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• Role of energy systems in climate change mitigation

• Evaluating energy technologies against climate targets

Today’s agenda



• Carbon cycle and emission sources

• Mitigation scenarios

• Role of supply-side technology transformation

Lecture 1 outline: role of energy systems



• Technology innovation dynamics

• Evaluating technologies against demand patterns

Lecture 2 outline: evaluating energy technologies
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Modeling energy systems
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Research results inform decisions:
- engineers
- private investors
- policy makers (R&D, regulations)



• Cost, performance trends and limits for solar, other techs

• Cost targets for stationary storage

• Battery performance targets for electric vehicles

• Methane emissions targets for natural gas as a bridge fuel

Research examples: directed innovation



• Cost trends and limits for solar, other techs

• Will x-Si photovoltaics costs continue to fall?

• Cost targets for stationary storage

• Battery performance targets for electric vehicles

• Methane emissions targets for natural gas as a bridge fuel

Trancik, Nature 2014; Kavlak, McNerney, Jaffe, Trancik, 2015; Nagy, Farmer, Bui, Trancik PLoS One, 2013; 
Bettencourt, Trancik, Kaur, PLoS ONE 2013; McNerney, Farmer, Trancik, Energy Policy 2011; McNerney, 
Farmer, Redner, Trancik PNAS 2011

Research examples: directed innovation



• Cost trends and limits for solar, other techs

• Cost targets for stationary storage

• Flow batteries or Li-ion for renewables integration?

• Battery performance targets for electric vehicles

• Methane emissions targets for natural gas as a bridge fuel

Braff, Mueller, Trancik, Nature Climate Change, 2016; Pereira, Trancik, in prep.; Mueller, Trancik, in prep.

Research examples: directed innovation



• Cost trends and limits for solar, other techs

• Cost targets for stationary storage

• Battery performance targets for electric vehicles

• Energy density required for widespread electrification?

• Methane emissions targets for natural gas

Needell, McNerney, Chang, Trancik, to appear in Nature Energy, 2016; Miotti, Supran, Kim, Trancik, to appear in 
ES&T 2016; Needell, McNerney, Chang, Miotti, Trancik, in prep.

Research examples: directed innovation



• Cost trends and limits for solar, other techs

• Cost targets for stationary storage

• Battery performance targets for electric vehicles

• Methane emissions targets for natural gas

• Can natural gas serve as an effective bridge fuel?

Edwards, Trancik, Nature Climate Change 2014; Roy, Edwards, Trancik, Environmental Research Letters 2015; 
Edwards, McNerney, Trancik, in review

Research examples: directed innovation



• Cost trends and limits for solar, other techs

• Cost targets for stationary storage

• Battery performance targets for electric vehicles

• Methane emissions targets for natural gas

New fundamental understanding required of:                
temporal patterns and determinants of technological improvement, 
energy consumption, and environmental impact.

Research examples: directed innovation



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



• Carbon cycle and emission sources

• Mitigation scenarios

• Role of supply-side technology transformation

Lecture 1 outline



NASA diagram, adapted from U.S. DOE, Biological 
and Environmental Research Information SystemCarbon Cycle
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SPM

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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Climate change risks

emissions (tons/year)

concentrations (parts per million)

temperature (degrees above pre-industrial)

climate impacts: ice sheets, sea level rise, ocean acidification etc. (many units)

impacts on humans: mortality, wealth etc. (many units)

natural sinks

climate sensitivity

responses to temperature, nonlinear feedbacks

impacts on natural systems: flora and fauna, hydrology, etc. (many units) 
ecosystem responses

human adaptation
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Topic 1 Observed changes in climate and their effects

(a) Global average surface temperature

(b) Global average sea level

(c) Northern Hemisphere snow cover

Figure 1.1. Observed changes in (a) global average surface temperature; (b) global average sea level  from tide gauge (blue) and satellite (red) data; and (c)
Northern Hemisphere snow cover for March-April. All differences are relative to corresponding averages for the period 1961-1990. Smoothed curves repre-
sent decadal averaged values while circles show yearly values. The shaded areas are the uncertainty intervals estimated from a comprehensive analysis of
known uncertainties (a and b) and from the time series (c). {WGI FAQ 3.1 Figure 1, Figure 4.2, Figure 5.13, Figure SPM.3}

