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Why learn about emissions

• Which sources are responsible for pollutant 

emissions?

• Forms the basis of our ability to 

– evaluate pollution interventions

– forecast future air quality and climate scenarios in 

response to changes in mitigation strategies, 

technological innovation, or human activity
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Topics

Primary pollutants

• SO2

– burning sulfur or material containing sulfur

• NOx

– burning fuel in air (which contains molecular nitrogen)

• CO
– incomplete combustion of carbonaceous fuel

• Particulate matter (aerosols)
– natural and anthropogenic sources

Precursors for secondary pollutants (O3 and PM)
– VOCs (hydrocarbons)

– NH3

Greenhouse gases

• CO2 (not primary pollutant)
– product of complete combustion

– many sources (and natural sinks)
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Framework

• Sources (source class):
– Fossil fuel combustion

– Biogenic emissions

– Natural: dust, sea spray, volcanic

– Agricultural

• Emission environment/conditions

• Chemical mechanisms

• Methods for estimating emissions

Examples of possible 

units for activity (A):

• vehicle

• vehicle km traveled

• kg of fuel

• hectacre

• powerplant
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(We will consider this equation 

as a framework, but will discuss 

emissions qualitatively.)



MECHANISMS
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Combustion

High temperature (often in excess of 2000 K) 

allows

• rapid oxidation of hydrocarbons and carbon 

monoxide to carbon dioxide and water, but

• also makes it possible to form nitric oxide (NO) 

from oxidation of molecular nitrogen (N2)

Fuel + Oxidant → Combustion products
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Carbon monoxide, carbon dioxide, and 

hydrocarbons from combustion

Produced from complete and incomplete combustion

8Battin-Leclerc et al., 2013
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Shown on right: 

Concentration of CO2, CO, O2, and 

H2O as a function of relative air/fuel 

ratio (also called the stoichiometric 

ratio). Note that it is the reciprocal of 

the equivalence ratio: λ = 1/ϕ. 

Contour lines indicate H/C molar 

ratio.

Wark et al., 1998



Reasons for incomplete combustion

• Low temperatures

– quenching by cylinder 

walls

• Insufficient oxidant

– incomplete mixing of fuel 

and air (emergence of 

fuel-rich regions)

• Operating parameters 

(engine load)

• Poor equipment 

maintenance

Flagan and Seinfeld (1988)
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CO, CO2
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Concentration/residence time curves in a plug flow reactor 

for a 1:1:1 series reaction.
Note: CA, CR = concentration of A or R, respectively, mol/L

(Adapted from Levenspiel, 1962.)

Cooper and Alley, 2011
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Wark et al., 1998
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Soot

• Also goes by the name of black carbon (BC), 

elemental carbon (EC), light-absorbing carbon 

(LAC, but this also includes “brown carbon”)

• Absorbs solar radiation

• Processes of formation:

– molecular growth by chemical reactions 

(polymerization of PAHs)

– coagulation of PAH i-mers
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Soot formation
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Vander Wal, Carbon, 2007

Seinfeld and Pandis, 2006

Glassman, 1998

Viewed by High-Resolution 

Transmission Electron Microscopy 

(HR-TEM)
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Maricq, J. Aerosol Sci., 2007 Adachi et al., J. Geophys. Res., 2010

Black carbon is almost never 

emitted by itself:

• Coated with lubricants and 

unburnt fuel

• Provides surfaces for rapid 

condensation of gases 

(organic compounds, sulfuric 

acid)

19



Oxides of 

nitrogen (NOx)
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NOx formation as a 

function of 

equivalence ratio
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Flagan and Seinfeld, 1988



Sulfur dioxide (SO2)

• S occurs in fuels as 
pyruvate, sulfides

• In coal:
– inorganic

• iron pyrite (FeS2)

• occurs as discrete 
particles; washable

– organic
• chemically bound
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slide by Stefan Reimann

Flagan and Seinfeld, 1988
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Particulate matter

• Anthropogenic vs. Biogenic

• Primary (emitted as particles) vs secondary 

(emitted precursor gases form particles in the 

atmosphere)

– fly ash

– metals

– soot

– organic carbon

– other material
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SOURCES
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Combustion

• Anthropogenic (fossil fuel and burning of 

biomass)

• Biogenic (natural burning of biomass)
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Emission parameters

Emission products formed depends on several factors:

• Fuel type
– solid, liquid, gas

• Fuel composition
– determines reaction pathways

• Flame type
– determines local combustion environment

• Operating temperature (heterogeneous spatial distribution)
– changes equilibrium and kinetic rate constants

• Air/fuel ratio
– governs stoichiometry

The quantity of emission is dependent on the energy content of 
the fuel (how much fuel must be consumed to produce a fixed 
amount of energy).
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Gas

• Simplest class of fuels

• Natural gas: mostly methane (CH4) and ethane 
(C2H6)
– found in underground reservoirs of porous rocks, 

alone or mixed with petroleum

• Other gases: C1-C5 e.g., propane (C3H8), butane 
(C4H10) 

modern natural gas-burning plant in Ohio, U.S.

source: NPR
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Solid fuels

• Can include biomass and coal

• Composition varies more widely than other fuels

CoalBurning wood
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Coal

• Compact, stratified mass of decayed vegetation
– variable composition (“organic rock”)

– characterized by “rank”, indicating geological age—or the degree 
to which the organic matter has been transformed from cellulose 
to graphitic structure

• Often pulverized (formed into powder) and burned 
somewhat similarly to heavy fuel oils.

