity. The most commonly used
chemical mechanisms in CTMs include: the State Air Pollution Research Center 1999
version (SAPRC-99, Carter, 2000) and an updated version SAPRC-07 (Carter, 2010);
Carbon Bond Mechanism version 1V (CB-1V, Grey et al., 1989) and two variants with
updates in reactions and related kinetic data including the Carbon Bond Mechanism
version Z (CBMZ, Zaveri and Peters, 1999) and CBO05 (Yarwood et al., 2005); as well
as the second generation Regional Acid Deposition Model chemical mechanism
(RADM2, Stockwell et al., 1990) and its variants with updates in reactions and related
kinetic data including the Regional Atmospheric Chemistry Mechanism (RACM,
Stockwell et al., 1997) and RACM2 (Goliff et al., 2013). This has been a challenge to

map speciated NMVOC emissions data with organic compounds treated in different
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chemical mechanisms through a translation scheme from total NMVOC emissions to
lumped, model-ready emissions. In the US National Emission Inventory system, The
Sparse Matrix Operator Kernel Emissions (SMOKE) modeling system has been
developed with the function of preparing model-ready NMVOC emissions as inputs for
any chemical mechanisms (e.g., CB05, SAPRC-99, RADMZ2) used in CTMs. In the
SMOKE model, total NMVOC emissions are first split into individual species by
assigning appropriate source profiles from the US EPA’s SPECIATE database (Hsu and
Divita, 2009; Simon et al., 2010) using source classification codes, and then
aggregated to lumped model species treated in different chemical mechanisms using
corresponding mechanism-dependent mapping tables (Houyoux et al., 2000).

For the Asian region, although speciated NMVOC emissions have been estimated
by various regional and global inventories (e.g., Klimont et al., 2002; Streets et al.,
2003; Ohara et al, 2007; Bo et al., 2008; Wei et al., 2008), the interfaces between
NMVOC emissions and CTMs remain underdeveloped. Table 1 summarizes the
existing global and regional NMVOC emission inventories covering Asia. In addition
to the known uncertainties in estimates for the total NMVOC emission budget, there are
two other major weaknesses in Asian emission inventory datasets. First, most
inventory datasets are not ready for model input. Although many global and regional
inventories provide emissions of chemical species groups for Asia, based on reactivity
and structure similarity (see Table 1), those species groups differ from lumped model
species used in chemical mechanisms. The mapping process between species in
inventories and models was usually performed by modelers without a standard
procedure, which may lead to inaccuracies and introduce unpredictable uncertainties.
This is especially true for a lumped-structure mechanism (e.g., carbon bond mechanism)
where organics are grouped by chemical bond type (Fu et al., 2009). Second, recent
local measurements on NMVOC source profiles have not been updated in most
inventory studies. It is believed that NMVOC source profiles vary among regions

worldwide as the consequence of differences in fuel quality and combustion conditions.
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For example, NMVOC composition from vehicles in China has been shown to be
significantly different from those in the US (Liu et al., 2008a). Recognizing this
problem, there are increasing numbers of measurements for local NMVOC source
profiles in Asia. They cover many of the most important sources, such as residential
fuel combustion (Tsai et al., 2003; Liu et al., 2008a; Wang et al., 2009), solvent use (Liu
et al., 2008a; Yuan et al., 2010), petrochemical industry (Liu et al., 2008a), on-road
transportation (Liu et al., 2008a; Lai et al., 2009), and fuel evaporation (Y. L. Zhang et
al., 2013). However, only some of these locally measured profiles have been used in
recent NMVOC emission inventories that covered part of China (Zheng et al., 2009) or
the transportation sector in China (Cai and Xie, 2007). An updated Asian NMVOC
emission database with state-of-the-art profiles is still missing.

In support of the US NASA Intercontinental Chemical Transport
Experiment-Phase B (INTEX-B) mission, we developed an air pollutant emission
inventory for Asia for the year 2006 (Zhang et al., 2009), including speciated
NMVOC emissions as model-ready inputs for various chemical mechanisms (i.e.,
SAPRC-99, SAPRC-07, CB-IV, CB05, and RADM?2), processed by an explicit
speciation assignment approach. In the INTEX-B inventory, emissions for individual
VOC species are first calculated for each source category by applying profiles from
local measurements and the SPECIATE database, and individual species were lumped
to emitted species in different chemical mechanisms by corresponding species
mapping tables. The emissions dataset for the SAPRC-99 mechanism is available to
the public from http://mic.greenresource.cn/intex-b2006 and has been widely used in
CTMs (e.g., Wang et al., 2011; Lin et al., 2012; Dong et al., 2013).

Although the step-by-step speciation process used in the INTEX-B inventory has
provided model-ready NMVOC emission data to the community and reduced the
uncertainties associated with inaccurate speciation mapping procedure, there remain
many unresolved issues. Two major weaknesses are associated with profile selection

and processing and need to be addressed. First, the INTEX-B profiles omit some
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important species, particularly oxygenated volatile organic compounds (OVOCS).
OVOCs, which include alcohols, aldehydes, ketones and ethers, play a key role in
atmospheric organic chemistry and many of them are known to have a detrimental
effect on human health (Christian et al., 2004; Fu et al., 2008; Hopkins et al., 2003).
The magnitude of OVOCs is significant and cannot be neglected for OVOC-rich
emitting sources, such as biofuel burning and diesel vehicle exhaust (Andreae and
Merlet, 2001; Schauer et al., 1999, 2001). Second, a single profile is assigned to each
specific source, which may introduce inaccuracy into the speciation process due to the
limitation of profiles (Cai and Xie, 2007; Reff et al., 2009). One limitation is that for
sources containing multiple fuels and technologies, such as biofuel combustion, a
single profile cannot represent the overall emission characteristics. On the other hand,
the quality of profiles is difficult to quantify and may introduce unpredictable levels
of uncertainty during profile selection.

