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climate change mitigation



(Meinshausen et al. 2009) 

Emissions Peaking After 2020:  

More than 1 Kyoto per Year 

Meinshausen et al., Nature, 2009
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Summary for Policymakers

Figure SPM.1 | Total annual anthropogenic GHG emissions (GtCO2eq / yr) by groups of gases 1970 – 2010: CO2 from fossil fuel combustion and industrial processes; CO2 from 
Forestry and Other Land Use (FOLU); methane (CH4); nitrous oxide (N2O); fl uorinated gases8 covered under the Kyoto Protocol (F-gases). At the right side of the fi gure GHG emis-
sions in 2010 are shown again broken down into these components with the associated uncertainties (90 % confi dence interval) indicated by the error bars. Total anthropogenic 
GHG emissions uncertainties are derived from the individual gas estimates as described in Chapter 5 [5.2.3.6]. Global CO2 emissions from fossil fuel combustion are known within 
8 % uncertainty (90 % confi dence interval). CO2 emissions from FOLU have very large uncertainties attached in the order of ± 50 %. Uncertainty for global emissions of CH4, N2O 
and the F-gases has been estimated as 20 %, 60 % and 20 %, respectively. 2010 was the most recent year for which emission statistics on all gases as well as assessment of 
uncertainties were essentially complete at the time of data cut-off for this report. Emissions are converted into CO2-equivalents based on GWP100

6 from the IPCC Second Assessment 
Report. The emission data from FOLU represents land-based CO2 emissions from forest fi res, peat fi res and peat decay that approximate to net CO2 fl ux from the FOLU as described 
in chapter 11 of this report. Average annual growth rate over different periods is highlighted with the brackets. [Figure 1.3, Figure TS.1] 
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About half of cumulative anthropogenic CO2 emissions between 1750 and 2010 have occurred in the last 40 
years (high confi dence). In 1970, cumulative CO2 emissions from fossil fuel combustion, cement production and fl aring 
since 1750 were 420 ± 35 GtCO2; in 2010, that cumulative total had tripled to 1300 ± 110 GtCO2 (Figure SPM.2). Cumu-
lative CO2 emissions from Forestry and Other Land Use (FOLU)9 since 1750 increased from 490 ± 180 GtCO2 in 1970 to 
680 ± 300 GtCO2 in 2010. [5.2]

9 Forestry and Other Land Use (FOLU)—also referred to as LULUCF (Land Use, Land-Use Change, and Forestry)—is the subset of Agriculture, 
Forestry and Other Land Use (AFOLU) emissions and removals of GHGs related to direct human-induced land use, land-use change and forestry 
activities excluding agricultural emissions and removals (see WGIII AR5 Glossary).

IPCC, 2014
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coal compared to natural gas is roughly equal to 2 and is
roughly 30 compared to renewable energy. This risk factor
determines how the additional cost incurred as a result of a
carbon price scales across technologies. The total electricity
cost is the sum of this additional cost and the cost of energy.
Because of differences in the carbon price risk factor, the rank
ordering of total electricity costs changes with the carbon price
(Figure 5).
Portfolios. Moving beyond a focus on individual

technologies, we ask which technology portfolios would meet
carbon intensity targets in the U.S. and in China. We
distinguish between the following broad classes of technologies
based on their carbon intensities: coal, coal with CCS, natural
gas, and carbon-free technologies (renewables and nuclear).
Two sample portfolio formulations are explored: (1) coal and
natural gas supply equal shares of total electricity, and (2) coal
with CCS and natural gas supply equal shares of electricity. In
both formulations, the share of fossil-fuel-generated electricity
is maximized and supplemented by carbon-free generation to
meet the carbon intensity target.
The energy resource size for each technology imposes an

upper limit on the energy that it is able to supply. Estimates of
energy resource sizes for each technology shown on the cost
and carbon trade-off curve vary widely across studies depending
upon the assumptions that are made about practical
scalability.35!41 On the basis of the energy resource size and
geographical distribution or ease of transportation with
currently available methods, photovoltaics, coal, and nuclear
emerge as frontrunners in terms of resource availability.
Updated estimates of natural gas reserves, which include
expanded reserves for shale gas deposits, are also substantial.42

Resource sizes of each of the three broad classes of technologies
considered here are expected to be sufficient to meet the
portfolios outlined in this section.
Sample portfolios for the U.S. and China are shown in Figure

