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1. Introduction 

2. Forcing agents and the stock-flow 
concept of Sterman 

3. Why do we emit so much carbon dioxide 
and why is mitigation controversial 

4. Some options for carbon dioxide emission 
reduction and the wedge concept of 
Socolow and Pacala 

5. What about emissions of other warming 
agents? 

 

 

Image courtesy of NASA.1



The World Has Warmed 

Last ten years:  warmest decade since at least the late 1800s 

Widespread warming has occurred.  Globally averaged, the 
planet is about 0.75°C warmer than it was in 1880, based upon 
dozens of high-quality long records using thermometers 
worldwide, including land and ocean. 
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Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, Figure 3.9. Cambridge University Press. Used with permission.
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   Increases in long-lived  
greenhouse gases (GHGs) 

Carbon dioxide (CO2) 

Nitrous oxide (N2O) 

Methane (CH4) 

Radiative forcing efficiencies and atmospheric 
lifetimes differ among different gases.      
 
Methane lives for about 10 years in our 
atmosphere. 
 
Nitrous oxide lives for about 100 years. 
 
Carbon dioxide is uniquely long-lived.     Some 
of what we emit today (about 20%) will still 
be here in a thousand years.   

   Scattering and absorption of sunlight by aerosols 

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, Figure SPM.1 and 2.11. Cambridge University Press. Used with permission.3



 

• A critical 
‘greenhouse gas’ that 
absorbs energy and is 
the largest single 
driver of current 
warming  

 

• Increases change the 
Earth’s energy budget, 
‘forcing’ climate to 
change and acidifying 
the oceans   

 

Unprecedented Increases in Carbon Dioxide 

IPCC WG1 (2007) ch 2 Climate Change 2007: The Physical Science Basis. Working Group I Contribution
to the Fourth Assessment Report of the Intergovernmental Panel on Climate

mv  Today: Change, Figure SPM.1. Cambridge University Press. Used with permission.v 4



Scenario for atmospheric CO2 
concentration versus time 

Anthropogenic emissions versus time, 
and current net removal 

Sterman, Science, 2007 

Sketch your estimate of future 
net CO2 removal and 
anthropogenic emissions for 
this 400 ppmv stabilization 
scenario. 

Bathtubs are Key:  Sterman (2007) 
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Consider a scenario in which the concentration of CO2 in the 
atmosphere gradually rises to 400 ppm, about 8% higher 
than the level in 2000, then stabalizes by the year 
2100, as shown here:
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Bathtubs are Key:  Sterman (2007) 
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Emissions

Net removal

Subject response
(emissions)

Subject response
(net removal)

Correct emissions
trajectory

1900 1950 2000 2050 2100

A typical reponse to the climate stabilization task.
Future emissions are erroneously correlated with atmospheric CO2. Purple dashed line indicates the 
correct emissions path to stabilize CO2 given the subject's estimate of net removal.
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Stabilization of CO2 concentrations 
globally would require at least 50% 
emissions reductions  

The Amount of Carbon in The Bathtub 

Image courtesy of CD/AC, BP and USGS.

This image has been removed due to copyright restrictions.
Please see the image on page http://www.cartoonstock.co
m/newscartoons/cartoonists/tmc/lowres/tmcn193l.jpg.

What if the gas was methane? 
What if it was HCFC-123? 
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What drives carbon emissions? 

One way of considering factors involved (not the only way):   population, 
GDP per capita, energy required per unit GDP, emissions per unit energy.   --
>  Population, wealth, efficiency, cleanliness 

Carbon emission is integral to all of the world’s economies 

Learn more by reading Raupach et al., PNAS, 2007 
8

The Kaya identity (8, 9) expresses the global F as a product of four 
driving factors:

G
P

E
G

F
E

Where P is global population, G is world GDP of gross world product,
E is global primary energy consumption, g = G/P is the per-capita world 
GDP, e = E/G is the energy intensity of world GDP, and f = F/E is the 
carbon intensity of energy. Upper- and lowercase symbols distinguish 
extensive and intensive variables.

F = P = Pgef,

Image by MIT OpenCourseWare.



Carbon Dioxide Emission From Fossil Fuel Burning 

The human 
side of climate 
change. 
 
 
Who? 
 

Source:  

Energy 

Information 

Agency, DOE 

Us 

Image courtesy of DOE.9



Why: Going, Doing, Making, Being 
Comfortable…..  

In short, just about everything. 

Image courtesy of EPA.
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People in the Mirror: Carbon Dioxide Emission From Fossil Fuel Burning 

On average, the 
6 B people now 
in the 
developing 
world emit about 
5x less fossil 
CO2 per person 
than the 1B in 
the developed 
world.   

What about 
those people’s 
future?  

 

 

Image courtesy of DOE.
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Can we mitigate carbon emissions at the 
same time that the world’s poor countries 
develop and increase their energy 
needs? 

The Amount of Carbon in The Bathtub 

Image courtesy of CD/AC, BP and USGS.

This image has been removed due to copyright restrictions.
Please see the image on page http://www.cartoonstock.co
m/newscartoons/cartoonists/tmc/lowres/tmcn193l.jpg.