In order to narrow the uncertainty from profile selection and processing
mentioned above, we followed the speciation framework of the INTEX-B inventory
but with necessary profile adjustments for OVOC-rich sources and the development
of composite profiles in this work. We also evaluated the impact of profile update on
the speciated emissions and ozone production, which is useful in understanding the
uncertainties in emission speciation and determining the source of discrepancies
between “bottom-up” emission inventories and “top-down” constraints (e.g., from
in-situ measurements and satellite observations).

This paper is organized as follows. Sect. 2 summarizes the methods and data that
were used in this work and the INTEX-B inventory, including total NMVOC
emissions, profile development, ozone formation potentials (OFPs) calculation,
mechanism species mapping, and spatial allocation. Sect. 3 presents and compares the
emissions of individual species and lumped mechanism species estimated in this work
and the original INTEX-B inventory. In Sect. 4, the sensitivity of emissions and OFPs

to profile selection is analyzed and the effects of updated profiles are assessed by
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comparing OFPs calculated from the two estimates. Prospectives for future work are

discussed in Sect. 5.

2. Methodology and data

The general approach of speciation is to multiply total NMVOC emissions by a
corresponding chemical speciation profile for each source type. Figure 1 presents the
flow diagram of the methodology used in this work, as applied to the INTEX-B
inventory. In this work, we start from total NMVOC emission estimates for 2006 in
the INTEX-B Asian inventory (Zhang et al., 2009), select and aggregate profiles from
both local measurements and the SPECIATE database v.4.2 (Hsu and Divita, 2009),
and apply them to split total NMVOC into individual species. Compared to the
INTEX-B inventory, the main difference of this work is the use of composite profiles.
OFPs are calculated to evaluate the effect of profile update on ozone formation based
on the speciated NMVOC emissions developed in this work. Individual species are
lumped into model species of different mechanisms by specific mapping tables.
Finally, gridded emissions are developed at 30 min x 30 min resolution using various

spatial proxies.

2.1 NMVOC emissions in 2006 for Asia

Total NMVOC emissions were obtained from the 2006 Asian emission inventory
for the NASA INTEX-B mission (Zhang et al., 2009). This inventory is an update of
the TRACE-P Asian NMVOC inventory developed for an earlier NASA mission
(Streets et al., 2003) with significant improvement for China using detailed activity
data and local emission factors. The improved methodology for China led to a higher
degree of source specificity in China than other Asian countries. To compile a
speciated NMVOC emission dataset with consistent and comparable methodology for
all of Asia, a set of 55 source categories was aggregated by grouping similar source

types for China and other Asian regions. Anthropogenic NMVOC emissions for 2006
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for each source category are tabulated in Table S1. As estimated in the INTEX-B
inventory, emissions from China (23.2 Tg) dominate total emissions in Asia (42% of
total), followed by Southeast Asia (14.1 Tg, 26%) and India (10.8 Tg, 20%).

Figure 2 presents the NMVOC emissions by eight sectors for China, Other regions
of East Asia, India, Other regions of South Asia and Southeast Asia. For all of Asia,
residential combustion, on-road transportation and industrial non-combustion
contribute most to the total emissions, whereas the sector distributions vary
significantly for different regions. For China, these three sectors share equally,
whereas industrial non-combustion dominates the emissions for Other East Asia. The
shares of residential combustion and on-road transportation are significant both for
India and Other South Asia. For Southeast Asia, the emissions of total NMVOC are

dominated by residential combustion and on-road transportation.

2.2 Development and assignment of source profiles

After classifying the INTEX-B total NMVOC emissions into grouped source
categories, the next step is to assign or create a profile for each source. For a given
source category, the profile development and assignment involve three steps: (1)
search candidate profiles, both from the SPECIATE database v.4.2 and local
measurements; (2) revise profiles that do not contain an OVOC contribution for
OVOC-rich sources; and (3) construct “composite” profile if more than one profile is
available.

The profiles are selected with the following steps. We first searched candidate
profiles from SPECIATE database v.4.2 and a variety of literatures for each source
category. The SPECIATE v4.2 database provides the most comprehensive collection
of available NMVOC profiles, containing more than 1600 source profiles from
measurements mainly in the US (Simon et al., 2010). Because the fuel quality,
combustion technology and emission regulations in Asia often differ significantly

from those in the US, profiles taken from the SPECIATE database may not represent
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the chemical characteristics of sources accurately (Zheng et al., 2009). To develop a
database of state-of-the-art profiles for Asia, local profiles for each emitting source
type were gathered from the literature where available. As the numbers of
local-measured profiles are still very limited, we include all available “local” profiles
from literatures as candidate profiles. For those sources which local profiles are
available and we believe that there are significant differences between Asian and
western countries due to different technologies and/or legislations, only local profiles
are used (e.g. solvent use). For sources which similar technologies are used in Asian
and western countries (e.g., boilers, vehicles), profiles from SPECIATE database are
also included. In order to reduce the uncertainties associated with profile selection in
the original INTEX-B speciation process, as mentioned in Sect. 1, we take steps 2 and
3 respectively to solve the “OVOC” and “single profile” issue. We identified the
OVOC rich sources and corrected the incomplete profiles which missed OVOC
fraction. The “composite” profile for each source was finally developed with the same
weighting factor for each individual candidate profile. The specific procedure is

described below.
2.2.1 Inclusion of OVOC in profiles

From a comprehensive review of available profiles, we found that OVOCs
contribute a large fraction of total NMVOC emissions from biofuel combustion and
diesel vehicles (Schauer et al., 1999, 2001; Andreae and Merlet, 2001). However,
OVOC fractions are missing in some profiles for these two sources due to sampling
and analysis approaches (e.g., Liu et al., 2008a). Often, NMVOC samples were
collected by canisters and then analyzed by gas chromatographic (GC) techniques,
such as GC-mass spectrometry (GC-MS), GC-flame ionization detection (GC-FID),
and GC-electron capture detection (GC-ECD). These techniques have proved to be
accurate for determining the levels of hydrocarbons, but they are not suitable for
analyzing carbonyl species because they cannot quantify unstable and “sticky”

compounds accurately (Christian et al., 2004). Carbonyls are best analyzed by proton
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transfer mass spectrometry (PTR-MS) online monitoring (Christian et al., 2004) or
collected by 2,4-dinitrophenylhydrazine (DNPH)-impregnated C18 cartridges and
then analyzed by high-performance liquid chromatography with UV detection
(HPLC/UV) (Schauer et al., 1999, 2001; Huang et al., 2011).

