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Global non-linear effect of temperature
on economic production
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Growing evidence demonstrates that climatic conditions can
have a profound impact on the functioning of modern human
societies1,2, but effects on economic activity appear inconsistent.
Fundamental productive elements of modern economies, such as
workers and crops, exhibit highly non-linear responses to local
temperature even in wealthy countries3,4. In contrast, aggregate
macroeconomic productivity of entire wealthy countries is
reported not to respond to temperature5, while poor countries
respond only linearly5,6. Resolving this conflict between micro
and macro observations is critical to understanding the role of
wealth in coupled human–natural systems7,8 and to anticipating
the global impact of climate change9,10. Here we unify these see-
mingly contradictory results by accounting for non-linearity at the
macro scale. We show that overall economic productivity is non-
linear in temperature for all countries, with productivity peaking
at an annual average temperature of 13 6C and declining strongly
at higher temperatures. The relationship is globally generalizable,
unchanged since 1960, and apparent for agricultural and non-agri-
cultural activity in both rich and poor countries. These results
provide the first evidence that economic activity in all regions is
coupled to the global climate and establish a new empirical founda-
tion for modelling economic loss in response to climate change11,12,
with important implications. If future adaptation mimics past
adaptation, unmitigated warming is expected to reshape the global
economy by reducing average global incomes roughly 23% by 2100
and widening global income inequality, relative to scenarios with-
out climate change. In contrast to prior estimates, expected global
losses are approximately linear in global mean temperature, with
median losses many times larger than leading models indicate.

Economic productivity—the efficiency with which societies trans-
form labour, capital, energy, and other natural resources into new
goods or services—is a key outcome in any society because it has a
direct impact on individual wellbeing. While it is well known that
temperature affects the dynamics of virtually all chemical, biological
and ecological processes, how temperature effects recombine and ag-
gregate within complex human societies to affect overall economic
productivity remains poorly understood. Characterizing this influence
remains a fundamental problem both in the emerging field of coupled
human–natural systems and in economics more broadly, as it has
implications for our understanding of historical patterns of human
development and for how the future economy might respond to a
changing climate.

Prior analyses have identified how specific components of economic
production, such as crop yields, respond to temperature using high-
frequency micro-level data3,4. Meanwhile, macro-level analyses have
documented strong correlations between total economic output and
temperature over time5,6 and across space13,14, but it is unknown
whether these results are connected, and if so, how. In particular,
strong responses of output to temperature observed in micro data from
wealthy countries are not apparent in existing macro studies5. If

wealthy populations actually are unaffected by temperature, this
could indicate that wealth and human-made capital are substitutes
for natural capital (for example, the composition of the atmosphere)
in economic activity5,7. Resolving this apparent discrepancy thus
has central implications for understanding the nature of sustainable
development7.

Numerous basic productive components of an economy display a
highly non-linear relationship with daily or hourly temperature1. For
example, labour supply4, labour productivity6, and crop yields3 all
decline abruptly beyond temperature thresholds located between
20 uC and 30 uC (Fig. 1a–c). However, it is unclear how these abrupt
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Figure 1 | Highly non-linear micro responses generate smooth and shifted
macro response. a–c, Highly non-linear micro-level responses of labour
supply4 (a), labour performance6 (b) and crop yield3 (c) to daily temperature
exposure exhibit similar ‘kinked’ structures between 20 and 30uC. d, e, These
micro-level responses (fi(T ) in equation (1);d) map onto country-level
distributions of temperatures across different locations and times within that
country (gi(T{T) in equation (1);e). Shifts in country-level distributions
correspond to changes in average annual temperature, altering the fraction of
unit-hours (mi1 and mi2) exposed to different regions of the micro-level
response in d. f, Aggregating daily impacts according to equation (1) maps
annual average temperature to annual output as a non-linear and concave
function that is smoother than the micro response with a lower optimum (Y(T)
in equation (1)).
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The impact of warming on global economic production is a popu-
lation-weighted average of country-level impacts in Fig. 4a. Using our
benchmark model (Fig. 2a), climate change reduces projected global
output by 23% in 2100 (best estimate, SSP5) relative to a world without
climate change, although statistical uncertainty allows for positive
impacts with probability 0.29 (Fig. 5a and Extended Data Table 3).
Estimates vary in magnitude, but not in structure, depending on the
statistical approach (Fig. 5b and Extended Data Table 3). Models with
delayed impacts project larger losses because cold countries gain less,
while differentiated rich–poor models have smaller losses (statistical
uncertainty allows positive outcomes with probability 0.09–0.40).
Models allowing both delayed impacts and differentiated rich–poor
responses (the most flexible approach) project global losses 2.2 times
larger than our benchmark approach. In all cases, the likelihood of
large global losses is substantial: global losses exceed 20% of income
with probability 0.44–0.87 (Extended Data Table 3 and Extended
Data Fig. 5).

Accounting for the global non-linear effect of temperature is crucial
to constructing income projections under climate change because
countries are expected to become both warmer and richer in the future.
In a previous analysis in which a linear relationship was assumed and
no significant linear effect was observed in rich countries5, it was
hypothesized that countries adapted effectively to temperature as they
became wealthier. Under this hypothesis, the impacts of future warm-
ing should lessen over time as countries become richer. In contrast,

when we account for the non-linear effect of temperature historically,
we find that rich and poor countries behave similarly at similar tem-
peratures, offering little evidence of adaptation. This indicates that we
cannot assume rich countries will be unaffected by future warming,
nor can we assume that the impacts of future warming will attenuate
over time as countries become wealthier. Rather, the impact of addi-
tional warming worsens over time as countries becomes warmer. As a
result, projections using linear and non-linear approaches diverge
substantially—by roughly 50–200% in 2100 (Extended Data Fig. 3c,
d)—highlighting the importance of accounting for this non-linearity
when assessing the impacts of future warming.

Strong negative correlation between baseline income and baseline
temperature indicates that warming may amplify global inequality
because hot, poor countries will probably suffer the largest reduction
in growth (Fig. 5c). In our benchmark estimate, average income in the
poorest 40% of countries declines 75% by 2100 relative to a world
without climate change, while the richest 20% experience slight gains,
since they are generally cooler. Models with delayed impacts do not
project as dramatic differences because colder countries also suffer
large losses (Extended Data Fig. 5).

