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World CO, Emissions from the Consumption of
Fossil Fuels during 1980-1997
(in Million Metric Tons of Carbon)

Y

World Regions 1980 1985 1990 1995 1997.0
North America 1484.2  1439.0 15614 16439 1725.8
Central and South America  173.0  167.8 187.4 226.1 242.5
Western Europe 10221 9793 1011.2 9578 990.2
Eastern Europe & F ormer 11114 12334 12979  8/8.1 851.8
U.SSR.

Middle East 1372 1628 200.8 248.1 264.0
Africa 1457 1731 198.4 226.0 236.4
Far East and Oceania 9772 11574 14299 18134 1921.1
World Total 5050.8 5312.8 5886.9 959934 6231.7

Sources: DOE, EIA, 1998, 1999
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U.S. CO, Emissions from Different
Sectors (Million Metric Tons of Carbon)

CO2 Emissions Sources 1980 1985 1990 1995 1997

CO2 from Residential Sector 2484 2458 2531 2703 2865
CO2 from Commercid Sector  178.3 189.7 2068 2179 237.2
CO2 from Industrial Sector 4846 4247 4541 465 482.9
CO2 from Transportation Sector 378.1 3844 4321 4585 4731

CO2 from End-Use Totd 1289.4 12446 13461 14117 1479.6

CO2 from Electric Utilities* 4184 439 4769 4953 5234

*Electric Utility emissions are distributed across end-use sectors.

Sources: DOE, EIA, 1998, 1999
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U.S. CO, Emission from Electricity-Generating
Units (Million Metric Tons of Carbon)

CO2 Emissions Sources 1990 1995 1997

Coal-Fired Units at Electric Utilities 409.9 434.3 471.3
Petroleum-Fired Units at Electric Utilities 25.3 13.0 15.0

Gas-Fired Units at Electric Utilities 39.2 445 36.0

Other Units at Electric Utilities 1.2 0.8 1.0

Emissions at Electric Utilities, Total 4755 492.7 523.4
Coal-Fired Units at Nonutilities 17.8 24.6 25.3
Petroleum-Fired Units at Nonutilities 4.3 7.3 7.4

Gas-Fired Units at Nonutilities 39.2 57.6 53.2

Other Units at Nonutilities 374 45.9 48.4

Emissions at Nonutilities, Tota 08.7 135.5 134.4

CO2 from Cod-Fired Units, Totd 427.7 458.9 496.6

CO2 from Petroleum-Fired Units, Totd 29.6 20.3 22.4

CO2 from Gas-Fired Units, Totdl 78.4 102.1 89.3

CO2 from Other Units, Total 38.5 46.8 494

Total CO2 Emissions from Generators 574.2 628.1 657.7

ﬁ Sources: DOE, EIA, 1998, 1999
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1990-1999 U.S. GHG Emissions U
(Million Metric Tons Carbon Equivalent)

Gas 1990 1995 | 1997 | 1999-P
Carbon Dioxide 1351 1435 | 19505 | 1527
Methane 182 179 172 169
Nitrous Oxide 99 106 104 103

HFCs, PFCs, and SF6 24 29 39 38

Total 1655 | 1,748 | 1816 | 1,833

Source: AER, EIA, U.S. DOE, October 31, 2000. Note: Carbon
Equivalent based on global war ming potential.




1998 U.S. Sour ces of CO2 Emissions

(Million Metric Tons Carbon Equivalent) s 2.2% HFCs, PFCs & 5Fg

6.5% N20
9.9% CHy
Fossil Fuel Combustion _ . 1,468

MNatural Gas Flaring

Portion of All
Emissions

Lime Manufacture

1998 US GHG Emissions
Source: US EPA, 2001
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MMTCE - 23.2% Natural Gas
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Limestone and
Dolomite Use
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1= .