Until now, a standard protocol for NMVOC sampling and analysis is still not well
developed. Many local-measured profiles used canisters to collect samples and GC
techniques to analyze NMVOC species (e.g., Tsai et al., 2003; Liu et al., 2008a). In
this work, we still include those profiles in the speciation process after correcting their
OVOC fractions, as local-measured profiles are believed to better represent the
real-world conditions. The general procedure of the revision is to append “OVOC” as
a component to the original profile along with their percentage contribution calculated
from profiles with OVOC measured for the same source. The fraction of each species

except “OVOC” in the revised profile is calculated as:

] <oy Xori(i,j) % _f
Xrewsed(l,j)——ZXori(i’j) (1 Xovoc(l,j)) (1)

Where i is the emitting source; j is the NMVOC species; Xori(i, J) and Xrevised(i, J) are

the fractions of species j in the original and revised profiles of emission source i,

respectively; Xovoc i the proportion of OVOC for each selected profile that has OVOC

measured for source i; and Xowc is the calculated mean of Xoyoc. The mass fraction of
unspeciated “OVOC” in the revised profile is labeled with “missing value”, not
involved in the speciation process.

Figure 3 demonstrates inclusion of the missing OVOC fraction for the crop
residue combustion profile measured by Liu et al. (2008). The average OVOC
fraction, calculated as 28.9% according to the four profiles that include OVOC
(Andreae and Merlet, 2001; Wang et al., 2009; and Profile No. 4420 and No. 4421 in
SPECIATE v.4.2), is used to scale the original profile proportionally. Inclusion of
OVOC fraction for diesel vehicle profiles is illustrated in Fig. S1. The revised profiles,

along with other selected profiles, are then added to the profile database, ready for the
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next step of the speciation process.
2.2.2 Development of composite profiles

A “composite” profile is created for sources where multiple candidate profiles are
available. For a given source category, species along with their mass fractions in each
candidate profile are grouped and averaged, excluding missing values. It should be
noted that the OVOC fractions in incomplete profiles are determined to be missing
values, not involved in the calculation of average value. We choose median instead of
mean as average to help mitigate possible large errors stemming from the presence of
outlier samples and measurements (Reff et al., 2009). After the grouping and
averaging process, the “composite” profile is scaled to 100% proportionally. The
grouping and averaging process can reduce the uncertainties the empirical selection of
profiles. However, it may introduce additional uncertainties from the assumption that
each candidate profile for the same source is weighting equally.

Here we take the development of a composite profile for biofuel combustion as
an example. Eleven profiles for crop residue and wood combustion were selected and
processed into a composite profile, as listed from P1 to P11 in Fig. 4. The top 30
species and their corresponding fractions are presented, accounting for 84% of the
total mass in the composite profile. As shown in Fig. 4, measurements of species
exhibit a large diversity among profiles. First, none of these species are contained in
all profiles. In spite of the fact that species such as ethene, benzene and propane are
included in most of the profiles, the fractions for some species are only included in
one or two profiles (e.g., phenanthrene, glyoxal, and acetone), which introduces large
uncertainties in the composite profile. Second, for specific species, fractions from
different profiles vary significantly, revealing the discrepancies caused by different
fuels and technologies of the emitting source and/or different samples and techniques
used in the profile measurements. Thus, using a single profile will generate
considerably different emissions for individual species, indicating the huge

uncertainty associated with profile selection and application. The profile development
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method used in this work, by selecting and averaging multiple profiles, is an
important way to reduce this uncertainty.

A complete list of profiles used in this work is presented in Table S1. The
composited profiles developed in this work are available from the following website:

http://mic.greenresource.cn/intex-b2006. The individual profiles for diesel vehicles

and the composite profile are illustrated in Fig. S2 as another example. After the
profile-assignment speciation, region- and source-specific speciated NMVOC
emissions for around 700 individual species are processed in this work, comprising
the basic emission dataset for lumping into different chemical mechanisms and OFPs

analysis.

2.3 Calculation of OFPs

The ozone reactivities for various NMVOC species differ significantly, which can
be scaled by the Maximum Incremental Reactivity (MIR) (Carter, 1994). OFP has
been widely used in assessing the roles of NMVOC emissions in ozone formation and
guiding the development of cost-effective ozone control measures (e.g., Song et al.,
2007; Zheng et al., 2009), which can be estimated based on mass and MIR for each
species. OFPs for individual species are calculated by multiplying emissions by
corresponding MIR values:

OFP(i, j,k) = EVOC(i,k)x X (i, ))xMIR(j)  (2)
Where OFP(i, j,k)is the ozone formation potential of species j in region k, emitted
from source i; EVOC(i, k) is the emission of total NMVOC for source i in region k;
X(i, J) is the fraction of species j from the profile for source i, which is taken from
the composite profiles developed in this work; MIR(])is the maximum incremental
reactivity scale for species j. OFPs by chemical groups and by sectors are calculated
by summing up OFP values by corresponding individual species, to evaluate the
ozone formation potentials of different chemical groups and sectors. It should be

noted that species with no MIR values were ignored during the calculation of OFPs.
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This treatment will introduce uncertainties in evaluating the magnitude of OFPs but
could be negligible when comparing the differences of identified compounds in this

work.

2.4 Assignments for different chemical mechanisms

In atmospheric models, individual VOC emissions are usually assigned to “lumped”
species in a simplified mechanism to balance the accuracy and computational
efficiency, according to the similarities of their chemical reactivity. In this work,
emission assignments for various chemical mechanisms are calculated by multiplying
the emissions of individual species by species- and mechanism-specific conversion

factors as follows:

n {EVOC(i,k)xX(i,j)

EVOC(i,k,m):Z ol () xC(j,m)}(B)

Where K is the region; m is species type in a mechanism; n represents the number of
species emitted from source i. EVOC is the total NMVOC emissions; X;,; is the mass
fraction of species j to total NMVOC emissions for source i, which is obtained from
the composite profiles; mol(j) is the mole weight of species j; and C;, is the conversion
factor of species j for mechanism category m. In this work, the conversion factors were
taken from the mechanism-dependent mapping tables developed by Carter (2013).

