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• Example 1: Photovoltaics’ cost decline prospects for the future

• Example 2: Profitability thresholds for stationary storage

• Example 3: Batteries evaluated against driving behavior

Measuring progress toward decarbonization



Price decline in photovoltaics modules

Trancik, Brown, Jean, Kavlak, Klemun et al., Technical Report, 2015; Trancik, Nature 2014; Trancik, Nature 2015
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Profitability of storage technologies for solar and 
wind energy
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Figure 1: Electricity output to maximize revenue 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 (Table S1). Data is shown here for a sample of 3 days in each season of the year, though
the analysis considers all days of the year. Storage allows plant output to shift from the natural
generation profile (middle row) to periods of high prices (bottom row: electricity price; top row:
optimized output). Results for Palm Springs, CA and Plymouth, MA are shown in Supplementary
Information Figures S3 and S4, respectively.
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Figure 2: Value � of a wind hybrid plant in Texas versus storage size, power Ė
max

(MW stor-
age/MW generation) and duration h (hrs), for a wind generation cost C

gen

of $1/W and energy and
power-related costs of storage (Cpower

storage

, Cenergy

storage

) ranging from $50/kWh-$150/kWh and $50/kW-
$150/kW respectively. The optimal storage system size is found for each storage energy and power-
related cost pair to maximize the value of the hybrid plant (�

max

). Similar plots for solar in TX, and
wind and solar in MA and CA, and for varying generation costs, are shown in the Supplementary
Information Figures S9 - S17.

10

Electricity	
price	

Solar	and	wind	
plant	output		
(no	storage)	

Solar	and	wind	
plant	output		
(with	storage)	

Braff, Mueller, Trancik, Nature Climate Change 2016
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FIG. 1. Energy intensities and velocity histories of trips with similar distances and durations. Trips

shown are similar to the EPA highway (HWFET) drive cycle in terms of distance and duration,

but have di↵ering energy intensities, demonstrating the importance of considering velocity histories

in determining trip energy requirements. Top: fuel economy distribution (kWh per mile) for the

2013 Nissan Leaf, for trips in the GPS database that have a distance and duration similar to the

EPA HWFET. Bottom: velocity profiles of the three trips marked on the above plot.

trips taken. These factors can have a large impact on vehicle range (Figures 1-2). Given

EPA estimated fuel economy of 116 MPGe, battery capacity of 24 kWh, allowed depth of

discharge of 80% (in keeping with the Leaf’s ‘long life mode’ [37], Supplementary Section

1.3), and charging losses of 10%, we would predict the 2013 Nissan Leaf to have a range of

73 miles. Our model predicts 74 miles as the median range—the distance for which half of

all vehicle-days could be covered on one charge. However, variation in trip velocity profiles

and auxiliary power use produces a distribution of ranges (Figure 2), and our model predicts

that 1 out of 20 of 58-mile vehicle-days could not be covered by existing batteries, and 1 out

of 20 of 90-mile vehicle-days could.

Furthermore, application of the model reveals that the BEV’s median range changes

nonlinearly with battery capacity, because velocity profiles tend to di↵er between short and

long distance travel days. As an example, increasing the battery’s specific energy to an

Advanced Research Projects Agency-Energy (ARPA-E) target value of 200 kWh/kg [38]

5

Based&on&driving&pa.erns&
across&all&U.S.&ci4es&and&
millions&of&drivers….&

~90%%of%vehicles%can$be$replaced$
by$a$low.cost$electric$vehicle$on$
an$average$day,$even$if$only$
nigh7me$charging$is$available.$
$
This$number$is$remarkably$
similar$across$diverse$ci=es,$from$
Houston$to$New$York.$

Needell, McNerney, Chang, Trancik, Nature Energy 2016

Batteries evaluated against U.S. driving patterns



Diminishing returns to battery improvement
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FIG. 6. E↵ects of increasing battery capacity on BEV range constraints. Top: daily vehicle

adoption potential, shown in the inverse to display the exponential decrease of the portion of

vehicle-days exceeding one full charge. Bottom: GSP, the portion of gasoline use that could be

displaced by BEVs given full adoption of within-range vehicle-days.

from its 2013 value of 88 Wh/kg by a factor of 2.3 to the U.S. ARPA-E specific energy

target of 200 Wh/kg would increase DSP to 98% and GSP to 88%. Further improvements

in GSP would require still greater increases in specific energy, with a GSP of 95% requiring

an increase in battery specific energy by a factor of six to approximately 420 Wh/kg. To

maintain vehicle a↵ordability and thereby enable widespread BEV adoption, the cost per

battery capacity should stay constant or even decrease while battery energy density and

specific energy increase. Commercial progress is being made towards this end. For example,

the 2017 Chevrolet Bolt BEV is intended to be widely a↵ordable and o↵ers a 60 kWh battery

with a specific energy of 138 Wh/kg (Supplementary Section 1.3). The 2018 Tesla Model

3 promises comparable range to the Bolt at a similar price point, though with di↵erent

aesthetics and performance features.

The distinction between urban and rural areas is revealing in this context. While urban

areas show a significantly higher GSP than rural areas (52.2% in rural and 64.5% in urban
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Cost and emissions of vehicle powertrains
(see carboncounter.com)

Miotti, Supran, Kim, Trancik, Environmental Science & Technology 2016; carboncounter.com



• Example 1: Photovoltaics’ cost decline prospects for the future

• Example 2: Profitability thresholds for stationary storage

• Example 3: Batteries evaluated against driving behavior

Measuring progress toward decarbonization



Magdalena Klemun, Michael Chang, Gonçalo Pereira, Joshua Mueller, Fabian Riether, Marco Miotti, Mandira Roy 
Morgan Edwards, Zach Needell, Jessika Trancik, James McNerney, Göksin Kavlak, Victor Ocana



Kavlak, McNerney, Jaffe, Trancik Energy & Environmental Science 2015

Limits to technology improvement
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(b) Historical growth rates over time
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(a) Indium, nIn = 10%
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(b) Gallium, nGa = 6.8%
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(c) Selenium, nSe = 1.4%
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(d) Tellurium, nTe = 1.4%
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(e) Cadmium, nCd = 0.6%
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(f) Silicon, nSi = 2.2%
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