6. For the moderate Annex I emission reduction scenario of
80% below 1990 levels by 2050 applied to the U.S. and a
baseline electricity demand projection, carbon-free technologies
would need to supply approximately 65, 80, and 90% of
electricity in 2030, 2040, and 2050, respectively, if the rest is
supplied by equal shares of coal and natural gas. We can
estimate a rough cost target for dispatchable carbon-free

technologies of 23, 19, and $16/GJ (or 0.083, 0.068, and
$0.058/kWh) to achieve these portfolios without exceeding the
baseline electricity cost distribution shown in Figure 3. In
China, for the corresponding emission reduction scenario,
carbon-free technologies would need to supply approximately
45, 60, and 75% in 2030, 2040, and 2050, respectively. The
approximate cost target would be 28, 24, and $22/GJ (or 0.101,
0.086, and $0.079/kWh) for carbon-free technologies (Figure
3). Using these portfolio cost targets, we can return to the cost
and carbon trade-off curve to evaluate carbon-free technologies
(Figure 4).
The multiple scenarios investigated in this analysis, varying

future electricity demand, emission allocations to Annex I and
non-Annex I countries, and portfolio formulations, allow us to
analyze the range of carbon-free generation that will be needed
to meet emission reduction goals (Figure 6). The upper end of
the range of carbon-free power needed is based on the high
demand scenario and the portfolio with equal shares of natural
gas and coal. The lower end of the range is defined by the low
energy demand scenario and a portfolio with equal allocation to
natural gas and coal with CCS.
For U.S. electricity, even under a low energy demand

scenario and a high emission allocation scenario, major
decarbonization is needed by 2050 (70% or above). For
Chinese electricity, major decarbonization is needed to meet
emission reductions for a modest Annex I emission allocation
scenario and a baseline electricity demand, assuming a portfolio
with coal and natural gas (45, 60, and 75% in 2030, 2040, and
2050, respectively). In contrast, for a baseline demand and a
portfolio with natural gas and coal with CCS, the carbon-free
power needed is reduced to approximately 0, 10, and 45% in
2030, 2040, and 2050, respectively. For higher emission
allocations, extremely low demand projections, and a portfolio
with natural gas and coal with CCS, minimal amounts of
carbon-free power are needed in China to meet the carbon
intensity targets. This greater variability in the carbon intensity

Figure 5. Impact of a carbon price on the cost and carbon trade-off
curve for electricity. A price on carbon changes the rank ordering of
the cost-competitiveness of technologies.

Figure 6. Portfolios to meet carbon intensity targets. The impact of
the emission allocation scenario, the energy demand, and the energy
mix on the amount of carbon-free power required is shown. Portfolios
shown in the left and middle columns are for a baseline electricity
demand and a modest Annex I emission reduction scenario. The
carbon-free power required for the full range of energy consumption
scenarios is shown in the right column, for both a moderate and a
strict Annex I emission reduction scenario. The upper end of the
estimated carbon-free power needed corresponds to a high demand
scenario and a portfolio with equal shares of natural gas and coal. The
lower end of the range corresponds to a low energy demand scenario
and a portfolio with equal allocation to natural gas and coal with CCS.
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cost is the sum of this additional cost and the cost of energy.
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ordering of total electricity costs changes with the carbon price
(Figure 5).
Portfolios. Moving beyond a focus on individual

technologies, we ask which technology portfolios would meet
carbon intensity targets in the U.S. and in China. We
distinguish between the following broad classes of technologies
based on their carbon intensities: coal, coal with CCS, natural
gas, and carbon-free technologies (renewables and nuclear).
Two sample portfolio formulations are explored: (1) coal and
natural gas supply equal shares of total electricity, and (2) coal
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geographical distribution or ease of transportation with
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Updated estimates of natural gas reserves, which include
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45, 60, and 75% in 2030, 2040, and 2050, respectively. The
approximate cost target would be 28, 24, and $22/GJ (or 0.101,
0.086, and $0.079/kWh) for carbon-free technologies (Figure
3). Using these portfolio cost targets, we can return to the cost
and carbon trade-off curve to evaluate carbon-free technologies
(Figure 4).
The multiple scenarios investigated in this analysis, varying

future electricity demand, emission allocations to Annex I and
non-Annex I countries, and portfolio formulations, allow us to
analyze the range of carbon-free generation that will be needed
to meet emission reduction goals (Figure 6). The upper end of
the range of carbon-free power needed is based on the high
demand scenario and the portfolio with equal shares of natural
gas and coal. The lower end of the range is defined by the low
energy demand scenario and a portfolio with equal allocation to
natural gas and coal with CCS.
For U.S. electricity, even under a low energy demand

scenario and a high emission allocation scenario, major
decarbonization is needed by 2050 (70% or above). For
Chinese electricity, major decarbonization is needed to meet
emission reductions for a modest Annex I emission allocation
scenario and a baseline electricity demand, assuming a portfolio
with coal and natural gas (45, 60, and 75% in 2030, 2040, and
2050, respectively). In contrast, for a baseline demand and a
portfolio with natural gas and coal with CCS, the carbon-free
power needed is reduced to approximately 0, 10, and 45% in
2030, 2040, and 2050, respectively. For higher emission
allocations, extremely low demand projections, and a portfolio
with natural gas and coal with CCS, minimal amounts of
carbon-free power are needed in China to meet the carbon
intensity targets. This greater variability in the carbon intensity
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carbon-free power required for the full range of energy consumption
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strict Annex I emission reduction scenario. The upper end of the
estimated carbon-free power needed corresponds to a high demand
scenario and a portfolio with equal shares of natural gas and coal. The
lower end of the range corresponds to a low energy demand scenario
and a portfolio with equal allocation to natural gas and coal with CCS.
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mix on the amount of carbon-free power required is shown. Portfolios
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renewable-energy technologies have fallen 
steeply. Photovoltaic module costs have 
plunged by about 10% per year over the past 
30 years and the costs of wind turbines have 
fallen by roughly 5% per year. Production 
levels for both technologies have risen by 
about 30% per year on average. 