For some profiles, a fraction of total NMVOC is assigned as “unknown” or
“undefined” species, which probably reflects the unidentified fraction arising from the
limitation of the analysis technique (Schauer et al., 1999). In this work, we treated the
“unknown” species as a single species during the composite profile development and
then assigned emissions from “unknown” species mainly into ALKS5, NROG, OLE],
ARO1, and ARO2? in the SAPRC-99 mechanism and PAR, UNR, OLE, TOL, XYL,
and ALDX in CBO05, according to Carter (2013). However, the “unknown” species is
not included in the OFP calculation, as its maximum incremental reactivity is

undefined.
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Emissions for six chemical mechanisms are calculated in this work based on the
availability of mapping tables in Cater (2013): CB-IV, CB05, SAPRC-99, SAPRC-07,
RADM2 and RACM2. These mapping tables are available at

http://www.engr.ucr.edu/~carter/emitdb/. In these tables, each individual organic

compound is assigned with conversion factors to mechanism species according to its
carbon bond (for CBIV and CBO05) and chemical group (for SAPRC-99, SAPRC-07,
RADMZ2, and RACM2), hence it provides a consistent way of species mapping for
different chemical mechanisms. To our knowledge, this is the most accurate chemical
mapping approach in the community, which has been used in processing US emission
inventories. We also calculated emissions for two global models, GEOS-Chem and
MOZART-4, by lumping SAPRC-99 species to emission species in those two global
models. The mapping tables from SAPRC-99 species to GEOS-Chem and MOZART-4
species are presented in Tables 2 and 3 and the abbreviations of those species are

provided in Tables A1-A4.

2.5 Spatial allocation

Emissions are gridded for CTMs and aggregated into four sectors (power, industry,
residential and transportation), both by individual species and by chemical
mechanisms. We followed the top-down approach used in the INTEX-B inventory
(Zhang et al., 2009) to distribute country- or provincial-level emissions to grids using
various spatial proxies at 1 km x 1 km resolution (Streets et al., 2003; Woo et al., 2003).
Spatial proxies used in this work include: total population data extracted from
LandScan Global Population Dataset developed by Oak Ridge National Laboratory
(ORNL, 2004), urban and rural population data developed from partitioning total
population using urban land cover from LandScan 2000 database (ORNL, 2002), and
road networks from the Digital Chart of the World (DCW, 1993).

Table 4 listed the spatial proxies used in this work. All power generation units

with capacity larger than 300MW in China are identified as large point sources, while
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other plants are treated as area sources and distributed by total population. Urban
population was used for distributing emissions from industrial combustion, residential
coal-fired boilers; rural population was used for residential biofuel combustion and
off-road transportation; road networks were used for on-road transportation emissions;
and total population was used for all other area sources. The final gridded emissions

were aggregated to 30 min x 30 min resolution.

3. Results

3.1 Speciated NMVOC Emissions by individual species

Using the approaches described in Sect. 2, emissions of ~700 individual NMVOC
species for Asia are estimated for the year 2006. Figure 5 presents emissions of the 30
species with the highest OFPs for the whole Asian region. These top 30 species
contributed 44% to total Asian anthropogenic NMVOC emissions and 82% to total
OFPs. For species with small emissions, the emission estimates have high uncertainty
due to the inaccuracy of the emission profiles and omission of minor emitting source
types.

As shown in Fig. 5, the order of OFPs of the top 30 species differs significantly
from that of emissions (by mass), which is attributed to the variation of chemical
reactivity of species, scaled by MIR in this work. Emphasis is placed on OVOCs and
alkenes with high MIRs and relatively high contribution to OFPs. It is interesting to
notice that some OVOCs, such as glyoxal and methylglyoxal, are determined to have
high OFPs but relatively low emission estimates, due to their high reactivity scales.
Alkanes and some aromatics (e.g., benzene) tend to be less chemically reactive in the
atmosphere and have lower contribution to OFPs compared to their emissions.

Figure 5 also shows the distribution of individual species emissions among major
contributing source types (by fuel type and by sector). Gasoline and biofuel
combustion are two common significant contributing sources for most species, with

the exception of a high proportion of contribution from non-combustion sources for
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aromatics (e.g., 34% for xylene, 54% for toluene). Ethene is the largest contributor to
ozone formation potential (29.0 Tg-O3) with the second highest emissions (3.2 Tg),
coming mainly from biofuel combustion (1.2 Tg, 38% of total), gasoline combustion
(1.0 Tg, 32%), coal combustion (0.3 Tg, 10%), and non-combustion sources (0.3 Tg,
10%). Alkenes other than ethene such as propene, 2-methyl-2-butene, 1-butene also
have significant contributions to OFPs. Propene is the third largest contributor to
ozone formation, having similar distribution by fuel and sector as ethene. Important
aromatic ozone precursors include xylenes, toluene, and 1,2,4-trimethylbenzene. We
estimate that xylene emissions in Asia in 2006 were 3.4 Tg (27.2 Tg-O3; ozone
formation potential), ranking first in terms of magnitude of emissions and second in
terms of OFPs.

As shown in Fig. 5, glyoxal, formaldehyde, methylglyoxal, acetaldehyde, and
ethyl alcohol are OVOC species with remarkable contributions to anthropogenic
OFPs over Asia. Some of OVOCs (e.g., glyoxal and methylglyoxal) also have
important contributions to SOA formation through aqueous-phase reactions in
aerosols and clouds (Carlton et al., 2007; Ervens and Volkamer, 2010). In this work,
primary glyoxal and methylglyoxal are mostly emitted from biofuel combustion.
However, it should be noted that incomplete profiles for other sources resulting from
inappropriate sampling and analysis methods are a potential source of high
uncertainty; newly measured profiles may provide additional sources of these OVOC
species in the future.

