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Abstract

The global climate problem becomes tractable itk €@@issions from coal use are
phased out rapidly and emissions from unconventimsail fuels (e.g., oil shale and tar
sands) are prohibited. This paper outlines teclgyotiptions for phasing out coal
emissions in the United States by ~2030. We focusoahfor physical and practical
reasons, and on the U.S. because it is most regpofer accumulated fossil fuel G@n
the atmosphere today, specifically targeting ele@tyrproduction, which is the primary
use of coal. While we recognize that coal emissionst be phased out globally, we
believe U.S. leadership is essential.

A major challenge for reducing U.S. emissions & ttoal provides the largest
proportion of base load power, i.e., power satigfyninimum electricity demand.
Because this demand is relatively constant andl@sah high carbon intensity, utility
carbon emissions are largely due to coal. The nukyeS. electric grid incorporates little
renewable power, most of which is not base loadgrottowever, this can readily be
changed within the next-3 decades. Eliminating coal emissions also requingsoved
efficiency, a “smart grid”, additional energy stgea and advanced nuclear power. Any
further coal usage must be accompanied by carbmureaand storage (CCS).

We suggest that near-term emphasis should be @reaffy measures and
substitution of coal-fired power by renewables #ndi-generation nuclear plants, since
these technologies have been successfully demtetsatithe relevant (commercial)
scale. Beyond 2030, these measures can be suppéshimnCCS at power plants and, as
needed, successfully demonstrated breeder reactors.

We conclude that U.S. coal emissions could be mhaseby 2030 using existing
technologies or ones that could be commerciallypatitive with coal within about a
decade. Elimination of fossil fuel subsidies arglibstantial rising price on carbon
emissions are the root requirements for a clearsseoms-free future.



1. Introduction: The requirement to eliminate coal emissions

A startling requirement has emerged from climatersce research in the past few
years: The “safe” long-term level of atmospherieagthouse gases (GHGS) is much
lower than has been supposed. Indeed, the prasenind of atmospheric CQs already
into the dangerous zone. We must reduce atmospBé€xicalready at 387 ppm in 2009,
to no more than 350 pprt)( This requirement derives from improved underdiag of
Earth’s climate history and observations of ongaihgnges, such as world-wide
recession of mountain glaciers, loss of Arctic isea Greenland and Antarctic ice mass
loss, expansion of the sub-tropics, rising seal laral deterioration of coral reefs.

Implications of the low C@ceiling for coal follow immediately from examinati of
the fossil fuel reserves of oil, gas and coal (5if);1, 2. Readily available reserves of
oil and gas are sufficient to take atmospherig @Cat least 400 ppm. Oil and gas are
such convenient fuels, and the world has develgpet a strong dependence on them,
that it is very likely that the large readily a\adile pools of these fuels will be exploited.
The only practical way to preserve a planet resgmghhat of the Holocene, with
reasonably stable shorelines and preservationemlieg is to rapidly phase out coal
emissions and prohibit emissions from unconventitssil fuels such as oil shale and
tar sands.

Requirements of phasing out coal emissions, angegimissions and/or use of
unconventional fossil fuels, and avoiding the neeextract final drops of oil from the
most extreme places on the planet, together hamegspolicy implications. Although
policy details are beyond the scope of this pabercore requirement is for governments
to make fossil fuels more expensive than cleanggnaiternatives, i.e., to stop allowing
cost externalization of major damage to the envirent, human health, etc. A first step
is to remove fossil fuel subsidies. In additiorerhneeds to be a substantial rising fee on
carbon emissions, so as to generate innovatioakamative energy and energy
efficiency technologies.

We also suggest that a carbon “fee-and-dividengt@ach would be best, wherein
the dividend is returned fully to the public, seythave the wherewithal to invest in new
carbon-free technologies and energy efficiency d&tailed arguments s8g¢4). The
dividend can be computed by simply dividing thekabllected fee (fossil fuel carbon
times the carbon price) by the number of recipientsch may, e.g., be the number of
legal adult residents with half-shares for childngp to two per family3, 4). With such a
dividend, people doing better than average in riedutheir carbon footprints will make
money. The fee-and-dividend approach can be impiedeglobally as well4). Under
this rational approach, amplifying socioeconomeedigacks can take hold and help move
the world rapidly beyond the fossil fuel era intolean energy future.



2. Building sector energy reductions and energy conservation
2.1 Building sector energy reductions

Energy reduction strategies and material, equipnae efficiency improvements in
buildings hold great potential for offsetting GH@issions in the near and long term,
both in the U.S.5) and globally §). Numerous studies (e.®.,, 7) have shown that these
measures can provide net economic gains per toarbbn emissions reduced. Improved
efficiency is generally defined by the ability to thore with less, i.e., to reduce energy
consumption while maintaining or improving servigesvided by the energy. Given our
focus on near-term reduction of emissions from bo@hing, we are primarily concerned
with available, off-the-shelf building energy retioa and efficiency improvements
related to electricity use, as that is the primasg of coal.

According to the Energy Information Administrati@lA), in the U.S.,
approximately 93% of coal usage in 2008 was foctatepower generation, with
virtually all the remainder used in industrial pesses). Conversely, as of 2008, coal
burning generated almost half (49%) of all U.Scele power (which totaled
approximately 4100 TWh, or 15 EJ, of energy), witttural gas contributing another
21% (Table 1). Most of the remainder is provideddyy-carbon sources, primarily
nuclear and hydroelectric plants. Overall, eleitiriconsumption accounts for about 40%
of U.S. CQ emissions, and almost 75% of electricity genenasoused for building
operations9). Building operations represent by far the largestion of energy use in
the life cycle of buildings10).

The latest EIA energy "reference case" projectsdbal-fired electric power in the
U.S. will increase by about 20% or 400 TWh (1.4 BXween 2007 and 20301), and
that residential and commercial buildings will agebfor most of this increase.
Regardless of whether or not the EIA reference massalistic, mitigating anthropogenic
climate change requires that high priority be git@neducing electricity consumption
and increasing the efficiency of electricity usa improvements in the building sector.

Numerous measures that are currently deployablédnaiow significant
improvements in building energy consumptiéni2, 13). In the commercial and
residential sectors, these include appropriatenit@nand design strategies, improved
material and building envelope design and insutatmore efficient lighting, equipment
and appliances; site and community-scale renewaldegy technologies; and recovery
and recycling of fluorinated gases used in refagen. In the industrial sector, currently
available efficiency improvement measures includearefficient end-use electrical
equipment and heat/power recovery.

