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• Role of energy systems in climate change mitigation

• Evaluating energy technologies against climate targets

Today’s agenda



• Technology innovation dynamics

• Evaluating technologies against demand patterns

Lecture 2 outline: evaluating energy technologies



U.S. carbon intensity target

Trancik, Nature, 2014
Trancik,Cross-Call, ES&T, 2013
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Cost-carbon curve



Cost and carbon intensity of energy (electricity)

Trancik, Cross-Call, ES&T, 2013



Change in energy technology costs over time

Trancik, Cross-Call, Energy technologies evaluated against climate targets, ES&T 2013
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costs for natural gas and coal electricity at the global level but still significantly above central estimates
for the costs of these technologies. When a carbon tax of $100/ton CO2 (below the current imposed
carbon tax in Sweden [44]) is applied, PV is competitive with natural gas or coal fired electricity at the
global level. When external costs of air pollution are considered, the competitiveness of PV compared
to natural gas or coal fired electricity increases significantly as well (see Section 4.2).
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Figure 2.7: Global and regional average levelized cost of electricity (LCOE) in $/MWh for different
generation sources. Black and white symbols represent central values for 2012–2014, red triangles
represent maxima, and blue triangles represent minima. Data are average values taken, where available,
from IPCC AR5 WGIII, IRENA 2015, EIA 2015, and World Energy Council 2013 [45, 46, 47]. “Ctax”
refers to a carbon price of $100/ton CO2, and is taken from IPCC AR5 WGIII [45].

2.3 Determinants of technology cost reduction and implications for emissions
It is evident that many technologies improve with time and experience. A striking fact about this
improvement is that it is, to a large extent, predictable. A long-recognized observation known as
Wright’s Law states that the cost of a technology will fall with its level of deployment according to
a ‘power-law’ formula [48]. In intuitive terms, this observation implies that every 1% increase in the
deployment of a technology is associated with a fixed percentage decrease in its cost. The percentage
decrease is a number that varies between technologies, for example due to differences in technology
design characteristics, and is usually measured from historical data. Technologies that are modular and
small-scale are may improve more quickly, though a wide variety of other factors also affect the rate of
cost decline [49, 48]. What is important is that the act of deploying the technology itself is what helps
bring down costs.

The cost of a technology can decrease for many reasons. One important reason is that producers gain
experience (‘learning’) as they produce the technology. This experience leads to improved designs and
production methods that help lower costs. However, experience is not the only important mechanism;
costs are clearly driven down for other reasons as well. Scale economies yield cost reductions from
increasing the scale of manufacturing, and work independently of accumulated production experience.

20 Chapter 2. Historical trends in photovoltaics and wind energy conversion

costs for natural gas and coal electricity at the global level but still significantly above central estimates
for the costs of these technologies. When a carbon tax of $100/ton CO2 (below the current imposed
carbon tax in Sweden [44]) is applied, PV is competitive with natural gas or coal fired electricity at the
global level. When external costs of air pollution are considered, the competitiveness of PV compared
to natural gas or coal fired electricity increases significantly as well (see Section 4.2).

W
in

d on
sh

or
e (

w
or

l)

W
in

d on
sh

or
e (

U
SA

)
W

in
d on

sh
or

e (
C

hi
na

, I
nd

ia
)

W
in

d on
sh

or
e (

Eu
ro

pe
)

W
in

d on
sh

or
e (

Af
ric

a)

Figure 2.7: Global and regional average levelized cost of electricity (LCOE) in $/MWh for different
generation sources. Black and white symbols represent central values for 2012–2014, red triangles
represent maxima, and blue triangles represent minima. Data are average values taken, where available,
from IPCC AR5 WGIII, IRENA 2015, EIA 2015, and World Energy Council 2013 [45, 46, 47]. “Ctax”
refers to a carbon price of $100/ton CO2, and is taken from IPCC AR5 WGIII [45].

