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means that the heat being rejected is very low grade heat, requiring lots of air movement or large '
radiator surface areas, neither very appealing to vehicle designers (Borroni-Bird, 1997)) and
prevention of freezing in cold weather.

On-board fuel storage represents a significant barrier because hydrogen's energy density is very
low,” and the easiest fuel to reform into hydrogen onboard the vehicle, methanol, has no significant .
supply infrastructure. Chrysler in partnership with DOE recently announced significant progress
towards onboard production of hydrogen from gasoline, which would solve the supply infrastructure”.
~ problem and allow much easier fuel storage than hydrogen. Not surprisingly, however, the : _' '
selection of gasoline as the preferred “hydrogen carrier” for fuel cells is by no means an easy call. -
For example, gasoline’s availability and easier fuel storage must be traded off against the cost a.nd
space occupied by the reformer (Jost, 1997).8 Toyota has claimed a substantial improvement in
hydrogen storage technology using an advanced metal hydride adsorbent that matches the energy’.. .
_density of liquefied hydrogen storage with only 10 atmospheres of pressure required (Yamaguchi, "
1997). 'Presumably, however, this type of storage would be extremely heavy. Other ophons‘bemg :
pursued by various researchers include direct methanol fuel cells, which preclude, the need fora”
“reformer, and the use of ethanol in place of methanol or gasoline-as a hydrogen ‘source!: The latter = Sl
. option is especially attractive if the ethanol can be produced from cellulosic maten'&]s because the --.' S
' effect on reducmg greenhou_f.e gas emissions is part:cularlv large for tlus technology .' P e ke ST 0
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*We expect the rate of progress and probabnl:ty of commercxahzatlon of fuel cell powertrams to be
- sensitive to the level of R&D funding and market pressures to unprove overall vehicle fuel economy.
-’Progress has in fact been rapid, as shown by the improvements in power dens:ty discussed above.
Ford, GM, and Chrysler are all pursuing fuel cell vehicle R&D, as are Japanese and. European P
companies, with:Toyota’s and Mercedes Benz's programs being the most visible.’ A Canadian %
company, Ballard, appears to be in a leadmg position‘in PEM fuel cell R&D, and has's pjﬁlfed 2

© systems'to most of the vehicle R&D programs. . Given current funding levels and the market s"lack of :
"+ presstire on fuel economy levels as-well'as the large amount of development work that remains’ to be* i
done, however, mtroducnon of fuel cells into mass ‘market vehlcles appears likely to be beyond the g !

the NRC's advisory panel, overseeing the PNGV ‘program- (NRC 1997, Table H-1). “On
- hand, increased funding and market pressure and/or ‘particularly fortuitous progress u_\ e
" R&D program. rmght move the date of mtroductlon forward, Further, ’the newn th techno gy



i ‘idle, over 70% of the time for local service locomotives and over.50%.of the time for line-haul.
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5.2.13 Fuel Cells in Heavy Trucks and Locomotives

In many ways, fuel cell propulsion may be attractive for large transportation vehicles, such as
locomotives or ships, before it is ready for use in light-duty vehicles. Use of fuel cells in heavy
trucks will require a breakthrough in hydrogen production, distribution, or on-board storage, or else .
a breakthrough in reforming technology before it will be competitive with the diesel engine. The
drive-cycle thermal efficiency of current heavy-duty diesel truck drivetrains is in the range of 35%
to 40%. The drive-cycle thermal efficiency of current methanol steam-reforming fuel cell
drivetrains (l.nclud:ng electric motor/controller and battery) is also 35% to 40%. Thus, there is
likely to be little incentive for heavy trucks to.switch to fuel cells until hydrogen fuel cells, with -
drivetrain efficiencies in the range of 45% to 50%, become available.
Fuel cells may succeed in the locomotne market first because, (1) fuel, costs are more important to
rail carriers than to truckers, (2) locomotives already use electric traction drive and, (3) fuel cells of
the size necessary for locomotive powerplant output (4000 HP) are already commercially viable'in -
stationary powerplant applications. Therefore, ‘we consider the use of fuel cells in locomotives in *
* the hlgh-efflc;encyf low-carbon scenario. Fuel cells-may also have applicability to matine vessels, -
again because of -their size. We do not introduce ‘marine fuel cell- applications "in the" h:gh- e
efficiency/low-carbon technology scenario, 51mply because we are not aware of suitable ; S
applicability studies.. We believe that analysis of the potential for fuel cell- technology in: heawer o
transportation vehicles would, hkely reveal ad,dlhonal  promising applications. ’I'hus, the‘
: locomotl\e fuel cell. analys:s is mtended more: to’be mdlcah\e of potentlal large-scale fuel cel

Locomotwes can be broadly classu'ied mto mro types local service and line haul 'deal semj‘
locomot:\'es are pnmanly olde: line-haul. 1ocomot1ves that are low powered (2000-3000 HP,), a

. gallons/year of fuel per locomohve Lme-haul locomotwes are more: powerful 4000 HP) ‘and;
~consume 375,000 gallor(s/ yrof fuel per locomotwe Both types spend considerable amounts of

fuel consumphon accounts for 38% of fuel consumed m locel serv:ce locomohves. and only 6.39’ o

"
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5.2 14 Costs and Timlhg of Technb!ogy

“on the basis of near-term estimates, though, at high production volume. One. poss:ble area for -
_improvement in costs is the effect of research’and additional learning to prov1de an expenence
‘based cost reduction.” Lipman and Sperhng (1997) have analyzed cost reductions based on cumulative
. total produchon, and concluded that many new technologies. expenence a 20 to 35% cost reductlon for
© ‘with respect to the loganthm of Cumulatwe units’ produced} If these new. technolog;es are_'-

“ increase- in cumulatwe productlon w:ll occur.over a span of ﬁve to seven years With. sales grdwth

e over the 199732005 penod is poss:ble relatwe to the costs denved ‘for OTA

presumably a portlon of any cost reductions achieved in automotive fuel cells woulcl be apphcable to
fuel cells designed for locomotives. : :

The average efficiency of the fuel cell over the duty cvcle would be 1.6 to 1.7 times as high as the
diesel engine (whose cycle average efficiency excludmg idle is about 35%). Fuel savings of 40% are .
possible, which is approxxmatel} 150,000 gallons/year for a line-haul locomotive. Hence fuel |
savings alone could pay for the capital cost increases over about eight years, making the technology
reasonably cost-effective in the context of a 24-year useful life. Of course, major uncertainties exist

in the actual cost of the fuel cell for a 3000 kW unit, the hfe of the fuel cell, and the mamtenance e
requirements relative to a diesel engine. 2 al

If suct:ossfol-,_ fuel cell locomotives could have a 5 to 6% market share by 2010, and 16 to 18% by 2015, .
for the total fleet. In the high-efficiency/low-carbon scenario, we assume a 5% share in 2010 and
20% by 2015. We further assume use of cellulos:c ethanol; although methanol and LNG would also

be hkely cand:dates

As part of the OTA study, the cost of all the above-descnbed automotwe technolog;es was denved'

every order of magrutude increase in'cumulative production (i.e., thexcost decline function is lmear

over the, penod. The -next order of magmtude increase ‘in cumulatwe produchon will take muchf{.mi e
longer unless the technology essentmlly increases market share to 100% over the next decadel We
have utilized the data from the Lipman and Sperlmg paper to conclude’ that a 30%'cost reduchon

"
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from natural gas, while it is a relatively attractive alternative fuel for spark-lgmted internal
combustion engines, seems to offer no CO, reduction potential.

Figure 5.1 Fuel Cycle Greenhouse Gas Emissions for Light-Duty Vehicles
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current natural gas-fired plants would achieve roughly a one-third reduction, and electricity from
advanced combined cycle natural gas generations could do even better. Estimating CO; emissions
reductions from electric vehicles is highly dependent on assumptions about when vehicles will be
recharged and how utilities will choose to operate different kinds of generating units. One such set
of estimates, developed based on technologies and generation mixes projected for 2015, is shown in

Figure 5.3. There are no CO, emissions from vehicle operation and emissions from vehicle
manufacture are the same for all regions. Largely due to greater use of natural gas in advanced

generating units, the south central and west regions are expected to produce the lowest greenhouse
gas emissions for EVs operated there

i
AY

Figure 5.3 Pro]ected Fuel Cycle Greenhnuse Gas Emissions of Ballery—l’owered Electric Veh:cles by
; Reglon in 2015
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Among the alternative transportation fuels under consideration, biomass fuels derived from wood -

appear to have the greatest potential to reduce greenhouse gas emissions. Whereas ethanol derived
from corn may actually produce higher levels of CO; equivalent emissions than conventional
gasoline (dependmg on the fuel used to power the distillation plant, and other factors), ethanol
derived from cellulosic sources (wood, switchgrass, wood wastes, agricultural residues, municipal
- solid waste), can reduce carbon emissions by about 90% for both light-duty and heavy-duty vehicles
(Figures 5.1 and 5.2). Cellulosic ethanol has the potential to be more effective than compressed
synthetic natural gas defived from wood, partly because of the energy that must be used to compress -
methane for storage on board the vehicle, and partly because cellulosic ethanol production yields

by-products that can be used to generate more’electricity. than is required to produce the ethanol
(Delucchi, 1991 Table 9b; Wa.ng 1996).

Both battery electric vehicles and compressed natural gas vehicles, but especially battery-powered .-
vehicles, are likely to cost more than conventional gasoline vehicles; will require more frequent
refueling, and will have reduced range (Greene, 1994). It does not appear likely that most consumers
will consider these drawbacks to be:outweighed by the likely lower fuel costs. for these' vehicles. -
. Thus, we expect these potential low CO, fuel technologies will not easrly achieve the-iﬂ.lsmesssas—

usual forecast market shares (of course, technological breakthroughs in batteries or gaseous fuel *

storage could make these vehicle technologies much more attractive): It is for these reasons that we -

' focus below on the use of cellulosic ethanol asa transport fuel.

e & SCENARIQS"FOH 2010

5.3.1 fhe Busines's-a's-Usua‘l -'Sb'e'riai'id‘for Tran"sponatlori

The AEO97 reference case serves as s the busmess-as~usual case, except for rts forecast of i mcreasmg

hght duty vehicle MPG through 2015. The EIA AEQ97 reference case projects an increase'in

passenger car MPG from 27.5 in 1997 to 315i in 2010 and 32.6in 2015 nght truck MPG is prqected 10
vith

SOf course, ‘motor fuel’ pnces deolmed sha:piy at the begmnmg of the 1983-1997 p
" are at about’ the same levels today as they. were in ‘1986, and as they were in the early; 197(
: the first.oil price shock. Given that:the AEO97 'oil price forecast projects no sxgru.ﬁcarit incre
od or gasoime prices through 2015, it is reasonable to ask why fuel economy should mcre,__

= vehrclq attnbutes ,such as performance ancl welght to be mcreased at lo
- consumer, sahsfachon_ ‘There is a very: ‘small i mcrease in-the price
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" Figure 5.4 New Light-Duty Vehicle Fuel Economy and Gasoline Prices, 1967-1996
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It is chfhcult to separate out. analyt:cally the :mpacts of CAFE standards and the effect of the
L ot ot 5 .marketplace in pushing fleet fuel economy one way or the other. However, we believe that the most
R likely explanation for the stagnation of fuel economy levels over the past decade is that the CAFE ~ = - | ..
staridards have tended to act as a floor on fuel economy, that without the standardsthe market. &
level of fuel économy would have been lower than it'was.. We note thal\t mportant full e economy ) :
technolog1es, such as. fuel m)ectson, front-wheel dnve, lock-up torque tonversmn, 47v£1qes: pk: ;
; i‘f,-' . t’
penetrat:on dver the 1983-199? period (I-'xgure 5.5). ‘Fuel ec:ondmy tedmolog’l_es?wlevre ‘adOP
"9 average fuel economy did not increase. There are two ma]or reasons.. First, much f the poi
' '_'-,unprove fuel économy was used_ instead to increase average hght-duty vehicle hors
..and weight by 13% from 1983 t0:1996 (Heavenrich-and Hellman; 1996, Tablex}). “The’ ;
* ‘that the impact of a technology on fuel economy depends on how that technoloqus unp_léiﬁented_
. To some extent, the fuel economy benefit of a technology is mherentm it. Buttoa degree ﬂ\_ béi_feﬁt
also depends on'the details of vehicle design, specifically whetl)er the teclmOIOgy i8 i \
. wlth the purpose of mcreaSmg MPG or thh some other purpose in mmd ;

_If C‘.AFE ‘was J_.n fact a bmdm3 _onstra.mt dum\g the past decadgrm dr !
will not begm-{ mcrease chantly untﬁ a’ market quxl:b um ‘is reach




Transportation Sector

performance and size over the forecast period; the difference here is a matter of degree, not one of
radically different visions of the most likely future.

Figure 5.5 Use of Fuel .Ecbn.omy Technology In New Light-Duty Vehicles
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¢ A gasoline/electric hybrid vehicle (Gasoline Hybrid), and
* A diesel/electric hybrid drive vehicle (Diesel Hybrid).

In fact, the diesel hybrid and the 2-stroke engine were not included in the efficiency scenario for the
following reasons. In preparing the technology list for NEMS, it is the analysts’ respons:blhty to
insure that technologies are truly distinct and different. If the same technology were listed twice by
mistake, the analyst would in ‘effect be instructing the model that two entirely different
technologies were available to improve fuel economy. By excluding the diesel hybrid we are, in
‘effect, asserting that the gasoline.and diesel hybnds are too similar to be considered different
technologies. Reality is obviously somewhere in between. We chose the gasoline over the diesel
_hybrid because its emissions of conventional pollutants can very l1kely be reduced to'extremely low
- levels, making it attractive for air quality reasons. The 2-stroke engine, on the other hand, was left
off the efficiency scenario list to reduce the number of engine technologies manufacturers would have * b e
to accommodate. Again, it is mainly the analyst’s responsibility to see that the extent of change "~ .
demanded of manufacturers is reasonable. In the high-efficiency/low-carbon scenario, both the 2- -
stroke and the diesel hybrid are included (the 2-stroke is assumed to be apphcabie only in compact - 7
or smaller-sized vehicles). The result is that new powerplant technologies all but ennrely replace. .-
today’s conventlonal gasoline engine by 2015. This seems a very ambitious undertaking and one that "
~ would require greater expense and a higher degree of technical success than 1s censwtent wath the L2k
§ efflc:ent:} scenano ) . ; - _ _ 2 o

. 5 & The eff:uencv scenario assumes a cost reduction of about one-tl'urd over estimates developed by OTA : i
VE ~ (1995) for the advanced technologies shown in Table 5.2.° Among conventional tec}mologles the cost .
Ea ‘of CVTs,was reduced from $250 to $150 and the cost of VVT was cut in half for passerigér cars and léft

unchanged for light trucks The cost reductlons are mtended to reflect the success of an enhancel‘l
R&D effort g

A . 5 % i ¥ = 3 i ¥ :
In thetruck- fre:ght sector, several new: technologles were brOught into the forecast by reducmg the
. fuel price threshold at which they would becorne attractwe to buyers These mclude' : -

[} £y

. R The LE-SS diesel engme wlth a 21% efﬁclency unprovement for heavy trucks

v |

. Reduced empty we:ght

. o nm T Por co:rqnercual au-craft an efflclencynmprovement of 40% wvas _pro;ecfed for 2015 for&,new' air

i S T compnbed~o£*25% engme efﬁcaency gains. “and 15%-aprodyns “an
el R gt factors - ‘were assumed to increase to 70% irt accor "i\;lth mdustry prd]echons as:a result of &
s i advanced informational and- operatlonal technologxes Bmally. rallroad frelght efﬁc:en .
WU RL e s 7 mile wis “ass,umed to unprove at 2% per year,
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and future emissions standards, the DISC and TDI Diesel engines, as well as the two-stroke engine
included in the business-as-usual case, will require the development of practlcal lean-combustion
nitrogen oxide catalysts. Catalyst technology for treatment of exhaust emissions has been advanced
significantly over the past few years and, with further research, the prospects for its early
commercialization appear to be very good (e.g., Buchholz, 1997; Strehlau et al., 1997). Achieving
equivalent results for diesel exhaust NOx appears to be more difficult, and commercialization of
diesel catalysts is likely to occur several years after introduction of gasoline-engine catalysts (u.s.
Congress, OTA, 1995). In addition, the DI Diesel will require advances in fuel and emissions control
technology in order to meet likely future particulate standards.

Fuel economy benefits, incremental costs and other changes are calculated with reference to a 1995
technology gasoline vehicle. In the NEMS model, light-duty vehicles are classified into passengér
cars vs. light trucks, domestic vs. mported and four size classes. In each class, the 1995 base vehicle
has the average characteristics of cars in its class. For example, half of the passenger cars in 1995
had 4-valve per cylinder engines, but less than 10% of the lxght trucks did (Heavenrich and
Hellman, 1996). One hundred percent of passenger cars and 99% of light trucks had port fuel -

injection, and so on. Future fuel economy improvements are calculated' based on the additional

penetration of fuel economy teclmolog1es beyond the business-as-usual case. Thus, tRe-ability of -
further use of port fuel injection to unprove fuel economy is- neghglble, while consnderable potentnal

.- remains for 4-valve technology . _ e

_ Table 5.2 New L:ght-Duty Vehicle Technologles Added to the Efﬁcmncy and ngh 5 IF et e
Effmencnyow-Carbon Scenarios” = - T N

.,

_TgéhnOIOgy - MPG Beneﬁt ()" OTﬁ : Scenari‘ Introducthn Dage
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. more) is important to holding down the cost of teclmologu:al change. Second, consumers pust become
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5.3.2.4 Trends in Vehicle Performance’

The NEMS model predicts consumer demand for increased performance and then adjusts new car MPG
downward to reflect the effect of higher horsepower on fuel economy. The model's predictions are
consistent with recent trends in light-duty vehicle performance since the early 1980s. Over this
period, new vehicle fuel economy was constrained by the federal Automotive Fuel Economy
Standards (CAFE) to levels higher than the market would otherwise have demanded. Gasoline
prices fell precipitously, starting in 1983 and reaching pre-1974 levels by 1987 (Figure 5.4). As a
result, new technology adopted since the mid-1980s, that could have increased fuel economy, was
instead used to hold fuel economy constant while increasing vehicle horsepower and weight. The
ratio of horsepower to weight for passenger cars increased by 50% from 1982 to 1996). The. NEMS
horsepower equations essentially continue this trend of ever-increasing performance.

Continued use of new technology to increase performance without increasing fuel economy is
consistent with the continued low motor fuel prices projected in the AEO97 reference case. The
reference case foresees gasoline prices rising from $1.15 in 1995 to $1.23 in 2010 and falling to $1.18
per gallon in 2015 (19955). Such variations are within the noise of year-to-year fluctuations. For
_example, the actual average price of gasoline in 1995 was $1.20 and the average price for 1996 will
likely exceed $1.30 per gallon (EIA, 1997, Table 9.4). With no increase in price and binding fuel
economy standards, it is likely that perforrnance and welght will continue-to increase and fuel
economy will not.

In the effmency case, the trend toward ever greater horsepower is questlonable In the presence of &

hrgher fuel economy standards, voluntary commitments by manufacturers to meet GHG targets, - i
“greener” consumers, externality-based fuel taxes, or some other change in policies or preferences .

focusing consumers’ and' manufacturers’ attention on efficiency, it is hkely that: performance trends’ .
would change. Nonetheless, we retain the NEMS performance projection in the effrc:ency case, but-
relax it in the high-efficiency/low-carbon case by permitting only half of the pro;ected increase in"
horsepower. . This results in new vehicle fuel economy levels 1-2 MPG lugher in' the hrgh- 2
efﬁnency/ low-carbon case than would otherw:.se be the case.’

5.3.2 5 NEMS New nght-Duty Vehicle Fuel Economy Estlmates

Transformmg the lechnology of transportation energy use’ takes tirne. Fifst,’ manufacturers must 1"-'-‘" £

implement a new technology. - New, designs must ‘be engmeered tested, and. certified to. meet
. government standards. Generally, capital equipment will also have to be replaced or retooled. The

orderly replacement of long-lived production facilities (engine productlon lines may,.t!i 15 years, or. W

~+ accustomed to the new technology, and the supporting infrastructure of maintenance and repair mus
"be developed. Finally, new tedmologles must compete with existing technologies and with' other’ .
" new technologies. In general,a’ single technology will'not” dominateall possible” apphcahons.'- ;
 (vehicle types and consumer preferences). For all'these reasons, new technologies rarely achieve: = =
--100% (or -even 10%) market penetration of the new vehicle fleet in the first year of introduction. "' =

. The NEMS model simulates the: .gradual evolution of techno!ogy market shares toward 'their
+ eventual equ:llbnum levels by means of technology adoptlon curves cahbrated to hrstoncal rates of.:




Chapter 5 -

H"-Traﬁs'bonation Sector- . -

at 1997 levels); this apphes only to Table 5.3 - all scenarios mcorporate -substantial increases in:
hp/wt ratios. The combined effect of all technologies could improve the fuel economy of the
average passenger car by 100% to 55 MPG in 2010, and by another 20% to over 60 MPG in 2015. Yet,
even in the high-efficiency/low-carbon scenario, these levels are not achieved by the new car fleet

in the NEMS forecasts.

- Table 5.3 Maximum Technolog:cal Fuel Economy Potential Versus NEMS New Car Average

275 N el

Maxm\um Use of All Fuel_ Economy Tedmology

Estlmates
Technology : 2010 2015
' ; Fuel Economy Fuel Economy
Improvement (%) Improvement (%) -
Material Substitution IV .~ & © v, 99 13.2
Drag Reduction V ' By e n_ - 9.2 12.0
Engine Friction III T 2 © 5.0 8.5,
Tires III Ay - 5.0 7.0
ACCl:. > .- 5 _' ' ‘ 1107 1.0
‘Electric Transmission II e ot 15 1.5
Electric Power Steermg e R Ty ) 1.5 1.5
" Air Bags i L Rt A O -1.0 -
Emissions Tier II ko e Sk - KN iy g W ) - -1.0-
ARG P T ae ah, e, o B G g NIRRT SR A 2 0.5
Slde-l.mpact : A N 54 - -0.5 0,5
Dtesel Hybnd ¥4 w WS & .54.0 60.0
Tptal % Improvement % ; S i 100 0 123 0
199‘7MPG wva TTmgt T M D e ZOIOMPG




. increase in fuel économy (Roberts and Greene, 1983; Greene, 1996a, Table 5. 5) Reduced empty’welght

3 the apphcablhty,of these technologxes to mednum heavy d;esel trucks ‘as well. However,-

' '(51-217 gal ) in the AE09? \t'eferenc.e ‘case:

'...-changled One of these is- th '

efficiency case, “all’ were set at .
- -would, have a max:mumlm ;
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5.3.2.6 Changes to the Heavy Truck Model
In contrast to the business-as-usual case, the efficiency scenario for heavy trucks:
¢ Advances introduction dates for two fuel economy technologies,
e Introduces one additional technology,
e Expands the applicability of several truck technologies,
e- Reduces the "trigger pnce at which the technologles are assumed to become cost-effectwe a.nd

. Accelerates the rate at which new technologies ‘are assumed to penetrate the new truck g
market. , : ; en | i

The AE097 reference case assumes that the Turbocompound Diesel Engme and the Advanced LE-55

‘Heat Engine will not be available through 2015. The efficiency scenario assumes these technologtes -”
‘will be introduced in 2003. Advanced drag reduction, which is also excluded from tl'\_‘e-referenoe case

for heavy trucks is ass.‘.umed to have. become available in 1997 . .. . LR '

The' additional technology introduced is reductlon in vehlcle empty welght through matenal -_“3'-'
substltuuon Reducing vehicle empty weight by 10% should be possible, with a consequent 3% 5

is as.sumed to be: apphcable to all types of heavy trucks

J

economy benef:ts of advanced drag reduction are cut from 18% to 10% fOr medmm trucks to reﬁect'th' 3

tngger pnce Untll market fuel “prices reach the tngger pnce" level speciﬁ
the technology will riot be introduced. blml fuel p _pricesnever exceed. 58 70 1995
~Ti ngger pnces for all but exlstmg_

penetpanon is achxeved ' For imp Lﬁhncants electmru.c en:
s, a value ¢ ed i eAEOQ?ref '
.dmg mdl-lCtlon,' tu:bocomgound : %
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summarizes the primary fuel economy technologies for heavy trucks in the efficiency scenario for

£ 2010. _ . i
» Table 5.4 Key Heavy Truck Fuel Economy Technologies for the Efﬁcien;:y Scenario in 2010
. Year of Trigger Price -Market Fuel Economy
. Technology Introduction  (19955/MMBtu) Potential ~ Improvement %
: (other / diesel) (medium/heavy)
Improved Tires & Lubes 1994 §7.75 . 80%/100% . 10%/6% ;
Electronic Engine Controls 1994 _ $7.75° - 70% / 100% 2% SR
Elec. Transmission Controls = 1994" . §7.75 . 75% / 100% S% /2% = iidiy
; Advanced Drag Reduction 2000 . . §7.75 25%/'100% 7% /18% . .
‘Turbocompound Diesel . ' 2000 . $%.75 o 285%/10% 15% / 17% - ;
. ' LE-55HeatEngine . 2003 -~ $§7.75. ;.  50%/100% C19%/21%.
"', . 'Reduced Empty Weight. - 1997 = 8775 . - 90% / 100% 3%

' i P i - ¥ '

o ; 4 L. N e J . i . . k * (R

e

5 3. 2.7, Changes to the Rall Model

mzle of 1%. Smce 1972, the’ average an.nual rate of’ reductlon in energy use per ton-mile

2 8% per year. The vast majority: of this mprox'ement has been due: to operatxonal effi

" improvemients reflected in increased 'load factors per:car (Greerié and Fan, 1995, p: 15). Higher loa
factors are, partly due to the restructurmg of the rail mdustry followmg deregulation in 198

L * partly due to the ‘use of advanced technt?logy for managmg Operahons ‘Technologies such as'ligh

x e .we:ght and " higher capacity ‘cars; lower: resistance” axle bearings, rall-wheel lubricatio

W 7.7 .improved efficiency locorotives also played an- m-\portant role.(Cataldi; 1995). These techn ogie:

.. - -.are, as yet, still only: partially implemented. - Based on tntaldz (1995), advanced technologtes?'trtiit

can play arole in substanhally reducmg.i‘all energy use in the future includ the fol.lowmg‘ s

s fired. lod

{volume and mass of ‘storag,
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Because existing energy-efficiency technologies have yet to achieve full utilization, because other
promising options exist, and because further operational efficiency gains are likely with the
advance of information technology and some additional railroad consolidation, rail energy-
efficiency improvements could continue at a substantial rate. A concerted effort to develop and
plement cost-effective technologies is represented here by a 2% annual improvement in ton-mile
efficiency in the efficiency case compared with the 1% rate assumed in the AEO97 reference case.

