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Summary

The global climate problem becomes tractable it ea@issions are phased out
rapidly and unconventional fossil fuels (such dsbale and tar sands) are prohibited.
This paper outlines technology and policy optiamsphasing out coal emissions in the
United States by ~2030. We focus on the U.S. beaaismost responsible for
accumulated fossil fuel GOn the atmosphere today, specifically targetiregeilcity
production, which is the primary use of coal.

A major challenge for mitigation efforts in the UiSthat coal provides the single
largest proportion of base load power, i.e., pothat satisfies minimum electricity
demand. Because this demand is relatively constaat,is responsible for the vast
majority of utility carbon emissions. The currenSUelectric power grid incorporates
renewable power on a very limited basis, and mb#tai is not base load power.
However, this can be changed within the next 2 deGdes even intermittent
renewables can be deployed in a manner that desplasal power. Replacing coal usage
will also require improved efficiency, a “smartdjtj additional energy storage, and,
possibly, advanced nuclear power. Any further esalge must be accompanied by
carbon capture and storage (CCS).

We conclude that U.S. coal emissions could be ghastby 2030 using
technologies that are available now or could beroengially competitive with coal
within about a decade. Elimination of fossil fuebsidies and a substantial rising price
on carbon emissions are the root requirements égam, carbon-free future.

Tax policy, energy efficiency regulations, anditytiprofit motives must be altered to
achieve rapid phaseout of coal emissions. Largkesfhciency improvements and
conservation measures are deployable the soortestbdilding sector — by far the
dominant user of coal — could be carbon neutré&@80, with appropriate policies. A
rising fee for carbon emissions is needed, alorf vigorous, enforceable building
design standards, increased government investmexfticiency measures, and
restructuring of utility profit motives. We emphasithat a rising carbon fee does not
imply increased cost for those consumers who rethaie carbon footprint — indeed,
their costs may decline.

Two renewable energy sources — geothermal and ls®maould displace much of
the base load electric power now provided by deadleral investment in research,
development, and demonstration of enhanced geo#thaystems should be given high
priority. Biomass power has special attraction dose, combined with CCS, it has the
potential to draw down atmospheric £Biomass power should employ non-food or
waste-derived feedstocks.

Two intermittent renewable energies — wind andrseleould be deployed to a much
larger degree via addition of new transmissiondiaed improvements to the national
electric grid. Concentrating solar power generatdtie arid Southwest combined with at
least 12 hours of thermal storage (typically usimgten salt storage tanks) could become
a large, commercially viable source of base loadgyoAlthough this power would serve
Southwest cities in the near term, constructiolongj-distance, high-voltage DC
transmission lines could allow it to be transpoieddss the country. Solar photovoltaic
(PV) cells are well suited for rooftop deploymemtwhich 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. Both of these technologiido@ienabled to an even greater extent
by the use of batteries in plug-in hybrid-electrghicles (PHEVS) or all-electric vehicles
(EVs), as well as by a smart grid. They could tHeplace gasoline and some base load
coal plants.

Energy efficiency, renewable energy technologiesasmart grid deserve first
priority, but we cannot assume that these will nadletlectric needs. High-priority
development and demonstration of fourth generatigriear technology is needed to
determine its merits, and current generation nugewer is ready to contribute to base
load power if needed to complete phaseout of ceal albeit with the several well-
known and continuing major non-climate-related peots of nuclear power. Fourth
generation nuclear technology, such as the Intégrst Reactor (IFR) and the Liquid
Fluoride Thorium Reactor (LFTR), have the poterttidiargely solve the nuclear waste
problem and eliminate the need to mine more urarfarmMmany centuries. The time
required for these technologies to be proven istédibe, but they warrant rapid
development given the need to dispose of existuglear waste and the growing global
need for electric power.

CCS technology development also deserves suppad tine point of large-scale
demonstration. It can then be one of the elementisa competition among different
energy technologies, and it can be used with bo#h and biomass power.

With public health and environmental safeguardglate, and with barriers to
efficiency removed, competition among alternatimergy sources and energy efficiency
measures should be determined by market forcasiridtion of fossil fuel subsidies and
a substantial and rising carbon price are needeadleve the most economically
efficient path to a clean energy future.

It should not escape attention that the policiesded to eliminate coal emissions are
also the policies needed to achieve national enedgpendence. Specifically, a rising
carbon price (and elimination of fossil fuel sulisg] is the core requirement for moving
our society to a clean energy future beyond fdasiks. We suggest that public
acceptance of a sufficiently high carbon price negufull return of the revenues to the
public in a transparent way that rewards consuifieeneducing their carbon emissions.



1. Introduction: The requirement to eliminate coal emissions

A startling requirement emerged from climate sceeresearch in the past few years:
The “safe” long-term level of atmospheric greenleogases is much lower than has been
supposed. Indeed, the present amount of atmospbéxics already into the dangerous
zone. We must reduce atmospheric,C&ready at 385 ppm in 2008, to no more than
350 ppm (Hansen et al. 2008). This requirementdsrirom improved understanding of
Earth’s climate history and observations of ongaihgnges, such as world-wide
recession of mountain glaciers, loss of ArcticiseaGreenland and Antarctic ice mass
loss, expansion of the sub-tropics, rising seal laral deterioration of coral reefs.

Implication of the low C@ceiling for coal follows immediately from examirat of
the fossil fuel reserves of oil, gas and coal (Ejg.as pointed out by Hansen et al. (2008)
and Kharecha and Hansen (2008). Readily avail&@skerves of oil and gas are sufficient
to take atmospheric GQo at least 400 ppm. Oil and gas are such conmefuels, and
the world has developed such a strong dependentteeon that it is certain that the large
readily available pools of these fuels will be eifdd. The only practical way to preserve
a planet resembling that of the Holocene, with@aably stable shorelines and
preservation of species, is to rapidly phase oat emissions and prohibit emissions
from unconventional fossil fuels such as oil staald tar sands.

Requirements of (1) phasing out coal emissionsay2rting use of unconventional
fossil fuels, and (3) avoiding the need to extfamal drops of oil from the most extreme
places on the planet, together have strong patigfications. The core requirement is for
governments to make fossil fuels more expensive thean energy alternatives. A first
step is to remove fossil fuel subsidies. In additiiere needs to be a substantial rising
fee on carbon emissions, so as to generate inoogaith renewable energies and energy
efficiency.

A further logical inference is that the carbon feest be returned fully to the public,
so they have the wherewithal to invest in new ca+fsee technologies and energy
efficiency. If the fee is returned uniformly on argapita basis, people doing better than
average in reducing their carbon footprints willkmanoney. With such a rational
approach, amplifying socioeconomic feedbacks claa t@ld and help move the world
rapidly beyond the fossil fuel era into a cleanrggduture.



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

Building energy reduction strategies and mateelipment and efficiency
improvements are widely believed to hold great ptdéfor offsetting GHG emissions in
the near and long term, both in the US (e.g., A3&%’) and globally (e.g., IPCC 2007).
Numerous studies (e.g., McKinsey 2008) have shdvahthese measures provide net
economic gains per ton of carbon emissions reduogatoved efficiency is generally
defined by the ability to do more with less, ite.reduce energy consumption while
maintaining or improving services provided by tinergy. Given our focus on near-term
reduction of emissions from coal burning, we atienprily concerned with available, off-
the-shelf building energy reduction and efficiemtyprovements related to electricity
use, as that is the primary use of coal. Howevewillaalso briefly discuss potential
improvements in other uses of fossil energy (é-@nsportation).

According to the Energy Information Administrati¢ilA) 2007 Annual Energy
Report (EIA 2008), in the US, approximately 93% o0&l usage is for electric power
generation, with virtually all the remainder usedridustrial processes. Conversely, as of
2007, coal burning provided almost half (49%) i electric power generation
(which totaled 480 GW of capacity or approxima#@®00 TWh, or 15 EJ, of energy),
with natural gas contributing another 20%. (Mostha remainder is provided by low-
carbon sources, primarily nuclear and hydroelegtiants — see Table 2). Overall,
electricity consumption therefore accounts for akt% of US CQ emissions.

Over 75% of electricity generation is used for dinify operations (Mazria 2008
The latest EIA energy "reference case" projectsabal-fired electric power will
increase by about 20% or 400 TWh (1.4 EJ) betw®&7 2nd 2030 (Fig. 55 in EIA
2009), and that residential and commercial buildimgl account for most of this
increase. Regardless of whether or not the ElAreafe case is realistic, reducing
electrical energy consumption and increasing theiefcy of electricity use via
improvements in the building sector must be givig lpriority.

Numerous technologies, materials and strategiesatbacurrently deployable would
allow significant improvements in building energynsumption (e.g., see Table SPM.3
of IPCC 2007). In the commercial and residentiat@s, these measures include
appropriate planning and design strategies, imgtovaterial and building envelope
design and insulation; more efficient lighting, gunent and appliances; site and
community-scale renewable energy technologiesreoavery and recycling of
fluorinated gases used in refrigeration. In theustdal sector, currently available
efficiency improvement measures include more efficend-use electrical equipment
and heat/power recovery.