2.3 Determinants of technology cost reduction and implications for emissions
It is evident that many technologies improve with time and experience. A striking fact about this
improvement is that it is, to a large extent, predictable. A long-recognized observation known as
Wright’s Law states that the cost of a technology will fall with its level of deployment according to
a ‘power-law’ formula [48]. In intuitive terms, this observation implies that every 1% increase in the
deployment of a technology is associated with a fixed percentage decrease in its cost. The percentage
decrease is a number that varies between technologies, for example due to differences in technology
design characteristics, and is usually measured from historical data. Technologies that are modular and
small-scale are may improve more quickly, though a wide variety of other factors also affect the rate of
cost decline [49, 48]. What is important is that the act of deploying the technology itself is what helps
bring down costs.

The cost of a technology can decrease for many reasons. One important reason is that producers gain
experience (‘learning’) as they produce the technology. This experience leads to improved designs and
production methods that help lower costs. However, experience is not the only important mechanism;
costs are clearly driven down for other reasons as well. Scale economies yield cost reductions from
increasing the scale of manufacturing, and work independently of accumulated production experience.

20 Chapter 2. Historical trends in photovoltaics and wind energy conversion

costs for natural gas and coal electricity at the global level but still significantly above central estimates
for the costs of these technologies. When a carbon tax of $100/ton CO2 (below the current imposed
carbon tax in Sweden [44]) is applied, PV is competitive with natural gas or coal fired electricity at the
global level. When external costs of air pollution are considered, the competitiveness of PV compared
to natural gas or coal fired electricity increases significantly as well (see Section 4.2).

Region
 Max
 Central
 Min

N
G

C
C

 (w
or

ld
)

N
G

C
C

 +
 C

C
S 

(w
or

ld
)

N
G

C
C

 +
 C

ta
x 

(w
or

ld
)

N
G

C
C

 (U
SA

)
N

G
C

C
 (A

us
tra

lia
)

N
G

C
C

 (U
K)

N
G

C
C

 (J
ap

an
)

N
G

C
C

 +
 C

C
S 

(U
SA

)

Figure 2.7: Global and regional average levelized cost of electricity (LCOE) in $/MWh for different
generation sources. Black and white symbols represent central values for 2012–2014, red triangles
represent maxima, and blue triangles represent minima. Data are average values taken, where available,
from IPCC AR5 WGIII, IRENA 2015, EIA 2015, and World Energy Council 2013 [45, 46, 47]. “Ctax”
refers to a carbon price of $100/ton CO2, and is taken from IPCC AR5 WGIII [45].

2.3 Determinants of technology cost reduction and implications for emissions
It is evident that many technologies improve with time and experience. A striking fact about this
improvement is that it is, to a large extent, predictable. A long-recognized observation known as
Wright’s Law states that the cost of a technology will fall with its level of deployment according to
a ‘power-law’ formula [48]. In intuitive terms, this observation implies that every 1% increase in the
deployment of a technology is associated with a fixed percentage decrease in its cost. The percentage
decrease is a number that varies between technologies, for example due to differences in technology
design characteristics, and is usually measured from historical data. Technologies that are modular and
small-scale are may improve more quickly, though a wide variety of other factors also affect the rate of
cost decline [49, 48]. What is important is that the act of deploying the technology itself is what helps
bring down costs.

The cost of a technology can decrease for many reasons. One important reason is that producers gain
experience (‘learning’) as they produce the technology. This experience leads to improved designs and
production methods that help lower costs. However, experience is not the only important mechanism;
costs are clearly driven down for other reasons as well. Scale economies yield cost reductions from
increasing the scale of manufacturing, and work independently of accumulated production experience.

20 Chapter 2. Historical trends in photovoltaics and wind energy conversion

costs for natural gas and coal electricity at the global level but still significantly above central estimates
for the costs of these technologies. When a carbon tax of $100/ton CO2 (below the current imposed
carbon tax in Sweden [44]) is applied, PV is competitive with natural gas or coal fired electricity at the
global level. When external costs of air pollution are considered, the competitiveness of PV compared
to natural gas or coal fired electricity increases significantly as well (see Section 4.2).