We use our results to construct an empirical ‘damage function’ that
maps global temperature change to global economic loss by aggreg-
ating country-level projections. Damage functions are widely used in
economic models of global warming, but previously relied on theory
for structure and rough estimates for calibration11,12. Using our empir-
ical results, we project changes to global output in 2100 for different
temperature changes (Fig. 5d; see Supplementary Information) and
compare these to previously estimated damage functions12.
Commonly used functions are within our estimated uncertainty, but
differ in two important respects.
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Figure 4 | Projected effect of temperature changes on regional economies.
a, b, Change in GDP per capita (RCP8.5, SSP5) relative to projection using
constant 1980–2010 average temperatures. a, Country-level estimates in 2100.
b, Effects over time for nine regions. Black lines are projections using point
estimates. Red shaded area is 95% confidence interval, colour saturation
indicates estimated likelihood an income trajectory passes through a value27.
Base maps by ESRI.

–75

–50

–25

0

25

50

2020 2040 2060 2080 2100
Year

P
er

ce
nt

ag
e 

ch
an

ge
 in

 
G

D
P

 p
er

 c
ap

ita
P

er
ce

nt
ag

e 
ch

an
ge

 in
 

G
D

P
 p

er
 c

ap
ita

P
er

ce
nt

ag
e 

ch
an

ge
 in

 
G

D
P

 p
er

 c
ap

ita
P

er
ce

nt
ag

e 
ch

an
ge

 in
 

G
D

P
 p

er
 c

ap
ita

–75

–50

–25

0

25

50

2020 2040 2060 2080 2100
Year

–75

–50

–25

0

25

2020 2040 2060 2080 2100

Year

–75

–50

–25

0

25

50

1 2 3 4 5

Temperature change (°C)

Richest 20% in 2010

Poorest 20% in 2010

20th–40th percentile

60th–80th percentile

40th–60th percentile

DICE 2010

FUND 3.8 PAGE09
IAMs

This
study

a b

c d

Pooled response, short-run effect

Differentiated response, long-run effect

Differentiated response, short-run effect
Pooled response, long-run effect

Figure 5 | Global damage estimates arising from non-linear effects of
temperature. a, Change in global GDP by 2100 using benchmark model
(Fig. 2a). Calculation and display are the same as Fig. 4. b, Same as
a (point estimate only) comparing approaches to estimating temperature
effects (pooled/differentiated: rich and poor countries assumed to respond
identically/differently, respectively; short run/long run: effects account for 1 or
5 years of temperature, respectively; see Supplementary Methods). c, Mean
impacts by 2010 income quintile (benchmark model). d, Projected income
loss in 2100 (SSP5) for different levels of global mean temperature increase,
relative to pre-industrial temperatures. Solid lines marked as in b. Blue
shaded areas are interquartile range and 5th–95th percentile estimates. Dashed
lines show corresponding damages from major integrated assessment
models (IAMs)12.
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result is globally representative and not driven by outliers (Extended
Data Fig. 1h). It is robust to estimation procedures that allow the
response of countries to change as they become richer (Extended
Data Fig. 1i and Supplementary Table 1), use higher-order polyno-
mials or restricted cubic splines to model temperature effects
(Extended Data Fig. 1j–k), exclude countries with few observations,
exclude major oil producers, exclude China and the United States,
account for continent-specific annual economic shocks19, weaken
assumptions about trends in growth, account for multiple lags of
growth, and use alternative economic data sources20 (Extended
Data Table 1).

Accounting for delayed effects of temperature, which might be
important if countries ‘catch up’ after temporary losses, increases stat-
istical uncertainty but does not alter the net negative average effect of
hot temperatures (Extended Data Fig. 2a–c). This ‘no catch up’ beha-
viour is consistent with the observed response to other climatological
disturbances, such as tropical cyclones15.

While much of global economic production is clustered near the
estimated temperature optimum (Fig. 2a, black histogram), both rich
and poor countries exhibit similar non-linear responses to temper-
ature (Fig. 2b). Poor tropical countries exhibit larger responses mainly
because they are hotter on average, not because they are poorer
(Extended Data Fig. 1i and Supplementary Table 1). There is suggest-
ive evidence that rich countries might be somewhat less affected by
temperature, as previously hypothesized5, but their response is statist-
ically indistinguishable from poor countries at all temperatures
(Extended Data Fig. 2d–f and Extended Data Table 2). Although the
estimated total effect of high temperatures on rich countries is sub-
stantially less certain because there are few hot, rich countries in the
sample, the non-linearity of the rich-country response alone is statist-
ically significant (P , 0.1; Extended Data Table 2), and we estimate an
80% likelihood that the marginal effect of warming is negative at high
temperatures in these countries (Extended Data Fig. 2m). Our finding
that rich countries respond non-linearly to temperature is consistent
with recent county-level results in the United States8.

Our non-linear results are also consistent with the prior finding of
no linear correlation between temperature and growth in rich coun-
tries5. Because the distribution of rich-country temperatures is roughly
symmetrical about the optimum, linear regression recovers no asso-
ciation. Accounting for non-linearity reconciles this earlier result
(Extended Data Fig. 3a and Supplementary Table 3) but reverses
how wealth and technology are understood to mediate economic res-
ponses to temperature.

We do not find that technological advances or the accumulation of
wealth and experience since 1960 has fundamentally altered the rela-
tionship between productivity and temperature. Results using data
from 1960–1989 and 1990–2010 are nearly identical (Fig. 2c). In agree-
ment with recent micro-level evidence8,21, substantial observed warm-
ing over the period apparently did not induce notable adaptation.

Consistent with micro-level findings that both agricultural and non-
agricultural labour-related productivity are highly non-linear in instant-
aneous temperature3,4,6, we find agricultural and non-agricultural
aggregate production are non-linear in average annual temperature
for both rich and poor countries (Fig. 2d, e and Extended Data Fig.
2g–l). Low temperature has no significant effect on these subsamples,
although limited poor-country exposure to these temperatures severely
limits statistical precision. High temperatures have significant negative
effects in all cases for poor countries, and significant or marginally
significant effects for rich countries (Extended Data Fig. 2p–u).

A global non-linear response of economic production to annual
temperature has important implications for the likely economic
impact of climate change. We find only weak suggestive evidence that
richer populations are less vulnerable to warming, and no evidence
that experience with high temperatures or technological advances
since 1960 have altered the global response to temperature. This
suggests that adaptation to climatic change may be more difficult than

previously believed9,10, and that the accumulation of wealth, techno-
logy and experience might not substantially mitigate global economic
losses during this century8,21.

We quantify the potential impact of warming on national and global
incomes by combining our estimated non-linear response function
with ‘business as usual’ scenarios (Representative Concentration
Pathway (RCP)8.5) of future warming and different assumptions
regarding future baseline economic and population growth22 (see
Supplementary Information). This approach assumes future econom-
ies respond to temperature changes similarly to today’s economies—
perhaps a reasonable assumption given the observed lack of adaptation
during our 50-year sample.