This image has been removed due to
copyright restrictions. Please see the
image on page http://bushlandsafar
is.com/cultural.htm.

• 6/7 of the 
people emit 
about 5x less per 
person than 1/6 
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What about total emissions, not per capita? 
Let’s add it up by country….. 

Recent 
increases in 
wealth in 
China 
 
What’s fair? 
 
Should 
China pay 
more to 
develop 
than we 
did? Should 
Africa? 

13



Carbon Intensity of the Global Economy 

• ≈ -50% globally 
since 1970 but 
flattening out 
recently (can you 
guess why?) 

This image has been removed due to copyright restrictions.
Please see the image on page http://www.globalcarbonpro
ject.org/global/images/general/ThumbCoal_dredge.jpg.
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Infrastructure Commitments 

This image has been removed due to copyright
restrictions. Please see the image on page
http://suppateam.files.wordpress.com/20
08/11/traffic-jam1.jpg.

This image has been removed due to copyright restrictions.
Please see the image on page http://www.behance.net/ga
llery/Fossil-Fuels-are-Burning/5161371.

This image has been removed due to copyright restrictions.
Please see the image on page http://www.lmco.net/conte
nt.cfm?n=projects.

Cars ~10 years 

Power plants, 
homes 
~50 years 
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Past and future emissions from ‘stuff’
 we already  have 

(leads to about 1-1.4°C warming) 

What will be built: 
power plants, cars, 
planes, trains, 
appliances, homes, 
etc….. 
(leads to about 3-7°C 
warming by 2100). 
 
 
Our joint choices on what 
‘stuff’ to build matter a 
great deal.   

Blade runner  
or star trek? 

See Davis et al., Science, 2010 

The next few decades…it’s up to us. 

This image has been removed due to copyright restrictions.
Please see the image on page http://www.amazon.ca/Blad
e-Runner-Final-Cut-Blu-ray/dp/B004GDB7OA.

This image has been removed due to copyright restrictions.
Please see the image on page http://www.behance.net/ga
llery/Fossil-Fuels-are-Burning/5161371.

This image has been removed due to copyright restrictions.
Please see the image on page http://www.nydailynews.com
/entertainment/tv-movies/voice-star-trek-majel-barrett-ro

ddenberry-dead-76-article-1.357407.
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Information and implications: 

• units here are tC not tCO2 

• ≈75% of the total accumulated CO2 
in the atmosphere came from 
developed countries during 1860-
1990.    

• The integrated per capita 
contribution of developed countries 
to today’s fossil fuel CO2 burden is 
about 20x larger than that of 
developing countries.  The current 
annual contribution is about 5x.  

• Stabilization at e.g., 550 suggests 
future DC share less than 1tC per 
person/yr, many times lower 
throughout the 21st century than 
what it took for the developed world 
to develop.  

• Gridlock at UN level: developed and 
developing…. 

• Role of science and tech? From Bolin and Kheshgi, Science, 2000. 

This image has been removed due to copyright restrictions. 

Please see Figure 4 in Bolin, and Kheshgi. Science (2000).
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Political Matters: 
numbers; north-south 
issues, connections  

(1) the times are difficult 

(2) The numbers at the 
table are large 

(3) Equity issues? 

 

Never before has there 
been a greater need 
for a joint and well-
informed societal 
choice, or a more 
difficult one.  

These images have been removed due to copyright restrictions.
Please see the images on page http://www.iisd.ca/climate/cop
10/fri1012.html
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A Very Few Words About Impacts and Adaptation 

Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, IPCC, Geneva, Switzerland. Used with permission.20



A Very Few Words About Impacts and Adaptation 

IPCC Synthesis Report, 2008. 
Climate Change 2008: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, Table 4.1, IPCC, Geneva, Switzerland. Used with permission.

21



2055 2005 

14 

7 

1955 

0 

1.9  

2105 

Past Emissions 

Historical 
 emissions 

Billion of Tons of 
Carbon Emitted per 
Year 

After Socolow and Pacala 22



2055 2005 

14 

7 

1955 

0 

1.9  

2105 

The Stabilization Triangle 

O 
Interim Goal 

Billion of Tons of 
Carbon Emitted per 
Year 

Historical 
 emissions 

Flat path 

Stabilization 
Triangle 

After Socolow and Pacala 23



2055 2005 

14 

7 

Billion of Tons of 
Carbon Emitted per 
Year 

1955 

0 

Stabilization 
Triangle 

Flat path 

Historical 
 emissions 

1.9  

2105 

Easier CO2 target 
~850 ppm 

Beat doubling or accept tripling 

O 
Interim Goal 

What is a wedge and does it help us think about this problem? 
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What is a “Wedge”? 

A “wedge” is a strategy to reduce carbon emissions that grows 
in 50 years from zero to 1.0 GtC/yr. The strategy has already 
been commercialized at scale somewhere. 

       

1 GtC/yr 

50 years 

Total = 25 Gigatons carbon 

Cumulatively, a wedge redirects the flow of 25 GtC in its first 50 years.  

A “solution” to the CO2 problem should provide at least one wedge. 

