Atmospheric Environment 107 (2015) 137—147

=

Contents lists available at ScienceDirect ‘
ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Size-resolved global emission inventory of primary particulate matter
from energy-related combustion sources™

@ CrossMark

E. Winijkul %, F. Yan * ", Z. Lu %, D.G. Streets % T.C. Bond °, Y. Zhao €

2 Energy Systems Division, Argonne National Laboratory, Argonne, IL 60439, USA
b Department of Civil and Environmental Engineering, University of lllinois at Urbana-Champaign, Urbana, IL 61801, USA
€ School of the Environment, Nanjing University, Nanjing 210046, PR China

HIGHLIGHTS

e Mass-based size distribution of emissions of energy-related combustion sources.

e Method to estimate the size distribution of components of the combustion sector.

e Global PM;o emissions showing single-mode size distribution with peak around 700 nm.
e Discussion of uncertainties in global size distribution emission estimation.

e Investigation of mass size distribution changes with emission reduction scenarios.

ARTICLE INFO ABSTRACT

Article history:

Received 3 September 2014
Received in revised form

9 February 2015

Accepted 12 February 2015
Available online 13 February 2015

Current emission inventories provide information about the mass emissions of different chemical species
from different emitting sources without information concerning the size distribution of primary par-
ticulate matter (PM). The size distribution information, however, is an important input into chemical
transport models that determine the fate of PM and its impacts on climate and public health. At present,
models usually make rather rudimentary assumptions about the size distribution of primary PM emis-
sions in their model inputs. In this study, we develop a global and regional, size-resolved, mass emission
inventory of primary PM emissions from source-specific combustion components of the residential,
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industrial, power, and transportation sectors for the year 2010. Uncertainties in the emission profiles are
also provided. The global size-resolved PM emissions show a distribution with a single peak and the
majority of the mass of particles in size ranges smaller than 1 pm. The PM size distributions for different
sectors and world regions vary considerably, due to the different combustion characteristics. Typically,
the sizes of particles decrease in the order: power sector > industrial sector > residential
sector > transportation sector. Three emission scenarios are applied to the baseline distributions to study

the likely changes in size distribution of emissions as clean technologies are implemented.

© 2015 Published by Elsevier Ltd.

1. Introduction

Knowledge of the size distribution of aerosols is essential to
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understanding climate and human health effects. Aerosol optical
properties depend strongly on the size distribution (Haywood and
Boucher, 2000; Yu et al.,, 2006); and sub-micrometer aerosols,
which have longer atmospheric lifetimes, scatter more light per
unit mass (Seinfeld and Pandis, 2006). Smaller carbonaceous
aerosols lead to larger, more negative, direct and indirect aerosol
forcing (Bauer et al., 2010). The number of cloud condensation
nuclei (CCN) per mass of aerosol depends on the chemical
composition of aerosols as a function of size (Anttila et al., 2012;
Feingold, 2003; McFiggans et al., 2006). In addition, it is well
known that the size distribution of particulate matter (PM) de-
termines the potential for human health effects; small particles can
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readily penetrate into the deep lung and initiate cardiopulmonary
disease (Delfino et al., 2005; Pope and Dockery, 2006). Therefore, it
is critical to know the size distribution of PM in the atmosphere,
which is dependent both on the size distribution of primary PM and
of secondary PM formed in the atmosphere.

Most current climate and chemical transport models have the
ability to represent the temporal and spatial variability of the
aerosol particle mass distribution but must assume a size distri-
bution for the primary PM emissions in order to calculate radiative
effects (Bauer et al., 2010) and transport. Most widely-used PM
emission inventories (Bond et al., 2004; Cooke et al., 2002, 1999;
Reff et al., 2009; Zhang et al., 2007) have very little size resolu-
tion and typically provide only mass emission information. Emis-
sion inventories for the U.S. (e.g., the National Emission Inventory
(NEI)) and for Europe (e.g., European Monitoring and Evaluation
Programme (EMEP)), as well as a few other countries, such as China
(e.g., Zhang et al., 2007), provide some size information, but none of
them provide continuous size distributions. They contain only very
broad size bins such as total suspended particles (TSP), PMyo, and
PMy5. Thus, modelers have to choose what sizes to assign for
emission fluxes most of the time. The assumed size distributions
may introduce a large amount of uncertainty in prediction of CCN
concentrations (Pierce and Adams, 2009; Pierce et al., 2007;
Reddington et al., 2013; Spracklen et al., 2011) and estimates of
climate forcing (Bauer et al., 2010; Spracklen et al., 2011).