Figure 6 compares the emissions of individual species estimated in this work and
the original INTEX-B emission inventory, based on the same total NMVOC emission
estimates. A total of 425 species were presented in Fig. 6, covering the species with
annual emissions larger than 10 Mg in two inventories. Large differences are observed,
having a general pattern of more OVOC and alkenes emissions estimated from this
work than in the original INTEX-B inventory. For 132 species (31% of total), the

differences between the two estimates were within 100%, while emission estimates
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for 60 species (14% of total) differ by one order of magnitude or more, implying that
large uncertainties are introduced from NMVOC source profiles. Considering that the
uncertainties associated with activity rates and total NMVOC emission factors are
usually less than 100% (Zhao et al., 2011), the source profiles could be recognized as
the most important source of uncertainties in emission estimates for individual
NMVOC species. This, in turn, has significant implications for the ability of CTMs to
reliably model the oxidizing nature of the Asian atmosphere.

Compared to the original INTEX-B inventory, this work estimated much lower
emissions for acetylene, but much higher emissions for xylene and glyoxal (as shown
in Fig. S3). The significant decrease of acetylene emissions and increase of xylene
and glyoxal emissions are mainly due to the change of residential biofuel combustion
profile. As can be seen from Fig. 4, the profile used in the original INTEX-B
inventory is taken from Tsai et al. (2003) (P2 and P8), which contains high mass
fraction of acetylene (27.4% for P2 and 27.0% for P8, respectively) in contrast to the
composite profile.

For species like ethene, benzene and acetylene, emissions are lower than in the
INTEX-B inventory; whereas propene, xylene, glyoxal, acetone, and methyl alcohol
emissions are higher. Because alkenes, aromatics and OVOC are reactive precursors
for ozone and SOA formation, these differences in emissions may lead to
enhancements in OFPs and ozone and SOA concentrations simulated by CTMs. The
impact of emission differences from the speciation process on OFPs will be quantified
and discussed in the next section.

Figure 7 shows the spatial distribution of toluene emissions in 2006 at 30 min x
30 min horizontal resolution. Gridded emissions for ~700 individual species at the
same resolution are all developed following the methodologies described in Sect. 2.5
and are available by request. These datasets would be useful for comparing with
in-situ measurements and identifying possible sources of uncertainties in emission

inventories (e.g., Wang et al., 2013). However, as emissions of some species may
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differ by 1-3 orders of magnitude when assigning different sets of profiles, these
datasets should be used with caution in interpreting the discrepancy between
observations and NMVOC emissions, because the discrepancy may be attributed to

uncertainties in the profiles rather than in total NMVOC emissions.
3.2 Speciated NMVOC emissions by chemical groups

Figures 8 and 9 present 2006 NMVOC emissions in Asia by chemical groups
estimated in this work. We estimate that alkenes accounted for the largest share of
Asian total NMVOC emissions in 2006 (240 Gmole (10° mole), 30% of total),
followed by alkanes (191 Gmole, 24%), OVOCs (155 Gmole, 17%), aromatics (114
Gmole, 14%), and alkynes (56 Gmole, 7%). The shares from alkanes and aromatics
are larger in Japan and South Korea (Other East Asia) than in other regions, reflecting
the significant contribution from the industrial sector in the two countries.

We also compared emissions estimated in this work with the original INTEX-B
inventory by chemical groups in Figs. 8 and 9. In contrast to the large differences in
emission estimates for individual species, the discrepancies are reduced greatly after
grouping individual species into similar chemical functional groups. The emission
differences of alkanes, alkenes, and aromatics are within 5% between the original
INTEX-B inventory and this work, while significant differences were still found for
alkynes and OVOC emissions. A large increase compared to the original INTEX-B
inventory is observed for OVOC emissions, from 53 Gmoleyr™ to 155 Gmoleyr™, in
contrast to the decrease of alkynes emissions from 261 Gmoleyr” to 56 Gmoleyr™.
Similar differences are found in all Asian regions except Other East Asia, where the
two estimates show similar distributions among chemical groups.

The dramatic increase for OVOC emissions and decrease for alkynes emissions is
dominated by the residential sector, mainly due to the creation and application of the
“composite” profile for biofuel combustion. The P2 and P8 profiles (both measured by

Tsai et al., 2003) that were used in the original INTEX-B speciation process are
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incomplete profiles that miss the contributions from OVOCs. The increase of OVOC
emissions is due to the inclusion of the OVOC fraction in the “composite” profile.
Compared to P2 and P8, other candidate profiles have a much lower contribution from
acetylene (see Fig. 4), leading to the lower share of alkynes in the “composite” profile
used in this work. The inclusion of OVOC in incomplete profiles further decreases the
contributions for non-OVOC species, which also contribute to the differences in

alkyne contributions.

3.3 Model-ready emissions

One of the key objectives of this study is to develop model-ready NMVOC
emission datasets for Asian anthropogenic sources as the emission inputs for CTMs.
In this work, model-ready emissions for eight chemical mechanisms were developed:
CB-1V, CB05, SAPRC-99, SAPRC-07, RADM2, RACM2, GEOS-Chem, and
MOZART-4. Emissions for the GEOS-Chem model and MOZART-4 model were
converted from SAPRC-99 emissions using the species mapping tables presented in
Tables 2 and 3. Fig. 10 illustrates the 2006 Asian anthropogenic NMVOC emissions
lumped by SAPRC-99 and CBO5 species. Emissions are then distributed by various
spatial proxies following the approaches described in Sect. 2.5 and aggregated at 30
min x 30 min resolution. Gridded emissions for the eight chemical mechanisms
mentioned above are all available from our website

(http://mic.greenresource.cn/intex-b2006). Gridded emissions are provided for four

sectors: power plants, industry, residential, and transportation. Those data can be used
directly as model inputs without further species mapping. As an example, Fig. 11
presents the map of OLE1 (a SAPRC-99 species) emissions by sector covering all
regions included in this work, showing a broad spatial distribution among residential,
transportation and industry sectors.