In 2100, we estimate that unmitigated climate change will make 77%
of countries poorer in per capita terms than they would be without
climate change. Climate change may make some countries poorer in
the future than they are today, depending on what secular growth
rates are assumed. With high baseline growth and unmitigated
climate change (RCP8.5 and Shared Socio-economic Pathway
(SSP)5; see Supplementary Information), we project that 5% of coun-
tries are poorer in 2100 than today (Fig. 3a), while with low growth,
43% are (SSP3; Fig. 3b).

Differences in the projected impact of warming are mainly a func-
tion of countries’ baseline temperatures, since warming raises produc-
tivity in cool countries (Fig. 4). In particular, Europe could benefit
from increased average temperatures. Because warming harms pro-
ductivity in countries with high average temperatures, incomes in poor
regions are projected to fall relative to a world without climate change
with high confidence (P , 0.01), regardless of the statistical approach
used. Models allowing for delayed effects project more negative
impacts in colder wealthy regions; projections assuming rich and poor
countries respond differently (Fig. 2b) are more uncertain because
fewer data are used to estimate each response (Extended Data Fig. 4).
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The impact of warming on global economic production is a popu-
lation-weighted average of country-level impacts in Fig. 4a. Using our
benchmark model (Fig. 2a), climate change reduces projected global
output by 23% in 2100 (best estimate, SSP5) relative to a world without
climate change, although statistical uncertainty allows for positive
impacts with probability 0.29 (Fig. 5a and Extended Data Table 3).
Estimates vary in magnitude, but not in structure, depending on the
statistical approach (Fig. 5b and Extended Data Table 3). Models with
delayed impacts project larger losses because cold countries gain less,
while differentiated rich–poor models have smaller losses (statistical
uncertainty allows positive outcomes with probability 0.09–0.40).
Models allowing both delayed impacts and differentiated rich–poor
responses (the most flexible approach) project global losses 2.2 times
larger than our benchmark approach. In all cases, the likelihood of
large global losses is substantial: global losses exceed 20% of income
with probability 0.44–0.87 (Extended Data Table 3 and Extended
Data Fig. 5).

Accounting for the global non-linear effect of temperature is crucial
to constructing income projections under climate change because
countries are expected to become both warmer and richer in the future.
In a previous analysis in which a linear relationship was assumed and
no significant linear effect was observed in rich countries5, it was
hypothesized that countries adapted effectively to temperature as they
became wealthier. Under this hypothesis, the impacts of future warm-
ing should lessen over time as countries become richer. In contrast,

when we account for the non-linear effect of temperature historically,
we find that rich and poor countries behave similarly at similar tem-
peratures, offering little evidence of adaptation. This indicates that we
cannot assume rich countries will be unaffected by future warming,
nor can we assume that the impacts of future warming will attenuate
over time as countries become wealthier. Rather, the impact of addi-
tional warming worsens over time as countries becomes warmer. As a
result, projections using linear and non-linear approaches diverge
substantially—by roughly 50–200% in 2100 (Extended Data Fig. 3c,
d)—highlighting the importance of accounting for this non-linearity
when assessing the impacts of future warming.

Strong negative correlation between baseline income and baseline
temperature indicates that warming may amplify global inequality
because hot, poor countries will probably suffer the largest reduction
in growth (Fig. 5c). In our benchmark estimate, average income in the
poorest 40% of countries declines 75% by 2100 relative to a world
without climate change, while the richest 20% experience slight gains,
since they are generally cooler. Models with delayed impacts do not
project as dramatic differences because colder countries also suffer
large losses (Extended Data Fig. 5).

We use our results to construct an empirical ‘damage function’ that
maps global temperature change to global economic loss by aggreg-
ating country-level projections. Damage functions are widely used in
economic models of global warming, but previously relied on theory
for structure and rough estimates for calibration11,12. Using our empir-
ical results, we project changes to global output in 2100 for different
temperature changes (Fig. 5d; see Supplementary Information) and
compare these to previously estimated damage functions12.
Commonly used functions are within our estimated uncertainty, but
differ in two important respects.
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Figure 4 | Projected effect of temperature changes on regional economies.
a, b, Change in GDP per capita (RCP8.5, SSP5) relative to projection using
constant 1980–2010 average temperatures. a, Country-level estimates in 2100.
b, Effects over time for nine regions. Black lines are projections using point
estimates. Red shaded area is 95% confidence interval, colour saturation
indicates estimated likelihood an income trajectory passes through a value27.
Base maps by ESRI.
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Figure 5 | Global damage estimates arising from non-linear effects of
temperature. a, Change in global GDP by 2100 using benchmark model
(Fig. 2a). Calculation and display are the same as Fig. 4. b, Same as
a (point estimate only) comparing approaches to estimating temperature
effects (pooled/differentiated: rich and poor countries assumed to respond
identically/differently, respectively; short run/long run: effects account for 1 or
5 years of temperature, respectively; see Supplementary Methods). c, Mean
impacts by 2010 income quintile (benchmark model). d, Projected income
loss in 2100 (SSP5) for different levels of global mean temperature increase,
relative to pre-industrial temperatures. Solid lines marked as in b. Blue
shaded areas are interquartile range and 5th–95th percentile estimates. Dashed
lines show corresponding damages from major integrated assessment
models (IAMs)12.
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The impact of warming on global economic production is a popu-
lation-weighted average of country-level impacts in Fig. 4a. Using our
benchmark model (Fig. 2a), climate change reduces projected global
output by 23% in 2100 (best estimate, SSP5) relative to a world without
climate change, although statistical uncertainty allows for positive
impacts with probability 0.29 (Fig. 5a and Extended Data Table 3).
Estimates vary in magnitude, but not in structure, depending on the
statistical approach (Fig. 5b and Extended Data Table 3). Models with
delayed impacts project larger losses because cold countries gain less,
while differentiated rich–poor models have smaller losses (statistical
uncertainty allows positive outcomes with probability 0.09–0.40).
Models allowing both delayed impacts and differentiated rich–poor
responses (the most flexible approach) project global losses 2.2 times
larger than our benchmark approach. In all cases, the likelihood of
large global losses is substantial: global losses exceed 20% of income
with probability 0.44–0.87 (Extended Data Table 3 and Extended
Data Fig. 5).