Large-scale implementation of these strategiesigened mainly by a lack of
appropriate education, policies and market incestiin broad terms, suitable policy
measures would include adoption of more rigorowesgyncodes and standards for
buildings and electrical appliances, improved pssienal design education, and
increased investment in building energy reducti@asures and incentives. Such
measures have already been proven to be veryigéeotreducing electricity
consumption on a statewide scale in Califordid),(as well as many other areas.

Development and implementation of new building sobdetween 2010 and 2030 that
satisfy the "2030 Challenge" would greatly redugéding sector GHG emissioni¥).



A key market incentive should be the decouplingtdity profits from the sale of
electricity (thereby decreasing GHG emissions) pnodiding a financial incentive for
energy reduction and efficiency improvements. Addl suggestions are outlined by
Mazria & Kershner16), who assert that the building sector to becormgelst or entirely
carbon-neutral by 2030, thereby potentially leadmgery large reductions in coal
emissions (Fig. 1). Measures that would allow digant energy reduction and efficiency
improvements, and are available today, include @poeitnot limited to) the items listed in
Table S1.

2.2. Energy Conservation

It is self-evident that in addition to improvemeirtenergy efficiency, energy
conservation — defined simply as lowered absolatesemption of energy — can also
provide substantial reductions in GHG emissionmfamal (as well as the other fossil
fuels). Incentives such as tax credits, energyiefit mortgages and block grants can be
provided to developers and state and local goventsneho facilitate and build transit
and pedestrian-oriented developments, and infikeohuse and location efficient
housing. Lifestyle consumption changes can alsengeuraged by demand-side
management program$3), as well as the use of household energy infomnatystems,
and building energy labeling, to name a just a fevaddition, household energy
consumption and peak energy demand can be redyaaeeb 30% and 40%
(respectively) via ground-coupled heat punips élthough their economic favorability
depends on the location.

Policies related to carbon emissions pricing at@lyineeded to encourage energy
conservation. Global bottom-up analyses acrossnaitsions-generating human activities
reveal that appropriate carbon pricing would leadubstantial GHG emissions
reductions in all sectors, and the building sempresents by far the greatest potential
source of emissions reductior®.(Furthermore, such analyses show that the hidjeer
carbon price in a given amount of time, the gretiterGHG emissions reductions.



3. Renewable energy sour ces
3.1 Geothermal power

Geothermal power is derived from naturally occugrineat energy in the Earth’s
crust. One of its greatest benefits is provisiobade load power, thus it can directly
displace coal-fired power. There are currentlyéhmeain types of conventional
geothermal power plants in use in the wofld){( dry (or direct) steam plants, flash steam
plants, and binary-cycle plants. All three typesegally produce far lower life-cycle
GHG emissions than coal power (Fig. 2). Howevelissions of lithospheric C£from
direct steam and flash steam plants can be sulatakithough such emissions vary
widely and depend on the nature of the particutatigermal field, on average they are
much lower than C®emissions from fossil fuel plants (Fig.18, 19), and they are
nonexistent in binary-cycle plantgQ). In addition, geothermal power causes relatively
few other environmental problems; properly managfeelresource base lasts the life of
the plant; and the most common types of plantscoarently generate electricity at
competitive costss).

Currently the U.S. has about 3 GW of installed geohal power capacity (Fig. S2),
and an additional 6.4 GW is under developm@2d}.(In 2008 this provided 15 TWh/yr
(0.05 EJ/yr), accounting for approximately 4% dbtaenewable electricity production,
and thus less than 0.4% of total electricity praadun; and 0.7% of electricity production
from coal (Table 1).

However, the national geothermal resource baserislarge. All current plants use
hydrothermal resources, i.e., naturally occurringfhuids (liquid water or steam)
contained in rocks with relatively high permealiliThese plants typically operate at a
capacity factor (ratio of average power outputaied power output) of greater than 90%
(5). Geothermal resources of the U.S. are concedtratidhe west (Fig. 3a). A recent
analysis by the U.S. Geological Survey (USGS) estid1a mean national hydrothermal
electric power potential of about 9 GW (providing "Wh/yr or 0.3 EJ/yr) in identified
resources and an additional 30 GW in unexploreouregs 22). However, there is a
large uncertainty in these estimatethey range from 4 to 16 GW for identified sources
and 8 to 73 GW for undiscovered resources.

An additional type of geothermal power, known aagrted geothermal systems
(EGS), has the potential to vastly expand the geothl resource base (Fig. 32-24).
EGS involves the use of hydrofracturing to add watel permeability to underground
regions that lack either water or permeabilitylfoth) but have high temperatures. Major
technological barriers include site selection amgireering of sustainably large fluid
reservoirs that avoid water loss and short-ciragithetween injection and production
wells. The potential for fracturing to induce miseismicity is also a concern, although
there has been little or no damage to EGS proggdiseir surrounding communitie25).
Thus far the highest achieved continuous water flae at an experimental EGS site has
been 25 kg/s23), but a reasonable goal is to obtain a rate Ko at 200C.
Economically, although capital costs of geotherpmler are currently competitive with
fossil fuels £6), there are substantial costs and risks assoardthdexploration, drilling,
and plant development. Because depths of 3 to 1@rkmequired to reach sufficient
temperatures, drilling costs are especially impurtantil recently, there was limited



federal funding for EGS projects; however, the Oadadministration has announced that
$80 million from the American Reinvestment and Rexy Act would support the
research and development of EGQ3)(

EGS is attractive despite the high risks and texdimhallenges, for two main
reasons: the resource potential is enormous; ar@l fit&hts would provide base load
power that could directly displace coal-fired pkars with hydrothermal resources, the
USGS estimates of the EGS resource span a wide:rdag to 728 GW, with a mean of
518 GW @2). This mean value translates to about 4000 TWtv'W4 EJ/yr, which is
equivalent to almost all current U.S. electricigngration and 70% more than projected
total coal-fired generation in 2030 in the EIA mefece casel(l). A 2006 Department of
Energy (DOE)-sponsored study estimated that thenpiad economically viable EGS
power supply by mid-century could be 100 GR¥)( A subsequent DOE review did not
dispute this potential but indicated that signifitadvancements must be made in drilling
and reservoir production/maintenance to achievaaoa viability 23). A separate
study by the American Solar Energy Sociégiydoncluded that there is potential for 50
GW (about 400 TWh/yr or 1.4 EJ/yr) of geothermalvpo by 2030 without relying on
deep EGS resources.

In summary, geothermal power has the potentiaffsebsignificant U.S. demand for
coal-fired power in the near term and a very ldayg-term potential, and thus it can
make an important contribution to carbon emissiedsictions. And because of the
extremely large resource potential of EGS, an aggyre research and development
(R&D) effort to develop EGS resources is warrardedpite the considerable
technological risks and challenges. Similar corolus apply to the global scale as well.
By some estimates (e.®), the world’s geothermal resource base is 5000rE3475,000
GW), which is about 10 times greater than curretal tannual energy use worldwide.