-5.3.2.8 Changes to the Air Model

No new technologies were introduced in the NEMS Air Travel Model, but several u'nportant changes
were made to promote and accelerate the introduction of fuel efficient technology in accordance with
goals set by the Committee on Aeronautical Technologies, Aeronautics and Space Engineering Board
of the NRC. - Broadly, these goals call for a reduction in fuel burn per seat of about 40% by the 2010to -
2015 time period, to be achieved through a combination of improved propulsmn system perforrnance
(25%) and aerodynarmc a.nd werght r.mprm ements (15%) (NRC 1992, p. 49) i

) Once agam in the AEQ97 reference case, new technologles do not enter the commercral aucraft

By market because trigger prices are set well in excess of $1.00 per gallon and jet fuel prices never. exceed;

: $0.80/gal. over the forecast period. Trigger prices for ultra-high bypass turbo-fans, already in use -

on the new Boeing 777s, were lowered to $0. 58/gal., just slightly above current jet fue{ pncesl

_ Advanced aerodynamics, weight reduction through advanced materials use, and mproOed engine.: j ' -

.7+ w2y . thermodynamics, were all given the same, lower trigger price. The prices of turboprop engines, and. ..

L < laminar flow control were left at levels lugh ertough to: proh:b:t theu' mtroduchon on new' ircraft ©
through 2015. ; il s :

Ultra—hrgh by ass turbofans were mtmduced in 1995. The cher t.hree technologles were assmned to
_ ~ be introduced in 2000. Consistent with estimates: presented in “NRC (1992), ‘Greene (1992, Tahle 4);"
" SR * and Greene (1996b) the effrcrency 1mpro\ ement potentlals for a]l four new technologles were' set

b St g e R T : .

Y -" analyses {oresee cammerc:al load factor ci'eaem  t0.70%: by 2015
Douglas, 19‘)6f p- 18). 'I'he mdustry v:ew is adopt the.

seenar;o on the grounds hat
. than of airframe. cho:ce* Y
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electricity generatlon offer about a 20% net reduction in greenhouse gas emissions per mile (Figure
5.3).

In the context of this analysis, a 20% reduction in greenhouse gas emissions will not create a strong
incentive to adopt an alternative fuel. For light-duty vehicles, if society's willingness to pay for
greenhouse gas emissions reductions were on the order of $25-§50 per tonne of carbon, this could
justify up to a $0.06 to $0.12 per gallon subsidy!® for a fuel that produced no greenhouse gas
emissions. A 20% reduction would therefore be worth $0.01 to $0.02 per gallon, hardly enough to get
motorists’ attention. Also, the principal near-term alternative fuels entail some increase in vehicle
cost or loss of amenity (Lelby et al.,, 1996). Thus, unless much higher incentives are introduced, itis

-unlikely that enough substitution of alternative fossil fuels for conventional gasoline will occur, to
produce srgmﬁcant greenhouse gas reductions in transportatxon (Leiby etal., 1996) '

Alternatxve fuels produced from renewable biomass feed*stocks can yield significant reduchons in
greenhouse gas emissions. The most recent estimates indicate that ethanol derived from cellulosic '
feed stocks (as‘opposed to grain) produces less than 1% as much greenhouse gas emissions on a fuel
cycle basis-as conventional gasoline or diesel fuels (Singh, 1997).11 'Table 5.5 shows the greenhouse
gas emission coefficients used to estimate the effects of cellulosic ethanbl use and increased demand
for diesel fuel on transportation sector greenhouse gas emissions. Ethanol from cellulose generates
negligible amounts of greenhouse gases in comparison to fossil fuels or ethanol from grain. Whether .
ethanol is'derived from grain or woody biomass, the carbon in the fuel itself does not count because .
equwalent carbon, ‘will be. recaptured from the atmosphere by the next ‘rotation. of crops.’i “The:
differences: hg in feed stock cultivation, fertilizer manufacture, and fuel production. -Corn requires .-
- more cultivation and more fertilizer than woody crops, and fertilizer production, in-particular
. generates. srgmflca.nt greenhouse gas ‘emissions.- - Whereas " distillation of alcohol . afttg‘:-sth
. _fermentauon of.grain is energy mtensrve, by-products from the wood-to-alcohol process will. prodpce
. excess power, on net, resulting in a greenhouse gds credit for replacing fossil fuels with biomassiin the
- generation of ‘electricity. Indeed, given current practice, ethanol from corn: may produce .more-

~ greenhouse gas emissions than gasolme, on'a per Btu basis. Thus, ethanol from cellulosic feed stocks: S

will not'only reduce greenhouse gas emissions by replacing gasoline, but might achieve even greate
~ benefits by replacmg ethanol from corn. However, the net 'greer\.house gas balance of £ ano
- production from corn-is strongly" dependerit on future’ corn_yields, the ‘market for dlshllatﬁ_)
' byproducts’ and the efficiency of and fuel used in dxstﬂlahon (currently, coal is often the
':;corn-based ‘ethanol's dnsadvantage in'. greenhouse gas enuss:ons, t:
L mdespreqd use _of corn. shﬂage as fuel would swmg ethanol's greenf\ouse gas e:mss:ons s'
_;toward positive ‘balance)"‘ ) ) '

# 'dramanaﬂj reduce costs is ‘under - development by the U. S DOE's 'National Renewable
Labormry"(&em Systems, ‘Inc.; 1993) After initial: preparatlon of the biomass, pretmalm !
sulfuric acid-and then steam is used to expose the cellulose and, convert xylan to xylose. Two: Az
* of the resulting ixture jis separated. for.conversion to cellulase, an enzyme that hydro zes .
: e The llulase is, then combmed mth the rest. of the' mxxture fermerited ina keysbep wn‘f
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Table 5.5 Greenhouse Gas Emissions Factors for Transportation Fuels
Fuel g/Btu Btu/gallon g/gallon

Conventional Gasoline . - : '

Summer ' 0.10554 114,500 12,084 -

Winter : 0.10304 112,700 11,613 -

Average 0.10421 113,537. 11832
Diesel ; 0.09617 128,700 _12}3;“'.'7
Ethanol from corn _ 0.13390 - 76,100 10,190 .
Ethanol from cellulose - s : 0.00076 - 76,100 < o it 58

Source: Singh (1997)

i

Initial estxmates of the cost of ethanol produced b} the NREL process ranged fromtS0. ?8 to s1 27,'_' g
(19908) per-gallon, plant gate price (Chem Systems, 1993, Tables II-9 to 1I-13). However, récent cost: |
: projections (Bowman et al., 1997) based on a comprehensive assessment of feed stock supply in the o
P : ' Unitéd States (Walsh et al., 1997) and anticipated improvements in the ethanol converslon process Pt ally o
S . predict that much lower production costs ¢an be achieved by 2010 or 2015. Ethanol can be produced *

.+ .. from a variety of cellulosic_feed stocks: ‘short rotation woody crops, switch graSs softwood' and *
.. hardwood wastes, agncultural residues, and even ‘municipal solid wastes. Selecting | the lowest‘,cost.

_feedstock at each level of output, aggregate ethanol supply curves were constructed for. 2000 2005 7

2010 and 2015 under - “moderate” and ophnushc assumptions. The ophmxstlc Curves assmne tha

_the y;eld unprovements of the moderate case are accelerated by five years, with the net: result tha

the real cost of feed stocks does not rise over time. The moderate scenario curves are. used' in the

efﬁaency scenario.  The optumstxc case, bemg similar in mtent to our hxgh—effxczency/ lowﬂcarbon
scenano, I.S used in that scenano = -, E

_qg:?’

In the moderate scenario, ethanol produchon costs drop dra.matlcally after 2005, the year in which
advanced etha.nol cOnversxon teclmology is. assumed to be mtroduced In. 2000, the. ﬁl’%_:;bﬂ.l& R
gallons cost $1.10 (19955) per gallon at the plant gate which rises to almost $1.25 per gallém t
blllmn gallcm output level These pnces ‘exclude métor fuel taxes and transporta ion ¢
companson, the average reﬁnery_ e of all grades of gasoline in 1995 was $0.63 per
1996a, Tables 5.20and 5. 21) ¢Bec.a sé';ethanol ‘has only about two-thirds of:the.
gasolme-r__the col:nparab!e pnce of tha_rrol per gasoline energy equwalent ga‘llon would be £
the first ‘billion’ gallons' ‘and $1.85 ‘at the 10 billion gallon'level of output. "By 2010 the o8t o
ethanol drops to abop.?_ $0,75 pér gallon (51.11 per gasoline eqmvalent gallon) at the 1 blll! {".g'a‘ll
n"(sl 17 equwalent) at'10 bllllon gallons of produchon Even'! ‘ e

. 50, 73/ gallon (Sl 08 eqtuvalent) at the 10 billion gallon output level. Despite dxamahc red
the cost -of producm' thanol.from in'ass ‘because of the lower energy content of .
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current level of about 30%. Estimated ethanol demand increases as its price declines, from 2 billion
gallons per year at an ethanol price of just over $1 per gallon to 5 billion gallons at $0.80/gallon and
9 billion at $0.65/gallon. From this point, increases in demand associated with further price
decreases drop off sharply as the limits of economical blending are reached. The moderate 2010 -
supply curve for cellulosic ethanol mtersects the demand curve at about 5 billion gallons per year
(Figure 5. 6)

Figure 5.6 Biomass Ethanol Supply and Demand for Ethanol in Gasoline Blendmg

12

ed)

I'!"S-S{kéi,"(({rln;

tforgasolme. curtent .‘fldyforethan  grain<'is’
dué expxre_,and-lhe future of th industry. 1s uncertéin. ‘Assuming discontinuation of the subsidy
thanplswould displace corn-based:iethano -from_th '&sohol ylélding ignifican
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assumed to be accounted for in the other sectoral models, they are included here. Note that the
reduction is shown in tonnes of carbon, while the emissions before and after are in tonnes of CO2.

Table 5.6 Impact of Cellulosic Ethanol on Greenhouse Gas Emissions from nght—Dury Vehlcles in

2010
Efficiency Optimistic
Cellulosic Ethanol (million gallons) _ . 5,514 ' ?,480 _
*Corn Ethanol Displaced (million gallons) . 1,263 +1,119
Gasoline Equivalent Energy Displaced (million gallons) . 3,696 5,014.
GHG Emissions Before (million tonnes CO per year) : 466 622
GHG Emissions After (million tonnes CO2 per year) . . 03 04
- GHG Emissions Reduction (million tonnes C per year) 126 ... .. 16.8

5.3.2. 11 Adiustments lor Increased nght-Duty Vehlcle Diesel Use

' Because the TDI Dxesel engine and the D1esel-hybnd technologles were. mtroduced in, the NEMS L
: TranSportahon Sector Model as fuel economy technologies, the fuel-type accounting algomhms of ~% o
' NEMS were bypassed. We introduced the advanced diesel in this way.because we believe thatits . "
~ characteristics will be more similar to gasoline engines than the diesels available in the past. The S
- TDI will fully meet all gasoline vehicle standards and will be Qquite sumlar in terms of performance, g 3
 noise, and odor.12’ ‘Thus, an adjustment must be made ex post, to transfer an appropriate amount of
energy from the’gaso‘lme to the distillate category. The ad]ustment affects the energy use. prp;ecﬁonsr.
: . in three (relatively- mmor) ways. First, the TDI Diesel’s impact is spectfied in terms of a cha.ngg in
o R RS miles per gallon. Since diesel fuel contains more Btu per gallon than gasoline and  since the NEMS .
- . ‘model assumes that gasoline is being consumed, the energy use transferred from gasoline to diesel "
must be increased by the ratio, of diesel to gasoline Btus per gallon.' Second; distillate fuel p
slightly less carbon emissions per Btu than gasoline. Therefore the estimated carbon emissions muyst
"be ad]usted both for the shght mcrease in energy use and the shghtly lower’ 'en:uss:o_ Bru' )

X g
b result the demand for ethanol’must be. ad]usted downward torefle the lowerlev
5 use. The net result of all of lhese changes on energy use and carbon emxssmns is less

"I'he ‘tugh-efficnency/ low-carbon scenano posmlates the mtroductlon before 2010 of several nes

‘technologies and combines them with other changes to reflect greater success in developin agd'
mtplementmg low. greenhouse gas technologies and greater public concern over greehh_
_emissions.: Note that successfully achieving these ‘outcomes . requires some’ techn

L | 'breakthroughs, unpiymg that the outcomes are s:gmflcantly less certam than th se
I efﬁmncy case. . % g :

-

E e .
el cell hybrid vel'iidef p;es-gasq i :
_ " The el'u e could ‘jus
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" reducmg greenhouse emnss:ons (e:g 8: breakthroughs m batterieb for electnc vehxcles, or in’
; for natural gas veh:cles (see box)) These were left: 0ut of, 1he hxgh-effiaency/ low-car,bon

\kY

designed to operate on alcohol fuels. The gasoline fuel cell hybrid achieves an 84% efficiency gain
over a conventional gasoline vehicle, assuming major progress not only in fuel cell and gasoline
processor technology, but also in electric motors and other electric drivetrain components. Because a
major breakthrough would be required to make this vehicle marketable, we do not attempt to
estimate its cost. Instead, we assume that it will be cost-effective on a life-cycle cost basis - that is, .
that its incremental cost will be equal to its lifetime fuel savings. This implies a price increment of
$800. : . : b

Some of the: technolog:es necessary to produce an 84% efﬁcxency gam for-the fuel cell hybnd would
also make the internal combustion ‘engine hybrids, both gasoline and diesel, somewhat more; .
efficient (e.g., ultra high-efficiency electric ‘motors, improved energy storage devices with. lugh
‘specific power and high in/out efficiency). Fuel economy gains for the gasoline and diesel hybrids

- are boosted to 42% and 72%, respectively.- A more optimistic assumpnon is made for the DISC
engme, as well. Its fuel economy beneﬁt is mcreased to 23% from 18%.. -

A T H ¢

unprove traffic flow, resultmg in hlgher on:road fuel economy. To reflect this, the ¢ on-raad fuel
- economy: factor, which otherwnse deteriorates by 3% from 1997 to 2015, is held constant; The h;gh
efﬁc:enc)r/ low-carbon case further assumes that the current empliams on horsepoWer (HP) w:l
abate substantlally, althoﬁgh increased: HP will still be valued.’ _This case is. consistent ‘with'a
change in attitudes favoring “"greener” automobiles or pOllCleS to encourage hxgher MPG. To refléct '
greater pubhc concem ov‘er greenhouse gas emlssmns, the ‘demand for- mcreaseﬁl horsepower is’
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"7 | “breakthrough” technology in the. hxgh-efﬁcxency/ low-carbon 'scenario, o

Another Potential Breakthrough Technology

Aside from the new technologies postulated in the high-efficiency/low-carbon scenario, other
potential technologies could yield substantial reductions in greenhouse gas emissions with
technology breakthroughs or, in some cases, with a substantial market push. In the light-duty
vehicle market, for example, battery electric vehicles have potential to reduce greenhouse gases if

they can greatly increase their market share and improve their energy efficiency. For example, | e

several recent studies have concluded that, under plausible assumptions about EV efficiency and the
mix of fuels and téchnology used to generate recharge electricity, use of EVs will yield net reductions
of greenhouse gases. Delucchi (1997) estimates a national average reduction of 26% i in 2015, with

‘| power generation heavily weighted to ‘coal; whereas Wang (1997) estimates a 19% reduct;on in 3 e

2005. Areas with predominately natural gas-generated electricity could have much larger savings.

Note, however, that these results are dominated by. assumptions about EV and baseline gasoline | 4

| vehicle efficiency, type of fuel and technology used for power generation, inclusion or exclusion of |-
‘|non-CO2 greenhouse gases, and the types of trips replaced. by EV.use; it is, relatively easy’ to|:
construct plausible scenarios with much higher or lower reductions in greenhouse gases, or even |.
increases (with- coal- fued elect-nc power and extremely efficient competmg gasohne velucles)
Cruc:al technolog1cal roadblocks £0r EV market penetrabon are:

] i | ' ; e '-a-' y

* Battery u'nprove'rne'n' 'espec:ally hlgher spec;fuc energy and power Iower cost mproved :
" longevity, higher in/out efficiency, : '
'l Power electronics - — especially lower cost, and = Py

*Electric motors = especxally hxgher efflaency over a range of dnvmg cycles and ,h:gher
pOWQl‘ Lo L : i .

‘have shown contrasting greenhouse effecis For: example, Deluccl'u (1997) estm‘la
:.m greenhouse gases compared to gasohne use m 2015 whereas Wang (1997) es

:" 'best CNG offers onlY a modest Bfeenhouse enussxbnsimpm"em"“t 7

Although 1 We" selected fuel ce vehicles fueled by gasqhne (W1th onboard fuel f essomﬁ

. | the direct use of hydrogen as a fuel is sufficiently more attractive to. outweigh
' |hydrogen’s low energy density (complicating onboard storage) and lack of a sup
. [(Ogden, 1977). The advantages of direct hyd:ogen include avoidance of the added ]
- .| the fuel processor and ]a:ger fuel cell requl.red (fuel cell performance is reduced:
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5.3.3.2 Changes to the Medium and Heavy Truck Model

Medium heavy trucks are typically operated locally in pick-up and delivery mode. For such
vehicles, hybrid technology, with regenerative braking and energy storage capabilities, should:
offer significant advantages. It is assumed that a diesel hybrid becomes available to heavy trucks -
starting in the year 2005. This technology is assumed to offer the same 72% fuel economy benefit as
the light-duty vehicle version.

_ Greater success in materials, aerodynamics, tires, and engines, should make these technologies more -
economically attractive to truckers. Since the NEMS Heavy Truck Model does not explicitly include - .
an economic trade-off between fuel savings and technology penetration, this effect was simulated by
shortening the time to 99% penetration for each technology by 30%. For most technologles this'
implies a 15 year penod from time of mtroductnon to nearly full market penetrahon :

5.3.3. 3 Changes to Other Modes

'Several changes were made to the commerc:al air model mput.s Startmg in 2005, propfans were'_ )
assumed to-be available for smaller commercial aircraft. Propfans' offer a 20-30% efficiency:
-  improvement over lugh bypass turbofan engines, and 10-15% over even ultra-high bypass engines
" Development of propfans has been hindered by concerns about initial cost, maintenance, and’
vibration. Propfans are made ‘available to only one- -third: of new aircraft in the hlgh
efficiency/low-carbon  scenario. = Additionally, partial success in. hybrid daminar flow (HLFf
- technology to reduce.drag is assumed by 2010. Although HLF has the potential to reduce fuel useby
15% or more, only a 9% efficiency gain is assumed due to the continuing difficulties in developm A
practical system. - In the efficiency case; ultra-high bypass engines are assumed to give a’ 10% 54
efficiency-gain, thermodynanuc unprovernents provide a 15% gain, and advanced aerodynamics .
. yield an-18% improvement._ In this case,-those are increased to 17%, 18% and 27%,’ respectxvely" ()
certamly optu'mstlc but not unplaumble estimates (for example see Greene, 1992, Table 4) ‘

LT ]

.'-.-s.

fleet. Changmg the technology of transportatxon requires t
. this requires decades. AS a result, the impact of advanced ¢
©.° 2010 will only just begm to.be felt in 2010 and’ will still
el dk, o This phenomenon can be most easily seen by comparing th
i to that of the entire fleet of- h,ght-duty vel'ucles In the.ef

\g over: a’ vast stock of vehicles, and’
) intrgduced between now anh

e hgsbehmdat282MPG(240 MPG onroad
a2 the eventﬁal hght-cluty ﬂeet IMPG/wﬂl «clim
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Passenger car and light truck fuel economy improvements are, in general, attributable to the
combined effect of many fuel economy technologies rather than a single, dominant technology. A
number of improvements to conventional engines combine to increase average new vehicle MPG in
2010 by almost 20% for passenger cars and by about 10% for light trucks. These include engine friction
reduction, greater use of multi-valve engines, and variable valve timing and lift control.
Substitution of lighter weight materials, aerodynamic drag reductions, various transmission
improvements, and the combined effects of advanced lubricants, tires, and accessories, each . -
contribute 2-5% gains.. Of all the technologles added to the efficiency and high-efficiency
scenarios, the lean-burn gasoline engines (DISC and 2-stroke) deliver the greatest fuel économy
benefits, about 15% for passenger cars and 12% for light trucks. These numbers represent sales
weighted average effects, taking into consideration the fact that even in 2010 new vehicles are not-
equipped with these technologies. Diesel and hybrid technologies each boost average new car and
light truck fuel economy by about 5% in 2010, the:r smaller impact bemg due to their sma].ler ma.rket :
shares. ]

'I'he sales welghted average impacts of nine classes of fuel economy technologles in the l'ugh- i

S - efficiency /low-carbon case are illustrated in anures 5.7 and 5.8. The measured percent fuel economy'

"+~ gain applies to the impact of the technology on the average fuel economy of all new passenger cars.

e, S or light trucks and, thus, takes into account the estimated market penetranon for each category

e technologies. In 2010, passenger cars get a considerably greater benefit from engme effmendf LR
EEET S improvements than hght trucks, but the gap narrows considerably by 2015. Although the DISC'and,

. - 2-stroke technologies.are the most significant new technologies in 2010, the gasolme fuel cell come

‘on strong by 2015 The. u'npact of the fuel cell in 2010 is obviously limited by the: assumpho n'that’

would be first introduced in 2007. The impacts shown in Figures.5.7 and 5.8 depen;l entn‘g‘ly }hg