In this study, we develop the first global emission inventory of
PMjo with detailed particle size distribution, especially for submi-
cron particles, and thereby advance our understanding of the ef-
fects of particle size. We acknowledge that number size distribution
is also important and provides different information from mass size
distribution. In this study, we provide size-resolved emissions by
mass, since it can be applied directly to currently available PM
emission inventories (Bond et al., 2004; Streets et al., 2004; Yan
et al., 2014b, 2011; GAINS, 2014) without any modification to
their calculation methodologies. We tabulate size distribution
profiles from the literature that contain measured size distributions
of particle emissions from each source category. Section 2 in-
troduces the methodology used to parameterize the size distribu-
tions. Section 3 discusses the size distributions by region, energy
sector, and designed scenarios. Conclusions and future work are
summarized in Section 4.

2. Methodology and datasets

The size-resolved mass emission inventory in this work is built
upon previous work (Bond et al., 2004) that involved coarse or no
size resolution. In that work, a technology-based model was con-
structed to estimate present-day global emissions of black and
organic carbon particles. This model determines emissions by
apportioning fuel use among different emitting technologies. Such
an approach has also been used for historical and future emissions
estimates (Bond et al., 2007; Streets et al., 2004; Yan et al., 2014b,
2011). The technology-based model allows us to discriminate size
distributions among sources with different technologies, as well as
to keep track of their impacts. In this work, we use updated com-
binations of fuels, combustion technologies, and emission control
technologies based on Bond et al. (2004) and apply appropriate size
distributions for each combination.

Fig. 1 shows the framework for building a size-resolved emission
inventory. First, this work enhances existing compilations through
literature review and update. Particle size distributions by sector,
fuel, and technology are collected from the literature, as detailed in
the Supporting information (SI). Second, these distributions are
parameterized by unimodal or multimodal lognormal distributions,
depending on the sample size of each distribution and the

PM size distribution from
literature
(by sector, fuel and technology)

|

Parameterize size distribution
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|
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Fig. 1. Framework for building a size-resolved PM emission inventory.

availability of data, and presented as mass median diameters
(MMD), geometric standard deviation (GSD), and mass mixing ratio
or weight (w) within each mode, if the distribution has more than
one mode, as shown in Section 2.2. The modeled size distributions
do not reproduce the measurements exactly, so there is uncertainty
in the derived parameters, as described in Section 2.3. Third, these
size distributions from different data sources are merged. There are
insufficient data available to use region-specific measurements. We
choose to combine data from all regions to generate a more robust
representation of the distribution for a particular technology. When
more than one distribution for a single technology is included,
these distributions are treated equally and the average of the dis-
tributions is used. Finally, the estimated size distributions of each
technology are combined with the corresponding mass-based
particle emission factors and a fuel consumption activity database
to develop a size-resolved emission inventory. The resulting
emission inventory gives a continuous mass distribution by particle
size. The distribution of total PMy¢ emissions (Em) along the loga-
rithm of particle diameter (InD,) for each sector k in a specific year i
is given by:

Emj(InDp) = > > " FGijkimEFim&km (In Dp) (1)
;T

where i, j, k, |, and m represent year, region, sector, fuel, and fuel/
technology combination, respectively. Em is emission, FC is fuel
consumption (kg/year), EF is emission factor (g/kg fuel) specific to a
fuel/technology combination (including the effect of any control
devices), D, is particle diameter, and g (In Dp) is the particle size
distribution of PMjg in the form of a single- or multi-lognormal
distribution (see Section 2.2).

Mass fractions within certain size bins (e.g., PM;, PM1_2 5, and
PM, 5_19) can also be computed by the integrals of the distribution.
Using PM1_5 5 as an example, it can be estimated by:
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where MF is the mass fraction, a=1 um, and b =2.5 pm.

2.1. Database of size distributions

We separate particle-size distributions based on different
combinations of fuel, sector, and technology. The reasons are: (1)
the particle-size distributions are diverse for different combustion
and emission control technologies; (2) we can keep track of the
individual contributions of particle-size distribution from each
technology and thus have a better picture of the effects of emission
control strategies; and (3) the grouping of technologies is consis-
tent with our previous emission inventory, which enables us to
apply the existing database of emission factors and corresponding
activity levels. The size distribution information for all combustion
sources used in this study is provided in the SI, where we discuss
the development of the size-distribution information database. The
discussion in SI also includes the review of size distribution data for
important sources (large PMjg contributors) in the residential, in-
dustrial, power, and transportation sectors. It should be noted that
size distribution information is not available for a few combustion
sources; in such cases, we selected the size distribution of similar
sources (similar combustion or fuel types, etc.) to represent those
sources for which data are not available.

