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What is an Integrated Assessment 
Model (IAM)? 

• According to Martin Weitzmann (below) an IAM 
is “a multi-equation computer-simulated model 
that combines dynamic economics with  
geophysical climate dynamics….*it is+ a model of 
economic growth with a controllable externality 
of endogenous greenhouse warming”  
Weitzmann p.4  

 

• Or peak oil 

   



The physics perspective 

• To assess the relationship between global 
temperature and atmospheric GHG levels, 
currently 430 ppm, (CO2 equivalent) up from 280 
ppm before 1850. 

•  The target currently selected by the IPCC as 
“safe” is 550 ppm. According to current theory 
this would result in a temperature rise of 2 deg. C 
in 100 years and 3 deg. C  in the very long run. 

• Implications of lower ff limits, see next two slides. 



Economics perspective 

 To assess the present value of future costs of 
different abatement policies, assuming (1) a 
given target GHG level and (2) a given long-
term damage cost. This is  expressed in terms 
of a postulated  reduction (typically 5%) of 
future (2100) GWP.  For most economists the 
answer depends on the economists choice of 
“discount rate” to compare future benefits 
(savings) with present benefits.  



Most economist’s assumption #1 

• That resource (i.e. energy, or exergy) scarcity is 
not a problem. Increased consumption, due to 
increased demand, due to assumed economic 
growth, can be met by increased supply at no 
increase in price. (This assumption was explicit 
in the latest IMF forecast of world economic 
growth, and  was common to all IEA and EIA 
forecasts up to 2006.) It implies that the 
energy return on energy investments (EROEI) 
will also be constant over time.  



Geological implications of the 
assumption  

• The assumption that scarcity is never a 
problem is based on the historical fact that 
most resource prices (and costs) have declined 
throughout recorded history. 

• The decline is attributed to technological 
progress, which is assumed to be continuous 
and automatic.  (!) 

 



Alternative assumption #1 

• The EROEI has fallen from >100 in the 1930s to a 
bout 25 today. Deep ocean oil and Canadian tar 
sands have an EROEI less than 10, maybe 4.  

  . Peak oil is coming and oil prices will rise, but not 
steadily. When the price rises too fast economic 
growth slows or stops, allowing the oil price to 
come down until growth resumes. See next 
graph. 

• Economic implications. Petroleum is not 
substitutable as a source of liquid fuels for 
engines of all kinds. Transportation is essential. 

i 
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Future Temperature Increases 
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IPCC scenarios + producer-limited case 
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Until well into the 1970s, new global oil discoveries were more than sufficient to offset production each year. 

Since 1981, the amount of new oil discovered each year has been less than the amount extracted and used. 

Source: Heinberg 2004, "Powerdown", Figure 5 page 43 
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Global oil discoveries minus global oil consumption 1965-2003 
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Global "proved reserves"  (wide bars) give the reassuring appearance of continuing growth, but the more 

 relevant "proved and probable reserves" (thin bars) have been falling since the mid-1980s. 

Source: Strahan 2007, "The Last Oil Shock", Figure 13 page 71 
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The wrong kind of shortage 



Saudi reserves 1936-2005 



Source: Dave Rutledge, The coal question and climate change : http://www.theoildrum.com 6/20/2007 

Cumulative US crude oil production since 1900 
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Oil production since 2002 approaching saturation 

Source: http://www.theoildrum.com 
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Source: Dave Rutledge, The coal question and climate change : http://www.theoildrum.com 6/20/2007 

Cumulative US Eastern coal  production (excluding anthracite) 
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Source:  Bezdek, 2008 



Source: Dave Rutledge, The coal question and climate change : http://www.theoildrum.com 6/20/2007 
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Future fossil fuel extraction, cumulative trends 
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Hubbert linearization: World oil & gas output 1960-2006 
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Future Temperature Increases 
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Source: Dave Rutledge, The coal question and climate change : http://www.theoildrum.com 6/20/2007 

Future CO2 concentrations 
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Source: Dave Rutledge, The coal question and climate change : http://www.theoildrum.com 6/20/2007 

IPCC scenarios + producer-limited case 
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Economists Assumption #2 

• That the global economy grows, in 
equilibrium, at a steady rate (around 3 -4 
percent p.a.) driven by “labor augmenting” 
technical progress, which is constant. People 
living 100 years from now will therefore have 
incomes more than 10-fold greater than 
today. From this (among other things) it 
follows that our grand-children will be better 
able, than we, to pay for the abatement 
policies that are needed. 





Energy and Economic Growth 

• The standard (Solow, 1954) theory assumes two 
“factors of production”, capital stock and labor 
supply. It also assumes a “production function” 
which explains output (GDP) as a function of the 
two factors. The early version assumed that most 
growth was actually due to exogenous 
technological progress or “total factor 
productivity” (given). Recent “endogenous” 
modifications attempt to combine capital and 
labor as “human capital”, giving  “knowledge” a 
formal role. This theory does not explain 
technological progress and has no role for energy. 