Large-scale implementation of these strategieshanterous existing efficiency,
equipment and systems improvements and applicati@bkindered largely by a lack of
appropriate education, policies and market incestiiLevine 2008*; Mazria 2008*). In
broad terms, suitable policy measures would inchdigption of more rigorous energy
codes and standards for buildings and electrigaliapces, improved professional design
education and government investment in buildinggnesduction measures and

" Asterisks denote workshop presentations — see&tefes.



incentives. Such measures have already been ptovmnvery effective in reducing
electricity consumption on a statewide scale inf@alia (Levine 2008*), as well as
many other areas. Development and implementatiorewfbuilding codes between 2010
and 2030 that satisfy the "2030 Challerfgebuld greatly reduce building sector GHG
emissions. A key market incentive should be thedpling of utility profits from the

sale of electricity (thereby decreasing GHG emissi@nd providing a financial
incentive for energy reduction and efficiency imgEments. Additional suggestions are
outlined by Mazria & Kershner (2008), who asseat thggressive policies and sufficient
incentives could allow the building sector to beedargely or entirely carbon-neutral by
2030, thereby potentially leading to very largeustns in coal emissions (Fig. 2).
Design and planning strategies and material angbetant applications that would allow
significant energy reduction and efficiency improwants, and are available today,
include (but are not limited to) the items listedTiable 1.

2.2. Energy Conservation

Policies related to carbon emissions pricing apeeially important and necessary.
Global bottom-up analyses across all emissionsrgéing sectors of human activity
reveal that appropriate carbon pricing would leadubstantial GHG emissions
reductions in all sectors, and the building seapresents by far the greatest potential
source of emissions reductions (see Fig. SPM.e6f1 2007). Furthermore, such
analyses show that in the same amount of timeglaehicarbon price would lead to
correspondingly higher GHG emissions reductionsatbon pricing schemes are
supplemented by concomitant cuts in fossil fueksdibs, the true costs of coal and other
fossil fuel use would become clear, as subsidigs b effect of masking these costs
(i.e., from environmental damage such as climageaicts) by simply externalizing them.

It is self-evident that in addition to improvemeirtsenergy efficiency, energy
conservation — defined simply as lowered absolatsgmption of energy — can also
contribute substantially to the broader goal oluan in energy intensity (defined as
the energy consumed per unit GDP), thereby progidubstantial savings in GHG
emissions from coal as well as the other fossikfueis somewhat difficult to quantify
the potential savings from conservation measuset)ey relate largely to lifestyle
choices. However, effective incentives for indivédiiand households can be enacted to
encourage increased conservation, such as a cetbaccompanied by a 100%
dividend. The latter can be computed based on congpadividual/household
emissions with national per capita emissi@g., see Hansen 2009).

! Seehttp://www.architecture2030.0rg/2030_challengeksschtmifor detailed targets.




3. Renewable energy sour ces
3.1 Geothermal power

Geothermal power is derived from naturally occugrineat energy in the Earth’s
crust. As with essentially all renewable energyrses, it produces >95% fewer life-cycle
GHG emissions than coal power (Fig. 3). One ofjitsatest benefits is provision of base
load power, thus potentially displacing coal-fifgalver and its associate carbon
emissions. In addition, it causes relatively feWwestenvironmental problems; the
resource base lasts the entire life of the plamd;the most common types of plants can
generate electricity at competitive costs (on ttteepof 5-8 cents/kWh; ASES 2007).

Currently the US has about 3 GW of installed gewtia power capacity (providing
26 TWh/yr or 0.09 EJ/yr), with an additional 3%5 GW under development (Fig. 4;
GEA 2009). In 2007 this accounted for approximatéty of total renewable electricity
production, and thus less than 0.4% of total dl@ttrconsumption, or 0.7% of
electricity production from coal (Table 2).

However, the national geothermal resource baserislarge. There are currently
three main types of conventional geothermal povaentp in use in the world: dry steam
plants, flash steam plants, and binary-cycle plamtsch use a power cycle working
fluid other than watet) All current plants use hydrothermal resources, haturally
occurring hot fluids (liquid water or steam) contd in rocks with relatively high
permeability. These plants operate at a capaattprfgratio of average power output to
rated power output) of greater than 90%, whereakfoed plants typically operate at
about a 67% capacity factor (ASES 2007). Geograftigicgeothermal resources of the
US are concentrated in the west (Fig. 5a). A reaaatysis by the US Geological Survey
(USGS) estimates a mean national hydrothermalredgmiwer potential of about 9 GW
(providing 88 TWh/yr or 0.3 EJ/yr) in identifiedseurces and an additional 30 GW in
unexplored resources (Williams et al. 2008). Howethere is a large uncertainty in
these resource estimates. The 95% and 5% confidahees for these resources are,
respectively, 4 to 16 GW for identified sources &rd 73 GW for undiscovered
resources.

An additional type of geothermal power, known alsarted geothermal systems
(EGS), has the potential to vastly expand the geotheresaurce base (Fig 5b). This
involves the use of hydrofracturing to add watedt parmeability to underground regions
that lack either water or permeability (or both} bave high temperatures. Major
technological barriers include site selection amgirgeering of sustainably large fluid
reservoirs that avoid water loss and short-cirogithetween injection and production
wells. A reasonable goal of an EGS project is tmioba continuous water flow rate at a
production well of 80 kg/s at 200 (Kutscher 2008a*). Thus far the highest achieved
flow rate at an experimental EGS site has beeng2s(®©OE 2008a). Economically,
there are substantial costs and risks associatbdewploration, drilling, and plant
development. Because depths of 3 to 10 km arenetjto reach sufficient temperatures,
drilling costs are especially important. Until ratg, there was limited federal funding
for EGS projects, providing little incentive to chrct the high-risk experiments in a wide

! For plant designs sétp://www1.eere.energy.gov/geothermal/powerpléaiis, and
http://www1.eere.energy.gov/geothermal/enhancedesyshtml




range of geologic settings that are required ireotd validate this technology on a
commercially competitive scale (Kutscher 2008a*¢céntly, however, the Obama
administration announced that $80 million from &rmaerican Reinvestment and
Recovery Act would support the research and devedop of Enhanced Geothermal
Systems.

EGS is attractive despite the high risks and texdimhallenges, for two reasons: the
resource potential is enormous and EGS plants wanaldde base load power that could
directly displace coal-fired plants. As with hydretmal resources, the USGS estimates
of the EGS resource span a wide range. The 95%%ncbnfidence level estimates are
345 to 728 GW with a mean of 518 GW, the latterajant to 4000 TWh/yr or 14 EJ/yr
(Williams et al. 2008), which is equivalent to alirrent US generation and 50% more
than projected coal-fired generation in the EIA @0&ference case. A 2007 Department
of Energy (DOE)-sponsored study estimated thaptitential EGS power supply by mid-
century could be 100 GW (DOE 2008a), at an elattraost of 7 cents/kWh (MIT
2006). A subsequent DOE review did not disputelb@ GW goal but indicated that
significant advancements must be made in drillind @eservoir production/maintenance
to achieve the 7 cents per kWh cost number (DOB&P0

A study by the American Solar Energy Society (AS87) concluded that there is
potential for 50 GW (about 400 TWh/yr or 1.4 EJfgf)geothermal power by 2030
without relying on deep EGS resources. It assumatd25% of the 50 GW would be
from hydrothermal resources, 50% from waste hoewait existing oil and gas wells
along the U.S. Gulf Coast, and 25% from expansfaxisting hydrothermal fields
through water injection and fracturing.

In summary, geothermal power has the potentiaffsebsome US demand for coal-
fired power in the near term and a very large ltgrga potential, albeit with considerable
technological risk. Because of its potential toyile base load power, near term
development of known geothermal resources can makeportant contribution to
carbon emissions reductions. And because of threregly large resource potential of
EGS, an aggressive research and development (R&@) & develop EGS resources is
warranted despite the technological risks and ehghs. Similar conclusions apply to the
global scale as well. For example, by some estisndRCC 2007) the world’s
geothermal resource base is 5000 EJ/yr (~175,000 @GWgh is about 10 times greater
than current total annual energy use worldwide.

! Seehttp://www.energy.gov/news2009/7427.htm




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 sourceglarg matter (including wood and
leaves/stems), agricultural crop residues (e.gn stover), and urban or industrial wastes
(e.g., pulp from paper mills, municipal solid wastad landfill gas). Along with
geothermal energy, bioenergy is the only non-hydnewable energy source that can
generate reliable base load power and thereby paitgrallow direct displacement of
coal. If done properly, biomass power (as welli@sidl biofuels) can be a low-carbon or
even carbon-negative source of energy (e.g., dewifiet al. 2006; Hansen et al. 2008).
Furthermore, besides reducing £€nissions from fossil fuels, bioenergy sourcednfro
agricultural and forest residues and landfills abso reduce non-CCemissions (e.g.,
CH,).

