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~pie, a>uld put large .~ of efficient electric vehicles into many wban marke~; in some of 
those markets (e.g., Califomia) both the overall emissions effects and the greenhouse gas emissions 
effects could be extremely positive. Similarly, breakthroughs in on-board storage technology for 
natural gas might • allow substantial penetration of natural gas vehicles into many markets, 
although the positive· greenhouse gas emissions impact of such vehicles would likely be 
substantially less than for EVs or fuel cell hybrids. .., 

5.4.2 Freight Trucks and Locomotives 

. The diesel cycle engine will dominate the freight truck sector at least until 2020 because of its high \ 
thermal efficiency, potential fuel flexibility, and durabih1y. DOE's Office of Heavy Vehicle 
Technologies (OHVT) within the Office of Transportation Technologies is attempting to develop 
the enabling technologies needed q, achieve fuel flexibility, ultra-low emissions, and high fuel 
efficiency in all • classes of trucks, buses, and other heavy vehicles such as off-highway vehicles. 
The typical new Class 8 tractor trailer in 2020 is expected to achieve an on-road fuel economy of over 
10 MPG, compared to about 7 MPG today, assuming a high-efficiency /low-carbon, low emission 
diesel cycle engine (thermal efficiency of at

1
least 55% at rated speed and load at the flywheel) and 

o~ technologies such as redtu:ed aerodynamic drag, low rolling resistance tires, and lightweight 
materials (such as magnesium) become an eccx\0mk reality.1' While · many of these technologies 
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.15 

Fuel reformulati~ 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, unconstiained by the Carnot cycle, may be the . 
next powerplant of choice for freight trucks, locomotives, and passenger cars. Significant R&icD , 
efforts at oot 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, (ijstribution 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 effitjencies 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 technologies, 
because sizes needed (4000 hp-equivalent) are m the scale of smaller stationary electrical power • 
generation plants which are already commercial. In addition, locomotives are already driven by 
computer-driven electric motors for traction control ' , 

5.5 SUMMARY 

Cost-effective ·or near cost-effective technologies and alternative energy sources have the potential 
to significantly restrain the growth of the U.S. transportation sector's greenhouse gas emissions 
through 2010. There remains a substantial reservoir of proven technology for improving. motor 
vehicle fuel economy, and technologies that are very nearly market-ready (such as the 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 

. of grain could also make a significant contribution by 2010 as a blending a,mponent for conventional 
gasQline if cost reductions foreseen by energy researchers are achieved. Overall, the combined 
impact of such technologies could be to reduce greenhouse gas emissions by 10% in 2010 and by almost 
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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 - ,"~-W 
easily be 10% higher. The efficiency case holds transportatiort energy use to .29.3 quads in 2010 and •. - -~- • -.,/);,:,· 
28.7 in 2015. Accordingly, .cubcx\ emissions _f,fOY! to ~y 543 MtC in 2010 and 532 in 2015. •. The fact _, • -- , • _ - •• -: . : ' !~t 

_that. ~ are lower in 20~ ~-- ~-~~;~~-:~~ fac(._that ~ the technology of _ _-_ :·· ·- <.,~~-
transportation energy use reqwres the:;;~ ~ i~ ;;t,£.id~Je .capital • st~ The high- .. :.•, _ • :r :;;-
efficiency/low-carbon scenario holcls'2Ql0"ciuliil:emi5sioN~fioiit tranlport to 512 MtC, ~ reduces -- ·.-_ ~'; 
2015 emissions to 484 MtC just slightly below the"1997 levelf l''··, -. - - -- ,. . 

/ I ::,;,:~ ~,;;•,:·~;:;t);//:°??~?·: .. :: •' •. y.- . I.' -~~:1< 
- Chan~ in the mix ~f transportation fu~ in the-three 2010 ~ are summarized in Table 5~10. -• 

Although petroleum fuels are still . the predominant source of energy for transportation, _ use of 
alternative fuels expands in all three scenarios. Natural gas mnsumption for transport grows _from 
0.75 TCF in 1997 (about 98% of which is used in natural gas pipelines) to roughly 1.2 TCF in 2010. In 
2010 pipelines still account for 70-75% of natural gas use, but CNG vehicles a:mume about 0.25 TCF, 
and natural gas used to produce methanol for motor fuel aa:0\U\ts for nearly all of the rest. Biofuels 
in the form of cellulosic ethanol ca:ne m 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 -
AE,097 ref~ case projections, • all scenarios foresee substantial ins:rease in electricity use, _ 
essentially all going to electric vehicles. The lower levels of electricity use in the efficiency and 
high-efficiency /l~w-carbon • scenarios, like those of natural gas use, are due . to ,the general - . 
improvements in vehicle ~ology in those scenarios. - -