Changes in temperature, sea level and Northern Hemisphere snow cover

1.2 Observed effects of climate changes

The statements presented here are based largely on data sets
that cover the period since 1970. The number of studies of observed
trends in the physical and biological environment and their rela-
tionship to regional climate changes has increased greatly since the
TAR. The quality of the data sets has also improved. There is a
notable lack of geographic balance in data and literature on ob-
served changes, with marked scarcity in developing countries.
{WGII SPM}

These studies have allowed a broader and more confident as-
sessment of the relationship between observed warming and im-
pacts than was made in the TAR. That assessment concluded that
“there is high confidence2 that recent regional changes in tempera-
ture have had discernible impacts on physical and biological sys-
tems”. {WGII SPM}

Observational evidence from all continents and most oceans
shows that many natural systems are being affected by re-
gional climate changes, particularly temperature increases.
{WGII SPM}

There is high confidence that natural systems related to snow, ice
and frozen ground (including permafrost) are affected. Examples are:

! enlargement and increased numbers of glacial lakes {WGII 1.3, SPM}
! increasing ground instability in permafrost regions and rock

avalanches in mountain regions {WGII 1.3, SPM}
! changes in some Arctic and Antarctic ecosystems, including

those in sea-ice biomes, and predators at high levels of the food
web. {WGII 1.3, 4.4, 15.4, SPM}

Based on growing evidence, there is high confidence that the
following effects on hydrological systems are occurring: increased
runoff and earlier spring peak discharge in many glacier- and snow-
fed rivers, and warming of lakes and rivers in many regions, with
effects on thermal structure and water quality. {WGII 1.3, 15.2, SPM}

Evidence of past 
climate change

IPCC, 2007



Anthropogenic emissions - distribution across sectors

IPCC, 2007

Topic 2 Causes of change
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Causes of change

This Topic considers both natural and anthropogenic drivers of
climate change, including the chain from greenhouse gas (GHG)
emissions to atmospheric concentrations to radiative forcing4  to
climate responses and effects.

2.1 Emissions of long-lived GHGs

The radiative forcing of the climate system is dominated by the
long-lived GHGs, and this section considers those whose emissions
are covered by the UNFCCC.

Global GHG emissions due to human activities have grown
since pre-industrial times, with an increase of 70% between
1970 and 2004 (Figure 2.1).5  {WGIII 1.3, SPM}

Carbon dioxide (CO2) is the most important anthropogenic GHG.
Its annual emissions have grown between 1970 and 2004 by about
80%, from 21 to 38 gigatonnes (Gt), and represented 77% of total
anthropogenic GHG emissions in 2004 (Figure 2.1). The rate of
growth of CO2-eq emissions was much higher during the recent
10-year period of 1995-2004 (0.92 GtCO2-eq per year) than during
the previous period of 1970-1994 (0.43 GtCO2-eq per year). {WGIII
1.3, TS.1, SPM}

4 Radiative forcing is a measure of the influence a factor has in altering the balance of incoming and outgoing energy in the Earth-atmosphere system and
is an index of the importance of the factor as a potential climate change mechanism. In this report radiative forcing values are for changes relative to pre-
industrial conditions defined at 1750 and are expressed in watts per square metre (W/m2).
5 Includes only carbon dioxide (CO2 ), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphurhexafluoride
(SF6), whose emissions are covered by the UNFCCC. These GHGs are weighted by their 100-year Global Warming Potentials (GWPs), using values
consistent with reporting under the UNFCCC.
6 This report uses 100-year GWPs and numerical values consistent with reporting under the UNFCCC.
7 Such values may consider only GHGs, or a combination of GHGs and aerosols.

Carbon dioxide-equivalent (CO2-eq) emissions and
concentrations

GHGs differ in their warming influence (radiative forcing) on
the global climate system due to their different radiative prop-
erties and lifetimes in the atmosphere. These warming influ-
ences may be expressed through a common metric based on
the radiative forcing of CO2.

• CO2-equivalent emission is the amount of CO2 emission
that would cause the same time-integrated radiative forcing,
over a given time horizon, as an emitted amount of a long-
lived GHG or a mixture of GHGs. The equivalent CO2 emis-
sion is obtained by multiplying the emission of a GHG by its
Global Warming Potential (GWP) for the given time horizon.6

For a mix of GHGs it is obtained by summing the equivalent
CO2 emissions of each gas. Equivalent CO2 emission is a
standard and useful metric for comparing emissions of dif-
ferent GHGs but does not imply the same climate change
responses (see WGI 2.10).