After Socolow and Pacala 25
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A Range of Future Choices 

There are no silver bullets but there is much silver buckshot.    Why do some 
economists object to the wedge concept?     What will it take to realize a few wedges? 

60 mpg 
cars; 
better 
building 
efficienc
y 

Double current 
capacity 

50x wind or 700x 
current solar 

Reduce 
deforestation 

Successful tests 
completed 

Biomass? 

After Socolow and Pacala 27



IPCC Synthesis Report, 2008. 
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Climate Change 2008: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, Table 4.2, IPCC, Geneva, Switzerland. Used with permission.
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Resource Solar PV/CSP) Wind Geothermal Water Power Biopower 

Theoretical 
Potential 

206,000 GW 
(PV) 
11,100GW 
(CSP) 

8,000 GW 
(onshore) 
2,200 GW 
(offshore to 
50 nm) 
 

39 GW 
(conventional) 
520 GW 
(EGS) 
4 GW  
(co-produced) 
 

140 GW 78 GW 

U.S. Renewable Resources 
Current ≈  3000 GW 

Image courtesy of DOE. 30



Variable Renewable Resources 

Image courtesy of DOE.31



Solar Resource 

National Renewable Energy Laboratory                                                                                                                                       Innovation for Our Energy Future 32 

Meeting all of U.S. 
demand with current PV 
technologies would 
require about 100-200 
m2 per person 
(average). 
 
Variable source 
 
Storage? 
 
SmartGrid? 
 

 
(With biomass, it requires 7000-9000 m2/person, or about 
50% of the state area).   What other factors make biomass 
controversial? 

Image courtesy of DOE.
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Need for 
carbon 
capture 
and 
storage? 

33

Image by MIT OpenCourseWare.
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Central estimate of the potential for warming of the different fossil-fuel resources 
The red line indicates the limit of 2.0 oC warming from pre-industrial times agreed to under the 
Copenhagen Accord. Note, that here we only consider the effects of anthropogenic carbon dioxide.
The potential for warming associated with proven Alberta oil-sand reserves is indicated as a barely
visible sub-component (shown in blue) of unconventional oil (global). The potential warming of the
total Alberta oil-sands oil-in-place (OIP) is shown in orange. *The carbon-climate response method 
is not valid for emissions above about 20x1017 g C, so these figures are not valid climate change 
estimates, but are included for comparison.
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This image has been removed due to copyright restrictions. Please see the image
on page http://www.nationalgrid.com/corporate/About+Us/climate/CCS2/.
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Snake Oil or Solution? 

Olivine beaches everywhere? 

This image has been removed due to copyright restrictions.
Please see the image on page http://www.travelforboomers.
com/wp-content/upl oads/2012/05/Green-sand-beach1.png.
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Courtesy of National Academy of Sciences, U. S. A. Used with permission.
Source: Figure 1 in http://www.pnas.org/content/105/45/17295.figures-only.
Copyright © 2008 National Academy of Sciences, U.S.A.  
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IPCC Synthesis Report, 2008. 

Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, Figure 2.1, IPCC, Geneva, Switzerland. Used with permission.

36



This image has been removed due to copyright restrictions. Please see Figure 1 of the paper Shindell et al. "Simultaneously

Mitigating Near-Term Climate Change and Improving Human Health and Food Security". Science (2012).
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Clean-burning stoves:  benefits for health and 
air quality as well as climate 

This image has been removed due to copyright restrictions.
Please see the image on page http://www.zomppa.com/wp-
content/uploads/2012/02/Global-Alliance-for-Clean-Cookst
oves-Poster-2.jpg

This image has been removed due to copyright restrictions.
Please see the image on page http://www.rockflower.org/v
/vspfiles/assets/images/dfstove3.jpg
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‘Methane Only’: Technical measures for methane emissions 

1. Extended recovery of coal mine gas 

2. Extended recovery and flaring (instead of venting) of associated gas from 
production of crude oil and natural gas 

3. Reduced gas leakage at compressor stations in long-distance gas transmission 
pipelines  

4. Separation and treatment of biodegradable municipal waste through recycling, 
composting and anaerobic digestion 

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

6. Control of methane emissions from livestock, mainly through farm-scale 
anaerobic digestion of manure from cattle and pigs with liquid manure 
management  

7. Intermittent aeration of continuously flooded rice paddies 

UNEP: Shindell et al, 2011 39



 

‘BC Tech’: Technical measures for black carbon  
1. Replacing traditional coke ovens with modern recovery ovens,  

including the improvement of end-of-pipe abatement measures (in 
developing countries) 

2. Replacing traditional brick kilns with vertical shaft kilns and Hoffman kilns 
where considered feasible (in developing countries) 

3. Diesel particle filters for road vehicles and off-road mobile sources 
(excluding shipping) 

4. Particle control at stationary engines 

5. Improved stoves in developing countries in residential sector 

    

UNEP: Shindell et al, 2011 40



Let’s discuss… 

This image has been removed due to copyright restrictions. 
Please see the image on page http://www.thebreakthrough 
.org/blog/wedges.JPG 
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