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What is the best strategy to encourage research and development on new energy technologies in a market
economy? What steps can ensure a rapid and efficient transition to an economy that has much lower net
carbon emissions? This paper shows that, under limited conditions, a necessary and sufficient condition for an
appropriate innovational environment is a universal, credible, and durable price on carbon emissions. Such a
price would balance the marginal damages from carbon emissions against the marginal costs of abating
emissions; it should not contain a correction factor for inducing technological change. This result, which the
paper calls “price fundamentalism,” applies principally to the market-oriented part of research and
innovation. It is subject to qualifications regarding the efficacy of intellectual property protection and the
proper level of carbon prices, and it applies primarily to market sectors. The role of appropriate prices on
emissions is a central part of public policies to encourage technologies to combat global warming.

© 2010 Elsevier B.V. All rights reserved.

1. The central question

This paper considers the optimal framework for designing policies
to encourage technological change to combat global warming. In
other words, what policy framework will do the most to promote
innovation to ensure a rapid transition to an economically and
environmentally acceptable trajectory for climate change?

The short answer to this question will surprise most people. It is
that, under limited conditions, a necessary and sufficient condition for
an appropriate environment for climate change-related innovation is
that all countries establish an appropriate, universal, credible, and
durable price on carbon emissions. This result applies primarily to
innovational activity that is profit-oriented and operates in a market
economy. This paper will explain the rationale for this central
conclusion and then describe several qualifications, some of which
are critical whereas others might tilt the fundamental conclusion or
require some modification at the margin.

2. The size of the challenge

Up to now, most nations have set a low bar in their climate change
policies, and indeed the bar for the United States has been at ground
level. New U.S. legislative initiatives in 2010, had they been enacted,
would have set a daunting challenge for the nation's energy system.
The size of that challenge can be seen by measuring the implied
technological transformation necessary under legislation proposed by
the House Committee on Energy and Commerce. That legislation

would have imposed reductions in emissions of CO2 of 3% of 2005
emissions by 2012, 17% by 2020, 42% by 2030, and 83% by 2050.

Meeting these targets with domestic reductions alone would
require very large changes in the carbon intensity of the economy.
One way to gauge the required change is by examining the so-called
Kaya identity (Kaya, 1990):

CO2 = Pop* GDP = Popð Þ* CO2 = GDPð Þ;

where CO2 is carbon dioxide emissions, Pop is population, and GDP is
real gross domestic product. Taking logarithmic derivatives of this
equation, we obtain the Kaya identity in growth rates, where g(x) is
the growth rate of variable x:

g CO2ð Þ = g Popð Þ + g GDP = Popð Þ + g CO2 = GDPð Þ:

From this equation, using standard assumptions about the growth
of population and GDP per capita over the next four decades, we can
calculate both the historical and the required future change in the
economy's carbon intensity (the last term in the Kaya growth
identity), as shown in Fig. 1.

The first six bars starting from the left side of the figure show that
over the last half-century the carbon intensity of the U.S. economy has
declined by an average of 1.7% per year. That is, energy-sector CO2

emissions have grown at a rate that is 1.7% per year slower than
growth of real GDP. The four bars on the right in the figure show the
rates of further decarbonization that the proposed legislation would
have required (assuming all reductions are domestic). Decarboniza-
tion would need to accelerate sharply during the coming decades, to
annual rates of a little more than 5% in 2008–2018 and a little more
than 8% in 2038–2048.
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Economic Growth – U.S.A.

The paper is divided broadly into two parts. First, I present the facts related to the

growth of the “frontier” over time: what are the growth patterns exhibited by the richest

countries in the world? Second, I focus on the spread of economic growth throughout

the world. To what extent are countries behind the frontier catching up, falling behind,

or staying in place? And what characteristics do countries in these various groups share?

1. GROWTH AT THE FRONTIER

We begin by discussing economic growth at the “frontier.” By this I mean growth

among the richest set of countries in any given time period. For much of the last century,

the United States has served as a stand in for the frontier, and we will follow this tradition.