, I • • 

Table s:10 Transportation Energy Use by Fuel Type 

2010 
Fuel 1997 BAU Efficiency High-Efficiency 

Petroleum Fuels (MMBD) 11.77 14.59 12.91 ( 12.18 
Natural Gas (TCF) • 0.75 1.:zt - 1.1'9 1.16 -
Biofuels. (MMBD OE) 0.001 · 0.04 0.25 0.34 
Electricity (MMBD OE) I 0.04 - 0.23 0.22 - 0.20 
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Note: Petroleum fut$ converted to million barrels per day oil equivalent using a heat amtent of S.738 • • ·> 
MMBtu/banel. Natural gas includes pi~ fuel and natural gas usecfto produce methanol for use u a neat fuel, >:·, 
but does not include natural gas used to produce methanol for \Ille in Methyl Tertiary Butyl Ether. It is assumed . . - : ,.).;,> 
that, ·toliroduce one quad or methanol, 1.44 quads of natural pi are~ For electricity_ ~ti,on, 3.38 ':", < ... _ .. _: · . - /1~-1/: 

o • ,0 ,..,,.,, --.I,; , - , •• •• ••~- · • '•,.-t '. • I·•- .... ,N I ._ J.• $• , 

quads o pnmary energy are assumed to be required for each quad of elec:trii:al energy axwumed. ~~H ~¥tf."»' \-~'~(~a;-~·,-:,-_ . · -' • 1::-,,,.,t',f 

• _. . • • • • • • . · . • • .. • . • - , :< ,;:{,~f ,l~~Jttli!!~.l~t;;~t: 
Carbon eJIUSSlOI\S by mode are summarized m Table 5.11. Light-duty_ v~es. account for the . yast ·\ff-/:';~ :$k.)~,t,{.· _ 
majority of carbon emissions reductions versus the business-as-usual case, with significant ·,_:, ·:~<":•~·•, ::-- :, . _ 
contributions also being inade by truclcs and commercial ~aaft. Rail freight shows the greatest • • ' :·•: :,:1~;: 
relative reducti~ while emissions from shipping, military and ~other" ai:e essentially constant • .\':~ 
across the three scenarios. • • 
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Table 5.11 Carbon 2miuions in 2010 (MtO • 

2010 
1997 BAU Efficiency High-Efficiency 

Light-Duty Vehicles 278.7 346.3 . 297.3 273.0 
Freight Trucks 73.3 95.0 83.4 80.9 
Freight Rail 8.9 9.6 8.1· 7.1 
Shipping 30.8 42.7 42.3 41.6 ' \ 

Air Transport 60.0 83.S 72.9 69.6 
Military, Transit, Other 35.3 39.0 , 39.3 39.3 

TOTAL 486.9 615.9 • 543.3 511.5 
Note: Breakdown into modal carbon emissions based on emmions factors talc.en from EIA (1996d) and DOE 
u~ ~ 

Most of the reduction in energy use and auban ~Ol'IS canes from light~uty highway • vehicle~. 
There are four reasons for this. First, light-duty vehicle technology has been far more intensively 
studied, so that a great deal inore is known about the technological potential for this mode. Second, 
the level of expenditure on technology R&D is greatest for this mode, with the possible exception of • 
aerospace R&:D, including defense aerospace. Third, the commercial modes are believed to be more 
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 monfenergy 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 ~ouse 
gas emissions from transportation, it is not likely that the changes will cmne about without a major .. 
public policy initiative. • There are two reasons for this. First, the problems posed by greenhouse gas 
emissions are what economists term a clas$ical public good extemality: This means that the market 
economy will not provide the right price signals either for the development or the adoption of low­
carbon technologies. Second, the AE097 projections foresee a world where fossil fuels are abundant, 
available and inexpensive. In particular, nne of the oil market upheavals of the past quarter 
century are present in· the forecast. As a result, there are m other ec:anomic incentives to encourage .' .. • 
either energy-efficiency or alternative fuels. In such an environment, it . is not reasonable to expect 
eith~ that appropriate technology will be developed or that ~uccess in the marketplace will result. 

