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secondary anthropogenicsecondary anthropogenic aerosolaerosol
biogenicbiogenic aerosolaerosol



BC/OC emission challenge BC/OC emission challenge BC/OC emission challenge 

Emission estimationEmission estimation harder than species with harder than species with 
bounded emissions (CObounded emissions (CO22, SO, SO22))

similar to processsimilar to process--dependent dependent 
species (species (NOxNOx, CO), CO)

Model validationModel validation harder than wellharder than well--mixed species mixed species 
(CO(CO22, CH, CH44))

similar to species with short similar to species with short 
lifetimes (SOlifetimes (SO22/SO/SO44

==, CO), CO)

harder than single species (COharder than single species (CO22, , 
CHCH44, even SO, even SO44

==))ChemistryChemistry--optics optics 
connectionconnection

1a. some challenges



Variability in different 
burning of the same fuel
Variability in different Variability in different 
burning of the same fuelburning of the same fuel

Image: National 
Geographic

1a. some challenges



Variability between similar sourcesVariability between similar sourcesVariability between similar sources

example:
diesel engines

example:
diesel engines
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1a. some challenges



Variability of a single sourceVariability of a single sourceVariability of a single source

Diesel engines are constrained to lean equivalence ratios because of the soot

limit—the point at which “excessive soot” begins to form [8]. This limit is apparent in the

figure for values of φ greater than about 0.6 when engine speed is about 600 RPM. At

higher speeds, the acceptable φ is even lower, because the particles have less time to

oxidize. The value of EIabs at 800 RPM, φ =0.6 was greater than 40 m2 kg-1.

0

5

10

15

20

0.0 0.2 0.4 0.6 0.8

Equivalence Ratio

EI
ab

s
 (

m
2/

k
g

 a
t 

55
0 

n
m

)

600-700 RPM
700-800 RPM
800-900 RPM

0

1

1

2

2

3

3

4

0.0 0.2 0.4 0.6 0.8

Equivalence Ratio

EF
P

M
 (

g
/k

g
)

600-700 RPM
700-800 RPM
800-900 RPM

Figure 7- 1. Emission of absorption (left) and mass (right) from Caterpillar engine.

Ab
so

rp
tio

n 
em

is
si

on
 (

m
2 /

kg
)

Equivalence ratio

Absorption emission (m2/kg fuel)

0 1 2 3

Fr
ac

tio
n 

of
 o

bs
er

va
tio

ns

0.0

0.2

0.4

0.6

0.8

Absorption emission (m2/kg fuel)

0 1 2 3

Fr
ac

tio
n 

of
 o

bs
er

va
tio

ns

0.0

0.2

0.4

0.6

0.8

industrial oil boilerindustrial oil boiler
indirect-injection diesel engineindirect-injection diesel engine

turndown event

1a. some challenges

emission factor and aerosol type emission factor and aerosol type 
depends on burning conditionsdepends on burning conditions



global inventory procedureglobal inventory procedureglobal inventory procedure

activity levels (usually activity levels (usually fuelfuel))
International Energy Agency, United Nations, etc.International Energy Agency, United Nations, etc.

emission factors (vary by fuel/technology)emission factors (vary by fuel/technology)
characteristics (also vary by fuel/technology)characteristics (also vary by fuel/technology)

BC fractionBC fraction
Removal by control devicesRemoval by control devices
Size (affects optical properties)Size (affects optical properties)

technology divisionstechnology divisions
division into >100 division into >100 fuel+technologyfuel+technology categoriescategories
regionallyregionally--distinct technology divisionsdistinct technology divisions

emission from one technology 
= fuel use x PM emission factor x characteristics

1b. estimation procedure

total emissions = sum over technologies



global sourcesglobal sourcesglobal sources
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Bond, Streets et al., JGR 109, D14203, doi:10.1029/2003JD003697