Biomass power capacity in the US is currently adduGW (78 TWh/yr or 0.3 EJ/yr)
(Fig. 4). In 2007 it provided approximately 1% ofal electric power generation, 16% of
renewable power generation, and about 3% of coad-fpower generation (Table 2).
Wood and wood-derived fuels comprise about 2/Jefsupply and urban waste and
agricultural byproducts comprise about 1/3 of thepy (EIA 2008). Unlike other
renewable resources, a major cost of biomass pareeassociated with the resource
itself (Kutscher 2008b*). These include vegetagtemting and management; harvesting
and collection; and transportation of biomass petglto power plants. In dollar terms,
these costs amount to $8D/ton dry biomass, with resulting electricity ef 5-12
cents/kWh (IPCC 2007). Typical operating efficierioy biomass power plants ranges
from 20% for direct combustion plants to 40% foJG plants, and biomass power
plants can operate with capacity factors of 90%HK82007).

A comprehensive interagency analysis led by DOEK Ridge National Laboratory
suggests that the US potential resource basedenbrgy is large — about 1.3 billion tons
of biomass by 2025 (Perlack et al. 2005). Of theows 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. 6). This resource base coelddpable of generating over 230 GW
(1800 TWh/yr or 6 EJ/yr) of power, of which slightess than half, or 1000 TWh/yr,
might be economically viable (ASES 2007). This antsuo approximately half of
current US coal-fired power generation and coufdatffar more than the projected 400
TWh increase in coal power by 2030 in the EIA refexe case (EIA 2009). Carbon
prices in the range of $285/tCG, would likely be needed to make large-scale biomass
power economically competitive with coal power (leas and Keith 2005).

Biomass power is generally considered to be rougaiipon-neutral. That is, carbon
dioxide is released to the atmosphere during p@neauction but is extracted from the
atmosphere by plant growth. Some studies haveatetic however, that biomass power
can be carbon-negative in some cases, as whe fesgdues are harvested rather than
allowed to decay in the forest. Biomass power afé&rs an important option that other
renewables do not: the potential to incorporatb@arcapture and storage (CCS), thereby
making biomass power strongly carbon-negative. Waredr not CCS is employed,



however, it is important to consider the full spaot of carbon impacts in evaluating the
use of biomass. Specifically, crops that are spigaawn for bioenergy should not
indirectly lead to carbon-positive land use chargleswhere or result in conversion of
pristine ecosystems to cropland. For instancegtinent approach involving food crop-
based bioenergy seems untenable from both a cliamatsustainability standpoint (UN-
Energy 2007; Searchinger et al. 2008). A more s@ppuaoach utilizes biomass waste
products or low-input/high-diversity perennial pigagrown on degraded or marginal
lands (Tilman et al. 2006; Fargione et al. 2008).

Although this paper focuses largely on alternagietricity sources, liquid biofuels
warrants some brief discussion here, as it is figbhtentious. As mentioned above,
current-generation liquid biofuels — primarily catarch-derived ethanol and biodiesel
from soy or palm — appear undesirable climaticabglogically, and socioeconomically
(e.g. see UN-Energy 2007; Fargione et al. 2008;chewyer et al. 2008). However,
substantial carbon savings could be provided by-gereration liquid biofuels, e.g.,
lignocellulosic ethanol derived from biomass resglyperennial prairie grasses or algae-
based fuels. These fuels could offset significaamhand for liquid fossil fuels, which
could become a patrticularly critical issue socioexuically as well as climatically, in
light of concerns about likely near-term supply stoaints on conventional liquid fossil
fuels (Hirsch et al. 2005; Kharecha and Hansen RQgough liquid biofuels seem
desirable from various standpoints, biomass usetkictricity production can provide
greater carbon emissions reductions, due in laagetp its significant potential to
displace coal power (ASES 2007).



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. Consequently, wind power
accounts for the vast majority of added renewalaeticity capacity in the US (Fig. 4).
The current nationwide capacity is over 28 &80 TWh/yr or 0.35 EJ/yr, based on an
average 40% capacity factor). In 2007 wind accalifde about 0.8% of total electric
power generation, 9% of renewable power generatiod,1.6% of coal-fired power
generation (Table 2). Principal costs associateld wind power generation relate to
turbine construction and deployment, land costd,daid integration costs. Despite these
costs, because of the sophistication of modern wiraines, wind power is still
economically competitive with fossil fuel power vea without a production tax credit,
its overall cost is aboutZ cents/kWh, with precise cost being inversely prapnal to
wind speed (ASES 2007). Life-cycle @@missions of wind power generation are trivial
compared to any of the three fossil fuels and arers the lowest of all the renewables
(Fig. 3).

The potential onshore wind resource base in théslé8bstantial, particularly west of
the Mississippi; however the Southeast is largatking in onshore wind resources (Fig.
7). A recent major study led by DOE examined tlasitaility of wind energy providing
20% of electricity production by 2030 (DOE 2008lratlich 2008*). Key assumptions
of that analysis include the following: electricdigmand would follow the EIA’'s 2007
Annual Energy Outlook projections, i.e., demand ldoncrease by about 1600 TWh/yr;
over 300 GW of additional wind capacity would beded to supply 20% of the 2030
electricity supply; 10% of existing grid capacisyavailable for wind; and wind turbine
costs would be 10% lower by 2030 while turbine cétgdactors would increase by
about 15% by 2030 without major breakthroughs inditechnology. Major findings of
that study relevant to this report are that integnaof wind energy into the electric grid
can be done at very low cost (<0.5 cent/kWh) arttiout limitations by supplies of raw
materials; and excluding grid integration costerd00 GW of onshore wind power
could be economically viable (<10 cents/kWh), ewdttiout a production tax credit. In
addition, the scenario leads to a decrease of dl@%tof coal consumption and 50% of
natural gas consumption by electric utilities, &g offsetting construction of >80 GW
of new coal-fired power plants (from a baselinggebon of 140 GW of added coal
power).

It is important to bear in mind that the above DS)&dy was based on consideration
of additional wind capacity only, i.e., it excludedegration of other renewables and
effects of efficiency/conservation measures. ihisch more likely — and advisable — that
the country would deploy a combination of efficigrand various renewable energy
technologies (plus possibly nuclear). For exampdeASES study (ASES 2007), which
found wind energy to be the largest renewable gnewgtributor by 2030, estimated that
20% grid penetration by wind would require only 283%/ when reduced electric demand
from efficiency improvements is taken into accouuth the ASES and DOE studies
demonstrate that wind power holds great poterdialgnificantly reduce U.S. electric
energy requirements from fossil fuel plants.

! As of April 30, 2009- seehttp://www.windpoweringamerica.gov/wind_installeepeacity.asp

10



That being said, the most fundamental drawbacksgrd power (as with solar
power, discussed below) are its variable naturetla@dlistances between resource
locations and population centers. Wind power isade both on a diurnal basis (wind
speeds are generally higher at night) and a seblsasia (winter is windier than the
summer). Solar energy experiences the oppositeteffEhus, deploying wind and solar
together is complementary. The variable naturéeftind hinders its ability to provide
base load power, which is a fundamental advanthgead from a supply perspective. It
is not very surprising, then, that utilities curttgrdon’t give much capacity credit to
wind.

Wind energy (and solar energy) might thereforermsbdy seem to have limited
potential to reduce emissions from coal power. H@weanalysis has shown that the
shortcomings of wind power in this respect mightbmpensated to a significant degree
by deploying a large fleet of plug-in hybrid electvehicles (PHEVS) or all-electric
vehicles (EVs) (Fig. 8). The batteries from sualehicle fleet would provide distributed
electrical storage, which, when coupled with a $rgad, could enable higher integration
of variable renewables into the electric grid (ASE®7). Wind power could charge
batteries mostly at night, when most electricitpisvided by coal. Furthermore, aside
from reductions in coal emissions, this type oéfleould also lead to significant
reductions in emissions from oil use, which has heen the largest single source of
CO, emissions in the US for a number of years (Markainal. 2008).
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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. Various
figures of merit for both types of PVs are giverHall (2008*). Wafered silicon PVs
have a solar conversion efficiency of 15 to 23%gale manufacturing costs of about
$300/nf; unit power cost of about $2/\peak watt); and solar utilization (capacity
factor) of 17-19% (for non-tracking installationBly contrast, thin film PVs have a solar
conversion efficiency of about10%; module manufantucosts of about $117frunit
power cost near $1/jVand the same solar utilization factor. Typicaluléing electricity
costs are about 35 cents/kWh and 28 cents/kWh &ened silicon and thin film PVs,
respectively. Life-cycle energy payback times ameiad 1 year for thin film PVs and 2-3
years for wafered silicon PVs. Life-cycle g@missions of PVs, especially crystalline
silicon, are significantly higher than those ofathenewable energies, although they are
substantially lower than all fossil fuels (Fig. 3).