As a result, the efficiency case is based on the ass~ption that policies are implemented to promote 
the development of cost-effective low-carbon technologies and to spur the adoption of these 
technologies. In our view, this would include at a minimum a greatly increased public sector . 

• investment in R&:D addressing energy-efficient 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 sustainability) that, we believe, could easily justify such a 

. level of investment. But policies to insure the adoption of low-cubop. technologies in the market 
would also be necessary. It is not the purpose of this study to recommend what those policies sh~uld 
be; nonetheless, we are obliged to point out that me~ policies wiJl. be necessary. 

Indeed, technology has enmmous potential to reduce transportation's 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 c:a1'bon ~ions affect 
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the global environment, significant reductions will demand meaningful . public policy .initiatives~ : 
These must include a_ greater effort to develop lo:w-carbon technologies and a commitment to 
implement policies that ~ insure ~eir adopti~ ~ the market. ·,, .. • 

' . . , . -• . ' .. . -
'· 
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ENDNOTES 

1 This rate applies to the period 1973 (18.605 trillion Btus) to 1985 (20.067 trillion Btus). • Source is 
Table 2.2, Monthly Energy Review, April 1997, OOE/EIA-0035(97 /04), U.S. Department of Energy, 
Energy Information Administration, Washington, DC. 
2 This is a summary ~ort. The full report, which presents this material, was not published 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, Washington, DC, Stock no.-052-003-01457-2, $23 U.S. 
3 The Toyota AXVS, with a C(i of 0.20, appears to avoid sacrifices in interior and cargo space~ 
Removing its wheel skirts, which might inhibit maintenance and restrict the vehicle's turning 
circle, would likely raise its C(i to about 0.22. Because the vehicle's underbody cover ~dds weight, 
the net positive effect on fuel economy will be reduced somewhat (U.S. Congress, OTA, 1995). 

• In particular, requirements for 0-60 mph acceleration and sustained ~deability. • 
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' Also referred to ~ ~ ignithm ~ i,njection (CDI) en~ and turbocharged direct 
injection ('IDI) diesel engines. : • 

'An accurate cost comp~ would have to account for ~ transmission needed by the. engine versus 
the electric motor needed to convert the fuel cell's output electric;:ity into shaft power. ·Also, the fuel 

. cell drivetrain may need a powerful battery to drive the vehicle until 'the cell can warm up. . . . • 
'., ' • • ' • • . • 1 ' 

1 At about 3700 psi storage pressure, storage volume for hydr~ is ~t 5 times that needed for 
lin (Oei, 1997) . ' ' . ' , ' gaso e . . • .... ', . : , .. , . , ,· .· .• 

/ ' ' . 

1 An additional cost may be the loss in sys~ efficiency aasociatt:.d with . ~ reforming as well 
·as the original refining of the gasoline. However, onboard hydrogen storage has energy costs in the . 
form of hydrogen productioo (probably at a large scale, and more efficient than the onboard 
reformer) and pressurization if stored in.high pressure tanks. • 

• Despite what is implied in the NEMS Transp~rtation Model documentation, we were ~ormed by 
Mr. David Chien, principal in charge of the Transportation Model, that the model's calculations 
were in 1987$. Thus, $8 in 1995 dollars equates to approximately $6 in 1987 dollars . . .. 

• 
10 For c:aibon only; or $.08-$0.16 per gallon if the tax applies to all ~~ g~, Cl\ a carbon 
equivalent basis. . • • • ' • 
11 Communication from Margaret Singh of Argonne National Laboratory, April 3, 1997. Her 
calculations were made using the August. 1993 -version of M A. Delucchi's greenhouse gas emissions 
model and· exclude any vehicle efficiency gains which might occur with the use of an ethanol 
vehicle. ' 
12 An alternative approach would have been to introduce these technologies using the Transportation 
Model's alternative fuel ve~cle capabilities. This approach was not taken m the grounds that •• 
diesel is more conventional than an alternative fuel. O:mumers are familiar _with it, it is widely • 
available and, especially for the advanced, clean, TDI technology considered here, its performance 

. would be essentially identical to that of a gasoline vehicle. • . . \ 

13 Actually, for an accurate comparison, an ICE plus a transmission and inexpensi~e fuel tank should . 
be compared with a fuel cell, hydrogen storage or liquid fuel storage/reformer system, battery for 
warmup power and power buffer, and electric traction motor, making the task_ of commercializing 
fuel cells all the more onerous. • • 
14 The Oass 8 tr:uck is very. efficient already. Considering an energy per ton-mile m~ of · 
performance, an equivalent passenger car needs to travel about 140 miles m a gallon of gas to be as 
efficient as a 7 MPG Class 8 truck. 

