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Executive Summary

Our need for energy must be balanced against the often competing interests of
the economy, environment, and national security. Clean, sustainable, safe, and
secure sources of energy are needed to avoid long-term harm from geopolitical
risks and global climate change. Unless fully cost-competitive with fossil fuels,
the adoption of clean technologies will either be limited or driven by policy.
Innovation in clean energy technology is thus needed to reduce costs and
maximize adoption. But how far can energy innovation go towards meeting
economic, environmental, and security needs? This analysis attempts to estimate
the potential impact clean energy innovation could have on the US economy and
energy landscape.

The analysis assumes aggressive hypothetical cost breakthroughs (BT) in clean
power generation, grid storage, electric vehicle, and natural gas technologies and
compares them to Business as Usual (BAU) scenarios modeled to 2030 and 2050.
The model also compares innovation scenarios in combination with two clean
energy policy paths: 1) comprehensive federal incentives and mandates called
“Clean Policy” and 2) a power sector-only $30/metric ton price on CO, called
“$30/ton Carbon Price.” Our modeling indicates that, when compared to BAU

in 2030, aggressive energy innovation alone could have enormous potential

to simultaneously:

*URZ WKH 86 HFRQRP\ E\ RYHU ELOOLR®RQZEVVBKHDL
Clean Policy)

&UHDWH RYHU PLOOLRQ QHZ QHW MREGVF\ PLOOLRY
6DYH 86 FRQVXPHUV RYHU KRXVHKR O GRCGHLIFY ZL
5HGXFH 86 RLO FRQVXPSWLRQ E\ RYHU ELOOLRQ ED

5HGXFH 86 WRWDO JUHHQKRXVH JDV HPLVVLRQV *+*
Clean Policy)

%\ LQQRYDWLRQ LQ WKH PRGHOHG WHFKBRDRJLR \D

DQG ZKHQ FRPELQHG ZLWK SROLF\ ZHKLIHOAROROWH QX
MRE JURZWK 7KLV DQDO\VLV LQGLFDWHW Q/&RWD W/LRJH ¥R
VLPXOWDQHRXVO\ KHOS DGGUHVV WKH 86 QDM R Q RHRXQN D\
and security goals.

Introduction

:KDW LV WKH YDOXH RI FOHDQ HQHUJ\ LQQRYDWLRQ" +R
clean energy technologies contribute to our economy and energy security?

+RZ PXFK FRXOG WKH\ UHGXFH *+* HPLVVLRQV WR PLWL.
Examining innovation’s potential and limitations in clean energy is critical for
understanding its potential role in addressing the world's economic, security,

and climate challenges.

To attempt to answer these questions, we modeled the impact of breakthroughs
in key energy sectors: clean power, energy storage, electric vehicles, and natural



gas. Technologies were modeled on their own and in combination with clean energy policies and

carbon pricing. This analysis does not attempt to predict innovations, model the best ways to drive
LQQRYDWLRQ RU PRGHO WKH RSWLPDO WKHRI L®QWRH\W IRRXQVSWR R LH\L\W V
innovation's potential impact based on assumed hypothetical breakthroughs.

Based on our modeling, we estimate that by 2030, innovation in the modeled technologies alone

FRXOG KDYH D WUDQVIRUPDWLYH LPSDFWERQONLRIQ SH WL EHIOWQ L & ¥HUD Q
PLOOLRQ QHW MREV ZKLOH UHGXFLQJ KRXNWHKRDG HQWUBR QR XWY¥WA\R (
ELOOLRQ EDUUHOV SHU \HDU DQG *+* HRESVZRQV EDQQUBODWLYYDN W&

LQFUHDVH WR ELOOLRQ QHW DGGQW LHRRID/Y IMRREW WHRG XFWWLAR QNVRWR
Figure 1.
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Methodology

86 HQHUJ\ VXSSO\ DQG GHPDQG LV FRPSULHMGFRIUAYHD @ DM R bl WKV WRQ \
transportation (primarily oil for vehicles), buildings, industrial use, and agriculture. This analysis

looked intensively at electrical generation and transportation, with a more limited assessment of
EXLOGLQJ H]JFLHQF\ —-QGXVWULDO H]FLHQWD JIHQLGHD HU Q RX\O WRKE D QHIEQIHQ

JRU HDFK VHFWRU ZH PRGHOHG VHYHUDD WRON RO WHF SRERBBIVHNWR U
nuclear, geothermal, etc.). For each technology, we developed target “breakthrough” cost-

performance levels for 2020 and 2030 through our own analysis and extensive consultation

with outside experts. These states of innovation were assumed as fact, then modeled to estimate

outcomes of achieving those levels of cost and performance. The modeled breakthrough levels

are highly aggressive and would be challenging to reach even with a much more concerted push

on innovation than at present.

We used the breakthrough cost-performance levels as inputs to McKinsey & Company’s Low

Carbon Economics Tool (LCET).' The LCET uses detailed micro-economic analysis to determine the

impact of technologies and policies on demand and prices (e.g., how large would be the demand

for technology X if it reached price Y and were supported by regulation Z?). These impacts are then

IHG WR D PDFUR HFRQRPLF HQJLQH WKDWDHWWR® DVEH W RE\H DKGXRWK B



statistics. The LCET models each sector of the US economy in detail and by state. This analysis relied
primarily on the power, transportation, and building units of the LCET.

For the reference control scenario, we modeled a Business As Usual (BAU) case based on
technology cost-performance and commodity price assumptions from the US Energy Information
Administration’s Annual Energy Outlook 2011 and our own perspective on current pricing.?

Power Sector

We modeled breakthroughs in utility-scale and rooftop solar photovoltaic (PV), Concentrated Solar

3RZHU &63 JHRWKHUPDO LQFOXGLQJ (QKOQFHQ@XHBWXHUPBW LRV W HIP
QHZ EXLOG &DUERQ &DSWXUH DQG 6HTXHVQE RWVLRRU K &4 Q G Q BGKR QU/IX\R
LQQRYDWLRQ IRU HDFK WHFKQRORJ\ ZDV GWDHH P HGIGL BAXLLPHS URPBL(Q J
YDULDEOH RSHUDWLQJ H[SHQVHV 23(; DPWHBDEKWUHD B ®RWL AODED K H DK |
the Levelized Cost of Electricity (LCOE) for each technology.

Figure 2.
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At the core of the power sector model is an hour-by-hour dispatch model that estimates hour-by-

KRXU SRZHU GLVSDWFK E\ XWLOLW\ GLVWULFW IRU WKH HQWLUH 86 Jl
DFFRUGLQJO\ 'HSOR\PHQW RI UHQHZDEOHIURFRXKHHW Y M VWKRHD FPHROH
such that the cost of a new asset is measured against the lifetime returns from either the sale of

electricity on the wholesale market or through power purchase agreements (PPAs). In order for an

energy source to be deployed, its LCOE must be less than the regional wholesale electricity price,

which in most regions is based on the marginal cost of generation from traditional sources such

as coal and natural gas.

We optimistically assumed that all necessary transmission is built for new generation. Transmission

costs were factored for a given generation source when deployed, which in most cases added

EHWZHHQ 0:K WR LWV /&2( 5HQHZDEOH HQHUJ\ FRVWV ZHUH DOVF
distribution and availability, based on historical time-of-day generation performance.

1. McKinsey & Company’s US Low Carbon Economics Tool: This analysis was prepared by Google.org using McKinsey's US Low Carbon Economics Tool, which

LV D QHXWUDO DQDO\WLF VHW RI LQW i$B@IHINHICD B RHGAHRIWR WIKD WP B 8 WHPW WRHYVP B WY.RQIVR & W 4SR0G. FENHWR RYQ B JRDV \
The policy scenarios, input assumptions, conclusions, recommendations and opinions are the sole responsibility of Google.org and are not validated or en-

dorsed by McKinsey. McKinsey takes no position on the merits of these assumptions and scenarios or on associated policy recommendations. More background

about McKinsey's US Low Carbon Economics Tool is available at: http://www.mckinsey.com/clientservice/sustainability/low_carbon_economics_tool.asp.

