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What is Black Carbon?

» Black carbon is the most strongly light-absorbing
component of particulate matter (PM).

« BC s asolid form of mostly pure carbon that
absorbs solar radiation (light) at all wavelengths.

» Other types of particles, including sulfates,
nitrates and organic carbon (OC), generally
reflect light.

» BC is formed by incomplete combustion
of fossil fuels, biofuels, and biomass.

» BC is emitted directly into the
atmosphere in the form of fine particles
(i.e., “direct PM,").

» BC is a major component of “soot”, a
complex light-absorbing mixture that
also contains organic carbon.




Composition of PM, . for 15 Selected Urban Areas in the

United S

tates

Irl:l Sulfate
I Nitrate
I 5C
[ Tom
I Crustal

\




Climate Effects of Black Carbon

» BC influences climate by:
o directly absorbing light (= warming)

 reducing the reflectivity (“albedo”) of snow and
ice through deposition (= warming)

* interacting with clouds (= cooling and/or
warming)

» BC’s climate impacts likely include increased
global average temperatures and accelerated
ice/snow melt.

» Sensitive regions such as the Arctic and the
Himalayas are particularly vulnerable to
warming/melting effects of BC.

» BC also contributes to surface dimming, the
formation of ABCs, and changes in the pattern
and intensity of precipitation.
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BC Impacts: Arctic

 Arctic temperatures increasing faster than global
average (ipcc, 2007)

« BC may be significant contributor to Arctic
warming and ice melt

Source: Reuters



BC Impacts: Glaciers

In the Himalayan region, solar heating from BLACK
CARBON at high elevations may be just as important
as carbon dioxide in the melting of snowpacks and
glaciers (Ramanathan & Carmichael, 2008)

Himalayas: Source of 14 Major Rivers in
Asia Under Threat
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BC Impacts: Precipitation

 Pollution plumes known
as Atmospheric Brown
Clouds (ABCs) may also
affect rainfall patterns

— ABCs contain significant
amounts of BC, as well as
organic carbon, sulfates,
nitrates, and dust

e Can persist up to 7 months
per year

Atmospheric Brown Cloud

NASA Goddard Space Flight Center/Jeff Schmaltz



Health Effects of Black Carbon

» BC contributes to the adverse impacts on human
health, ecosystems, and visibility associated with
PM, ..

» Short-term and long-term exposures to PM, ;. are
associated with a broad range of human health
Impacts, including respiratory and cardiovascular
effects and premature death.

Brick Kiln in Kathmandu
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» The World Health Organization (WHO) estimates
that indoor smoke from solid fuels is among the
top 10 major mortality risk factors globally,
contributing to approximately 2 million deaths
each year (mainly among women and children).

» Emissions and ambient concentrations of directly
emitted PM, . are often highest in urban areas,
where large numbers of people live.

Traditional Cookstove in India 9



Black carbon (BC)

e Asa part of PM, ., BCis associated with premature mortality

e BCis aclimate warmer - absorbs sunlight in atmosphere and
deposits on snow and ice, reducing reflected sunlight

e >90% of global anthropogenic BC emissions from three sectors

Transportation:

On-road diesels
Off-road diesels

Industrial: Residential:
Brick kilns Solid fuel burning
Coke ovens cookstoves




Black Carbon Emissions

Global BC Emissions, 2000 (7,600 Gg) U.S. BC Emissions in 2005 (0.64 Million Tons)

580 G
0.5%  0.7% ( )
1.1%

0,
52.3% 35.3%
35.5%

19.0%

3.6%
6.8%
25.1% 1.0%

Open Biomass Burning ¥ Domestic/Residential
|
(Includes Wildfires)

Industry
B Transport

Other
B Energy/Power

» 75% of global BC emissions come from Asia,

> In the U.S., BC emissions ~12% of
Africa and Latin America.

all direct PM, . emissions nationwide.
» U.S. currently accounts for approximately 8% of > Mobile sources are the largest U.S.
the global total, and this fraction is declining. BC emissions category (with 93% of

> Emissions patterns and trends across regions, mobile source BC coming from

countries and sources vary significantly. diesels). 1
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» Targeted strategies to reduce BC emissions can be expected to provide climate
benefits within the next several decades, and may be particularly important for
sensitive regions such as the Arctic.

» Reductions in BC and GHGs are complementary strategies for mitigating climate
change.

> The health and environmental benefits of BC
reductions are also substantial.

» Average public health benefits of reducing
directly emitted PM, : in the U.S. are estimated to
range from $290,000 to $1.2 million per ton PM, :
in 2030.