 



Other key assumptions in the Solow 
theory 

• Let Y be output, K, L and E stand for capital, labor and 
energy. Energy (E) could be a factor of production but 
only if, and only if, it has a large cost share. See next 
slide.  

• Utility (consumption) can be defined. 
• The economy is in equilibrium and grows in equilibrium 

due to savings and investment.  The production 
function also satisfies the “Euler condition” (“constant 
returns to scale”) and it is possible to perform Euler-
Lagrange utility maximization operations. 

• K,L and E are independent and substitutable for each 
other, without limitation. 



The “cost-share theorem” 

• The equilibrium conditions (last slide) and the assumption 
that K,L and E are independent and substitutable implies 
that the partial logarithmic derivative of output with 
respect to each factor – called “output elasticities” – must 
be equal to the corresponding cost share. “Cost shares” of 
capital and labor have been relatively constant, and the 
cost share of energy has always been small. Hence the 
standard theory assumes that growth can proceed without 
energy. 

•  However K,L and E are not completely independent or 
substitutable. There are constraints on their mutual  
relationships.  When these constraints are taken into 
account, the cost share theorem fails.  

• The new theory starts from this fact. 
 



Standard production functions 

• If the cost share theorem is accepted, if the cost shares of 
capital and labor are constant over time, and if the two factors 
(capital and labor) are independent and substitutable) one 
obtains the standard Cobb-Douglas production function with 
constant exponents (next slide).  

• If substitution between the factors is restricted, but constant 
over time, one obtains the “Constant elasticity of 
substitution” (CES) model. (Not discussed). 

• If energy is included in either model, the cost-share theorem 
is still assumed to be valid. 

• The constant elasticity of scale requirement simply means 
that the exponents add up to unity.  
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Standard (Cobb-Douglas)  production 

functions 
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GDP and factors of production, US 1900-2005 



GDP Index (1900=1) 
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US GDP 1900-200; Actual vs. 3-factor Cobb Douglas function L(0.70), 

K(0.26), E(0.04) 
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Technological Progress Function and Solow Residual USA: 1900 - 2005 



Alternate assumption #2 

• That the economy is never in general equilibrium. 
Economic growth for the past 200 years has 
depended very largely on innovations, such as 
mechanization and automation, requiring cheap 
energy. The term “labor-enhancing” is 
misleading; “labor displacing” is more accurate. 
See Ayres & Warr “The Engine of Growth”  

• The growth mechanism is not savings and 
investment. It is a feedback cycle between costs, 
prices, and demand, driven by economies of 
scale, experience and innovation. 
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Feedback loop (simple Salter cycle) 



Economic growth, con’t 

• Energy (exergy) is a factor, along with capital and labor. 
Neither capital nor labor can be productive without energy. 
For technical reasons, we introduce “useful work”, U. defined 
as the product of efficiency e times total exergy flow E.  

• The LINEX production function is derived from the postulated 
long-term constraints between the three factors. K,L,E or U.  

• In effect, we then make a “physics” assumption about the 
degree of substitution between capital (machines) and labor 
(“automation”), and the degree of capital utilization.  

• Because of these relationships (constraints) the cost-share 
theorem fails. Output elasticities are not equal to cost shares. 



New theory con’t: Including 
Information Technology 

• These physics assumptions (constraints) determine the 
mathematical form of the output elasticities (mentioned 
previously). Partial integration of these elasticities (which 
are partial derivatives) yields the LINEX production 
function. 

• Parameters in the LINEX function are then determined by 
non-linear fits of the theoretical function against real 
economic history over the past 100 years.   

• Information technology has become important since 1990. 
We can treat information capital as a perturbation of total 
capital, using the standard  Taylor expansion. The resulting 
form is on the next slide. Setting the ICT correction term to 
zero yields the simpler form. We use reduced forms of the 
variables, k, l, u (and  ). 



ICT adjusted LINEX 
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y = GDP 
u = useful work 
l = labour 
k = capital stocks (total) 
δ = ICT capital stocks 
 
[q,a,b,c] = fitting parameters 
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Exergy (E) Austria, Japan, UK & US: 1900-2005 (1900=1) 
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Useful Work (U) Austria, Japan, UK & US:1900-2005 (1900 = 1) 
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Aggregate efficiency (U/E) Austria, Japan, UK & US: 1900-2005 
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Empirical and estimated GDP US 1900-2000 excluding 1941-1948 
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US LINEX elasticities
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Inverse Energy Intensity vs Energy Efficiency, US 1900-2000
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Interim Conclusions 

• The LINEX production function with useful 
work as a third factor explains past economic 
growth rather well, with only two parameters. 
Statistical causality analysis confirms that GDP 
growth does not drive energy or useful work 
consumption, but useful work does drive GDP 
growth.  