2.2. Parameterization of size distribution

A lognormal distribution often provides a good fit to the
particle-size distribution and is commonly used in atmospheric
studies (Aitchison and Brown, 1957; Friedlander, 1977; Whitby,
1974). Extensive discussions of the use of lognormal distributions
for representing aerosols can be found in the literature (e.g., Hinds,
1998 and Seinfeld and Pandis, 2006). The particle-size distribution
for a single mode, expressed as the mass of particles (M) per log-
arithmic size (In Dp) interval, can be formulated as:

am - _ L _exp|—
dlnDp_\/Zﬂlnag P

(InDp — lnng)z} 3)

2 lnzag

where Dy, is the particle diameter, Dyg is the mass median diameter
(MMD), o is the geometric standard deviation (GSD) of the dis-
tribution, and M is the total aerosol mass concentration. This study
provides MMD information because it is then easier to represent
the combination of size distribution and mass-based emission in-
ventory. Count median diameter (CMD) is usually used by climate
modelers and it can be converted using the Hatch-Choate
relationship:

MMD = CMD exp (3 In? GSD> (4)

Due to the complex particle formation mechanisms and the
variety of subsequent processes that occur prior to emission, the
particle-size distribution may be characterized by more than one
mode. For example, the mass distribution is usually dominated by
two modes: the accumulation mode (from ~0.1 to ~2 pm) and the
coarse mode (from ~2 to ~50 pm) (Seinfeld and Pandis, 2006).
Particle-size distribution features with multiple modes can be
described as the sum of lognormal distributions:

dM

T 5, ~ Mifi (0 Dy) + Mafy (In Dp) + ..+ Mfi(InDy)  (5)

where k is the number of components in the mixture distribution,
with f (In Dp) being the lognormal distribution for mode k:

1 - <1n Dp — lnﬁpgk> 2

InD,) = ex
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(6)
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Equation (6) can be normalized by the total mass concentration
M = ZLM,-, so that the fitted curve of particle-size distribution is
independent of the measured total mass, and the area under the
curve (In Dy, from —oo t0 40, 01 D, from 0 to +o0) is equal to 1. The
normalized particle size distribution by mass can be expressed as:

g(InDp) = wifi (InDp) + wafa (In Dp) + ... + wyfy (In Dp) (7)

where wy, = M/S"X | M; is the mass fraction of the fi in the mixture
distribution and termed “mixing weight” in this study.

Equation (7) is applicable to TSP, because this distribution is
assumed to cover all particle sizes. Equation (8) is needed if an
emission factor for a specific size of particle is applied. In this study,
emissions of PMyg are used, and the adjustment is expressed as:

g (InDp) = a[wif1 (InDp) + wafa (InDp) + ... + wify(In Dp)]
(8)

where « is the adjusted ratio that can be computed as
In Dy,
a=1/ / ’ g(In Dp)d In D, with Dy being the target particle size

and Dp; =10 pm in this study.

In this work, we apply the method of nonlinear least-squares
when fitting the measured data from reference materials. To
obtain the coefficient estimates, the least-squares method mini-
mizes the summed square of residuals. We use the curve-fitting
toolbox from Matlab to fit published data on mass size distribu-
tion and estimate the mixing weight for each mode (w), MMD
(Dpg), and GSD (o) with the nonlinear model described in Equa-
tions (6) and (7).

2.3. Uncertainties in size distribution

Uncertainties in fuel consumption activity and emission factors
of PM are widely acknowledged and quantified in several studies
(Luetal., 2011; Yan et al., 2014a; Zhao et al., 2011), but few attempts
have been made to examine uncertainties in the particle size dis-
tribution. In this work, we use nonlinear regression to parameterize
size distribution, as described in Section 2.2. Uncertainties are
introduced by fitting curves, which do not reproduce measured
values exactly. In this work, we only consider the uncertainty due to
fittings of lognormal distributions. Uncertainties caused by
different measurements for the same technology are not included.
The non-simultaneous prediction bounds for the function at a
single predictor value In D, ¢ are quantified by:

P(InDygo) = g(In Dp o)ty nmy/In DyoSIn Dy g (9)

where t depends on the confidence level (1 — «) and is computed
using the inverse of the Student's t-test cumulative distribution
function, n is the number of observations, m is the number of co-
efficients, and S is the covariance matrix of the coefficient
estimates.
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Fig. 2. Normalized particle size distribution by mass for: (a) power-plant boiler using pulverized coal and ESP emission control; and (b) open burning of wheat straw. Measured
data, fitted curve, and 95% CI are shown. Data sources: Zhao et al. (2010) and Li et al. (2007).