 Globally, PM,  reductions due to BC mitigation
measures could potentially lead to hundreds of

thousands of avoided premature deaths each year. 1



Science-policy reports on short-lived climate forcers

Sl —  Integrated Assessment

of Black Carbon
and Tropospheric Ozone
Summary for Dhecision Makers

Near-term Climate Protection and
Clean Air Benefits:

Actions for Controlling Short-Lived
Climate Forcers
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Simultaneously mitigating air pollution and
near-term climate change

e Mitigation measures targeting PM, . and ozone are employed around the world

e Those that target black carbon (BC) and methane may have climate co-benefits

Agriculture

What are the climate, health, and agricultural benefits of further
Implementing climate-friendly air pollution mitigation measures
that have already been employed around the world?
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UNEP/WMO Integrated Assessment of Black
Carbon and Tropospheric Ozone

e Screened ~2000 emission control measures in GAINS database

e |dentified 14 specific BC and methane emission control measures
based on potential benefits for near-term climate

e Examined 5 emission scenarios:

Present-day (2005)
2030 reference (World Energy Outlook, IEA 2009)
Methane measures

Methane + BC Group 1 measures (technological —i.e. diesel
particulate filters, improving biomass cook stoves)

Methane + BC Group 1 + BC Group 2 measures (policy —i.e.
elimination of high-emitting vehicles and biomass cook stoves)

e Calculated climate, health, agricultural, and economic benefits of
the 3 groups of measures

15



Near-term climate benefits
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Benefits of mitigating BC and methane

Climate change Human health Food security
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BC measures achieve 98% of health benefits from all measures
 Assoclated ozone precursor and organic carbon reductions
« Stronger mortality relationship for PM, . relative to ozone

Global mean Annually avoided Annually avoided
avoided premature crop yield losses
warming in 2050 deaths (total maize,
(°O) (million) rice, soybean
and wheat,

million tonnes)
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Mitigating BC: Key Considerations

» For both climate and health, it is important to consider the location and timing
of emissions and to account for co-emissions.

» Available control technologies can reduce BC, generally by improving
combustion and/or controlling direct PM, . emissions from sources.

» Some state and local areas in the U.S. have
already identified control measures aimed at
direct PM, . as particularly effective strategies
for meeting air quality goals.

» Though the costs vary, many reductions can be
achieved at reasonable costs. Controls applied
to reduce BC will help reduce total PM, - and
other co-pollutants.

18
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Black Carbon Emissions: Trends

» Long-term historic trends of BC emissions in the United States and other developed
countries reveal a steep decline in emissions over the last several decades.

» Ambient BC concentrations have declined as emissions have been reduced.

1.4 T T T
a) United States | UK Trends

— 2 ' O residential/commercial 2250 03
i ® industry =2
; 1.0 A di?slel g— 200 I N 0.25 '_a
L_é o8} o o 5 i % 150 \.\\\ o é
S 06t ° "o f > S 100 . 0'15§
© 2 \\.\ 01
§ 0.44 o] ue %C@ -.“"mv,:.m é 50 ® - - - - 0.05 m

02¢ " ®o0* © 0 - - ~— 0

y 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
0.0AaAANAA aha . o = TgAnnual BC Emissions ~* Annual Mean Concentration, ug/m3 (BS)
1900 1920 1940 1960 1980 200(
25 T ‘
c¢) China
» Developing countries (e.g., China and India) have o~ 207| o resdenalconmerc
. . . . =, [ ] It'! us
shown a very sharp rise in BC emissions over the past = o oes
= 150+ total
50 years. s
®
.. . . O 10}

» Total global BC emissions are likely to decrease in the

future, but developing countries may experience “ os)

emissions growth in key sectors (transportation, e

0.0

0. o RIS -
reSIdentlaI). 1950 1960 1970 1980 1990 2000 20



BC Mitigation Opportunities

United States -GI'(I)'ﬁ: Imost important BC emissions reduction
 The U.S. will achieve substantial BC P

. ) opportunities globally include:
emissions reductions by 2030, largely due PP o J y . :
S : — residential cookstoves in all regions
to controls on new mobile diesel engines.

. . . . — brick kilns and coke ovens in Asia
— Diesel retrofit programs for in-use mobile bile diesels in all req
sources are a valuable complement to new — MODIIE dIESELS 1n all regions

engine standards for reducing emissions. ¢ A variety of other opportunities may exist
« Other U.S. source categories have more in individual countries or regions.
limited mitigation potential due to smaller

remaining emissions in these categories,

or limits on the availability of effective Sensitive Regions
BC control strategies:  Arctic: transportation sector (land-based

diesel engines and Arctic shipping);
residential heating (wood); and biomass
burning.