- cost, fuel economy benefit, and introduction date assumptions shown in Table'5:2,’and the‘mgi

. NEMS model translates those assumptions into market success. 'I'hus, j:he graphs'do. nol:épi'eséﬁt'i'h

‘predzct:on ‘of what specific technologies will achieve, but rather.an’ ‘illustration  of wha ou!g

o~ happen given the outstanding successes in fuel economy tech.nology R&D as reﬂected in our'hiéh

gL s efﬁnency/low-carbon scenano assumptlons 3 R A

Tt

“The 23% gam for llght duty vehlc!es ‘in' 2015 is ]ust shghtly lugher than tl_'le 21 nd.:
improvements by frelght trucks and rail in the efficiency scenario.- ;Antraft efﬁaency"gamsﬁ 4
- behind at a mere 9% in 2015, but this is due to;the fact'that mr passenge:; q.f kl

“the most (17%) in th mess-as-usuhl, . In’ 2010 rail and-air ha.ve
. gains over 1997 Thzs ‘consistent \ylﬂ't i'l_\e reco,rd of the past c‘uarten century
these two modes have led all others i energy-efﬁc:ehcy mpmvement
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Table 5.7 Transporlatwn Sector Energy Use and Energy Efficiency Projections to 2010 and 2015 e ¥
(continued on next page) : e g o
I
1997 2010 R L T
BAU *| BAU  Efficiency| Change %y,
' s X Change,.;. e
Energy Use (quads) . : 255 ° 323 29.3 310 9%
Carbon Emissions (MtC/Yr)) . - : .487 616 543 -73 -12%
" Fuel Use by Fuel Type (quads} T s oy A ' cie: B
Motor Gasoline e 15.1 18.0 . *18.2 2.8 . i #18% A, T By
Cellulosic E.thanol (in. motor gasohne) 0.0 0.0 0.5 08~ e wet R
Dlsttilate 4.6 5.8 5.7 0.1, 2% Cup
}et Fuel - - 3.6 4.7 . 4.2 0.5 ¢ -1:19’#"’
Residual L ; 1.2 1.6 o™ Aib 0.0 ™ 0%
Other.; “:. &4/ e 11 22 v 21 | T8l -4%
Energy.Use by Mod’e(quads) _ ) ¥ i & %
Light-Duty. Velucles - el Ll [ 18.2 163, -1. 9 W
Frelght Tmcks ' : Bk o S i DU 6.8 +6.3..7 | 1-0:8
Air 4 o . 3.6 '-‘4.7' _42 % 0.5 "k
Rajl 6T _ 05 0.5 0.4-\--‘ 0.1
Marme ohL . B L e i 23 23 e
Pipeline TG I e 08 0:9: %10
~ Other . 3 LR 03!
New hghtTm&kaPG-_"" i
L:ght-Duty Fleet MPG' _“‘
. Transportd
"nghtpc! t'y
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Table 5.7 Transportation Sector Energy Use and Energy Efficiency- Pro;echon.s to 2010 and 2015

(Continued)
1997 2015
BAU BAU  Efficiency | Change’ TR
. : : Change.
Energy Use (quads) - S 8 25.5 '34.0 287 . *5.2 [ =19% s
Carbon Emissions (MtC/Yr.) g 487 646 532 | -114 . --18% :
Fuel Use by Fuel Type (quads) : = :
' Motor Gasoline - ' S5y 18.7 135 | 53 .
Cellulosic Ethanol (m motor gasolme) : 0.0 0.0 04 0.4
" Distillate : : : ;. %8 6.0 t 6.5, 0.5
. = o Lo m. bt L 8 . 50° - Al -0.7°
_ Residual e e o R . W8 L8 00" - )
Other ©.# _; ©  Muid) @ 2 alf it e g 25 24 | 02— 63
EnergyUsebyMode(quads) et A i R D i
Light-Duty Vehicles, . - - 186 | odea. o ass | Advand
Freight Tmcls : -3, 5.6 7). % - 63 L b 083 s
AR L e 3.6 ‘50 - 4.3 % |'. 0.7
Radly, = s Ve 05 0.5 ‘04 .| -0.14 .
Marine il S & & 25, 25 2 0l
Pipeline . | 2408 L09: 2109 700
/Other. i =& 0.2 0.3 0 3 i
Energyéefﬁ'cllency 5k i Pl 3
‘New Car MPG " . : T AR 414
New Light Truck MPG 205 20.6:: ;319
. Light-Duty: Fleet MPG 19.6. 7195 . - ;'\240
Aircraft Efﬁc1ency (Seat-M 51.8 - 60.6 316611 1%
Freight Truck Fleet MPG o /5.6 6.1 74
“Rail Efﬁment:y (tomn'ules/l 000-_;3 5 32
; Transportah_on 'Acli\iity-” '




Table 5.8 Transportation Sector Energy Use and Energy Efficiency Projections to 2010 and 2015 *
(continued on next page)
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Table 5.8 Transpoxtatlon Sector Energy Use and Energy Efficiency PI'O]eCtIOI'I.S to 2010 and 2015

~ (Continued)
1997 2015
BAU BAU - Efficiency | Change %
' Change
Energy Use (quads) 255 34.0 267 | 73 21%,
Carbon Emissions (MtC!YrJ 487 646 ‘484 -162- <25%' "
Fuel Use by Fuel Type (quads) v , :
Motor Gasoline 15.1 18.7 112 * =7.5 o
Cellulosic Ethanol (m motor gasolme) .00 00% .07 = L7 ;
" Distillate N ‘ 46 6.0 i ST
="t Jet.Fuel ." [« SO R 36 ‘80, 40
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Transportation activity increases at moderate rates in the business-as-usual case and, indeed, in all

the other scenarios as well. Transportation activity in the NEMS model is relatively insensitive to

energy prices. In the business-as-usual scenario, light-duty vehicle travel increases by 22% from

1997 to 2010, an average annual rate of just 1.5%. In the high-efficiency/low-carbon scenario, the

increase is 24%, reflecting a very small increase due to the lower fuel cost per mile of vehicle travel

(1.7%/year). Growth from 2010 to 2015 is slower still, 1.1% per annum.. Air travel is the fastest "

growing mode, with seat-miles growing at 3.4% annually through 2010 and slowing to 2.1% annually -

from 2010 to 2015. Efficiency improvements in the efficiency and hlgh-effmency/low-carbon

scenarios include increased load factors (passenger-mlles per seat-mile) so that seat-miles are -

actually 7% lower in the effiaency case than in the business-as-usual case in 2010 (Tables 5.7 and M

5.8). Freight truck vehicle miles increase at a faster rate than light-duty vehicle miles, 2.5% per-

year through 2010, slowing to 1.1% from 2010 to 2015. . These levels are almost unchanged by further -
increases in truck freight energy-efficiency. NEMS measures rail and marine activity in ton-miles, :

‘and these are up 21% and 17%, respectively, by 2010. Once again, the growth rate from 2010 to 2015

is at the much slower rate of about 1% per year. _ .

The combined effects of moderately mcreasmg transportanon activity and s:ngLant eff1c1ency

‘gains are still not enough-to reduce energy use or carbon emissions below present levels by. 2010 ;

Overall, transportation energy use in the busmess-as-usual case grows from 25.5 quads in 1997 to 3253 :

" in2010and 34.0 in 2015. The efficiency scenario lowers energy use by 9% i in 2010 and carbon enués:ons

~ byan additional 3%, due to the. success of cellulosic ethanol as a gasolme blendmg component. Shll,

energy use is up-15% over the 1997 level, and carbon emissions are 12% higher.” In 2015, however,

' “energy use and carbon emissions are reduced compared to 2010 but still h;gher than in 199
5°_ Although the 1997 version of the NEMS model does not forecast beyond 2015, it'is reasonabl

"y, ‘assume that ‘energy use and émissions will continue to fall for a decade or so beyond 2015

technologlcal n'nprovements penetrate the stock of transportahon vehicles.

- 'quads lower- than the ‘current level. in 2015. . 'I'he use of 0.4 quads of cellulosic ethanol
O T D equivalent Shlft to diesel are pamally responsible for ‘the reductlon in gasoline cons

2015, “The slower growth of gasohne‘ demand suggests a change in reﬁnery operatlo
_ reqt.ured but no analysm of the- m‘zpac‘ts of tlus change has been made. -

2 The l'ugh-effu:lencyflow-carbon scenano adneves the mdestone of reducmg COzﬁms \s beloy

o 1997 levels, but by 2015 rather than’ 2010 (T able 5.7). 'In 2010, CO2 emissions are 17% (:’1 full; “:
per year) below the business-as-usual case, but still 4% above 1997 levels. With | new cars at :

“(EPA stest. value), new hght tmcks at 31 MPG a.nd the fleet average at only 27 MPG’ 123 :

""""

Mpl: 'is up from 19.6 to 27 1‘(
€ ires éﬂu:hbnum with the éf
'__, X pe:;etrated only 5% of the
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2010 and 15% by 2015. In most cases, the majority of CO?2 emission reductions have yet to be realized,
even by 2015. The point is not that little can be done to reduce transportation’s CO2 emissions. The
point is that if CO2 emissions must be reduced, the sooner one gets started, the better.

5.3.5 Cost-Effectiveness of Light-Duty Vehicle Fuel Economy Improvement

The cost-effectiveness of technological changes that improve fuel economy is a very complex issue, -
depending not merely on the value of fuél savings and the increase in retail price, but on how each
technology affects the performance, reliability, appearance-and feel of a vehicle.” Even such a
seemingly simple matter as' computing the value of fuel savings is not straightforward, since it
depends on car buyers’ expectations about future fuel prices, vehicle lifetime (or, alternatively, -
market valuation of remaining fuel savings when the vehicle is traded in or resold), consumer: - .
discounting of future savings, expectahons about future- deprecxatron of the vehu:le 's value, and ek
expected utilization rates.. )

i Technologtcal advances are llkely to create new opportumttes to prov:de other beneﬁts of L TR ;
_ importance to car buyers and to society. For example, multi-point fuel injection.is generally held to" . -

be not cost—effectlve solely on the basis of fuel savings — yet every new car sold and nearly every new
light truck is eqmpped with it. The reason for including fuel injéction is that it improves
drivability and also is a critical technology for meefing emissions standards. ‘Technologies included
i in the’ efﬁc;ency scenarios ‘also have the potential to. create social benefits, . By,  reducing -oil .

'~ consumption, they will decrease the volume of-U.S: oil imports, By. ‘making it easier'and: cheaper to
' _improve efficiency and substitute alternative energy sources for oil, these technologxes will i u.nprov _
U.S. energy security. Teclmologles such as hybrid vehicles and fuél cells will help ve}ucles ‘meet;-
increasingly. stringent emissions standards. ‘Most mportantly, technologlcal vad vam:es wnll be
2 essenhz.% to creatmg a sustamable world transport system. ' : S

¥ ¥

. W cost of supplymg technologles is also not a sunple matter, since 1t depends on the rate at wl'uch

= _ capital equipment must be replaced.. If the rate of adoption. exceeds the normal rate of turnover. of -4

- manufacturing equlpment the costs of technologtcal change increase. -Also, new: technolog:es_ must_

. often be certified to méet safety and envirorimental standards, which takes tirie and ‘involves some.

~'degreg of risk. Consumers expect a high degree of rehabtht‘y of vehxcles, and ’this nught ibe
th.reatened by too raptd mtroducuon of novel technologles ' g

{0 .ef{ectitrenes_s calculatron, but rather attemps to su:nuiate the
- market penetration of erI economy technologres
de_ter'n”iined : :
penetration for precnsely cost-effectn*e tech.no'!ogtes, wlth-mcreasmg or decrez g
cost-effechveness increases or. decreases, respectively. Thrs su:nulates the fact that <
leage drivers “such,
S’ i, representahves might tend to value fuel economy more_th_a_:t oul "average dnvers),
o % ¢ technologies have othercharactenstios that consumers may, or ‘may not, value.Also, introdi
0.0 . not immediate when cost-effectweness is reached, but is rather phased in- over time su-nu]a
**’ normal process of retu'ement and replacement of manufacturmg capital. -
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Although it took less time for multi-point fuel injection to replace carburetted fuel systems, this
technological change was urged on by emissions regulations. Nonetheless, as a point of comparison,
it suggests that the rates predicted by the NEMS model are comparable to similar historical
transitions.

Flgure 5.9 Market Penetration of Advanced Engines for Domestic Passenger Cars - Effmency
Scenario -
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0.5

Market Share

““However, for light-duty vehicles, approxllmate technoldgy cost estimates can- )
market shares of each technology and from the uuhal cost estunates. : By comp:
< Uy A we:ghted average cost in 1997 for the BAU case, we can obtain an estimate’ of th #ncre"ase
pnce per vehicle due to the adoption of fuel economy technology The iricrem, tal’e

mulhplymg ‘the full cost increase by the ratio of the actual MPG ga '
- ex,ample, for automobiles in the efficiency case, this ratio is 0.7. .

i

L ’ '. employed in the model to calculate cost-effectweness, we ca.n_also estim 'te
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Figure 5.10 Market Penetration of Advanced Engines for Domestic Light Trucks - Efficiency Scenario
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is somewhat controversial. In the buildings chapter, for example, a 7% real rate is used to value
fuel savings. We believe the 20% rate should be used for valuing light-duty vehicle fuel economy
savings for the following reasons. First, when consumers invest in a fuel economy technology, they
are investing in a depreciating asset. Motor vehicles depreciate in real value by about 10% per year.
Thus, a passenger car that cost $20,000 when new, would bring a little more than $12,000 five years
later. ' We believe that it is reasonable to'assume that incremental investments in fuel economy
technology will depreciate at the same rate. Second, empirical evidence shows that vehicle use -
- . decreases with vehicle age at approxmately 4% per year (Davis and McFarlin, 1996, Table 3.11).

" By reducing the quantity of fuel consumed, this effectively reduces the value of future fuel savingsat .
the rate of about 4% per year. Finally, consumers will have a simple discount rate, reflecting their

- time preference for money. If we assume that the simple discount rate is 6% per year, we obtain a '
total discount rate of 10% + 6% + 4% = 20%. We recommend using that rate to value future fuel
savings from the consumers’ perspective. ‘That rate is also consistent with the valuation of futire’
fuel gavings in the NEMS model. We show a lower 10% rate here for purposes of companson wlth :
other sectors: g i

b

Table 5.9. Slmple, Total Cost-Effeclweness Estimaies for hght-Duty Vehlcle Fu'a"!:'.conomy o

- A Technology
Value of Fuel Savmgs to éonsumer <
- oo E = " 6% Discount - 6% Disco 1.n:'|'t-|; 2
- «_Scenario MPG . Full Incremenml ; Adjusned B
Lk L o OO IncrementalCos iy te+él:tbeUsag_f 4%:";,?;,;32%
: ‘Passenger Cars ' ' . sgFE g ‘ : T ey
S w3l Business asUsual 275 . S0 el S0 LT e it 0
i ; Efficiency 3785 T UUSBR0R 5600 . $1,600 o 8t 000
B 1 __ Highi-efficiency 4315 2 $900 v . $900 ,’ - $2,150 - - -, Sl 350
. U Light Trucks T el L RO 8 T TR
4, ‘Bu.smess asUsuaI 205" i 80 i T e '\ " b G
.. Efficiency 27.1.,: 0 8800 - ', $650,". o 81,9500 it
e ngh-efﬁc:ency 30.8 . '.--""‘5950 e $900F ; "32;700-‘;' " 1

G_asolme prices asmmed to remam constant at $f.20 per. allon.. Vehu:le u.sa?e nte of 15 )
declining with vehicle age at 4% | year, and lifetime orétt ye:rs. For calcu atmg value to+

ﬁma'tés are reduced by 5% to r actua operatlng €0

“Given our preferred nethod. of alying fue
: substantlal amount of technologlcal nge.
theaverage consumer. However, the_]_\fﬁMS r




Chapter5 "Tranébonation Sector

monetary costs and benefits, and attempts to simulate actuai market behavior. Thus, the
calculations reported above do not correspond to the NEMS technology adopnon methodology.

5.3.6 Oil Imports and Oil Market Benefits

The reductions in energy use achieved in the efficiency and high-efficiency/low cdrbon scenarios
represent significant reductions in U.S. petroleum demand which should result in reduced U.S. oil
import dependence and lower oil prices to consumers. Because of transportation’s continuing
dependence on petroleum in the business-as-usual scenario, 95% of transportation energy is still
derived from petroleum in 2010. In the BAU scenario, transportation uses 30.6 quads (14.5 million -
metric barrels per day (MMBD)) of petroleum products. Technological advances contained in the
efficiency scenario reduce petroleum consumption by 3.4 quads (1.6 MMBD) in 2010, and those in the
hxgh-efﬁqer_tcy/ low-carbon scenario produce total oil savmgs of 4.9 quads (2.3 WBD) ;

Lower U.S. oil consumpt:on due to more energy-efflcxent teclmology ‘and subshtutlon of cellulosu: "

‘ethanol should reduce U.S. oil imports, or reduce world oil prices, or both. The exact world qnl s

market response is indeterminate because it depends on the actions of the OPEC cartel. In a
competitive world oil market, the response to reduced U.S. demand could be' predicted based on
knowledge of the U,S. and. rest-of-world supply and demand curves for oil. But because the cartel’s -

supply. does not necessarily follow the rules of competitive market behavxor thére is, in effect no.

OPEC oil supply cutve. Faced with reduced demand, competitive producers would lower" pnces, .
encouraging demand and driving out the higher cost producers until a new equ.tlibnum were reached. .
But a cartel can choose to cut production, raise production, or do nothing,” making ‘the ultimate
outcome uncertain. Cutting production would raise world oil pnces but the cost fao OPEC wouldbe loss
of market share a key detemunant of market power G s

. No matter what the OPEC cartel 'chose to do, however, either. U.S unports would fall or oxi pnces i
would fall, or both, as a result of the technological advances reflected .in the: effmency and high-
eff:c:ency/low-carbon sceniarios. This is illustrated in Figure 5.12, which show‘s U.S. long-run’

supply and demand curves for petroleiim derived from the 1997 Annual Energy Outloolé's Low, High, L

and Referepce Oxl Pnce Cases for 2010 (EIA 1996b Table C11). The curves. clearl ,Ehow I:hat at: the
d { :

ity 0y
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The advanced technologies of the high- eff1c1ency/low carbon scenario shift the demand curve
towards lower demand, and may also change its slope (perhaps making demand more responsive to
price). If we assume that the world price of oil does not change (to achieve this result, OPEC would
have to cut production by an amount roughly. equivalent to the reduction in U.S. consumption), then
U.S. imports would be lower by about 2 MMBD. If OPEC maintains previous production levels or .
increases its output, world oil prices would fall. As prices fall, U.S. domestic supply will decline
and demand will increase, pushing imports back up. However, to achieve the original level of
imports (12.9 MMBD), prices would have to fall by about $5 per barrel (given the supply and
demand curves shown in Figure 5.12). The $5/bbl. price cut would reduce the total cost of oil to the
economy by about $35 billion, and reduce the cost of oil imports by about $20 billion, in comparison to -
the AEO97 reference case. The possible outcomes are: 1) U.S. imports are reduced by 2.3 MMBD or
.more, 2) world oil prices fall by about $5/bbl or more, or 3) a combination of reduced imports of up to .
2.3 MMBD and a price décrease of up to $5/b‘bl. occurs.

5.4 __a&o PoTENTIAL 'FOR A_oyahceo TECHNOLOGIES IN 2020 -‘ d
541 ugm-outy Vehicles

Many of the advanced technolognes that have thé potential to impact U.S. automotwe fuel use' 5 e
after 2010 -or 2020 need considerablé research -and development work before they can- attam_i
commercialization. The federal government has supported work on many of these technologies for
more than 20 years, beginning with the Energy Policy and Conservation Act of 1975. The currerit US
- R&D effort on the more exotic of thé new’ technolog:es has been characterized-as “the’ mo§t
comprehensive, best orgamzed, and best. funded in the world" (U.S. Congress, OTA," 12?5)2
Nevertheless, over the 'years, federal funding for vehicle technology R&D has been errah_
i there are continuing budget battles over funding for'DOE's Electric and Hybrid Vehicle Progmm and
_ - the PNGV as'a whole. As noted above, the National Research Council Committee that is rev:ewmg

the PNGV program has stated in no uncertain terms that, they believe the program 15 senously
~under-funded relative to its ambltlous goals

L :‘.-‘1995) Also OTA concluded ‘that'the cufrent' federal ﬁkogra.m may not take' appropnate ’adva.n

‘- of the innovative capablhtxes of small’ busmess, espemally with budget pressure &3 ‘Natior

: -_lnstxtute of Science and Techno,logy s Advanced Technology Program and other efforEs Eha't
ek i

L9

o 1)
el

-
\
L}
4
by

SR __-_._.f-q

e regulatozy incentive toi improve fuel ¢ emnomy should be capable of producmg, by 2020 or earher
- ' sized vehicles with fuel ‘economies in the- 60-80 MPG ‘range and performance slrmlar 10
. vehicles - that is, I'PQIGV territory.”, Note ‘that .continuing'ﬂeet increases in power an

owill tend to reduce, future fuel economy potential, since general.ly there is a direct trad
performume md fuel economy._ - An oplt:mistlc vis on of a. potentml hlgh-efflclency/l
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i storage, technology for nafiral gas; mlghlallow _substantlal penetrat:on of 1
i bé'substanhally less than’ for EVs o: fuel' cell- i\‘ybn

- Technologies (OHVT). within ¢
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e Ultra-low rolling resistance tires, CR of 0.005 (about half that of today's tires);

* Hybrid drivetrain with lightweight, highly efficient storage device (ultracapacxtor or
flywheel) and electric motor/controller;

o Fuel cell powerplant with advanced hydrogén storage or efficient fuel reformer (safer -
alternatives: DISC engine or DI diesel with lean NOx catalysts); and

e Use of hlgh-efhaency/low-carbon accessories and low- energv use des:gn (e g advanced
window coatings and insulation).

.The current PNGV program is addressmg many of the remammg R&D roadblocks though some need
considerably more attention and the solution to others might be accelerated with greater resources.
For example, development of ma.nufacturmg processes for composites has been hit hard by budget
cutbacks; as noted, without major breakthroughs, composites will likely be too expensive to: play a
major role in vehicle light-weighting. In addition, there is some concern that Japanese and
European firms are devoting more resources to DISC and DI diesel engines than are U.S: companies, -
and these engines may play a critical role in future high-efficiency/ low-carbon, vehicles;especially -
if fuel cell development is- delayed or is unsuccessful at reducmg costs sufﬁcmntly for
. commercialization: :

b

i’

Fuel cells are w:dely beheved to be the most attractwe powerplant opnon for future vehicles, and ;
recent progress in increasing their power clens:ty and lowering costs through reducing their platinum = -

- requirements has been extremely: promising. Nevertheless, as discussed previously, many hurdles ~

remain, and their costs must decline remarkably for them to compete successfully with internal ;.

combustion-engines. In fact; they would revolutionize the power generauon mdustry long before they
reached the $30/kW. level of ICEs 13 : .

; -

de

Although some may view a fuel cell “hybrid vehlcle as an :deal” vehxcle, there are sufflclent B e Lo
uncertainties in the potential of the technologies needed for. such a vehicle, and sufficient- v .0 %
heterogeneity in regional requirements and markets, to imply that an ideal R&D. program in light- .

duty vehicle technologies should be a broad program mcorporatmg a range ‘of alternative’
technology pathways to high vehicle efficiency and low emissions.: A breakthrough in lugh
specific-energy battery. technology ‘coupled with' significant progress melectnc\ motors and power.
, electronics, for example, c¢ould put large numbers of efficient electric- ‘vehicles into. ‘many urban’
markets in some of those markets (e.g., Cal;forma) both the overall emissions effects and the:
greenhouse gas emissions effe.cts could be extremely positive.- Snmlarly, reaktlu‘ough,ﬁﬂ on-board;

‘many markets, although the positive gt

5 4.2 Freight Trucks and Locomotlves

The chese! cycle; ‘ngme wdl do:runate the fxelght truck sector at- 1east unt1l 2020 because of its lugh

thermal “efficiency, potential fuel- flexibility, and durablhty DOE's’ Offn:e of Heavy Vehicle.
)ffice of Transportation Technologies is attemptmg to develop
to’ achleve fuel flexibility, ultra-l emissi and high fuel
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have already been demonstrated to a limited extent, a key enabler is a durable highly efficient
NOX catalyst capable of operating at high-efficiency /low-carbon in an oxidizing atmosphere.!®
Fuel reformulation is envisioned, as well as nonpetroleum fuels, during this period (2000-2020).