38.8% Petroleum

Source:, U.S. EPA website, Viewed May 7, 2001. URL :
@ http://www .epa.gov/global warming/emissions/national/co2.html . 1998 US E Consum

Source: AER, USDOE, 2001
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GHG Control & Related Areas
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Source: C. Song. Am. Chem. Soc. Symp. Ser., 2001
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Objectives of CO, Conversion &
Utilization

Use CO, for environmentally-benign physical
and chemical processing

Use CO, to produce industrially useful
chemicals and materials

Use CO, to recover energy and reduce Iits
emission to the atmosphere

Use CO, recycling to conserve carbon
resources for sustainable devel opment

CS/PSU/NETL 5/01



Critical R& D |Issues of
CO2 Conversion & Utilization

Tomakeuse of CO, based on the unique physical or
chemical propertiesof CO,

To produce useful chemicals and materials using CO,
as areactant or feedstock

Toreplace a hazardous or less-effective substancein
existing processes with CO,, as an alter nate medium
or solvent or co-reactant or a combination of them

Touse CO, for energy recovery whilereducing its
emissions to the atmospher e by sequestration

Torecycle CO, as C-source for chemicals and fuels

Toconvert CO, under geologic-formation conditions
Into “ new fossil” energies

Sour ce: C. Song. Am. Chem. Soc. Symp. Ser., 2001



Barriers & Challengesfor Promoting
CO, Conv & Uilization

Costs of CO, capture, separation,
purification, and transportation to user site.

Energy requirements of CO, chemical
conversion (plussource & cost of H, If
involved).

Market size limitations, and lack of
Investment-incentives for CO,-based
chemicals.

Socio-economical driving for ces do not
facilitate enhanced CO, utilization.

CS/PSU/NETL 5/01
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Chemical Processesfor CO, Conv

Chemical/Catalytic

 §

Photochemical/Catalytic |« » Catalytic-Homogeneous
1 @onversion proc>esses I

Solar-thermal/Catalytic [« »| Bio-chemical/Enzymatic

Y

Electr ochemical/Catalytic

Source: C. Song. Am. Chem. Soc. Symp. Ser., 2001
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Thermodynamics of CO, Conversion |
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Source: C. Song. Am. Chem. Soc. Symp. Ser., 2001
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Strategiesfor CO, Conversion &
Utilization

Select concentrated CO,, sourcesfor CO,
capture; aim for on-site/nearby usesif possible.

Convert CO, along with other co-reactantsinto
industrially useful chemical products.

Take value-added approachesfor CO,
sequestration coupled with utilization.

Fix CO, into environmentally-benign organic
polymer materialsor inorganic materials.

Use CO, to replace a hazardous or less-effective
substance in existing chemical processes for
making productswith significant volumes.

S/PSU/NETL 5/0

Source: C. Song. Am. Chem. Soc. éymp.Ser.,2001
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Chemical Synthesis Using CO,
Synthesis of Dimethyl Carbonate
(Phosgene Substitution)

Conventional Route (SNPE, 1970s):
COCl, + 2 CH;0OH = CH,O0COOCH; + 2 HCI
CO + CI, = COCI, (Phosgene)

New DMC Process by EniChem — 12000 tong/Y'r
CO+ 120, + 2 CH;0OH = CH,O0COOCH, + H,O

New Ube Chemical Process — 3000 tonsg/Y'r
CO + 2RONO =ROC(0O)OR + 2NO

New CO.,-Based Route
CO, + 2 CH;0H = CH,0COOCH; + H,0O




T Env. Benefits of SynthesisUsing CO,, {
|Case of Dimethyl Carbonate Synthesis]
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1: DMC from phosgene and methanol; 2: DMC from urea and methanol;
3: DMC from methanol and CO,.

Source: Aresta, M.; Dibenedetto, A.; Tommagd, |. Energy
L] & Fuels, 2001, 15, 2609.
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T Env. Benefits of SynthesisUsing CO,, g
[Case of Methanol Synthesis]
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1= methanol from €O, + Hs (with CO, and H, from LNG steam reforming)
2= methanol from CO + H; (with CO and H, from LNG steam reforming)
3= methanol from COy+ Hy (with 20% CO; recovered by MEA)
4= methanol like in reaction 3 (with 20% CO, recovered by refrigeration))
5= methanol from mix 75% CO + H; and 25% CO; + H; (with 75% COy recovered by
refrigeration)
6= methanol like in reaction 5 (with 75% CO, recovered by MEA)

Source: Aresta, M.; Dibenedetto, A.; Tommagd, |. Energy
L] & Fuels, 2001, 15, 2609.
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CO, Reforming of CH,

CH,+CO,=2CO+2H,
Endothermic, AH = 247 KJmole
Being Widely Studied Worldwide

Requires 20% more energy than SMR
[CH,+H,0=2CO+2H,]
Problemswith CO, Reforming of CH,
Severe carbon formation, especially at HP by

TEOM, prevents its commercial development.