The technical advances responsible have 
been driven by public policies and industry’s 
responses to them. Governments spend a 
relatively modest amount on renewable-
energy research, roughly US$5 billion per 
year globally, which is less than one-tenth 
the amount allocated to health research. 
But government incentives are essential for  
market growth; they drive private-sector 
investments in clean-energy technologies 
of about $250 billion per year globally. 

Despite this success, lawmakers in many 
countries are questioning public support for 
clean energy. Some in the United States are 
urging that such support should be limited 
to funding basic research and development 
in universities and government labs. They 
cite the recent failure of a few prominent 
energy companies, such as Solyndra, which 
received government grants or loans in their 
early days. Critics forget that game-changing 

technologies are high-risk ventures; some 
failures are inevitable.

Some technologies are more open to 
improvement than others2–7. Compact, 
modular systems, such as photovoltaics 
and electronics, are easily experimented 
on5,7. And processes that may be achieved 
through alternative designs or materi-
als offer more avenues for advancement. 

The diversity of 
semiconductors, for 
example, is behind 
the recent develop-
ment of high-effi-
ciency perovskite 
solar cells. Other 
technologies are 
harder to improve. 

Those with high commodity costs, such as 
coal-fired electricity6, soon hit cost floors in 
the marketplace. 

Photovoltaic systems and wind turbines 
are therefore better candidates for sus-
tained cost reduction than large nuclear or 
coal plants7. The lower price of solar cells 
today is due to increasing the efficiency with 
which sunlight is converted to electricity 
within modules, less manufacturing waste  

and greater economies of scale. 
Wind turbines have seen similar pro-

gress, reaching higher wind speeds at greater 
heights to deliver more energy per cost of 
installed unit. Indeed, wind energy now 
competes economically with fossil-fuelled 
thermal power plants in several places, 
including Texas, and in Denmark it supplies 
30% of electricity consumption. 

Knowledge about how to design, build 
and integrate these technologies into the 
energy infrastructure has also grown. For 
example, it takes roughly half the time to 
install a solar system in Germany compared 
with the United States, thanks to a more 
experienced workforce and streamlined 
permit processes8. 

The recent growth in energy patents 
reflects the increasing knowledge generated 
in laboratories and on the manufacturing 
floor. The numbers of patents for solar and 
wind technologies have risen globally by 
about 15% and 20% per year on average, 
respectively, in the past decade2 — rates 
comparable with information technologies.

A link between public investment and pat-
ent filing is evident in historic records2. In 
the 1970s and early 1980s, patent numbers 

D
PA

 P
IC

TU
R

E 
AL

LI
AN

C
E 

AR
C

H
IV

E/
AL

AM
Y

2 0  M A R C H  2 0 1 4  |  V O L  5 0 7  |  N A T U R E  |  3 0 1

COMMENT

ENERGY INNOVATION
The number of new patents for energy technologies has risen rapidly in the past three decades, 
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cheaper through improved designs and experience gained in building and installing them. 

0

1

2

3

4

5

6

7

8

1975 1980 1985 1990 1995 2000 2005

1975 1980 1985 1990 1995 2000 2005 2010

Pa
te

nt
s 

pe
r 

ye
ar

 (
th

ou
sa

nd
s)

GLOBAL PATENTS!

ELECTRICITY COST TRENDS2

1

10

100

1,000

10,000

C
os

t p
er

 g
ig

aj
ou

le
 (

20
06

 U
S$

, l
og

 s
ca

le
)

As markets have expanded, 
China now produces more 
solar and wind patents than 
the United States

Public investment 
during oil crises 
drove patent growth
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If costs keep falling 
at historic rates, solar 
could be cheaper 
than coal after 2020

“Game-
changing 
technologies 
are high-risk 
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failures are 
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We also define an exponential correlation structure within each
error mountain (corresponding to each combination of dataset and
hypothesis, see File S1), as a function of the differences of the two
time coordinates with a positive range parameter r and another
small positive nugget parameter g quantifying the extent of these
correlations:

Corr(Efdij , Ef ’d ’i’j’)~ dff ’ddd ’(1{g) exp {(Di{i’DzDj{j’D)=rf g, !8"

where the two Kronecker d functions ensure that each error
mountain is treated as a separate entity.
Equations (7) and (8) were chosen to deal with the observed

heteroscedasticity (increasing variance with increasing logarithmic
forecasting error) and the serial correlations along the time
coordinates i (hindcasting origin) and j (hindcasting target). Based
on the likelihood, an exponential correlation function provided the
best fit. Note that instead of a Euclidean distance (root sum of the
squares of differences), the Manhattan measure was used (the sum
of the absolute differences), because it provided a better fit in terms
of the likelihood.
Using this statistical model, we compared five different

hypotheses. (We removed the Nordhaus model from the sample
because of poor forecasting performance [20]. This model gave
good in-sample fits but generated large and inconsistent errors

Figure 5. An illustration of how individual datasets deviate from the pooled data. The data-specific contribution to the slope, bd , is plotted
against the data specific contribution to the intercept, ad , and compared to the ellipse of two standard deviation errors. The best forecasts are
obtained for those found in the lower left quadrant, such as Beer, Sodium, RefinedCaneSugar, and Aluminum.
doi:10.1371/journal.pone.0052669.g005

Figure 6. A projection of future PV electricity costs from the
Photovoltaics2 historical data set (1977–2009) using Moore’s
exponential functional form. The solid line is the expected forecast
and the dashed line is the expected error.
doi:10.1371/journal.pone.0052669.g006

Predicting Technological Progress

PLOS ONE | www.plosone.org 5 February 2013 | Volume 8 | Issue 2 | e52669

Nagy, Farmer, Bui, Trancik, PLoS ONE, 2013





A new battery is rarely greeted with as 
much excitement as the latest smart-
phone or a new drug. The energy 

industry is widely perceived as sluggish, a 
provider of basic services and lacking crea-
tivity. In fact, a brighter reality is emerging — 
government support for energy-technology 
development is paying off.

Public policies to encourage the develop-
ment and adoption of renewable-energy 
technologies are essential, because low-
carbon performance is not visible to most 
consumers and carbon is not priced in the 
global market. Yet there is a widespread lack 
of confidence in public-sector efforts to spur 
innovation, as a result of the mixed record of 
governments in picking winners and losers 
among technologies1.

Some governments are considering 

reducing their support for renewable-energy 
projects. The future of the US tax credit for 
new wind energy is uncertain; the United 
Kingdom is debating scaling down subsidies 
for some renewables and relaxing its targets 
for carbon-emissions reductions, and Spain 
has abandoned its incentives programme 
and electricity-price commitments for 
renewable-energy power plants. The coun-
tries of the European Union disagree on a 
common binding target for the adoption of 
renewable energy by 2030.

But now is not the time to cut govern-
ment support for renewables. Each day that 
we delay implementing low-carbon energy 
technologies we increase the likelihood of 
damage from climate change — from storms 
and floods to forest fires, . 

The response of the global energy industry 

to even modest policy interventions has 
been remarkable. Led by China, Europe, 
the United States and Japan, the alternative-
energy sector is booming worldwide2–4. 
Solar and wind technologies have improved 
most rapidly in the past three decades, with  
photovoltaics a hundred times cheaper today 
than in 1975.

Governments should help to maintain 
this progress. Research funds and policies 
to boost markets will mature new energy 
industries and promote the next generation 
of low-carbon technologies.

RAPID INNOVATION
The speed of energy-technology innovation 
is only just coming to light as long-term data 
sets become available. My analyses of 30 or 
more years of data2–4 show that the costs of 

Back the renewables boom
Low-carbon technologies are getting better and cheaper each year, but continued 

public-policy support is needed to sustain progress, says Jessika E. Trancik.

A solar power plant on a former military air base in Finowfurt, Germany.
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1975 today

100 times the power for the same price! 
(inflation adjusted dollars)



Explanation for photovoltaics rapid 
improvement?
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friction and wind resistance in the turbine, electrical resistance,
power to run the boiler feed pump and other plant equipment,
and the thermodynamic limits of the heat cycle used.

The earliest coal plants obtained efficiencies below 3%. Over the
first 80 years, average efficiency grew by more than a factor of 10.
Improving efficiencies meant that less coal was required to
produce equal amounts of electricity, lowering fuel costs. For the
last 50 years, the average efficiency of coal-fired plants has stayed
approximately level at 32–34%, although individual plants
obtained efficiencies as high as 40% during the 1960s (Hirsh, 2002).

The factors influencing efficiency of plants fall into two major
categories: thermodynamic factors, which pertain to the specific
heat cycle employed, and operational factors, which reflect the
mechanical and electrical efficiencies of individual stages and
components. The thermodynamic limit efficiency is determined
by the details of the steam cycle used—the maximum and
minimum temperatures, the maximum and minimum pressures,
and the exact type of cycle followed (e.g. the number of reheat
stages used.) Current plant designs typically have thermodynamic
limit efficiencies around 46%.3 The operational efficiencies of the
boiler, turbine, generator, and other components further reduce
the efficiency achievable in practice (Table 1.) The net effect of the
operational efficiencies is to reduce total efficiency by a factor of
about 0.7.