Solar PVs currently account for about 2 GW (3 TWhty0.01 EJ/yr) of electricity in
the U.S. and have exhibited significant growth ttesade (Fig. 4). Electricity generated
by solar PVs and solar thermal plants (see nexitosg@ccounted for about 0.01% of
total generation, 0.17% of renewable electricitpayation, and 0.03% of coal-fired
generation in 2007 (Table 2). The highest useendB is in the residential sector (i.e.,
rooftop installations), as PVs can provide eletirion that scale on a competitive basis
with local utility providers if the cost is foldedto a 30-year mortgage. The development
of single-axis tracking PV modules and innovatiusibhess models have helped PV also
enter the central electric generating market.

Country-level assessment of PV potential by 2038EA& 2007) suggests that suitable
rooftop area for PV installation amounts to 6 toillon m? 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 vicinity. One concern about betfyé-scale PV and wind production is
that there will be times during the day when theaming power that needs to be
provided by the utility dips below that being prodd by base load plants. Because base
load plants cannot be economically scaled baclowep output, wind and PV would
have to be curtailed instead. This overlap betwegiable renewable power supply and
steady fossil fuel base load power supply alreadylts in curtailment of wind power in
some areas such as in Texas.

Although PVs have enormous theoretical potentia pewer source both nationally
and globally, they are hindered by the fact thédrsenergy is intermittent and electrical
storage (e.g., batteries) is currently expensiveis] they would not likely be viable
substitutes for coal plants without additional atm (such as pumped hydro or
compressed air energy storage). However, they quoldde substantial displacement of
demand for peak load power from natural gas pladitgh cost is still a major barrier for
PV, although cost reductions are likely to contiimuéhe future as automated
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manufacturing facilities for thin film PV are dewgled. Further efficiency improvements
are also anticipated (IPCC 2007).
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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 thelmaergy storage. Five different
types of CSP plant designs have been designedepidyed, distinguished by their
method of concentrating solar flux (Morse 2008*d#lof these designs consist
primarily of concrete, steel, and glass materididike solar PVs, all CSP plants work
with direct radiation only, as diffuse radiatiomoat be optically concentrated to achieve
the high temperatures needed to run a heat engie.plants also require dedicated land
area, although sparsely inhabited areas such astslean become 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 efficienciesatfout 15%, and within the next few
decades, CSP capacity factors can reach level3-Gi086 (IPCC 2007) given a
sufficiently large thermal storage, possibly inchglup to 15% back-up with natural gas.

For many years, CSP represented the largest ambdeployed solar energy in the
United States, as a result of the 354 MW (0.7 TWbh0.003 EJ/yr, based on a no-
storage capacity factor of 25%) of parabolic troptants that were installed in the
Mojave Desert during the 1980s. Construction afigitoplants ceased in 1992 as a result
of low natural gas prices, loss of power purchasertives and utility deregulation.
Recently, however, there has been a strong restegerthis technology. (Fig. 4). A 1
MW plant was built in 2006 near Tucson, Arizona ang4 MW plant was built outside
of Las Vegas, Nevada in 2007.

An additional 4800 MW of plant capacity is currgniinder contract in California,
Arizona, Nevada, New Mexico, and Florida (Morse 200A new 250 MW trough plant
with 6 hours of thermal storage that will be boiltside of Phoenix for Arizona Public
Service (APS) is projected to have an electricigtof 14-15 cents per kWh after the
30% investment tax credit (M. Mehos [NREL], perdas@mmunication). This compares
to about 12 cents per kWh for a new combined-cyalerral gas plant. But a CSP plant
has effectively no fuel costs and the 2-3 cent jwemis viewed by APS as a hedge
against future increases in natural gas pricestiQidng reductions in the costs of CSP
technology are expected as a result of R&D, ecoesmi scale, and learning curve
effects. As an R&D example, one new collector belageloped uses a polymer
reflective film in place of a glass mirror, resobiin a significant reduction in reflector
weight with an accompanying reduction in suppadctre costs. Deployment of 4 GW
of cumulative capacity by 2015 could drop the eleity cost to about 8 cents/kWh
(Morse 2008*). Life-cycle C@emissions from CSP power are trivial comparedI|to a
fossil fuels and substantially smaller than PV po(ig. 3).

Solar energy has by far the largest potential lafeamlewable energy sources. A 2005
study for the Western Governors’ Association (WG®@) started with the direct normal
solar radiation potential in the Southwestern stdteéhen excluded the following
locations: areas with solar direct normal radiatess than 6.75 kWh/ttday:;
environmentally sensitive land, major urban areas, water bodies; and terrain having
slope >1 to 3% or contiguous area <1°kithe resulting potential electric capacity for
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CSP was 7000 GW (ASES 2007), i.e., about 7 timesdtal current U.S. electricity
capacity.

After also factoring in distance to available tnamnssion lines, a National Renewable
Energy Laboratory (NREL) market deployment modehiidfied 200 GW of optimal
sites (ASES 2007), distributed as shown in Figil#e same analysis suggests that,
assuming a carbon price of at least 35$4@D GW could be competitively deployed by
2030. These plants would have 6 hours of thermaiggnstorage, resulting in an average
capacity factor of 43%. They would generate ab@® BWh/yr, which is about 75% of
the EIA’s projected increase in coal demand betva8§y and 2030 (EIA 2009). The US
DOE aims to make CSP an intermediate-load, ecoraiyiable power source by
2015, and a viable source of base load power b@'2@h a global scale there are
ambitious plans to further develop over 3400 GVC8P capacity (including in
developing countries). CSP-supplied electricityldaccount for 5% of world electricity
demand by 2040 (IPCC 2007).

Several key research and technology needs will teebd addressed in order to allow
CSP to become a large-scale energy source. S@dlgifim order for CSP to become a
viable substitute for coal-fired base load powargér thermal storage size will be
needed. For instance, to achieve the DOE’s 201baja@mpetitive intermediate-load
CSP power would require up to 6 hours of storagd (dant operating temperature of
500°C), while meeting the 2020 goal of commerciallybleaCSP base load power would
need up to 1216 hours of storage (and, preferably, operatingoature up to 65C)
(Morse 2008%*), thereby raising costs significanlipsent any major technology
improvements, subsidies, etc. In addition to thigcat R&D needs related to energy
storage, the cooling water need for CSP plantlsean important consideration,
especially since CSP plants are best suited fdrragions. Air cooling increases the cost
of electricity by about 8% compared to water caglinowever, parallel wet-dry cooling
systems show promise for greatly reducing watesgmption with better economics
than an air-cooled plaAt.

! Seehttp://www1.eere.energy.gov/solar/csp_program.l{antessed Feb. 2009)
2 See DOE Report to Congressip://wwwl.eere.energy.gov/solar/pdfs/csp_waterdspdf(accessed
Jun. 2009)
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4. Electricity transmission and grid integration of renewables

As discussed in Section 3, with the exception atigermal and biomass power (and
CSP combined with substantial thermal storagepweible energy sources are inherently
limited in their ability to substitute for coal-eid base load power due to their variability.
This currently poses a major barrier to the larggesdeployment of renewables,
although this problem is not insurmountable.

Electrification, enabled by the current US powadghas been deemed by the
National Academy of Engineering to be the most irtgpt engineering achievement of
the 20" century (seevww.greatachievements.grgHowever, the current grid has a
number of fundamental limitations that will needo®addressed in order to become a
truly “smart” grid that provides value to the cusier, the local utility and economy, and
the environment — most notably, grid efficiencyiataility, and security, and
environmental and economic concerns (Hauser 200819.US DOE recently
commissioned a comprehensive report that providessful introduction to the “Smart
Grid” notion! Among other things, the report asserts that irsinggthe efficiency of
existing (centralized) grid structure by just 5%ulebprovide GHG emissions reductions
equivalent to removal of over 50 million cars. TWE outlines five broad smart grid-
enabling technologies: (1) an integrated networkwm-way communication among the
various grid components; (2) advanced sensing amdtaring technologies; (3)
advanced physical components; (4) advanced trasemisontrol methods; and (5)
improved interfaces and decision support. Publit @nivate utilities in a number of US
states are already implementing smart grid dematnstr projects, which will provide
valuable insights into the feasibility of variouspacts of a smart grid.

Improvements in power transmission and distributire@thods hold great potential to
help enable much larger scale deployment of renkwadwer. Major factors affecting
implementation of grid improvements include ecorouasts as well as energy policies.
Current costs for up to 15% grid integration folas@nd wind power are of the order of
0.4 cents/kWh (Table 3), but these costs are piejeo decrease with improvements in
forecasting (APS 2007). In a recent study on th@ayenent of 20% wind by 2030 (DOE
2008b), new transmission was estimated to costtalfi% of the wind capital cost. Costs
of required additional high-voltage DC transmisdioes can be of the order of
$1600/MW-mile ($1000/MW-km) (Gramlich 2008*), bustemates of transmission costs
vary widely by region. “Smart” redistributing of md power would also require
substantial new transmission capacity (Fig. 7)iasl source regions are often far-
removed from power demand regions.