— Stationary sources
— Residential wood combustion

— Open biomass burning

» Himalayas: residential cooking; industrial
sources (especially coal-fired brick kilns);
and transportation (diesel engines).
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Technical measures for methane emissions

Extended pre-mine degasification and recovery and oxidation of
methane from ventilation air from coal mines

Extended recovery and utilization, rather than venting, of
assoclated gas and improved control of unintended fugitive
emissions from the production of oil and natural gas

Reduced gas leakage from long-distance transmission pipelines
Separation and treatment of biodegradable municipal waste
through recycling, composting and anaerobic digestion as well as
landfill gas collection with combustion/utilization

Upgrading primary wastewater treatment to secondary/tertiary
treatment with gas recovery and overflow control

Control of methane emissions from livestock, mainly through
farm-scale anaerobic digestion of manure from cattle and pigs
Intermittent aeration of continuously flooded rice paddies



BC Group 1: Technical measures for reducing emissions of

Incomplete combustion

 Diesel particle filters as part of a Euro VI package for road and
off-road diesel vehicles

e Introduction of clean-burning cook stoves for cooking and
heating in developing countries

» Replacing traditional brick kilns with vertical shaft kilns and
Hoffman kilns

» Replacing traditional coke ovens with modern recovery ovens,
Including the improvement of end-of-pipe abatement measures
In developing countries

BC Group 2: Non-technical measures to eliminate the most

polluting activities

 Elimination of high-emitting vehicles in road and off-road
transport (excluding shipping)

« Ban of open field burning of agricultural waste

e Substitution of clean-burning cook stoves using modern fuels for
traditional biomass cook stoves in developing countries
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e Sources -
[ \ B\ 3 .

» BC emissions from U.S. mobile diesel engines
controlled via:

= Aircraft

» Emissions standards for new engines,

500,000 Locomotive including requirements resulting in use of
diesel particulate filters (DPFs) in conjunction
with ultra low sulfur diesel fuel.

Commercial Marine (C3)

- 400,000 7 Commercial Marine (C1 & ) ) ) ]
2 @)  Retrofit programs for in-use mobile diesel
< [ = Nonroad diesel engines, such as EPA’s National Clean Diesel
g e Nonrond gasoline Campaign and the SmartWay Transport
E Partnership Program.
200.000 4 M Brakewear . ..
' » Total U.S. mobile source BC emissions are
= Tire projected to decline by 86% by 2030 due to
100,000 = Onroad diesel regulations already promulgated.
I 0 mOnroad gasoline » EPA has estimated the cost of controlling
0 | | | L PM, ¢ from new diesel engines at ~
1990 2005 2020 2030 $14,000/ton (2010$).

Emissions from U.S. Mobile Sources
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U.S. Stationary Sources

» Controls on industrial sources, combined with improvements in technology
and broader deployment of cleaner fuels such as natural gas, have helped
reduce U.S. BC emissions more than 70% since the early 1900s.

» Regulations limiting direct PM emissions (including BC) affect more than
40 categories of industrial sources, including coke ovens, cement plants,
industrial boilers, and stationary diesel engines.

» Available control technologies and strategies include:

Use of cleaner fuels.

Direct PM, - reduction technologies (e.qg. fabric filters (baghouses), electrostatic
precipitators (ESPs), and diesel particulate filters (DPFs)).

The control technologies range in cost-effectiveness from $48/ton PM,  to
$685/ton PM, - (2010$) or more, depending on the source category. However,
they also may involve tens of millions in initial capital costs.
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U.S. Residential Heating and Cooking

»Emissions from residential wood combustion are
currently being evaluated as part of EPA’s
ongoing review of emissions standards for
residential wood heaters, including hydronic
heaters, woodstoves, and furnaces.

» Mitigation options include replacing or
retrofitting existing units, or switching to
alternative fuels such as natural gas.

» New EPA-certified wood stoves have a cost-
effectiveness of about $3,600/ton PM, . reduced,
while gas fireplace inserts average $1,800/ton PM, .
reduced (20103).

28



Open Biomass Burning

» Open biomass burning is the largest source of BC
emissions globally, and these emissions have been
tied to reduced snow and ice albedo in the Arctic.

» A large percentage of these emissions are due to
wildfire (e.g., U.S. Alaskan fires).

» Total organic carbon (OC) emissions (which may be
cooling) are seven times higher than total BC
emissions from this sector.