The capacity factor affects the operating parameters of the
plant (e.g. pressures, throttles) and therefore influences plant
efficiency. Typically, a lower capacity factors will mean higher
variability and lower efficiencies. The presence of pollution
controls can also lower efficiency, because they increase auxiliary
power requirements.

Historical increases in efficiency came from improvements in
both the thermodynamic and operational categories. Higher
steam temperatures, higher steam pressures, and changes to the
heat cycle relaxed the thermodynamic constraint, while better
designed parts reduced operational losses. However, operational
factors are now working at high efficiencies (Table 1), while
changing the parameters of the heat cycle faces highly diminish-
ing returns for the thermodynamic limit efficiency (Hirsh, 2002).
This latter problem reduces incentives to develop economical
materials that could withstand higher pressures and tempera-
tures. The overall result has been a standstill in average efficiency
for the last 50 years in the U.S. (Although the average efficiency of
U.S. plants has been static in the last 50 years, that of European

and Japanese plants have continued to grow in the same period.)
Given the present technological options, the current average
efficiency presumably represents an optimum after balancing
the higher fuel cost of a less efficient plant against the higher
construction costs of a more efficient plant.

2.3.5. Fuel cost
Over the entire time period (1882–2006) the factors most

responsible for changes in the fuel cost are the price of coal and
the efficiency. Changes in energy density and transportation costs
had relatively minor effects. As can be seen in Fig. 3, the net effect
of varying coal price, energy density, transportation cost, and
efficiency on the fuel component of electricity costs was a long-
term decrease in the cost of the fuel component until about 1970.
The decrease was mainly due to improving efficiency. After 1970,
coal prices increased dramatically during a time when efficiency
was flat, increasing overall fuel costs 70% between 1970 and 1974.

2.4. Operation and maintenance cost

The O&M cost (OM) is the least significant of the three cost
components (fuel, O&M, capital), representing about 5–15% of
total generation costs during the last century (Fig. 11). Although it
is less significant than fuel or capital, we attempted to reconstruct
a time-series for O&M.

Reliable historical data for O&M costs were difficult to acquire.
Sources were frequently in conflict with each other due to
differences in definition of O&M costs. We use data from the
Energy Information Administration (EIA) because it uses a con-
sistent definition over the longest time period. To fill in missing
years, we took O&M costs to be 21% of the value of the overall fuel
cost, based on the empirical observation that O&M costs were
consistently about 21% of overall fuel costs between 1938 and
1985 in all years for which we had data.4 Later O&M costs break
from this pattern. This assumption seemed the best choice to
avoid introducing discontinuities or other artificial behaviors in
the total costs. We do not have a theoretical explanation for why
the ‘‘21% rule’’ replicates the O&M costs so well for the years
where data are available. However, we note that based on
empirical analysis, the O&M costs are more strongly correlated
with the fuel costs than with capital or construction costs.5

Based on our reconstruction, O&M costs decreased until 1970
(Fig. 4). For pulverized coal plants, historical declines ‘‘are
attributed mainly to the introduction of single-boiler designs,
automatic controls, and improved instrumentation’’ (Yeh and
Rubin, 2007; Sporn, 1968). From the data available, we infer that
an increase occurred between 1960 and 1980. This is supported
by observations that pollution controls introduced to plants

Table 1
Operational sources of energy loss. Source: Hirsh (2002).

Source of energy loss Efficiency (%)

Stack losses, radiation and conduction from boiler 87
Excess entropy produced in turbine 92
Windage, friction, and elec. resistance 95
Boiler feed pump power requirement 95
Auxiliary power requirements 97

Total (product) 70
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3 We assume a Rankine cycle with superheating and one reheat cycle
operating at 10001F, 2400 psi.

4 OM’s ratio to FUEL was always between 19% and 24%, with an average of
21%, during three periods for which data were available: 1938–1947, 1956–1963,
and 1978–1985.

5 The correlation coefficient between OM and FUEL is 0.87, while that
between OM and CAP is 0.69 and that between OM and SC is 0.33.
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renewable-energy technologies have fallen 
steeply. Photovoltaic module costs have 
plunged by about 10% per year over the past 
30 years and the costs of wind turbines have 
fallen by roughly 5% per year. Production 
levels for both technologies have risen by 
about 30% per year on average. 

The technical advances responsible have 
been driven by public policies and industry’s 
responses to them. Governments spend a 
relatively modest amount on renewable-
energy research, roughly US$5 billion per 
year globally, which is less than one-tenth 
the amount allocated to health research. 
But government incentives are essential for  
market growth; they drive private-sector 
investments in clean-energy technologies 
of about $250 billion per year globally. 

Despite this success, lawmakers in many 
countries are questioning public support for 
clean energy. Some in the United States are 
urging that such support should be limited 
to funding basic research and development 
in universities and government labs. They 
cite the recent failure of a few prominent 
energy companies, such as Solyndra, which 
received government grants or loans in their 
early days. Critics forget that game-changing 

technologies are high-risk ventures; some 
failures are inevitable.