Several key policy measures will need to be enactedlow large-scale, near-term
construction of next-generation grids (Gramlich 2Q0Federal legislation calling for
implementation of “green power superhighways” aadetralized (regional) grid
operations is especially important. Federal agemieh as the Federal Energy
Regulatory Commission (FERC) and the DOE can detericost allocation and
transmission line planning, including right-of-wegnsiderations. State governments
(governors) can then help to shape regional trassam plans and grid operations.

In addition to economic and policy measures, Esetnce research can also play an
important role in enabling large-scale renewabié mtegration, via improved

! Available athttp://www.oe.ener gy.qov/1165.htm (accessed Feb. 2009)
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forecasting of solar and wind fluxes. (NREL and ietional Oceanic and Atmospheric
Administration are currently engaged in such aatmitative effort.)

17



5. Nuclear power

The vast majority of the world’s existing (secomdiahird generation) nuclear power
plants, all of which are fission-based, employ etiweugh fuel cycles, i.e., they do not
recycle/reprocess the spent fuel products. Thera aumber of different nuclear reactor
designs in use around the world, but of the 10K fidensed U.S. nuclear plants, all are
light water reactors. Of these, 69 are pressunizaer reactors (PWRs) and 35 are
boiling water reactors (BWRS$)PWRs use nuclear fission to heat water at higaspre
in the reactor, which is then circulated throughthexchangers to generate steam that
drives electric turbines. BWRs use the heat frasidin to boil the reactor coolant water
into the electric generator-driving steam.

A major advantage of nuclear power over most alidra (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 pnotion. However, current generation
nuclear reactors pose numerous environmental drett msues that might limit their
future viability — notably, relatively high costarge-scale radioactive waste generation
(and the consequent need for long-term storag®@tyseoncerns, and risk of increased
nuclear weapons proliferation (e.g., see MIT 2083)with renewable energy sources,
life cycle emissions from nuclear power are gemgradry low compared to fossil fuels
(>90% lower) and have a magnitude roughly betwhahdf crystalline silicon PV and
wind power (Fig. 3).

All existing and currently planned US nuclear powkmnts employ a once-through
fuel cycle. Nationally, nuclear power presently basapacity of about 100 GW and
operates at a capacity factor of over 90% (EIA 20082007 it provided about 800
TWhlyr (3 EJlyr), or about 19% of total US eleatsiggeneration and 40% as much as
coal-fired power (Table 2). There are 21 pendingrise applications for new nuclear
reactors under review by the Nuclear Regulatory @@sion (NRC), located mostly in
the Atlantic states (Davis 2008*)Spent nuclear fuel rods are currently storeditenirs
specially designed water pools at the power plattispugh if maximum storage capacity
is reached, the NRC allows plants to store theevashbove-ground dry containers. As
spent fuel waste exceeds on-site storage capdatg@wing number of plants, the
longstanding debate over future long-term storddhis waste will intensify.

The future potential of current-generation nuclgawer could be limited by waste
disposal and the other significant barriers memtibabove, along with costs and
timeliness of plant construction. For instancehia EIA reference case, nuclear power
capacity and generation both grow by about 12%0d302while proportional
contribution to total electricity generation de@es by almost 2%, a result similar to
other near-term projections (see Table 18 in EIB®Q0However, such analyses do not
fully incorporate policies enacting major consttaion GHG emissions. Thus with
respect to climate they can be regarded as verseceative projections. By contrast,
more optimistic scenarios (e.g., MIT 2003) yieldes@l-fold increases in US and global
nuclear power capacity by mid-century, assuming mosgation measures and other
policies designed to make nuclear and other alt@apower sources more economically
competitive with fossil fuels. Given growing awaess and concern about anthropogenic

! Seehttp://www.eia.doe.gov/cneaf/nuclear /page/analysis/nucenviss2.html (accessed Feb. 2009)
2 Also seehttp://www.nr c.gov/r eactor s/new-r eactor s/col/new-r eactor -map.html (accessed Feb. 2009)
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climate change among both the public and politsjainseems likely that GHG emissions
constraints will indeed be adopted in the US asdwhere in the near term, and thus the
share of nuclear power might increase significabéyond what the EIA reference case
and similar studies project. Nonetheless, even usuteh favorable circumstances,
nuclear power might be limited by the time frameavimch it can be deployed. Licensing
and construction of a planned new plant might thkebetter part of a decade.
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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. Two such designs are
thorium-based reactors (specifically liquid fluaithorium reactors, or LFTRs) and
integral fast reactors (IFRs). As discussed furbieow, both of these designs, and
breeder reactors in general, potentially have nooseemajor advantages over current-
generation (once-through fuel cycle) reactors. Magably, if designed properly they
would generate little or no long-lived waste, nothsuitable for weapons, and would
require neither mining nor enrichment of uraniuhgreby potentially reducing life-cycle
GHG emissions much more than even conventionakaugower.

A key disadvantage of these and other advancedg@)duel cycle technologies is
that they have not yet been demonstrated at conmtignaable (~GW) scales. And
while there have been projects in which fundamegmatiotype concepts have been
successfully demonstrated (see Section 5.2.2) not clear that large-scale deployment
could be accomplished in a shorter or even sintiiia@ frame as current-generation
reactors require. Because uranium supplies appeguate in the near term,
reprocessing is expensive, and current reprocesgstgms produce plutonium, a study
by MIT (2003) concluded that near-term expansiothefnuclear industry should use
conventional nuclear power plants employing theeettitough fuel cycle. The
assumptions and conclusions of this study are egdéld in detail by Blees (2008)

In any case, we believe that it is vital to pursammercial-scale feasibility
assessment of IFRs and LFTRs and other next-gémeratictor technologies because of
the many potential benefits they could provide.sTdould be easily accomplished with
appropriate government policies. Indeed, some n&jergy-consuming countries have
plans to deploy advanced fuel cycles including LET&ee Section 5.2.1), given the
major problems inherent in current-generation tetdyy (see Section 5.1).

5.2.1 Thorium-based nuclear fuel cycles

Use of thorium, which exists in nature entirelya=akly 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 (e.g., see IAEA 2005 and references thereinnbitous benefits are afforded by
Th-based fuel cycles, including some advantagesfevile *®U-based cycles (IAEA
2005). For instance, thorium is 3 times more abohttean uranium in the Earth’s crust
and is present in high concentrations in populmggpr energy-consuming countries
such as India where relatively little uranium isgable. Thorium-based fuel cycles are
inherently proliferation-resistant due to the proiian of strongly radioactive®U (half-
life ~74 yr) and its relatively short-lived daughfeoducts. In addition, waste and other
byproducts are generally easily managed, as o @&Ghem would become stable
within a decade, and the remainder would poseiatrad hazard for a much shorter time
than byproducts of current-generation reactors. émlike *®U-based breeding, which
can only occur in fast neutron reactors, Th-bagedding can also occur with thermal
neutrons. Thorium-based fuel cycles also possessaalisadvantages relative to U-
based cycles, a key practical one being the relgtiimited experience and empirical
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data on which to base future larger-scale investifsee IAEA 2005 for further details
on advantages and disadvantages of Th-based power).

The USGS estimates that domestic reserves of Thiainto about 300,000 tonnes, or
20% of the world’s supply (USGS 2008). In the cahtef LFTRs in the US, Oak Ridge
National Laboratory (ORNL) successfully conductieel Molten Salt Reactor Experiment
in the mid-late 1960s, which provided a modest amhotipower (~7 MW) and operated
for 4 years (Haubenreich & Engel 1970). That experit and others highlighted some
substantial advantages of LFTRs over current-géinereeactors (Sorensen 2008*). For
instance, they can be designed to be passivelyig#tie power shuts down completely, a
frozen salt plug holding the core salt in place it and drain the core salt into a
passively cooled reservoir, rendering fission ingilale. LFTRs can also make highly
efficient use of fuel — to generate the same amoftiabergy in a given year in a current-
generation reactor, several thousand times morewraore would have to be mined.
Additionally, far fewer problems arise with the spauclear fuel. Properly designed and
constructed LFTRs could ultimately provide elecprawer at lower costs than current-
generation reactors. Large-scale feasibility assessprojects are currently being
planned by some thorium-rich energy-intensive coeste.g., India), and other countries
also have substantial R&D programs (e.g., Russsawily, and Canada).

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

The world’s first, and to date only, IFR prototywas conceived and developed at
Argonne National Laboratory (ANL) from 1984 to 199%complete overview of the
IFR technology is provided by Till et al. (1997),a special issue of the jourrdogress
in Nuclear Energyevoted to all the key aspects of the technoldgyll accounting of
the development and fate of the IFR, as told byAN& scientists involved, is given by
Blees (2008). As discussed below, almost all ofeleenents of the IFR were
demonstrated successfully, although the programcamaseled by Congress at the behest
of the Clinton Administration.