1.1 Modern Economic Growth
Fig. 1 shows one of the key stylized facts of frontier growth: For nearly 150 years, GDP

per person in the US economy has grown at a remarkably steady average rate of around

2% per year. Starting at around $3,000 in 1870, per capita GDP rose to more than

$50,000 by 2014, a nearly 17-fold increase.

Beyond the large, sustained growth in living standards, several other features of this

graph stand out. One is the significant decline in income associated with the Great
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Fig. 1 GDP per person in the United States. Source: Data for 1929–2014 are from the U.S. Bureau
of Economic Analysis, NIPA table 7.1. Data before 1929 are spliced from Maddison, A. 2008. Statistics
on world population, GDP and per capita GDP, 1-2006 AD. Downloaded on December 4, 2008 from
http://www.ggdc.net/maddison/.
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or more—the era of modern growth is spectacularly brief. It is the economic equivalent

of Carl Sagan’s famous “pale blue dot” image of the earth viewed from the outer edge of

the solar system.

Table 2 reveals several other interesting facts. First and foremost, over the very long

run, economic growth at the frontier has accelerated—that is, the rates of economic

growth are themselves increasing over time. Romer (1986) emphasized this fact for living

standards as part of his early motivation for endogenous growth models. Kremer (1993)

highlighted the acceleration in population growth rates, dating as far back as a million

years ago, and his evidence serves as a very useful reminder. Between 1 million

B.C.E. and 10,000 B.C.E., the average population growth rate in Kremer’s data was

0.00035% per year. Yet despite this tiny growth rate, world population increased by a

factor of 32, from around 125,000 people to 4 million. As an interesting comparison,

that’s similar to the proportionate increase in the population in Western Europe and

the United States during the past 2000 years, shown in Table 2.

Various growth models have been developed to explain the transition from stagnant

living standards for thousands of years to the modern era of economic growth. A key

ingredient in nearly all of these models is Malthusian diminishing returns. In particular,

there is assumed to be a fixed supply of land which is a necessary input in production.b

Adding more people to the land reduces the marginal product of labor (holding

technology constant) and therefore reduces living standards. Combined with some sub-

sistence level of consumption below which people cannot survive, this ties the size of the

population to the level of technology in the economy: a better technology can support a

larger population.

Table 2 The Acceleration of world growth

Year
GDP per
person

Growth
rate

Population
(millions)

Growth
rate

1 590 – 19 –
1000 420 !0.03 21 0.01
1500 780 0.12 50 0.17
1820 1240 0.15 125 0.28
1900 3350 1.24 280 1.01
2006 26,200 1.94 627 0.76

Note: Growth rates are average annual growth rates in percent, and GDP
per person is measured in real 1990 dollars.
Source: Data are from Maddison, A. 2008. Statistics on world population,
GDP and per capita GDP, 1-2006 AD. Downloaded on December 4,
2008 from http://www.ggdc.net/maddison/ for the “West,” ie, Western
Europe plus the United States

b I have used this assumption in my models as well, but I have to admit that an alternative reading of history
justifies the exact opposite assumption: up until very recently, land was completely elastic—whenever we
needed more, we spread out and found greener pastures.

8 Handbook of Macroeconomics

–– Madison, A., 2008!4
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Price fundamentalism

Internalizing the pollution externality suffices to put the 
environmental activity on a level playing field with all other 
economic activity and with R&D on all other activities. There 
would (subject to the qualifications discussed below) be no 
grounds for further special treatment for the green R&D 
activity, whether it be for global warming, or sulfur 
abatement, or energy conservation.
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Conclusions

• Getting the prices of externalities right is crucial for 
mitigation of climate change


• Product subsidies ruin the concept


• There will always be a general innovation spill-over,  
and the society must reward the inventors.


• There is no technological advance against the climate 
change without economic growth.
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