• CO2-equivalent concentration is the concentration of CO2

that would cause the same amount of radiative forcing as a
given mixture of CO2 and other forcing components.7

Figure 2.1. (a) Global annual emissions of anthropogenic GHGs from 1970 to 2004.5 (b) Share of different anthropogenic GHGs in total emissions in 2004
in terms of CO2-eq. (c) Share of different sectors in total anthropogenic GHG emissions in 2004 in terms of CO2-eq. (Forestry includes deforestation.) {WGIII
Figures TS.1a, TS.1b, TS.2b}
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The largest growth in GHG emissions between 1970 and 2004
has come from energy supply, transport and industry, while resi-
dential and commercial buildings, forestry (including deforestation)
and agriculture sectors have been growing at a lower rate. The



Power (or rate of energy usage)
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No data available

Data Source: UNFCCC                                                                                                                                                                                                Last Update: July 2010   
Map Source: UNGIWG                                                                                                                  Map available at: http://unstats.un.org/unsd/environment/qindicators

*Note that data correspond to the latest year available.
Units: mio. tonnes of CO2 equivalent
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Data Source: UNFCCC                                                                                                                                                                                              Last Update: July 2010   
Map Source: UNGIWG                                                                                                                  Map available at: http://unstats.un.org/unsd/environment/qindicators
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*Note that data correspond to the latest year available.
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(Meinshausen et al. 2009) 

Emissions Peaking After 2020:  

More than 1 Kyoto per Year 

Meinshausen, Nature, 2009



“World Formula” for Climate Policy 

Total global CO2 budget in period 

[T1,T2] that keeps global warming 
below 2°C with probability p 
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Schellnhuber, 2009



Scenario 1: Historic Responsibility  

T1 = 1992, T2 = 2050, TM = 1994, p = 0.75 

         Remaining budget 2010-2050  

          Negative budget 2010-2050 

          Budget used up 1992-2009 

Schellnhuber, 2009



Schellnhuber, 2009

Scenario 2: Climate Compromise 

T1 = 2010, T2 = 2050, TM = 2010, p = 2/3 
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Trancik, Brown, Jean, Kavlak, Klemun et al. tech, report, 2015
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Renewables growth under countries’ climate 
pledges (INDCs)


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



Solar (PV) and wind could grow by factors of nearly 5 and 3 under countries’ 
Intended Nationally Determined Contributions (INDCs) – to provide an estimated 4% 
and 9% of electricity in 2030. 

Renewables growth under countries’ climate 
pledges (INDCs)


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

Data from: IPCC, 2007



Population projections

Data from: IPCC, 2007
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Energy demand scenarios

Data from: IPCC, 2007
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Global supply-side targets compared to energy 
technologies

Adapted from: Trancik, Cross-Call, ES&T, 2013



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.

Environmental Science & Technology Article

dx.doi.org/10.1021/es304922v | Environ. Sci. Technol. 2013, 47, 6673−66806677

Trancik, Cross-Call, ES&T 2013
CCS=carbon capture and storage



467 these changes do not substantially shift the relative positions of
468 the different technologies in the cost-carbon space, they can
469 have a considerable impact on the cost-competitiveness of
470 specific models.
471 Vehicles Evaluated against Climate Targets. Several
472 currently available vehicles meet the 2030 average GHG
473 intensity target, although none meet the more stringent 2040
474 and 2050 targets (Figures 1 and 2). Those vehicles meeting the
475 2030 target include several HEVs, PHEVs, and BEVs, as well as
476 the Toyota Mirai FCV when operated with hydrogen from
477 SMR (Figure 1a). None of the ICEV vehicles meet the 2030
478 target, although some come very close. Meeting the 2030 target
479 would therefore require that consumer choices change well in
480 advance of 2030 (likely by 2025 or earlier) given the time
481 required for the operating fleet to mirror the average carbon
482 intensity of new vehicles. Alternatively, major improvements to
483 ICEV efficiencies and substantial downsizing could allow
484 gasoline-fueled ICEVs to fall below the 2030 target, though

f4 485 not the 2040 and 2050 targets (Figure 4).

