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Fossil Fuel Burning, Climate &
Integrated Assessment

Background/Further reading:

Stern, N. (2007), The Economics of Climate Change, Cambridge University 
Press.

Nordhaus, W.D. (2013), The Climate Casino, Yale University Press.
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Fossil fuel Burning and World emissions:

 World & top 5 country annual CO2 emissions from 
fossil fuel burning & cement:

2015 in CO2 2008 in CO2

 Total: 36   Gt 30 Gt

 China: 10.6  Gt  (22%) 6.5 Gt

 USA: 5.2  Gt  (19%) 5.6 Gt

 EU: 3.5  Gt  (13%) 3.8 Gt

 India: 2.5 Gt    (5%) 1.4 Gt

Source of 2008 data: CO2 Emissions from Fuel Combustion (2010 Edition), IEA, Paris.
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Countries scaled by GHG emissions (2002)

Source: http://www.worldmapper.org/display.php?selected=299

(main GHGs translated in CO2 equivalents)
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Emissions relative to Population & GDP growth  (here: US)

Source: 

http://www.epa.gov/climatechange/emissions/downloads06/07Trends.pdf
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These emissions accumulate in the atmosphere

Source: NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/)

Measuring CO2 concentrations:

Mauna Loa on Hawaii is representative for the Northern Hemisphere
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Detection:

Source: IPCC (2007) WG 1.

Temperature reconstruction using various sources  
(tree rings, boreholes, ice cores, instrumental record)

Similarly: Ice melting, sea level rise, precipitation change, coral bleaching,…

Also temperature has been increasing…
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We do observe that 
warmer climate was 
usually associated 
with higher 
atmospheric 
concentrations of 
greenhouse gases

(Methane has 
similar pattern,

Snow and ice part of 
the game, probably 
also other parts of 
climate system like 
ocean currents)

Temperature - CO2 relation over last 400 000 years
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Attribution: Models can explain the temperature increase only in 
combination with our greenhouse gas emissions.

Thick blue line: Multimodel-multirun
average (only natural forcing)
Thick red line: Multimodel-multirun
average  (natural & antropogenic)
Thick black line: Observation 

Natural forcing + anthropogenic 
forcing:

Natural forcing only:
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 Natural greenhouse effect makes sure earth has ‘nice’ temperature: 
on average  14°C=57°F  instead of  -18°C=0°F

 Enhanced greenhouse effect is anthropogenic: 
human-caused emissions of greenhouse gases (GHGs) cause additional 
greenhouse effect

Major GHGs for enhanced greenhouse effect are

 Carbon Dioxide CO2

 Methane CH4

 Nitrous Oxide N2O

 Halocarbons/CFCs  

“2 Greenhouse Effects”
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Source: http://www.grida.no/climate/vital/03.htm
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Absorption and Transmission in the Atmosphere
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Global average radiative forcing (RF) estimates and ranges in 2005 for anthropogenic carbon dioxide (CO),
methane (CH4), nitrous oxide (N2O) and other important agents and mechanisms, together with the typical
geographical extent (spatial scale) of the forcing and the assessed level of scientific understanding (LOSU).
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A major part of the warming is due to feedbacks

The initial warming causes other processes that then increase further or 
decrease (=“feed back into”) the warming:

Climate
system

3.7 W/m2Anthropogenic forcing:
(CO2 doubling) ~3.0°C

Increased
water vapor

Less snow and ice

Change in cloudiness

Change in vertical 
temperature profile

1.8 W/m2

-0.84 W/m2

0.26 W/m2

0.7 W/m2
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The main greenhouse gas: CO2
It does not decay: The Carbon Cycle

In black: preindustrial reservoir sizes & fluxes, 
in red: additional anthropogenic stocks & flows
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Carbon Cycle: Feedback Effects & Uncertainty

Source: IPCC (2007), WG1.
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Why do we care? 