Accounting for the global non-linear effect of temperature is crucial
to constructing income projections under climate change because
countries are expected to become both warmer and richer in the future.
In a previous analysis in which a linear relationship was assumed and
no significant linear effect was observed in rich countries5, it was
hypothesized that countries adapted effectively to temperature as they
became wealthier. Under this hypothesis, the impacts of future warm-
ing should lessen over time as countries become richer. In contrast,

when we account for the non-linear effect of temperature historically,
we find that rich and poor countries behave similarly at similar tem-
peratures, offering little evidence of adaptation. This indicates that we
cannot assume rich countries will be unaffected by future warming,
nor can we assume that the impacts of future warming will attenuate
over time as countries become wealthier. Rather, the impact of addi-
tional warming worsens over time as countries becomes warmer. As a
result, projections using linear and non-linear approaches diverge
substantially—by roughly 50–200% in 2100 (Extended Data Fig. 3c,
d)—highlighting the importance of accounting for this non-linearity
when assessing the impacts of future warming.

Strong negative correlation between baseline income and baseline
temperature indicates that warming may amplify global inequality
because hot, poor countries will probably suffer the largest reduction
in growth (Fig. 5c). In our benchmark estimate, average income in the
poorest 40% of countries declines 75% by 2100 relative to a world
without climate change, while the richest 20% experience slight gains,
since they are generally cooler. Models with delayed impacts do not
project as dramatic differences because colder countries also suffer
large losses (Extended Data Fig. 5).

We use our results to construct an empirical ‘damage function’ that
maps global temperature change to global economic loss by aggreg-
ating country-level projections. Damage functions are widely used in
economic models of global warming, but previously relied on theory
for structure and rough estimates for calibration11,12. Using our empir-
ical results, we project changes to global output in 2100 for different
temperature changes (Fig. 5d; see Supplementary Information) and
compare these to previously estimated damage functions12.
Commonly used functions are within our estimated uncertainty, but
differ in two important respects.

Europe North America Central and East Asia

Oceania Latin America Middle East/North Africa

Southeast Asia Sub-Saharan Africa South Asia

–100

–75

–50

–25

0

25

50

75

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100

Year
2020 2040 2060 2080 2100

–100

–75

–50

–25

0

25

50

75

P
er

ce
nt

ag
e 

ch
an

ge
 in

 G
D

P
 p

er
 c

ap
ita

–100

–75

–50

–25

0

25

50

75

–100 –50 0 50 100
Percentage change in 

GDP per capita

a

b

Figure 4 | Projected effect of temperature changes on regional economies.
a, b, Change in GDP per capita (RCP8.5, SSP5) relative to projection using
constant 1980–2010 average temperatures. a, Country-level estimates in 2100.
b, Effects over time for nine regions. Black lines are projections using point
estimates. Red shaded area is 95% confidence interval, colour saturation
indicates estimated likelihood an income trajectory passes through a value27.
Base maps by ESRI.
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Figure 5 | Global damage estimates arising from non-linear effects of
temperature. a, Change in global GDP by 2100 using benchmark model
(Fig. 2a). Calculation and display are the same as Fig. 4. b, Same as
a (point estimate only) comparing approaches to estimating temperature
effects (pooled/differentiated: rich and poor countries assumed to respond
identically/differently, respectively; short run/long run: effects account for 1 or
5 years of temperature, respectively; see Supplementary Methods). c, Mean
impacts by 2010 income quintile (benchmark model). d, Projected income
loss in 2100 (SSP5) for different levels of global mean temperature increase,
relative to pre-industrial temperatures. Solid lines marked as in b. Blue
shaded areas are interquartile range and 5th–95th percentile estimates. Dashed
lines show corresponding damages from major integrated assessment
models (IAMs)12.
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Like Moore’s Law
• To limit 

warming to 2 C, 
emissions have 
to fall 50% each 
decade starting 
now!

• This will be 
really hard!

Rockstrom et al (2017) 
A roadmap for rapid
decarbonization
Science 24 Mar 2017:
355, 1269-1271
DOI: 10.1126/science.aah3443
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How Much Will We Burn?

Four factors determine 
fossil fuel emissions:

– Population

– Economic activity

– Energy efficiency of economy

– Carbon efficiency of energy

Population $/person

P $
CO2

Emitted
P x= $ E

E
CO2xx

energy/$
CO2  /

energy

Kaya Identity

World Population

Remember 
“The Population Bomb” ?

• World population has more 
than doubled in my lifetime

• It will never double again

• Population growth rate is 
half  what it was when I 
was a teenager

• Expected to reach zero 
population growth by 2100

Billions and Billions
Shanghai 1991 and 2012
• Currently 7 billion people on Earth 

but only 1 billion use lots of energy

• Rapid development to 4 billion 
energy users over coming decades

• Population growth only 30% but 
energy growth 300% by 2100

• Energy use is growing 
10x faster than population

Energy Efficiency 
of the US Economy

https://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-
Inventory-2016-Chapter-3-Energy.pdf

• Energy per $ 
of  GDP is 
down 35% 
since 1990

• CO2 emissions 
per $ of  GDP is 
down 40%
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Progress in the UK

• UK was the coal pioneer …

• Now emits less CO2 than in Victorian times!

~ 50% reduction ~ 90% reduction

Gas

Exercise
• Can you meet the Paris targets?

• Try to save the world at      http://tiny.cc/emissions

3 2 = 5 billion tons go out

Ocean Land Biosphere (net)

Fossil Fuel
Burning

+

10

800
billion tons carbon

5
billion 

tons go in

ATMOSPHERE

billion tons added 
every year

CO2 “Budget”

Rob Socolow and Steve Pacala http://www.princeton.edu/wedges/
Climate Mitigation Initiative, Princeton University

Billions of tons of carbon

“Doubled” CO2

Today
Pre-Industrial

Glacial

800

1200

600
400

billions of 
tons carbon

ATMOSPHERE

( ppm)

(570)

(380)

(285)
(190)

Past, Present, and Potential Future
Carbon Levels in the Atmosphere

How Far Do We 
Choose to Go?
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Billions of Tons  
Carbon Emitted 
per Year

Historical
emissions
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Goal: 80% reduction 
in 50 years
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Historical
emissions
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Stabilization 
Triangle
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“Stabilization Triangle”
20 GtC/yr
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Goal: 80% reduction 
in 50 years

Billions of Tons  
Carbon Emitted 
per Year
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amp up”
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0

10

20

1950 2000 2050 2100

“Stabilization Wedges”

http://www.princeton.edu/wedges/

18 “wedges”

20 GtC/y

Needed Ramp Down

Stabilization 
Triangle

What’s a “Wedge”?
A “wedge” is a strategy to reduce carbon emissions that 
grows in 50 years from zero to 1.0 GtC/yr. The strategy 
has already been commercialized at scale somewhere.

1 GtC/yr

50 years

Total = 25 Gigatons carbon

Cumulatively, a wedge redirects the flow of 25 GtC in its first 50 
years. This is 2.5 trillion dollars at $100/tC. 