As individual species are usually highly lumped in CTMs, it is important to

investigate how the speciation process impacts emissions in lumped species in
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different mechanisms. In Fig. 10, we compare the speciated emissions assignments by
the SAPRC-99 and CB05 mechanisms, both in the INTEX-B inventory and this study.
The differences in lumped species emissions between the original INTEX-B inventory
and this work are much smaller compared to individual species, indicating that the
uncertainties associated with profile selection and processing are diminished as a
result of the lumping in the chemical mechanisms.

However, there are still significant differences between the two estimates. For
SAPRC-99 species, sharp increases of OVOC and ARO2 emissions from the
residential sector are found, contrasting with a decrease of ETHE (ethene) and ALK2
(primarily propane and acetylene) emissions for the same sector. OLE1 and OLE2
emissions from the transportation sector are larger in this work, contributing to the
differences in the two estimates for those two species. These differences are mainly
attributed to the updated profiles of biofuel combustion and on-road vehicles. The
differences between the two estimates by CBO5 species show similar patterns as the
SAPRC-99 species (although this was represented in different lumping species), while
PAR emissions agree well between the two estimates, due to a high degree of
lumping.

Figure 12 further presents emissions by SAPRC-99 species for each Asian region
and compares with the original INTEX-B estimates. As the emission characteristics
for Other South Asia are very close to India, we present emissions of South Asia as a
whole. For South Asia and Southeast Asia, where emissions are dominated by the
residential sector, the two estimates differ significantly in OVOC, ALK2, and ETHE
emissions due to updates of profiles in residential and transportation sector, as
discussed above. For Other East Asia, the differences between the two estimates are
smaller, because the NMVOC emissions are dominated by the industrial sector in

which similar profiles were used.
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4. Impacts of profile development on ozone production

4.1 Ozone Formation Potentials (OFPs)

Given the fact that emission estimates of individual NMVOC emissions in Asia
are heavily influenced by source profiles, it is important to understand how the
variations in emission estimates then impact the prediction of ozone production.
Based on the emissions by individual species and corresponding MIR, OFPs of Asian
anthropogenic NMVOC emissions in 2006 are calculated by sector and chemical
groups, as presented in Fig. 13.

The total OFPs of 2006 Asian anthropogenic NMVOC emissions calculated in this
work are 195 Tg-Os, 33% higher than the OFPs from the original INTEX-B inventory,
indicating that the compilation of NMVOC source profiles can significantly impact
estimates of ozone production. In this work, we estimated that alkenes have the
largest contribution to total OFPs (46%), followed by aromatics (28%), OVOC (18%),
alkanes (7%), and alkynes (1%). Alkenes and OVOCs have larger contributions to
total OFPs than to total emissions, while alkanes and alkynes have smaller
contributions to OFPs due to their relatively low MIR.

Compared to the INTEX-B inventory, higher OFP contributions from alkenes,
aromatics, and OVCs are estimated. Higher OFPs from alkenes are mainly because
the locally measured profiles included for the transportation and industrial sectors
have higher proportions of propene and butenes, which have larger MIR than ethene.
Ethene contributes 34% to the total OFPs of alkenes in our new estimates, much
lower than the 58% in the original INTEX-B inventory. For aromatics, the emission
increase from aromatics other than benzene, especially xylenes with high ozone
reactivity, accounts for the increase of OFP. The increased in the OFP contribution
from OVOCs can be attributed to higher estimates of aldehyde emissions from the
residential sector. Note that total OFPs from the residential sector are almost the same

between the two estimates, which is mainly due an offsetting of the increase in
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emissions of OVOC by a decrease in emissions of alkenes.

4.2 Sensitivity analysis of individual profiles

Since significant differences in emissions and OFPs are observed between the
original INTEX-B inventory and this work, which is attributed to the update of profile
selection and compilation, it is worth examining the sensitivity of individual profiles
to emission estimates and OFPs. From the analysis presented above, we found that the
profiles for biofuel combustion and on-road vehicles contributed significantly to those
differences. In this work, 11 biomass burning profiles covering different fuel types
and combustion conditions are used for compiling the “composite” profile of biofuel
combustion, as shown in Fig. 4. Emissions by individual species vary significantly
among these 11 profiles, which is partly due to the variation in fuel and combustion
types. When developing the Asian NMVOC emission inventory, such variations were
ignored by treating biofuel combustion as a single source category, due to the lack of
detailed statistics on fuel types and combustion conditions.

Based on the concept of MIR for individual species, we evaluate the ozone
reactivity scale for each profile by calculating OFPs per unit NMVOC emission, as
shown in Fig. 14, to determine the sensitivity of OFPs to source profiles. The profiles
from Andreae and Merlet (2001) (P1) and No. 4420 from the SPECIATE database
v.4.2 (P10) tend to produce more ozone when used in the speciation, because of the
high fractions of alkenes and OVOC, respectively. Since the OVOC fraction is
relatively high in P10, contributions to ozone formation from OVOC might be
overestimated if only P10 was used for biomass burning, whereas they may be
underestimated by using P2, P3, P6 or P7 (Tsai et al., 2003; Liu et al., 2008a), which
have no OVOC measured. The difference of OFP between the highest and the lowest
values from using different profiles is up to a factor of three, demonstrating the high
sensitivity of ozone formation to profiles. The composite profile represents the

average level of ozone formation for the biofuel combustion source.
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We further compare the emissions of SAPRC-99 and CBO05 species estimated with
those 11 different profiles and the composite profile, as presented in Fig. 15. It can be
seen that the standard deviations are very large for SAPRC-99, especially for ETHE
and ALK?2, indicating that model simulations configured with SAPRC-99 mechanism
would be sensitive to profile selection. On the other hand, the variations in CB05
species are relatively small compared with SAPRC-99 species, which can be
explained by the high degree of lumping for CBO5.