2. US Energy Information Administration, Annual Energy Outlook 2011.



Grid Storage

We modeled two primary storage technologies: short duration storage capable of discharging

loads for less than one hour; and larger scale storage capable of discharging for over one hour. We

WKHQ PRGHOHG 4YH EXVLQHVYV FDVHV IRUDWARQDJH/RDEUHRXEBRELGH I’
SUELWUDJLQJ &DSDFLW\ '"HIHUPHQW DQG *ULG 5HOLDELOLW\

Similar to the process described above for new generating capacity, storage deployment is modeled

IURP WKH LQYHVWRU SHUVSHFWLYH % DWW HDNEK TRZHI R Q WWDHD O Y6 ZX
cases above, less any operating costs over the lifetime of the battery, is greater than the capital cost.

Modeling storage is done iteratively as increasing storage capacity eventually degrades the market

for its services, inhibiting the deployment of more storage. Some storage capacity can serve multiple

business cases, which is also captured by our modeling. For instance, batteries performing price
DUELWUDJH E\ FKDUJLQJ DW Re SHDN KRXLN RYA & LVFXOG DOV BLB QL
reserve markets and perform load following.

Transportation

To model breakthroughs in transportation, we set breakthrough cost performance levels for vehicle

battery technology. Energy capacity cost ($/kWh), energy density (Wh/kg), duty life (charge cycles),

DQG UDQJH PLOHV ZHUH DOO LPSURY HSDDW PRASWH WPV WWKLHFQUIDMBEKWH Q7FKH-
cost and range, which drove vehicle purchasing.

Figure 3.
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Our estimate of vehicle adoption relied on a consumer choice model that estimated vehicle
purchasing preferences as a function of sticker price, total cost of ownership (TCO), and range,
including realistic customer segmentation based on average vehicle miles driven, local climate
ZKLFK D*HFWV KHDW DQG DLU FRQGLWLR®@ IGQILXVEJ] DMEWHEQPY YV U

ORGHOHG YHKLFOH RSWLRQV LQFOXGH® (QBBWW I( B KWFHW UE®G HWH K(I9F O3H/X
+\EULG (OHFWULF 9HKLFOHV +(9 &RPSUBE \-HA H\VQ B ODORFIEX VAL E R @ (
YHKLFOHV —-&( LQ OLJKW PHGLXP DQG BHMD ¥\9G XVA\ Y DWX DG RKD W' 9
charging infrastructure would be built in response to demand and would not act as a bottleneck.



Natural Gas

7R PRGHO WKH LPSDFW Rl FRQWLQXHG LOQGRYRWY LIR@GL QWD MeXUFB\O RID W
V\VWHP ZH DVVXPHG DQ RSWLPLVWLFDOORHORE +HPQOOLtREB WVERWUIDK 3
Units (MMBTU) and held it constant until 2030. We optimistically assumed that all gas demand
WULJIJHUHG E\ WKH ORZ SULFH FDQ EH VDORFHWW LA WKV SEJRGORWV LK |
gas price consequently increases the competitiveness of natural gas generation and Compressed
I1DWXUDO *DV &1* YHKLFOHV

Policy
The impact of innovation was explored within three policy scenarios (see appendix for full
descriptions and policy assumptions):

1. BAU (current policies), which held existing state and federal energy policies as they exist today
and expiring on their approved timeline.

2. Clean Policy, a collection of existing or proposed federal policies including a Clean Energy
6WDQGDUG &&6 UHQHZDEOHV DQG QHZ([IPLHMHD B HEY R X U F HQ 6W D\Q
((56 LQFUHDVHG &RUSRUDWH $YHUDJH )XH® (FRQRPXODH)(L R DYFR®I I
extended Investment and Production Tax Credits, and a Loan Guarantee credit facility capped at
ELOOLRQ SHU \HDU 7KLV VFHQDULR WRSKMLIKL QW ¥ HDORI\ HDNANFNPLHWH D
H]FLHQF\ LQ LPSOHPHQWLQJ WKHVH SROLFMHD WRW KH{ CHRBHOUHI \ ZHH FL\H\
UHJXODWLRQV WULJJHU RQO\ WKH PRVW HRWW JHN \HF YW LQ/IH PIHDR/XLU B R W

3. $30/ton Carbon Price, a power sector-only carbon price used to fund a cut in personal income
tax rates. The $30/ton price was chosen because it can cause natural-gas generation to be
dispatched ahead of coal, since the carbon intensity of coal generation can be more than double
that of combined cycle gas turbines. Absent very aggressive cost reductions in clean energy, much
higher natural gas prices, or regulation on natural gas, a carbon price below $30/ton may not
VX]JFLHQWO\ LQFHQWLYL]H FOHDQHU VRXUFHV RI HQHUJ\

Since we did not model all potential clean energy policies (e.g., economy-wide cap-and trade, smart
JULG SROLFLHV XWLOLW\ GHUHJXODWLRQ HWF RU DVVHVV RSWLPEL
a limited assessment of the potential impacts of clean energy policies.

Scenarios Modeled

-Q WRWDO ZH H[DPLQHG IRXUWHHQ GL-*H®RPEGWQDFHLRIQM. RV & HW K QrroQR
innovation rates, policy conditions, and commodity prices (see appendix for full scenario

descriptions).

Scenario Innovation Rate (Sector) Policy Condition Commodity Price
1. BAU BAU BAU BAU (AEO 2011)
2. Clean Power Breakthrough Breakthrough (Power Only) BAU BAU (AEO 2011)
3. Storage Breakthrough Breakthrough (Storage Only) BAU BAU (AEO 2011)
(9 % UHDNW KU R XJKBreakthrough (EVs Only) BAU BAU (AEO 2011)
5. All Tech Breakthrough Breakthrough BAU BAU (AEO 2011)
(Power, Storage, and EVs)
&OHDQ 3ROLF\ BAU Clean Policy BAU (AEO 2011)
7. Clean Policy + Breakthrough Clean Policy BAU (AEO 2011)
Breakthrough (Power, Storage, and EVs)
8. $30/ton Carbon Price BAU $30/ton Carbon Price BAU (AEO 2011)
(Power Sector Only)
WRQ &DUERQ 3 UBré&alkthrough $30/ton Carbon Price BAU (AEO 2011)
Breakthrough (Power, Storage, and EVs) (Power Sector Only)
+LJK &RPPRGLWLHXU BAU $(2
+LJK &RPPRGLW L Hyeakthrough BAU $(2
Breakthrough (Power, Storage, and EVs)

&KHDS 1DWXUDO BaY BAU $3/MMBTU Gas



&KHDS 1DWXUDO *Hpadkthrough BAU $3/MMBTU Gas
Breakthrough (Power, Storage, and EVs)

"HOD\ % UHDNW KU RIXT&gh Breakthrough BAU BAU (AEO 2011)
(delayed 5 years)

Key Findings
~ -QQRYDWLRQ &RXOG 3D\ 2+ %LJ

1. Innovation Benefits GDP, Jobs, Security and Emissions. Clean Energy Innovation could accelerate
HFRQRPLF JURZWK DQG LPSURYH HQHUJ\ VUHBXFLQ\ ZACLWDER QL 3 Q DAPOWQIY
breakthrough technology and policy scenarios examined here created substantial economic and net

MRE JURZWK DFURVV WKH FRXQWU\ E\ Q) HFDNW &Q UHRXH K I\ (DQERGYHDAV L T
SHU \HDU LQ *'3 FUHDWLQJ PLOOLR®& R WREY HAKHOH BRGWKNLB\V
\HDU RLO FRQVXPSWLRQ E\ ELOOLRQHPRVVHRYVSHUEVHDU YV Q @& $8 *

Figure 4.
All Tech Breakthrough (BT) vs. Business as Usual (BAU) Google
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~QQRYDWLRQ GURYH MRE FUHDWLRQ DQG HERQRPLEVWRZWRRODWIR G
energy costs, which increased productivity, competitiveness, and demand. Lower-cost energy also
FUHDWHG FRQVXPHU VDYLQJV RQ WKH RUGHU RKH YV HSHRIQKRPWHHKRDGL €
ZKHQ FLUFXODWHG EDFN LQWR WKH HFRQRP\ GURYH VXEVWDQWLDO
the energy sector. Second, lowering the costs of clean technologies increased their deployment

— driving associated manufacturing, construction, and operational employment.