A “solution” to the CO2 problem should provide at least one wedge.
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Rules of Thumb
• 1 Wedge = 1 GtC/yr in 2065 = 50 fewer GtC by 

2100 = 100 ppm less atmospheric CO2

• Average warming ~ 3 °C per doubling of  
CO2 (remember logarithmic scale!)

• Wedges help logarithmically … last wedge 
helps a lot more than first wedge!

• Business as usual CO2 ~ 1000 ppm by 2100 ~ 
4x preindustrial ~ 6 C warming ~ 10 F

• Central North America gets ~ 1.5x - 2x global 
average warming (on land, NH, some snow)

Wedges and Warming
• Average Warming (in C) = 3 * log2(CO2/280)

= 3  * log(CO2/280)  / log(2)

• Each wedge ~ 100 ppm less atmospheric CO2

Do the math …

• 1st wedge reduces warming by ~ 0.46 °C

• 2nd wedge reduces warming another  0.51 °C

• 3rd wedge reduces warming another 0.58 °C

• 4th wedge reduces warming another 0.67 °C

• 5th wedge reduces warming another 0.79 °C

Energy Efficiency &
Conservation (4)

CO2  Capture 
& Storage (2)

Renewable Fuels
& Electricity (5)

Forest & 
Soil Storage (2)

Fuel Switching
(3)

Nuclear Fission (2)

2016

2066
2 GtC/y

20 GtC/y

18 Wedges: Solved!

http://www.princeton.edu/wedges/

Stabilization 
Triangle 

Double the fuel efficiency of the 
world’s cars or halve miles traveled

Produce today’s electric capacity 
with double today’s efficiency

Use best efficiency practices in 
all residential and commercial 
buildings
Replacing all the world’s incandescent 
bulbs with CFL’s would provide 1/4 of one 
wedge

Efficiency

There are about 
600 million cars 
today, with 2 billion 
projected for 2055

Average coal plant efficiency is 32% today

E, T, H / $

Photos courtesy of Ford Motor Co., DOE,  EPA 

Sector s affected:

E = Electricity, T =Transport,    
H = Heat

Cost based on scale of $ to $$$
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Energy Efficiency     Energy Efficiency  
•  Buildings (40%) – envelope design, daylighting, better 

lights, efficiency standards 
 

•  Transportation (30%) –  lighter weight vehicles, public 
transportation, PHEVs 
 

•  Industry (30%) – heat recovery, better motors, CHP  
 

Substitute 1400 natural gas electric plants 
for an equal number of coal-fired facilities

A wedge requires an amount of natural gas equal 
to that used for all purposes today

Fuel Switching

Photo by J.C. Willett (U.S. Geological Survey). 

E, H / $

Implement CCS at 

• 800 GW coal electric plants or
• 1600 GW natural gas electric 

plants or
• 180 coal synfuels plants or
• 10 times today’s capacity of 

hydrogen plants

Graphic courtesy of Alberta Geological Survey 

Carbon Capture & 
Storage

There are currently three storage projects that each inject 
1 million tons of CO2 per year – by 2055 need 3500.

E, T, H / $$

Triple the world’s nuclear 
electricity capacity by 2055

Nuclear 
Electricity

Graphic courtesy of NRC

The rate of installation required for a wedge from electricity  is 
equal to the global rate of nuclear expansion from 1975-1990.

E/ $$
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Wind Electricity

Install 1 million 2 MW 
windmills to replace coal-
based electricity, 

OR
Use 2 million windmills to 
produce hydrogen fuel

Photo courtesy of DOE

A wedge worth of wind electricity will require 
increasing current capacity by a factor of 10

E, T, H / $-$$

Solar 
Electricity

Photos courtesy of DOE Photovoltaics Program

Install 20,000 square kilometers for 
dedicated use by 2054 

A wedge of solar electricity would mean increasing current capacity 100 times

E / $$$

Wedges 
Summary

P&S Found 
15 wedges 

(not 8)

Doing all 15 
would 

produce 
94% 

emissions 
reduction in 

50 years!

10

12

100

Costs & Benefits

Height of  each bar is cost per ton of  CO2
Width of  each bar is emissions reduction
Balance positive and negative areas

McKinsey & Company (2009)
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End of Global Coal Boom?

Diablo Canyon 
Nuclear Power Plant
Provides 9% of  
California’s electricity

To be shut down by 2025
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PV Resource: Germany vs. U.S. 
Solar Resources

US vs
Germany

German electricity 
• 4% wind & solar in 2000
• 32% wind & solar in 2016

Germany gets less 

sun than Alaska!

  

Solar Resource

Exclude:
• Used and sensitive land
• Solar < 6.75 kWh/m2 per day
• Ground slope > 1%

What’s Left Over 

6X U.S. electric capacity! 

Wind 
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Wind Resource Turbine Size & PowerWind Turbine Size 

State of the Birds 2014

Wind Turbines 
and 

Dead Birds

https://www.vox.com/2016/9/19/12938086/electrify-everything

Simple Plan for Deep Decarbonization
1. Clean up electricity
2. Electrify everything

Simple.

See reading
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Biggest Challenge 
• Balancing variable energy supply and demand

• Grid transmission and load balancing

• Storage?

• Demand response

• Develop solutions immediately so they’re 
ready for deployment to billions of people 
who don’t currently have access to energy!

Electrical Grid

• Generating stations

• High-voltage transmission lines that carry power from 
distant sources to demand centers

• Distribution lines that connect individual customers

Interconnected network for delivering 
electricity from suppliers to consumers

The “Duck Curve”

Too much solar on the grid does two bad things:

1. Depresses daytime demand for non-solar power so 
much that baseload sources may need to be turned off

2. Requires dramatic ramp in supply at sunset right when 
demand is highest

US High-Voltage 
Transmission Grid



Global Climate Change Solving the Climate Problem

Scott Denning CSU Atmospheric Science 12

Balancing 
Authorities

• Balance supply from many sources …

• ... with regional demand, and …

• … manage connecitons with other 
regional balancing authorities

• Can turn sources off or on or up or 
down

• Can import or export excess electricity 
to or from neighboring regions

Daily 
Load

• Baseload: minimum usage the persists 
throughout the day

• Peak load: extra usage on top of baseload
(e.g., summertime peak load maxes out on 
hot afternoons when AC, cooking, lighting, 
etc are all being used hard)

Baseload Sources
• Coal

• Nuclear

• Hydro

• Geothermal

Peaker Plant

• Gas turbines 
can be ramped 
up and down in 
a matter of 
minutes

• Very expensive! 
(especially per 
kw-hr of 
electricity used)
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SYSTEM CAPACITY  
1,067,019 MW 

AVERAGE 
SYSTEM 
CAPACITY  
602,585 MW 

Capacity Challenges 
15 % 
RESERVE 
MARGIN 
1,277,072 MW 

Electrical Load 
over a year

Huge variation in demand must be met 
at every moment by supply!