Fig. 2 shows two examples of PMyg size distribution by mass:
one is from a power plant boiler with ESP (Zhao et al., 2010), and
the other is from the open burning of wheat straw (Li et al., 2007).
The size distributions of PMjg given in both references were
measured by an electrical low-pressure impactor (ELPI). This in-
strument operates in the size range of 0.03—10 pm, with 12 stages.
Fig. 2 presents the parameterization of the size distribution, as well
as the 95% confidence interval (CI) of the predicted curve. The size
distribution of PM1g emissions from the boiler fits a curve with two
lognormal distributions and MMDs of 0.2 um and 3.8 um, while the
one from open burning of crop residue fits a single lognormal
distribution with MMD of 0.3 um. The width of the 95% Cl indicates
a larger uncertainty for the smaller particles if the simulated curve
is used to predict size distributions for PM1g emissions from boilers
with ESP. This kind of analysis is performed for all fuel and tech-
nology combinations.

We then use a Monte Carlo approach to determine the un-
certainties in the size distribution of total emissions by sector and
region. The procedure is to generate a set of random values of size
distributions at P (In Dp) for specific particle diameter (In Dp) of
each fuel/technology combination. We assume normal distribu-
tions for the predicted values P (In Dpp), and standard deviation is

estimated by ,/In Dp S In D;}o which depends on the particle size.

2.4. PMjp emission inventory

The PMyp emission inventory used in this study is based on
previous studies (Bond et al., 2007, 2004; Lu et al., 2011; Streets
et al,, 2009, 2006; Yan et al., 2014b, 2011). Emission rates change
widely due to different types of processes and control technologies,
and therefore a technology-based methodology is necessary for
estimating emissions from all anthropogenic combustion sources.
Emission sources are categorized into four major sectors, including
residential, industrial, power, and transportation, and more than 90
combinations of sector, fuel, and technology. Energy and fossil-fuel
consumption data in 2010 for different combinations of sector, fuel,
and technology are derived from International Energy Agency
statistics (IEA, 2012a, 2012b). The fuel consumption activities are
separated and aggregated based on the emission characteristics of
each combustion process to fit the source types in our emission
inventory (see Bond et al. (2004) for details). In particular, we

separate fuel consumption for on-road vehicles and agricultural
tractors by emission standards (see Yan et al. (2014b) for details).
We apply TSP emission factors from Bond et al. (2004, 2007)
combined with the mass fractions of PMig to TSP from the GAINS
model (GAINS, 2014) to estimate PMg emission factors, except for
on-road vehicles and agricultural tractors which use primary TSP
emission factors from Yan et al. (2014b) and the mass fraction of
PMyo to TSP from Norbeck et al. (1998). Finally, fuel consumption
activities for each set of sector, fuel, and technology and their cor-
responding emission factors are combined to estimate total emis-
sions, as shown in Table 1.

3. Results and discussion

Regional size-resolved emissions for each sector are presented
in Section 3.1 where we discuss the primary sources that dominate
the emission size distribution by mass. Then, we compute emis-
sions across all source types and present the global PMy¢ emission
size distributions for all sectors in Section 3.2. Finally, in Section 3.3,
we discuss the potential shifts in PM size that would be caused by
the implementation of certain improved emission control
technologies.

3.1. Regional size-resolved PM1y emissions

In this section we discuss the drivers of the size distribution
patterns and uncertainties in each sector based on regional emis-
sions. Sources that dominate mass emissions also dominate the size
distribution, so that regions with similar emission contributions
from the various sources also share similar size distributions.
Representative regions are chosen for illustration and discussion.
The selection of these regions is based on size distribution, such as
number and position of peaks, and large mass contribution to
global emissions and uncertainty.