7KH EXON RI LQQRYDWLRQ V EHQH4WV E\DQFHEW WK EW W WIHEX WWHHEF W@ERD
DGRSWLRQ RI (9V 3+(9V DQG +(9V 2YH U D®ODNEHKUHRNN X I IZRFU B RZHWVEW
by 2030 for two reasons. First, most consumers spend less on electricity than on gasoline, leading to

less household savings from cheaper power. Second, due to the very low cost of coal in the US, clean

power technology did not attain as large a cost advantage over fossil alternatives as was the case in

the transportation sector with electric vehicles by 2030.

Figure 5.

Benefits of Innovation Through 2030 (All Tech BT) Go gle‘”
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7KH EHQH4WV Rl EUHDNWKURXJKY SD\ HYHQ @D UJH UDG Q¥LIEH QB IVQR XIVD
LQFUHDVHG WR ELOOLRQ QHW DGGRWLMRQDOFRQEXPBRMBQHIURSBE
ELOOLRQ EDUUHOV SHU \HDU DQG HPLVVLRQV GHFUHDVHG YV %$8

2. Reaching tipping points in Electric Vehicle (EV) battery technology could be transformative.
Breakthroughs in battery technology could push EVs over cost-performance tipping points, enabling
mass adoption. In our model, rapid decreases in battery costs and increases in energy density by
2030 enabled the production of electric vehicles with 300-mile range and a total cost of ownership
7&2 ORZHU WKDQ WKDW RI LQWHUQDO FRPEXVWLRQ YHKLFOHV 7KL
+(9V DQG 3+(9V DFKLHYLQJ PDUNHW VHKRUHORI VIHZHYLLIRW G XWHN G X
FRQVXPSWLRQ E\ ELOOLRQ EDUUHOV SIBD \HBIQWRUHP R U H WKGXF&E



Figure 6.

Light Duty Vehicle Sales by Type (All Tech BT) Go g[e“
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The outcomes of battery breakthroughs are striking. By rapidly reaching TCO and driving range

WLSSLQJ SRLQWYVY EDWWHU\ EUHDNWKUR X DKV KW) EEXAOH GY HXK LI+ & VDWW F
Rl WKH 86 OLJKW GXW\ YHKLFOH 5HHW HEY KHOBGKHY{LQ K KB H9RE UW/HDIDN W
ZHUH PRGHOHG DJDLQVW LQFUHDVLQJO\ HIFLHQW LQWHUQDO FRPEX\
VWDQGDUGY *DVROLQH SULFHV DOVR K{PD¥GBSW-IHHFQVHEBUWKHDRIOE8O0HBE'
costs of $3.50/gal., breakeven TCO is reached at battery costs of ~$255/kWh for a 125-mile range

BEV, while at $5/gal., breakeven TCO is reached at ~$355/kWh.

Electrifying transportation, even in scenarios where coal remained the dominant source of electricity,
VWLOO UHGXFHG WRWDO WUDQVSRUW DRWLRH ¥ RLIQAALRGM) J LHROPH B W O LH(
GHVSLWH LQFUHDVLQJ HOHFWULFLW\ FR® VXRBWL AR IEFWRUKXLYLUNWXG
incremental electricity demand was met with incremental generation from natural gas and (in some
VFHQDULRY UHQHZDEOH VRXUFHV 6HFRQG HOHFWULF GULYHWUDLC

LH WKH SRZHU SODQW WKDW JHQHUWW KV WIK HK LLIKRHUH MKMW P O H & HFHL
a vehicle’s internal combustion engine).



Figure 7.
Transportation Emissions With and Without

Power Breakthroughs Google
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Oil consumption was cut by 1.1 billion barrels per year by 2030 in the EV breakthrough scenario. This
HTXDOV D UHGXFWLRQ RI QHDUO\ YV %$8UFRHWPHRIGHBQE® RYADULPSRU YV

By replacing expensive gasoline with cheap electricity, battery breakthroughs in our model also

\LHOGHG VXEVWDQWLDO HFRQRPLF EHQH4WV IURP QHZ PDQXIDFWXU.L
LQFUHDVHG E\ ELOOLRQ SHU \HDU E\ DQG MREV E\ 3HUKE
EUHDNWKURXJKY DORQH JHQHUDWHG QHW VDYLQJV RI SHU KRXVF

3. Cheap Grid Storage: Significant Opportunity and Unintended Consequences. In the long run,

FKHDS JULG VFDOH HOHFWULFLW\ VWRUDJH FDQ FUHDWH ODUJH HFR
the US. Storage improved power quality and reliability, lowered power prices by allowing more

HIFLHQW GLVSDWFK DQG HQDEOHG PXFK KLWKWHQS\H QR YLD W QREQXLRIGL
otherwise be possible.

In the absence of storage, wholesale prices in regions rich in renewable resources can plummet

when wind or solar energy peaks and supply overwhelms demand. For example, this has already

forced some wind farms in Texas to shut down at night, inhibiting additional deployment. Storage

can alleviate this constraint by charging at times when renewable sources are strongest and

then discharging when other demand is available. When storage and power breakthroughs were
FRPELQHG ZH HVWLPDWHG WKDW VWRUDJHQHUTBDIHGY DIQ FOFG GHW HR Q B (
by 2050.

In the short term, much cheaper storage, absent innovations in wind and solar that reduce their cost

to below coal, could actually drive an increase in coal consumption. Cheaper storage would enable
DOUHDG\ FKHDS FRDO XQLWV WR UXQ DW ®HLMH HEHHQFD W KRXKW GDQ
it during the day — reducing the demand for load-following natural gas capacity and ultimately
UHVXOWLQJ LQ D VOLJKW ,emissianQFUHDVH LQ &2

86 (QHUJ\ —QIRUPDWLRQ $GPLQLVWUDW{WQRRAWHUQDWLRQDO (QHUJ\ 2

10



‘KHQ VWRUDJH EUHDNWKURXJKYV ZHUH PR GINOGIKEF D8 RQHG HQ H F WLRLEE IFW
ZDV PRGHVW DW MREV DQG HPLVVLRQWWNCRUKWOE\LQFUBNRYG B
DORQH FUHDWHG ELOOLRQ LQ DQQXDO HHARKR P L FER HDR R\ XA R XEX
E\ JULG UHOLDELOLW\ VHUYLFHV +RZHYHEBUEPM® KBRELRW GVILRKDSR Z
VLIQL4FDQW LQFUHDVHV LQ ZLQG DQG VRIOQ UFRABDHYIBE ZR Q K NWWHRIU D J |
ZLQG R+VKRUH ZLQG VRODU 39 DQG &63RIWFOIHQBHWB®UBRPLQ RI VW

total generation by 2050.

Il. Speed Matters

4. Delaying Breakthroughs = Delaying Benefits. Breakthroughs in clean energy can provide
HQRUPRXV EHQH4WV WR WKH HFRQRP\ Q DAMICR/Q DIDQ\GH WXL WR EWFKIHUN @
WKH ORQJHU ZH GHOD\ DFKLHYLQJ WKRV MW IEH HEBHNOM K WR/ X2 K W WMKXGIGJI WHRD

In the delay scenario, the same rates of innovation were assumed as in the All Tech Breakthrough
VFHQDULR 3RZHU (9V 6WRUDJH HIFHSW RWK DM HWWEHR MWBPWWE G Lo $

rather than in 2010.

Figure 8.
Delaying Breakthroughs = Delaying Benefits Go gle“

GDP Gains 2010-2050

[l $30/ton Carbon + Breakthrough
B All Tech Breakthrough
Il Delay Breakthrough

B $2.3-3.2 trillion
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-Q RXU PRGHO D PHUH 4YH \HDU GHOD\ LQ VWDUWLQJ DJJUHVVLYH F
HFRQRP\ DQ DJJUHJDWH WULOOLRQ LQ XQUHDOL]HG *'3 JDLQV
gigatons of potential avoided CO, HPLVVLRQV E\ '"HOD\ %UHDNWKURXJKKYV $0C
and $30/ton Carbon + Breakthrough)

5. Technologies that Innovate Fastest Win. The technologies that become cheaper than coal and oil
fastest will dominate our clean energy future. An “innovation arms race” between clean technologies
ZLOO HQFRXUDJH KHDOWK\ FRPSHWLWLRQ ZKLOH EHQH4WLQJ FRQVXP

11



Figure 9.