• Major emission products: SO2, CO2, NOx, BC

• “Clean coal technology”
– collection of methods to target removal of SO2 and CO2

– may include: desulfurization (e.g., by washing) prior to burning; 
capturing of emissions post-burning

• There are various types of coal which vary in carbon and 
sulfur content, among other elements.
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source: Encyclopædia Britannica, Inc. 



Gasoline and diesel

• both are mixture of hydrocarbons 

processed from petroleum

• gasoline

– predominantly C4-C12 with boiling 

point of 25-220°C

– spark ignition

– higher CO and VOC emissions

• diesel

– typically heavier and less volatile 

than gasoline

– predominantly C9-C28 with boiling 

point of 160-390°C

– compressed to autoignition 

temperature

– lower AFR, higher pressures and 

temperatures

– higher NOx and soot emissions
32Battin-Leclerc et al., 2013

Battin-Leclerc et al., 2013



Automotive emissions
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epa.gov

http://www.greenoptimistic.com/



Primary organic (and elemental) carbon 

emissions
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IEA, World Outlook 2013
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IEA, World Outlook 2013 (Million tonnes of oil equivalent)
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IEA, World Outlook 2013



Tester et al., 2005  42



Activation 

energy

Heat/enthalpy of 

reaction

Flagan and Seinfeld (1988)

Thermodynamics of combustion based 

on chemical composition
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Exampe: methane



Fields, Forests, Grasslands, etc.

• Volatile organic 

compounds (VOCs) 

make up a large 

fraction of relevant 

emissions.

• VOCs can be 

oxidized to form 

organic particles in 

the atmosphere.
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www.mpg.de



Biogenic hydrocarbon 

emissions
• Biological conversion of CO2 to organic 

molecules

• Isoprene emission is light-dependent 

but monoterpenes are not necessarily

• isoprene: temperature-dependent 

volatility

• monoterpene: volatility and 

concentration (Henry’s law)

• differs in storage mechanism 

within the plant

• Vegetation type

• Coniferous (pine): terpenes

• Deciduous (oak): isoprene
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Guenther et al., 1993

Fuentes et al., 2000
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Tanaka et al. 2000



Burning of biomass

• Mixture of combustion 

and biogenic products

• Various burning 

conditions: flaming, 

smoldering (varies in 

temperature)

• Many possible fuel 

types
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Cookstove in use/Cheryl Weyant,

http://cee.illinois.edu

Bond et al., 2013

earthobservatory.nasa.gov



Suspension of particles from soil and 

ocean surfaces

Qureshi et al., Chemosphere, 2002
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Harris and Davidson, 2008

Dust resuspension

Force balance on soil 

particles (“grains”)

Emissions are 

dependent on wind 

speed
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Harris and Davidson, 2009



MISR satellite

source: NASA

source: NASA

Desert locations

Aerosol Optical Depth ~

Column aerosol burden

source: WMO
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Gong et al., 2006

• Entrained air bubbles bursting 

during whitecap formations due to 

surface winds.

• A continuous supply of excessive 

energy by the wind to the sea 

surface results in wave breaking 

and consequently whitecaps. 

• The production of sea-salt 

aerosols by wind is proportional to 

the whitecap coverage. 
Wallace and Hobbs, 2006

Sea spray
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Agriculture

source: The Guardian

source: Wikipedia

feedlotsgrazing on pasture

source: Deere.com

fertilizer spreading

Major emissions: 

• NH3 (PM precursor), 

• N2O (greenhouse gas)

54



source: European Nitrogen Assessment, 2011

Galloway et al., Science, 2008

Nitrogen 

fixation:

Emission as NH3, 

N2O:

Dawson and Hilton, Food Policy, 

2011

Deposition (primarily as NH3 or NH4NO3) 

:
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Housing, storage

Grazing

Manure spreading

Sector share of 

ammonia emissions 

(EEA member 

countries) 

Beusen et al., Atmos. Environ., 2008
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ESTIMATION METHODS
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Given the complexity of the 
physical/chemical 
processes leading to many 
types of emissions, 
measurements are often 
used to estimate emission 
factors in these cases.

Approaches to solve the 
inverse problem of 
estimating emissions based 
on emissions coupled to a 
physical/chemical model 
also exist.