3.1.1. Residential sector

Because solid fuels produce most of the PMjg in the residential
sector, the size distribution of PMjg is dominated by the combus-
tion of solid fuels. We present size distributions for OECD Europe,
India, and China to represent characteristic distribution patterns of
major emission sources in the residential sector where different
technologies dominate, as shown in Fig. 3. In OECD Europe, PMyg
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Table 1
Regional PM;q emissions in 2010 (Gg/yr).
Region Baseline Scenario
Residential Industry Power Transportation Residential (S1?) Industry (S2°) Transportation (S3%)

Canada 98 149 26 35 2 137 28
USA 495 820 515 239 36 753 198
Central America 372 334 61 339 22 283 270
South America 396 1676 76 314 27 1566 113
Northern Africa 39 366 11 233 10 270 124
Western Africa 1559 344 3 102 90 321 78
Eastern Africa 808 94 2 48 42 84 25
Southern Africa 574 195 41 148 31 177 104
OECD Europe 812 1332 762 334 56 1161 225
Eastern Europe 472 401 356 80 12 357 35
Former USSR 271 1154 227 174 28 1068 95
Middle East 264 909 213 319 10 687 140
South Asia (no India) 706 203 10 73 37 162 41
India 2491 1411 107 169 126 1190 61
East Asia (no China) 111 614 80 142 25 542 88
China 4392 10,672 380 551 188 8840 370
Southeast Asia 1535 976 67 347 70 817 209
Oceania 52 127 69 37 2 117 24
Japan 22 693 100 44 4 641 35
World 15,471 22,471 3107 3730 819 19,174 2263

2 S1 is the clean household-fuels combustion scenario; S2 is the controlled cement kiln scenario; S3 is the clean vehicle scenario.

(a) Residential sector: OECD Europe

95% CI

— Baseline
0.8 ]

0.6 1

0.4 1

dM/dlog(D p) (Tglyr)

0.2 1

0
10 10 10° 10 10
Dp(nm)

(c) Residential sector: China

1.5

dM/dlog(D p) (Tglyr)

o , , ,
10 10’ 10° 10 10*
Dp(nm)

(b) Residential sector: India

25

dMidiog( ) (Tgly)

0.5

Fig. 3. Regional size-resolved PM;o emissions with 95% CI for the residential sector for (a) OECD Europe, (b) India, and (c) China.

emissions typically show a bimodal distribution having peaks at
around 100 nm and 400 nm. These two modes are primarily
contributed by fireplaces and heating stoves. Bimodal distributions
are also found in emissions from India. Emissions from agricultural
waste, dung, and biomass cookstoves are the major sources of PM1g
emissions in the range of 50—2000 nm with a peak at 700 nm. The
other peak at 4000—5000 nm is due to PM emissions from

traditional cookstoves burning hard coal. Uncertainties around the
peak in OECD Europe and India are due to uncertainties in the
estimated size distribution for heating stoves. In China, PMjg
emissions show a trimodal distribution. The peak at 300 nm is from
combustion of hard coal in open fires. The other two peaks at
600 nm and 5000 nm are caused by combustion of fuelwood,
agricultural waste, and hard coal in traditional stoves. Large
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uncertainties in the estimated size distribution of particles smaller
than 1000 nm are primarily associated with agricultural waste
burning.

3.1.2. Industrial sector

Major emission sources in this sector are coal-fired Kkilns.
Because emissions from industrial sources are dominated by coal
combustion, the overall size distributions in this sector are similar
among regions. Size distributions of emissions from the industrial
sector in China and Southeast Asia are shown in Fig. 4. A single-
peak distribution is the predominant size distribution for PMjg,
while another peak, dominated by coking-coal combustion, is
present beyond the PMjg size range. In both regions, the primary
emission source is cement kilns, which contribute the peak at
600 nm. In China, the coking-coal process primarily determines the
shape of the distribution above 3000 nm. In Southeast Asia, other
than cement kilns, another major source is traditional biofuel
combustion, which gives rise to the peak at 600 nm. There is no
peak beyond PMyg in this region since coking-coal emissions are
not significant. For both regions, emissions from cement kilns
contribute most to the uncertainty of the size distribution. Smaller
uncertainties are found in China for particles larger than 3000 nm
and in Southeast Asia for particles smaller than 100 nm—because
of lower uncertainties contributed by the coking-coal process and
biofuel combustion, respectively.