• N.B. Adding information capital to 
conventional capital achieves an even better 
fit in recent years.  



Economists assumption #3 

• That investment choices (in the equilibrium 
model) are always optimal because firms 
maximize profits and consumers maximize 
utility, over time.  In this case there are no 
“free lunches” – meaning no investment 
opportunities that would have negative costs 
or very low costs compared to typical practice. 
It follows that GHG abatement policies must 
be costly. 



Alternative assumption #2 

• That investments are by no means always 
optimal. (In fact von Hayek’s complaint about 
Keynesian economics is that government 
intervention, via low interest rates and “cheap 
money” results in many bad investments.) 

• Examples are many. They include “bubbles” 
resulting in huge losses, such as the stock market 
bubble of 1982-2000 driven by “financial 
engineering “, the Japanese land bubble, the sub-
prime real estate bubble in the US, etc.  



The Growth Imperative 

• Since 1971 banks have been creating money as 
credit, without effective limit, by manipulating 
reserve requirements. 

• Borrowers pay interest on the debt. When rates 
are low it is easy to borrow more to pay the 
interest on previous debt (a trap).  

• The only way out of the trap is more growth – the 
growth imperative.  

• This is why firms often prefer growth to cost 
saving. But “free (and green)  lunches” do exist.  
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Disequilibrium 
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McKinsey US mid-range abatement curve 2030 

Source: McKinsey & Co. 



The Neo-Liberal Solution 

• We have shown the strong link between 
exergy or useful work and output. The 
problem for the captain of the great ship 
Titanic is to avoid an economic collapse while 
simultaneously cutting carbon-emissions 
drastically. That means cutting fossil fuel 
consumption. The only possible approach is 
to increase energy efficiency a lot, but at 
little (or even negative) cost. We need a win-
win policy. 

 



The neo-liberal solution, continued 

• We assert the existence of large but 
avoidable inefficiencies in the economy, 
corresponding to significant departures from 
the optimal equilibrium growth path that is 
commonly assumed. These inefficiencies may 
result from “lock-ins”, lock-outs” (such as 
CHP), regulatory barriers or monopolies that 
prevent innovation by upstart start-ups like 
wind or solar power. Eliminating 
inefficiencies can create “double dividends” 



The cumulative effect of missed (free) 
lunches 

• Actual E/GDP is much higher than the optimum, due to 
potential “double dividends” that are neglected 



Thanks for your patience 
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Model - Logistic and Bi-Logistic S-curve Fits to 

the Trend of Aggregate Technical Efficiency in the US 1900-2000 
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US Model - Historical (1950-2000) and Forecast (2000-2050) 
Technical Efficiency of Energy Conversion 

for Alternate Rates of Technical Efficiency Growth 
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US Model - Historical (1950-2000) and Forecast (2000-2050) 

GDP 

for Alternate Rates of  Technical Efficiency Growth 
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REXS model forecast of US GDP 2000-2050 





• We have shown the strong link between exergy or 
useful work and output. The problem for the 
captain of the great ship Titanic is to avoid an 
economic collapse while simultaneously cutting 
carbon-emissions drastically. That means cutting 
fossil fuel consumption. The only possible approach 
is to increase energy efficiency a lot, but at little (or 
even negative) cost. We need a win-win policy. 



The neo-liberal solution, continued 

• We postulate the existence of large but avoidable 
inefficiencies in the economy, corresponding to 
significant departures from the optimal equilibrium 
growth path that is commonly assumed. These 
inefficiencies may result from “lock-ins”,  regulatory 
barriers or monopolies that prevent innovation by 
upstart start-ups. Eliminating inefficiencies can 
create “double dividends” 



Deadweight 

• Deadweight is the term used by economists to 
characterize the effect of taxes (or subsidies or 
other barriers) to reduce economic efficiency by 
reducing “option space” and thus forcing 
entrepreneurs to make non-optimal choices. We 
argue that monopolies, obsolete regulations and 
“lockout/lock in” also cause deadweight losses by 
preventing optimal innovation. 



Disequilibrium = Deadweight loss 

• If the economy were really in the standard 
state of perfect competition, perfect foresight, 
etc. there would be no inefficiencies and no 
deadweight losses. In the real world, evidence 
of double dividend opportunities is evidence 
of disequilibrium and implies the existence of 
deadweight losses. 



Deadweight 

• Deadweight is the term used by economists to 
characterize the effect of taxes (or subsidies or 
other barriers) to reduce economic efficiency by 
reducing “option space” and thus forcing 
entrepreneurs to make non-optimal choices. We 
argue that monopolies, obsolete regulations and 
“lockout/lock in” also cause deadweight losses by 
preventing optimal innovation. 