. . 
15 This technology is required for direct-injection gasoline engines as well. 
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Chapter 6 

THE ELECTRICITY SECTOR'S. RESPONSE TO END-USE 
EFFICIENCY CHANGES 

6.1 INTRODUCTION 

Electricity consumption accounts for about 36% of both tqtal primary ~ consumption and ~ • 
emissions in the United States (EIA 1996a). As a oomequence, converting efficiency-induced . 
electricity savings in the residential, commercial, · and industrial sectors into caibon reductions is a 
aitical part of this study. • 

.. 
This task is complicated by several factors. First, the U.S. electricity industry is in the midst of a 
major restructuring, from • a highly ~gulated, vertically integrated industry to . a largely . 
competitive, deintegrated industry. Because this transformation is far from complete, 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 Cl\ the generating uz:uts 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 generating units are likely to be 
different than the cost-minimizing decisions made in the past by utility owners of large generation 
and transmission systems. As a result of these changing dynamics of capacity expansion and-system 
operation, CD! cannot .assume that the average and marginal caibon intensities of electricity use 
(tonnes of ca?bon/GWh) will be the same in 2010 as they are today. Indeed, they_ are likely to be · . 
quite different Third, electricity prices in the year 2010 are likely to vary from hour to .hour based '· 
Cl\ current spot-market prices; amsumer response . to such time-varying prices is likely to be 
substantial but is largely unknown. 

• The next section describes: sane of the key changes in the structure of the U.S. ·bulk-power system 
. that are likely to oa:ur over the next decade. Section 6.3 describes the Oak Ridge Competitive 
Electricity Dispatch {ORCED) model that is used here to project the characteristics . of the 

• electricity sector in the · year 2010. Section 6.4 compares ORCED's projections for the electricity 
sector with those developed by EIA in its Annual Energy Outlook 1997 {AE097). We then develop a 
competitive-electricity market case for 2010, which • is used as the base case against which the 
efficiency and high-efficiency /low-carbon cases are compared. 

. , 

6.2 BACKGROUND . . ' \ 

In response to the 1992 Energy Policy Act, the Federal Energy Regulatory Commission (FERC) issued 
a major _order (Order 888) in April 1996, which it slightly revised in March 1997. This order requires 
utilities ·to unbundle their generation and transmission services., A utility cannot offer preferential 
transmission pricing for electricity generated by its own power plants. A key purpose of this . order is 
to eliminate problems associated with vertical market pow~ in bulk-power markets and thereby 
assure open access to the nation's transmission facilities. 

Other factors are also forcing the ·U.S. electricity indmtry to change. These factors inc;lude low 
natural gas prices (both today and over the next 10 to 15 years), • substantial improvements in the 
efficiency of gas-fired combustion turbines, and broad public sen~ent to deregulate ecmmuc sectors 
wherever possible. . • • • • 
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We see a future in ~hich the generation sector will be driven primarily by competitive forces rather 
than by regulatory mandates~ Decisions en whether, when, and where to build, repower, or retire 
generating units will be made by investors, not by regulators.1 Historically, . vertically integrated · 
utilities have planned, built, and operated power plants to miniil\iu 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 • ooe that emphasizes the 
profitability of individual generating units over a much shorter time 

I 
horizon, l$g a higher 

discount rate to reflect the increased riskiness of power-plant ownership._ . . : _ i. •.. . • 

Our vi~ ,of the future 'calls for most of today's utility-operated ~trol ~ters to be rephlced by 
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 monopoly 
function, they will be regulated by FER<;. 