3.1.3. Power plant sector

The primary emission source in the power sector is coal com-
bustion. Some other fuels, such as natural gas and heavy oil, also
contribute a small share to regional emissions. In this sector, we use
the size distribution of emissions from OECD Europe and Eastern
Europe to show the contribution from major emission sources, as
presented in Fig. 5. In both regions, PM g emissions generally show
a bimodal distribution but with different details. In OECD Europe,
emissions peak at 200 nm and 2000 nm. The major contributors of
the two peaks in this region are combustion of biofuels, pulverized-
coal combustion with ESP, and waste combustion, which have
bimodal distributions with MMDs at 160—300 nm and
2000—3000 nm. The major uncertainty of the size distribution in
this sector is from pulverized-coal combustion with electrostatic
precipitators. In Eastern Europe, major emissions and uncertainty
sources are from pulverized-coal combustion with cyclone collec-
tors and ESP.

3.1.4. Transportation sector
The size distribution of PMyg in the transportation sector is

(a) Industrial sector: China

95% ClI
61 Baseline

dM/dlog(D p) (Tglyr)

o , ; ,
10 10’ 10° 10 10*
Dp(nm)

dominated by the combustion of diesel fuel. On-road vehicles, non-
road engines, and international shipping are major PM emission
sources in 2010. The size distributions for this sector are presented
in Fig. 6. In the three regions selected—the U.S., Southern Africa,
and Southeast Asia—multi-mode mass distributions having a major
peak between 100 nm and 200 nm are typical characteristics of the
transportation sector. This peak is contributed primarily by two-
stroke engines, heavy-duty diesel vehicles, and heavy-fuel-oil
combustion for international shipping. In the U.S., the peaks at
20 nm and 5000 nm are due to clean diesel vehicles meeting post-
1998 emission standards and international shipping, respectively.
Heavy-duty diesel vehicles without emission standards and two-
stroke engines with poor maintenance are the major emission
sources in Southern Africa, showing peaks at 50 nm and 150 nm. In
Southeast Asia, the emission peaks at 20 nm, 150 nm, 1000 nm, and
5000 nm are primarily contributed by heavy-duty diesel vehicles
without emission standards, superemitters, international shipping,
and two-stroke engines. The large uncertainties for size distribu-
tion estimation in this sector are contributed by international
shipping and vehicles without emission standards.

3.2. Global size-resolved PM emissions

Fig. 7 shows global size-resolved emissions from the four sec-
tors: residential, industrial, power, and transportation. These four
sectors exhibit dramatically different distributions. Residential
emissions show a bimodal distribution with peaks at 600 nm and
5000 nm. These peaks are determined by the size distributions of
emissions from solid—fuel combustion. In the industrial sector,
PM;o emissions show a peak at around 600 nm contributed pri-
marily by emissions from kilns in the developing world, i.e.,
cement, lime, and brick kilns. Emissions from the combustion of
solid fuels and waste in the power sector dominate the size dis-
tribution and lead to two peaks at 200 nm and 2000 nm. In the
transportation sector, one peak is found between 100 and 200 nm
governed by emissions from vehicles and international shipping,
with three other peaks at 20 nm, 1000 nm, and 6000 nm. PMg
emissions from the residential and transportation sectors tend to
be of smaller size than those from the industrial and power sectors,
since particles resulting from coal combustion, which is a major
source in the industrial and power sectors, tend to be larger than
those from biomass combustion in the residential sector and gas-
oline and diesel combustion in the transportation sector. Global
emissions and regional contributions are summarized in Table 2. In
the residential sector, we find that 86% of total PM1g by mass is PMj,
while PM35-19 contributes only 4% of total PMyp emissions. For

(b) Industrial sector: Southeast Asia
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Fig. 4. Regional size-resolved PM;o emissions with 95% CI for the industrial sector for (a) China and (b) Southeast Asia.
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(a) Power plant: OECD Europe
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Fig. 5. Regional size-resolved PM;o emissions with 95% CI for the power sector for (a) OECD Europe and (b) Eastern Europe.
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Fig. 6. Regional size-resolved PM;o emissions with 95% CI for the transportation sector for (a) the U.S., (b) Southern Africa, and (c) Southeast Asia.

transportation, 92% of PMyg is smaller than 1 um and 5% of total
emissions fall between PMg and PM, 5. By contrast, in the indus-
trial and power sectors, 54% and 42% of total emissions are
contributed by PMy, respectively. PM5 5_1¢ contributes 28% and 33%,
and PMj_5 contributes 18% and 26%, respectively. Large un-
certainties are found in the particle size range between 100 nm and
1000 nm for the residential, industrial, and power sectors, while
small uncertainties are found in this particle size range for the
transportation sector.