Climate Change predictions
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Projected Climate Change and Its Impacts (1)

IPCC (200), Synthesis Report, SPM
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Figure SPM.6. Projected surface temperature changes for the early and late 21st century relative to the period 1980–1999. The 
central and right panels show the AOGCM multi-model average projections for the B1 (top), A1B (middle) and A2 (bottom) SRES 
scenarios averaged over the decades 2020–2029 (centre) and 2090–2099 (right). The left panels show corresponding uncertainties 
as the relative probabilities of estimated global average warming from several different AOGCM and Earth System Model of 
Intermediate Complexity studies for the same periods.
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Fossil fuel burning & Delay in response:
Warming & sea level rise from thermal expansion 

(does not include ice melting)

Source:
AR4 Chap 10

UiO - Traeger 19



Co2 uptake and ocean acidification
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Source:http://www.grida.no/climate/vital/20.htm

On Climate Change Impact and Damages
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On Damages: Stern Review

1°C 2°C 5°C4°C3°C

Sea level rise threatens 
major cities

Falling crop yields in many areas, particularly 
developing regions 

Food

Water

Ecosystems

Risk of Abrupt and 
Major Irreversible 
Changes

Global temperature change (relative to pre-industrial)
0°C

Falling yields in many 
developed regions

Rising number of species face extinction

Increasing risk of dangerous feedbacks and abrupt, 
large-scale shifts in the climate system

Significant decreases in water 
availability in many areas, including 
Mediterranean and Southern Africa

Small mountain glaciers 
disappear  – water 
supplies threatened in 
several areas

Extensive Damage 
to Coral Reefs

Extreme 
Weather 
Events

Rising intensity of storms, forest fires, droughts, flooding and heat waves

Possible rising yields in 
some high latitude regions
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Sources: IPCC (2008)

OnDamages: IPCC AR4
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What do the Economists do? 

What do the scientists do?

 They simulate climate change for different emission scenarios

What should the economists do? 

 Include damages from climate change into our models of resource 
extraction

 Analyze how emissions and climate change interact
instead of separately simulating 

 impacts of emissions on climate

 impacts of climate change on economic activity and welfare

-> Integrated Assessment of Climate Change
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Population, technology, 
production, consumption

Emissions

Atmospheric concentrations

Radiative forcing

Socio-economic impacts

Temperature rise and global 
climate change

Direct impacts (e.g. crops, 
forests, ecosystems)

Components of an Integrated CC Assessment

F
eed

b
ack

s

Mitigation 
Policy
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Building Blocks of an Integrated Assessment Model

We introduce a slightly simplified version of a stylized IAM:

Nordhaus’ widespread DICE model

It is open source and stands for a Dynamic Integrated model of Climate 
and the Economy

 We analyze the most important equations determining

 Production, Investment, and Emissions

 And equations describing how 

 Capital

 GHG concentrations

 Temperatures

evolve over time (stocks!)

 Finally, a welfare function is to be maximized adhering to these 
equations
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Building Blocks of IAMs: Production

 Production: In period t output (world GDP)  is 

which is made up of

 Cobb Douglas production function with inputs

 Capital K t

 Labor Lt

 Exogenously increasing productivity A t (technological progress)

 Damage  Dt reduces output (a function of temperature)

 Costs incurred for reducing emissions Λ t
(emissions coming up later, a function of the emission control rate) 
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Building Blocks of IAMs: Production

How do we get the values (in DICE)?

 Labor Lt is exogenous estimate taken from population models

 Capital Kt is calculated as part of the model (-> endogenous)
(next building block) 

 Parameter γ is estimated γ=.3

 Technological Progress At is exogenous ‘estimate’ 

 Damage Dt is a function of temperatureTt approximated by:

Note: 

 Damage is measured as a fraction of output (world GDP)

 Step of modeling precipitation change or sea level rise is cut out in the
model and adverse effects are directly related to temperature change

 Tt is temperature increase in °C w.r.t. preindustrial
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Regional damage estimates in DICE-2007

Regional damage estimates for 2005 and temperature increase of 2.5°C 

Uses individual indices relating temperature/climate change to damage for 
the different dimensions of damage (columns).
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Aggregate Damage Estimates DICE-2007

 Adding estimates for catastrophic damages and

 Aggregating over Regions and

 Extrapolating for temperature changes other then 2.5°C yields Damage 

Source: Nordhaus (2007), Figure 3-3, Damage function in DICE-2007 versus earlier 
model (RICE-1999) and estimated range from IPCC AR4, which reports 
that “global mean losses could be 1–5% GDP for 4°C of warming”.