Some technologies are more open to 
improvement than others2–7. Compact, 
modular systems, such as photovoltaics 
and electronics, are easily experimented 
on5,7. And processes that may be achieved 
through alternative designs or materi-
als offer more avenues for advancement. 

The diversity of 
semiconductors, for 
example, is behind 
the recent develop-
ment of high-effi-
ciency perovskite 
solar cells. Other 
technologies are 
harder to improve. 

Those with high commodity costs, such as 
coal-fired electricity6, soon hit cost floors in 
the marketplace. 

Photovoltaic systems and wind turbines 
are therefore better candidates for sus-
tained cost reduction than large nuclear or 
coal plants7. The lower price of solar cells 
today is due to increasing the efficiency with 
which sunlight is converted to electricity 
within modules, less manufacturing waste  

and greater economies of scale. 
Wind turbines have seen similar pro-

gress, reaching higher wind speeds at greater 
heights to deliver more energy per cost of 
installed unit. Indeed, wind energy now 
competes economically with fossil-fuelled 
thermal power plants in several places, 
including Texas, and in Denmark it supplies 
30% of electricity consumption. 

Knowledge about how to design, build 
and integrate these technologies into the 
energy infrastructure has also grown. For 
example, it takes roughly half the time to 
install a solar system in Germany compared 
with the United States, thanks to a more 
experienced workforce and streamlined 
permit processes8. 

The recent growth in energy patents 
reflects the increasing knowledge generated 
in laboratories and on the manufacturing 
floor. The numbers of patents for solar and 
wind technologies have risen globally by 
about 15% and 20% per year on average, 
respectively, in the past decade2 — rates 
comparable with information technologies.

A link between public investment and pat-
ent filing is evident in historic records2. In 
the 1970s and early 1980s, patent numbers 
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As markets have expanded, 
China now produces more 
solar and wind patents than 
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Figure S5a: Temporal trends for patents filed in Japan for nuclear, fossil and 
renewable technologies (different colors). Note the recent decline in annual patents, and 
the numbers in relation to Figure S4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5b: Temporal trends for patents filed in Japan for coal, oil and gas energy 
technologies.  
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Figure S5c: Temporal trends for patents filed in Japan for solar and wind energy 
technologies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6a: Temporal trends for patents filed in the US for coal, oil and gas energy 
technologies. 
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Figure S5c: Temporal trends for patents filed in Japan for solar and wind energy 
technologies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6a: Temporal trends for patents filed in the US for coal, oil and gas energy 
technologies. 
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Figure S6b: Temporal trends for patents filed in the US for solar and wind energy 
technologies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7: Solar (photovoltaics) and wind cumulative public R&D investment ($2009 
million) for total of IEA nations.  
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Figure S4b: Temporal trends for patents filed in China for coal, oil and gas energy 
technologies.  

 

 

 

 

 

 

 

 

 

 

Figure S4c: Temporal trends for patents filed in China for solar and wind energy 
technologies. 
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Figure S4b: Temporal trends for patents filed in China for coal, oil and gas energy 
technologies.  

 

 

 

 

 

 

 

 

 

 

Figure S4c: Temporal trends for patents filed in China for solar and wind energy 
technologies. 

 

 

 

 



despite traditional investment—private and public R&D—not
rising commensurately. (Public R&D data at the global level is
more readily available than private R&D [18]. Surveyed private
R&D remained low in years for which data are available. See
reference [3] and the Supporting Information, File S1.)

A more detailed examination of the structure of these trends
sheds additional light on the phenomenon. First, we observe
marked differences in patenting rates across technologies.
Although almost every technology sector has experienced increas-
es in patenting over the last decade, there are notable differences
that hold across nations. Renewable energy technologies—
especially solar and wind—are growing most rapidly while
patenting in nuclear fission has remained low despite sustained
high levels of public investment (Figure 1).

Solar and wind patents are growing the fastest among the
technologies studied, with average annual growth rates during
2004–2009 of 13% and 19%, respectively, while the correspond-
ing number for all energy technologies was 11.9%. According to
the World Intellectual Property Organization [19] the worldwide
figure for energy was 4.6% between 2001–2005, which has come
to match or surpass growth rates for high-tech sectors such as
semiconductors (4.9%) and digital communication (3.0%). The
fraction of all patents accounted for by energy, and by those in
solar and wind technologies in particular, has increased signifi-
cantly in recent years (Figure S1 in File S1). Moreover, patent
citations (a proxy for patent impact or quality [13,20]) have
remained steady or grown slightly. Thus, there is no quantitatively
observable indication for patent inflation (Figure S2 in File S1),
though more time is needed to accumulate citations for the newest
patents [13,20].