The global size-resolved emission distribution across all regions
is presented in Fig. 8. This global average shows a single-mode
lognormal distribution with peaks at 600—700 nm, reflecting the
fact that global size-resolved PM1p emissions are dominated by the

industrial and residential sectors, as shown in Fig. 8(a). PMy 5 and
PM; contribute 82% and 67%, respectively, to total global PMyq
emissions. The majority of PMjp emissions are from combustion
sources yielding particles smaller than 1 um. Fig. 8(b) shows the
global size distribution by world region. Global particulate emis-
sions are dominated by emissions in China, which contribute 36%,
33%, and 31% of global PMyg, PM; 5, and PMy, respectively. The ratios
of regional to global PM emissions do not change much for PMyg,
PM,5, and PM; in each region, suggesting that all regions
contribute roughly the same fractions of PMjg emissions in the
different size ranges. Uncertainties in size-resolved emissions are
larger in the particle size range between 100 nm and 5000 nm than
in other size ranges.
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Fig. 7. Global size-resolved PM;o emissions with 95% CI for (a) residential, (b) industrial, (c) power, and (d) transportation sectors.

Table 2
Global and regional PM;g, PM35_19, PM5 5, PM;_3 5, and PM; emissions.

PMyo PMzs-10 PMzs  PMj_s PM;
Baseline emissions (Gg/yr)
Residential sector 15,471 588 14,883 1593 13,291
Industrial sector 22,471 6386 16,085 4016 12,069
Power sector 3107 1014 2093 797 1296
Transportation sector 3730 173 3556 132 3425
Scenario emissions (Gg/yr)
Residential sector (S1%) 819 1 818 8 811
Industrial sector (S27) 19,174 6332 12,843 3245 9597
Transportation sector (S3?) 2263 172 2091 83 2009
Regional contribution to global baseline emissions (%)
Canada 0.7 0.7 0.7 0.4 0.8
USA 4.6 4.1 4.7 4.2 49
Central America 2.5 0.9 2.8 1.8 3.0
South America 5.5 33 6.0 4.5 6.3
Northern Africa 1.5 0.5 1.7 13 1.7
Western Africa 4.5 0.4 54 3.5 5.8
Eastern Africa 21 0.2 2.6 1.5 2.8
Southern Africa 2.1 0.9 24 1.7 2.6
OECD Europe 7.3 6.7 73 7.1 74
Eastern Europe 29 4.8 25 2.7 2.5
Former USSR 4.1 8.9 3.0 3.8 2.8
Middle East 3.8 34 39 4.2 3.8
South Asia (no India) 22 0.5 2.6 2.1 2.7
India 9.3 5.6 10.1 10.1 10.2
East Asia (no China) 21 3.7 1.8 2.3 1.6
China 35.7 48.0 33.0 40.4 314
Southeast Asia 6.5 1.7 7.6 5.9 8.0
Oceania 0.7 0.9 0.6 0.6 0.6
Japan 19 4.8 13 19 11

2 S1 is the clean household-fuels combustion scenario; S2 is the controlled
cement kiln scenario; S3 is the clean vehicle scenario.

3.3. Emission scenarios

In this section we examine the potential effects of adopting a
higher level of PM emission control on the global PMyq size dis-
tribution. In doing this, we focus more on changes in the size dis-
tribution pattern than in the overall magnitude of PMjg emissions.
We also do not pass judgment on the feasibility of these scenar-
ios—they serve purely to illustrate the shifting size patterns. Three
scenarios focusing on three major global PMyy sources are
investigated:

(1) Clean household-fuel combustion scenario (S1). In this sce-
nario, no solid fuel is used for cooking and heating in the
home—it is substituted by LPG and natural gas, respectively.

(2) Controlled cement kiln scenario (S2). In this scenario, bag-
houses are used to control emissions from all cement kilns,
which are the major emission contributors in the industrial
sector; the size-specific emission reduction profile assumed
for this technology is 32% for PMg and 40% for PMy 5 (Lei
et al,, 2011).

(3) Clean vehicle scenario (S3). In this scenario, it is assumed
that all on-road vehicles meet Euro 6 emission standards and
that no superemitters remain in the fleet.