However, as the efficiency of the diesel cycle becomes fully exploited (thermal efficiencies of over
63% will be highly unlikely), the hydrogen fuel cell, unconstrained by the Carnot cycle, may be the
next powerplant of choice for freight trucks, locomotives, and passenger cars. Significant R&D-
efforts at DOE have enabled the demonstration of methanol-fueled fuel cell buses and other
vehicles. However, significant development of the fuel cell itself, power management strategies,
and hydrogen fuel production, distribution and storage are required, and economical solutions are
hard to envision before 2020. Particularly problematic are the low cost, efficient production,
delivery, and storage of hydrogen fuel (carbon-containing fuels significantly degrade fuel cell
thermal efficiency — in many cases to efficiencies below that of current-production diesel engines). -
‘The fuel cell powerplant, combined with low aerodynamic drag, low rolling resistance tires, and

- lightweight materials may raise Class 8 tractor trailer fuel efficiency to 15 MPG or more.
-Locomotive engines may be an ideal test bed and. an early entry for fuel cell powerplant
technologles, because sizes needed (4000 hp-equivalent) are on the scale of smaller stahonary
electrical power generation plants which are already commercial. In addition, locomotives are"
already driven.by computer-driven electric motors for traction control. '

o s.s-"s'UMMAnv_ S 4 R e TR

J

Cost-effectwe or near. cost-effectwe technologies and alternatwe energy sources have the potentlal
to significantly restram the growth of the US. transportahon sector's greenhouse gas emissions -
- through 2010. *'There remains a substantial reservoir of proven technology for improving moto ;
vehicle fuel economy, and technologies that are very nearly market-ready (such asthe DISC.engine
with lean-NOX catalytic converter) will almost certainly further expand. the. potential to increase, ’;
MPG by 2010. New technologies and operational efficiency gains hold out similar potential for air- .

- passenger travel and for truck and rail freight. - Ethanol derived from cellulosic feed stocks instead” R
of grain'could also make a significant ‘contribution by 2010 as a blending component for conventional -
. gasoline if cost reductions foreseen by energy. researchers are achieved. Overall, the- combmed -
~.. .. impact of such technologies could be to reduce greenhouse gas emissions by 10% in 2010 and by_aln'i" s
“ % 20% in 2015, relative to the business-as-usual case. -If important breakthroughs can be ‘achieved

“-fuel cells and other key technology, transportat:on s greenhouse gas exmssxons in 2015 could be held ;
. below current levels R

R i diamsis : : Gy S R _‘a?
‘the busm&s-as-usual case, I:ransportanon énergy use.grows from 25.5 quads in 1997 to 32.3 lfl 201 :é"‘\@
~ 'and 34,0 in 2015. Carbon dioxide emissions, in million tonnes'of carbon, increase from 487 in 1997t6 -
' .616'in 2010, and to 646 in 2015. As mentioned earlier; the business-as-usual case anticipates rates of *
growth in transportation activity that are slow by historical standards. The actual outcome could .
A easﬁy be 10% higher. The efficiency case holds transportation energy use to 29.3 quads in 2010 and -
~ ' 287 in 2015." Accordingly, carbon emissions grow to only 543 MtC:in 2010 and 532 in 2015. The fact’.
‘that emissions are lower in 2015 than in2010 reflects the fact that changing the tecl'mologj,r of;
: '_'transportahon energy use requires . the orderly turnover of durable capital stock.  The high--
: efﬁqency/ low-carbon scenario holds 2010 carbon emissions from tra.nsport to 512 MtC a.nd reduces
.;2015 emissions to 484 MtC, ]ust shghtly below, the 1997 level '

-lnsthe mix of transportauon fue.ls in the three_ 010 scenanos are sum.ma.n.zed in Table 5 AL e
Aitltbug'h ipetroleum fuels’ are ‘shll?theﬁpredommgnt'ﬂsoi\rce of-energyfor. transportation, use' of S

tgtjng_g\te __ 'els‘expands in-‘all' three: scenariosNa '”al’kas’consumption for transport grows from)
75 TCF.in’ chiis used’ tural gas pipelines) to roughly 12 TCFin 2010. «m

Fo S athf

e,

e .“]" 3 '._.. . SR .
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12010 pipelines still account for 70-75% of natural gas use, but CNG vehicles consume about 0.25 TCF,
and natural gas used to produce methanol for motor fuel accounts for nearly all of the rest. Biofuels
in the form of cellulosic ethanol come on strong in the efficiency and high-efficiency /low-carbon
scenarios, providing from one-fourth to one-third of an MMBD oil equivalent. In accord with the
AEO97 reference case projections, all scenarios foresee substantial increase in electricity use,
essentially all going to electric vehicles. The lower levels of electricity use in the efficiency and
h:gh-efflc:lency/low-carbon scenarios, like those of natural gas use, are due to the general
improvements in vehicle technology in those scenarios.

~Table5.10 Transportahon Energy Use by Fuel Type ' W

. _ = 2010 T
Fael .- ., . . 1997 BAU Efficiency . High-Efficiency .

Petroleum Fuels (MMBD) AF 14.59 1201 - 1218%

Natural Gas (TCF) 5 . DS 2. - 119 °C = 9116

. Biofuels (MMBDOE) - 0001 0.4 025 .03

Electricity (MMBD OFE) 10.04 - 023 022" 020 -

" Note: Petroleum fuels converted to million barrels per day oil e%:nvalent using a heat content of 5.738
MMBtu/barrel. Natural gas includes natural tga.-s used to produce anol for use as a neat fuel, but does not .
include natural gas used to produce methanol for use in Methyl Terha?g Butyl Ether. It is assumed that, to produce
one quad of methanol, l ‘quads of natural Eas are required. For electricity generahon, 3.38 quads of pnmary
energy are assumed to be teqmred foreach qu.a of electncal energy consumed. _

i a"

0 -Carbon emissions by mode are sum:hanzed in Table 5.11. Light-duty velucles account fo 'V
~Ye ' majority of carbon emissions reductions versus the business-as-usual case, with:: s:gmfncant, RN
oty contributions also being made. by trucks and commercial aircraft. Rail. freight ; shows the greatest. ** - :
- b .. relative reduction,” while’ en‘gssmns from shxppmg, mll:tary and “other" are essenhally constant
. " across the three scenarios. - :

__man

e £ '_:"'l'_a"blé“s;‘l_‘l_.Cafbon Emissions in 2010 (MtC) -

-BAU-. . Efficiency '+

Light-Duty Vehicles - 2787 ' '."_- 346.3 2973

" FreightTrucks | 980 i 834
.. Freight Rail' 96

* Shipping " 30 427
_ An"l'ransport ot FLA 600 "_- 835
' -Mxlltary, Transnt Other A 35 3 ; 39.0 .
'IUTAL 4869"" .- 6159 . - - . 5433 - 511.5-""" 1
~ Note: . Breakdown !nto modal carbon e:russ:oﬂs_ based on ermsstons factors taken from EIA (1996d) and DOE

(19%6). " -

greatest for t!'us ‘mode, with' the poss'ible excep
Tim-d the commemal modes nre beheved
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sensitive to fuel costs and more aggressive in the adoption of energy-efficient technology. Therefore,
the rates of energy-efficiency improvement in the business-as-usual case are higher for these modes.
Finally, light-duty vehicles simply use more energy than any other mode: 60% in the business-as-
usual case. The other modes cannot be ignored, however, and should probably be given much greater
attention with respect to R&D investment.

Although technological improvements have the potential to cost-effectively restrain greenhouse
. gas emissions from transportation, it is not likely that the changes will come about without a major
- public policy initiative. There are two reasons for this. First, the problems posed by greenhiouse gas
emissions are what economists term a classical public good externality. This means that the market
economy will not provide the right price signals either for the development or the adoption of low-
carbon technologles Second, the AEO97 projections foresee a world where fossil fuels are abundant,
available and mexpenswe In particular, none of the oil market upheavals of the past quarter
century are present in the forecast. As aresult, there are no other economic incentives to encourage
either energy-efficiency or alternative fuels. In such an environment, it is not reasonable to expect .
either that appropriate technology will be developed or that success in the marketplace will
result. o —

-

As a result, the efflclency case is based on the assumption that pohcxes are implemented to promote
. the development of cost-effective low-carbon technologres and to spur the adoption of these
technologles In our view, this would include at a minimum ,a greatly increased public sector
investment in R&D addressing energy—effrcrent and low greenhouse gas technologies, perhaps two to
ten times the current level of effort. There are other public interests in developing such technologies
- (e.g., energy security and environmental sustamablllty) that, we believe, could easily justify sucha ', .
level of investment. But policies to insure the adoption of low-carbon technologies in the market -
would also be necessary. It is not the purpose of this study to recommend what those pohcu:s should oy e
be; nonetheless we are obhged to point out that mea.m.ngful pohcres will be necessary :

" Indeed,’ technology has enormous potenhal to reduce h'ansportatrons greenhouse gas emissions. - . = '
Cost-effective technological change will take time however, and its full effects will not be felt for .
two decades-or more. Because the problems that may result from increased carbon emissions affect
the global environment, significant reductions will demand meaningful public policy initiatives. - " .~

~ These must-include a greater effort to develop low-carbon technologies and a comnutment fo e
:1mplement policies that will insure their adoptron in tf\e rnarket
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1 This rate apphes to the penod 1973 (18.605 trillion Btus) to 1985 (20.067 trillion Btl.ts) Source is

Table 2.2, Monthly Energy Review, April 1997, DOE/ F.!A-OO35(97/ 04), US. Department of Energy,
Energy Inforrnahon Adrmmstratlon. Washington, DC.

2 This is a summary report. The full report, which presents thls matenal was not pubhshed due to

OTA's closure, but it is now available as part of a three-CD set that contains all of OTA's reports
since its inception. U.S. Congress, Office of Technology Assessment, OTA Legacy: 1972 through 1995
U.S. Government Printing Office, Wasl‘ungton, DC, Stock no. 052-003-01457-2, $23 U S,

3 The Toyota AXVS, with a Cd of 0.20, appears to avoid ‘sacrifices in interior and cargo space ot
- Removing its wheel skirts, ‘which mtght inhibit maintenance and restrict the vehicle's turning
circle, would likely raise its Cq to about 0.22. Because' the vehicle's underbody cover. adds wetght '

the net positive effect on fuel economy will be reduced somewhat (US. Congress, OTA, 1995)
‘In pa.rtlcula.r, reqmrements for 0-60 mph acceleratton and sustained. gradeability. -

5 Also referred to as compress:on 1gmtton direct injection (CIDI) engmes and turbocharged chrect |

injection (TDI) dtesei engmes

¢ An accurate cost comparison would have to account for the tra.nsmlsxon needed by the engme versus'f_ :-I‘.-'. s '
the electric motor needed to convert the fuel cell's output electricity into shaft power. . Also, the Euel e
cell drivetrain may need a powerful battery to drive the ve}ucte until the cetl can warm 'up el 0

7 At about 3700 psi Storage pressure, storage volume for hydrogen‘ 1s about 5 tunes that needed for' .'-:; G ; 39

f _gasolme (Oel. 1997)

reformer) and pressunzatxon if stored in h.lgh pressure tanks.: “<: 3

~ 9Despite what is unphed in the NEMS Transportation Model documentahon we were mformed by : : ..
Mr. David Chien, prmc:pal in charge of the Transportation Model, that the model's catculat:ons

were in 19878.. Thus, $8 in 1995 dollars equates to approxl.mately $6 in 1987 dollars.. -

AR ) . .
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T A TP A T ar AN §emTese iamAGAtr

8 An additional cost may be the loss in system efflc:enc:y assocmted wtth onboard refd’:mng as Well AT
as the original refining of:the gasohnec ‘However, onboard hydrogen storage has energy costs in the' . "' :
form of hydrogen production (probably at a large scale, and more efﬁc:ent than the onboa:rd_

S gy :
b Rl T St et AT T AT D

a0 For carbon only, or _$ 08-0. 16 per gal!on if the tax apphes to a]l greenhouse gases, on a carbon-
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' grounds that d:esel is more comiwtional than an alternatwe fuel. Consumers are faxmliar mth 1t,- ; '_; R
it is widely available and, especfally for the advanced, clean, TDI tedmology comldered here, it 4y
p#rformance would be essenuﬂly :

n Actually, for an accurate compmson an ICE plus a transm:ssmq and mexpensive fuel l:ank should ' G
be compared with a fuel cell, hydrogen storage or liquid fuel storage/reformer system, battery (- S
warmup power and power buffer, and electnc traction motor, mnki.ng the task of commrchhzing 2 6.
fuelce].lsallthamoremerous. Gl ; T

el

paft_mname aneqmvalent passengercarneedstotravel about 140 nules onggallon ofgah
* efficient as a 7 MPG Class 8 truck. 5

R Thii'hchnology 1sl mqui:ed- fﬁi dgmcﬁ-lmectiom
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gasohne engmes as well. 5 .
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THE ELECTRICITY SECTOR’S RESPONSE TO END- USE
EFFICIENCY CHANGES

6.1 INTRODUCTION

Electricity consumption accounts for about 36% of both total primary energy consumption and carbon
emissions in the United States (EIA 1996a). As a consequence, converting efflczency-mduced
electricity savings in the residential, commercial, and industrial sectors mto carbon reductions is @

*. critical part of this study. Lo _ : ¢ , g o i

This task is complicated by several factors. First, the U.S. electricity mdustry is in the midst of a
major restructuring, from a highly regulated, vertically" integrated industry | to a- largely
competitive, deintegrated industry. -Because this transformation is far from comiplete, it is difficult
to predict the structure and operation characteristics of electricity markets for the year 2010.
Second, electricity production in the year 2010 will depend on'the generating units that are retired, ;
repowered, and constructed between now and then, as well as on how those units are operated in -~ - !
2010. The decisions made by the profit-maximizing owners of individual generatmg units are likely )
to be different than the cost-minimizing decisions made in'the past by ut:h@y owners of large
- generation and transmission systems. As a result of these changing dynamics of capgaty expansion -
and system operation, one cannot assume that'the average -and margmal carbon intensities of "
i electnc:ty use (tonnes of carbon/GWh) will be the same'in 2010 as' they are today. “Indéed, ﬁmey are
. likely to be quite different: Third, electricity prices in the year 2010 rare likely tovary. from hour to
Thour based on current spot-market prices; consumer response to sucfh bme-varymg pnces is hkely to”
be substantial but is largely unlcnown g % R e S R B N

The next sectmn descnbes some of the key changesqn t.he structure of the U S bulk-power system
that are l1kelv to occur over the next decade Sectmn 6. 3 descnbes the Oak Rldge;Cpmpetltwe

_electru::tv sector in the )‘rear 2010;". Sectlon 64 compares AORCED@' ' j_ 1s:fo thmelecl:r:cxty.,
- sector with those developed by EIA in its Annual Energy ‘Outlook 1997 (AEO97} ‘We then fdevélop A"
- competitive-electricity market case for 2010, which is used as’ the base case agamst which th

' efﬁc:encv and hxgh-effn:lency/low-carbon cases’ are compared b s B

In response to the 1992 Energj' Pohcy Act the Federal Ener Reg'u]atory Comxs51_op‘(FERC) issu
a ma]or order (Order 888) in April 996, which it shghtly revxseq in ‘March 1997. This order requi
eration, ar d-transmlssx_on; :ce's‘ﬁ.m }lhl.lty cann
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We see a future in which the genetation sector will be driven primarily by competitive forces rather
than by regulatory mandates. Decisions on whether, when, and where to build, repower, or retire
generating units will be made by investors, not by regulators.! Historically, vertically integrated.
utilities have planned, built, and operated power plants to minimize the life-cycle costs of the
entire electric-power system over a long time (e.g., 20- to 30-year horizon). In tomorrow’s
competitive environment, this decision rule will be replaced by one that emphasizes the
profitability of individual generating units over a much shorter time horizon, using a higher
discount rate to reflect the increased riskiness of power-plant ownershtp

' The Electricity Seclor'""'_",_ g

Our view of the future calls for most of today’s utility-operated control centers to be replaced by S

independent system operators (ISOs) that cover larger areas. As a consequence, the number of control . -
areas will decline from about 140 to perhaps only 20 to 50. Because these ISOs perform a r:nonopoly
funchon, t.hey will be regulated by FERC. ¢

Smularly, transmission will remain a monopoly function, also regulated by FERC.: Increasmgly,
_transmission will be separated from generation. Today, FERC requires utilities to “functionally” '
unbundle generation from transmission. In the future, utilities will increasingly dwest-l:l'\emselves i
~of their generation assets and will become “pure” transmission or transmrssron-plus-drstnbutron :
utrhties In this envrronrnent transmission will beeorne a common carrier. ;

63 MODEL Dt?:fs‘c‘:'nlp"rlo'N

ORCED is an expanded version of part of a prevrously developed model called ORFIN (Oak Rldg :
Financial Model) .(Hadley 1996). Whereas ORFIN is a comprehensive electnc-utxhty plannmg
~model, ORCED deals only with generation. We developed ORCED to aid. in'the analysis of the

operation of competitive (as opposed to the traditional regulated) bulk- power markets. 'I'he mode1 :

_ allows the followmg issues to be examrned i :

. Honzontal market power concentration of generatlon assets among a few owners,
. cover the sum, of therr fuel costs, varrable operatrons and mamtenance (O&M) costs o
e ..(avordable) frxecl O&M costs, as well as repowenng and new tonstructxon decrsmns, hae oy

Carbon emrssrons and other envrrorunental effects of changes in the u.s: bulk-powegector, :

\.\

_'. Opbmal mrx of new and ex:stmg generators, mcludmg new generatmg ted\nologres.'r"

'Ihe model i i structured to allow slmu!atron of different bulk-power market structures In parhcular,. ;
the user can specn.fy vanous generatron pnci.ng schemes ; :
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the model multiplies by the hourly value of the loss-of-load probability to produce a time-
varying increment to the energy-only spot price. '

¢ An energy-only spot price plus a capacity reservation price (in $/kW-year), as proposed by the
PJM Interconnection and the New England Power Pool. In this case, the user specifies an amount
of generating capacity needed for planning reserve, which determines the annual capacity -
payments (in $/kW-year) required. - y ?

We are using ORCED to examine the issues listed above as functnons of the followmg factors (in
' additmn to the pricing schemes noted above): '

* Characteristics of individual generators type of unit, differences in capltal and other fixed
costs ($/kW-year) vs. fuel and variable O&M costs (¢/kWh), dispatchability (e.g., fully
dispatchable coal plant vs. must-run nuclear unit vs. stochastic wmd plant), forced and planned i
outage rates (%). § : g

e Customer and load characteristics: shape of load curve, pnce elastlr.'ltles of derna.nd value of -
unserved energy. :

* Generating-resource portfollo mix of generating units and relationship | between' available i
: _generatmg capac:ty and u.nconstramed peak demand. s - Rt ot o v

ORCED 1ncludes a productlon-costmg model that_uses load-duration curves rather than' =~
chronological loads as inputs. The model is run twice for each year of simulation, once for an on- = " =~ ¥
peak season and a second time for an off-peak season (Figure 6.1). We define;the on-peak season as | 1
June through August, and the off-peak season as the remaining nine months (September through'
May), although the model can accept alternative definitions of the two'seasons. The model can:
incorporate disaggregate inputs on loads and load shapes for the residential, commercial, and-
industrial customer classes. Data on these class loads are aggregated for use w1thm ORCED which
builds and dispatches generatmg units to meet aggregate load

A load-duration curve is created by ordering demand (in MW) 'm terms of mag'hitud'e from highest to -
lowest. The resultant curve shows the percentage of time that demand exceeds a. parhcular valuel
‘ rangmg from the one-hour peak demand down to the minimum. demand o T T

Use of a load-duration curve to calcu]ate productlon costs is much sm'\pler and comput
less burdensome than use of chronologlcal loads (1 e., hour by hour loads). - This™s;

production costs on the basis of generatmg—umt details, such as m.lmrnum and ‘maximum loadmg

points, startup times and costs, and minimum shutdown times. - To partially remedy ‘these problems,- (¢
- ORCED analyzes production costs using the two load- duration curves, one forthe three-month

summer peak period and the other for the nine-month off-peak period. ORCED a]so sunulat s'the
- effects,of startup costs for those units WIth capacnty factors of less than 10%. 3 %

s e T
ety

Dhgr i o For each season, the model has avaxlable to it 26 generatmg units. Tl
e S _charactenzed in terms of capacity; forced and planned. outage, rates, fuel typ_
o O&M costs, . flxed O&M costs, and annual capltal costs (based on initial’ cbnstiucfh
. completion, and capitalization structure). The.26th unit is an energy-limite
the inputs include, in addition to those noted .above, the plant’s capacity fa
,-max:.mum energy. output for. the yeatj /This treat:ment of hydro as energy-]m_u e
ie.
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Figure 6.1 Example Load-Duration Curves for Peak and Off-Peak Seasons
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ter The model dlspatches these 26 generatmg units’ separately for the two seasons. Although‘th.e'.
- calculahon | process is the same for ‘the two séasons the results dlffer because of dlfferences in; the

"_'season.
ot -y

K 'l'he pla.nts are first dsspatched agamst the load-durat:on curve on the’ bas:s of bld ;
- for. whxch 1s vanable (fuel plus vanable O&M) costs -(If the user bids a zero ‘price,

‘ probabxhty that plants lower in the dxspatch : cler ..(i eJ,.less expenswe)
' .'The model preates an equwalent :

_’ Model results mclude spot pncés for each pomt_on the‘two load-duraﬁ .
3 based on the bld pru:es fo: each generat,or. -"Ihe pnces also reﬂect an
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In Figure 6.2 we show the unpact of different ob]ectn-e funchons for optumzanon. Muum:zmg price.

P mdwldual generating units or the mix as a whole. For example,‘the user could set minimum and/or .
«  maximum capacity levels for. each generator. Maximum levels could be specified for those units that-

. pol:cy reasons (e. g., renewable resources that might not be"- fully cost—effect:ve bd are’ deemed

_desirable from a broad societal perspect:\'e) ‘Also, minimum levels for new plants may be’ spec:ﬁed
. to represent plants built between the current year and the study year. Otherwise, the - model may
| choose not to build these mtermedlate plants, selectmg only those with the ‘most ‘advanced .

. carbon emission allowance, or to ensure that each generatmg unit recovers at least its vanable plus Ll
i avmdable f:xed cdsts and S0 on i :

The Electricity. Sector

In addition, the model can use the time-of-use elasticity to compute the value of unserved energy (in
¢/kWh) that equilibrates supply and demand when unconstrained demand would otherwise exceed
online supply. Alternatively, the user can input an estimate of the value of unserved energy, which
is then used to calculate the costs associated with those times when unconstrained demand would
exceed supply. A third approach involves user specification of a minimum reserve margin and
associated annual capacity pavment (in S/kW -vear) to pay for this “extra” capacity.

In addition to dispatching power plants and computing production costs, the model can also
“optimize” the mix of generating units available for the year of analysis. (That is, the model
includes a capacity-expansion module as well as a production-costing module.) We put optimize in
quotes because the factor on which to optimize is almost certain to be different for a competitive
electrmty mdustry than it was for. the regulated electric utility industry. For example, the model
could choose from among the followlng optimization functlons

. M_i.nirnize total costs;

N .

* Minimize avoidable costs (fuel, variable and fixed O&M); : y o 3 bl

o et Rt A, VLT

* Minimize electricity prices;_ or i

o Ma)clmlze generator eari‘\mgs : ok ; %4

does not necessarily minimize cost, because prices are based on the variable costs only and ignore
fixed costs. Given choices.of technology, ORCED would select low variable cost but high total cost
technologiés. Conversely, maximizing earnings does not raise total cost. Instead, the model selects
high variable/low fixed cost technologies. For our analys:s we chose to optimize on minimizing
‘avoidable costs; we made this choice because it was conceptually the most appeahng and the .
results were the most reasonable for a system-wide optimization. - For plants not yet built, their
capital costs as well as all operatmg costs are avoidable. Since no costs have been expended to build
them, the:r constructlon costs are- not “sunk” and can be avo:ded by not bulldmg them. 2

! Satie b ';.n'.