PV
ut

ilit
y (

w
or

ld
)

P
V

 (U
S

A
)

P
V

 (S
ou

th
 A

m
er

ic
a)

P
V

 (M
id

dl
e 

E
as

t)
P

V
 (A

fri
ca

)
P

V
 (E

ur
op

e)

P
V

 (C
hi

na
, I

nd
ia

)

Figure 2.7: Global and regional average levelized cost of electricity (LCOE) in $/MWh for different
generation sources. Black and white symbols represent central values for 2012–2014, red triangles
represent maxima, and blue triangles represent minima. Data are average values taken, where available,
from IPCC AR5 WGIII, IRENA 2015, EIA 2015, and World Energy Council 2013 [45, 46, 47]. “Ctax”
refers to a carbon price of $100/ton CO2, and is taken from IPCC AR5 WGIII [45].

2.3 Determinants of technology cost reduction and implications for emissions
It is evident that many technologies improve with time and experience. A striking fact about this
improvement is that it is, to a large extent, predictable. A long-recognized observation known as
Wright’s Law states that the cost of a technology will fall with its level of deployment according to
a ‘power-law’ formula [48]. In intuitive terms, this observation implies that every 1% increase in the
deployment of a technology is associated with a fixed percentage decrease in its cost. The percentage
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small-scale are may improve more quickly, though a wide variety of other factors also affect the rate of
cost decline [49, 48]. What is important is that the act of deploying the technology itself is what helps
bring down costs.

The cost of a technology can decrease for many reasons. One important reason is that producers gain
experience (‘learning’) as they produce the technology. This experience leads to improved designs and
production methods that help lower costs. However, experience is not the only important mechanism;
costs are clearly driven down for other reasons as well. Scale economies yield cost reductions from
increasing the scale of manufacturing, and work independently of accumulated production experience.
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Are technology costs changing in regular ways?

If so, what equations describe these changes?

How might costs change in future?

Determinants of the rate of technology innovation



      

€ 

c(x) ~ x
− α

€ 

PR = 2
−α

Performance curves

McNerney, Farmer, Redner, Trancik, PNAS, 2011



Evaluating competing models

annual production (MW)cumulative production (MW)

origin

target

Nagy, Farmer, Bui, Trancik, PLoS One, 2013



Nagy, Farmer, Bui, Trancik, PLoS One, 2013



      Limits to tech improvement: commodity cost floors

McNerney, Farmer, Trancik, Historical Costs of Coal-Fired Electricity, Energy Policy, 2011
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Technology design and rate of improvement

McNerney, Farmer, Redner, Trancik, PNAS, 2011

Increasing	
complexity
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c(x) ~ x
− α
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α ~
1

d

d=number of component dependencies; n=number of components



4.2 Photovoltaics projected costs 55
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Figure 4.8: Comparison between PV LCOE projections and LCOE of fossil-fuel-fired generation. a,
Projections for global average LCOE of PV compared to current estimates of the LCOE of coal and
natural gas combined cycle (NGCC), coal and NGCC with carbon capture and sequestration (CCS), and
coal and NGCC with a $100/t CO2 carbon tax. Red triangles represent maxima; black circles represent
central estimates; blue triangles represent minima. A range of estimates of the external costs of air
pollution for these different electricity sources, added to their LCOE, are shown as empty boxes for PV
and empty symbols for coal and NGCC. b, Projections for the LCOE of PV in the United States compared
to current estimates of the LCOE of coal and NGCC in the United States. c, Projections for the LCOE
of PV in China compared to current estimates of the LCOE of coal in China. External costs from air
pollution are estimated by combining emission factors from ecoinvent [125] with cost factors from [126].
External costs from causes other than air pollution are not considered in these estimates. More details on
external cost calculations are provided in the Appendix.

Forecasting cost improvement under Paris pledges

Trancik, Brown, Jean, Kavlak, Klemun, Edwards, McNerney, Miotti, Mueller, Needell, Technical Report, 2015 



58 Chapter 4. Projected cost reduction under INDCs
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Figure 4.11: Comparison between wind LCOE projections and LCOE of fossil-fuel-fired generation. a,
Projections for global average LCOE of wind compared to current estimates of the LCOE of coal and
natural gas combined cycle (NGCC), coal and NGCC with carbon capture and sequestration (CCS), and
coal and NGCC with a $100/t CO2 carbon tax. Red triangles represent maxima; black circles represent
central estimates; blue triangles represent minima. A range of estimates of the external costs of air
pollution for these different electricity sources, added to their LCOE, are shown as empty boxes for wind
and empty symbols for coal and NGCC. b, Current estimates of the LCOE of coal and NGCC in the
United States. c, Current estimates of the LCOE of coal in China. External costs from air pollution are
estimated by combining emission factors from ecoinvent [125] with cost factors from [126]. External
costs from causes other than air pollution are not considered in these estimates. More details on external
cost calculations are provided in the Appendix.