HOURS 

112 

Capacity Challenges (cont’d) 

Electrical Load 
over a year

Huge variation in demand must be met 
at every moment by supply!
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Gas Combustion Turbine

Gas Combined Cycle

Coal

Load Duration Curve 

51% of capacity provides 
85% of total energy 

36% of capacity provides 
4% of total energy 

Inefficiency of 
Peak Capacity 

Capital requirement to meet peak capacity 
can only be met with regulatory subsidies

Demand Response

• A smart grid would send signals (through dynamic 
pricing?) that would automatically smooth demand to 
match supply on a second-by-second basis

• Water heaters, car chargers, HVAC, refrigerators, etc
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Predicting Solar 
Intermittency

• Daily cycle completely predictable

• Day-to-day variations very predictable 
(weather forecasts)

• Minute-to-minute fluctuations much 
less predictable!

Solar and Wind Complementary: 
Annual 
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Solar and Wind Complementary: 
Diurnal 

Spatial Diversity Smooths Wind Farm Output  
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Wind is Always 
Blowing Somewhere

Spreading solar and wind power out over a larger area 
dramatically increases utilization of capacity 

4/16/18
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AC vs DC Transmission

• Since Edison & Tesla, the grid has run on 
alternating current (AC) for transmission 
& distribution 

• Electrical resistance in cables lead to 
line losses that limit transmission to 
around 300 miles 

• Converting AC to DC & back is expensive

Transmission Costs

• HVDC is cheapest over long distances

• The bigger the area, the less variable are solar & wind!

ARTICLES
PUBLISHED ONLINE: 25 JANUARY 2016 | DOI: 10.1038/NCLIMATE2921

Future cost-competitive electricity systems and
their impact on US CO2 emissions
Alexander E. MacDonald1*†, Christopher T. M. Clack1,2*†, Anneliese Alexander1,2, Adam Dunbar1,
JamesWilczak1 and Yuanfu Xie1

Carbon dioxide emissions from electricity generation are a major cause of anthropogenic climate change. The deployment of
wind and solar power reduces these emissions, but is subject to the variability of the weather. In the present study, we calculate
the cost-optimized configuration of variable electrical power generators using weather data with high spatial (13-km) and
temporal (60-min) resolution over the contiguous US. Our results show that when using future anticipated costs for wind and
solar, carbon dioxide emissions from the US electricity sector can be reduced by up to 80% relative to 1990 levels, without
an increase in the levelized cost of electricity. The reductions are possible with current technologies and without electrical
storage. Wind and solar power increase their share of electricity production as the system grows to encompass large-scale
weather patterns. This reduction in carbon emissions is achieved by moving away from a regionally divided electricity sector
to a national system enabled by high-voltage direct-current transmission.

Carbon dioxide (CO2) release from burning fossil fuels is a
major contributor to climate change1. Without significant
action to curb these emissions, humans and the natural

world will face increasing penalties2–5. In contrast with the negative
e�ects of CO2 emissions are the benefits of cheap energy; electricity
in particular is strongly linked to advanced national economies
and high living standards6. Any solution to mitigate CO2 must be
economical for it to succeed.

Wind and solar power have very low life-cycle CO2 emissions7.
Integrating large amounts of wind and solar would decrease CO2
emissions drastically; however, they are dependent on the weather.
The variability of the weather has led to the assumption that
all weather-dependent renewable energy technologies need to be
supported by backup fossil fuel generation or storage on a significant
basis, causing costs to soar8. Paradoxically, the variability of the
weather can provide the answer to its perceived problems.

Because Earth’s mid-latitude weather systems cover large
geographic areas, the average variability of weather decreases as
size increases9; if wind or solar power are not available in a small
area, they are more likely to be available somewhere in a larger
area. Even more importantly, access to electricity over a large region
allows locations with rich wind and solar resources to supply cheap
power to distant markets. The key enabling technology for the
large geographic domains favoured for wind and solar power is a
network of high-voltage direct-current (HVDC) transmission lines.
Electrical storage can also reduce the intermittency of wind and
solar, but at a higher cost than HVDC transmission lines.

Our study targets the contiguous US electricity sector to find
cost-optimal networks of wind and solar generators that fulfil the
requirements of an electrical power system. We show that the US
can reduce CO2 emissions from the electricity sector by 33–78% at
approximately the same cost of electricity as in 2012. In recent years,
similar tools have been developed that deal with electrical power
ystem optimization, for example, MARKAL, NEMS,WEM, ReEDS,
SWITCH, US-REGEN and ReNOT (refs 10–18). Our National

Electricity with Weather System (NEWS) model di�ers from these
models in its use of weather data with high temporal and spatial
resolution, broad geographic areas, and extended time periods.
Further, it co-optimizes dispatch, transmission and capacity
expansion, allowing cost savings from geographic diversity, load
smoothing, transmission expansion, reserve pooling and decreased
energy density requirements. We integrate complex weather data
over continental-scale geography while still handling the salient
features of an electrical power system. NEWS implicitly computes
the security-constrained unit commitment and economic dispatch,
explicitly determines the planning reserves, load-following reserves
and calculates the hourly transmission power flow, the capacity
expansion of generators as well as transmission expansion. These
constraints can be found in Supplementary Information Section 1.6.

Several studies have appeared over the past few years examining
very high penetration levels of variable generation (close to 100%);
these studies model renewable energy domination of the electricity
sector. Two of these use subsets of the US, both spatially and
temporally19,20. To get very high penetrations of variable generation
they either constrain the fossil fuels or assume low-cost storage.
Further, transmission is assumed to be perfect, an assumption that
we do not make. A further study21 considers the entire contiguous
US is considered, but with large amounts of spatial aggregation
along with a longer time series. However, the longer time series
is simplified by utilizing only a small subset of those data. Also,
they cost-optimize predetermined resource sites to balance the load.
Aside from the resource data, the critical di�erence in these models
compared with NEWS is the co-optimized structure of the NEWS
model, which solves for the minimum total system cost, including
both generation and transmission simultaneously.