UiO - Traeger 30



Building Blocks of IAMs: Damages

How do we get the values (in DICE)?

 Damage Dt as a function of temperature :

 Nordhaus finds  a1=0 ,   a2=0.0028 ,  a3=2   making damage 
quadratic

 For a 1 degree change we loose about 0.3% of world GDP

 For a 2 degree change we loose 4 times as much

 In one of your problems you will analyze how optimal policy 
changes if
a3=2 .5 rather then a3=2 
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Building Blocks of IAMs: Abatement Costs

How do we get the values (in DICE)?

 Costs of emission reduction Λt (μt ) is estimated as a function 
of the emission-control rate μt (percentage of emissions mitigated)

 Again these costs are measured in percent of output (world GDP) 



 a(t):  exogenous estimate how abatement costs fall over time
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Building Blocks of IAMs: Capital

 Production uses capital which is accumulated over time:

 In the present capital can be measured (K0), 

 If capital (stock!) is Kt in the period t then in period t+1 it is

 a fraction δk of the capital depreciates

 It describes new investment into capital

where Ct is global consumption 

i.e: Investment = Everything produced but not consumed 

  ttkt IKK  11

ttt CYI 
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Building Blocks of IAMs: Emissions  (flow)

Emissions from production in period t (flow):

 σt : ratio of uncontrolled industrial emissions to output

(metric tons of carbon per output, ‘carbon-intensity of output’)

It is an assumption about exogenous decarbonization of production

 μt : emissions-control rate 

(fraction of emissions mitigated at cost  Λt (μt ) )

 Emissions from land use change and forestry in period t (flow):

LUCFt taken as exogenous

  1)1( tttttt LKAE
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Building Blocks of IAMs: Pollutions stock 

 Stock of emissions in period t+1 (simplified):

 fraction δM of emission stock naturally depleted (leaves the atmosphere)

No, not really a decay… DICE  actually has a simplified carbon cycle model that

 models carbon transfer between 

 atmosphere

 upper ocean

 lower ocean

tt

ialpreindustr

tM

ialpreindustr

t LUCFEMMMM  ))(1(1 
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Box 1

Box 2

Box 3

Box 1

Box 2

Box 3

Box 1

Box 2

Box 3

Emissions
2013

Emissions
2014
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Building Blocks IAM: Radiative Forcing

 Radiative forcing Ft is given by 

With:

 η = 3.8 W/m^2: forcing parameter

 Mpreind : Preindustrial CO2 stock

 OtherGHGst= non-CO2 GHG forcing taken as exogenous

Doubling of M w.r.t. to preindustrial increases  forcing from CO2 by η
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Building Blocks IAM: Temperature 

 Temperature: 
In period t temperature increase in °C  w.r.t. preindustrial is

 Temperature increases proportional to the difference between

 Radiative forcing Ft in period t

 and λTt characterizing the equilibrium forcing corresponding to Tt

(λ = forcing η  over climate sensitivity)

 d characterizes speed/delay in temperature increase:

Small  d implies slow adjustment of temperature to new forcing values

Note:  This equation is a decent approximations to the more complicated 
warming and delay equations in DICE that also take into account ocean 
temperatures. Delay is significant!

 1t t t tT T d F T    )( ocean

tt TT 
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Building Blocks IAM: Welfare

Temperature closes the model feeding back into the damage function.

So we are left to evaluate the allocations our model implies:

 Welfare function:

with 

 Pure rate of time preference ρ



 Consumption elasticity of marginal utility

 Per capita consumption 
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Summary: Integrated Assessment with DICE

DICE Ramsey Growth Model with Emissions and Warming Damages

Max Welfare Function

s.t. Capital accumulation (investment decision)

Production (Cobb-Douglas, exogenous techn. Progress)

GHG accumulation (abatement decision)

Carbon cycle and temperature model

Costly abatement and warming related damages
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Assessing Climate Policies with DICE

The scenarios:

1. No controls (“baseline”)          (No emissions controls for first 250 years)

2. Optimal policy: Emissions and carbon prices set at optimal levels from 
second period in 2010–2019.

3. Climatic constraints with CO2-concentration constraints:
Similar to optimal case except that CO2 concentrations are constrained to 
be less than a given upper limit:

 A. CO2 concentrations limited to 1.5preindustrial level (420 ppm)

 B. CO2 concentrations limited to 2preindustrial level (560 ppm)

 C. CO2 concentrations limited to 2.5preindustrial level (700 ppm)

4. Climatic constraints with temperature constraints:
Similar to optimal case except that global temperature change is 
constrained to be less than a given increase from 1900.