In addmon ‘to specnfymg the optnmxzatlon funcnon, 'the .user can’ also speafy constramts on

‘were bu:lt ‘edrlier. Minimum levels could be specified for those units that must be_available for:: -

-_.- e

teclmologxes Constramts could be spec:ﬁed for a minimum capaaty reserve margin, for a maximum
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Figure 6.2 Generation Price and Costs Using Different Optimizations (10% Fixed Reserve Margin)
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6.4 SCENARIOS .FOR'2010

641 Calibration to EIA AE097 o i e R '_ﬁ S By
Before analyzing the two end-use effxcxency scenar:os. we first calibrated ORCED ‘results to those'-‘..; ks
produced by EIA’s NEMS model for 1995 and 2010. ‘Unfortunately, reconc;hng the two sets of results - -

. to each other is difficult because of dlfferences in the ways that the two modeling systems classify */ 1 -
.4 various'costs (e.g., fuel, variable O&M, fixed O&M, and capital costs associated with generanon)
'« as well as EIA’s inclusion of administrative and general (A&G) and customer service costs in the
* basic categories of generation; transmission, and distribution costs. 4Because of these dlf,t‘“s-ulhes, our\'\

g numbers do not always match the EIA: numbers exactly. - :

i 4 i . ¥ i . g \ . .

'Hus cahbranon ensures that the assumptlons concernmg the mix of generatmg u,mw fuel pncas,‘,".

" customer demand, environmental regulations, and so on are consistent between ORCED and thoseé A bt g

; 'developed by EIA. For example, both sets of results assume the continuation of current economicand = == = v

‘environmental policies affecting the U.S. electricity ‘industry. ~ However, EPA’s proposedr_- i )

o W regulat:ons to tighten'standards for emissions of nitrogen: oxndes and small parhculate matter are
RS reﬂected in ne:ther the EIA nor the ORCED results : DR

; \We hrst developed ai base ca.se for the yea.r 2010 t.hat mcludes the same mix of generatmg umls {m
both ‘capacity and, energy) as. that produced by EIA, with the same reserve margin (11%), as shown
,;n_:'Table 6. 1 In. addntlon to data =from ‘the AEO97, ‘we used other data from EIA‘(EIA 1996b, EIA

 well as data from the North ‘American Electric' Relxal:uhty +Counc11_‘_-‘(NER' bt
ereReSearéﬁﬁnstltute (EIQ}I“I?%), land a compﬂahon of ‘vanou 'bff:cml

g?e;,jgy;Rgsot.t:tb h‘;}gg.t__a ltttgl mat _;qal, Inc. },(Rmims
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Table 6.1 Comparison of Year 2010 AEO97 and ORCED Estimates of US. Generatmg Capac:ty and

Generation

Percent of generating capacity Percent of generation

EIA ORCED EIA - ORCED
Hydro+other renewables 134 11.3 9.6 9.2
Coal . k 11 36.9 501 - 508
Nuclear 10.2 13 15.8 15.5
0il | | 32 3.1 _ 1.5 0.1
G 38.3 .36 230 244

' ORCED’ analyzes the generation sector only; the model is silent with respect to the costs of .

transmission, distribution, and customer service. 'ORCED produces the following cost estimates for § T *
2010, all expressed in 1995 dollars and adjusted upward by 1/0.93 to reflect the 7% T&D losses , A
between the generator busbar and the Customer meter:S o _ 5 _ A '.-.'a. ;
Ful ‘v 135 gt - S TR %

. 7+ ;VariableO&M: - 0.18 :.. .. . : : ; TN .
FixedO&M - © 051 ; o G LS 22 AT )

Total pET 3.04I?¢/kWh-‘_, : ; _ o glergi Lo H i

‘We developed an estimate of the EIA capltal cost of generatlon by subtractmg eshmates of the

capltal costs associated with transmission, dlstnbutlon. and admmlstratwe and gerieral (A&G)
ser\nces from EIA’s total capxtal cost .

y T

i e

7 J
1 il

2% - 1052 “146) + 063 - 008] = 1.00¢/kWh6
Total (Trans + D};_t) A&G 5 A

(0.98
Fuel

Wholesale

costst imput _acoqtpa;a]g_lé‘ iie

~ The net requt is: very close agreex}\é;nt between th
. EIA’s estimate of the total cost f ‘genera _n(ﬁ!ﬁ k
et y | L




-~ model select the amounts of each of the generating units that minimize the sum of variable plus' z

i -capacity that minimized the cost of the power-supply system plus the cost of unserved energy We
used a demand elasticity of -0.05 for those time periods when capacity is msuff:c:ent ‘to mee

Chapter6

development of alternative cases in which we intended to reflect more’ fully than EIA did the.
effects of competition in bulk-power markets.

Table 6.2 Comparison of EIA and ORCED Estimates of Generation Costs (1995¢/kWh)

Generation costs EIA AEO97 - ORCED
Capital 1.00 ',' 0.99
Fuel ? _ 1.57 _ 1.36
Q&M ' 069 ' 0.69

Total 3.26 ' - - 3.04

6.4.2 The Base Case for a COmpetitIve Market

Beginning with the AEO97 case, we developed a case intended to reﬂect the workmgs of a fully
competitive bulk-power market in the year 2010. (The AEO assumes a continuation of current
_economic regulation, as indicated above, and therefore does not account for the possible effects of a
restructured and - largely competitive U.S. electncny industry.) To reflect these changes, we let the

avoidable costs. Instead of spec:fymg the amount of generating capacity that-must be online in 2010
(to y;eld a 10.7% reserve margin in the AEO97 case), we allowed the model to select the amount o

- unconstramed demand The resultant opu.mzzahon y:elded areserve margm of 6 B%

In general we set prices equal to theu' real-tlme (hourly) values based on the vanable (fuel plus
‘variable O&M) cost of the unit on the margin each hour of the year, adjusted overall electrici
- demand to reflect lower prices using an assumed overall elasticity of -0.5, and ad]usted the load
shape to reﬂect the response to real time pncmg Jusmg a value of -0.1 for the pnce elashcnty \wﬂhm

L fa.llowing it to select the optu:nal” amounts of generatmg capacnty from among all the plants I
¥ Iaccordmg to EIA, are scheduled to come online after the year 1998. (The optimization' Was based on
oAl ! minimization of avoldable costs.) We also. allowed the model to select plants for x'etu-e';n'lent."ﬂi‘(l?‘e
'+ each of the new plants, we use the levelized fixed charges rate to calculate the annual capital
U _of !he plant and treat all ﬁxed costs (both capltal and O&M) as avo:dable o s e of o

i
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utility regulation sets prices to recover total costs, future prices may, or may not, be sufficient to
recover all costs.

Overall, ORCED prices under restructuring did not differ greatly from the AEO97 price forecast.
Part of the reason for this similarity of results is that EIA did assume some cost decreases in their
model; we did not assume further O&M cost decreases on a plant-by-plant basis due to the pressure
of competition. Also, the objective function used in our cases was to minimize avoidable costs on a
system-wide basis. This did not necessarily create the lowest-priced scenario, as discussed in section
6.3. Because prices were similar to those in the AEO97 (less than 5% difference when factoring in
transmission and distribution prices), we simply used the AEO97 price forecasts for analysis of
~energy-efficiency savings in the other chapters of this report. :

Table 6.3 Companson of Year 2010 Forecasts: AEQ97 and the ORCED Base Case for a Competmve

Electricity Industry
AEO97 Competitive Industry
_ e : % Restructuring
Peak demand, GW 734 | 709
Total end-use electricity sales, TWh . 3,784 : 3,828
System load fa.ctoli-, % : . 628 _ 65?
~ Reserve margin, _°/§ 5 S _' _ 10.7 | 68
Generation shares, % ' : _ : _ &
~ Coal : - 508 [, o AR
Gas B2 AR 24.4 LT 29,
Other e - 48 - ..234
Generation prilces and co_st's, ¢/kWh g . - g
Retail pricé'. JOR B : _ 3.04 2 -3;02 '
Variable cost t ok 1.43 ' e 145
Total cost - &y ¥ _ ks 3 281 .. - : 251 .
Carbon emissions, MtC R LT A — R s 625_,4

L&

\6 4.3 Eﬂlciency and High-EﬁiciencylLow-Carbon Cases
We next apphed the electncny-savmgs estimates, described in’' Chapter 3 for. the reSIdentlal a.nd
commercial sectors and in Chapter 4 for the industrial sector, to adjust the aggregate load shape for

~ the United States as a whole. We then reran ORCED using the new, lower load shapes. As in the
referénce case, capacity was optimized to minimize avoided costs, and dispatched on the basis of -
lowest variable costs. Avoided costs for existing plants only included their variable, start-up, and
fixed O&M costs, while plants to be built between 1997 and 2010 also included the: annuahze

. capital cost of their. constructmn _As part of the high-efficiency/ low-carbon ,;ase s_:luded
additional cost of $50 per tonne of carbon, to be consistent w:th t.he rahonale \xsed 'the demand
s:de eff1c1ency scenanos ; : : ; G0




Once power plant production levels were determined, carbon production and primary energy use
could be calculated. We calculated marginal carbon savings, the carbon saved by the reduction in
energy, by taking the difference in carbon production and dividing by the reduction in energy
demand. This is in contrast to using the average carbon intensity as an approximation of the carbon
saved per unit of energy saved. The marginal carbon and energy savings take into account the change
in product:on mix that occurs with energy- efficiency and carbon-reduction measures. A plot of the
carbon savings and primary energy used in each scenario shows the changes as a function of the end-
use energy saved (Figures 6.3 and 6.4). The slopes of the lines represent the marginal carbon and
primary energy saved.

1

v

Table 6. 4 summarizes the results for the three scenarios. Table 6.5 describes these results in terms of
percent change relative to the base case for a competitive utility industry. The efficiency case
yielded a 8.5% reduction in electricity end-use energy and the hlgh-efﬁmency/ low-carbon case

reduced end-use energy by 16.3% relatwe to the restructunng case summarized in Table 6.3. -, -/ ‘ 3 4
Pigure 6.3 Carbon Produchon Versus. End-Use Demand Reductions Due to Energy Efﬁciency andu b
; ' Ca:bon Management - . ;
640 '|' 2 I, b' . ; .. : . .- e X 3 ) i Y o 4 .I‘ .z;
U g i B ‘ Restructure Al
Y2 v iy

620 4.

st 000 Siope = mtqawh '-

¥
X
TR
r-

'_.rl. I-.SBO -
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Figure 6.4 anary Energy Pl’OdllCllOl'l Versus End-Use Demand: Reduchons Due to Energy Efﬁc:ency :
and Carbon Management
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. 39 ¢
a8 4 Flestruclurle
‘37 +
‘36 4 Slope = 6200 BTUAWh
B+
il
R g Slope = 13600 BTUKWh
, : Hi Efficiency/ .
biegh : %1 : - Low Carbon _ 7 ;
g Y we ' 30 — - t . . i
' © 3000 3200 . 3400 3600 . 3800 © " 4000 i s i
: ..2010 Electricity End-Use Demand, TWh - . = . ; s |
Note: Slope is equal to marginal energy savings in Btu per kilowatt-hour. ;
Carbon Scenanos |
;, Competitive - '_'_.Ef.ﬁ'cier_icy b
: : Industry - i
i s € L '~ . _Optimization : et
bt s Bt Peakdemand GW b N ity v O e Da .651 . s
' TotaIanary Energy used, quads e 37.9. 5. 359 R
Total electricity generated TWR =5 2 5 20 | B0~ dages 3740 S

B, B, - Bl To;al end-use electnc:ty dema.nd TWh _ I'
'+ . System load facto;-,% ot X A,
: " Reserve margin, % -

‘--"Generahonshares,%ﬂ-__-L__‘-‘ s ¥
_ Coal 273 F o 474 M 5._2_1 :
g T R S e e 29.2 :'- g B
Other LAt S o B 234 i ..\25.7

Generahon pru:es and costs, ¢/ kWh
Retall pnce




Chapter6

% The Electricity Sectar . 1

Table 6.5 Companson of Year 2010 Forecasts: Effects of Efficiency and ngh-EfﬁuencyiLow-
i : Carbon Scenarios

Change relative to the competitive utility industry base case

Efficiency High Efficiency/Low Carbon
Peak demand -8.2% | -16.0%
Total energy -8.5% -16.3%
_System load factor --0.2% points - - ~ -0.2% points
Reserve margin +1.1% points +6.1% points
- Generation shares ; i ) )
Coals' = -5, il - +4.7% poiﬁts oL . -1.2% points b
- Gls. ¢ A - -7.0% points - -32% points
! £ B Other.- - .~ - Nulati 20 RN ’u'pomts Th 3 +4-1°o pomts gk z
~Generation prices and costs ol e N Wi R :
- .-Reltail'p'rice . ; +1% el . iy .'+21%_
-  Variable cost (e L +43%
: “Total-cost. s - ‘ _ -2% PR . . ‘+28%_\
P L Carbon emissions > - e R U R A 1<21,3%3 e &

e energy . 5%) (F;gure 65) The dlfference occurs because lower end-use dema.nds translate mto less 2
' construction and operation of high-efficiency gas-fired combustion’turbines and combmed-cypleum s

- (Figure 6.6). {Because of their high capital costs, ORCED selects only the minimum amounts ‘of

“advanced coal and trenewable technologies in the. base restructuring case.) In the efficiency c_"

. relauve to the restructuring case, capacity and generahon for combined-cycle’units declines by abg

:27%; capacity: for.combustion turbines drops 28%(generation drops by 68%), an¢coal and g
powered steam plants actually increase t.helr product:on ‘shghtly 24 P :

Lg it AT S e £ -

e Ident:ficatmn of hxgh-effzcmncy gas-ﬂred ’combustzo t_prbmesiand combmed-cycle u.mts as the
. marginal plants under consideration has the effect ¢ substa.nnéliy lowemg the avoided carbon
. from ‘electric efficiency unprovements The forecasts cor
assgmpt:on through the'year 2010. For example:apage 49 ‘of t.he AE097 states tha?""pf the';_
apaqty{mquued ’through 2015] 81 percent is pro;ected to be combmed-cycle or combushon t‘drbm
‘technology fueled by natm‘al gas or both oil and gas ' o ; Ao ar!

In contrast t.he HE/ LC case forecasts a higher percentage reducuon in ca:bon (21.2%) than in end-use :
“energy-(16.3%). This is because the inclusion of the ¢harge of $50 per tonne of carbon changes the mix
“of technologies used. to. produce electm:lty so that low-carbon supply .options are favored:: Over 16% ;
i of the coal capacxty' ‘retired in this scenario, and the remammg, more-efficient coal plants operate 4
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Figure 6.5 Energy and Carbon Changes from Restructure Case
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7.3.1 Renewable Electricity in 2010 . - Sl B0y

As stated earlier, renewable electric technologies will make important contributions to carbon

emission reductions in 2010 in the context of a policy that imposes a $50/tonne cost on carbon ;
emissions. Estimates of those contributions are presented here. While the scope of this study did not ¢
include a thorough and systematic analysis of this issue, the estimates given are based on a number - '

of directly relevant studies. These include, in particular, carefully developed performance and cost

projections for renewable electric technologies (Office of Utility Technologies, 1997) and projections

of future market penetrations of these technologies (Office of Energy Efficiency and Renewable_

Energy, 1997). :

The potential of biomass cofiring was assessed because that tech.nology provides an opportunity for.,.
reasonably straightforward d:splacement of a significant amount of coal. This assessment, whxch '
draws upon another recent analysns is presented first. -

An analysis of the impact of a $50/ tonne cost of carbon on wmd power was a]so conducted and those ' -
results are discussed second. Wind was selected because cost projections for wind power.indicate that
this technology will be competitive with other electricity,generation sources according to the .+ i)
electricity costs modeled in the HE/LC scenario of this study. In addition, wind power is already S =)
. successfully penetratmg electrlcu‘y markets i in the United States and abroad. -

Thls analysm is followed by est:mates of carbon emission reduchons that would be hkely to result -
from hydrepower upgrades and landfill gas capture and use. These estimates are derived from DOE
_and EPA studies relevant to market pro;ectlons for those two. technologles, respectwely (R.mehart et iy
al,, 1997 EPA 1993) AL e, _ ; ;

5 \

Finally, other key renewable power technologles are-discussed bneﬂy We present estl.mates of the i
 likely contribution of these technologies in 2010, developed through comparisons and extrapolatxons i
from earher projections (Ofﬁce of Energy EfflClency and Renewable Energy, 1997) -

(1

T7:3.1. 1 Coﬁring Coal with- Biomass

Cofiring biomass with coal has the technical and economic. potenhal to replace at. least 8GW. of the
_nation’s coal-based generating capacity by 2010, and as miuch:as 26 GW by 2020. Though the | cu:ren

substitution rate is negligible, a rapid expansion is possible with the use 'of'wood residues (urban

wood, pallets, and secondary manufacturing' products) and dedlcated feedstock suaaly systems R
- (DFSS) such as wlllow, poplar and swntchgrass R it

al

' The current coal-fired power-generating system represents a du'ect opportumty for carbon n'ut:gahon

by substituting biomass-based renewable carbon for fossil carbon. Extensive demonstrahons ‘and
trials have shown that biomass can replace up to about 15% of the total energy input with little
.. more than burner and feed-mtake system modifications to existing stations'(CONEG, 1996). Smce
" large-scale power boilers in today’s 310-GW-capacity fleet' range from 100 MW to 1 3! GW"‘“the
biomass potenhal in a single bmler ranges from 15-150 W ; : -

Preparahon of blornass to an appropnate s:ze of less than one-quarter inch,

A combusnon efﬁcﬂancy is close to the 33-37% fange of: an
- stand alone blomass generatmg capamty has et to demons




. stage of development, the model assumes that the initial planting- will yield only about 6.

- Electricity Supply Technologies

Economics

b

The cost of implementing biomass cofiring varies from site to site. It is influenced by the space
available for yarding and storing the biomass, the installation of size-reduction and drying
facilities, and the nature of the boiler burner modifications required. The cost is expected to be in the
range of $100-$700/kW of biomass capacity. Early trials indicate that a median value of about
$180/kW is likely. A 100-MW coal plant with 10% biomass substitution would then require an
investment of $1.8 million. There is an O&M cost increase of $70,000/year over coal, as a result of
the need for an additional yard worker to handle the biomass. Assuming a GENCO recovers its
investment cost in three years, the_annual fuel offset then has to be $670,000 to cover capital
recovery (51.8 million) and increased O&M costs ($210,000 for three years). If the average price of - -
coal is about $1.40/MBtu (million Btu), the annual fuel cost of coal is $1.081 million (10 MW of
biomass capacity at 85% capacity factor and 32.9% thermal efficiency, 10,337 Btu/kWh). The
allowable cost of biomass then is $411,000, or about $9/tonne. Above this cost, the blomass would
have to be subsidized to encourage a GENCO to use biomass cofiring.

" Fuel Costs

Near-term potential biomass feedstocks are those residues available within a radius of about 50
miles around a plant. Data from existing biomass power plants in the Northeast and California-
- indicate that there are extensive sources of biomass residues available for about $0.50/MBtu (less -
than $9/tonne). Transportation costs limit 'the range over which such b1omass feedstocks can be .. . -
acquired and, in the long term, there are likely to be dedicated feedstock systems much closerto'the = '
power plants. By definition, residues (e.g., urban wood residues, rights-of-way clearance,
construction and demolition wood, pallets, and sawdust shavings from secondary wood processmg)
are finite and will respond to the prices offered for them -

Dedxcated feedstocks would not be bound by this constraint. However, such feedstocks are much more
expensive than residues. With current technology the pnce is about $2/MBtu, although the current
development goal is in the range of $1-§1.50/MBtu. It is assumed that an estimated 10.4 tml.llon
acres will be needed to reach a nominal production of 86 Mt by 2020. Because DFSS isin an’ early J

L O !

tonnes/acre by 2002 (today’s state-of-the-art), and that by 2010 the yield will be close; to 8
tonnes/acre. Today’s costs are high; $45/tonne is feasible, but a combination of learnmg-curve

" improvements and economies of scale should bring the cost down to about $32/tonne by 2010 The

, competing coal pnce is assumed to be $1. 40/ MBtu (Sl 33/ G)) throughout

__'Biomass Substitutlon Potentlal - i - i e

it ‘_., : .

-The cofiring estimates in thxs sectlon were denved from a 30 GW scenario for all. bxomass ¢

A tedmolog1es, developed by NREL for the current Biomass Power Program Strategic Plan. This".

- - 2001 and assumes that residues would be capable of only a small increase in quantity, since much is -

scenario is for a mix of steam, cofiring, and integrated gasification/combined cycle (IGCC) biomass . .
generation. However, the resource plan that was developed, which included residues and DFSS, is -
_independent of the end use and involves the development of 11-12 million acres.of land for DFSS by
~ 2020, or just under 3 million acres by 2010. The resourceé development shown in Figure 7.11 is used as *
~ the basis for this carbon assessment. This indicates that DFSS would come on rapidly after the year

already being utilized. The average cost of resxdues is expected to increase gradually, while the co
'of DFSS crops | is expected to demonstra tea strong leam.mg curve and large econozmes of scale




: : ._basxs) appears to be: neghg1ble The solid ‘wastes (ash) would ‘be little: changed in either composmon
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Figure 7.11 30 GW Strategic Plan Scenario ' i"_

Note: Biomass consumption estimates by NREL
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While a coal- f1red station could be modified for cofxrmg in less tha.n one year (mcludmg-
environmental permitting), a biomass resource assessment, contractual arrangements, and logistics =~ -
for biomass residues could take the better part of 18 months, based on actual project experience.. " .
Although the availability of residues is assumed to be sxgmf:ca.nt and would ultimately supply
about 50 Mt, price and avallabxhty are likely to be variable. The price will no doubt increase with = -
the level of demand; therefore, the biomass feedstock supply is expected to be a blend of DFSS and
res;dues

The DFSS component is. predxcated on makmg a start on' land accumulatlon (whether purchases,
leases, or cooperatives), with land preparation and planting in 1999: A significant effort will be - é
required to initiate development of the 11-12 million acres proposed for 2020; today, discdssions are | .~ iis-
~about DFSS demonstrations at the 1000-acre level, Adequate clonal material and’ management
- systems for planting,’ tendmg, and harvesting will also need to be developed. The crops of choice in.
much of the Northeast and Southeast are probably woody species, which would require extensive

nursery activity to put the needed clonal material in place for planting out. With willow, the first - % I
harvest cycle would be four years after plantmg and a rotation of three years thereafter. For poplar, owf i SV ﬁ
the cycle is likely to be in the range of six to e:ght years , ik

Environmental Issues :

. Because biomass generally contains mg‘mﬁcantly less sulfur than coal cofiring with biomass could "+
. reduce SOx emissions. Early results suggest that there is also a NOx reduction potential using woody "

biomass.- However, most coal-fired power stations have . efficient" precipitators and‘some have:

: 'sulfur-capture technolog:es, so the net environmental effect of 10% biomass substitution (on an energy

A sor mass (most b:omass has cons:derably less ash ‘than . coal) 'But some’ stanons 5311 ﬂy ash'to

vantf,

" September 15, 1997: - .
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Portland cement manufacturers, so there may be a need to negotiate the acceptance of mixed biomass
and coal ash in such applications with respect to ASTM standards.

The DFSS environmental impact is dependent on the choice of lands for plantations. Replacing
. annual cropland with perennial DFSS appears to result in a'net environmental gain. Results for
pasture land are probably negligible and replacement of forest may result in some increased impacts.