Low H,/CO ratios limit itslarge-scale
application for F-T & MeOH synthesis.

<D
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Some Reviews on Chemical Conversion

Aresta, M.; Dibenedetto, A.: Tommasd, |. Developing | nnovative
Svynthetic Technologies of I ndustrial Relevance Based on Carbon
Dioxide as Raw Material. Energy & Fuels, 15: 269-273, 2001.

Halmann, M. M.; Steinberg, M. Greenhouse Gas Carbon Dioxide
Mitigation: Science and Technology. L ewis Publishers, Boca Raton, Fl,
1999, 568 pp.

Aresta M. Per spectives of Carbon Dioxide Utilisation in the Synthesis of
Chemicals. Coupling Chemistry with Biotechnology. STUD SURF SCI
CATAL 114: 65-76, 1998

Arakawa H. Resear ch and Development on New Synthetic Routes for
Basic Chemicals by Catalytic Hydr ogenation of CO2. STUD SURF SCI
CATAL 114: 19-30, 1998

AudusH:; Oonk H. An Assessment Procedure for Chemical Utilisation
Schemes | ntended to Reduce CO2 Emissionsto Atmosphere. ENERG
CONV MANAGE 38. $409-3414 Suppl. S 1997
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Chemical Conversion and Utilization of CO, -
|Some Recent ACS Symps on Chemical Aspects]

Am. Chem. Soc. Symp. on “ Greenhouse Gas Control and Utilization” (Co-
cahirs. C. Song, M. Aresta, and K. Y. Lee), ACS Spring 2001 National
Meeting in San Diego, Published in Am. Chem. Soc. Div. Fuel. Chem.
Prepr., 2001, Vol. 46, No. 1.

Am. Chem. Soc. Symp. on “CO, Conversion and Utilization” (Co-chairs:
C. Song, A. M. Gaffney, and K. Fujimoto), ACS Spring 2000 National
Meeting in San Francisco, Published in Am. Chem. Soc. Div. Petrol. Chem.
Prepr., 2000, Vol. 45, No. 1.

Energy & Fuels April 2001 “CO, Capture, Utilization and Sequestr ation”
(Co-chairs: R. M. Enick and R. P. warzinski) 2001, Vol. 15, No. 2.

Proceedings of I nternational Conference on Carbon Dioxide Utilization
(1991- Nagoya, Japan; 1993-Bari, Italy; 1995-Oklahoma, US; 1997-Kyoto,

A Japan;
ﬁap -
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USMarket for CO,-Based Chemicals & Materials &

Hypothetical Upper Limit of Future Demand

Chemicas & Materials

1999 U.S. Production®

Metric Tons (Tonnes)

Synthetic Plastics: 80,727 millions of 1b 36,650,058
Synthetic Fibers 10,219 millions|b 4,639,426
Synthetic Rubbers 2,414 thousands of metric tons 2,414,000
1. Polymers Subtotal (1999) = 37,584,996 as C
43,703,484 as Comp
Ammonia (reference for urea) 14,972 thousands of tons 13,579,604
Ureafor fertilizer 5,453 thousands of tons 4,945,871
Ureafor chemicals (1999)2P 18,660 millions of 1b° 8,471,640
Urea for chemicals (199 4)c 15.90 billions of Ib (7,952 thousands 7,218,600
of tons)
2. Urea-equivalent CO,(1999)= 2,686,185 asC
9,839,508 as CO,
Methanol for chemicals 12.18 hillions of Ib 5,529,720
(1994)¢
: f 2,428,590 asC
3. MeOH-E lent CO,(1999 s
quivalent CO(1999)" | g 205,937 as CO,
? of tons)
4. Lig+Sol CO, (1999)8| ~ L711143asC
5 2 (199)7) ¢ 067 6pa a8 CO,
Ultimate U.S. CO, demand for Total US Potential (1+2+3+4) = A4 4MMT asC
chemicals & materials 162.8 MMT as CO,
Ultimate world CO, demand Estimated for World Potential 1776 MMT asC
for chemicals & materials 651.3 MMT as CO,