 A. limited to 1.5°C B. limited to 2°C

 C. limited to 2.5°C D. limited to 3°C
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Assessing Climate Policies with DICE

The scenarios continued:

5. Kyoto Protocol. Different variants of the Kyoto Protocol.

 A. Original Protocol with the United States. 
Constant emissions at level of 2008–2012 budget (all Annex I) 

 B. Original Kyoto Protocol without the United States.
Above scenario, but without the US

 C. Strengthened Kyoto Protocol.

6. Ambitious proposals

 A. Spirit of the Stern Review:     Low discount rate (ρ=0.1%, θ=1)

 B. Gore emissions reductions: 
Achieve global emissions reductions of 90 percent by 2050.

7. Low-cost backstop technology: 
Development of a technology or energy source that can replace all fossil 
fuels at current costs (which currently seems unrealistic).
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Assessing Climate Policies with DICE

Source: Nordhaus (2007), Figure 5-2, p. 86, Present value of alternative policies.

Difference in the present value of a policy relative to the baseline under two measures.

Note: Optimal means (only) optimal with respect to Nordhaus specification!

!Note/Warning: What is “Optimal” Depends on the Assumptions!

UiO - Traeger 42



Assessing Climate Policies with DICE

Source: Nordhaus (2007), Figure 5-1. Present value of alternative policies. 
All scenarios.

!Note/Warning: Under Stern’s assumptions scenario “Stern” is “Optimal”!
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Assessing Climate Policies with DICE

for scale 
comparison:

US GDP 
~ 15 trillion
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Assessing Climate Policies with DICE: Cost of Carbon

 Source: Nordhaus (2007), Figure 5-4, p.94. The (globally averaged) carbon 
prices under different policies. The prices are per ton of carbon, for 
prices per ton of CO2, divide by 3.67. 
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Assessing Climate Policies with DICE: Abatement rates

Source: Nordhaus (2007), Figure 5-5, p 98. The global for CO2 emissions-control 
rates under different policies. Note the upward tilted ramp of the strategies.

Note: Stern difference is a low discount rate (ρ=0.1% and θ=1)
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Assessing Climate Policies with DICE: Concentrations 

 Source: Nordhaus (2007), Figure 5-7, p.104. The atmospheric 
concentrations of CO2 under different policies.
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Assessing Climate Policies with DICE: Temperatures

 Source: Nordhaus (2007), Figure 5-8, p.107. Projected global mean temperature 
change under different policies. Increases are relative to the 1900 average.

 Note: Stern associates the 450-550ppm target he suggests with a 2-3°C increase 
(not 1.5 °C)
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Recall Sustainability & Discounting Debate: 
Separating Environmental and Produced Goods

Source: Sterner & Persson (2008), An even Sterner Review: 
Introducing Relative Prices into the Discounting Debate. 
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Assessing Climate Policies with DICE

Be AWARE:

 “Optimal” on the preceding slides means:
Optimal under the assumptions of Nordhaus’s DICE model

 Under the assumption of Stern:
The scenario “Stern” would be optimal!

 If you see a policy projection like these, you always want to interpret

“optimal” as “optimal under the assumption taken by XYZ”

Here, these assumptions include assumptions on

 Climate sensitivity

 Damage estimates

 Choice of the discount rate

 Technological progress

 Absence of uncertainty

…
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Conclusions

If you see a cost benefit analysis of different climate change policy scenarios like

 You want to ask about the underlying assumptions that imply what is optimal

 I hope you have gotten some understanding of the difficulties and uncertainties 
involved, and that climate sensitivity, carbon cycle, damages, and above all discount 
rates play a major role for how severe a model evaluates climate change and how 
much policy it suggests. 

 Observe that any of the cited scenarios tells us we should mitigate ssubstantially 
more than we currently do
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