The use of residue has the potential to offset landfilling as well as potential methane emissions
from landfilling clean biomass materials. Experiences in California indicate that the issue will be
one of rationalizing the cost distribution between the waste generator, the hauling contractor, and
‘the generating station receiving the residue rather than it going to a landfill. If such negotiations
were successful, and the generating station could guarantee reception of the residues at all times
(many urban wood residue generators do not have storage facilities), both re51due costs and their
availability could improve significantly. -

Impact on Carbon Emissions
Given the technical and economic potential described above, it is probably reasonable to assume

' additional biomass-cofired capacxty of 8-12.GW by 2010, which should reduce carbon emissions by
16-24 MtC.

73, 1 .2 Wind Power

The development of wind power systems has progressed quite rapidly since 1980. There are
approximately 1800 MW of wind capacity operating in the United States today, and another 4300

MW of capacity overseas’ (F:gure 7.12). This capacity growth is almost certain to continue because of -

continuing decreases in the cost of wind-generated electricity as well as growing interest in emission-
free power derived from local, renewable resources. Figure 7.13 shows the projected cost of wind-
‘generated electricity for wind farms located in Class 4 and Class 6 resource sites (as presented in
DOE's 1997 Technology Characterizations). Class 4 sites have average wind speeds of 5.6-6.0 m/ S,
Class 6 sites have average wind speeds of 6.4-7.0 m/s, both measured at a height of 10 meters.
Figure 7.13 also displays the median, 10th percentile, and 90th percentile of electricity generation
prices in 2010 based on the HE/LC case described in Chapter 6. As these projections indicate, wind

power prices are projected to drop below the median 2010 price for that scenario before 2005. Thus, . = -

strictly on a price-of-energy basis, in this scenario wind power will be a.ble to compete favorably
‘with other power sources for several years prior to 2010. ;
. e B

—

In addition to the price of energy, a number of other- factors ‘will affect the extent to’ which wind -

power systems will be adopted between now and 2010. These include, for example, the overall .

market for new power systems, the price ‘penalty that wind power will encounter for providing’
intermittent power, and the price advantages that wind power will realize because it is a “green”

power source and because it is not subject to the risk of future fuel price increases. Because the level of
influence of each of these factors has not been analyzed, it is difficult to project theu' combined
impact. _ _ i

September 15, 1997 5 e




tE B > - )

Figure 712Domeslic .;nd'.lntemgtionil Wind Power Capa”c_ity..Grid-C;onnected .

k.soo_
4,000
3'..506 -
3,000 -
2,500

12,0001

== International

' 3 ¢




L P

!

* Electricity Supply Technologies

In the AEO97 reference case forecast, EIA projects electricity generation to increase by about 800 -
TWh by 2010, from 3083 TWh in 1995 to 3874 TWh in 2010 (EIA, 1996). In this context, EIA projects a
total of only 3800 MW of wind generating capacity. The Quality Metrics analysis by the Office of
Energy Efficiency and Renewable Energy (EERE) of the impacts of its R&D program estimates that
additional installed wind power generating capacity will reach 8 GW and contribute

' approxunalely 29 TWh to the electricity market by 2010 if wind program goals are met. This will
result in a carbon emission reduction of 6 MtC. Neither of these projections, however, assumes a major -~
new market policy to promote wind power.

In the HE/LC case of this study, electricity generatlon will increase by mgmflcantly less than in

the business-as-usual case. Thus, the HE/LC scenario presents a much smaller target market for new

power-generation sources. However, under the transition of the utility sector to a compehtlve

market, it is very likely that newer technologies with lower generating costs will displace some : :

existing generation capacity with higher generating costs. Moreover, in the HE/LC scenaqo,;- Eio,

generation costs are projected to be more than 25% higher than in the base case. Thus, as 111ustrate‘df 3§

in Figure 7.13, wind power generation costs will be. hxghly competitive ‘in this. marketplace,m

displacement of higher-cost existing generation-by ‘wind is likely. In an attempt to model the.

penetration of wind under these conditions, the ORCED.model was run using the wind technology’

i _ characteristics developed by the Office of Utility Technologies (Office of Utility Technologies,-
ik 1997). As might be expected, the results,indicated that the level of wind penetration in this case’is .

iy B quite sensitive to the actual input parameters. According to the model, for example, using the. chstm,,,s i

“and performance characteristics projected by DOE for the year' 2005 could lead to the adopt:-on o?m

. much as 50,000 MW of wind power by 2010. Using 160 kg/ MWh, the average carbon intensity offge i
generation dlsplaced (see Chapter 6), this would result in a.carbon emission reductic
" Because the ORCED model indicated. that this new v jind - capacxty would dlsplac _a_l-tffugdz
generat:onf a highier conversion tatio (275 kg/ MMh) is used to est:unate ca:bon en'ussxon, reductlogs )
_resultmg in an estimated reduchon of 48 MtC pia., ik : e

A}

B 2

i

been reached in the past. Europe s expenence with wmd power also md:cates thatrﬂus techn Slog
can'expand quite rapidly. It is possible for the manufactu;mg mdustry to respond quickly to

demands, since most of the components of wind systems (generators and gea:boxes) are reac

Wei ~available, and not specific to wind technology. In 1991; the. European Wind Energy Assocxahon set
s i goal of 4 GW of wind by 2000. This- goal has been reahzed already,m 1997, and the new, targels are
' GWby 2000 and 40 GW by 2010. Given that Europe is a much more h.nd-constramed contment

'power capacxty can be reahzed in the Umted State_h' Dy.

::J

4 The HE/LC context of this analysxs assumes a pohcy envnronment that acknowledges the ne
address global warming. In such an-environment, renewable ‘energy, including wind power, will

~ able to demand somewhat higher prices because of consumers pmferences for green wer.:
- of that premmm is not yet known : - 857

; . It is well-document’ed lhat wind rgsources in the Um
.~ assessment of wind resources and acct
& _-'and Class 6 sites are wuhin 5 miles
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relatively high capacity factors and low costs of energy. (The Draft Technology Characterizations i
indicate that capacity factors will be 45% in Class 6 regions and 35% in Class 4 regions by 2005.)

This analysis does not take into account the fact that wind-generated electricity will probably face

at least a partial price discounting because wind power is not fully predictable. At this time, the

" level of this discounting is simply not known. To date, with low levels of penetration into grid-
connected generation, intermittency has not been an issue. There are some indications that the range

of electricity prices in a competitive market will be fairly narrow. For example, prices for .

electricity transactions on the Continental Power Exchange during peak hours generally vary only .

by about 2 cents/kWh (Continental Power Exchange, 1997). This implies that price variations' ' fre s

between different generation sources cannot vary by more than that, and 1t is likely that the - d
difference will be much smaller u.nder full competition. _ . , fp 2 E

In summary, analyses indicate that total wind power capacity in 2010 could range from as Iow as 5"""" R AR {
GW, based on a simple extrapolation of today’s .energy economy, to as high as 50 GW ‘in an' :
environment that includes competitive pricing and policies emphasizing: control of carbon emlssmns. ﬁ‘
‘Given these results, it is probably reasonable to estimate that additional wind'capacity_will be 823"
. GW._in 2010. This translates into electricity contributions of 28-81 TWh, resultmg in reduchons of

carbon emissions of 6-20 MILC relative to the BAU forecast for 2010.

-7 3. 1. 3 lncreasing Generatlon and. Capaclty at Exlsting Hydropower Plants

g greenhouse gas emissions: durmg operat;on (DOE 1994) In the 1940s, 40% of the country s eleé&'lc:ty
came from hydmpowe'r_ ‘lants (Wlll.lams and Batema.n. 1995) %e adverse env:romnenta! affects 0

g generation technologies for utillty-scale appl:cahons are generally considered to be mature, with:

~ turbine ‘efficiencies typlcally in the 75%-85% range (OTA 1995). _-‘:-:l'here are three ty' S\Of
hydropower facnhty 7 : . ' i

: Hydroelectnc power uses the energy of fallmg ‘water to generate electnc:ty Hydroelectnc i g

1 Most. hydropomer Plants u,se dams to ralse the wnter leVel, wh:ch creases the water

potent:al energy, and-allows for regulatlon of the water avallablhty \COnv

: -,.'hydropower (wlth Teservoir, storage) can. prowde*baSeload mtermedmte, or
e power, dependmg-'on the avaxlabnhty of water andfpro)ect des:gn (OTA 1995)

O I 'Run-of-nver systems 'do not use large dams or storage reservoirs. Instead smaller
" diversion structures are used to channel some of the water through a canal or -penstock -
toa powerl\ouse, after which the water is returned to the river. Run-of-river systems -

. avoid some; of the costs ancl enwronmental u:npacts assoclated with large hydro'i
: facﬁmes : G : _ ;
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The main challenge for hydropower in recent years has been the growing concern over its local
environmental impact. By damming rivers to create storage reservoirs, hydro facilities can have an
adverse effect on terrestrial and aquatic ecosystems. Wildlife habitats can become inundated. Fish
migration routes can be cut off, and fish can die in the generating turbines or because the downstream
water quality and habitat are changed. Plants that grow along the riverbanks can be disrupted by
changes in the natural water level, both above and below the dam, and large or rapid variations in
the amount of water being discharged can disrupt aquatic habitats and accelerate erosion
downstream.

Regulatory measures — such as the licensing of non-federal hydropower projects and the Endangered
Species Act — are reducing the environmental impact of hydropower projects, ‘but they are also
reducing total electricity. production from this energy source. Between 1995 and 2010, 19 GW of
hydropower at non-federal projects will be subject to relicensing. Recent trends indicate that

relicensing results in an average 8% loss in generation due to the imposition of new envrronmental.__.

constramts on operation.

Under the HE/LC scenario, and assuming a sustained regulatory reinvention effort between now and.’ " «
the year 2010, incentives could be in place to increase hydroelectric power generation in either of -

two ways. Neither of these opportumt:es involves the construction of hydropower plants at new

sites. However, both will require continued R&D to :mprove the design of turbme systems and to ap '

minimize adverse environmental effects

e Increasing generat:on at ex15tmg hydropower plant$ ThlS 0pt10n consists of modermzmg and i

upgrading existing turbines and generators to increase their efficiency and/or electrical output. .. .. - & |
With enabling incentives, upgrading hydropower plants can result in energy productlon gainsof i i d
5%-10%. Hydropower upgrades would also have significant environmental benefits, because - . .

new generating. technologles offer improved fish passage, better water quahty, a.nd new.

opportu.mt:es for i rmprovmg downstream' aquatrc habitats.

» Addmg generatmg capacity at exmtmg dams. A recent resource assessment 1dent1hed 20 GW of i
- undeveloped hydropower capacity at existing dams (Rinehart et al., 1997). About 36,000 GWh
of new hydropower generation could be added by developing t.hese sites between 1995 and 2010‘

(Office .of Consen ation and Renewable Energy, 1990)

Further expansion of hydropower capacrty is posszble, but unhkely until after 2010. The nauonal ;
~ hydropower resource assessment (Rinehart et al., 1997) has identified an additional 11/:GW of
-environmentally acceptable hydropower at undeveloped sites (those requiring the(ﬂnstruchon of

new dams or diversions). These resources may eventually be developed, given more adva.ntageous

economics, regulatory reinvention, and/or technology improvements. Further development of " /.

efficient low-head generating technologies would encourage deployment at the many low-head s Gl

sites that are currently unsuitable for hydropower addltlons

Considering only the near-term optlons. and the fact that there may be some loss of hydropower

capacity due to relicensing issues and environmental mitigation regulations, net capacity additions . "

by 2010 could be 10-16 GW, reducing emissions by 3-5 MtC. Additional carbon savings can be

~ achieved after 2010 with contmumg advancements in generatmg technologles and envrronmental
-rmtlgatmn techmques t s ; o e i

b 1. 4 Landﬂu Gas |

i --xs a potent greenhouse gas that--‘

: ql‘ w&;& (f et
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Intergovernmental Panel on Climate Change, each kilogram of methane is about 21 times more -
effective at trapping radiation in the atmosphere than a kilogram of carbon dioxide. Landfills are
the largest source of anthropogenic methane emissions in the United States; they are responsible for
almost 40% of these emissions each year (EPA, 1997).

New EPA regulations require operators to seal larger, closed landfills with a special cap, collect the -
gas, and burn it to prevent atmospheric releases of methane. But wells sunk into landfills can capture
the gas before it escapes the surface. It can then be used for a variety of applications, including
generatmg electricity.

Today, about 165 landfills recover and utilize methane as a fuel. Various estimates (Governmental - -
Advisory Associates, 1994; EPA, 1997) indicate that between 300 and 750 of the country’s 3500 . .. :
landfills could economically recover methane using currently available technologies. The :
development of more efficient, less expensive technologies for gas recovery, clean-up, and:.
utilization could accelerate the adoption of landfill gas-to-energy systems. For ‘example, highly
efficient, experimental fuel cells have operated on landfill gas processed using new clean-up ¢
technology. : ;

By 2010, 0.2-0.5 quads of energy per year could be recovered from the methane in landfills and i Rl
converted to electricity. Taking into account the difference in the radiative effects of methane a.nd gt
- COy tlus represents the equwalent of 25-53 MtC in reduced emissions {DOE 1994)

' 7 3.1.5. * Other Renewable Power Technologles

“have also decreased sharply over the past 15 years. It is very hkely that this trend will continue.
While none of these technolog1es are expected to contribute as much electricity as biomass cohrmg o:‘
wmd power by 2010, thelr role in 2010 electnc:ty markets may be s:g'm.flcant and growmg

4 .Photoyoltaics- x5 S oy e e

- Photovoltaics (PV) uses solar cells to generate electnc1ty from sunlight w:thout any. enusslo
« .moving parts. This: technology has made substantial progress since its first successful application infis#
space. While PV power costs are still significantly. hlgher than the costs of other renewab :@ ;
technologies, sales of PV power systems have been growing steadily, probably because:ﬁ the many;
~ unique advantages of PV, These include modularity (applications can. range from solar calculators
power stations), widespread applicability (since adequate solar resources are widely, availabl
and ease of integration into the built environment (through .incorporation into building facad‘
roofing materials, .hlghway sound barriers, parking-lot structures, .etc.). The most importa
apphcatlon of PV today is in stand-alone " systems that provnde power to remote water pumps oro

countries.

 For grid-connected apphcahons; one of the most promising trends in the past few years is “b
% mtegrat s g Numerous bmldmgs have: been constructed —_— prunanly in Europe, Jap n,

;In ‘thes ::apphcauons,gthe PV Jpower xd:rectly dmglaces&gnd'ielectncxty&at}ith' send
_dehvery ‘system, w‘hereii‘t ‘has the. ‘greatest value*r‘Anothergadvﬁntage ‘of IPViis thath
.lﬁoul-put generally comc:_gles ‘with peak electncaty demand which 1furtl'nerf”enhances :ts
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Worldwide sales of PV power systems have grown to nearly 100 MW per year, up from 10 MW in
1982, an average annual growth rate of about 20%. This rate of growth is likely to increase as a.
result of numerous programs promoting PV for village power in developing countries as well as
programs promoting greater use of PV in several developed nations. One example is the U.S. Million
Solar Roofs program, announced by President Clinton at the United Nations on June 26, 1997. Others
include Japan’s Sunshine Project, Germany’s subsidy of up to 70% of PV system costs, and
Switzerland’s PV Schools Program. !

EIA estimates that total installed PV capacity in the United States will be only 0-2 GW in 2010
(EIA, 1996). However, an independent assessment of the impact of DOE’s R&D programs indicates
that, by 2010, installed U.S. PV capacity will be approximately 1.3 GW under a BAU scenario
(Office of Energy Efficiency and Renewable Energy, 1997). Using this as a starting point, and
 considering the many advantages of PV, an estimate of installed capacity of 4-7 GW in 2010 is:
* probably reasonable for the HE/LC scenario. This would provide 6-13 TWh of electricity and reduCe o
carbon emissions by 1-2 MtC. One important addition to PV capacity will come from the recently.
announced Million Roofs Iruhatxve wluch will result in 1-2 GW of new capacnty %

A L Iy T X

The market trends for PV m 2010 are probably more mgmf:cant than its energy and carbon ox
contributions. By 2010, PV energy. prices will be substantially lower than they are today, and we
- will have had cons:derably more experience with the development and use of bulldmg-mtegrated
PV products In this context, the United States will be moving into a:situation in WhICh a sxgmﬁca.nt i
" and increasing fractmn of construchon mcludes PV generabon capabilities.”" et

Geothermal Electricity : _ :
; Gefothermal power technologles use the thermal energy from undergrc)und reservoirs of hot water or

. 'steam to produce electricity. With hxgher temperature resources, the steam is used to drive a turbs.ne I T
_ directly; with lower temperature resources, a binary technology is used in which the hot water -

. vaporizes another working fluid, which then drives a turbine. These geothermal, power-generatlon 2

; technolognes are considered fairly: mature. The major. challenge lies in locatmg and characterlzmg :
the size and longev:ty of spec1f1c geothermal reservoirs.

'Approxnnately 3 GW of gqothermal capac:ty is mstalled in-the Umted States today Whﬂe EIA &

e  estimates that geothermal capacity will increase by only 0.2 GW by. 2010 (EI.A 1996) DOE's recent - ;

: Quahty Metrics Study indicates that geothermal power capacity will increase by 5.8 GW, and

% - electricity production will increase about 45 TWh, in a BAU scenario (Office of Endgy Efﬁaency X
- . -and Renewable Energy, 1997). While.a'$50/tonne cost of carbon would’improve the economics for .

; ~ geothermal, it'is not expected to- prowde as much of a boost as it does for wind or biomass. It is.
probably reasonable to-use the DOE estimate as the lower boundary, and project that total insta].le ¢

; geothermal capac:ty over toqlay s levei would reduce carbon énuss:ons by 6-16 MtC

1 -‘sa-a.-‘n




Chapter7 i tH - Electricity Supply Technologies : *

~ parabolic dish reflectors to pfovide thermal energy to a Stirling engine mounted at the focal point of -
the dish. A few individual prototype units, which have power outputs of about 10-25 kW each, are
being tested in the United States.

While EIA projects negligible gains for solar thermal generating capacity by 2010 (EIA. 1996),
DOE’s recent Quality Metrics Study suggests that solar thermal systems will provide
approximately 2 TWh of electricity in 2010 in a BAU scenario (Office of Energy Efficiency and
Renewable Energy, 1997). Under the HE/LC scenario of this study, an estimate of 0-2 GW capacity
and 0-6 TWh electricity generation in 2010 is probably reasonable. This would reduce carbon
emissions about 0-1 MtC.

7.3.2 The Long-Term Role of Renewables

As indicated at the beginning of this section, it is quite likely that renewable energy technologies."u_.. -
will play a crucial role in limiting carbon emissions and global warming in the long term. Continued
domestic and international economic development that does not foster further global warming will .

* require greater energy consumption coupled with lower carbon emissions. The only options are thus

low-carbon energy supplies, such as nuclear.power or renewables, or the sequestration of carbon i
emissions from the use of fossil fuels. With the continuing technological development and cost ",
reductions of renewables, renewables may become preferred energy resources some time within the ..
" next one to three decades. Moreover, they will probably expand to become the world’s primary

energy resource in the latter half of the next century. In fact, just such a transition was suggested

'recently by Shell Internatlonal (Figure 7.14) (Royal Dutch/Shell Group of Companies, 1996) ;« SR

F;gure 7.14 Sustained Growth Scenario from Shell International (Reproduced courtesy of She!h
; * International Petroleum Company}
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‘Biomass Power

The most important R&D areas for biomass power are in gasification/conversion systems and in
feedstock production. Gasification involves converting the solid biomass feedstock material to a gas
that is cleaned and then burned in a combustion turbine or used in a combined-cycle plant. This
technology is currently in the initial dein,ons_tration stage of development.

The importance of this technology is that it can take advantage of advanced turbine designs and
heat-recovery steam generators to achieve almost twice the efficiency of currently installed '
biomass technologies (NREL estimates, 1997). High-pressure gasification technologies yield the -
highest efficiencies, but they also require the development of efﬁcxent cost-effectwe methods for
cleaning the hot gases before they enter the turbine. .

“f

On the biomass production side, genetic research is likely to-produce energy- erop spetlies‘tlra't- - 2

provide consistently higher biomass yields on an energy-content basis, thus providing a proportlonal

reduction in biomass feedstock costs. Related research into new species. designed for better fuel %

- production also_looks promising in terms of significantly decreasing biofuels costs over time.

Research into advanced agricultural methods will also lower feedstock production costs over tlme

* Finally, the development of simpler feedstock handling and processing methods will also lead to.

lower costs. Whole-tree processmg ‘methods, for exarnple which avoid the cost of chrppmg the

- wood before processmg or use, could reduce the cost of harvestmg and dehvermg the blomass to th
power pIa.nt by about one- -third (OTA 1995) : :

power expands most of it will employ ded:cated feedstocks In t!us context, biomass use wrll ental.l oy

Jlow net carbon emissions. These net emissions primarily result from the combustion of fossil fuels in i
' _producnon and delivery, because the carbon emitted during conversion will be reabsorbed as new:
feedstock grows. Thus, bnomass power can become a major contnbutor to reducmg overall carbon
emissions from electnmty generatlon m the commg decades L

_WInd Power

- — has already been well established, as”the wind. generation capacxty curves i
indicate. Nonetheless, major advances for wind power technology in both the short=

term are likely. These are predicted for the short-term by DOE’s cost artd performance pro;echons
(Office of Utility Technologzes, 1997), as ﬂlustrated in Flgure 7. e - !

~.and longer lifetimes. Such desxgn u‘nprovemerlts will not only lower the cost of wind ]
.~ electricity, they will also make it econormcally prachcal to utrlrze the’ wrdespread"' (

lower quality wind resources, found in Class 4 Wmd regu'nes Some of the cntlcal resea.rch.

v
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Another important area of R&D concerns the development of direct-drive generators and improved
power electronics. This will yield higher conversion efficiencies and more durable power-conversion
components, eliminating the need for a gearbox in the drive train. A major challenge will be the
integration of advanced components and controls into large-scale, utility-class hardware.

_ There is also considerable room for improvement in turbine manufacturing processes through process
development and automation, since today’s turbine blades are still largely built by hand.

A fourth critical research area is that of wind prospectmg and prediction. Wind regimes are e
extremely site-specific, so even though wind resources have been broadly categorized for the nation SRR |
and the world as a whole, the siting of individual wind farms requires detailed information in order -
to select the best site. Wind speeds can vary dramatically over the course of seconds (due to . -. .
turbulence), hours (diurnal variations), days (weather fronts), and months (seasonal vanatrons) g
The. best locations are those with strong, sustained winds having little turbulence. Finding such"
locations requires extensive prospecting and monitoring (OTA, 1995). The development of better tools : -
for resource characterization and prediction will both improve the economics of wind power and
enhance its value by enabhng uulmes to more reliably predict the power output from spec;ﬁc wmd*
power plants.

Another u'nportant thrust for research is to address srtmg issues. For example the tops of ndges are *
- often good wind sites, but such a visible location for a wind farm can be-a cause for concern when the';_ 4
site is either close to a population center or in an area of particularly great scenic value. To date
; there have been vrrtually no studies. to understa.nd the local values assoc:lated wrth the vrsual }

- raptors, which sometimes ﬂy into the rapldly turm.ng rotor blades. Tlus too, seems hke an issue: st
that may well be resolved through research to understand the scope of the problem relative to other"
threats to bird species as well as the development of ways to keep bu'ds a safe drstance from movmg
turbine blades . -

In summary, the research front for wind power tedmology is very broad Aclnevements are h.kely t
lead to widespread adoption and application of this electric power technology throughout th
world wherever resources are adequate, over the next few decades P

‘Gaothermal Electrlcity st Yaandpn g

‘Both current geothermal power systems and advanced geothe_rmal power technology' concepts wdlt
benefrt from contmumg R&D. :

Today s geothermal power plants use the thermal energy from hot water: and steam in"

'hydrothermal reservoirs to generate electncrty ‘While the power conversion and drllhng' 142

. (NREL estl.mates, 1997)

J

_‘The most 1mportant R&.D area for conve:
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modeling and interpretation of the data could lower the average cost of locating and assessing -
geothermal resources by 50% (NREL estimates, 1997).

In the long term, geothermal power plants could make use of hot dry rock resources — areas of
exceptionally hot rock (above 150°C) that have little or no water in them. Energy can be extracted
from these zones by injecting water from the surface underground, where it is heated. Although the
engineering feasibility of extracting energy from hot dry rock has already been demonstrated:
(Secretary of Energy Advisory Board, 1995), further R&D is necessary to make the technology
commercially viable. With success in that endeavor, the potential for geothermal power would be
vastly expanded because hot dry rock resources are widely available.