• ·similarly, transmissi~ will remain· a monopoly function, also regulated by FERC . • Increasingly, 
transmission will be separated from generation. Today, FERC requires utilities to "functionally" 
unbundle generation from transmission. In the future, utilities will increasingly divest themselves of 
their generation assets and will become • "pure" transmission or transmission-plus-distribution 
utilities. In this environ#lent, ~ion will become a common carrier. • 

6.3 · MODEL DESCRIPTION 

ORCED is an exp~ded version of part of :1 previously devel~pe_d . model call~d ORFIN (0~ • Ridge 
Financial Model) (Hadley 1996). Whereas ORFIN is a comprehensive electric-utility planning 
model, ORCED deo].s 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. The model 
allows the following issues to be examined: :> • 

• Horizontal market power: concentration of generation assets among a few owners; 

• Generator profitability: which units will be retired because their expected revenues will not 
cover the Slll\ of their fuel costs, variable operations and maintenance (O&M) costs, and 
(avoidable) fixed O&:M costs, as well as repowering and new construction decisions; 

·. , . .- • •• ' I • , 

• Carbon emissions and other environmental effects of changes in the US. bulk-pawer sector; an~ 

• Optimal mix of new and existing generators, includmg new generating technologies. 

The model is structured to· allow simulation of different bulk-power market structures. In particular, 
the user can specify various generation pricing schemes: • 

• An energy-only s~t price as proposed by the three California investor-owned electric iitilities. 
When unconstrained demand exceeds available _supply, what would otherwise be unserved 
energy is "curtailed" because spot prices rise sufficiently to suppress demand to match the level • 
of available generating capacity. The user simulates this situation by specifying a value for . 
the price elasticity of demand during these time periods. ORCED uses the amount of demand to 
be_ curtailed and the price elasticity to calculate the value of unserved, energy in ~/kWh.2 

• An energy-only spot price plus the loss-of-load probability (capacity) component used in the 
United Kingdom. Here, the user specifies a value fo~ unserved energy (e.g., 200¢/kWh), which • 
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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 ~p~city 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. · " • · . . · • •. 

'. 
We ~ umi:,g ORCED to examine the issues listed above as functions of the following factors (in • • 

. • addition to the pricing schemes noted above); . . • . . ,· .· · • · • . . . 

• Characteristics of individual generators: type of unit, differences · in capital and other fixed 
~ ($/kW-year) vs. fuel ans! variable O&M costs (t/kWh), dispatchability (e.g., fully 
• dispatchable coal plant vs. must-run nuclear unit vs. stochastic wind plant), forced and planned 
outage rates{%). • • 

• Customer and load chara~ristics: shape of load curve, price elasticities of demand, value of 
unserved energy. • 

, • Generating-resource portfolio: mix of generating units and relationship between available 
generating capacity and unconstrained peak demand. 

ORCED includes a production-costing model that uses load-duration curves rather · than 
chronological loads as inputs. The model is run twice for each year of simulation, Qnce for an on-peak 
season and a second time for an off-peak season (Figure 6.1). We define ~e on-peak season as June 
through August, and the off-peak season as the remaining nine months {September through May)~ 
although the model can accept altemative definitions · of the two seasons. The model can 
incorporate disaggregate inputs en loads and load shapes for the residential, comm~, and 
industrial customer classes. Data on these class loads are aggregated for use within ORCED, which 
builds and dispatches generating units to meet aggregate load. 

A load-duration curve is created by ordering demand (in MW) in terms of magnitude from highest to 
lowest. The resultant curve shows the percentage of time that demand exceeds a particular value, 
ranging from the o~e-hour peak demand down to the minimum demand. • 

Use of a load-duration curve to c:alculate production costs is much simpler and computationally much 
less burdensome than . use of chronological loads (i.e., hour by hour loads). This simplification, 
however, has a price: because it obscures the timing of loads, cne cannot accurately calculate 
production costs en the basis of generating-unit details, such as nunimum ~ nwdmum loading . 
points, startup times and costs, and minimum shutdown times . . To partially remedy these problems, 
ORCED analyzes production costs using the two load-duration curves, me for the three-month 
summer peak period and the other for the nine-month off-peak period. ORCED also simulates the. 
effects of startup costs for those units with capacity factors of less than 10%. 