3.2Biomass power

Electricity is produced in biomass-fired power pamm three basic ways: by direct
combustion, by co-firing with a fossil fuel (usuatioal), or by integrated gasification
combined cycle (IGCC), which involves gasificataa pyrolysis followed by
combustion of the gas. Typical biomass sourceglardg matter, agricultural crop
residues (e.g., corn stover), and urban or indalstrastes (e.g., pulp from paper mills,
municipal solid waste, and landfill gas). Along lwdeothermal energy, bioenergy is the
only non-hydro renewable energy source that caergéa reliable base load power and
thereby potentially allow direct displacement o&ldf used properly and with careful
accounting of full life-cycle impacts, bioenergyndae a low-carbon source (Fig. 2) or
even carbon-negative, i.e., a net carbon 28k (

Biomass power capacity in the U.S. is currentlyudd® GW (78 TWh/yr or 0.3
EJ/yr) (Fig. S2). In 2008 it provided approximatély% of total electric power
generation, 15% of renewable power generation 38af coal-fired power generation
(Table 1). Wood and wood-derived fuels compriseual283 of the supply and urban
waste and agricultural byproducts comprise abdibithe supply&). Unlike other
renewable resources, the major costs of biomassmpane associated with the resource
itself (5). These include vegetation planting and managerhantesting and collection;
and transportation of biomass products to powertplaCapital costs and resulting
electricity costs can currently be competitive wihksil fuels 6, 26). Typical operating
efficiency for biomass power plants ranges from Z06#@irect combustion plants to
40% for IGCC plants, and biomass power plants qanaie with capacity factors of 90%
(5).

A comprehensive interagency analysis led by DOEK Ridge National Laboratory
suggests that the potential resource base for eiggnn the U.S. is very large — about
1.3 billion tons of biomass by 20289). Of the various sources of biomass in that study,
approximately 70% are from agriculture and 30% ffonestry. Substantial resources are
available in most states, although supplies agekiron the West Coast and the upper
Midwest states (Fig. 4). This resource base coelddpable of generating over 230 GW
(1800 TWh/yr or 6 EJ/yr) of power, of which slightess than half, or 870 TWh/yr,
might be economically viablé&). This amounts to approximately half of curren§U.
coal-fired power generation and could offset farenthan the projected 400 TWh
increase in coal power by 2030 in the EIA refererese {1). Modest carbon prices in
the range of 2535 $/tCQ would likely be needed to keep large-scale biorpasger
economically competitive with coal powedQ).

Biomass power also offers an important option dtaer renewables do not: the
potential to incorporate carbon capture and sto(@§:S), thereby making biomass
power substantially carbon-negative (e3§:32). Whether or not CCS is employed, it is
crucial to consider the full spectrum of climatenad| as ecological and socioeconomic
impacts in evaluating the use of biomass. Spedificerops that are specially grown for
bioenergy should not indirectly lead to carbon-pesiland use changes elsewhere or
result in conversion of pristine ecosystems to lenogh. For instance, the current approach
of using the edible portion of food crops seem&nable from both a climate and
sustainability standpoint (e.83—39. A more sound approach utilizes biomass waste
products or low-input/high-diversity perennial pigagrown on degraded or marginal



lands 28, 34, 35). Although the use of biomass to produce liquinfiels also might hold
significant climate change mitigation potential, stgygest that bioelectricity used to
supply base load power is likely to provide theatgst benefit, since it can offset demand
for coal (see Supporting Information [SI] for adfrdiscussion on the competing uses of

biomass).



3.3 Wind power

Wind power has been the fastest growing renewaits#egg source in the U.S. in
recent years, primarily because of its low overalits— e.g., its capital costs are much
lower than almost all other sourc@). Consequently, wind power accounts for the vast
majority of added renewable electricity capacityhia U.S. (Fig. S2). The current (as of
Dec. 31, 2009) nationwide wind power capacity madt 35 GW 86), providing 120
TWh/yr or 0.4 EJ/yr (based on an average 40% cgptaitor). In 2008 wind accounted
for about 1.3% of total electric power generatibf% of renewable power generation,
and 2.6% of coal-fired power generation (TablePIincipal costs associated with wind
power generation relate to turbine construction @ewoyment, land costs, and grid
integration costs; overall cost is roughly inveysaloportional to wind spee®) Life-
cycle CQ emissions of wind power generation are trivial paned to any of the three
fossil fuels and are among the lowest of all threeveables (Fig. 2).

The potential onshore wind resource base in the ig Sibstantial, particularly west
of the Mississippi; however the Southeast is larégtking in onshore wind resources
(Fig. 5). (The Southeast does have significanthoife wind resources, but these are more
expensive to tap.) A recent major study led by DE3&Emined the feasibility of wind
energy providing 20% of electricity production b§3® @7). That analysis assumed,
among other things, that over 300 GW of additiamiald capacity would be needed to
supply 20% of the 2030 electricity supply; 10% wiséing grid capacity is available for
wind; and wind turbine costs would be 10% lower2680 while turbine capacity factors
would increase by about 15% by 2030. Major releViamlings of that study are that
integration of wind energy into the electric grimhcbe done at very low cost and without
limitations by supplies of raw materials; and exiohg grid integration costs, over 600
GW of onshore wind power could be economically ledy 2030, even without a
production tax credit. In addition, the scenariade to a decrease of about 18% of coal
consumption and 50% of natural gas consumptioridutrec utilities, thereby offsetting
construction of over 80 GW of new coal-fired powéants (from a baseline projection of
140 GW of added coal power).

It is important to bear in mind that the above D€)&dy was based on consideration
of additional wind capacity only, i.e., it excludedegration of other renewables and
effects of efficiency/conservation measures. mhisch more likely — and advisable — that
the country would deploy a combination of efficigneenewable energy, and nuclear
power. For example, the ASES study, (vhich found wind energy to be the largest
renewable energy contributor by 2030, estimateti28% grid penetration by wind
would require only 245 GW when reduced electridéynand from efficiency
improvements is taken into account. In any casth the ASES and DOE studies
demonstrate that wind power holds great poterdialgnificantly reduce near-term U.S.
electricity requirements from fossil fuels.

The most fundamental drawbacks of wind power (dk solar power) are its variable
nature and the distances between resource locar@hpopulation centers. Wind power
is variable both on a diurnal basis (wind speedsgenerally higher at night) and a
seasonal basis (winter is windier than summer)yarSaiergy experiences the opposite
effects. Thus, deploying wind and solar togeth@oisplementary.