In brief, the IFR program was developed largely@fytroliferation concerns as well
as recognition that continued deployment of nugbeaver was growing politically
untenable. The IFR design possessed four key fsathat distinguish it from
conventional (once-through fuel cycle) reactordl @tial. 1997). First, it can make
highly efficient use of its input fuels: it can ggate about 100 times more energy from
uranium than conventional thermal reactors, andcoasume virtually all of the uranium
or plutonium used to operate it. The input fughistallic (rather than oxide), which can
provide numerous advantages including greaterysafet lower fuel recycling costs.

Second, the IFR design incorporates inherent passifety features that obviate the
need for the large amounts of safety equipmenbdnventional reactors (which can
account for up to 80% of all reactor equipment)e Kby safety features in the ANL IFR
project were a result of the use of metallic faeU-Pu-Zr alloy) and liquid metal
(sodium) cooling, designs which were tested ingiezursor for the IFR, the
Experimental Breeder Reactor (EBR) Il (Sackett 199ese features allowed for
operating conditions to be well within safety lim@nd for passive processes to both
balance power production with heat removal andipalysremove decay heat — see
Wade et al. (1997) for technical details regardiafpty features of the IFR.
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Third, through its fuel recycling processes, an ERctor can avoid production of
virtually all of the most problematic waste of cemional reactors, i.e., plutonium and
other long-lived (transuranic) actinides, which @&ftetimes of millennia. It can
accomplish this by fairly simple “pyroprocessing’method of on-site fuel recycling that
involves high temperatures and molten salts anceatd. The metallic U-Pu alloy fuel
used in an IFR can be produced via “electrorefihthging pyroprocessing, which
requires minor actinides to be present along wittopium, assuring that it is never
separated during the fuel cycle (Ackerman et é@.71Qaidler et al. 1997). Although the
IFR fuel cycle could have major advantages, it waiill produce some waste (fission
products) that would be highly radioactive for diesand thus would require geological
disposal, albeit to a far lesser scale than wittveational reactors. Unfortunately,
demonstration of a complete commercial-scale IFR d¢ycle — which would have been
the final step to assess the overall feasibilitthef IFR prototype — would have required
until at least 1998, and thus was never demonsithie to the termination of the IFR
program in 1994 (McFarlane & Lineberry 1997).

Fourth and lastly, IFR technology could be inhdgefiee from the risk of
proliferation. It could achieve this not only besauts fuel cycle would never separate
weapons-grade plutonium (see previous paragraphglgo because it could consume
the plutonium contained in spent fuel from conveml reactors (Hannum et al. 1997).
Aside from long-term geological disposal, the oetfiective way to eliminate the
proliferation risk posed by separated plutoniurbyisubjecting it to fission. An IFR
could do this while producing no transuranic acks as waste. All of its fuel processing
would involve “self-protecting” levels of radiatiphe., levels that would make the fuel
impractical to remove from the IFR facility. Moresy the fuel processing would all be
co-located within the same facility that housesgbwer reactors, thereby allowing strict
materials monitoring.
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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, and
aside from efficiency and conservation, it is tidyapproach that coulictduce
emissions from coal burning at the source. Theetirstatus of CCS reveals that
although it is an urgently needed technology gitvenworld’s ever-increasing use of
coal, it is not yet close to being accomplishecd@ufficient scale, although there are
plans for large-scale demonstrations in the wogkthb G8 countries, China, and others.
In broad terms, the two greatest challenges fologem widespread CCS will be
reduction of capital costs (which are largely rethto capture) and reduction of
uncertainties related to long-term, large-scaleag®. Detailed assessments of the
numerous issues involved in CCS, including vari@afinical details beyond the scope of
this paper, are provided in IPCC (2005) and MITQ®@20

In general, there are three key steps in any C@®aph: (1) capture of the
emissions; (2) transport of the captured effluestélly in supercritical form); and (3)
injection of the effluent into a geological resarvetypically beneath land, although sub-
seafloor burial has also been proposed (e.g., Helugle 2006). All of these components
(except sub-seafloor storage) have been demorsgssateessfully in other contexts
(usually for enhanced oil recovery [EOR] projects)t like the IFR (see Section 5.2.2), a
large-scale, integrated demonstration at an etegtwer plant has not yet occurred
anywhere in the world (Herzog 2008*). However, aeflish company, Vattenfall, is
planning to conduct such a demonstration at a 30M@ plant in eastern Germahy
Capture of CQ which is typically about 90% effective (Herzogd3d; Rubin 2008%),
can be done in three ways: post-combustion, prebostion, and oxyfuel combustion
(see IPCC 2005 or MIT 2007 for details). Each esthmethods has advantages and
disadvantages, but they will each inevitably raigerall plant costs and thus electricity
costs, and exert an energy penalty in the rand® od 40%, reducing plant power output
(IPCC 2005). Geological storage (e.qg., in salingifags) has been successfully
conducted for commercial EOR projects on a limltadis on a scale of 1 Mt G@r,
which is of similar magnitude as the annual,@issions of a 500 MW coal-fired
power plant (which are typically 3—4 Mt G@r) (Rubin 2008*).

Several major barriers exist to large-scale CC3ogepent in the near term. The
biggest by far is the lack of a substantive natfiama global emissions reduction
framework and the resulting lack of a price on carbmissions. As a result, higher plant
capital cost is prohibitive at the moment. Foramste, total costs for construction and
operation of a 400 MW coal-fired power plant wit€E€ and 5-year deep aquifer storage
could amount to $1 billion (Rubin 2008*). Combinedh the decreased plant efficiency
due the energy penalty discussed above, theseaastaise the ultimate cost of
electricity by over 60% (MIT 2007). Lack of experee with integrated, large-scale
(several Mt CQyr) CCS projects is also problematic. Furthermaregsolved legal and
regulatory issues exist regarding licensing fogéascale geological storage projects,

! Seehttp://www.vattenfall.com/www/co2_en/co2_en/indsg,jand for others see
http://sequestration.mit.edu/tools/projects/indarlfand links therein (both accessed Feb. 2009)
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subsurface property rights, and monitoring stargléwdsequestration sites, among other
things.

Nonetheless, there is widespread agreement orledaereed for large-scale CCS
demonstration projects in a variety of economic endronmental settings (e.g., see
InterAcademy Council 2008). Although the scientiBasibility of the essential
components of CCS seems reasonably certain, l@aaje-demonstration projects would
help resolve many of the problematic economic agdllissues currently faced by CCS.
A particularly important one is the magnitude o tiequired carbon price signal. Model
estimates suggest a range of 50-70 $t@ative to a supercritical pulverized coal plant
without CCS, with different ranges for differenpgs of reference plants (e.g., IPCC
2005).

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 mitigate carbon emissions in the neamefome assessments provide optimistic
outlooks, asserting that CCS could play the dontinale in reducing C@emissions by
2030 (Fig. 10), whereas others offer the more sogetiew that even if CCS projects
come into significant use, the majority are unhked be deployed until after ~2050
(IPCC 2005). Given the important uncertainties reopg this implementation time
frame, it would stand to reason that while CCSesarty a potential option for mitigation
of mid- to long-term emissions from coal burnirignight not provide sufficient
reduction rapidly enough.
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7. Conclusions

We believe that the greatest near-term climate ghamtigation emphasis should be
on phase-out of coal emissions via efficiency messand substitution of coal-fired
power by renewable energy sources plus appropyidesigned current-generation
nuclear plants, as these technologies have beeardgrated successfully at the
necessary (commercial) scales. Then, in the migddieng term (2030 and beyond), these
measures can be supplemented by large-scale deghbyhCCS at power plants and, as
necessary, successfully demonstrated breeder reacto

We believe a price on carbon is necessary andatbatbon tax would likely have a
greater success at reducing emissions than theditdqtrade” approach, as concluded by
the Congressional Budget Office (CBO 2008) andmstle.g., Hansen 2009). A
sufficiently high carbon tax, along with other dalgolicies such as elimination of fossil
fuel subsidies, will ensure a level playing fietnt flternative energies. Such incentives
will also guide the country away from other poteltyi disastrous choices such as large-
scale usage of unconventional fossil fuels (e@pl-to-liquids, underground coal
gasification, methane hydrates, and tar sandspwitGCS.

Ultimately, it appears that the main barrier toiagimg the goals outlined here is
political will, as the means are already availalriean become available in the near term.
Once the U.S. makes it clear that it is takingaesj meaningful actions to curb €O
emissions, other countries will surely take simitagasures if they have not already done
so. In the interest of basic fairness and “climptstice”, developing countries should be
allowed reasonable additional time to implementtyipes of measures outlined here.
Interestingly, recent policies and actions outlibgdChina and India suggest that they
might already be ahead of the West in some respdotgever, where necessary,
technology transfer accompanied by financial asstst could be very effective in
assisting emissions reduction efforts in develomiogntries.