Second, we find increasing rates of patenting across the world
but also differences in regional priorities (Figures 2, S3, S4, S5, S6
in File S1). Although the numbers of patents filed in intellectual
property offices around the world vary because of different

standards and scope, the distribution of these patents across
technologies allow us to probe technological preferences in each
region (Figure 2). The Japan Patent Office is the leader in terms of
total (cumulative) patents filed for all energy technologies apart
from coal, hydroelectric, biofuels, and natural gas (Figure 2). The
European Patent Office has shown a downturn in fossil fuel
patents over the last decade (Figure S3 in File S1), particularly in
coal. China is now logging more energy patents per year than the
European Patent Office and growing much faster than any other
nation (Figure S4 in File S1). More patents related to coal
technologies have been filed in China than in any other nation,
and China now comes a close second to Japan in terms of
cumulative wind patents (Figure 2).

These trends contradict a picture of patenting in energy
technologies that is primarily driven by inputs in public R&D
investment [1,3,4]. They point to the relevance of opportunities
resulting from the growth of markets, which drives an increase in
both explicit private R&D funding and other forms of investment
that generate innovative activity. Consequently, a new framework
is needed to account simultaneously for the old (pre-2000) and new
(post-2000) patterns of innovation across different energy technol-
ogies [11,19,21–26].

Model of Patent Growth and Technological Innovation
We begin with a conceptual scheme by hypothesizing that many

technologies experience similar phases of development [21],
Figure 3. First, new technologies require a developmental period
during which markets are small or inexistent. At this stage, basic
R&D investments are essential, usually through public investments
or niche markets such as military applications (Figure 3A). There
are many examples of important technologies that went through
this stage of development from integrated circuits, computers and
the internet, to cell phones and nuclear energy [21,27]. This stage
can be slow but as long as there is some investment, the cumulative

Figure 1. Temporal trends in energy patents. (A.) Time series for US energy patents published during the period 1974-2009 show rapid growth
over the last decade (upper panel), with the greatest increases in renewables patents. Public funding (lower panel) for energy R&D (1974-2008)
increased dramatically in the 70s and 80s but then remained relatively constant. (B.) A similar trend in patenting (1974-2008) is seen when aggregating
globally (upper panel). Funding for public R&D (1974-2008) among IEA countries (lower panel) shows only modest increases in recent years.
doi:10.1371/journal.pone.0067864.g001

Determinants of Innovation in Energy Technologies

PLOS ONE | www.plosone.org 2 October 2013 | Volume 8 | Issue 10 | e67864

Role of policy

Bettencourt, Trancik, Kaur, PLoS ONE, 2013



perspective of its potential effectiveness in controlling
emissions.
Using the example of the proposed U.S. Clean Energy

Standard for electricity,15!18 we show how an emissions target
might be met with a coordinated set of segmental policies. We
show how the set of suitable energy technologies19 changes
with the stringency of climate targets and the extent of demand-
side efficiency measures. Regardless of the climate target
adopted, our analysis demonstrates an enhanced risk that
emissions will substantially exceed intended levels with
segmental policies, even if coupled goals are set on the demand
and supply side. This results from properties of the identity
relating carbon intensity, energy consumption and emissions.
Conversely, a potential benefit of the segmental approach is an
ability to deal with infrastructural inertia20 through direct
government regulation mandating the adoption of low-carbon
energy supply technologies. We show that infrastructural inertia
is significant in China, the U.S., and Europe, the largest
emitters.
The demand and supply-side relationships, and other general

features of a technology-centered, segmental approach to
emissions control that we identify in studying the electricity
sector are relevant across national contexts, other end-use
sectors,21!23 and a spectrum of stringency in climate targets.
These features are important to understand in the near-term, to
inform the debate on detailed plans for policy implementation.8

! MATERIALS AND METHODS
Probing the Interdependency of Supply and De-

mand-Side Changes to Meet Climate Targets. To
understand the conditions that allow a segmental policy
approach to remain consistent with emissions targets, we
used the United States’ proposal for an electricity sector clean
energy standard as a case study. The objective was to study how
the carbon intensity reductions and the set of possible
technologies to meet these reductions depend on the climate
target stringency and demand-side efficiency. The general
relationships identified are relevant across end-use sectors and
countries with increasingly segmental climate policies.
We decomposed carbon dioxide equivalent emissions from

electricity at each point in time:24

= ! ! = !C GDP e c E c ,t t t t t t (1)

where emissions (Ct) are the product of GDPt, electricity
intensity of the economy (et = Et/GDPt) and the carbon

intensity of electricity (ct = Ct/Et) with Et representing
electricity consumption. The emissions control variables are
electricity intensity on the demand side (secondary energy at
the busbar per unit GDP), and carbon intensity on the supply
side (carbon dioxide equivalent emissions per unit secondary
energy). We derived a carbon intensity target in each year that
depends on the allowable greenhouse gas emissions from
electricity, divided by the electricity consumption.24,25

The U.S. emissions trajectory studied reduces emissions to
80% below 1990 levels by 2050 (83% below 2005 levels by
2050) and meets the shorter term emissions reduction goals the
U.S. outlined prior to the United Nations Climate Change
Conference in Copenhagen: 17% below 2005 levels by 2020,
30% below 2005 by 2025, and 42% below 2005 by 2030
(Figure 1).26 The U.S. goal to reduce emissions 80% by 2050
was set in accordance with limiting global warming to 2
°C,1,27,28 although it may be on the lower end of that needed
from Annex I countries to adhere to a path consistent with a
stabilization level of 450 ppm CO2eq.