1b. estimation procedure



Estimating uncertaintiesEstimating uncertaintiesEstimating uncertainties

sectoral 
energy data

activity
factors

emission
factors

sectoral
emissions

1. process differences?
2. assume lognormal
3. estimate expected value & c.i.
4. combine characteristics 

assuming independence each fuel/sector has
own uncertainty

high case has
larger contribution
of polluting activity

EF for
fuel/sector

combine confidence
intervals assuming
linear dependence
& asymmetric 
distribution

combine c.i. 
assuming
asymmetric 
distribution 

& 
independence

total
emissions

asymmetric 
distribution,  
independence

1b. estimation procedure



uncertaintiesuncertaintiesuncertainties

1c. major uncertainties

Sector BC OC BC OC BC OC BC OC BC OC BC OC
Contained combustion
Agri waste/residential - - - - - - - - 1 1 2 -
Anim waste/residential - - - - - - - - 2 2 1 1
Coal/industrial - - - - 2 2 1 1 1 2 2 -
Diesel/off-road 1 2 1 - 1 2 1 2 2 - 2 -
Coal/cokemaking 2 - 1 2 1 2 1 1 1 2 2 -
Coal/residential - - - - 2 2 1 1 1 2 2 -
Diesel/on-road 1 2 1 2 1 2 2 - 2 - 2 -
Diesel/residential 2 - - - 1 2 2 - - - 2 -
Gasoline/transport 2 1 1 1 2 2 - 2 - 2 2 2
Wood/charcoal prod - - - 2 - - - - - - 2 2
Wood/industrial - 2 1 1 - - - - 2 2 1 1
Wood/residential 1 1 1 1 1 1 2 1 1 1 1 1

Asia AfricaN.America S/C America Europe Former USSR

Uncertainty > 25% of total “contained 
combustion” emission estimate for region

Uncertainty > 10% 

inventory contains full uncertainty propagation inventory contains full uncertainty propagation 
(activity estimates, emission factors, etc)(activity estimates, emission factors, etc)
of course, there are many guessesof course, there are many guesses



Open biomass burningOpen biomass burningOpen biomass burning

Image: CSIRO

Quantities of vegetative 
matter burned

Emission factors variable 
with combustion conditions; 
not represented

Quantities of vegetative 
matter burned

Emission factors variable 
with combustion conditions; 
not represented

IssuesIssuesIssues

1c. major uncertainties



Transport sectorTransport sectorTransport sector

onon--roadroad
estimated fleet emission factor estimated fleet emission factor 
(fleet information hard to find (fleet information hard to find 
for many countries)for many countries)
superemitterssuperemitters
difference between difference between 
dynamometer measurements & dynamometer measurements & 
real worldreal world

offoff--road mobile/industrialroad mobile/industrial
estimated from fraction of fuel estimated from fraction of fuel 
used in various sectorsused in various sectors
country treatment of reporting is country treatment of reporting is 
inconsistentinconsistent

Image: www.nada.org

1c. major uncertainties

IssuesIssuesIssues



Small industrySmall industrySmall industry

Image: Anil Raut, 
Clean Energy Nepal

Kathmandu: 
Brick Kilns
Kathmandu: 
Brick Kilns

Xi’an:
Coal-Fired Fast Food

Image: Beverly Anderson

IssuesIssuesIssues
limited measurementslimited measurements

emission factors/ emission factors/ 
characteristicscharacteristics
types of industrial usetypes of industrial use
willingness to be measuredwillingness to be measured

1c. major uncertainties



Domestic biofuelDomestic biofuelDomestic biofuel

Image: Don O’Neal, 
HELPS Int’l

fuel quantitiesfuel quantities
havenhaven’’t been well t been well 
estimated even by energy estimated even by energy 
sectorsector
not just a not just a ““developingdeveloping””
country issue (percountry issue (per--capita capita 
wood use in U.S. 50% of wood use in U.S. 50% of 
that in India)that in India)

emission factorsemission factors
many sources; difficult to many sources; difficult to 
estimate averageestimate average
measurement of aerosol measurement of aerosol 
type (BC/OC) most type (BC/OC) most 
uncertainuncertain

1c. major uncertainties

IssuesIssuesIssues



Domestic biofuel (II)Domestic biofuel (II)Domestic biofuel (II)
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1c. major uncertainties
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A brief history of global inventoriesA brief history of global inventoriesA brief history of global inventories