Source: C. Song. Am. Chem. Soc. Symp. Ser., 2001




Role of CO, in Chemical Conversion

Source of Carbon for Industrial Chemicals
Fixation CO, as Monomer in Polymer Materials
Source of Active “Oxygen”

Co-reactant for Reforming of Hydrocarbons
Gasifying Agent for Coal and Coke

Mild Oxidant for Chemical Reactions

Reaction Medium & Ratant in SC-CO,,

Replace Acids for Neutralizing Alkaline Wastes
Replace Acids for Neutralizing Alkaline Wastes
~or Mineral Carbonation & Carbonates

CO, for New “Fossil” in Geologic Formations

| Besides beverageanafeeds use, and biomass]
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U.S. Transportation Fuels Market & Hypothetical Upper

Limit of US Demand for CO,-Based Fuels

Utilities Annual
CO, Emissions

U.S. Fuels 1999 Daily 1999 Annud Total Annua C-Equivalent of
Production® Production Production? Annual Prod®
Million barrels Million Million Metric Million Metric
per day barrels per Tons (Tonnes) Tons (Tonnes)
Y ear
Gasoline 8.38 3058.7 354.8 301.6
Didtillate 3.55 1295.8 171.0 145.4
Fuels (Diesdl,
etc)
Jet Fuel 1.67 609.6 77.4 65.8
Total = 13.60 Subtotal = 512.8
[12.75in
transportation]
1997 US Electric 523.4asC

Source: C. Song. Am. Chem. Soc. Symp. Ser., 2001




Value-Added CO, Sequestration-Utilization
(CO2-Enhanced Recovery of Oil & Gas)

CO2-Enhanced Coal Bed methane Recovery

Flue Gases
CH, to
N, N, Sales
= - =
Plant
I joc1io n Sep i alion
P giiii r
Deep Coalbed CO, CH,-——— N, - | CH,

Enhanced coalbed methane recovery with sequestration of CO,

Source: |EA, http://www.ieagreen.org.uk/, May 5, 2001
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Tri-reforming: A New Process Concept for

Conversion and Utilization of CO2in Flue
Gas without Pre-separation*

Chunshan Song

Department of Energy & Geo-Environmental Engineering
Pennsylvania State Univer sity
University Park, PA, USA

ﬁ *Source: C. Song, Chemical | nnovation, 2001, 31, 212-26.
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Challenges of Using CO,, in Flue Gases .
from Power Plants

Flue gases from power plantscontain O ,,
H.,O, Iin addition to CO, and inert N, and
other components.

Separation of CO , from flue gasesis an
expensive operation.

CO , separation accountsfor 2/3 of the cost
for carbon sequestration according to DOE.

Other issues concerning CO , separation




Pricesfor Reduction of CO, Emission in US

Carbon prices in the six target cases, 1996-2020

400

1996 dollars permetnc ton

ﬁu_._. S | o

£ —1990-7 %

~4-1990_3%

—1990 Level

«%-19904+9%

—1990+14%
—1990+24%

0—
1996

1999

2002

2005

2008

4 Reference

2011 2014 2017 2020

Thecarbon pricerequired toreduce U.S. energy-related carbon emissions
ranges from $67 to $348 per metric ton in 2010 (1996 dollars)

ﬁSource: I mpacts of the Kyoto Protocol on U.S. Energy Markets and Economic Activity, EIA, USDOE, Oct

Y

1998.
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|dea for CO,-Based Tri-generation of @
Chemicals, Fuels, and Electricity

Can we design a chemical system wherethe expensive CO ,
pre-separation from flue gasesis not necessary?

Can we usethe CO , in flue gas along with H,0O and O2
directly for producing industrial useful products?

|sit possibleto use waste heat in power plantsfor CO,
conversion?