The variable nature of the wind ostensibly hinderability to provide base load
power. Thus it is not surprising that utilities ntly give little capacity credit to wind.
However, these shortcomings could be significaotgrcome by deploying a large fleet
of plug-in hybrid electric vehicles (PHEVS) or alectric vehicles (EVs) (Fig. S3). The
batteries from such a fleet would provide distrdazlielectrical storage, which, when
coupled with a “smart grid” (see Section 4), coaitable higher integration of variable
renewables into the electric grig)(Wind power could charge batteries mostly at figh
when most electricity is currently provided by cdalirthermore, aside from reductions
in coal emissions, this approach could also sigaifily reduce oil emissions, which have
been the largest anthropogenic source of @@e U.S. for years3g).
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3.4 Solar photovoltaic power

Like wind turbines, solar photovoltaics (PVs) hde=n in use around the world for
several decades. There are two basic types of tAmsfilm and wafered crystalline
silicon. The latter type accounts for the vast majof PVs in current use. Life-cycle
GHG emissions of PVs are much lower than all fdssls (Fig. 2).

Solar PVs currently account for about 2 GW of eleatapacity in the U.S. (3
TWh/yr or 0.01 EJ/yr, assuming a capacity factoi &%) and have exhibited significant
growth this decade. Electricity generated by sBMs and solar thermal plants (see next
section) accounted for about 0.02% of total geinmma0.23% of renewable electricity
generation, and 0.04% of coal-fired generationd@8(Table 1). The highest use in the
U.S. is in the residential sector (i.e., rooftogtatlations), because for states having a PV
rebate, PV can provide a net monthly savings tdhtireeowner when the cost is folded
into a 30-year mortgage. The development of simgis-tracking PV modules (e.@9)
has helped PV power enter the central electricéyket as well.

Country-level assessment of PV potential by 2@&(ggests that suitable rooftop
area for PV installation amounts to several billioh) and that the industry has the
capability to produce 200 GyWy 2030, i.e., two orders of magnitude higher tbament
capacity. Furthermore, PV deployment on rooftopma@highways, and atop shading
structures in parking lots would reduce the lang@ant of land that would otherwise be
needed to achieve this level of penetration, aatkd reduces the need for extra
transmission capacity and grid usage, since tratridiéy produced would be consumed
in the immediate vicinity40). One concern about both large-scale PV (and wod)er
generation is that there will be times during thg @hen the remaining power that needs
to be provided by the utility dips below that bepr@duced by base load plants. In such
cases, because base load plants cannot be ecoltpisteded back in power output,
PV/wind would have to be curtailed instead. Thisrtap between variable renewable
power supply and steady fossil fuel base load p@upply already results in curtailment
of wind power in some areas such as in Te&a} (

Although PVs have enormous theoretical potentia pewer source both nationally
and globally, they are hindered because solar gngigtermittent, and electrical storage
(e.g., batteries) is currently expensive. Thusy teuld not likely be viable near-term
substitutes for coal plants without additional atw (such as pumped hydro or
compressed air energy storage). However, they quoldde substantial displacement of
demand for peak and intermediate load power froturabgas plants. High capital cost
is also currently a significant barried6), although costs are likely to continue declining
in the future. Further efficiency and technologynmevements are also anticipat&l. (
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3.5 Concentrating solar power (CSP)

CSP, a.k.a. solar thermal power, has been attgactareasing attention in recent
years as a potentially large source of peak loaglefisas intermediate and even base load
power, when combined with relatively low-cost thatranergy storage. Several different
types of CSP plant designs have been deployedglisshed by their method of
concentrating solar fluxd@). Unlike solar PVs, all CSP plants work with direadiation
only, as diffuse radiation cannot be optically camicated to achieve the high
temperatures needed to run a heat engine. CSR plaotrequire dedicated land area,
although sparsely inhabited areas such as desertsecome viable options if
appropriate transmission infrastructure is in plgse Section 4). The most common
existing plant designs, employing parabolic troygiie able to achieve solar flux to
annual grid electricity conversion efficienciesatout 15%, and within the next few
decades, CSP capacity factors can reach level3-Gi086 6) given a sufficiently large
thermal storage, possibly including up to 15% bapkwrith natural gas.

For many years, CSP represented the largest amnbdeployed solar energy in the
U.S., as a result of the 354 MW (0.7 TWh/yr or @@&J/yr, based on a no-storage
capacity factor of 25%) of parabolic trough plathiat were installed in the Mojave
Desert during the 1980s. Construction of trougmisl@eased in 1992 as a result of low
natural gas prices, loss of power purchase incestimd utility deregulation. Recently,
however, there has been a strong resurgence itettlinology. For instance, a 1 MW
plant was built in 2006 near Tucson, Arizona artd MW plant was built outside of Las
Vegas, Nevada in 20043).

As of December 2009, an additional 8 GW of plamacaty is being planned in the
US, with similar scale efforts planned internatibnéd4). A new 280 MW (gross) trough
plant with 6 hours of thermal storage that willthelt outside of Phoenix for Arizona
Public Service (APS) is projected to have an elgttrcost roughly comparable with a
new combined-cycle natural gas plant after a 30%stment tax credit (M. Mehos
[NREL], personal communication), and could powetai@0,000 homesip). Although
CSP plants have effectively no fuel costs, thepitehcosts are (like PVs) currently
relatively high 26). However, continuing cost reductions are expeated result of
R&D, economies of scale, and learning curve effdaéployment of 4 GW of
cumulative capacity by 2015 could drop the elettjricost substantiallyy, 46). Life-
cycle CQ emissions from CSP power are much lower tharoa8if fuels (Fig. 2), but
depend significantly on several factors, notablydmount of molten salt storage (and
whether the salt is mined or manufactured), andtheunt of fossil fuels used in the
operation of the plant{).

A 2005 study for the Western Governors’ Associa{@s) concluded that the
ultimate CSP capacity potential in the Southwesséates is several thousand GW i.e.,
several times the total current U.S. electric cap&8). Although this power would serve
Southwest cities in the near term, constructiologj-distance, high-voltage DC
transmission lines could allow it to be transpoietbss the country (Fig. 6).

