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Abstract 
 

 
The U.S. is actively considering the adoption of ambitious targets for greenhouse gas emissions 

that would require a reduction in energy-related carbon dioxide releases of 80% or more by the 

year 2050. Achieving such a goal will entail a rapid transition away from reliance on petroleum 

for transportation and high carbon fuels for electricity generation towards alternative 

transportation fuels and low-carbon electrical generating technologies, including solar, wind, 

geothermal, nuclear, and coal with carbon capture and storage (CCS). Even with adoption rates 

for these technologies that are all near or even beyond the limits of plausibility, it will be 

impossible to achieve the desired emission reductions while simultaneously maintaining 

reasonable economic growth unless, in addition, the energy efficiency of the economy improves 

at a rate significantly above the historical trend. If that trend were to persist, however, and in 

addition nuclear and coal with CCS were both removed from the supply mix, the desired 

emission reductions could be achieved only if per capita economic output were to decline, even 

with an installed base of solar and wind capacity many times greater than the current level.  
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Introduction 

This paper examines the implications for the U.S. energy infrastructure of the targets for 

greenhouse gas emission reductions now being actively considered by the U.S. government. The 

Waxman-Markey legislation recently passed by the U.S. House of Representatives calls for U.S. 

carbon emissions to decline 83% from their level in 2005 by 2050.1 At various times President 

Obama has similarly called for emission reductions of over 80% by mid-century, and in July the 

President agreed with the other G8 leaders that the developed countries, including the U.S., 

should reduce their emissions 80% by 2050. These targets are loosely derived from integrated 

scientific and economic assessments of the consequences for the earth’s climate of elevated 

atmospheric concentrations of greenhouse gases. The problem of mitigating greenhouse gas 

emissions will affect all countries. Here we examine what would be required for the U.S. to 

achieve reductions in this general range.  

 

It is widely recognized that an effective strategy for reducing greenhouse gas emissions must 

focus on the energy sector, whose releases of carbon dioxide account for 80% of all U.S. 

anthropogenic greenhouse gas emissions.2 There are two essential elements of a strategy for 

reducing energy-related carbon emissions: first, improving the efficiency of energy use (energy 

productivity) or, equivalently, reducing the ‘energy intensity’ of the economy; and second, 

‘decarbonizing’ the nation’s energy supply infrastructure – that is, reducing the carbon intensity 

of the energy system by moving away from primary reliance on petroleum for transportation and 

high carbon fuels for electricity generation towards alternative transportation fuels and low or 

zero-carbon electrical generating technologies. It is evident that these two elements of an overall 

strategy are interdependent. The more rapid the transition to low carbon energy supplies, the 

less we will need to rely on energy end-use efficiency gains to achieve a given emission reduction 

target, and vice versa.  

 

There is in fact a fixed relationship between the two if a target for economic output is specified 

together with the carbon reduction goal. The relationship between these four factors – carbon 

                                            
1 H.R. 2454: American Clean Energy and Security Act of 2009, Section 702 
2 Climate change avoidance strategies must also reduce emissions of potent non-carbon greenhouse gases 
such as methane and nitrous oxide. 
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emissions, carbon intensity of the energy system, energy intensity of the economy, and economic 

output – is given by the simple identity3 

 

  (1) 

 

where C = carbon emitted in a given time period, E = energy consumed in that time period, Y = 

economic output, and P = population, and where, for convenience, economic output is 

expressed as output per capita. This ratio, Y/P, is the broadest measure of productivity in an 

economy, and in the long run is the single most important determinant of national prosperity. 

Equation (1) applies to any specified geographical unit, from a small region to a country to the 

world as a whole. The differential form of the identity relates the rate of change of carbon 

emissions to the rate of change of each of the four factors, i.e., carbon intensity, energy 

efficiency, economic productivity, and population:  

 

  (2) 

 

Alternative and even simpler differential forms are 

 

  (2a) 

 

  (2b) 

 

                                            
3 The relationship between these factors was first pointed out by the Japanese engineer Yoichi Kaya 
(Kaya, Y., “Impact of Carbon Dioxide Emission Control on GNP Growth: Interpretation of Proposed 
Scenarios”, Paper presented to the IPCC Energy and Industry Subgroup, Response Strategies Working 
Group, Paris, 1990 (mimeo).) 
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where (C/Y) indicates the carbon use per unit of economic output, and (E/P) is the energy use 

per capita.  

 

As equation (2) indicates, it is a straightforward exercise in carbon, energy, and economic growth 

accounting to identify energy efficiency and decarbonization scenarios that could, in 

combination, meet specified targets for carbon emission reduction and economic growth. In this 

paper we present a simple model for investigating these scenarios for the U.S. economy over the 

period from 2008 to 2050. Details of the model are provided in the Appendix and the results are 

discussed below. These results come with an important proviso. Whether any scenario satisfying 

the basic identity could actually be realized in practice cannot be determined from this kind of 

exercise, since this depends upon interactions between the energy sector and the rest of the 

economy that require much more complex modeling to describe. But the identity is nonetheless 

useful in indicating possible pathways towards achieving the various emission reduction goals 

and in suggesting the scale of the change needed to reach them. Equally important, it shows 

what is not possible, and as such is useful in revealing plans and strategies that are incapable of 

achieving their intended result.  