25



Acknowledgements

This paper was motivated by, and is based in pgraevorkshop on energy and
climate change held on Nov. 3, 2008 in Washingix®, The workshop was funded by
the Lenfest Foundation. The views in this papersately those of the authors and do not
necessarily represent the views of their instingior the other workshop participants.
We are grateful to all of the workshop participaatsl to Maggie Betancourt and Evelyn
DeJesus-Quiles for helping to coordinate the waskdbgistics. Vincent Martinez and
Kristina Kershner as well as colleagues at NRELeweslpful in providing figure data
and references.

26



References

Nov. 3, 2008 workshop presentati¢asailable in entirety at
www.mediafire.com/nov3workshagdong with participant biographies)

Davis, G. (Westinghouse Electric Company), The énirStatus of New Nuclear Plants in the
United States.

Gramlich, R. (American Wind Energy Association)%20ind Energy by 2030.

Hall, D. (Corning Inc.), Photovoltaics Potentiaf ®educing U.S. and Global GEmissions.
Hansen, J. (NASA GISS; Columbia Univ.) Introducti@imate Imperative.

Hauser, S. (GridPoint), Building a Smart Grid: Atidaal Priority.

Herzog, H. (MIT), Carbon Capture & Storage.

Kutscher, C. (NREL), (a) Geothermal Power Poten{@l Biomass Power Potential.
Levine, M. (DOE-LBNL), Intensity of Energy Use.

Mazria, E. (Architecture 2030), The 2030 Blueprint.

Morse, F. (Abengoa Solar; SEIA), Concentrating EBlawer (CSP) as an Option to Replace
Coal.

Rubin, E. (Carnegie-Mellon Univ.), Realistic Prosisefor CCS.
Sorensen, K. (Univ. of Tennessee), Thorium and.theid-Fluoride Thorium Reactor Concept.

External literature

Ackerman, J.P., T. R. Johnson, L. S. H. Chow, ECa&rls, W. H. Hannum, J. J. Laidler, 1997,
Progress in Nuclear Enerdg3l, 141-154.

American Solar Energy Society (ASES), 200@ckling Climate Change in the U.S.: Potential
Carbon Emissions Reductions from Energy Efficiemzy Renewable Energy by 20&@lited
by C. Kutscher. (Available dtttp://ases.org/images/stories/file/ASES/climatandge. pdf
accessed Nov. 2008)

Arizona Public Service Company (APS), 20Bihal Report: Arizona Public Service Wind
Integration Cost Impact StudgAvailable at
http://www.uwig.org/APS_Wind_Integration_Study H@@7.pdf accessed Feb. 2009)

Blees, T., 2008Prescription for the Planet: The Painless RemedyJor Energy &
Environmental CrisesBooksurge (self-published).

Congressional Budget Office (CBO), 206®&licy Options for Reducing GOEmissions
(Available athttp://www.cbo.gov/ftpdocs/89xx/doc8934/02-12-Carlpulf, accessed Feb.
2009)

Electric Power Research Institute (EPRI), 2007 Power to Reduce G&missions: The Full
Portfolio. (Available athttp://mydocs.epri.com/docs/public/DiscussionPaper2pdf
accessed Mar. 2009)

Energy Information Administration (EIA), U.S. DOEQ08,Annual Energy Review 2007
DOE/EIA-0384. (Available afittp:/tonto.eia.doe.gov/FTPROOT/multifuel/0384Qif;p
accessed Feb. 2009)

—, 2009 Annual Energy Outlook 200@Available at
http://www.eia.doe.gov/oiaf/aeo/pdf/0383(2009);mtfcessed Jun. 2009)

27



Fargione J, J Hill, D Tilman, S Polasky, P Hawtlera008, Land clearing and the biofuel carbon
debt,Science 3191235-1238.

Geothermal Energy Association (GEA), 2009, U.S.tGeanal Power Production and
Development Update, March 2009 (availh#p://www.geo-
energy.org/publications/reports/Industry _Update dWiaFinal.pdf accessed Jun. 2009)

Hannum, W.H., D. C. Wade, H. F. McFarlane, R. NI,HB97, Nonproliferation and safeguards
aspects of the IFRBrogress in Nuclear Energl, 203-217.

Hansen, J., 2009,estimony Before the House Committee on Ways andnge(Available at
http://waysandmeans.house.gov/hearings.asp?formapddériendly&id=7577 accessed
Feb. 2009)

Hansen, J., M. Sato, P. Kharedhtal, 2008, Target atmospheric @®Vhere should humanity
aim?Open Atmos. Sci. 2, 217-231.

Haubenreich, P.N. and J.R. Engel, 1970, Experiaittethe Molten Salt Reactor Experiment,
Nuclear App. & Tech.,8118-136.

Hirsch, R.L., R. Bezdek, R. Wendling, 20@%aking of world oil production: impacts,
mitigation, and risk managememReport to U.S. Dept. of Energy — Natl. Energy Aread.
Lab. (avail. ahttp://www.netl.doe.gov/publications/others/pdf/Beaking_ NETL.pdf
accessed Mar. 2006).

Hondo, H., 2005, Life cycle GHG emission analydip@wver generation systems: Japanese case,
Energy 302042-2056.

House, K.Z., D.P. Schrag, C.F. Harvey, K.S. Lackg666, Permanent carbon dioxide storage in
deep-sea sedimen®roc. Natl. Acad. Scil03(33) 12291, doi:10.1073/pnas.0605318103.

InterAcademy Council, 2008, Joint Science Acadenh@tatement: Climate Change Adaptation
and the Transition to a Low Carbon Society (Avédadit
http://www.nationalacademies.org/includes/climatetestatement.pdiccessed Jun. 2008)

Intergovernmental Panel on Climate Change (IPCQ@)52$ecial Report on Carbon Dioxide
Capture and Storag®repared by Working Group Il of the IPCC, editgd\tetz, B., O.
Davidson, H.C. de Coninck, M. Loos, L.A. Meyer, Gaidge Univ. Press, Cambridge, U.K.

—, 2007 Climate Change 2007: Mitigatio@ontribution of Working Group Il to the Fourth
Assessment Report of the Intergovernmental Pan€lliomate Change, edited by B. Metz,
O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer, 6adge Univ. Press, Cambridge, U.K.

International Atomic Energy Agency (IAEA), 200Bhorium Fuel Cycle — Potential Benefits
and Challenges AEA-TECDOC-1450. (Available atttp://www-
pub.iaea.org/MTCD/publications/PDF/TE_1450_ web jpdtessed Feb. 2009)

International Energy Agency (IEA), 199Benign Energy? The Environmental Implications of
RenewableqAvailable athttp://www.iea.org/textbase/nppdf/free/1990/ben®f. pdf
accessed Oct. 2008)

Kharecha, P.A., and J.E. Hansen, 2008, Implicatidripeak oil" for atmospheric C{and
climate.Global Biogeochem. Cycles , 22B3012, doi:10.1029/2007GB003142.

Laidler, J.J., J. E. Battles, W. E. Miller, J. Rk&rman, E. L. Carls, 199Pyogress in Nuclear
Energy31, 131-140.

Marland, G., T.A. Boden, R.J. Andres, 2008, GloBadgional, and National GE&Emissions. In
Trends: A Compendium of Data on Global Char@arbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory, U.S. Departhof Energy, Oak Ridge, Tenn.,
U.S.A. (Available ahttp://cdiac.ornl.gov/trends/emis/tre_usa.htatdcessed Sep. 2008)

Massachusetts Institute of Technology (MIT), 20D8e Future of Nuclear PowefAvailable at
http://web.mit.edu/nuclearpowedccessed Nov. 2008)

28



—, 2006,The Future of Geothermal Energivailable at
http://www1.eere.energy.gov/geothermal/pdfs/futgen energy.pdiaccessed Feb. 2009)

—, 2007,The Future of Coal(Available athttp://web.mit.edu/coglaccessed 2007)

McFarlane, H.F. and M.J. Lineberry, 1997, The IRl ftycle demonstratiorogress in
Nuclear Energys1, 155-173.

Mazria, E. and K. Kershner, 200Bhe 2030 Blueprint(Available at:
http://www.architecture2030.org/pdfs/2030Blueppaf; accessed Nov. 2008)

Rhodes, J.S. and D.W. Keith, 2005, Engineering-econ analysis of biomass IGCC with
carbon capture and storagi@omass & Bioenergy 2%40-450.

Sackett, J.I., 1997, Operating and test experianteEBR-II, the IFR prototypeRrogress in
Nuclear Energys1, 111-129.

Searchinger T, R Heimlich, RA Houghtaat,al.,, 2008, Use of U.S. croplands for biofuels
increases greenhouse gases through emissionsdnoiuse chang&cience 31,91238-
1240.