After also factoring in distance to available tnanssion lines, an ASES stud§)(
using a National Renewable Energy Laboratory (NREByket deployment moded §)
identified 200 GW of optimal sites, distributedsdwn in Fig. 6. The same analysis
suggests that, assuming a carbon price of at3&§#tCQ, 80 GW could be
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competitively deployed by 2030. These plants wdwdde 6 hours of thermal energy
storage, resulting in an average capacity factd3eb. They would generate about 300
TWh/yr, which is about 75% of the EIA’s projectedtiease in U.S. coal demand
between 2007 and 20301). The U.S. DOE aims to make CSP an intermediatd;lo
economically viable power source by 2015, and hlgiaource of base load power by
2020 @9). On a global scale there are ambitious plansribér develop over 3400 GW
of CSP capacity (including in developing countrjes)d CSP-supplied electricity could
account for 5% of world electricity demand by 2@80

Several key research and technology needs musidiessed in order to upscale
CSP. Specifically, for it to become a viable bassdlsubstitute for coal, greater cost-
effective thermal storage is needed. For instaiocachieve the above DOE goals would
likely require between 6 to 16 hours of energyager thereby raising costs significantly,
absent any major technology improvements, subsidtesin addition to the critical
storage-related R&D needs, the cooling water nee@ &P plants is also an important
consideration, especially since CSP plants aresetstd for arid region$0, 51). Air
cooling increases the cost of electricity sligitbmpared to water cooling, and parallel
wet-dry cooling systems show potential for greatéigucing water consumption, with
better economics than an air-cooled pl&®) (
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4. Electricity transmission and grid integration of renewables

Electrification, enabled by the current U.S. poged, has been deemed by the
National Academy of Engineering to be the most irtgpt engineering achievement of
the 20 century 62). However, the current grid has a number of funelatal limitations
— most notably, grid efficiency, reliability, andaurity, and environmental and economic
concerns. The U.S. DOE recently commissioned artréipat provides a useful
introduction to the “Smart Grid” notiorb8). Among other things, the report asserts that
increasing the efficiency of existing (centralizegid structure by just 5% would provide
GHG emissions reductions equivalent to removalef &0 million cars. Public and
private utilities in a number of U.S. states aready implementing smart grid
demonstration projects, which will provide valualisights into the feasibility of various
aspects of a smart grid.

Improvements in power transmission and distributithods hold great potential to
enable much larger-scale deployment of renewabheepdvajor factors affecting
implementation of grid improvements include ecorouoasts as well as energy policies.
Current grid integration costs for upwards of 2842&apacity penetration for wind
power are fairly minorg4, 55), and are projected to decrease with improveniants
forecasting §6). Thus, despite its variable nature, wind powed(hy extension, solar
power) does not necessarily have to be accompéawiedstly, large-scale energy
storage, even at relatively high grid penetratlara recent study on the deployment of
20% wind by 203037), new transmission was estimated to cost about di0¥te wind
capital cost, but estimates of transmission costg widely by region. “Smart”
redistributing of wind power would also require stamtial new transmission capacity
(Fig. 5), as wind source regions are often far-nemaddrom power demand regions.

In addition to economic and policy measures, Esetbnce research can also play an
important role in enabling large-scale renewabié mtegration, via improved
forecasting of solar and wind fluxes. NREL and lfaional Oceanic and Atmospheric
Administration are currently engaged in such aatmirative effort.
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5. Nuclear power
5.1 Current-generation reactors

The world’s existing (second-generation) nucleavgoplants employ once-through
fuel cycles, i.e., they do not recycle/reprocesssipent fuel products. There are several
nuclear reactor designs in use around the worldalbof the 104 U.S. nuclear plants are
light water reactors. Of these, 69 are pressunae@r reactors (PWRs) and 35 are
boiling water reactors (BWRs)T).

A major advantage of nuclear power over most altidra (low-carbon) energy
sources is its ability to supply reliable base lpader. France, for instance, depends on
nuclear power for about 80% of its electricity pnotlon 68). As with renewable energy
sources, life cycle GHG emissions from nuclear pgul@nts are generally very low
compared to fossil fuels (Fig. 2), and might berelsver for future plants employing
fuel recycling §9).

All currently planned U.S. nuclear power plants éw@ once-through fuel cycle.
Nationally, nuclear power presently has a capasfigbout 100 GW and operates at a
capacity factor of over 9098). In 2008 it provided about 800 TWh/yr (3 EJ/y),about
20% of total U.S. electricity generation and 40%mash as coal-fired power (Table 1).
There are 18 pending license applications for neglaar reactors under review by the
U.S. Nuclear Regulatory Commission (NRC), locatexstly in the Atlantic state$().
Spent nuclear fuel rods are currently stored anisispecially designed water pools at
the power plants, although if maximum storage cép&creached, the NRC allows
plants to store the waste in above-ground dry coets. As spent fuel waste exceeds on-
site storage capacity at a growing number of pJahtslongstanding debate over future
long-term storage of this waste will intensify.

The future potential of current-generation nucfgawer could be limited by these
and other factors, e.g., safety concerns, riskafiased nuclear weapons proliferation,
timeliness of plant construction, and capital c¢813. Current cost estimates show a
very wide range but are comparable to most othelepsources on the lower erby.

In the EIA reference casél), nuclear power capacity and generation in the bogh
grow by about 12% by 2030, while proportional cimttion to total electricity
generation decreases by almost 2%, a result sitoilether near-term projections.
However, such analyses do not fully incorporateqmes enacting major constraints on
GHG emissions. Thus with respect to climate chanijigation, they can be regarded as
conservative projections. By contrast, more optilmiscenarios (e.gg1) yield several-
fold increases in U.S. as well as global nucleavgracapacity by mid-century, assuming
cost mitigation measures and other policies desigmenake nuclear and other
alternative power sources more economically cortipetwith fossil fuels.
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5.2 Next-generation reactors

There are various possible designs for nucleardere®actors that employ closed
fuel cycles that create (breed) new fuel duringrtbperation. Breeder reactors
potentially have numerous major advantages oveegtigeneration reactor§3). If
designed properly they would generate little otargy-lived waste, nothing suitable for
weapons, and would require neither mining nor émnient of uranium, thereby
potentially reducing life-cycle GHG emissions mumwbre than even conventional
nuclear power. Various breeder reactor designs haga successfully demonstrated and
used around the world (e.§.3), albeit mostly at relatively small scales (fotalks see
62, and references therein). Below we briefly disdauss such designs, which were
subjects of prior research efforts in the U.S.ritha-based reactors (specifically liquid
fluoride thorium reactors, or LFTRS) and integatfreactors (IFRs).

A key disadvantage of these and other advancedg@)duel cycle technologies is
that they have not yet been demonstrated at conmtigragable (~GW) scales on a
widespread basis. It is possible that their largedesdeployment could take longer to
achieve than current-generation reactors. Amongrattasons, because uranium supplies
appear adequate in the near term and reprocessaxpénsive, one stud§l) concluded
that near-term expansion of the nuclear industopkhuse the conventional once-
through fuel cycle. However, this study has beeaalehged in detail@4), and several
fourth-generation reactor designs with closed &yeles might have near-term
deployment potentiab@).