CO,+CH,=2CO+ 2H, [ Endothermic] (D
H,O+CH,=CO+ 3H, [ Endothermic] (2
0O,+2CH,=2CO+4H, [ Exothermic] 3
CH,+20,=C0,+2H,0 [ Exothermic] (4




Energetics of CO, Conv

Into Syngas
CO,+CH,=2CO+2H, AH® =247 kIimol (1)
CO,+H,=CO+H,0 AH® =- 41 kJmol  (2)
CH, +H,0=CO+3H, AH° =206 kJmal (3
CH,=C+2H, AH =75kdJmol  (4)
2 CO=C+CO, AH=- 172 kJmol  (5)
CH,+050,=CO+2H, AH® = - 355kJmol  (6)
C+H,0=CO+H, AH’ =131 kImol  (7)
CH, +20,=C0,+2H,0 AH° = - 802.3kImal (8)

W. Pan, C. Song. Calculationson energetics under various conditions,
to be published in 2001

<D



. &
Conceptual Flow of Proposed Tri-Reforming v
Process Using CO, in Flue Gas
Fl ye GaseS I}T Tri-Reforming
. Flue Gas Reactor
Coal-Fired >\ > § s
0 [CO2,H20,02,N 2] $ CO2+CH4=2CO+2H 2 }
12-14% CO, T § H2O+CH4=CO+3H 2§
100 Natural Gas § 0502+CH4=CO+2H 2 }
8-10% H,0O — )j\/'_)§§202+CH4=C02+2H20§
3-5% 02 l [Main Reactions] g
N.Gas-Fired A= D wr Y N
HT
8'10% C02 HT_)[ ]_> HT
18-20%H,0
Y
_20
2-3% O, Fuel Synthesis < E—
Chemical Synthesis <= [CO + H2]
+ Unreacted Gas
ﬁ Electricity Gen. = N
<P
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Tri-reforming Reactor System at PSU
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Topsoe R67 catalyst)

Tri-reforming: Experimental Work
(Tri-reforming of CH, at 850 °C and 1 atm over Haldor-

100

80

)

60

40

20

e s _EmEaE

—&— CH4 conv.%
—l— CO2 conv.(%)
—&— H2 yield (%)
—O— CO yield (%)

100 200

Time (min)

300

400

ﬁ *Source: C. Song, Chemical Innovation, 2001, 31, 212-26.
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Comparison of Catalysts Used after
Tri-reforming and CO, Refor ming

Photo of used Haldor-Topsoe R67 catalyst after
CO, reforming, steam methane reforming and
tri-reforming at 1 atm and 850 °C




Advantages of Proposed Tri-reforming

E. Direct use of CO, In waste flue gases of power
plants without CO, separation and purification.

b, Takingadvantage of H,O and O, impurities in
flue gases, for more energy efficient refor ming.

b, Produces synthesis gas with desired H,/CO ratios
(1~ 2) that aredifficult to achieve by conventional
SMR. [*Imported CO,” Iisneeded in industry].

k. Eliminate or largely reduce coke formation,
common in dry reforming, by using O, and H,0.

k. Proactive/advantageous use of greenhouse gas.
E. New process concept for large-scale syngas prod.
k. Challenges: catalyst, process, E, feed+prod, etc.

CS/PSU/NETL 5/01
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Tri-reforming for CO,-Based Tri-generation

CO2-Based Tri-Generation Concept for 21st Century

Electric Power Plants
Coal-fired
Natural Gas-Fired

IGCC

Flue Gas from Combustion Units

C0O2, 02, H20
Inert N2

CH4

Natural Gas I nput

Process W aste Heat

Exchange

Oxy-CO2/H20 Reforming

of CH4

Synthesis Gas
(H2 + CO)
Unreacted Flue Gas

Fuels

Chemicals

Electricity

C. Song. Proc. 16th Ann. Internat. Pittsburgh Coal Conf., Pittsburgh, PA
Oct 11-15, 1999, Paper No. 16-5.
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Advantages of Proposed Tri-Generation

u Start with synthesis gas from tri-refor ming of
natural gasusing flue gas of power plants.

u Synthesisof chemicals such as alcohol, acetic
acid, ether, olefins, and hydrogen, etc.

u Production of ultra-clean hydrocarbon fuels by
Fischer-Tropsch method; production of
oxygenated fuels such as alcohols and ethers.

u Additional generatin of eectricity, by using
syngas, hydrogen, and waste heat, by gasturbine
generator, fuel cells, and others.

u Challenges. paradigm shift; ind. boundaries; E
aspects, processing aspects

CS/PSU/NETL 5/01
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Critical Research Issues on
Tri-reforming

Feasibility as a new process concept for
syngas production

Catalyst formulation for enhanced CO,
conversion In the presence of oxygen

Energy and low-temp heat management, and
Inert gas (N,) management

System integration incorporating gas
processing and utilization

CS/PSU/NETL 5/01
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