Sensitivity tests by both speciated emissions and ozone formation for diesel
vehicles are also performed, as showed in Fig. S4 and S5, drawing the same
conclusion that ozone formation potentials and model-ready emissions are very
sensitive to the profile selection and processing. The immediate implication is that
using a single profile will introduce large uncertainty into the speciation process, and
the composite profile developed in this work can combine the species information
from all profiles and represent the average emission characteristics of the emitting
source. Thus the uniform profile processing system that groups and aggregates
multiple profiles can reduce the uncertainty associated with profile selection,
especially when one-to-one mapping of emission source to profile is not feasible due

to the different degrees of source specificity.

5. Discussion

In this study, we developed a step-by-step assignment framework to map Asian
anthropogenic NMVOC emissions to eight chemical mechanisms used in different
CTMs. To our best knowledge, this is the first work providing model-ready NMVOC
emissions database over Asia. Compared to previous work, we used
mechanism-specific mapping tables from Carter (2013) to accurately assign
individual NMVOC emissions to species groups in different chemical mechanisms,
which avoided the uncertainties from the species mapping process. We also compiled

“composite” profiles where more than one profile was available for a given source

23



630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657

category, to reduce the uncertainties arising from conflicting individual measurements
and the empirical selection of profiles.

Although we believe that the uncertainties in model-ready emissions provided by
this work are reduced significantly through our approach, they are still high, mainly
due to inadequacies in source profiles. More local measurements with standard
source-specific sampling and analysis methods are needed to reduce the discrepancies
among different measurements and enhance the data quality of profiles. Another
remaining uncertainty in this work is the mismatch between profile and source
classification in inventories. The level of detail in source profile measurements is
usually higher than that in the source categories of bottom-up inventories. The
composite profiles combined from different measurements then imply a hidden
assumption that each profile has the same weighting factor in that source category,
which is not always true. In future work, more detailed source category classification
that balances the complexity and data availability would help to narrow the
uncertainties.

Top-down constraints from in-situ observations provide useful information for
understanding emissions of NMVOC species through correlations between species
(e.g., Barletta et al., 2008; Tang et al., 2008) or source apportionment models (e.g.,
Liu et al., 2008a,b; Wang et al., 2013). Since profiles are key factors both in receptor
models (e.g., the chemical mass balance model) and speciated NMVOC inventory
developments, the inconsistency between “receptor-oriented” and “bottom-up”
emission estimates may be caused by differences in profile selection to some degree,
which needs more analysis in future work. Recent advancements in satellite
observations provide additional constraints on NMVOC emissions through
formaldehyde and glyoxal column densities (Wittrock et al., 2006; Fu et al., 2007; Liu
et al., 2012). Using glyoxal observations from the SCIAMACHY satellite instrument,
Liu et al. (2012) concluded that the underestimated aromatics emissions in current

inventories are the most likely missing source of glyoxal. From this work, we found
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that primary emissions of glyoxal from biomass burning might be another important
source. Integration of bottom-up inventories and satellite observations would help to

close the gap between emission inventories and observations in the future.
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Table Al. Description of SAPRC-99 NMVOC emitting species from anthropogenic

sources?® .
Species in SAPRC-99 Description
ACET Acetone

ALK1
ALK2
ALK3

ALK4

ALKS

ARO1
ARO2
BACL
BALD
CCHO
CRES
ETHE
GLY
HCHO
IPRD
MACR
MEK

MEOH
MGLY
MVK
NROG
NVOL
OLE1l
OLE2
PHEN
PRD2

RCHO

Primarily ethane

Primarily propane and acetylene

Alkanes and other non-aromatic compounds that react only with
OH, and have koy between 2.5 x 10°and 5 x 10° ppm™ - min™
Alkanes and other non-aromatic compounds that react only with
OH, and have koy between 5 x 10° and 1 x 10* ppm™ - min™
Alkanes and other non-aromatic compounds that react only with
OH, and have Koy greater than 1 x 10* ppm™ - min™

Aromatics with koy < 2 x 10° ppm™ - min™

Aromatics with koy > 2 x 10* ppm™ - min™

Biacetyl

Aromatic aldehydes (e.g., benzaldehyde)

Methyl Hydroperoxide

Cresols

Ethene

Glyoxal

Formaldehyde

Unsaturated aldehydes other than acrolein and methacrolein
Methacrolein

Ketones and other non-aldehyde oxygenated products which
react with OH radicals slower than 5 x 102 cm® molec?-sec™
Methyl alcohol

Methylglyoxal

Aromatic aldehydes (e.g., benzaldehyde)

Unreactive organic chemicals

Nonvolatile organic chemicals

Alkenes (other than ethene) with koy < 7 x 10* ppm™ - min™
Alkenes with kop > 7 x 10* ppm™ - min™

Phenol

Ketones and other non-aldehyde oxygenated products which
react with OH radicals faster than 5 x 102 cm® molec?-sec™
Lumped C3* Aldehydes

#Source: Carter (2000).
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Table A2. Description of CB05 NMVOC emitting species from anthropogenic
sources® .

Species in CB05 Description

ALD2 Acetaldehyde

ALDX Propionaldehyde and higher aldehydes
ETH Ethene

ETHA Ethane

ETOH Ethyl alcohol

FORM Formaldehyde

IOLE Internal olefin carbon bond (R-C=C-R)
MEOH Methyl alcohol

NVOL Nonvolatile organic chemicals

OLE Terminal olefin carbon bond (R-C=C)
PAR Paraffin carbon bond (C-C)

TOL Toluene and other monoalkyl aromatics
UNR Unreactive VOCs

XYL Xylene and other polyalkyl aromatics

aSource: http://www.camx.com/files/cb05 final report 120805.aspx .

Table A3. Description of GEOS-CHEM NMVOC emitting species from
anthropogenic sources®.

Species in GEOS-Chem Description

ACET Acetone

ALD?2 Acetaldehyde

ALKA4 Lumped >= C4 Alkanes
C2H6 Ethane

C3H8 Propane

CH20 Formaldehyde

MEK Methyl Ethyl Ketone
PRPE Lumped >= C3 Alkenes

2Source: http://acmg.seas.harvard.edu/geos/doc/man/ .