Short, W., and P. Denholm, 200% Preliminary Assessment of Plug-In Hybrid Elec¥ehicles
on Wind Energy Marketd echnical Report NREL/TP-620-39729. (Available at
http://www.afdc.energy.gov/afdc/progs/view_citatiamp?9923/PHEVaccessed Feb. 2009)

Till, C.E., Y. I. Chang, W. H. Hannum, 1997, Theegral fast reactor — an overvieRrogress in
Nuclear Energydl, 3-11.

Tilman, D., J. Hill, C. Lehman, 2006, Carbon-negatbiofuels from low-input high-diversity
grassland biomasScience314, 1598-1600.

U.S. Department of Energy (DOE), 2008a, Evaluation of Enhanced Geothermal Systems
Technology(Available at
http://www1.eere.energy.gov/geothermal/pdfs/evadmaiegs _tech 2008.gdiiccessed Mar.
2009)

—, 2008b, 20%Wind Energy by 2030: Increasing Wind Energy’s Cimittion to U.S. Electricity
Supply DOE/GO-102008-2567. (Available at
http://www1.eere.energy.gov/windandhydro/wind_208®; accessed Feb. 2009)

U.S. Geological Survey (USGS), 2008ineral Commodity Summarie@\vailable at
http://minerals.usgs.gov/minerals/pubs/commodityitim/mcs-2008-thori.pgfaccessed
Feb. 2009)

UN-Energy, 2007Sustainable Bioenergy: A Framework for Decision ktak(Available at
http://esa.un.org/un-energy/pdf/susdev.Biofuels. D) accessed Jul. 2008)

Wade, R. A. Wigeland, D. J. Hill, 1997, The safetyhe IFR,Progress in Nuclear Energ3A,
63-82.

Western Governors’ Association (WGA), 20@alar Task Force ReportAvailable at
http://www.westgov.org/wga/initiatives/cdeac/Solall-pdf; accessed Mar. 2009)

Williams, C.F., M.J. Reed, R.H. Mariner, J. DeArgeind S.P. Galanis, Jr., 20@&sessment of
moderate- and high-temperature geothermal resountdise United Statetl.S. Geological
Survey Fact Sheet 2008-30&Available athttp://pubs.usgs.gov/fs/2008/30&tcessed Mar.
2009)

World Energy Council (WEC), 200&omparison of Energy Systems Using Life Cycle
AssessmentAvailable athttp://www.worldenergy.org/documents/ica2.patcessed Feb.
2009)

29



Tables

Table 1. Currently available strategies, matedqlipment, and technologies that would
allow substantial building sector GHG reductionst(@n 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

Micro-wind electric
generation

Low-e coatings and argon gas
filled glazing

Daylighting

Community scale solar
thermal, wind and biomass
electric generation

Thermal break windows and
systems and movable insulation

Natural ventilation

Sunlight and daylight fixtures and Combined heat and power
systems systems

Exterior shading

Cool roofs

Vegetation and microclimate
control

Green roofs

Passive solar heating systems

Occupancy and CQarsen

Night-vent and night-sky radiation

cooling systems

Daylighting controls and photo
sensors

Double envelope systems

Energy management systems

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 systems

Pedestrian and transit oriented
development (reduced vehicle
miles traveled)

Building commissioning
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Table 2. 2007 US electric power generation by sa(irased on EIA 2008; totals might
not add up precisely due to rounding).

%

Electricity Billion relative % of % of
Sour ce kWh EJ to coal renewables total
Fossil Fuels
Coal 2021 7.3 48.6
Qil 66 0.2 3.3 1.6
Natural Gas 893 3.2 44.2 215
Total 2995 10.8 72.0
Nuclear 806 2.9 39.9 19.4
Renewable Energy
Hydroelectric 248 0.89 12.3 70.7 6.0
Biomass Wood 38.5 0.14 1.91 11.0 0.93
Waste 16.9 0.06 0.84 4.81 0.41
Geothermal 14.8 0.05 0.73 4.22 0.36
Solar 0.6 0.002 0.03 0.17 0.01
Wind 32.1 0.12 1.59 9.15 0.77
Total 351 1.3 17.4 8.4
All Sour ces 4160 15
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Table 3. Summary of utility grid integration stuslig*source?  resembles Table 12 on
p. 64 of the APS 2007 study **).

Comparison of Cost-Based
U.S. Operational Impact Studies

Daie Study Wind Regiiia- Load unit Gas Tot Oper.
Capacity | tion Cost | Foliowing | Commit- Suppiy Cost
Penetra- | ($/MWh) | Cost ($/ ment Cost | Cost Impa
#imem FOL N AAVATRY FCIMAMATIY (@ INALAT fCILNALATIA Y
uuin ‘ID’ Ivivviig \WIVIV'II] \WI'IUVII’ \WIVI'VII‘
May ‘03 | Xcel-UWIG 35 0 0.41 1.44 na 1.85
Sep'04 | Xcel-MNDOC | 15 0.23 na 437 na 480
June '06 | CARPS B 0.45* trace na na 0.45
Feb ‘07 | GE/Pier/CAIAP | 20 0-0.69 trace na*** na 0-0.69***
June ‘03 | We Energies 5 1.12 0.09 0.69 na 1.90
June ‘03 | We Energies 29 1.02 0.15 175 na 2.92
2005 PacifiCorp 20 0 16 3.0 na 4.60
April ‘06 | Xcel-PSCo 10 0.20 na 2.26 1.26 3.72
April ‘06 | Xcel-PSCo 15 0.20 na 332 1.45 4.97
Dec ‘06 | MN 20% <l 4.41*
Jul'o7 | APS 14.8 0.37 265 1.06 na 4.08

*  3-year average; total is non-market cost

** highest integration cost of 3 years; 30.7% capacity penetration corresponding to 25% energy penetration;
24.7% capacity penetration at 20% energy penetration

*#% found $4.37/MWh reduction in UC cost when wind forecasting is used in UC decision
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Figure 1. (a) Historical global G&missions from fossil fuel use and land use, and
estimated remaining global fuel supplies (WEC = W&mnergy Council). (b) Simulated
time evolution of atmospheric G@oncentrations, showing the magnitude and time
frame of required mitigation measures to reduce @Qevels <350 ppm; top two curves
show trajectories assuming high-end vs. low-end/entional oil and gas reserves. (Both

plots from Hansen et al. 2008 )

33



30

25 | .

20

15

— Baseline (BAU)

Coal-based Energy (EJ)

10 +
— 2030 Codes & Reach Codes
5 L
— 2030 Codes & Reach Codes + 25% RPS
0
2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Year

Figure 2. Potential coal energy reductions by 208 building energy reduction and
efficiency measures over the baseline businessaal(BAU) case (based on EIA
2009). 25% RPS = renewable portfolio standard irciwR5% of national power is
generated by renewable sources by 2030. Assummienas follows: (1) new codes
become effective in years 2010, 2016, 2022, an@20Rh corresponding improvements
over code of 30%, 50%, 75%, and 100% (carbon-nigyjtaespectively; (2) 25% of all
new buildings meet or exceed the new code theyf@at it becomes effective, 50% of all
new buildings meet or exceed the new code theaféar, and 100% of all new buildings
meet or exceed the new code every following ye&t amew base code is adopted; (3)
the amount of existing building square footage vated annually is equal to the square
footage built anew, and this renovated square fotaeets the same requirements as for
new buildings in assumption 2 above; (4) aggresgaeh code implementation and
government incentives. For a complete descriptid2080 building codes and ‘reach’
codes see Congressional testimony by co-authore&zrillat
http://energy.senate.gov/public/index.cfm?Fuseastitearings.LiveStream&Hearing_id
=672eldaf-bcc8-6e90-6e55-f95a8889bamal) and
http://www.architecture2030.org/downloads/Mazrigtitaony.pdf(written).
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Figure 3. Life-cycle GHG emissions from fossil altkrnative sources of electricity
(from WEC 2004). Reported values for geothermal @6¢ systems are 15t gGWh
(Hondo 2005) and 30 t GflsWh, respectively (IEA 1998).
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Figure 4. Recent growth in electric power produttiapacity of renewable energy
sources in the US from 2002007 (GEA 2009; Kutscher 2008*)

36



| @

4" Washington

Arizona

[ | [ (NN | |

i
¥
i

Figure 5. Geographic distribution of (a) known detnal systems and favorable
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Figure 7. Geographic distribution of wind resourcethe US and additional
transmission requirements to enable large-scald parwer (from DOE 2008b).
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Figure 8. Potential wind electric power capacitgdiidn assuming 50% penetration level
of light-duty PHEVs by 2050 and two different sizd$PHEVs (based on Short &
Denholm 2006). PHEV-20 and PHEV-60 possess battgpgcities of 5.9 kWh and 17.7
kWh respectively.
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Figure 10. Potential emissions reductions by 2080ugh various actions (from EPRI
2007), highlighting the potentially substantiale@if large-scale carbon capture and
storage (CCS). As discussed in Section 6, theles&greement among various groups
regarding the time frame of widespread deploymé&@@S — this figure reflects the
more optimistic end of the spectrum.
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