Cheap Natural Gas vs. EV Breakthroughs Google
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*DV &1* -Q WKH (9 %UHDNWKRXJK VFHQRBVWRFRPS HWE WA QHEMHFADIRH WV
WR GRPLODQW PDUNHW VKDUH IRU (9V 3+DOVX\DWOBLEQMHE HURD HRY HWK HIDG
00%78 LI (9 EUHDNWKURXJKY GR QRW KD PIQ@WHKLWNKE\PRUNHINL OQ @ R

much harder for EVs to reach scale.

lll. Policy and Innovation Can Enhance Each Other

6. Smart Energy Policies and Breakthroughs are Mutually Beneficial. Breakthroughs in clean

energy technology can reduce the cost associated with implementing policies such as Clean Energy

Standards (CES) or carbon prices — growing the economy while de-carbonizing our energy use.

BROLFLHVY FDQ DOVR DPSOLI\ WKH HFRQ EMICRH AHVF XRU LEA\H D IP\E KSIRROXXA KW |
PDUNHWY GLVLQFHQWLYL]JLQJ WKH KLJKHYWYHLWYW MKIHWHFEK\Q RO RIH- G

energy, leading to increased adoption.
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Figure 10.

$30/ton CO, + All Tech Breakthrough vs. BAU Google
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When the $30/ton carbon price on the power sector scenario was modeled on its own (with revenues
UHWXUQHG WR FRQVXPHUV WKURXJK D SHU\DR@QDXD QQFRPIY GV MREXW R E
QXPEHUV ZHUH ELOOLRQ DQG UHVEMVFURQIY @BURRBEBEB B EA* HP&R(
energy bills increased $152 per household by 2030 in this scenario. But, when combined with All

THFK %UHDNWKURXJKYV *'3 JURZWK LQFUMRVYZMEK WR ELO OAKLD HMREL
GHFUHDVHG YV %$8 &RQVXPHUV QRZ VDYKHQ FREBEHUXKRXVHKROG Z
with breakthroughs.

‘KHQ &OHDQ 3ROLF\ ZDV PRGHOHG RQ LWV REAQ ZLWE® XWOEU 8l DMMEKN R E
JURZWK ZHUH SRVLWLYH DW ELOOLRQD@KE D F K L HYH QS HF W L YHHGE\X ZW
HPLVVLRQV :KHQ FRPELQHG ZLWK $00 7HFK %QADNDKHERXWRY *'BLUQ®
JURZWK WR ZKLOH HPLVVLRQV GHFWHDHHG DY LYQU VIR WAKG FRI
VFHQDULR ZDV SHU KRXVHKROG

Breakthroughs on their own did not create as much value as when combined with policy. In the All
THFK %UHDNWKURXJK VFHQDULR E\ D Q QXUIHO K*L 3 KDHIUG WKRIEQJ & B A VR 2
ELOOLRQ DQG UHVSHFWLYHO\ XFQ\A. RO KLM YHGHP LVVILHRRV YV

7KH GL*HUHQFHYVY EHWZHHQ $00 7HFK %UHRNWKRRWIEKRWO LP'S DA A L&MKH
GL]FXOW\ UHGXFLQJ FRDO 4UHG JHQHUDW URWKAH WKR XY RROILHW RRSH
marginal cost of coal is so low that existing coal was displaced only when cost breakthroughs were

almost fully realized, which occurred after 2030 for most renewable generation technologies.

On the other hand, policy was a much stronger lever for reducing carbon from coal in the near term

HLWKHU WKURXJK SROOXWLRQ UHJXODWDRKD UPHRYG B WIHG U HRVAHMNHPUH C
WKH FKHDSHU WHFKQRORJLHV SURGXFHGVELARQ@QW RPHBWIYRQHZIRO LERRWY (
*3 WKDQ ZKHQ FRPELQHG ZLWK DJJUHVVLYH LQQRYDWLRQ
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7. Reaching 80% reductions in GHG emissions by 2050 requires multiple solutions based on

the scenarios and technologies we modeled. \We set very optimistic rates of innovation, pushing

technologies hard on cost and performance. Even with aggressive breakthroughs, by 2050 we

DFKLHYHG RQO\ D UHGXFWLRQ LQ *+* HRVVINQ RMR/HYV¥O O 7 HHPKL WOULHRD N
VFHQDULR ZHOO VKRUW RI WKH VWDQGDWUBNAV3R& LQESLUHG UHGXFWLI

+RZHYHU ZH RQO\ PRGHOHG LQQRYDWLRQY W BPKQRPIRVHBVIURXGLKSI ¢
model innovations in many promising sectors, including low-carbon fuels, internal combustion

HQIJLQHV LQGXVWULDO H]JFLHQF\ DGY D QFHH3G EEXLIO0EE 1QQ J PHDQVHHUIIN DRCDQ [
RU DJULFXOWXUDO SUDFWLFHV 6LQFHPRGHUKEYBMKRHYWHI OQ R OHRB L ¥\
UHGXFWLRQ LW LV SRVVLEOH WKDW D PRDWLFRRPSERXBGQVRFKLPIY[HRI L

(QHUJ\ SROLFLHY DORQH DOVR GLG QRWUGBYHWRR QW EMHFW RXMHY KR
FDUERQ SULFLQJ ZDV FRPELQHG ZLWK EUHDHNWWKURXJKY OHBKPWLRRQW
indicates that policy and innovation combined likely increase the potential for reaching climate

mitigation targets.

Figure 11.
2030 GHG Emissions by Scenario Google
g_l;l(égzrglszsolggs by Sector in Modeled Scenarios 0 GDP impact of scenario

0 Emissions reduction
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Breakthroughs Break Breakthroughs
throughs
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Breakthroughs Policy can achieve Policy + breakthroughs
reduce carbon similar levels of has the best overall
while accelerating carbon reduction outcome
growth at higher cost
S5HDFKLQJ UHGXFWLRQV E\ ZLOO EH. GH]PXBK MRUH MWINKHEVVHYM |

and policy than we currently have today. Thus, this analysis supports the need for a multi-pronged
US strategy, combining both aggressive innovation and policy to mitigate climate change while
growing the economy.

8. Coal is Very Hard to Displace on Economics Alone: Coal power is abundant and cheap, especially
IURP ROGHU DQG IXO0O\ GHSUHFLDWHG SPRPD®W VHQBMRW IGRY SO B RMQ

clean energy became cheaper than the marginal cost of coal, which occurred predominately after
2030 even with breakthroughs.

(QYLURQPHQWDO 3URWHFWLRQ $JHQF\ Q@YB@WRIUQMRY 86 *+* (PLVVLR
—~QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWHERKWRHML & GHSRWW &KDQJH



Figure 12.
Generation Cost Tipping Points LCOE Go gle‘

$Mwh . Breakthrough Innovation
110 Avg residential price (106)
90 Avg commercial price (93) Solar PV B Solar CSP Onshor e Nuclear
New Coal Commercial Wind
Existi Roofto p Class 4
xisting Coal + $30/ton CO,
70 Avg industrial price (65)
— New CCGT ($6 gas) I
New CCGT ($4 gas)
50 T Existing CCGT ($6 gas)
Existing CCGT ($4 gas)
30 Existing coal (marginal cost)
10
2020 30 2050 2020 30 2050 2020 30 2050 2020 30 2050
‘H XVHG /&2(V RI 0:K DQG 0:K IRU QHZ DQBWSHFWLYHFRDQ %$8 F
LV KHOG URXJKO\ 5DW XQWLO E\ H[LVR\CLLR 6AMWDQ\GD BI6YH ZBEORUIRD

BWDQGDUGV &(6 DQG (3% UHIJXODWLRQV UK XOWF RIGHFHH & ( 6F RIBOWOWH) 1 Y M
LQ WDQGHP ZLWK GHPDQG ULVLQJ D QHW E\

Figure 13.