Table A4. Description of MAZART-4 NMVOC emitting species from anthropogenic
sources® .

Species for MOZART-4 Description

BIGALK Lumped alkanes C > 3
BIGENE Lumped alkenes C > 3
TOLUENE Lumped aromatics
C3H6 Propene

C3H8 Propane

C2H6 Ethane
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C2H4

MEK

CH20
CH3CHO
CH3COCH3
CH30H
C2H50H

Ethene

Methyl ethyl ketone
Formaldehyde
Acetaldehyde
Acetone

Methy! alcohol
Ethyl alcohol

# Source: Emmons et al. (2010).
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Table 1. NMVOC emission inventories covering Asian regions

Inventory Source? Region Year Species included Profiles used

EDGAR v2° AN+BB Global 1990 23 groups Unknown

EDGAR v3° and v4 AN+BB Global 1970-2008 N/A

POET® AN+BB Global 1990-2000 13 groups Unknown

RETRO' AN+BB Global 1960-2000 22 groups Unknown

Lamarque etal., 2010 AN+BB Global 1850-2000 22 groups From RETRO

Klimont et al., 2002 AN China 1995 16 groups SPECIATE

Streets et al., 2003 AN+BB Asia 2000 19 groups SPECIATE

Ohara et al., 2007° AN+BB Asia 1980-2003 N/A

Kurokawa et al., 2013 ~ AN+BB Asia 2000-2008 19 groups From Streets et al. (2003)

Bo et al., 2008 AN China 1980-2005 N/A

Wei et al.. 2008 AN China 2005 40 groups including major individual active Local profiles + SPECIATE
species

Zheng et al., 2009 AN+BG PRD, China 2006 91 species from AN, and 30 species from BG Local profiles + SPECIATE

Cai etal., 2009 Transportation China 1980-2005 67 species From literatures

This work AN Asia 2006 ~700 individual species; then mapping to

emitting species of 8 chemical mechanisms

®AN = anthropogenic; BB = biomass burning; BG = biogenic.

*available at: http://www.pbl.nl/en/themasites/geia/emissions_data/nmvoc_groups/index.html.
“available at: http://themasites.pbl.nl/tridion/en/themasites/edgar/emission_data/edgar32/index-2.html.

%available at: http://edgar.jrc.ec.europa.eu/index.php; http://eccad.sedoo.fr.

favailable at: http://www.aero.jussieu.fr/projet/ ACCENT/POET.php; http://eccad.sedoo.fr.
favailable at: http://retro.enes.org/data_emissions.shtml.
“not independent estimates. Data extrapolated from Klimont et al., 2002 and Streets et al., 2003.
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Table 2. Mapping table from SAPRC-99 species to GEOS-Chem Species.

SAPRC-99 GEOS-Chem
ACET ACET
CCHO ALD2
ALK3+ALK4+ALKS ALK4
ALK1 C2H6

ALK2 C3H8
HCHO CH20

MEK MEK

OLE1+OLE2 PRPE
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Table 3. Mapping table from SAPRC-99 species to MOZART-4 Species.

SAPRC-99 MOZART-4
ALK3*+ALK4+ALKS BIGALK
OLE2 BIGENE
ARO1+ARQO2 TOLUENE
OLE1 C3H6
ALK?2 C3H8
ALK1 C2H6
ETHE C2H4
MEK+PRD2 MEK
HCHO CH20
CCHO CH3CHO
ACET CH3COCH3
MEOH CH30H
Not available C2H50H"

2Ethyl alcohol is removed from ALK3 when mapping to BIGALK.

® Taken from ethyl alcohol emissions.
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Table 4. Spatial proxies used in this work.

Source category

Spatial proxies

Large power plants (>300MW)
Small power plants (<300MW)

Industry combustion
Residential boilers
Residential biofuel
On-road transportation
Off-road transportation

All other sources

Location

Total population
Urban population
Urban population
Rural population
Road network
Rural population

Total population
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Fig. 1. Schematic methodology of this study.
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Fig. 2. 2006 NMVOC emissions by Asian regions in the INTEX-B inventory.
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Wang et al., 2009, straw

Liu et al., 2008, corn stalk, original

4420, rice straw

4421, wheat straw
Liu et al., 2008, corn stalk, revised

'ovoc 'Nkanes 'Alkenes
Alkynes 'Ammatics 'Others

Andreae and Merlet, 2001, biofuel

Fig. 3. Inclusion of OVOC fraction for incomplete crop residue combustion profiles. 4420 and 4421

are the “P_NUMBER”s of profiles taken from the SPECIATE database developed by the US EPA.
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P0: Composite Profile

P1: Andreae and Merlet, 2001, biofuel
P2: Tsai et al., 2003, wood

P3: Liu et al., 2008, wood

P4: Wang et al., 2009, brushwood
P5: 1167, wood

® | Pe: Liuetal., 2008, comn stalk

P7: Liu et al., 2008, wheat straw
P8: Tsai et al., 2003, crop residue
P9: Wang et al., 2009, straw

"1 P10: 4420, rice straw

P11: 4421, wheat straw

Fig. 4. Mass fraction of major species in the profiles for the residential biofuel combustion. Top 30
species are presented and ranked decreasingly based on the mass fraction in the composite profile

(P0). Grey grids indicate that mass fractions for these species are not included in the profile.
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Fig. 7. Emission distribution of toluene by sector at 30 min x 30 min resolution (unit: 10° mole yr*
per grid).
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Fig. 8. Asian anthropogenic NMVOC emissions in 2006 by chemical groups.
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Fig. 9. Distribution of anthropogenic NMVOC emissions in 2006 among different chemical groups

for Asia regions.
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Fig. 12. 2006 Asian emissions for SAPRC-99 mechanism species by regions.
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Fig. 13. Ozone Formation Potentials (OFP) of Asian anthropogenic NMVOC emissions in 2006 by

chemical groups.
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Fig. 14. Sensitivity of OFPs to profile selection for the residential biofuel combustion.
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Fig. 15. Sensitivity of model-ready emissions to profile selection for the residential biofuel

combustion.
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