» PM, - emissions reductions techniques (e.g., smoke

management programs) may help reduce BC
emissions.

» Appropriate mitigation measures depend on the
timing and location of burning, resource
management objectives, vegetation type, and
available resources.

» Expanded wildfire prevention efforts may help to
reduce BC emissions worldwide.
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What is Black Carbon?

» Black carbon is the most strongly light-absorbing
component of particulate matter (PM).

« BC s asolid form of mostly pure carbon that
absorbs solar radiation (light) at all wavelengths.

» Other types of particles, including sulfates,
nitrates and organic carbon (OC), generally
reflect light.

» BC is formed by incomplete combustion
of fossil fuels, biofuels, and biomass.

» BC is emitted directly into the
atmosphere in the form of fine particles
(i.e., “direct PM,").

» BC is a major component of “soot”, a
complex light-absorbing mixture that
also contains organic carbon.
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BC Impacts: Arctic

 Arctic temperatures increasing faster than global
average (ipcc, 2007)

« BC may be significant contributor to Arctic
warming and ice melt

Source: Reuters



BC Impacts: Glaciers

In the Himalayan region, solar heating from BLACK
CARBON at high elevations may be just as important
as carbon dioxide in the melting of snowpacks and
glaciers (Ramanathan & Carmichael, 2008)

Himalayas: Source of 14 Major Rivers in
Asia Under Threat
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BC Impacts: Precipitation

 Pollution plumes known
as Atmospheric Brown
Clouds (ABCs) may also
affect rainfall patterns

— ABCs contain significant
amounts of BC, as well as
organic carbon, sulfates,
nitrates, and dust

« Can persist up to 7 months
per year

Atmospheric Brown Cloud

NASA Goddard Space Flight Center/Jeff Schmaltz



Health Effects of Black Carbon

» BC contributes to the adverse impacts on human
health, ecosystems, and visibility associated with
PM, ..

» Short-term and long-term exposures to PM, ;. are
associated with a broad range of human health
Impacts, including respiratory and cardiovascular
effects and premature death.

Brick Kiln in Kathmandu
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» The World Health Organization (WHOQO) estimates
that indoor smoke from solid fuels is among the
top 10 major mortality risk factors globally,
contributing to approximately 2 million deaths
each year (mainly among women and children).

» Emissions and ambient concentrations of directly
emitted PM, . are often highest in urban areas,
where large numbers of people live.

Traditional Cookstove in India 9
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» Targeted strategies to reduce BC emissions can be expected to provide climate
benefits within the next several decades, and may be particularly important for
sensitive regions such as the Arctic.

» Reductions in BC and GHGs are complementary strategies for mitigating climate
change.

> The health and environmental benefits of BC
reductions are also substantial.

 Average public health benefits of reducing
directly emitted PM, : in the U.S. are estimated to
range from $290,000 to $1.2 million per ton PM, :
in 2030.

* Globally, PM, c reductions due to BC mitigation
measures could potentially lead to hundreds of

thousands of avoided premature deaths each year. 1



Science-policy reports on short-lived climate forcers
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Summary for Dhecision Makers

Near-term Climate Protection and
Clean Air Benefits:

Actions for Controlling Short-Lived
Climate Forcers
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Benefits of mitigating BC and methane

Climate change Human health Food security
CH,4 CH4+BC CHy4 CH4 + BC CH,4 CH4 +BC
measures measures measures measures measures measures
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BC measures achieve 98% of health benefits from all measures
 Assoclated ozone precursor and organic carbon reductions
« Stronger mortality relationship for PM, . relative to ozone

Global mean Annually avoided Annually avoided
avoided premature crop yield losses
warming in 2050 deaths (total maize,
(°O) (million) rice, soybean
and wheat,

million tonnes)
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Black Carbon Emissions: Trends

» Long-term historic trends of BC emissions in the United States and other developed
countries reveal a steep decline in emissions over the last several decades.

» Ambient BC concentrations have declined as emissions have been reduced.
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Black Carbon (tons)
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» BC emissions from U.S. mobile diesel engines
controlled via:

= Aircraft

» Emissions standards for new engines,

Locomotive including requirements resulting in use of
diesel particulate filters (DPFs) in conjunction
with ultra low sulfur diesel fuel.

Commercial Marine (C3)

Commercial Marine (C1 &

C2)  Retrofit programs for in-use mobile diesel
Bl = Nonroad diesel engines, such as EPA’s National Clean Diesel

Campaign and the SmartWay Transport
Partnership Program.

B Nonroad gasoline

M Brakewear

» Total U.S. mobile source BC emissions are
= Tire projected to decline by 86% by 2030 due to
regulations already promulgated.