2030 US Power Generation Mix by Scenario Google
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Only our breakthrough assumptions for solar PV and geothermal were cheap enough to replace
existing coal by 2030. Thus, none of the breakthrough-only runs reduced 2030 coal generation by
PRUH WKDQ

B3ROLFLHY DORQH DOVR GLG QRW UHGXFH3RXRK\FBBGOGXHAHG ERRDO XOHD
WRQ &DUERQ UHGXFHG FRDO XVH E\ KYVKR0$ 8 PSOHFMZIROGE\LY HQ

aggressive EPA regulations, increasing compliance costs, and driving retirements of existing coal

units. The highest reductions seen were from the $30/ton + Breakthrough scenario, which achieved

QHDUO\ UHGXFWLRQV YV %$8

3RVW EUHDNWKURXJKV LQ JHQHUDWLRQ & WRMIIPHWHRS/ W D G DD QW b I
As clean power reached its lowest price points, displacement of coal accelerated rapidly from 2030 to
%\ $00 7THFK %UHDNWKURXJK UHGXE WK AR D OWABCeREEArough D

VFHQDULR UHGXFHG FRDO XVH E\

9. Cheap natural gas could reduce GHG emissions in the short term but also slow the deployment

of clean energy sources in the long term. Initially, the improved economics of natural gas in

our hypothetical $3/MMBTU price environment led to coal-to-gas switching and made coal plant

retirements more economical. In the long term, when prices were held low, gas out-competed

FDUERQ IUHH HQHUJ\ %\ LQ RXU &K HHOD&H UDWV RIDQINWRIPR J MWR W)DLDI H G
RYHUDOO HPLVVLRQV ZHUH UHGXFHG VOHPKM@AVE\D Q GURRXPRTKIR GGV S\
DYHUDJH RI WKURXJK VZLWFKLQJ WR &QHNFWKILFOQWY DREXE FKKHDIBSH U D
UHGXFHG WKH WRWDO GHSOR\PHQW RI UHQHZDEOHV &&6 DQG QXFOF
DQG YV &OHDQ 3ROLF\ %UHDNWKURXJK

:KHQ FRPELQHG ZLWK EUHDNWKURXJKY WKHDEHGQGH4WVREBKBNS KDR XL
NLFNHG LQ (9V EHFDPH DGYDQWDJHG Y VLIKIHUY KRXFOIKR OGHBGH Q J\ VDR
VDYLQJY 7KH FKHDSHU HOHFWULFLW\ SWKBIOW ¥ U& BWHILY B GF(OH 3% (3D \D
combined sales by 100,000 vehicles per year. By increasing EV penetrations and some breakthrough

ORZ FDUERQ JHQHUDWLRQ &KHDS *DV %UEBMHPUKVRRQKYV UHGXFHG RY

+RZHYHU WKH EUHDNWKURXJK UHQHZDEOHV H¥&BHB G B GQMAD BB H SVEIR &
WHUP *+* UHGXFWLRQV VWUXJJOHG LQ FRPASHINIWKL E Q HD NWK KFKRHQIK \J D
GHSOR\PHQW ZDV UHGXFHG YV $00 7HFK &UHDMVERORKIK B QBD N WE
by 2030.



Figure 14.

Gas Price Impact on US Generation and Emissions Google
Il Renewables [l Nuclear [ Coal
¥ Hydro M Gas
US Power Generation Mix, 2030 US Power Generation Mix, 2030
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Our hypothetical future of cheap gas is clearly optimistic as gas prices are notoriously volatile.

But the advent of abundant and cheap unconventional resources has pushed gas spot-prices to the

ORZ 00%78 UDQJH 7KXV LW LV FULWLAMFNW WKF XD GRINHGE VR G B SWKHV LPR
on the energy system.

Conclusion
Energy innovation is a powerful tool capable of simultaneously addressing society’s goals of
economic growth, enhanced energy security, environmental health, and de-carbonization.

7KLV SURMHFW V DQDO\VLV VXJIJHVWYV WHKDW VEH HROQRXRIROHNMN ¥ ROQOF0 P i
LPSURYH WKH TXDOLW\ RI RXU OLYHV 6RFHXH WXIHWD E HQHANVD VF R XIOW
from oil to electric transportation. Others, like lower-cost clean generation technologies, are long-
term investments which begin paying enormous dividends around 2030, increasing through 2050.

*HWWLQJ WKHUH ZLOO WDNH WKH ULJKRW FIXVREVDH -G @&/ IQCHVE RQDR) LI PE
innovation by public and private institutions, and the increased mobilization of the private sector’s
entrepreneurial energies.

7KH EHQH4WY DUH FOHDU VR OHW V JR
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Appendix A

About

Google's Energy Initiatives: Google supports the development and deployment of clean energy

through a variety of initiatives. Our commitment starts with our operations. We went carbon neutral

in 2007. We have installed the largest corporate electric vehicle charging infrastructure in the

FRXQWU\ GHYHORSHG VRPH RI WKH PRVW HRBHIGHRDQW GG VEX\FBIQ®/ XV W UG
energy whenever possible, including long-term power purchase agreements for over 200 MW of

wind energy generation. Our investments in the clean energy sector total more than $780 million

LQ ODUJH VFDOH UHQHZDEOH HQHUJ\ SURMRMHNFK YRBO ROV D QGGRIYHID
venture-backed technology start-ups. For more information, visit google.com/green.

Limitations of this Analysis: We conducted this analysis to evaluate — at a basic economic level
WKH EHQH4WV RI EUHDNWKURXJKYV LQ FOHDQ HQHUJ\ WHFKQRORJ\

This analysis does not represent a comprehensive assessment of energy technology or of technology

EURDGO\ )RU H[DPSOH ZH GLG QRW PRGHOVEUH®QNAV KLLLRGOIKW WIQD BXH [F

VPDUW JULG RU ELRIXHOV :H DOVR GEF® @RI HNVQHH HWHHFWSL QO RYHD N
HJ WKH FRPELQDWLRQ RI 4EHU RSWLFRQIDQ® MWVKHGHRVBIQGHWH BEBER

can multiply wealth creation from a given technology. Lastly, we did not quantify potential positive

externalities — such as reduced health care costs from avoided pollution. This was a function of

our own time constraints and not of the merits of those questions. Thus, while our breakthrough

VFHQDULRV ZHUH LQKHUHQWO\ RSWLP L VA¥FIDR VR U XKREHFOKWWR B B WD \WW

of clean energy innovation.

Since predicting the probability, timing and magnitude of breakthroughs is likely to be impossible,

we assumed breakthroughs as fact and modeled their impact. We did not examine the likelihood of
breakthroughs occurring, the exact improvements required to achieve our modeled breakthrough

OHYHOV WKH PRVW HeHFWLYH SROLF\ WURIYBEKLRIYLQQ@ RWKHWLR B U MIXNV
or which technologies should be prioritized over others. These are critical questions which demand

their own investigation.

8SRQ WKH SURMHFW V FRPSOHWLRQ ZH ZOIQRWRNERPSY GEMG @ WH Q 8 W/
wanted to share our analysis and the associated data (google.org/energyinnovation), in the hope
that it encourages further discussion and debate about these important issues.
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Appendix B

Scenario Descriptions

1. Business As Usual (BAU): %$8 XVHV WKH SURMHFWHG WHFKQRORJ\ FRVWV JI
GHPDQG DQG OHDUQLQJ UDWHV Rl WHFK@RBBJILHQIRWBHWQRG §6 MKQ
$QQXDO (QHUJ\ 2XWORRN —-Q VRPH FDYH\W QMUXRRB(DVSWURGBVYV 29 U&S$D
WR EHWWHU UH5HFW WKH PDUNHW 3ROLMWLQDPHZRW N VD DIBUIHH BHOGC
H[SLULQJ RQ WKHLU FXUUHQW VFKHGXOHWPRWHHEB® S\IKHD W MV BV F X® B (
would not continue after that date. BAU operates as our control scenario in this exercise.