Ultimately, the potential nuclear energy resouraeld@ increase by about a factor of
30 if fuel recycling is utilized®), and it is often asserted that the widespreatbglierent
of breeder reactors could offer effectively unliaditenergy (e.g62). We believe it is
therefore vital to pursue commercial-scale feagjpassessment of fourth-generation
reactors. This could be easily accomplished witbrapriate government policies.
Indeed, some major energy-consuming countries pkares to deploy advanced fuel
cycles including LFTRs.

5.2.1 Thorium-based nuclear fuel cycles

Use of thorium, which exists in nature entirelyasakly radioactivé®’Th, as a
fertile fuel for nuclear power has been demonstiratece the mid-1960s in five different
reactor designs in numerous countries, with regmbarer output ranging from 2 to 300
MW (see65, and references therein). Numerous benefits &oedafd by Th-based fuel
cycles, including some advantages over fefffleg-based cycles56-68). For instance,
thorium is 3 times more abundant than uranium enEhrth’s crust and is present in high
concentrations in populous, major energy-consuromgtries such as India where
relatively little uranium is available. Thorium-leasfuel cycles are inherently
proliferation-resistant due to the production obsgly radioactivé*?U (half-life ~74 yr)
and its relatively short-lived daughter productsadldition, waste and other byproducts
could be relatively easy to manage. Thorium-basetidycles also possess several
disadvantages relative to U-based cycles, a kegtipghone being the relatively limited
experience and empirical data on which to baseduauger-scale investment (sg&for
further details).
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The USGS estimates that domestic reserves of thamount to about 300,000
tonnes, or 20% of the world’s suppB9j. In the context of LFTRs in the U.S., Oak
Ridge National Laboratory (ORNL) successfully coctedd the Molten Salt Reactor
Experiment in the mid-late 1960s, which provided@dest amount of power (~7 MW)
and operated for 4 years(d). A subsequent ORNL experiment, the Molten Sadtegier
Reactor, demonstrated that breeding is also feasilth thorium-fueled reactors (71).
These experiments and others demonstrated tha¢msdit reactors can be designed to
be passively safe and can make highly efficientaigael 66-68) — e.g., to generate the
same amount of energy in a given year in a cuigentration reactor, several thousand
times more uranium ore would have to be mined. #alually, far fewer problems arise
with the spent nuclear fuel. Large-scale feasipdgsessment projects are currently being
planned by some thorium-rich energy-intensive coeste.g., India), and other countries
also have substantial R&D programs (e.g., Franossi, Norway, and Canad&p(

66).

5.2.2 U-based integral fast reactors (IFRs, alkjaid metal fast reactors)

As mentioned above, although fast breeder reahtors been used in various
countries in the pas6®), the world’s first, and to date only, IFR protp&was conceived
and developed at Argonne National Laboratory (ARt 1984 to 1994. A detailed
overview of the IFR technology is provided by Etlal. 72). Almost all of the elements
of the IFR were demonstrated successfully, althabglprogram was canceled by
Congress at the behest of the Clinton Administratio

In brief, the IFR program was developed largelyafytroliferation concerns as well
as recognition that continued deployment of coneaial nuclear power was growing
politically untenable. The IFR design possessesKewy features that distinguish it from
conventional (once-through fuel cycle) reactat® (First, it can make safe, highly
efficient use of its input fuels, possibly genargtabout 100 times more energy from
uranium than conventional thermal reactors, andcoasume virtually all of the uranium
or plutonium used to operate it. Second, the IF§tgieincorporates inherent passive
safety features (sé8, 74for technical safety details). Third, throughfitgl recycling
processes, an IFR reactor can avoid productiomrfally all of the most problematic
waste of conventional reactors, and it can assatepiutonium is never separated during
the fuel cycle 15, 79. However, the IFR fuel cycle would still produs@me waste
(fission products) that would be highly radioactiee decades. Unfortunately,
demonstration of a complete commercial-scale IF®R ¢ycle would have required until
at least 199877). Fourth and lastly, IFR technology could be irdmely free from the
risk of proliferation (se@8 for details).

17



6. Carbon capture and storage (CCS) at coal-fired power plants

CCS involves the prevention of power plant &missions from reaching the
atmosphere (capture) and the subsequent permamait(Storage, or sequestration) of
the captured CO Of all the technologies discussed herein, CGBdanly one that
would be specifically undertaken for mitigationasfthropogenic global warming. The
current status of CCS reveals that although ihisrgently needed technology given the
world’s ever-increasing use of coal, it is far frim@ng accomplished on a sufficient
scale, although there are plans for large-scaleodstrations by the G8 countries, China,
and others. In broad terms, the two greatest aigate for deploying widespread CCS
will be reduction of capital costs (which are ldygeslated to capture) and reduction of
uncertainties related to long-term, large-scaleag®. Detailed technical assessments of
the numerous issues involved in CCS are provideotlhgrs 79, 80.

In general, there are three key steps in any C@®aph: capture of the emissions;
transport of the captured effluent (usually in sgpécal form); and injection of the
effluent into a geological reservoir — typicallyraath land {9, 89, although sub-
seafloor burial has also been propo<&l).(All of these components have been
demonstrated successfully in other contexts — lysfalenhanced oil recovery (EOR)
projects. The Swedish company Vattenfall had pldrineconduct a demonstration at a
30-MW pilot coal plant in eastern Germarp), but ceased the project due to strong
public resistance8@). More recently, a U.S. pilot plant became thstfin the world to
fully employ CCS, although its G@missions are reduced by only about B%).(

Capture of CQ, which is typically about 90% effectiv@q), can be done in three ways:
post-combustion, pre-combustion, and oxyfuel cortibuasEach of these methods will
inevitably raise overall plant costs and thus eleity costs, and exert an energy penalty
in the range of 10 to 40%, reducing plant powepou{79). Geological storage (e.g., in
saline aquifers) has been successfully conductecbifmmercial EOR projects on a
limited basis on a scale of 1 Mt G/, which is of similar magnitude as the annual
emissions of a 500 MW coal plant (typically 3 Mt &) (80)

Several major barriers exist for large-scale CGQ3ajenent in the near term. The
biggest by far is the lack of a substantive natiama global emissions reduction
framework and the resulting lack of a price on carbmissions. Combined with the
decreased plant efficiency due to the energy pgdatussed above, much higher capital
costs can raise the ultimate cost of electricityssantially 80, 89. Lack of experience
with long-term, large-scale (several Mt @) CCS projects is also problematic.
Furthermore, unresolved legal and regulatory issued regarding licensing for large-
scale geological storage projects, subsurface psopghts, and monitoring standards for
sequestration sites, among other things.

Nonetheless, there is widespread agreement orledaereed for large-scale CCS
demonstration projects in a variety of economic eandronmental setting86).