The PMyg regional emissions under the three scenarios are given
in Table 1. Fig. 9 shows the global size distributions of PMyg in the
baseline and the three emission reduction scenarios. In scenario S1,
as shown in Fig. 9(a), the size distribution shifts to a smaller size
range with peaks at 20 nm and 200 nm. Compared with the
baseline distribution, higher emissions of smaller particles are
caused by increasing amounts of LPG and natural gas combustion.
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Fig. 9. Global size-resolved PM;o emissions under assumed emission control scenarios: (a) clean household-fuels combustion scenario (S1), (b) controlled cement kiln scenario (S2),
(c) clean vehicle scenario (S3), and (d) all control scenarios combined (S1 + S2 + S3).

In the range between 1 um and 10 pm, the mass emissions shift
from having peaks at 600 nm and 5000 nm in the baseline to
200 nm in S1, with a total mass reduction of 99%.

In scenario S2, shown in Fig. 9(b), there is no significant change
in the shape of the size distribution, but PM emissions in size
ranges smaller than 3000 nm and larger than 100 nm are reduced
significantly, due to the performance of the baghouses. Overall,
PMjo emissions from the industrial sector are reduced by 15% from
the baseline scenario. Emissions of PM; 5_1¢ are reduced by only 1%
from the baseline, because the contribution of cement kilns to total
emissions is much less than the contribution of the coking-coal

process for PM larger than 3000 nm. PM;_»5 and PM; are
reduced by 19—21%, with a significant reduction for PM larger than
100 nm, where emissions from cement kilns dominate the size
distribution.

In scenario S3, forcing all vehicles to follow Euro 6 emission
standards significantly reduces emissions of PM with sizes smaller
than 2.5 pm. There is no change in the shape of the PMyg size dis-
tribution from the baseline, except that a small peak at 50 nm
emerges that is associated with the Euro 6 vehicles, as shown in
Fig. 9(c). The overall emission reduction in the transportation sector
is 39% with less than 1% change in PMys5_1¢9 from baseline.
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Reductions of 37% and 41% are achieved in PMj_25 and PM;y,
respectively.

If all of the measures described above were to be applied at the
same time, total PM1o emissions would be reduced by 43% from the
baseline. Although emissions of particles smaller than 100 nm in-
crease, mainly due to the increase of emissions from LPG and nat-
ural gas combustion, mass emissions are less in all PM size ranges.
PM35-10, PMi_25 and PM; are reduced by 8%, 37%, and 54%,
respectively. Because emissions are reduced by a large amount in
the residential sector, the global size distribution exhibits a
different shape from the baseline. Four peaks are now observed in
the global size distribution, contributed by the residential sector (at
20 nm and 2000 nm), the industrial sector (at 600 nm), and the
transportation sector (at 20 nm and 200 nm).

4. Conclusions

In this work, we develop the first global and regional size-
resolved PMjp mass emission inventory that covers all energy-
related combustion sources. We collate particle size distribution
information for all important types of combustion sources from the
literature. Continuous size distributions across the full range of PM
sizes less than PMyg are assembled for all combustion types, and PM
emissions in three size ranges (PMjg, PM3 5, and PM;) and two size
bins (PM35-10 and PMy5_1) are summarized for the residential,
industrial, power, and transportation sectors. The uncertainty
associated with each size-resolved emission profile is also calcu-
lated. Global PMjp emissions from combustion sources are domi-
nated by particle sizes smaller than 1 um. PMg emissions in the
four sectors show different particle size distributions due to the
different characteristics of the fuels and technologies used in each
sector. In the residential and transportation sectors, 80—90% of
emissions are smaller than 1 pm, with less than 5% of emissions
from PM; 5_1¢. In the industrial and power sectors, only 40—50% of
emissions are in the PM; size range, while around 20—25% of
emissions are in both PMy5_19 and PM;_5 5. Three emission sce-
narios were studied to represent tighter emission limits in three
sectors: switching from solid fuels to LPG and natural gas in the
residential sector, installing baghouses to control emissions from
cement kilns, and using Euro 6 emission limits for all in-use vehi-
cles. Two of these scenarios show similar mass size distribution
emission patterns as the baseline, while, in the residential sector,
particle mass sizes are shifted to smaller size ranges. Despite the
quantified uncertainties in this size-resolved PM;y emission data-
base, its use in global and regional chemistry and climate models
should be a great improvement over the rudimentary representa-
tions in current usage. This will, in turn, lead to improved quanti-
fication of human health and climate impacts. An evaluation of this
size-resolved PM emission inventory through modeling and com-
parisons with observations is planned for the future. Additional
measurements of size-resolved PM1p emissions from key combus-
tion sources where data are presently limited would enable us to
improve the distributions presented here.
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