486 As shown in Figure 4, emission reductions due to estimated
487 improvement potentials of fuel economies50 are higher for
488 combustion-engine vehicles (ICEVs and HEVs) than for
489 electric vehicles (PHEVs, BEVs, and FCVs). Even if these
490 fuel-economy improvements and other emissions-reducing
491 changes are achieved, however, gasoline-powered non-hybrid
492 ICEVs may never be able to drop below the emission
493 intensities of today’s BEVs (charged with electricity at the
494 current U.S. average GHG emissions intensity).
495 Some of the “best-case” second-generation biofuels promise
496 greater emission reductions for ICEVs. The average 2014
497 ICEV, equipped with an E85-capable combustion engine and
498 operated with E85 from switchgrass, would reach the 2040
499 target. The same average car, equipped with a diesel engine and
500 operated with biodiesel from wood residuals, would surpass it.

501The greatest emissions savings, however, are expected from
502decarbonizing the electricity mix, and only technologies that
503can benefit most from this are able to reach the 2050 GHG
504emissions intensity target (Figure 4). The lowest GHG
505emissions are achieved by BEVs, at 32 gCO2eq/km. The
506Toyota Mirai FCV operated with hydrogen from electrolysis
507results in GHG emissions that are nearly comparable to BEVs
508under this scenario. However, the overall electricity con-
509sumption per distance driven is almost three times higher for
510the Mirai. This is the reason why the GHG emissions of the
511Mirai, when driven with hydrogen from electrolysis, are so
512sensitive to the carbon intensity of the electricity mix.
513To illustrate a possible scenario for reaching the 2040 and
5142050 targets, we consider the effects of the electrification of
515transportation and the simultaneous decarbonization of
516 f5electricity. Figure 5a depicts the average emission intensity of

517a hypothetical LDV fleet consisting entirely of BEVs, based on
518the sales-weighted average of 2014’s BEV models. Under this
519scenario, no improvements to the carbon intensity of electricity
520production would be necessary to meet the 2030 target because
521the average 2014 BEV surpasses that target with the current
522average U.S. electricity mix. In fact, as Figure 3a shows, even in
523regions of the U.S. with very high carbon intensities of
524electricity, many BEVs and (P)HEVs meet the 2030 target.
525Later targets do require reductions, however. To meet the 2040
526target, the share of low-carbon electricity generation
527technologies would need to reach about 40%. To meet the
5282050 target, a share of more than 80% would be necessary. In
529section S2.1 of the Supporting Information, we show the
530vehicle cost-carbon space when using a fully decarbonized
531electricity mix, considering different electricity-price scenarios.
532Interestingly, these emissions-reduction targets for electricity
533are less stringent than they would be for the electricity sector
534when applying a similar approach to that used here, as
535previously reported.32 This is because electric vehicles have a
536higher efficiency of conversion from primary energy to energy
537at the wheel than the dominant vehicle technologies used
538today. The implication is that if the electricity end-use sector
539meets its targets, the decarbonization would be more than

Figure 4. Average GHG emissions intensities of each powertrain
technology in response to vehicle downsizing, a low-carbon (zero-
fossil-fuel) electricity supply mix (24 g CO2 eq/kWh), efficiency
improvements, the use of future biofuels (for ICEVs), and the
combination of all factors. Efficiency improvements include a 15%
weight reduction and reduced fuel consumptions of 40% (ICEVs),
45% (HEV and PHEVs in charge-sustaining mode), 30% (BEV and
PHEVs in charge-depleting mode), and 35% (FCV).50

Figure 5. (a) Share of low-carbon (24 gCO2eq/kWh) and fossil-fuel-
based (840 gCO2eq/kWh) electricity generation necessary to reach
the GHG emission targets for climate mitigation if the entire fleet
consists of the average 2014 BEV model (see Figure 4). (b) Examples
of powertrain technology shares that meet the GHG emission targets if
electricity is generated from 100% low-carbon sources, using the
average emissions of the 2014 models (see Figure 4).
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• Carbon cycle and emission sources

• Mitigation scenarios

• Role of supply-side technology transformation

Lecture 1 outline: role of energy systems



• Technology innovation dynamics

• Evaluating technologies against demand patterns

Lecture 2 outline: evaluating energy technologies