Although the scientific feasibility of the essehtamponents of CCS seems reasonably
certain, large-scale demonstration projects coald hesolve the problematic
socioeconomic issues. A particularly important &ssuthe magnitude of the required
carbon price signal. Model estimates suggest abk@frb0—70 $/tC@will be needed
relative to a supercritical pulverized coal plamtheut CCS, with different ranges for
different types of reference plani&9( 85.
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Assuming large-scale demonstration projects of @@&er plants can eventually
succeed, the required time frame for widespread @@Ementation means that it is not
likely to greatly reduce near-term GHG emissior@n8 assessments suggest that CCS
could play a somewhat significant role in redudih&. electricity emissions by 2030
(Fig. S4,;87), whereas others offer the more sobering viewtti@amajority of global
CCS deployment is unlikely until after ~20508).
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7. Conclusions

Tax policy, energy efficiency regulations, anditytiprofit motives must be altered to
achieve rapid phaseout of coal emissions. Largkegfhciency improvements and
conservation measures are deployable the soortesbdilding sector — by far the
dominant user of coal — could be carbon neutrd&®80, with appropriate policies and
existing technologies. We believe a rising feedaron emissions is needed, along with
rigorous, enforceable building design standardge@msed government investment in
efficiency measures, and restructuring of utilitgfi motives. A rising carbon fee would
likely have greater success at reducing emisstuans the “cap-and-trade” approach, as
concluded by the Congressional Budget Off® @nd others (e.g3, 89, 90. We
emphasize that such a fee does not imply increesstdor those consumers who
minimize their carbon footprint — indeed, their tsosay decline.

Geothermal and biomass energy could displace mittedoase load electric power
now provided by coal in the near term. Federal @ihte-sector investment in research,
development, and demonstration of enhanced geo#thaystems should be given high
priority. Biomass power, properly designed to aeddar full life-cycle impacts, has
special attraction because, combined with CCSstthe potential to draw down
atmospheric C@® Biomass power should employ inedible or wastevddrfeedstocks.

Wind and solar energy could be deployed to a maxdelr degree via addition of new
transmission lines and improvements to the natieleaitric grid. CSP generated in the
arid Southwest combined with at least 12 hour$efrhal storage (typically using
molten salt storage tanks) could become a larganeercially viable source of base load
power. Solar PVs are well suited for rooftop depheyt in which transmission issues are
avoided and they compete against the retail coskeatricity. PV power does not lend
itself to low-cost storage and typically displaeésctricity from natural gas plants that
provide power in the peak and intermediate loadketar Wind power also tends to
displace natural gas and not coal. However, bdtr smd wind power can be enabled to
a much greater extent by the use of batteries iB\P+br EVs, as well as by a smart grid.
They could then displace some base load coal ptamitsubstantial gasoline use.

Energy efficiency, renewable energy technologiad,asmart grid deserve first
priority, but it would be unwise to simply assurhattthese alone will meet all near-term
electric power demand. Third-generation nucleargravan substantially contribute to
base load power in the near-term. High-priorityelepment and demonstration of
fourth-generation nuclear technology (includingdater reactors) is needed to provide a
solution to nuclear waste disposal and eliminagenied to mine more uranium for many
centuries. The time required for these advanceteautechnologies to be proven is
debatable, but they warrant rapid development gikiemeed to dispose of existing
nuclear waste, and growing national and globaltetsty demand.

CCS technology development also warrants investiioetérge-scale demonstration.
It can then be one of the elements in the compatdamong different energy
technologies, and it can be deployed at both bismlsts and remaining coal plants.
However this investment should not be an excusantply continue building new coal
plants (including “capture-ready” ones), given thaar-term potential of widespread
CCS deployment seems questionable, and as o8@®rsdve pointed out, retrofits at coal
plants will probably be impractical.
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Tables

Table 1. 2008 US electric power generation by sa(inased on re8; totals might not
add up precisely due to rounding).

Billion % of % of % of
Electricity Source kWh EJ coal renewables total
Fossil Fuels
Coal 1994 7.2 48.5
o]] 45 0.2 2.3 11
Natural Gas 877 3.2 44 21.3
Total 2928 10.5 71.2
Nuclear 806 2.9 40.4 19.6
Renewable Energy
Hydroelectric 248 0.89 12.4 66.7 6.04
Biomass Wood 39 0.14 1.94 104 0.94
Waste 17 0.06 0.86 4.6 0.42
Geothermal 15 0.05 0.74 4 0.36
Solar 1 0.003 0.04 0.23 0.02
Wind 52 0.19 2.61 14 1.27
Total 372 1.34 18.6 9.04
All Sources 4110 15
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Figure 1. Potential coal energy reductions by 208 building energy reduction and
efficiency measures over the baseline businessaat(BAU) case of EIAL1). 25%
RPS = renewable portfolio standard in which 25%atfonal power is generated by
renewable sources by 2030. Assumptions are asMallbirst, new residential and
commercial building codes become effective in y@&®0, 2016, 2022, and 2028, with
corresponding improvements over American Societylediting, Refrigerating and Air-
Conditioning Engineers (ASHRAE) code 90.1-2004dommercial buildings and the
2006 International Energy Conservation Code (IE@C)esidential buildings of 30%,
50%, 75%, and 100% (carbon-neutrality), respectivdecond, 25% of all new buildings
meet or exceed the new code the first year it besogffective, 50% of all new buildings
meet or exceed the new code the year after, aneb Hd@ll new buildings meet or
exceed the new code every following year until & base code is adopted. Third, the
amount of existing building square footage renavatenually is equal to the square
footage built new, and this renovated square faotagets the same requirements and
timelines as new buildings in the second assumgtimve. And fourth, at the beginning
of each new code cycle, the codes for the remaicyotes, or “reach codes”, are
expected to be adopted and implemented for a gaadentage of the buildings in the
second and third assumptions above. For a comgsteription of 2030 building codes
and ‘reach’ codes see Congressional testimony Wjazria @1).
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Figure 2. Life-cycle GHG emissions from fossil altkrnative sources of electricity.
Values based on ref$8-20, 47, 59, 9296. Error bar for natural gas denotes liquified
natural gas plant®9); emissions from plants using syngas (produceh fcoal

gasification) can range from about 92300 tCQ-eq/GWh Q5). Error bar on CSP
denotes hybrid plants employing co-firing with natwgas 47). High-end geothermal

value denotes an approximately global averagatfaydpheric CQ emissions from

direct steam and flash steam plari8)(Improperly designed biomass-based approaches
could result in much higher emissions than showe (82, 35
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Figure 3. Geographic distribution of (a) known destal systems and favorable
geothermal areas (fro22) and (b) potential enhanced geothermal (EGS) ressun the
US based on average temperatures at 6.5 km depth Z#). (Both figures reproduced
with permission.)
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Biomass Resources of the United States
Total Resources by County
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This study estimates the biomass resources currently available in the United
States by county. It includes the following feedstock categories: crop
residues (5 year average: 2003-2007), forest and primary mill residues
(2007), secondary mill and urban wood waste (2002), methane emissions
from landfills (2008), domestic wastewater treatment (2007), and animal .
manure (2002). For more information on the data development, please o
refer o hrtpy//www.nrel.gov/docs/fy06osti/39181 pdf. Although, the 2= =1
document contains the methodology for the development of an older < l’ hl?:_
assessment, the information is applicable to this assessment as well. The S 5

& wwwarelgov/gis
This map was produced by the

difference is only in the data’s time period.
National Renewable Energy Laboratory
for the U.S. Department of Energy.

