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IPCC Model Simulations of CO2 Emissions

Growth in Emissions
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Resource Estimates

H.H. Rogner, 1997

Carbon as a Low-Cost Source of Energy

H.H. Rogner, 1997
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Refining
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The Challenge:
Holding the Stock of CO2 constant

Constant emissions 
at 2010 rate

33% of 2010 rate

10% of 2010 rate
0% of 2010 rate

Extension of 
Historic Growth 

Rates

560 ppm

280 ppm

The 
Mismatch 
in Carbon 
Sources 
and Sinks

4×
3×

1×

2×

5×

1800
-

2000

Fossil Carbon 
Consumption to date

180ppm
increase in

the air 30% of
the Ocean
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SOURCES CARRIERS USES

Fossil Fuels

Uranium/ 
Thorium
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Water

Wind

Tides

Electricity

Hydrogen

Gasoline

Diesel

Etc.
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Electricity Carbon Fuels
Hydrogen

Cars

planesheating
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A Triad of Large Scale Options

• Solar
– Cost reduction and mass-manufacture

• Nuclear
– Cost, waste, safety and security

• Fossil Energy
– Zero emission, carbon storage and 

interconvertibility

Markets will drive efficiency, conservation and alternative energy

The hydrogen economy cannot run 
on electricity

There are no hydrogen wells

Price Ranges for Raw 
Fossil Energy Resources
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Tar, coal, shale and 
biomass could support a 
hydrogen economy.

Wind, photovoltaics and 
nuclear  energy cannot.
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CCS is technically feasible

It is affordable

It can start today

It is likely to be a major 
contributor to CO2 reductions 

worldwide

Net Zero Carbon EconomyNet Zero Carbon Economy

CO2 from 
distributed 
emissions

Permanent & 
safe 

disposal

CO2 from 
concentrated 

sources
Capture from power 

plants, cement, steel, 
refineries, etc.

Geological Storage  
Mineral carbonate disposal

Capture from air
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Decarbonizing Energy Carriers

• All Electric Economy
– Stationary uses

• Hydrogen Economy
– Heating and transportation

• Extraction of CO2 from Air
– Biomass
– Chemical Extraction

Net Zero Carbon EconomyNet Zero Carbon Economy

CO2 from 
distributed 
emissions

Permanent & 
safe 

disposal

CO2 from 
concentrated 

sources
Capture from power 

plants, cement, steel, 
refineries, etc.

Geological Storage  
Mineral carbonate disposal

Capture from air



10

Carbon Management

Sequestration at the Verge of 
Commercial Development

• Economic realities not quite there yet
• Projects require special circumstances

– Statoil
– Pilot Plants
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CCS moves to industry

• Oil Companies:  BP, Statoil, Shell
– Big projects – but small on global scale
– Oil companies own one technology

• Utilities and Equipment Makers
– Need options and technologies
– Vattenfall, Babcock & Wilcox, Air Liquide, 

Alstom

Dividing The Fossil Carbon Pie

900 Gt C

total

550 ppm

Past

10yr
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Removing the Carbon Constraint

5000 Gt C

total
Past

Storage Life Time

5000 Gt of C
200 years at 4 times current rates of emission

Storage

Slow Leak (0.04%/yr)
2 Gt/yr for 2500  years

Current Emissions: 6Gt/year
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Underground Injection

statoil

Gravitational Trapping
Subocean Floor Disposal
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Energy States of Carbon
Carbon

Carbon Dioxide

Carbonate

400 kJ/mole

60...180 kJ/mole

The ground state of 
carbon is a mineral 

carbonate

Rockville Quarry

Mg3Si2O5(OH)4 + 3CO2(g) → 3MgCO3 + 2SiO2 +2H2O(l)
+63kJ/mol CO2
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Net Zero Carbon EconomyNet Zero Carbon Economy

CO2 from 
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emissions

Permanent & 
safe 
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concentrated 
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Capture from power 
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Geological Storage  
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Adapting Power Plants

• Amine Scrubbing
– Plus variations on the theme

• Oxygen Blown Combustion
– Entry to zero emission plants

• IGCC with Capture

Completely changes the mass flow in the power plant

- Emphasis on better efficiency
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CO2             N2