29!31 This stabilization

Table 1. Segmental and Integrated Policies

region
supply-side
policies

demand-side
policies

integrated
policies

China Target: 15% of electricity from
renewables by 2020; 15 GW
solar and 70 GW wind
by 2015 (passed). Policy framework:
Five- Year Plan; Feed-in tariffs (passed).37

Target: Reduce energy intensity by
16% from 2010 levels by 2015
(passed). Policy framework: Five- Year Plan;
National energy cap (discussed).37

Target: 17% reduction in carbon
intensity of GDP by 2015;
40!45% reduction in carbon intensity
of GDP from 2005 levels by
2020 (passed).7

European Union Target: 20% of electricity to come from
renewable resources by 2020 (passed).38

Target: 20% below baseline projections for
2020 (proposed)39

Target: 20% reduction of GHGs
below 1990 levels by 2020 (passed).40

India Target: 20 GW of solar capacity by 2022.
Policy framework: National Solar
Mission (passed).41

Target: 10 GW below baseline projections by
2012. Policy framework: National Mission
for Enhanced Energy Efficiency (passed).42

Policy framework: National Action
Plan on Climate Change (passed).42

United States Target: Clean Energy Standard to meet 80%
of electricity demand with clean
energy by 2035 (proposed).8,15,16

Policy Framework: No national policy,
but Energy Efficiency Resource Standards
exist in 23 states (passed).43

Target: 17% reduction in greenhouse
gas emissions below 2005 levels by
2020 (proposed).44

Figure 1. (A) Emissions trajectory reaching 80% below 1990 levels by
2050. (B) Carbon intensity targets consistent with the emissions
trajectory under low (baseline) and high demand-side efficiency.
Carbon intensities for three energy portfolios that meet the clean
energy standard but exceed the emissions constraint: (1) In light
green, 20% coal and 80% natural gas fired electricity. (2) In purple,
20% coal, 40% natural gas, and 40% coal with CCS. (3) In dark green,
20% coal, 27% natural gas, 27% coal with CCS, and 27% carbon free
(nuclear, renewables).

Environmental Science & Technology Policy Analysis
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Examples of segmental policies

Trancik, Chang, Karapataki, Stokes, ES&T, 2014



A new battery is rarely greeted with as 
much excitement as the latest smart-
phone or a new drug. The energy 

industry is widely perceived as sluggish, a 
provider of basic services and lacking crea-
tivity. In fact, a brighter reality is emerging — 
government support for energy-technology 
development is paying off.

Public policies to encourage the develop-
ment and adoption of renewable-energy 
technologies are essential, because low-
carbon performance is not visible to most 
consumers and carbon is not priced in the 
global market. Yet there is a widespread lack 
of confidence in public-sector efforts to spur 
innovation, as a result of the mixed record of 
governments in picking winners and losers 
among technologies1.

Some governments are considering 

reducing their support for renewable-energy 
projects. The future of the US tax credit for 
new wind energy is uncertain; the United 
Kingdom is debating scaling down subsidies 
for some renewables and relaxing its targets 
for carbon-emissions reductions, and Spain 
has abandoned its incentives programme 
and electricity-price commitments for 
renewable-energy power plants. The coun-
tries of the European Union disagree on a 
common binding target for the adoption of 
renewable energy by 2030.

But now is not the time to cut govern-
ment support for renewables. Each day that 
we delay implementing low-carbon energy 
technologies we increase the likelihood of 
damage from climate change — from storms 
and floods to forest fires, . 

The response of the global energy industry 

to even modest policy interventions has 
been remarkable. Led by China, Europe, 
the United States and Japan, the alternative-
energy sector is booming worldwide2–4. 
Solar and wind technologies have improved 
most rapidly in the past three decades, with  
photovoltaics a hundred times cheaper today 
than in 1975.

Governments should help to maintain 
this progress. Research funds and policies 
to boost markets will mature new energy 
industries and promote the next generation 
of low-carbon technologies.

RAPID INNOVATION
The speed of energy-technology innovation 
is only just coming to light as long-term data 
sets become available. My analyses of 30 or 
more years of data2–4 show that the costs of 

Back the renewables boom
Low-carbon technologies are getting better and cheaper each year, but continued 

public-policy support is needed to sustain progress, says Jessika E. Trancik.

A solar power plant on a former military air base in Finowfurt, Germany.
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