¥

Rulhor:Billy Roberts - September 23,2009

Figure 4. Geographic distribution of biomass resesiin the US by county (fro8v,
reproduced with permission).
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Wind Power Classification

Wind Resource Wind Power Wind Speed*

Power Potential Density at 50 m at50 m
Class Wim* mis
3 Fair 300 - 400 6.4-7.0
4 Good 400 - 500 7.0-75
5 Excellent 500 - 600 75-8.0
6 Outstanding 600 - 800 8.0-8.8
7 Superb 800 - 1600 8.8-11.1

* Wind speeds are based on a Weibull k value of 2.0

Wind Speed*
at50 m
mph

14.3-15.7
15.7-16.8
16.8-17.9
17.9-19.7
19.7-24.8

This map shows the wind resource data used by the WinDS
model for the 20% Wind Scenario. Itis a combination of high
resolution and low resolution datasets produced by NREL and
other organizations. The data was screened to eliminate
areas unlikely to be developed onshore due to land use or
environmental issues. In many states, the wind resource on
this map is visually enhanced to better show the distribution
on ridge crests and other features.

Transmission Lines
Voltage (kV)

) 234499
/\/500 - 699
/N\/700-799
/NV1000 (0C)

Source: POWERmap,
powermap.platts.com,
©2007 Platts, a division of
the McGraw-Hill Companies

Conceptual 765 kV Network
— Existing 765 kV
— New 765 kV

M AC-DC-AC Link

Source: American Electric Power (AEP)

Figure 5. Geographic distribution of wind resourcethe US and additional
transmission requirements to enable large-scald power (from37; reproduced with

permission).
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Figure 6. Geographic distribution of resourcescimmcentrating solar power (froé8;
reproduced with permission)
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Table of Contents brief:
This paper discusses the near-term technical paterftuilding energy efficiency,

renewable and nuclear power, and carbon capturstaraye to eliminate U.S. coal
emissions.
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Biomass use for liquid fuels vs. electricity

Although this paper focuses largely on alternagiketricity sources, liquid biofuels
production warrants brief discussion here, ashigkly contentious. Current-generation
liquid biofuels — primarily corn starch-derived attol and biodiesel from soy or palm oll
— appear very damaging climatically, ecologicadlgd socioeconomically (e.d., 2, 3.
However, substantial carbon savings could be pesl/igy next-generation liquid
biofuels, e.g., lignocellulosic ethanol derivednfrdiomass residues, perennial prairie
grasses or algae-based fuels. These fuels coddtafignificant demand for liquid fossil
fuels, which, in light of concerns about likely nearm supply constraints on
conventional fuels, could become a particularlyical issue socioeconomicallg)(as
well as climatically ).

Although properly designed liquid biofuels seemdfeal from various standpoints,
biomass used in electricity production is likelypimvide substantially greater carbon
emissions reductions, primarily due to its sigrfit potential to provide base load power
and thereby displace demand for c@alq). However, the optimal end use of biomass is
not yet fully resolved, particularly since the uwddiomass residues for soil carbon
enhancement is also valuable for climate changgativon @).
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Table S1. Currently available strategies, mategqlipment, and technologies that
would substantially reduce building sector GHG eioiss (not an exhaustive list).

Planning and design
strategies

Building envelope and
material and equipment
selection

Added technology

Building shape, orientation
and color

Adequate insulation values

Solar hot water heating

Spatial layout

Radiant barriers

Photovoltaic system

Window shape and
orientation

Low-e coatings and argon
gas filled glazing

Micro-wind electric
generation

Daylighting

Thermal break windows an
systems and movable
insulation

d

Community scale solar

thermal, wind and
biomass electric
generation

Natural ventilation

Sunlight and daylight
fixtures and systems

Combined heat and
power systems

Exterior shading

Cool roofs

Vegetation and microclimate

control

Green roofs

Passive solar heating
systems

Occupancy and CO2 sensd

Night-vent and night-sky
radiation cooling systems

Daylighting controls and
photo sensors

Double envelope systems

Energy management sys

tems

Common wall design
strategies

High efficiency equipment,
lighting and appliances

Building and unit density

Geothermal heat pump

Mixed-use development

Air-to-air heat exchangers
and heat recovery system

U)

Pedestrian and transit
oriented development
(reduced vehicle miles

traveled)

Building commissioning
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Figure S1. (a) Historical cumulative global £€€missions from fossil fuel use and land
use, and estimated remaining global fuel suppineduding possible near-term reserve
growth (IPCC = Intergovernmental Panel on Climateu@e; WEC = World Energy
Council). Error bar for land use is subjective tmitects the large uncertainties therein.
(b) Simulated time evolution of atmospheric £fncentrations, showing the magnitude
and time frame of required global mitigation measuo reduce C£io levels below 350
ppm; all 4 curves assume global coal emissionsuphgseout from 2010-2030, and top
two curves show trajectories assuming high-endovs.end conventional oil and gas
reserves. (c) Global fossil fuel G@missions in upper two scenarios from graph b
relative to 2008, highlighting years 2020 and 2(5BIA = U.S. Energy Information
Administration). All graphs based on réf.
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Figure S2. Recent growth in net summer electricgrqwoduction capacity of renewable
energy sources in the US from 26@007 (values from refL1)
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Figure S3. Potential wind electric power capacdgiton assuming 50% penetration
level of light-duty PHEVs by 2050 and two differesizes of PHEVs (based on r&R).
PHEV-20 and PHEV-60 possess battery capacities9dt\Wwh and 17.7 kWh
respectively.
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Figure S4. Potential emissions reductions by 2@88ugh various actions, highlighting
the potentially substantial role of large-scaléoarcapture and storage (CCS) (from ref.
13; reproduced with permission). As discussed iniSed, there is disagreement among
various studies regarding the time frame of wideagrdeployment of CCS. This figure
might reflect the more optimistic end of the speaety although it shows a substantially
smaller role for CCS than an earlier study by #w@e group (see Fig. 2-2 of r&#).
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