H2O
SOx, NOx and

other Pollutants

Carbon 

Air

Zero Emission 
Principle

Solid Waste

Power Plant

Many Different Options

• Oxyfuel Combustion
– Naturally zero emission

• Integrated Gasification Combined Cycle
– Difficult as zero emission

• AZEP Cycles
– Mixed Oxide Membranes

• Fuel Cell Cycles
– Solid Oxide Membranes
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C + O2 CO2
no change in mole volume
entropy stays constant
ΔG = ΔH

2H2 + O2 2H2O
large reduction in mole volume
entropy decreases in reactants
made up by heat transfer to surroundings
ΔG < ΔH 

Carbon makes a better fuel cell



18

Heat

The Conventional Power Plant
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Heat Return

The Zero Emission Fuel Cell
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Boudouard Reaction

Hydrogenation
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Net Zero Carbon EconomyNet Zero Carbon Economy

CO2 from 
distributed 
emissions

Permanent & 
safe 

disposal

CO2 from 
concentrated 

sources
Capture from power 

plants, cement, steel, 
refineries, etc.

Geological Storage  
Mineral carbonate disposal

Capture from air

Relative size of a tank

Electrical, 
mechanical storage

Batteries etc.

hydrogen

gasoline
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Biomass Fuels

• Corn Alcohol?
• Switch Grass
• “Cellulosic Alcohol”
• Biodiesel

CO2

1 m3of Air
40 moles of gas, 1.16 kg

wind speed 6 m/s

0.015 moles of CO2

produced by 10,000 J of 
gasoline

2

20 J
2

mv
=

Volumes are drawn to scale

CO2 Capture from Air
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Wind area that 
carries 22 tons 
of CO2 per year

Wind area that 
carries 10 kW

0.2 m 2

for CO2 80 m 2

for Wind Energy

How much wind?
(6m/sec)

50 cents/ton of CO2 
for contacting

Air Flow

Ca(OH)2 solution

CO2 diffusion

CO2 mass transfer is limited by diffusion in air boundary layer

Ca(OH)2 as an absorbent

CaCO3 precipitate
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A First Attempt 

Air contactor:
2Na(OH) + CO2 → Na2 CO3

Calciner:
CaCO3→CaO+CO2

Ion exchanger:
Na2CO3 + Ca(OH)2 →
2Na(OH) + CaCO3

60m by 50m

3kg of CO2 per second

90,000 tons per year

4,000 people or

15,000 cars

Would feed EOR for 800 
barrels a day.

250,000 units for 
worldwide CO2 emissions
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Sorbent Choices
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1/ρ

Unit 
Cost

Cost of CO2 from Air

Cost of CO2 from Air
(rescaled)

1/ρ

Unit 
Cost

Fixed Cost
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Process
Reactions

Capture 
Device

Trona 
Process

Limestone 
Precipitate 

Dryer

Fluidized 
Bed

Hydroxylation 
Reactor

Membrane 
Device

(1)

(2)
(3)(6)

(5)

(4)

Membrane

(1) 2NaOH + CO2 → Na2CO3 + H2O ΔHo = - 171.8 kJ/mol
(2) Na2CO3 + Ca(OH)2 → 2NaOH + CaCO3 ΔHo =     57.1 kJ/mol

(3) CaCO3 → CaO + CO2 Δ Ho =  179.2 kJ/mol

(4) CaO + H2O → Ca(OH)2 Δ Ho =  - 64.5 kJ/mol

(6) H2O (l) → H2O (g) Δ Ho =    41.   kJ/mol

(5) CH4 + 2O2 → CO2 + 2H2O Δ Ho = -890.5 kJ/mol

Source: Frank Zeman

CO2

Air
Depleted 

Air

The Arizona ConnectionGlobal Research Technologies 
will build a prototype 
(100kg/day)

Art Courtesy Stonehaven CCS, Montreal
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Hydrogen or Air Extraction?

Coal,Gas Fossil  Fuel              Oil

Hydrogen Gasoline

Consumption Consumption

Distribution Distribution

CO2 Transport Air Extraction

CO2 Disposal

Hydrogen or Air Extraction? 

Coal,Gas Fossil  Fuel              Oil

Hydrogen Gasoline

Consumption Consumption

Distribution Distribution

CO2 Transport Air Extraction

CO2 Disposal

Cost   comparisons
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Private Sector
Carbon 
Extraction

Carbon
Sequestration

Farming, Manufacturing, Service, 
etc.

Certified Carbon Accounting

certificates

certification

Public Institutions
and Government

Carbon Board

guidance

Perm
its & Credits

Spot the low cost 
power plant
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Computers

Cray supercomputer (from NASA)