19831983 TurcoTurco orderorder--ofof--magnitude estimatemagnitude estimate
19931993 PennerPenner based on fuel use based on fuel use 
19961996 Cooke & WilsonCooke & Wilson fossil fuel + biofuelfossil fuel + biofuel
19961996 LiousseLiousse biomass/biofuelbiomass/biofuel
19991999 Cooke et alCooke et al emissions different by development emissions different by development 

levellevel

20012001 AndreaeAndreae & & MerletMerlet comprehensive tabulation of biomass comprehensive tabulation of biomass 
emission factorsemission factors

20042004 Bond & StreetsBond & Streets emissions different by technologyemissions different by technology

2. inventory history



A brief history of global inventoriesA brief history of global inventoriesA brief history of global inventories

19831983 TurcoTurco 2.62.6--2222
19931993 PennerPenner 6.6 6.6 FFFF,    6 ,    6 BBBB

24 24 (ratios w/sulfur)(ratios w/sulfur)

19961996 Cooke & WilsonCooke & Wilson 8 8 FFFF,      6 ,      6 BBBB

19961996 LiousseLiousse 5.6 5.6 BBBB 45 45 BBBB

19991999 Cooke et alCooke et al 5.1 5.1 FFFF 10 10 FFFF

20012001 AndreaeAndreae & & MerletMerlet 4.8 4.8 BBBB 36 36 BBBB

20042004 Bond & StreetsBond & Streets 3.0 3.0 FFFF, 5.0 , 5.0 BB/BFBB/BF 2.4 2.4 FFFF, 31 , 31 BB/BFBB/BF

(4.3(4.3--22)22) (17(17--77)77)

black carbon organic carbon

2. inventory history



Why the reduction in FF emissions?Why the reduction in FF emissions?Why the reduction in FF emissions?

We do not apply emission factors for internal 
combustion engines to external-combustion boilers

Coal, power generation (difference 1.5 Tg/yr)

On-road diesel (difference 1 Tg/yr)

Domestic diesel (difference 0.25 Tg/yr; large in Europe)

We rely on measured BC fractions (<1%)
instead of guesses (25%)

We use emission measurements and World Bank studies
instead of assuming “developing countries have 5x higher 
emissions” (15 g/kg average PM emission factor)

Bond (2004) Bond (2004) vsvs Cooke (1999)Cooke (1999)
Differences are easily explained.Differences are easily explained.

2. inventory history



The present dilemmaThe present dilemmaThe present dilemma

““correctionscorrections”” reduced emission estimates reduced emission estimates 
from 14 Tg/yr to 8 Tg/yrfrom 14 Tg/yr to 8 Tg/yr
models typically need more BC to match models typically need more BC to match 
observationsobservations…… not less!not less!
measurement techniques measurement techniques 
may be uncertainmay be uncertain……
……but probably not enough but probably not enough 
to explain discrepancy. to explain discrepancy. 

2a. inventory dilemma



Forecasting BC and OC emissions Forecasting BC and OC emissions Forecasting BC and OC emissions 

3. future carbonaceous

From Bond et 
al., JGR, 2004



How fast will control technology improve?How fast will control technology improve?How fast will control technology improve?

Electrostatic precipitator, 
high collection efficiency

Cyclone, low 
collection efficiency

3. future carbonaceous



Representing time trends with S-shaped 
technology penetration curve
Representing time trends with SRepresenting time trends with S--shaped shaped 
technology penetration curvetechnology penetration curve
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3. future carbonaceous



BC emission changes between 1996 & 2030A1BBC emission changes between 1996 & 2030A1BBC emission changes between 1996 & 2030A1B

Net 2030A1B
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3. future carbonaceous

Technology improvement overwhelms energy growth!



General decline in all casesGeneral decline in all casesGeneral decline in all cases

BC/anthro BC bioburn

OC/anthro OC/bioburn

Results suggest we are headed for a world 
with stable or lower primary aerosol emissions

3. future carbonaceous



Main messageMain messageMain message

Estimating emissions of carbonaceous Estimating emissions of carbonaceous 
aerosols has challenges that may go aerosols has challenges that may go 
beyond previous IPCC inventories.beyond previous IPCC inventories.
Technology & other practice are important.Technology & other practice are important.
More More cooperationcooperation and and informationinformation from from 
local knowledge is needed.local knowledge is needed.