The NEWS model is intended to be a hybrid capacity
expansion and production cost model. The hybrid approach
allows for cost reductions because the capacity expansion is
decided in parallel with the dispatch of the generators instead
of in serial. Supplementary Information Section 1 provides more

1Earth System Research Laboratory, NOAA, 325 Broadway, Boulder, Colorado 80305, USA. 2Cooperative Institute for Research in Environmental Sciences,
University of Colorado, Boulder, Colorado 80305, USA. †Joint first authors. *e-mail: alexander.e.macdonald@noaa.gov; christopher.clack@noaa.gov

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange 1

• Problem: temporal intermittency of wind and solar

– Solution 1: combine intermittent wind & solar with 
baseload capacity from nuclear, hydroelectric, and 
geothermal power

– Solution 2: grid-scale storage

– Solution 3: compensate for temporal intermittency by 
spatial variations associated with large-scale weather 
systems

Optimal Transmission 
ARTICLES NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE2921

Onshore wind
Hydroelectric

O�shore wind
Natural gas

Solar PV
Nuclear 3 GW transmission

Figure 3 | Cost-optimized single electrical power system for the contiguous US, using data year 2007. The colours indicate that a model grid cell has a
technology sited within it. Onshore wind and solar PV are split into three bins to designate the density of installations. For wind the bins are: less than
0.5 W m�2; between 0.5 W m�2 and 1.5 W m�2; above 1.5 W m�2. For solar the bins are: less than 5 W m�2; between 5 W m�2 and 10 W m�2; above
10 W m�2. The grey lines show the HVDC transmission network. The outer pie chart represents the installed capacity, whereas the inner pie chart shows
the electricity demand met by each technology.

halfway down the Maine coastline), 371GW of solar PV, 461GW
of natural gas, 100GW of nuclear, and 74GW of hydroelectric, for
a total of 1,529GW installed capacity. The very small amount of
o�shore wind (22MW) demonstrates the cost e�ciency of HVDC
transmission to be able to transmit the power from the high plains
to the coast rather than building wind turbines o�shore. Compared
with 2012 that represents a total increase in capacity of 31%.
Natural gas capacity falls by 25GW, whereas wind and solar PV
rise by 463GW (a factor of eight) and 368GW (a factor of 62),
respectively27. The inner pie chart in Fig. 3 shows that wind provides
the dominant share of electricity at 38%, natural gas contributes
21%, solar PV 17%, and the remainder is fulfilled by nuclear and
hydroelectric (16%and 8%, respectively). In otherwords, natural gas
reduces its contribution by 9% relative to 2012, whereas wind and
solar PV substantially increase their share to replace the other fossil
fuels and displace some natural gas. The reader is encouraged to
compare this result with those found in Supplementary Information
Section 2 for all the other scenario runs.

The land taken out of its current uses and converted into power
production is 6,570 km2 (460 km2 for wind and 6,110 km2 for solar
PV), or 0.08% of the contiguous US. The HVDC transmission
network provides the access to these distant areas at a share of 4%
of the cost of the electricity. A further benefit from this scenario
is a significant drop of 65% in water consumption for electricity
generation relative to 2012, predominantly because fewer steam
turbines and cooling towers are needed30. More detailed results are
presented in the Supplementary Information Section 2.

In the current US electricity sector there is no single electrical
power system; there are three large connected regions known as
interconnects, which are further divided into balancing authority
areas (BAAs) that are designed to maintain supply and demand
of electricity within their respective areas. Small, self-contained

areas will diminish the e�cacy of power generation from wind and
solar PV because the local resources will be more correlated in
time than geographically separated sites. In Fig. 4a the dependency
on electrical power system size can be observed. As the size of
the connected system grows, the amount of wind and solar PV
generation increases. Moreover, the cost of electricity decreases as
the area increases, because the system has access to more remote,
rich resources and the correlation between connected sites weakens.
The amounts by which the wind and solar PV installations grow and
the costs decrease vary by scenario, but the trend persists in each. It is
worthmentioning that, even in the single connected electrical power
system, there can be thirty-two asynchronous subsystems that are
connected by theHVDC. TheHVDC reduces the potential of whole
electrical power system blackouts because the entire systemdoes not
need to operate at the exact same frequency. Therefore, when faults
occur, regions of the electrical power system can be isolated from
the remainder.

Natural gas is a commodity and its cost to the electricity
sector fluctuates continuously. During the decade of 2004–2014 the
average monthly cost of natural gas for electricity has been as low as
US$2.81 and as high as US$12.41 per million British thermal units
(MM Btu). One MM Btu is equivalent to 1.054615 GJ. (ref. 31).
Because the NEWS model minimizes the total system cost, the
deployment of wind and solar PV in our model is linked to the cost
of natural gas; as it increases so does the installed capacity of wind
and solar PV. There is always a critical cost of natural gas where
the system rapidly installs more wind and solar PV. Figure 4a,b
can be used together to estimate the additional amounts of carbon-
emission-free generation that could be economically deployed in
2030 for the same LCOE if a national HVDC-enabled system
were implemented. For example, for ⇠11¢ kWh�1 there is ⇠75%
carbon-emissions-free generation for themid renewable costs in the

4 NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange

80% emissions reduction by 2030
No increase in electric bills!
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Battery Storage
• In 2015, BNEF 

predicted 
$150/kWh by 20252017 

Chevy 
Bolt

Bloomberg New Energy Finance Data

• Chevy Bolt reached 
$145 already 
(8 years early)!

• Now 7 times 
cheaper than in 
2010!

• Next year: Tesla 
“Gigafactory”

Massive Storage 
Requirements for 100% 

Wind & Solar Current 
storage is 
only about 
one hour!

PHEVs* Can Increase Wind 
Penetration 
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* Assumes 50% PHEV-V2G penetration by 2050!

Not Fast Enough
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Lifecycle CO2 Emissions

• Even today, EVs emit less 

• As electricity supply improves, 
advantage grows

for electric vs Internal 
Combustion vehicles
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Concentrating Solar 
Power (CSP)

• Solar energy 
collected to melt 
salt

• Molten salt used 
to boil water

• Steam used to 
run turbines

• Shifts timing of 
power to meet 
peak load

Concentrating Solar 
Power (CSP)

• Solar energy 
collected to melt 
salt

• Molten salt used 
to boil water

• Steam used to 
run turbines

• Shifts timing of 
power to meet 
peak load

          National Renewable Energy Laboratory 
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BrightSource 392 MW Ivanpah, California 
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Carbon Capture & Storage
• Extremely 

expensive

• Many technical 
challenges

• No experience at 
scale

• Dramatically 
improves chances 
to meet Paris 
targets

Biomass Energy + 
CCS (BECCS)

Expert Opinion Expert Opinion
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in the past and is still in the present. This does not reflect 
the dynamics of the solar markets around the world. 

It is recommended to examine in another scientific study 
what the reasons for these false projections of the WEO in 
the solar sector are: systematic scientific assumption errors 
or additional institutional limitations. Since solar PV plays 

a central role in the fight against climate change, a wide 
civil societal discussion of the causes of the structural 
failure in the WEO projections is needed in order to avoid 
these failures in future.  