Photovoltaic Power Systems

Although PV power technology has already experienced major gains in both performance and

economics as a result of R&D conducted over the past 30-40 years, there is still considerable . . ;
potential for further improvements. This is true for essentially all aspects of PV power systems, . . -
including research on basic photovoltaic materials, development of high-efficiency™PV cells and = . . ;
modules, development of better PV power products, lower cost manufacturing processes, and -~ - A,
improvements in the various cornponents of PV systems. :

1

ool -

A good example of the potent-lal of PV R&D is found by comparing the module efficiencies of current .
commercial PV modules with the ‘efficiencies of individual solar cells. For crystalline silicon PV. L
technology, the technology representing about 90% of current sales, commercial module efficiencies .+ "

are generally between 10% and 15%, while the best laboratory cell efficiencies are well above 20%. /<2
For thin-film PV technology, which includes amorphous silicon, copper indium diselenide, and" . *

efficiencies are above 15%. Thus, in all cases, progress in commercial products would be virtually .«

assured through the replication of established laboratory results. There is also clearly the  ° £
potential for greater increases in cell efficiencies over today’s laboratory results. Some of the . .- .. 4
research tools that are being applied include computer modeling of various semiconductor materials - oy 5l
and atomic-level engineering of new devices to better. u.nderstand their photovoltaic and electromc'- T
properties. _ r W (TR

¥
Lookmg -ahead, we’ fmcl that 51gn1f1cantly greater efficiencies are possﬂ:le For example, muln ¥eh §
junction cells have been tested with efficiencies above 30%. At this time, these are small, <~ -~ . i
laboratory-scale devices whose initial application is expected to be with coqcentriﬂ)rs, in which <. == =}
the cost of the cell .is significantly offset by the increased solar energy captured by the optical i ==}
concentrator. However, in a decade or two, it is certainly conceivable that low-cost processes for . - ]
making similar high-efficiency multi-junction devices will have been developed which w111 make' ;
it possible to use them in conventional, flat-plate PV modules. : T

In the area of manufacturmg processes, considerable effort is being made to perfect processes that -

' provide uniform, hlgh-quallty ‘materials for the thin-film technologies. The fruits of these efforts

o '
are likely to be realized in the next few years as a number of firms construct fairly large (5-20 MW.' M T
per yea.r} ma.nufactunng plants based on the reSults of process research a.nd development Rl e g L

There is. still cons;derable progress to be made in the development of PV power products.

. example, many PV power systems today are still being mdxvldually designed for. specrflc :
.. -applications. Off-the-shelf PV power systems and consumer’ products (such as PV walk-hghts
lanterns, and battery chargers) are becormng more avaxlable but the commerctal PV mdustry I.S stgll :

' Sep}temlber_-ts. 1997 . >
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important effect on PV electricity costs because it will increase the volume of sales. A particularly
important set of PV products is likely to be PV components for building shells. These include
windows, wall materials, awnings, and roofing materials that incorporate PV and are as readily
installed as the components they replace in today’s building industry. A reasonable long-term target
is to have a large fraction of new construction incorporate such building-integrated PV products.

Finally, we will continue to see improvements in the balance-of-system components of PV systems.
Examples include power conditioners and controllers, which serve as the electrical operating and
interface system for integrating PV power modules with the load and/or the power grid. These
components will continue to improve as well as benefit from developments in power electronics.
Greater system integration is also likely, simplifying overall system design. A good example is the . -
development of PV modules that incorporate dc-tp-ac inverters, an activity that is currently under
way. - ;

In summary, PV technology will benefit from major R&D advances for many years to come, and these >
advances will significantly improve the economics of PV power. Among the implications of these *
advances, it is likely that PV power systems will reach- prices of $3000/kW by 2010, which'is less
than half the current average price. Further price reductions will no doubt occur beyond that.

Solar Thermal Electrlclty

Solar thermal technologies will benefit from R&D in a broad range of areas. For example, successful -« -
development of durable silver/polymer reflectors will reduce reflector costs by 25% to 50% for all -}
three technologies, reducing system costs by 10% to 20%. Improved reflectors and receivers will also
allow higher operating temperatures and thus higher.solar-to-electric conversion efficiencies. s« . .,
Technology advances for Stirling engines will directly benefit dish/engine systems; one of the most. i+« ;. . -
important areas is the extension of operating lifetimes between overhauls. The development and -
application of hybrid solar/natural gas systems will be particularly important for power tower and .»
parabolic trough technologies. These will make it possible to provide dispatchable power and to use , -
combined-cycle technology, as well as smaller solar fields without bemg penalized by smaller.g;
steam turbines, which tend to be less efficient. . !

By 2020, we are likely to see power-tower conversion efficiencies around 30%, compared with about SO
15% today, and'dish/engine conversion efficiencies of about 35%, up from about 25% in current 9, AR
prototypes. At the same time, these technologies will cost less and be more durable. At this.stage, -
they are likely to be fully competitive with other mainstream power technologies mﬁreas with o
good solar resources throughout the Umted States and the rest of the world.' -2 fron it

7.4 EFFICIENCY IMPROVEMENTS IN GENERATION AND TRANSMISSION & = .
DISTRIBUTION : :

Lowering the heat rates of fossil-fueled generation results in greater efficiency (i.e., less fuel burned :}
per electricity generated) and lower carbon emissions. OTA (1991, p. 320), for instance, suggests that
improved maintenance could reduce heat rates by 5%, resullmg in a reduction of 22 million tonnes of 4
. carbon emissions by the year 2000. OTA mcludes this measure in their “moderate” scenario, viewin
© it as either a'low-cost or a no-cost measure, The rate of mprovement assumed by OTA is consistent /4]
~.with a power plant performance monitoring and improvement project conducted by the: Electric i
' Power Research Institute (1986; 1989). Hirst and Baxter (1997) also note the value of cuttmg heat’
rates for fossil-fuel-power plants, as a carbon reduction option. No efficiency m'\provements ito 4
i exnsh.ng fossxl planu' are: assumed in the 1997 Annua! Energy Outlook’s reference case (Schouberlem :

R R . - September 15, 199
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The Southern Company has had extensive experience with improving the efficiency of their electric
utility system. Over a thirteen-year period, the Southern Company was able to reduce its heat rate
by 5.8%, lowering it from approximately 10,300 Btu/kWh (in 1982) to less than 9,700 Btu/kWh (in
1994) (Southern Company, 1993; Siegel, 1997). This represents an improvement in fossil system
efficiency from approximately 33.2% (in 1982) to 34.8% (in 1994). The current level of efficiency in
U.S. fossil-fired power plants is approximately 33%. In addition to improving the company’s
system-wide heat rate, the Southern Company was able to increase its reliability from 88% (in
1982) to 96% (in 1994) (Southern Electric International, 1996), and was able to increase its
availability to approximately 86%. The current availability of U.S. fossil-fired power plants is
approximately 81%. ' ‘ '

These heat rate and availability improvements to the Southern Company’s electric system have
provided benefits valued at $1.1 billion/year. One of the largest benefits to the Southern Company
has been from the deferral of 6,000 MW of new capacity. The cost of these heat rate and reliability
improvements to the Southern Company is estimated at approximately $325 million/year. The
operation and maintenance activities that comprise these costs include: establishing a heat rate
improvement training program, creation of a plant heat rate review board and a system heat rate L
technical network, assignment of an efficiency engineer at each plant, instituting a program of heat =
rate momtormg and investing in desrgn upgrades (Siegel, 1997)

The Southern Company’s experrence is consistent with the OTA and EPRI estimate that a5% heat

rate unprovement is technically feasible at a low cost or at'no ‘cost. Such an improvement would _
result in a concomitant reduction of 5% in the carbon emissions of the utility sector. Based on '
Chapter 6's HE/LC case (Table 6.4), the electncrty sector’s carbon emissions in 2010 would be 492
MtC. Although coal generation accounts for only 46.2% of the electricity generation forecasted for
- 2010, coal plants account for 81% (or 400 MtC) of the carbon produced by the electricity sector. A5%
reduction would represent 20 Mt of carbon emissions. Assuming that 35-65% of this total is feasrble, +
a realistic esnmate of the potenhal reduction is 7 13 MtC.

Improving the efficiency of transmission and distribution (T &D) systems is another supply-srde |
- option available to utilities. 'As with géneration, T&D improvements can include both capital

§
!
investments (for example, new transformers and conductors) and improved operations. Becausejz&g B §
kAl v {

i

losses account for only about 7% of total generation, the opport'l.mmes to reduce’ CO,: ei:’ussro
~ through such mechanisms are limited. However, .they could nonetheless’ be cost-effecfrve
 Improving T&D efficiency by 10% would cut emissions by almost 1% (Hu‘st and Baxter, 1997) i

: ) ol : ; 5 {d_ b { '-"'-"."‘_“"_'“‘
75 NUCLEAR PLANT LIFE EXTENSION ¥ - ki . A R
In both the AEOQ? reference case and the restructured case . described i in Chapter 6, nuclear plantsm _ 7 “

' projected to lose market share in the national mix of electrrci‘ty generation. Similar trends are’
forecast worldwide, with the forecasted dechne in nudear power in EurOpe being pamCularIy larFe
(South et al 1997) g . _

In the U.S., the nuclear power capacrty of 99. 2 grgawatts that ex1sted in 1995 is prolected to dr0p to o
- '88.9 gigawatts in both the AEO97 reference case and the restructured ‘case in 2010. This drop i k'*'

" primarily the. result of the retirement of 17 plants whose licenses e expire between 1999 and 2010. The '
 combined capacrty of these 17 plants 15;11_5 grgawatts ."'The average capacrty facto: of the

e ‘remammg Plants ranges ‘from 76-79% 'hout the forecast”‘de‘ﬂams lrttle' from* th’e MWT :
,. D R . HOABRTAD o A
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No additional nuclear units are actively under construction in the U.S. Therefore, no new planned
units are assumed to come into service during the 2010 forecast. One nuclear unit, Watts Bar 1 owned
by the Tennessee Valley Authority, received its license in 1996, but a few plants have also recently
closed.

Nuclear power is a carbon-free source of electricity. Retaining as much as possible of its current
power generation would therefore be an important carbon mitigation strategy in an economy where
carbon emissions bear a charge of $50 per tonne, as in the HE/LC scenario.

AEO97 defines a “high nuclear case” which assumes that every nuclear plant operating in 1996 has

an additional 10 years of operation, as long as their operating costs do not exceed 4 cents/kWh. This -

2010 forecast results in the closure of only three nuclear plants (totaling 1.3 gigawatts of capacity)

due to license expirations and the.addition of 10.2 gigawatts of new capacity from 14 plant lifetime -
extensions (EIA, 1996; Nuclear Regulatory Commission, 1996). Thus, nuclear capacity in EIA's -

forecast for 2010 grows from 88.9 gigawatts (in the reference case) to 99.1 gigawatts (in the “high
nuclear case”). Based on a capacity factor of 77%, this 10.2 gigawatts of capacity expansion from
nuclear plant life extensions results in 69,000 GWh of additional nuclear energy in 2010, cempared to
the reference case.: -

According to EIA’s “high nuclear case,” 12 Mt of carbon would be offset by this additional carbon-

free source-of electricity. . Using the capacity on the margin in the HE/LC case (with carbon .

emissions averaging 160 tonnes/GWh), we estimate that the carbon reductions from this addrtional'
nuclear resource drop to 11 MtC. A range of 4-7 MtC (from 35-65% of this potential) would appear to

be a more realistic forecast for the HE/LC scenario. This range recognizes that it will not'be -

economical or politically feasible to extend the operation of nuclear power plants with licenses that
expire by the year 2010 :

The AEQ97 reference case forecasts that nuclear capacrty in the U.S. will decline at an increasing
pace after 2010, decreasing from 88.9 gigawatts in 2010 to 62.7 gigawatts in 2015. Thus, with the
demand for energy continuing.to grow, the impact of nuclear power as a carbon offset declines
precipitously over this slightly longer planning horizon. Under the “high nuclear case,” the
assumed 10-year nuclear plant licensing ‘extensions (subject to the 4 cents/kWh maximum cost)

increases nuclear capacity in 2015.from 62.7 gigawatts (in the reference case) to'94.7 gigawatts (in "

the “high nuclear case”), - Thus, the magmtude of carbon offsets offered by this strategy becomes R i

quite srg'mfrcant after 2010.
‘. _,Q =

.

Figure 7.15 illustrates the accelerated role that nuclear power life extension could have in"offsetting

carbon emissions after 2010. Only 45 of the nation’s 105 nuclear plants have licenses that extend . .. '

beyond 2020 (Nuclear Regulatory Commission, 1996). An effort to maintain the viability of this
capacity could result in a very large contribution to carbon reductions over the next quarter century.

AE097 does not estimate the cost of its “high nuclear case, . although it acknowledges that the
physical degradation of some units would have to be reversed. OTA (1991) also notes the. potential
carbon savings of extending the useful life of all nuclear plants to 45 years, but assumes that this

. optionvinvolves either low costs or saves money. Understanding the effects of aging in order to better "

manage the aging nuclear infrastructure is an important R&D topic. Pressure vessel embrittlement - ol

and the degradation of cables, pumps, and valves can be better managed by advances in materials */" " -

science and by developing and implementing advanced monitoring technologies. Such technclogies'

... . .are the result of R&D and help maintain the current licensing basis of the nation's nuclear power.'_ A
AT planls ‘thereby ena‘bhng their operatxon to extend beyond the xmt:a] 40—year hcensmg penod £

A

el
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Figure 7.15 U.S. Commercial Nuclear Power Reactor Generating Capacity
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7.6 ADVANCED COAL TECHNOLOGIES

]

“advanced combustion' turbines, combmed-cycle units, and coal umus "ORCED did not select’ the
advanced coal unit with either the EIA or the Fossil Energy ‘estimates of this uqt s costs a_nd
-operating characteristics; in both cases, its initial cost was too high to warrant mglusmn in 'tl'f":'*'iﬁm 4
generation mix. The only significant change to occur was the replacement of the most’ advancedw“.__
combustion turbine as specified by EIA with an older combmed cycle unit. The net effect of thls
change on carbon enusStons was negltglble p & Blle Doken s ; : . B

. ‘This limited analysis suggests that between now and the year 2010 highly effxc:ent (e, a heat
" rate of about 7000 Btu/kWh) but expensive (i. e,a cost of over $1000/kW) advanced coal units canno St
, compete economtcally with etther the generatton tmx that remains from the 19905 or W1th gas-ﬁred“‘ s
combmed-cycle units.’ . _ e _ : A
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Table 7.6 Base Case Technologies Compared to Advanced Technologies (costs in 19955)

Original  Alternative Original Alternative
Advanced Gas Combined Cycle
Year of construction ' 2005 2005 2009 2010
Capital Cost, $/kW 410 525 . 410 500
Heat Rate : . 6284 5688 5817 5538
Fixed O&M, $/kW-yr 27 . 16 27 16
Variable O&M, ¢/kWh 0.05 0.015 0.05 0.015
Year of construction 72002 2005 5 2008 2010
Capital Cost, $/kW %o 339 ° 400 374 ' A f
Heat Rate : _ 10873 . 8699 Y793 - . .TB533 N
Fixed O&M, $/kW-yr , 1.9 - 17:6 169 W6+
Variable O&M, ¢/kWh 10.010 0.012 -~ 0.05 0012
Year of construction S 2006 2005
Capital Cost, ska P o AR, 2 1050
Heat Rate greaw F 9600 1L 7064 F 7 Eay . e i
Fixed O&M, $/kWeyr . - 3¢ o T L A A A 1
Variable O&M, ¢/kWh P B2 ¢ 1 ' : ' 3
- - - ?:;.?‘
77 SUMMARY' i - @ et S iy

~ Table 7 7 summarizes the potentxal reductlons in carbon em15510ns that could occur as the result of

* the technology options discussed in this chapter. Each option is intended to reflect roughly ‘the -«
amount that could be achieved under aggressive policies combined with a carbon. igcentive.of --

* ‘approximately $50/tonne. The total carbon reductions from the options shown in Tabfe 7.7 range -~
from 80 to 117 MtC by the year 2010. Additional carbon reductions may result from landfill gas i
recovery, photovoltalcs geothermal ‘and solar thermal resources. L

The analysis of renewable energy potential over the next quarter century mdlcates that w:th F Vi e e
vigorous and sustained program of research, development, and deployment, renewable energy"-*-' By

technologies could be providing a greater and rapidly growing contribution to electricity gveneratxon b3
by the year 2020. The potential contributions of carbon sequestratmn, advanced coal “technology, a.nd :
nnclear power were not explored in tlus report.
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Table 7.7 Carbon Reduction Potential of Selected Electricity Supply Technology Options in the
HE/LC Scenario with Carbon Permit Price of $50/tonne

High-Efficiency/Low-Carbon Case

(MtC)
Converting coal-based power plants to natural gas 4
C_ofifi.ng coal with biomass 16-24
Wind _ - . . 620
Hydropower 3-9
Efficiency Improvements ' ' 7-13
Extending the life of existing nuclear pla.nts , wxe i il
Total - ) i 7 ; 80-117
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ENDNOTES

1 Other approaches include (1) repowering with an advanced coal technology (integrated coal

gasification combined cycle (IGCC), or pressurized fluidized bed combustion (PFBC)) or (2) plant .

performance (efficiency) improvements through various management and technicat"adjustments.
With both of these “other” repowering options, the carbon emissions reduction potential is not as
great as with NGCC due to (1) the magnitude of efficiency improvement and (2) the carbon (together
with sulfur and mtrogen) content of coal versus natural gas.

2 All coal-fired power plants greater than 50 MW, and projected to remain in operation, were
considered for NGCC repowering: 22.5 gigawatts (GW) of capacity identified by EIA in AEO97 to be
uneconomic were deleted, as were 47.5 GW determined to be unneeded due to end-use energy
efficiency improvements (see Section 6). Appendix G-2 discusses the deletion of this capacity from
the coal/gas repowering analysis. '

3 One million Btu (MBtu) is the equivalent of one thousa.nd cublc feet (MCF) of natural gas. One
trillion cubic feet of natural gas is abbreviated as "TCFE. :

* This estimate of gas transmission cost may be high, since it may overestimate the amount of
interstate and intrastate pipeline that is needed to serve the repowered capacity. Alternatively,

since the costs are averaged over all candidate plants based on gas volume delivered to the

repowered site, it may approximate the diseconomies of scale that might arise in expanding
‘compression or building new pipeline to serve only a limited amount of repowered capacity.

5 A constant 1995. gas/ coal price differential assumes ‘that (1) end-use energy efficiency has an

offsetting effect on ‘increased utility gas consumption and/or (2) extrachon/ produgon costs for

natural gas decline at the same rate as the increase in demand. &

¢ The gas/coal ‘price dlfferentlal of $0.72/MBtu represents the 1995 value as reported by EIA in its

Annual Energy Outlook (AEO97). It represents a lower bound value, since the differential remains
constant over time (and demand), reflecting no price response by the natural gas industry with
increasing utility. fuel demand. The $1.18/MBtu reflects the 2010 gas/coal price differential within
AEQO97. This differential reflects a real natural gas price increase of $0.40/MBtu ($2. 04/MBtu in
1995 to $2.44/MBtu in 2010) and a 1.9 TCF increase in utility gas demand.

7 "Partial Repowenng is eqmvalent to the "no addltlonal transxmssmn cost case.
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represents only about half of the total price of electricity. Keeping transmission, distribution, and
customer service prices the same, the total price increase would be only 10%.

Because electricity prices are essentially unchanged under the efficiency scenario (changing from
only 6.20¢/kWh to 6.22¢/kWh including other components); total electricity costs to consumers
decrease by an amount that is proportionate to the reduced electricity demand (i.e., 330 TWh).
Thus, the cost reduction is approximately $20 billion. This value takes into account the savings in
transmission, distribution, and customer service costs included in the full retail price of electricity.
‘The high-efficiency/ low-carbon case yields slightly lower savings of around $18 billion.. Total

energy savings almost double to 630 TWh, but the price increase of 0. 65¢/ kWh due to the carbon
charge cuts into the overall savings.

One way to measure the cost impact of the $50/tonne of carbon cost is to evaluate the extra cost due -

to plant operation ‘changes (redispatch, retirements. and new construction). In the high- ,
efficiency /low-carbon case, we construct and operate the plants as optlmlzed with the carbon
charge. If we remove the charge, but construct and dispatch planits as in the h:gh-effmency/ low-
carbon case, we are no longer operating at minimum cost. The excess above the minimum Tost is about -
$2.2 billion. Dividing this amount by the tons of carbon saved from the minimum-cost case yields an
average cost of $30 per tonne of carbon saved.

AR e R S

i e

Allocating the carbon savings in the efficiency case between the buildings and industrial sectors, we
find that the buildings sector (residential and commercial) saved 19.4 Mt of carbon while the
industrial sector saved 9.6 Mt (Table 6.6). The carbon savings for each were proportional to thelr
savings in electricity, since electric generation is determmed by the system load.

i [
”‘-'":'.‘“W- TP e

Table 6. 6 Carbon Reductions from Electricity Savings by Sector under the Efﬁclency and ngh-' £kt

Effu::ency!Low-Carbon Cases (MtC) S 1j

4 ;i3

Sector Efficiency AR, ST H:gh Efflmency/Low- g P g g

.y - Case hii% CarboriCase- ihColl i

Buildings (Residential) i g _10.-9_ : S, S 49.2 - ' ; 'é._
Buildings (Commercial) ey Y by oo A o BB B e o
'lndustr?- s L W B 450" R s R
Total. - | e B -~ 1325 A A it
Note: Transport is not included since electr:c:ty use in that sector mneghgzble -k "_' ‘f’ "‘__".'i
Some of the 133 Mt of carbon that is forecast to be displaced by_ .the high—efficiehé'y/ low-carbon case ';'-':-r-... B {

can be attributed to the end-use efficiency improvements in the buildings and industrial sectors. The :
remaining savings are attributed to the'change in electricity generation mix that resulted from the ' ' - -
charge of $50/tonne of carbon. Two methods of allocaung the carbcm savmgs between the end-use
and supply sectors were examined. o :

e In the flrst nfethod, ORCED modeled the hlgh-efflqency/low-carbon case w:thout the
550/ tonne charge in the supply sector. The re5u1t wasa, savmgs of 56 MtC attnbuted to energy

sector.’, o 4 i

. Iiihe étonid method; ORCED modeled. ' 'ﬁe
supply sector, but without the demand redt
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was a savings of 33 MtC, which is attributed to the electricity sector. The rest of the carbon
savings (100 MtC) is attributed to the end-use sectors based on their energy savings.

The results of these alternative allocations (including the distribution of carbon savings across the
buildings and industrial sectors) are shown in Table 6.7 and Figure 6.7. The total carbon that is
displaced by the lower electricity demand is the same (133 MtC), but the allocation between the
end-use and supply sectors varies widely depending on the method used to allocate the savings.

Because the savings involve a synergy between increased energy efficiency and changes to supply

dispatching, it is difficult to identify the appropriate allocation of savings for the end-use vs.
electricity supply sectors. To simplify matters, we used the average between the two methods
described above. Specifically, the following averaging was used:

e The minimum carbon reduction attributed to electricity end-use efficiencies is 56 MtC (Method 1)
and the maximum is 100 MtC (Method 2). The average of 78 MtC is therefore assumed for the
end-use sector. A

e The minimum carbon reduction attributed to the electricity sector is 33 MtC (Method 2) and.the’

maximum is 77 MtC (Method 1). The average of 55 MtC is therefore assumed for the electncny
supply sector.

Table 6.7 Isummariz'es this allocation process.