B Onroad diesel

1990

I . m Onroad gasoline » EPA has estimated the cost of controlling
| | L PM, s from new diesel engines at ~
2005 2020 2030 $14,000/ton (20109%).

Emissions from U.S. Mobile Sources
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What is Black Carbon?

» Black carbon is the most strongly light-absorbing
component of particulate matter (PM).

« BC s asolid form of mostly pure carbon that
absorbs solar radiation (light) at all wavelengths.

» Other types of particles, including sulfates,
nitrates and organic carbon (OC), generally
reflect light.

» BC is formed by incomplete combustion
of fossil fuels, biofuels, and biomass.

» BC is emitted directly into the
atmosphere in the form of fine particles
(i.e., “direct PM,").

» BC is a major component of “soot”, a
complex light-absorbing mixture that
also contains organic carbon.
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BC Impacts: Arctic

 Arctic temperatures increasing faster than global
average (ipcc, 2007)

« BC may be significant contributor to Arctic
warming and ice melt

Source: Reuters



BC Impacts: Glaciers

In the Himalayan region, solar heating from BLACK
CARBON at high elevations may be just as important
as carbon dioxide in the melting of snowpacks and
glaciers (Ramanathan & Carmichael, 2008)

Himalayas: Source of 14 Major Rivers in
Asia Under Threat
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BC Impacts: Precipitation

 Pollution plumes known
as Atmospheric Brown
Clouds (ABCs) may also
affect rainfall patterns

— ABCs contain significant
amounts of BC, as well as
organic carbon, sulfates,
nitrates, and dust

« Can persist up to 7 months
per year

Atmospheric Brown Cloud

NASA Goddard Space Flight Center/Jeff Schmaltz



Health Effects of Black Carbon

» BC contributes to the adverse impacts on human
health, ecosystems, and visibility associated with
PM, ..

» Short-term and long-term exposures to PM, ;. are
associated with a broad range of human health
Impacts, including respiratory and cardiovascular
effects and premature death.

Brick Kiln in Kathmandu
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» The World Health Organization (WHOQO) estimates
that indoor smoke from solid fuels is among the
top 10 major mortality risk factors globally,
contributing to approximately 2 million deaths
each year (mainly among women and children).

» Emissions and ambient concentrations of directly
emitted PM, . are often highest in urban areas,
where large numbers of people live.

Traditional Cookstove in India 9
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» Targeted strategies to reduce BC emissions can be expected to provide climate
benefits within the next several decades, and may be particularly important for
sensitive regions such as the Arctic.

» Reductions in BC and GHGs are complementary strategies for mitigating climate
change.

> The health and environmental benefits of BC
reductions are also substantial.

 Average public health benefits of reducing
directly emitted PM, : in the U.S. are estimated to
range from $290,000 to $1.2 million per ton PM, :
in 2030.

* Globally, PM, c reductions due to BC mitigation
measures could potentially lead to hundreds of

thousands of avoided premature deaths each year. 1
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Benefits of mitigating BC and methane
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BC measures achieve 98% of health benefits from all measures
 Assoclated ozone precursor and organic carbon reductions
« Stronger mortality relationship for PM, . relative to ozone
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Goals

Climate
Radiative Forcing
Temperature
lce/Snow Melt
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Emissions sources

Stationary

Sources
Brick Kilns
Coke Ovens
Diesel Generators
Utilities
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Burning
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Black Carbon Emissions: Trends

» Long-term historic trends of BC emissions in the United States and other developed
countries reveal a steep decline in emissions over the last several decades.

» Ambient BC concentrations have declined as emissions have been reduced.
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» BC emissions from U.S. mobile diesel engines
controlled via:

= Aircraft

» Emissions standards for new engines,

Locomotive including requirements resulting in use of
diesel particulate filters (DPFs) in conjunction
with ultra low sulfur diesel fuel.

Commercial Marine (C3)

Commercial Marine (C1 &

C2)  Retrofit programs for in-use mobile diesel
Bl = Nonroad diesel engines, such as EPA’s National Clean Diesel

Campaign and the SmartWay Transport
Partnership Program.

B Nonroad gasoline

M Brakewear

» Total U.S. mobile source BC emissions are
= Tire projected to decline by 86% by 2030 due to
regulations already promulgated.

B Onroad diesel

1990

I . m Onroad gasoline » EPA has estimated the cost of controlling
| | L PM, s from new diesel engines at ~
2005 2020 2030 $14,000/ton (20109%).

Emissions from U.S. Mobile Sources
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