 

 

 

  

 
Fig. 5: Solar capacity (top and center), electricity generation (bottom, left) and solar full load hours (bottom, right) for the years 
1999 to 2040. The historical data are given for the years 1999 to 2014 for electrical capacity, from 2000 to 2012 for electricity 
generation and from 2002 to 2012 for the full load hours. The projections range from 2010 to 2040. Data are based on WEO 
2002 to WEO 2014 [13-23], Werner et al. [26] and REN21 [78]. 

 
3.6 Wind 
 
As with solar energy, wind energy was published for the 
first time in WEO 2002, which means that the historical 
curve starts from 1999 (Fig. 6). Wind energy presents the 
same particularities as solar energy, and a similar 
presentation can be found. The electrical capacity figure 
(Fig. 6) is focused on the historical curve (top), but also on 
future projections (center), while the electricity production 
figure gives an overall view of the situation. It can be seen 
that WEO 2002 projections are wrong from the very 
beginning, since the 2030 projections had been historically 
achieved in the year 2010, 20 years earlier and only eight 

years after publishing. The key reason for the misleading 
projections is the assumed linear growth, i.e. no annual 
market growth, instead of real exponential growth, i.e. 
annual market growth This is quite similar to the key 
projection error for solar PV. Real wind capacity in 2010 
is respectively higher, i.e. 260% and 104%, than WEO 
2002 and 2004 projections for the same year. Historic data 
for the years 2013 and 2014 coming from the REN21 
report [78] for wind energy do not show a deviation of the 
historic data to the latest projections. It can be noticed that 
there is an inflexion point around 2009, where the annual 
growth before was 24 GW (or less) and 39 GW (and more) 
after, mainly accelerated by installations in China. On the 

Predictions vs Reality

diagram showing the generated electricity, the three trends 
observed previously for solar energy can be seen. But this 
time WEO 2002 forms a group itself. The second group 
spans the reports from 2004 to 2009 and the third the ones 
from 2010 to 2014. Despite a decrease in the full load 
hours in 2009, the trend is clearly upward as well as for 
historical data and for projections. Historic numbers show 
that the full load hours of wind energy are about two times 
higher than for solar PV, and projections assume roughly 
80% higher full load hours, which is mainly driven by the 
fact that wind plants can harvest energy 24 hours per day 
and PV systems only during the daylight. 

The leading international institutions on RE projections 
expect for the year 2030 wind energy capacities of 2908 
GW (Greenpeace) [29], 1318 GW (Bloomberg) [30] and 
960 GW (RE experts of the IEA) [40], which is in line with 
the WEO expectations. Bloomberg projects about 30% 
higher numbers, but the Greenpeace numbers appear 
unrealistically high, in particular in relation to their own 
projections for solar PV of 1764 GW, since the growth 
rates of solar PV are typically higher than those of wind 
energy. The relative growth ratio of solar PV and wind 
energy appears in line with the historic records for the 
projections of Bloomberg and RE experts of the IEA. 

As far as the future WEO wind energy projections are 
concerned, we may assume that they will be significantly 
below the real growth rates. In the past, incorrect WEO 
projections already caused big problems for energy 

companies. Most companies want to achieve usual return 
rates of 10-20%. Yet, investments in renewable energy 
often allow only 5-10% return rates, which due to a 
significantly lower risk profile are accepted by many 
investors as sufficient. However, many energy companies 
showed a very limited propensity to invest in renewable 
energy and continued investing in conventional power 
plants. Since the WEO projections were wrong, the 
companies were not warned in time.  

As a result, there were stranded investments in new nuclear 
power plants (on the side of state-influenced or state-
owned enterprises, such as Flamanville in France or 
Olkiluoto in Finland) and many more in the fossil sector 
(both public and private companies), with significant 
economic dislocation and unnecessarily high CO2 
emissions. 

Summing up, the WEO projections of the early 2000s had 
been as comparably wrong for wind energy as those for 
solar PV. The same linear growth assumption, instead of 
the real exponential growth such as that witnessed for solar 
PV, leads to rather low projections for the decades to 
come. The projections of leading international institutions 
do not show a consolidated picture and are partly rather 
close to the recent WEO projections. 

   

 

 

 

SOLAR

WIND

• Year after year, 
the International 
Energy Agency 
predicts very slow 
penetration of  
renewable energy

• Year after year, 
they’re WAY 
wrong!

• Why?

https://onclimatechangepolicydotorg.files.wordpress.com/2013/10/wind-and-solar-current-projections.jpg

Predictions vs Reality
• IEA predictions of  future deployment of  

PV and wind are almost flat, year after year

• Year after year, they’re RIDICULOUSLY wrong!

SOLAR WIND

Price of Solar 
PV Cells ($/watt) 

• Price has fallen by factor of 200
since I graduated from high school

• Factor of 5 since 2011

• Now as cheap or cheaper than coal 
or gas

D
rop in 1970s

Flatter in 1990s

Levelized Cost of Electricity

• Divide $/MW-hr
by 1000 to get 
$/kW-hr

• US retail 
electricity
costs about 
$0.10/kW-hr

Unsubsidized costs including 
finance, construction, operation, 
maintenance, delivery, & retirement
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Lazard LCOE (Cont’d)

+ storage

- storage

offshore

LCOE vs Gas Peaker

CO 
Excel 

Auction
Median price 
for delivered 
wind+storage

was 2.1 ¢/kW-hr

< 1/2 cost of 
existing coal!

Jan 16, 2018

Costs
• Conversion to 100% 

noncarbon energy 
will cost about 
1% of GDP

• That’s about what it 
cost to retrofit all the 
world’s cities with 
indoor plumbing a 
century ago …

• It was SO worth it!
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My Grandparents My Grandparents’     
Generation

Built subways, sewers, 
the electrical grid, defeated the Nazis

My Parents My Parents’     
Generation

Built the Interstate Highways, 
fought the cold war, landed on the Moon! 
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Jennifer & Me My Generation

Invented the PC, Built the internet, 
replaced billions of land-lines with cell phones

My Kids My Kids’     
Generation

Will replace the world’s 
energy system again!
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Choose Your Future
Many people think:  

“Our well-being is based on
stuff we extract from the ground”

When we stop burning coal, will our 
descendants shiver in the dark?

Choose Your Future
I prefer:  

“We create our well-being through 
creativity, ingenuity, and hard work”

The future is bright!

Remember
• It’s definitely feasible to convert the entire global 

economy to emit no CO2, from an engineering 
perspective

• Enormous savings due to efficiency could pay for much 
of the conversion

• Grid integration (not generation) is the key engineering 
challenge

• Recent market developments have made 5-year old 
analyses obsolete

• Virtually all energy demand growth is in the developing 
world – that’s where problem will be solved, or not!