Industrial emissions:

• Stack monitoring

Vehicle emissions:

• Dynamometer

• Tunnel studies

• Chamber

Biogenic emissions:

• Chamber

• Flux tower
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Dynamometer

59

Maricq, 2007



Many types of hot emissions 

are diluted to simulate 

ambient conditions (lower 

temperatures)

Wang et al., Environ. Sci. Tech., 2013

source: NETL

Robinson et al., Science, 200760



Tunnel study

• Measure emissions in tunnel

• Count number of vehicles 

entering (classify according to 

vehicle class: light-duty, heavy-

duty, passenger vehicle, truck, 

etc.)

• Overall emission factor 61

www.mtc.ca.gov

Mancilla and Mendoza, 2012



Measuring area fluxes 

over different land types 

by eddy covariance

www.geos.ed.ac.uk

Burba et al., 2011
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Emission factors and reactivity from 

chamber studies

• Investigate emissions from plants, patch of land, 

and other things

• Create your own atmosphere

• Investigate chemical reactions – production of 

O3 and PM

– inject VOCs, oxidants

– subject to UV or sunlight
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UNC Chapell Hill

UC Irvine UC Boulder

Jülich

UNC Chapell Hill
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Controlled burning studies

McMeeking et al., J. Geophys. Res., 2009

source: http://lamar.colostate.edu/
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Inverse modeling
N2O fluxes over Europe

Thompson et al., Atmos. Chem. Phys., 2011

Henze et al, Atmos. Chem. Phys., 2009

NH3 emissions over U.S.

Observations may be from in-situ or remote 

sensing measurements

66



CONTROL OF EMISSIONS
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Control of primary particulate matter



Control of gases and vapors

• adsorption onto surface of 
solids

• absorption into liquid 
solvents

• conversion to another 
chemical form by oxidation 
(catalytic or direct flame 
incineration)

• change original chemical 
process which produces 
the pollutant
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source: newscientist.com



NOx control

70

Catalytic converters:
• Reduce NOx (possible formation 

of NH3)

• Also allows oxidation of CO and 

hydrocarbons at lower 

temperatures

• Redox reactions on surfaces of 

platinum, rhodium, and palladium

source: UCDavis Chemwiki



SO2 scrubber
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source: UCDavis Chemwiki

trap SO2 by reaction 

with lime (CaO)





Carbon capture 

and storage 

(CCS)

73source: www.toshiba.co.jp

Amines (-NH2) are weak bases in solution 

and can neutralize weak acids (CO2(aq)). 

carbamide anion

bicarbonate anion
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source: MIT On Balance, April 2012



NEGATIVE EMISSIONS 

TECHNOLOGIES
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Geoengineering 
(SRM vs. NET)
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Technologies

77

source: National Academies Press, 2019
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source: National Academies Press, 2019
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80https://www.bafu.admin.ch/bafu/en/home/topics/climate/info-specialists/climate-target2050/negative-emissionstechnologien.html

https://www.scientificamerican.com/article/u-s-blocks-u-n-resolution-on-geoengineering/



Reports/reviews on NET
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source: swissinfo.ch

(Climeworks)



DAC (Direct Air Capture)
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source: National Academies Press, 2019source: Socolow et al., 2011

source: Climeworks source: Carbon Engineering



What to do with CO2
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Storage

Utilization

Air to fuels

BRGM

Royal Society

Carbon Engineering



Minimum work
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source: 

Keith, Clim. Change, 2006 

Kulkarni and Sholl, I&EC Res., 2012



Efficiency

86

Real required work depends on
inefficiencies in processes 
performing the
separation.

Second-law efficiency:

House et al., PNAS, 2011



Example systems
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solvent-based DAC

sorbent-based DAC



Net emissions

88

House et al., PNAS, 2011

House et al., PNAS, 2011



Cost

• Sherwood plot relates the 
market price of a substance 
to its initial dilution.

• Cost of separation approx. 
scales inversely with initial 
concentration (requirements 
for handling greater quantities 
of material).

• This assumes “scaling up” of 
existing technologies and 
does not consider new 
technologies.
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Initial estimates: $600-1000/tCO2

Climeworks implementation: $600/tCO2

Carbon Eng. proposed: $100-250/tCO2 

House et al., PNAS, 2011



90

Learning rate:

• (empirical) percentage reduction 

in cost of manufacturing for every 

doubling of cumulative output

Improvements in: 

• production process

• technological breakthroughs

• supply chain

Target: $100/ton is target (Price of CO2 

used for commercial purposes: $65 to 

$110/ton)



Further reading

• Cooper, C. David, and F. C. Alley. Air Pollution 
Control: A Design Approach. Waveland Press 
Inc, 2011.

• Flagan, R. C and Seinfeld, J. H. Fundamentals 
of Air Pollution Engineering, Prentice Hall, Inc., 
New Jersey, 1988. Available online: 
http://authors.library.caltech.edu/25069/

• Wark, Kenneth, Cecil Francis Warner, and 
Wayne T. Davis. Air Pollution: Its Origin and 
Control. Addison-Wesley, 3rd ed., 1998.

91

http://authors.library.caltech.edu/25069/
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