 

Scenarios 

In this paper we take as the target for aggregate U.S. energy-related carbon emissions in 2050 an 

85% reduction relative to the 2005 level. This is slightly above the Waxman-Markey goal and is 

equivalent to an 80% reduction relative to U.S. emissions in 1990 – a goal that has been 

advocated by President Obama and others in the past. It corresponds to an average rate of 

reduction in carbon emissions of 3.76% per year.  

 

We next consider two alternative decarbonization scenarios, described below. The scenarios 

cover the entire economy, but the short descriptions focus on the electric power sector. 

 

Scenario 1 (“All  Hands on Deck”):  In this scenario, the electricity sector in 2050 relies to a 

much greater extent than today on low carbon sources of supply. Solar and wind each provide 

20% of total electricity supply; nuclear capacity is tripled, and the technology for coal plant 

carbon capture and sequestration (CCS) is assumed to be available without constraint. 

Geothermal provides 100 GWe (compared with about 2 GWe today). Reliability issues 



Lester and Finan, “The Impact of Carbon Emission Reduction Targets” July 2009 
 

 

 5 

stemming from the heavy dependence on intermittent wind and solar energy resources are 

assumed to be resolved with economic electricity storage and other advanced grid technologies 

that are not available today. Hydroelectric plants continue to contribute at their current, 

relatively modest level. These are generally very ambitious goals. Some observers would likely 

regard them as being at or even beyond the bounds of plausibility.  

 

Scenario 2 (“No Nuclear/No Coal”) :  In this scenario, as in the previous one, low carbon 

energy sources play a much more important role in 2050 than today, but in this case their output 

is more constrained. Wind accounts for 15% of total electricity supply, and solar another 5% – 

both many times larger than their current contributions, but well below today’s most optimistic 

projections. No new nuclear plants are built, and all currently operating plants are phased out. 

Carbon capture and sequestration technology is assumed not to become available, and no new 

coal plants are built. The balance of electricity supply is provided by a combination of 

hydroelectricity (unchanged from today), geothermal (100 GWe), and biofuels. 

 

The two scenarios are summarized in Table 1.  

 

Table 1: Decarbonization Scenario Assumptions 

 
SCENARIO 1 

“All Hands on Deck” 
SCENARIO 2 

“No Nuclear/No Coal” 
Population growth  0.9%/yr 0.9%/yr 

Intermittent renewables as a share of 
total electricity generation in 2050 
(wind/solar) 

40% (20%/20%) 20% (15%/5%) 

Carbon capture and sequestration in 
2050 

Limited only by C 
emission constraint 

None 

Nuclear as a share of total electricity 
generation in 2050 

20% None 

Geothermal in 2050 100 GWe 100 GWe 

Hydroelectric Same as today Same as today 
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‘Business-as-usual’ in energy efficiency means severely constrained economic growth 

To see what these different decarbonization scenarios would mean, we first consider the case in 

which the energy intensity of the economy continues to decline at the same rate, 2.16%/year, 

that it has averaged over the past 25 years.4 From equation (2), the combined rate of 

decarbonization of the energy supply system (C/E) and of economic growth (Y/P) required to 

achieve the targeted reduction in carbon emissions in this case is:5 

 

  

€ 

∂(C/E)
(C/E)

+
∂(Y/P)
(Y/P)

= −3.76 + 2.16−0.90 = −2.5%/yr
 

 

Table 2 shows the economic growth trajectories associated with each of the two decarbonization 

scenarios. Even in the “All Hands on Deck” scenario, with its highly optimistic assumptions 

about the future availability of renewables, nuclear, and CCS, the mid-century carbon emission 

reduction goal could only be achieved if the annual growth in GDP per capita between now and 

2050 were to slow to a rate of 1% per year. It is worth noting that in no decade since the 1930s 

has this broad measure of the nation’s economic growth performance been as low. For the less 

optimistic “No Nuclear/No Coal” scenario, per capita economic output would actually have to 

contract in order to achieve the mid-century carbon emission reduction goal.  

 

Table 2: Economic Growth with 'Business-as-Usual' Energy Efficiency 

Supply-Side Scenario Growth rate in GDP/capita, 2008-2050 

“All Hands on Deck” +1.0%/yr 

“No Nuclear/No Coal” -0.85%/yr 

 

 
                                            
4 This is the emission-weighted average performance for the economy as a whole.  Our model 
disaggregates this economy-wide average into the average trend in energy intensity of the economy for 
each of the energy-using sectors: transportation (-1.53%), residential (-2.66%), commercial (-1.76%), and 
industrial (-3.03%). 
5 The U.S. population is assumed to grow at an annual rate of 0.9% between now and 2050, following the 
estimate of J.S. Passel and D’Vera Cohn, “U.S. Population Projections: 2005-2050”, Pew Research Center 
Report, February 2008. The U.S. Census Bureau recently projected a growth rate of 0.8% per year over 
this period (http://www.census.gov/population/www/projections/usinterimproj/). 