Table 6.7 Allocation of Carbon Reductions frorn the EIectncnty Saved by the High- Efﬁclencvaow-

Carbon Case (MtC) _ _
Method 1: Carbon ~ Method 2: Carbon - Final Allocation by
Sector Reduced by Energy = Reduced by $50/tC Averaging
i ~ Efficiency First Charge First -
Buildings (Residential) ' ) R 37 29
Buildings (Commercial) ; 16 .29 22
 Industry ‘ 5. o 34 27
~ Subtotal 56 ' ©100 : - 78
' El;:ctricity Sector e o 33 : @55
_Total _ o 183, F 133 133

-

Based on the results shown in F:gure 6.7, 160 tonnes of carbon are displaced for each GWh of
electricity saved in the high-efficiency/low-carbon case with carbon permit price of $50/tonne,
| reflecting the introduction of new low-carbon technologies. This is the marginal carbon-to-energy
ratio that is therefore used for analyzing the impacts of other carbon management strategies in the

electricity sector in Chapter 7.  This value is significantly higher than the marginal carbon-to-

‘energy ratio used in the efficiency case (90 tonnes of ca.rbon per GW'h of electncxty as also shown in
" Figure 6. 3) for'the reasons noted earlier. © . X i B oAl

' September 15, 1897 i |

S 815 Lk 4
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F:gure& 7 Carbon Reductions Due to Energy Efficiency and Carbon Management: (A) WIlhOuta /
Carbon Charge and (B) With a Carbon Charge of 550:'1' onne : ’
640 -+ : .
Restructure
- Slope = 90 tC/GWh .
620 + |
; - Restructure/
600 1 _ Efficiency Low Carbon
Slope = 95 tC/GWh
580 + . -
= - (A) IHigh Efficiency- i
540 + Slope = 160 tC/GWh
A . 520 T = 1 _J.' _ 5
YRy g il (B) .Hi"Eﬁiciencyf P e S+ )y sty
. : - Low Qa_rbon‘ A S n G, Sy & F e P
i LT AT B T 3200 o0 o BA00, i i 13600, 7, 3800 <. - 4000

2010 Electnclty End-Use Demand, TWh -'_i‘l

I

Note- Slope is equai to rnargmal carbon sawngs in tonnes of carbon r glgawatt-hour. !n (A), the high-efﬁaency
: opm represents all the assurnphons of the’ h1gh—eff|c1ency/ low-car n scenario except that there is no charge
icar : : ;

bl
oy

6.5 SUMMAFIY

q .
; -yga: 2010 than it ;rvould otherwxse be. Ha.gv
y des 'and and su
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Chapter 7
ELECTRICITY SUPPLY TECHNOLOGIES

7.1 INTRODUCTION ; ' g

The electricity industry has many supply-srde options at its disposal to reduce or offset. carbon
dioxide emissions from electricity production by the year 2010. One of these options, reconfzgunng
. the generatlon mix to reflect a $50/tonne charge for carbon, was discussed in Chapter 6. We labeled
g this option “carbon-ordered dispatching” because it involves the same technologies that were
' considered in the AEO97 reference case. Electricity was rednspatched from the existing rgenerahon
mix, and the construction and retirement of power plants also changed, but no new technologres were.
introduced. Chapter? consrders other electncuy supply technology 0phon.s, mciudmg :

« Repowermg coal-based po\n'er plants wrth natural gas, - 7 o, g bk s S

Implementmg renewable electncrty technologres.

3
L]

Improwng effrcrency m generatron a.nd transm:ssron a.nd drstnbutron (T&D) systems, i

Extendrng the hfe of exrstmg nuclear plants' and

. Construchng new powerplants u,sn'tg advanced ke ait h ologres. e u

"Each of these optlons is assessed mdependently. Because mteractrons among the op

it " taken into account, there is a lrkely possrbrlrty of double-countmg with respect to rhe actual.
e Ay emrsslons reduchon potentral . el ____“ .

electncrty grrd is transformed by the carbon-ordered dlspatchmg
. efficiency/low-carbon” (HE/LC) scenario, as descnbed in Chapter 6. T
H consrderable decarbonization has already taken;=plaoe,.tlus chapter

‘The conversion 1 of exrstmg coal-ﬁred power plants to operate on natural g s
P optron to srgmfrcantly mcrease the efﬁcrency of ) power generatron and

'?_en'ussxon ‘reduction optron :
pnce between natural ‘ga arrd'\*L




b, each turbine. Lastly; the gas dehvery mfrast,ructure costs. (hook-up ‘and transmission) weé

Chapter 7

7.2.1 Repowering Approachs

The simplest repowering approach is site repowering, where the existing power plant site is reused
with an entirely new NGCC system. Cost and performance data for the General Electric “H"” frame
turbine was used; this class of turbine will be the most efficient in the post-2000 period, with the
lowest cost per kilowatt of capacity. While site repowering provides the highest cycle efficiency
(since none of the existing boiler island equipment is reused), it also requires a greater capltal
investment (see Appendix G-1).

The more conventional approach is referred to as steam turbine repowering. In this case, a new gas
turbine and heat recovery steam generator (HRSG) are integrated with the existing steam turbine
and auxiliary equipment from the coal plant. Due to age of equipment and the fact that the steam
turbine was designed for linkage with a coal-fired boiler, the efficiency of a repowered steam
turbine plant would be lower than at a site repowered plant. The steam turbine repowering option. -
' has a h:gher operatmg cost (due to the lower. efflcuancy) but a lower capltal cost (see Appendlx G-I)

~ The cost-effectiveness ($/tC) of bqt.h repowenng optlons was exammed for all coal- fired pow
_plants greater than 50 megawatts (MW). * ‘Included in the cost calculation were the cost. of
repowering, hook-up, and transmission. We analyzed. the site repowering results for the two
alternative gas/coal price differentials: $0.72 and $1.18 per million Btu (MBtu)?, three price.ranges
' ‘for carbon permits (<$50/tonne, $50-100/tonne, and $101-150/tonne), and three environmen
externality values for SO, and NO, (none, low, and lugh) ln addltaon, a sens:bv;ty analysxs was

" and key data parameters‘

The analyt:cal approach was static in that the cost of repowenng was computed for each cy\d.idg
- power plant but the analysis did not opmmze unit/plant produchon cost, dispatch; or s
Moreover, for the steam repowenng dase, the largest steam .turbme (not. each mqh

_hours, kWh), smce th:s is both more econom:c and consmtent with mdustry pract;ce thm Tepo

- ‘assuming (1) no excess capacity in the current delwery system, a.nd*tZ) that if such a fuel-s {

~ strategy were implemented, the natural gas plpelme industry would build capacity ( if ¢
incrementally) to meet the total est:mated ‘gas’ ‘requirements of- repowermg all candldate p
allocate appropriate ‘delivery costs to each' repowered plant
dehverablhty are descnbed below in Sectmn 7.2 2.2

& 22 Flepowerlng Issues p :'

ln 1995 there was 335 CW of coal-ﬁred capac:ty at 404 pOWer plants m t.he Umtqd Stat
7.1 indicates that this capaaty was compnsed of: ,

s L
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% 7 2 2 1. Increase In Natural Gas Demand Lol W o f '- \.-' ,

- than $150/tC. The increase in gas demand ranges from 1.0 TCF (<$50/tC) to 4.9 TCF ($50-100/tC in o TR

.plants represents 29% and 140% increases in 1995 uhhty gas consumpuon. respecbvely R

Figufe 71 Caddidate Coal-Fired Power Plants for NGCC Repdwerin_g |

Based on unit number : Based on capacity !
Dual-Fuel —— Dual-Fuel
319 Units : ' 75,593 MW
\ 28% ' A\ 23%
Coal Only - Coal Only :
711 Units 229,777 MW Multl-FueI
Multi-Fuel 8% N7

i 122 Units
10% ’

con.necnon, thereby resultmg m a lower hookup cost)

Utlhty gas consumphon in 1995 was 3. 5 tnlhon cublc feet (TCF) Flgures 7 2 and ?3 show 'the i
increases in natural gas demand from this base that would result | from either site or steam turb T
repowering for each of three’ cost-effectiveness values: less than $50/tC $50-100/tC; and grea,t - ey

the low gas/coal price differential case without externalities. This. quantity of gas for repo"

: 'repowering) to either 12.5 TCF/ yr or 12 9 TCF/ yr, respectwely, an mcrease of over 250% comp

current consumpuon levels. o _‘

"'j.f-.:',lstudy Only the current and pro;ected gas/coal price differentials expected under
“included in the cost analysxs. However, EIA has prepared a prelumnary eshmate,ﬁy found;
‘ianll TCF mcrease in demand ‘would i mcrease natural gas prices by $3.09/ MBtu ove,r‘zﬁ years (1'
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Figure 7.2 Incremental Increase in Gas Consumption Resulting from Coal to Gas Conversion with
Constant 1995 Gas/Coal Price Differential ($0.72/MBtu)

60 bttt
INo Envmmnul Ell.fﬂlll"f Cr.dr!s
lLow Enwvironmental Extenality Credits 53
e Il-llgh En\mml!i.ll El‘lﬂllil‘lf C!“ms
§t0 ‘
S 3.0
A 3
e B
i PT)
ol & i
! ot e £ » ]
g 10 £ {
Wy 0.0 _ - : _
i ey <50 W -50-100 e 101-150 :
3 T : Carbon Cost Ranges. $1C : ' 1
Bia anum 7.3 lncmmcnta.l Increase in Gas Consumphon Resultmg from Coal to Gas Conversmnwx i
i '_ ; : Constant 2010 Gastoal Price leferentlal (Sl.leMBtu)
Mive g

W Environmental Extemality, Credits : s :
™ ow Environmental E}Mmﬂlty Credits - / syt .' AR

" '®Hign Environmental Extemnality Credits o L APy
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7.2.2.2 Gas Deliverability

The spatial distribution of the initial 404 candidate plants is depicted in Figure 7.4. Some of the
candidate plants were not considered for repowering since they were (1) not considered economic b
EIA, or (2) determined to be unnecessary due to reductions in demand arising from end-use effici
unprovements ? Most of the plants are located in the Mid-Atlantic, South Atlantic, Midwest, and
Plains regions. While these are also primary gas-consuming regions served by major trunk lines,
many industry experts believe there is limited unused or underutilized capacity in the current 1.2
million mile pipeline system (transmission - 264,900 miles; distribution - 935,000 miles; field -
62,200 miles). Since this capacity is necessary to accommodate peak winter demand and non-utility
growth, it is of little value to power plants considering convers;on since these power plants. requme
firm plpelme commitments. -

Figure 7.4 Locétion of IC:_u-ldidate Plants for Coal/Gas Repowe:ing_in t_he u.s.
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The requirement to add new pipeline capacity could affect the attractiveness of repowering as a

carbon mitigation strategy. During 1994 and 1995, 1,200 to 1,500 miles of new pipeline were added to

the system. According to Federal Energy Regulatory Commission (FERC) filings of pipeline projects, o
there are a considerable number of new pipelines and pipeline expansions that have been proposed,

some of which are still pending approval. While mileage is not included with each filing, in the

regions of concern (Central, Midwest, Northeast, and Southeast), more than 8,200 miles of pipe is

projected to be added; this level of expansion is greater than the 1994-95 rate of addition. However,

it is not known how long it will take to complete these proposed pipelines. Consequently, an accurate

assessment of the ability to increase the rate of pipeline expansnon/constructlon could" not be

-estimated as a part of this study. '

Table 7.1 Plant Distance from Production Zone

Range Dual-Fuel Multi-Fuel Coal Only - Total

(Miles) # Units %  #Units %  #Units %  #Units %
: 60 - 440 Sy 48 37 '8 12 55 . ' 22°. .. 108 -
440 - 620 < TR - 8 19 64 26 105 —
620-890 , 30 23 15 35 59 24 104
. 890-1,480 oo 19 15 18%... .. 857 .: 67" | 27 101
" Total . 130 100.. 1143 - " . 100 245 100 - 418
7.2.3 Emisslons Reductions . oo,

Based on our analysis, repowering of coal-fired power plants w1th NGCCisa cost-effecbve carbo:ut :
reduction’strategy. Tables 7.2-7.4 summarize the site repowering results for the two alternative
- gas/coal price differentials: $0.72 ami $1.18 per.million Btu (MBtu), three price ranges for carbon
~ permits (<$50/tonne, $50-100/tonne, and $101-150/tonne), and three environmental externality
- values for SO, and NO, (none, low, and high). The price differential of $0. 72/MBtu represents the a;f
1995 gas/coal price differential-held constant, while $1. 181 MBtu is EIA's forecasted: ~pric
-differential for the year 2010.>% / In addltlon to the “no externalities" case, two alternatwe_‘mark&”
values were used for SO, and NO,: low externalities represent $0 per ton of 50; arld $700 per
- NO,; l-ugh extemahtxes represent 5100 per ton of SO; and $1400 pei' ton of NO o
- 3 ¢ \
s As can, be seen in Table 7.2, gwen a &:a.rbon permit. price of less than $50/tC and a g coal price -
" differential of $0.72/MBtu, 30 to 119 MtC could be removed via NGCC site repowermé:l
. upon extemahty assumptions. When the price differential increases to $1.18/MBtu, 0to 83- MtC o
' could be removed from utility emissions.. Consequently, we see that a increase of $0.46/MBtu in the /"
price differential decreases carbon reductions from NGCC repowering by approxunately 30 MtC
- Although the disaggregated data are not presented, most’ of the carbon reductlon in the <$50/tC
range actually occurs in the 525-50/ tC range :

: An ancxllary benefit of swltchmg from coal to gas a.nd unprovmg conversion efﬁc:.ency is reduchon ‘m :
- 80, and NO,,two criteria pollutants. At the <$50/tC level, approximately 50% of the SO, and "
75 NOy! would be removed (dependmg on. the exiernahty value), at $50-100/tC and l'ugher alm_ '
“the: 0.

that would result from reg wenngof
ology;descnbed in dix 0.
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was valued from SD-IbO/ ton; NO, was valued at from $700-1400/ton. These values were used as the

basis for the environmental externality credits to offset the investment cost of repowering.

Table 7.2 Summary Statistics: Coal to Gas Repowering with a Carbon Permit Price of <§50/tonne

Constant 1995 Gas/Coal Price Differential ($0.72/MBtu)

Incremental Incremental Incremental | .
Externality Carbon Removed = NQOy Removed ' Gas Consumed
Cases” Removed (MtC) - (Mt) (Mt) Affected GW- {ICE)™"
None 303 0.5 0.7 26.8 . 1.0
Low 66.0 1.2 1.4 633 23
High 118.6 4.0 ‘2.6 122.6 4.2
. Gas/Coal Price Dij’erentml in 2010 ($1.18/MBtu)
Incremental . Incremental Incrémental g
Externality |/ Carbon SO Removed ~ NOy Removed ' Gas Consumed
Cases* Removed MtC) .+ (Mt) (M) Affected GW- © L (TCE)*™
None 0 0.0, 0 O Al el G
Low 23.6 0.3 0.6 _ ;o.z | 45008, s
High 83.4 2.5 19 833 s 29

* Two alternative market values were used for SOz and Noy: low extemalmes represent $0 per ton of SO;
and $700 per ton of NOy hlgh externahhes represent $100 per ton of SO, and 51400 per ton of NO

#4TCF = trillion cublc feet

m&emtai

‘Externality Carbon - |
Cases* Removed (MtC) -
None 134. 6 ','
Low ¢ 1404 L
High - 1067 R e B0 i A
:l“_ i . : ‘ .I.‘ -‘ o , "{7 GﬂS}Cﬁﬂ!.Pf‘alpwﬁﬂf : \'“
" Incrernental  Incremental Uncremental |
Externahty Carbon Re:mved NOx Removed ”_
- Cases* Removed (MtC) - _(Mb) Bl 1 () el %
None 1096 28, 2.2’ ,_-._1;:,,_
‘Low 1344 . 5.0 i e
High 51280 * 5.5 2.3

* Two alternative market values were u;ed for SO; and Noy: Iow externahues representﬁp per
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Table 7.4 Summary Statistics: Coal to Gas Repowering with a Carbon Permit Price of

$101-150/tonne

. Constant 1995 Gas/Coal Price Differential ($0.72/MBtu)
Incremental Incremental Incremental
Externality Carbon SO7 Removed  NOx Removed Gas Consumed
Cases* Removed (MtC) (Mt) . (Mt) Affected GW (TCF)**
None 69.4 4.0 1.2 93.9 2.8
Low 31.0 1.6 0.5. 43.8 1.3
High - L 0.6 0.2 20.9 0.5
' Gas/Coal Price Differential in 2010 ($1.18/MBtu)
Incremental Incremental. = Incremental
Externality Carbon Removed  NOy Removed ' Gas Consumed
Cases* - Removed (MtC) (Mt) (Mt) ! Affected GW - (TCE)** .
'None 922 6.6 2.3 148.4 45 -
~ Low 75:1 4.0 1.2 98.6 21340
High 29.8 1.5 0.4 41.4 22

* 'l‘wo alternative market values were used for SO, and No,: low externalities represent $0 per ton of SO; and AR g
$700 per ton of NO,; high externalities represent $100 per ton of SO, and $1400 per ton of NO,.

"TCF trillion cubic feet

7.2.4

Figure 7.5 portrays the cost-effectiveness of site repowering with NGCC a.nd the correspondin
“ cumulative carbon removed for the two. alternative gas/coal price differentials when:n
With .a price differential of $0.72/MBtu
. approximately 30 MtC can be removed for <$50/tC, an additional 135 MtC can be removed for $51
100/tC, and an additional 77 MtC can be removed for >$100/¢C. When the price differenti
increases to $1.18/MBtu, 0 MtC of carbon are removed at 1:550/ tC,. 110 MtC are’ removed at $51

environmental’ externahties

Cost Effectiveness

are considered.

100/ tC, and an additional 132 MtC are removed at >$100/ e

Frgures 7.6 and 7.7 deprct the effect of enw.ronrnental extemahty credits for SO, and NO on carbon&‘
-« cost-effectiveness. ‘As mentioned above, in addition to the "no ‘externalities” case, two. altemat:ve
market values were used for SO, and NO,: low externalities represent $0 per ton of SO, and: 5700 pe

-

ton of NO; high externalities represent $100 per ton of SO, and $1400 per ton ofNO, .

rationale for these values is explained in Appendrx G-3.. Both ‘Figures 7.6 and 7.7 (together Mrth,.
" ‘Tables 7.2 - 7.4)-illustrate that the effect of the envrronmental externality credit is to-shift’ the
. carbon cost curve downward and to the right’ causmg more capacrty (GwW) aru:l carbon removal (MtC)r

to occur at lower carbon perrrut

price levels

¥

“no addrtlonal transrmssmn cost case" is rllustra ecl in: Flgures_ 7.8 and i7.9; wh"

»

Because dual-fuel plants are already recewmg natural ‘gas (although at lower volumes- than ;
~repowered plarit), a sensitivity analysis was conducted wherein no hook-up or transmission costs
. were incurred to deliver an increased quantity of natural gas to these repowered plant sites 'Ihls '




.The cost-effectweness numbers derived in this study are optm-ust:c. These numbers should be used
with caution because they do not (or do not adequately) consider the following factors that will
determine the ultimate cost-effectiveness of the coal-to-gas repowering:

* Potential increase in gas prices from NGCC repowering,

* Actual cost of repowering the candidate coal-fired power plaﬁfs,

K Excess transmission cai)acity, and/or economies of scale in delivering the required gas,

e Capacity utilization of the converted plants, i, o St
. ® Costs assocnated wnth breakmg long-term COal contracts, and | | -

- .« Other socioeconomic factors (e.g., dl.fferenhal state/federal tax effects, dlsplaced coal n‘uners)

In addmon, the effechveness of repowenng as a carbon control strategy w1ll depend on Whether and

to what extent the converted plants are dispatched. If, because of the costs associated with
~ conversion, the repowered plants are not dispatched or their utilization is’ minimized, the 45

associated carbon reductions will depend on the fuels and technologles used at the pla.nts dlspatched N
- _ahead of the repowered plants s

Flgure 7.5 Carbon Curve for CoaUGas SIt '
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- Figure 7.6 Carbon Curve for Coal to Gas Site Repowering: Effect of__Eﬂvir_onmental Externality T
Credits on Cost of Carbon Removal with Constant 1995 Gas/Coal Price Differential (§0.72/MBtu)
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200

Figure 7.7 Carbon Curve for Coal to Gas Site Repowering: Effect of Environmental Externality
- Credits on Cost of Carbon Removal with Gas/Coal Price Differential in 2010 (51,18 MBtu)

=

o S Ay Wi




Figure 7.8 Carbon Curve for Parﬁql Repowering . Constant 1995 Gw‘Coal Pnc_e _Dif!trentul g A
($0.72 MBtu) Low Environmental Extemality Credits =~ =& Y
150 — S : 4
140 | Gas Differential: $0.72MBW . L
: SO2 Credit: $Ofton SO2 .
130 } NOx Credit: $700/ton NOx y i l
120 } v ' | [ B ey
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7.3 RENEWABLE ELECTRICITY TECHNOLOGIES

Over the long term, renewable energy technologies are likely to play a crucial role in limiting
carbon emissions and global warming. While aggressive energy efficiency and fuel switching can
reduce domestic carbon emissions to approximately 1990 levels by 2010, controlling or reducing carbon
emissions beyond that date will require greater energy contributions from low-carbon technologies
such as renewables. In other words, renewables will play an essential role in helping the Umted
States to cut carbon emissions in the years beyond 2010

Renewables will also make important contnbutnons to both' domestic and mtematlonal carbon’-__;-
- emission controls by 2010. Renewable technology contributions to domestic electnmty and carbon '
'savmgs in 2010 under the HF.}r LC scenario are summarized in Table 7.5. :

Table 7.5 Addmons to Generahng Capacity Electricity and Carbon Euuss:on Reduchons from
' Renewables for the HE!LC Case in 2010 :

Ri:nmable"fechnology - Capacity Additions’ -Electricit_y ~ < .- Carbon messnon
B el (GW) @ “Zeiges o o (TWh) = = Reductmn(MtC)‘ __
~ Included in Scenario: : ' !

. Biomass Cofiring - = 'x . 4812 .74 . . 56-88

. .-16_24. > 1
Wind s+ 88 VA OB 1 s ST 690 y
Hydropower DA [ K IR TR - & IR s e
Subtotal T A, o L R e s g
Excluded from Scenanoﬁﬁ‘.'---', T GICKE. 7 M R
© Landill Gas T R T A (2583 3
BAGS i  n {asig 12
.."Géomierma] AR ST 6-16
~ Solar ‘I'hermal ; 1024 0-1¢
gt SUDRORRE 5, vt AL e B, N : -_ “.32-723
i3 Totald .' A 338 _57-121

2 These' carbon enusslons reducﬁons re, resent the d:fference between the hlgh-efﬁae flow-carbon md the
"busmess-as-usuai forecast for 2010. -, p s ncy M

) - ® The carbon emission reduction i in tlus case represents the eqmvalent denved frornthe pmmhon of the.methane <
- release coupled w:th its rad:ahon trapping properhes Sl :
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. . 7 i . 3
Figure 7.10 Historical and Projected Costs of Electricity from Four Renewable Power Technologies )
Photovoltaics - Wind
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: g 1o The pace and timing of thls transxt:on is difficult to projeqt, however, because lt is strongly
A R DR .dependent on such variables as the progress made through research and development the: ‘evolution
B -, of energy economy.policies, and the magnitude and m'lpact of consumer interest in “green” energy.For

. example, under the $50/MtC cost- of-carbon scenario assumed i in this study, the adoption of ‘wind
power in the United States is likely to'increase rap:dly on an econo::mc ‘basis. In addition; incre '
R attention is being focused on consnmer interest in green energy. As the electric utility

DR b g toward competitive markets, consumers probably wnll have the ophon ‘of purchasm
i S e o enVHonmentally cleaner. e pt a ; : o :

¥ % The rate of change wnll :mpact the role of renewables in 2010 at l'east as much as'the ‘specific'energy’ &y
R contribution of renewables in that year. Therefore, this section discusses the trenids as well as the -
DEVE L predzcted contributions of renewables to the. energy supply and to carbon emission reduchons m 2010 ek

i s : | i R thorough analyms of the role of renewables in 2010, whlch capl-ures the comple:aty of the:.r .
£ "o transition, has not been conducted as a part of this study. Instead, this section" presents analyses ofa
few renewa‘ble tec]molog:es whose role 1s hkely to be qu:te 51gmﬁcant by 2010 -and’ mcltigles a
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