2. Clean Power Breakthrough: ODMRU FOHDQ HQHUJ\ WHFKQRORJLHVY WKDW DUF
readiness, have substantial resource bases, or are being pursued aggressively by industry were

PRGHOHG -QFOXGHG ZHUH QXFOHDU VRE®DWD 3 9% 63W RQMKRDE G QBRRW
JHRWKHUPDO LQFOXGLQJ (QKDQFHG *HRWKHDRBOUHWWRPW &PJERQ G
and Sequestration (CCS). In each case, we selected an extremely aggressive CAPEX, OPEX, LCOE and
SHUIRUPDQFH WDUJHW GH4QHG DV WKH EUHDNWYH R)XIWHWDHUH D/GIGV
own aspirational estimates of each technology’s potential, informed by technical cost models and

industry experts. State and federal policies remained the same as BAU.

3. Storage Breakthrough: Two basic types of breakthroughs in grid storage were modeled: short-

duration storage capable of discharging loads for less than 1 hour; and larger-scale storage capable

RI GLVFKDUJLQJ IRU RYHU KRXU :H WKHW®QHRRIGRRIOWW RAXTHI H X V L YUHHVINX
5HIXODWLRQ /IRDG )ROORZLQJ 3UL FHiI 9 U B HW WD IL.@AQ *&JD SDFH WL
State and federal policies remained the same as BAU.

4. EV Breakthrough: Cost factors were driven by total cost of ownership (TCO), energy density,

F\FOH OLIH DQG WRWDO XQLW FRVWRR BDWHK HRJO WV EH B WQRIQR HM V- RED !
and EV technologies were assessed. Vehicle adoption was driven by a consumer choice model that

ZDV WULJJHUHG E\ 7&2 DQG YHKLFOH UDQSHHVYH®RRBOMMWIUWIORtD ¥ L W K*
conventional internal combustion engine vehicles (ICE). Impacts were modeled for both the light

duty and medium duty vehicle segments. Breakthrough energy densities were not high enough to

displace long-haul heavy trucks, so they were not covered by this model. State and federal policies

remained the same as BAU.

5. All Tech Breakthrough: A combination of the clean power, storage, and EV breakthrough

scenarios. This scenario observes the impacts of simultaneous breakthroughs, the convergence

HeHFW RI FKHDSHU VWRUDJH DQG UHQHZDB\KHM X3\K MF HQB K LRIVW RB @&\
SHUIRUPDQFH OHYHOV RI WHFKQRORJLHY ®HUHDDGIRXYWH BV $00UH WWNKDHV

6. Clean Policy: The Clean Policy scenario modeled a collection of existing and proposed federal
PDQGDWHY UHJXODWLRQV DQG LQFHQWLYHYH WYX H PRGHOH G H DVANDY H
comprehensive policy such as an economy-wide cap-and-trade program. We modeled the Clean

Policy scenario to explore the potential impact of non-carbon based policies on CO, emissions and

WKH HFRQRP\ -W LQFOXGHV D QDWLRQD®&\W(6 RQDWERQDD Q6 RI

E\ DQG E\ URXJKO\ FDSWXUH FRILWRMDSRWOIQWLDH) H[WH
Investment and Production Tax Credits through 2030 capped at $10 billion annually along with loan
JXDUDQWHHY IRU DOO WHFKV FDSLWD®WUBE® DQFUHBNVGIGLRQ &KW WD
WR \HDU WKHUHDIWHU IRU /'9V D@&EHIHRDO Y:HEXLUHEDYWEG RIQUV\
(3$ UHIXODWLRQV DORQJ ZLWK WLIJKWHQL®B KRLIH62D) ELQ H RORQY/W O R [Q P XIAF
DQG +D]DUGRXV $LU 3ROOXWDQW VWDQGOUGN WREBQV SQG B&BHDVE

7. $30/ton Carbon Price: A $30/ton CO, price was implemented on the power sector only and was
VLPLODU WR SURSRVHG WD[ DQG GLYLGHOOQ® N& VWXKFINFRXUKVW B H YIHE® XA
by the federal government, then rebated to taxpayers in proportion to their tax receipt. The $30/ton

price was chosen because it is high enough to push the LCOE of coal above natural gas and thus lead

to coal-gas switching.



8. Clean Policy + All Tech Breakthrough: Combination of Clean Policy and All Tech
Breakthrough scenarios.

9. $30/ton Carbon Price + All Tech Breakthrough: Combination of the All Tech Breakthrough
scenario with a $30/ton carbon price scenario.

10. High Commodities: This scenario explored the impact of rising commodity prices. Since it is
LQFUHGLEO\ GL]FXOW LI QRW LPSRVVLEGBWR HBNWHG IL WWHKGH XKWV SWH F M
SULFHV ZHUH LQFUHDVHG E\

11. High Commodities + All Tech Breakthrough: &RPELQDWLRQ RI WKH +LJK &RPPRGLW
Breakthrough scenarios.

12. Cheap Natural Gas: 1DWXUDO JDV KDV XQGHUJRQH D UHYROXWERWHKE WKH
advent of shale technology. What if innovation in gas technology continues, bringing additional

low-cost resources online? To model gas innovation (and assuming shale gas is not heavily

regulated), gas prices were held at the arbitrarily low level of $3/MMBTU and assumed to have

VX]FLHQW VXSSO\ WR PHHW DOO GHPDQG

13. Cheap Natural Gas + All Tech Breakthrough: & RPELQDWLRQ RI &KHDS 1DWXUDO *DV
to 2030) and the All Tech Breakthrough scenarios.

14. Delay Breakthroughs: The same rates of innovation as “All Tech Breakthrough,” except instead
of starting breakthrough learning curves in 2010, they start in 2015 at the 2015 BAU level.
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Appendix C

Assumptions

Power Generation

Scenario BAU Breakthrough

Technology ‘ 2010 2020 2030 2010 2020 2030 2040 2050
Overnight Capital Cost ($/kW) 4,684 3721 1,800 11,600 1540 |1522
Fuel Cost ($/MMBTU) 2 2 2 2 2 2
Variable &M ($/MWh) 4.5 45 45 4.5 45 4.5
Fixed O&M ($/kW/yr) 47 47 47 47 47 47
Heat Rate if Applicable (BTU/KWh) 10,000 | 8,300 9,000 |6,000 |6000 6,000
Capacity Factor 85% 85% 85% 85% 85% 85%
LCOE ($/MWh) 93 77 53 44 ) 4
Overnight Capital Cost ($/kW) 1,670 11,300 1,000 900 870 861
Fuel Cost ($/MMBTU) 2 2 2 2 2 2
Variable &M ($/MWh) 0.7 0.7 0.7 0.7 0.7 0.7
Fixed O&M ($/kW/yr) 4 4 4 4 4 4
Heat Rate if Applicable (BTU/KWh) 2,500 | 2,500 2500 2500|2500 |2,500
Capacity Factor 85% 85% 85% 85% 85% 85%
Delta LCOE ($/MWh) 28 24 20 18 18 18
Overnight Capital Cost ($/kW) 2,000 1900 |17,800 2000 |1300 |1,000 910 883
Fuel Cost ($/MMBTU) - - - - - - - -
Variable 0&M ($/MWh) - - - - - - - -
Fixed O&M ($/kKW/yr) 31 31 31 31 25 15 10 8
Heat Rate if Applicable (BTU/KWh)
Capacity Factor (class 4) 35% 35% 35% 35% 36% 36% 36% 36%
LCOE ($/MWh) 73 69 66 73 47 35 31 29
Overnight Capital Cost ($/kW) 6,100 |5347 4320 |6100 |1600 |1300 |1210 1,183
Fuel Cost ($/MMBTU) - - - - - - - -
Variable 0&M ($/MWh) - - - - - - - -
Fixed O&M ($/KW/yr) 86 86 86 86 62 56 53 52
Heat Rate if Applicable (BTU/KWh)
Capacity Factor (class 6) 39% 41% 43% 39% 4% 45% 45% 45%
LCOE ($/MWh) 196 166 133 196 60 46 ;3 42
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Scenario BAU Breakthrough