• Fitting Range: The lower value utilizes data from 1984-2004 (as might have been done if this
same analysis had been performed ten years ago in 2005), and the upper value utilizes data from the
most recent 15-year window, from 2000-2014.

• Capacity Factor: The range shown here represents the range of capacity factors reported in
IRENA 2015 (IRENA 2015 Figure 2.5), centered around IRENA’s world weighted-average onshore
wind capacity factor of 28%. The lower value corresponds to a capacity factor of 53%, and the
upper value corresponds to a capacity factor of 13%.

• LCOE Range: The range shown here represents the range of LCOE values reported in IRENA
2015 (IRENA 2015 Figure 2.5 [39]), scaled down by the cost reduction factor in our central Wright’s
Law based projection (-24%, from 67 $/MWh in 2014 to 51 $/MWh in 2030). The LCOE here
includes the contribution from a number of factors, including capacity factor, cost of capital, project
and labor costs, etc.

• 2030 Capacity: The range displayed here shows the range of LCOE values that would arise
from the different capacity projections shown in Figure 3.3. The upper value corresponds to the ‘IEA
WEO 2014 Current Policies’ projection, and the lower value corresponds to the ‘IRENA Remap-E’
projection.

Forecasting cost improvement under Paris pledges

Trancik, Brown, Jean, Kavlak, Klemun, Edwards, McNerney, Miotti, Mueller, Needell, Technical Report, 2015 



• Stationary energy storage

• Electric vehicles

Evaluating technologies against demand patterns
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Evaluating stationary storage technologies

Braff, Mueller, Trancik, Nature Climate Change 2016



Balancing the cost and benefit of storage

• Value of energy storage

• Storage system sized to maximize chi
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Figure 1: Optimized electricity output from a hypothetical hybrid storage and renewable
energy plant located in McCamey, TX with a storage power Ė

max

of 1 MW/MW
gen

, a
duration h of 4 hours, and a roundtrip e�ciency of 90%. Storage serves to shift the plant
output to periods of high prices. Equivalent results for Palm Springs, CA and Plymouth,
MA are shown in Supplementary Information Figures S2 and S3, respectively.

with a solar or wind plant in Texas and operated over the course of four days in the spring,
summer, fall, and winter (Figure 1). Across both energy resources (wind, solar) and across
locations, (Texas, California, Massachusetts) incorporating storage results in a reduction of
output during periods of low prices, and an increase in output during periods of high prices.
The ability to output energy to the grid at peak power during periods of high price is limited,
however, by the availability of su�cient renewable generation to charge the storage system
in advance. Although the pricing in each of the three locations examined di↵er, the e↵ect
of storage in each case is to concentrate the output into short bursts during periods of high
pricing.

For a given plant, increasing the storage system size in terms of power and duration raises
its average electricity selling price. Although the average selling price without storage is lower
for wind than solar, as energy storage increases in size, the pricing distribution and mean
transaction price become increasingly similar across the two energy resources (Figures S4-
S6). However, the addition of storage power and duration comes at a cost, as explored in
the next section.

Balancing revenue against cost to optimize the size and value of storage. Storage
can increase the revenue generated by a solar or wind plant, but it also increases the capital
costs of the plant. Here we optimize both the discharging behavior, as done above, but also
the storage system size, in order to maximize the value of the electricity generation.

We quantify value using the dimensionless ratio � which takes the ratio of the annual
cost and revenue of the hybrid plant, as defined by Equation 1.

� =
R

total

CRF (C
gen

+ Ė

max

(Cpower

storage

+ hC

energy

storage

))
. (1)

3annualization 
factor

annual revenue

storage power
storage cost

wind, solar cost hours
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Evaluating stationary storage technologies
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• Stationary energy storage

• Electric vehicles

Evaluating technologies against demand patterns



• Role of energy systems in climate change mitigation

• Evaluating energy technologies against climate targets

Today’s agenda