Technology ‘ 2010 2020 2030 2010 2020 2030 2040 2050
Overnight Capital Cost ($/kW) 3,100 2,950 2,876 3,100 800 500 410 383
Fuel Cost ($/MMBTU) - - - - - - - -
Variable 0&M ($/MWh) - - - - - - - -
Fixed O&M ($/kW/yr) 20 20 20 20 15 10 8 7
Heat Rate if Applicable (BTU/KWh)
Capacity Factor (Arizona) 23% 23% 23% 23% 23% 23% 23% 23%
LCOE ($/MWh) 157 150 147 157 45 29 23 22
Overnight Capital Cost ($/kW) 4,000 3,500 3,000 4,000 1,000 700 610 583
Fuel Cost ($/MMBTU) - - - - - - - -
Variable 0&M ($/MWh) - - - - - - - -
Fixed O&M ($/kW/yr) 20 20 20 20 15 10 8 7
Heat Rate if Applicable (BTU/KWh)
Capadity Factor 23% 23% 23% 23% 23% 23% 23% 23%
LCOE ($/MWh) 200 176 152 200 55 38 3 31
Overnight Capital Cost ($/kW) 8,000 6,429 5714 8,000 2,857 2,143 1,929 1,864
Fuel Cost ($/MMBTU) - - - - - - - -
Variable 0&M ($/MWh) - - - - - - - -
Fixed O&M ($/kW/yr) 90 80 80 80 65 45 40 37
Heat Rate if Applicable (BTU/KWh)
Capacity Factor (including effect of storage) | 48% 50% 55% 48% 60% 66% 69% 70%
LCOE ($/MWh) 204 159 130 201 64 ;3 37 35
Overnight Capital Cost ($/kW) 4,500 4,050 3,600 4,500 3,000 2,500 2,350 2,305
Fuel Cost ($/MMBTU) - - - - - - - -
Variable 0&M ($/MWh) - - - - - - - -
Fixed O&M ($/kW/yr) 225 175 135 225 125 75 60 60
Heat Rate if Applicable (BTU/KWh)
Capadity Factor 87% 90% 95% 87% 95% 98% 98% 98%
LCOE ($/MWh) 8 64 52 78 45 33 29 29
Overnight Capital Cost ($/kW) 4,750 4,500 4,300 4,750 2,300 1,700 1,520 1,466
Additional Capital Costs (over-runs, etc.) 15% 10% 5% 15% 0% 0% 0% 0%
Variable 0&M Including Fuel ($/MWh) 10 10 10 10 10 10 10 10
Fixed O&M ($/kW/yr) 90 90 90 90 90 90 90 90
Heat Rate if Applicable (BTU/KWh)
Capadity Factor 90% 93% 94% 90% 95% 98% 98% 98%
LCOE ($/MWh) 8 70 65 78 43 37 35 34
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Transportation

NGEI
Technology
EV Batteries
Energy Capacity Cost ($/kWh)
Energy Density (Wh/kg)
Max Calendar Lifetime (years)

BEV Car (compact sedan)
— Other Assumptions

Efficiency (miles/kWh)

Range (miles)

Electric Drivetrain Cost ($/vehicle)
Battery Cost ($/vehicle)

Other Costs — body, chasis, labor ($/
vehicle)

Total Capital Cost ($/vehicle)

Maintenance and Repairs
(cents per mile)

Grid Storage

EX
2010

500
100

3.0
100
5408

16,667
13,800

35,874
2.0

2020

300
150
10

35
200
4,058

17,143
13,800

35,001

2030

250
200
10

4.0
300
3,290

18,750
13,800

35,840
1.8

‘ Breakthrough

2010

500
100
10

3.0
100
5408

16,667
13,800

35,874
20

2020

200
300
10

5.0
200
4,058

8,000
13,800

25,858
1.9

2030

100
400
20

6.0
300
3,290

5,000
13,800

22,090

2040

80
450
20

6.5
350
2,667

4,308
13,800

20,775
1.7

2050

70
500
25

7.0
400
2,162

4,000
13,800

19,962

Scenario

Technology

Grid Storage — Short Timescale

(<Thr)

2010 Based on Today's Li ion | Battery Cost ($/kWh)
Min Charge Time (hr)
Round-Trip Efficiency

Cycle Lifetime @ 80% DoD (cycles)
Max Calendar Lifetime (years)

Grid Storage — Long Timescale

(>1hr)

2010 Based on Today's Li ion | Energy Capacity Cost ($/kWh)
Min Charge Time (hr)
Round-Trip Efficiency
(ycle Lifetime @ 80% DoD (cycles)
Max Calendar Lifetime (years)

23

2010

85%
3,000
10

500
7.0
80%
2,000
15

2020

400
1.0
90%
3,500

400
7.0
80%
2,500

2030

93%
4,000

300
7.0
80%
3,000

Breakthrough

2010

500
1.0
85%
3,000

500
7.0
80%
2,000
15

2020

100
0.5
94%
10,000

100
5.0
85%
10,000
20

2030

50

0.1
95%
20,000
20

50

3.0
90%
20,000
25

2040

35

0.1
95%
40,000
20

35

0.1
95%
40,000
20

2050

30

0.1
95%
80,000
20

30

0.1
95%
80,000
20



Clean Energy Policy

BAU ‘ Clean Policy ‘ $30/ton Carbon
NEAVASICASANAR EIA AEO + existing state | More aggressive CES, EE, CAFE, Same as BAU

and federal policies incentives and regulation
1R IHGHUDO &(6 HJW\RD@D & (6 E\ | Same as BAU
VWDWH 536 RQO\ E\ HOLJLEOH VRXUFHV

are renewables, CCS, and new
nuclear; no exemptions

(JFLHQF\ Existing national IDWLRQDO ((56 E\
mandates, standards E\ a RI FDSWXUH
DQG VWDWH ((56 potential)
(@EET g [NalVE Existing PTC, ITC expire | Extend PTC and ITC through Same as BAU

on authorized timelines | 2030 capped at $10B annually,
loan guarantee for all clean techs
capitalized with $15B

Transportation E=XNill-J@ NS &$)( \U LPSURY HPB&nWw at BRP
BURSRVHG 1+76% UXOH \U 7KHUHDIWHU
PSJ IRU SDVMROQJHIWV &$)( \U LQ
vehicles” (cars and \U DIWHU

light trucks combined) JRU 0'9V +'9V SURSRVHG IXHO
IRU PRGHO \HDU H]FLHQF\ UXOHV LQ

no improvements \U DIWHU

thereafter

Coal Plant Announced retirements | 55GW by 2020, strict EPA Same as BAU

S RVARENERREN + uneconomic coal regulations includes tightening

plants given existing 62[ 12 FDSV 0%$&7 +$3V

regulations (~20 GW of WUDQVSRUW UXOH E FRROLQJ
retirements) WRZHUV DQG &&5 DVK GLVSRVDO

Carbon Price 1RQH 1RQH $30/ton CO,,

power sector

RQO\ 5HYHQXHYV
distributed to

states based on
proportional tax

receipts



Glossary
AEQ - US Energy Information Administration’s Annual Energy Outlook 2011.

BEV - Battery Electric Vehicle. A type of electric vehicle that uses entirely electric propulsion, with
energy stored onboard in battery packs.

Breakeven - The crossover point at which one technology becomes cheaper than another.

Breakthrough - In this study, breakthrough is used to represent a highly aggressive cost/
performance level. Practically, it does not represent a single technical innovation but rather
UHSUHVHQWY WKH VXP RI PXOWLSOH PDMBRIDGYDQFHYV LQ D JLYHQ WE

Business As Usual - Continuation of status quo (policy and technology).

CAFE Standards - Corporate Average Fuel Economy Standards. Federal regulations that set

EDVHOLQH PLQLPXP DYHUDJH 5HHW H]JFLHQF\ IRU PLOHYVY SHU JDOORQ
6WDWHV +LVWRULFDOO\ &$)( VWDQGDUGY KDYH DSSOLHG WR FDUV C
standards will begin to expand to other vehicles. Current standards (2011) require cars to achieve at

OHDVW PSJ DQG OLIJKW WUXFNV WR DFKLHYH DW OHDVW PSJ

CAPEX &DSLWDO ([SHQVH ([SHQGLWXUHV WK KW XOUH EGHMLAG W G2\WRXSWR
EXVLQHVVHY VSHQG PRQH\ WR EX\ 4[HG DY @8 WV \RHUWD/G\E KYDD/D X H O/DR KHD[
extends beyond a taxable year.

Cap and Trade - Cap-and-Trade is a policy mechanism for emissions management, which sets a
mandatory cap on emissions and creates tradable emissions credits which emitters can purchase
or sell as needed to comply with the cap.

CCS - Carbon Capture and Sequestration, a process by which CO, emissions are captured and then
VHTXHVWUDWHG -Q WKLV VWXG\ &&6 WHUDW IVRR) &&6 IRU FRDO 4UHG

Clean Energy Standard )HGHUDO PDQGDWH IRU RI DOO JHQHUMDWLRQ E\
renewable sources, new nuclear generation, and carbon capture sequestration.

CNG &RPSUHVVHG 1DWXUDO *DV YHKLFOHV VOHEVW OW X WWHK DRW XMH/ B O (
fuel in conventional internal combustion engines.

CO, &DUERQ 'LRI[lsaigre&nhouse gas that traps heat from solar radiation in the Earth's
atmosphere.

CSP - Concentrated Solar Power, also known as Concentrated Solar Thermal (CST). Systems that use

mirrors or lenses to concentrate a large area of sunlight onto a small receiver. Electrical power is
SURGXFHG ZKHQ WKH FRQFHQWUDWHG VRGD USHRBXFL KB D/WAH D PZ R K/ INFLK
a turbine that generates electricity.

Emissions Regulation S5HTXLUHPHQWY WKDW VHW VSHFL4F OD@WWWWMBR W KB Q@
released into the environment. In the United States these standards are set by the Environmental
Protection Agency (EPA).

Energy Efficiency Resource Standard - A state (and potential federal) requirement that utilities meet
D PDQGDWHG SRUWLRQ RI ORDG ZLWK H]JFLHQF\ UDWKHU WKDQ JHQHUL

Energy Storage - Storage from devices or natural processes of some form of energy to perform
useful tasks at a later time.

GDP *URVV 'RPHVWLF 3URGXFW 5HIHUV WR WKRPGW DKW YBOXHFHVD®U
ZLWKLQ D QDWLRQ RYHU D JLYHQ SHULRG IFADWMWRH RT'® DW IDRDBDOPRW OL.Q,

Geothermal - The use of the earth’s natural heat to produce heat and power. Two primary
JHRWKHUPDO UHVRXUFHYV ZHUH LQFOXG H GWKHWHKILW XVMDXO®\ RFFXRW K@
limited geothermal systems like hot springs; and the potentially much more abundant Enhanced
*HRWKHUPDO 6\VWHPV (*6 LQ ZKLFK JHRWXHLCFDO BHWMBWHRE. UV DUH L
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Gigaton - One Billion Metric Tons.

HDV +HDY\ 'XW\ 9HKLFOH $ YHKLFOH WKDW ZKHIXRSRURWHG KBORXD GV
or greater.

HEV +\EULG (OHFWULF 9HKLFOH $ YHKLFGCH R/SODQW ER @ BML\Q'MAH P (Z IHVD K D
combustion engine (ICE).

High Commodity Prices - The sustained increase in price of commodities such as oil, metals, and
RWKHU QDWXUDO UHVRXUFHV -Q RXU +LJKL&RPPFRGIHV\ BH U I IXHLARG FRH
AEO estimates to 2030.

Household Energy Consumption - The amount of energy consumed annually by the average
American household including heating fuels (natural gas, oil, wood, etc.), transportation (gasoline,
diesel, etc.), and electricity.

ICE - Internal Combustion Engine.
Investment Tax Credit $Q LQYHVWPHQW WD[ FUHGLW HTXDO GWRY HOR B PHRUR M
IPCC - Intergovernmental Panel on Climate Change.

Jobs -RE QXPEHUV UHS5HFW QHW QHZ IXOO YGIP®IJSERRMW W IGRQ\H FWHDOGH G¢
employment.

kWh/kg - Energy to Weight ratio used as a common measure of energy density in storage
technologies.

LCOE - Levelized Cost of Electricity, sometimes called the fully burdened cost of power. LCOE
LQFRUSRUDWHY WKH FRVWY RI D JHQH WREBEWUDQV LREKL O4WD QF B HY R G RBHTF
transmission over its operating lifetime. LCOE in this model is the $/MWh price an operator can

VHOO SRZHU DW DQG UHPDLQ 1HW 3UHVHQW 9DOXH SRVLWLYH

LDV /LIJKW 'XW\ 9HKLFOH $ 86 FODV VL 4RDW¥NRQWRDWVKDXFNVRIDOORRE
RI OHVV WKDQ SRXQGV

Loan Guarantee - A loan guarantee is a government promise to assume private debt obligations
if the private enterprise defaults. These guarantees are typically used by governments to correct
PDUNHW IDLOXUHYV RU VWLPXODWH LQY H/IWFHDMWR QQ K LI WHHIUBIVWW SUR

MACT/HAP OD[LPXP $FKLHYDEOH &RQWURO 7THFKQRORNDDRYGVW I DGO R XKW

Marginal Cost - Change in the total cost that arises when the quantity produced changes by one
unit. The cost of producing one more unit of a good.

MDV OHGLXP 'XW\ 9HKLFOH $ YHKLFOH WKDW ZKH QKRS WKDWHIGV KIDAM D W\
SRXQGV EXW OHVV WKDQ RU HTXDO WR SRXQGV

Megawatt - A unit of power that measures the rate of energy conversation. A megawatt is equal
WR RQH PLOOLRQ ZDWWV $ ZDWW LV GH4QHG DV RQH MRXOH SHU VHF

Nuclear 1XFOHDU SRZHU LV WKH VXVWDLQHG X\DHWRII KHO-\® HZIXW HR/ V. VRV KW
FRQYHUWHG WR HOHFWULFLW\ —-Q WHKIMVVRXRWU QXFIORHD S WRHAHVV RAORS |
achieving breakthrough cost/performance levels.

OPEX 2SHUDWLQJ ([SHQVH 5HIHUV WR WKH BRQRBXFWF EXWLIRHVYXRQ L\D

Other Renewables - This grouping includes hydrothermal geothermal, EGS, biomass, biomass
FR 4ULQJ DQG ZDVWH WR HQHUJ\

PHEV 30XJ -Q +\EULG 9HKLFOH $ K\EULG WHIK.IHARO W KADK/D \FW DVQK BNV UXH/FHKD E
connecting to an external electrical source, in combination with an internal combustion engine (ICE).

Production Tax Credit - Tax credit that incentivizes the production of renewable energy. Qualifying
UHQHZDEOH HQHUJ\ VRXUFHV DUH HOLJMEW KK RXKU P UH GIHQY WREHW KNH. @ B
the facility's operation.



Solar PV - Solar Photovoltaic. A method of generating electrical power by converting solar radiation

LOQWR GLUHFW FXUUHQW WKURXJK WKH SWKRW RWRXOGKDUIF I HUHFW R 6IR@\DWI
RU FRQYHUVLRQ V\VWHP H J SKRWRFKHRKEDQO4 PR QHRWVFU FRCOD/HOH AR
the assumed breakthrough cost/performance levels.

TCO 7RWDO &RVW RI 2ZQHUVKLS 7&2 LV D LAAPDNH\L DACR MADVDL © D MA MY MPKHD ¢
indirect cost of a product or system to consumers.

Vehicle Range - The distance that can be traveled by a vehicle on either a full tank of fuel or a single
battery charge.

Wind Energy - The use of devices (typically mechanical turbines) based on land and at sea to
convert the wind's energy into electricity. Wind in this study refers to any method of converting
wind to electricity (e.g., conventional turbines, high-altitude kites, aerial turbines, etc.) capable of
achieving the breakthrough cost/performance level.

27



O lew © 2011 Google Inc. All rights reserved. Google and the Google logo are trademarks of Google Inc. All other company and product
names may be trademarks of the respective companies with which they are associated.

B