For· each season, the model has available • to it 26 generating units. The first 25 units are 
characterized in terms of capacity, forced and planned outage rates, fuel type, heat rate, variable 
O&M costs, fixed O&M costs, and annual capital C0Sts (based en initial construction cost, year of 
co:r;npletion, and capitalization structure). The 26th unit is an energy-limited hydro_ unit, for which 
the inputs include, in addition to those noted above, the . plant's capacity factor (equivalent to its 
maximum energy output for the year). This treatment of hydro as energy-limited ensures that hydro 

_ . displac;:es the most expensive energy (ie., at the top of the load-duration curves). • • 
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Figure 6.1 Example Load-Duration Curves for Peak and Off-Peak Seasons 
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The . model dispatches these 26 generating units separately for the two ~- Although the_ 
calculation process is the same for the two seasons, the results differ because of differences in the 
load-duration curves and because all _ the planned maintenan~ is usumed to ·oa:ur in the off-peak 
season. • 

The plants are first dispatched against the load-duration curve on the basis of bid price, the default 
for which is variable (fuel plus variable O&cM) costs. (If the user bids a zero price for a unit, the 
generator is. treated as a must-run unit arid is dispatched first by the model.) Because plants are not 
available 100% of the time, we also model forced outages en a probabilistic basis.' Thus, the 
higher-cost plants will see demands not only &om customers, but .,equivalent demands" based en the 
probability that plants lower in the dispatch order (i.e., less -expensive) will be undergoing a forced 
outage. The model creates an equivalent load-duration curve· for each, plant, which extends the . 
amount of time the plant rum based en the forced-outage ·rates of the plants lower in the dispatch 
order. • 

Model results include spot prices f~ each point en the two load-durati~ curves. Jhese prices are 
based en the bid prices for each generator. The prices also reflect any externally imposed uplift 
charge, capacity charge, or emissi~ taxes. Finally, the prices during high-demand hours reflect 
generating-unit startup costs and the costs of unserved energy for those hours that W\Constrained 

• demand exceeds supply: See Appendix F for more details on the inputs and results &om ORCED. 

ORCED can be run iteratively to estimate the response of customeis to changes in overall and time­
of-use electricity prices. User inputs include ari overall price elasticity of demand and a time-of-use 
elasticity. ·The overall price elasticity adjusts the entire load-duration curve up or down in response 
to decreases or inaeases in the average price .of electricity. . The time-of-use elasticity adjusts eai:h 
point en the load-duration ·curve up or down based. en price decreases or increases during that time 

. d. . . . . . ' peno · . · .• ,· .. - . •. . .· · . . 
. . . . ' . ,' . . 
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In addition, the_model can use the time-of-use eiastidty to compute the value of unserved energy (in 
• t/kWh) that equilibrates supply and demand when unconstrained demand would otherwise exceed 

online supply. Aitematively, 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 payment (in $/kW-year) to pay for this "extra" capacity. 

. . ' . ' . 

In additi~ ~ dispatchmg power plants and computing produ~ ~, 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 m 'Yhich to optimize is almost certain to be different -for a competitive 
electricity industry than it was for the regulated electric utility industry. For example, ·the model 
could choose from among the followjng optimization ~ons: • 

• Minimize total costs; 

• Minimize avoidable costs (fuel, variable and fixed O&M); 

• Minimize electricity p~; or 

• Maxiµtize generator earnings. 
. . ' . 

In Figure 6.2 we show the impact of different objective functions for optimization. • Minimizing price 
does not necessarily minimize .cost, because prices are based m the -variable costs only and ignore 
fixed costs. Given choices of technology, ORCED would select low variable cost but high total cost 
technologies. Conversely, maximizing earnings does not raise total cost. Instead, the model selects 
high variable/low fixed cost technologies. For our analysis we chose to optimize m minimizing 
avoidable costs; we made this choice because it was conceptually the most appealing and th~ results 
were the most reasonable for a system-wide optimization. For plants not yet built, their capital 
costs as well as all operating costs are avoidable. Since ro costs have been expended to build them, 
their construction costs are not "sunk" and can be avoided by not building them. 

• In addition to specifying the optimization function, the user can also specify constraints a'l . 
individual 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 
were built earlier. Minimum levels could be specified for those units that . must _be available for 
policy reasons (e.g., renewable resources that might not be fully . cost-effective but are deemed · 
desirable from a broad societal perspective). Also, minimum levels for new plants may be specified 
to represent plants built between the current year and the study year. Otherwise, . the model may 
choose not to build these intermediate . plants, selecting only those with the most advanced 
technologies. Constraints could be specified for a minimum capacity reserve margin, for a maximum . 
carbon emission allowance, or to ensure that each generating unit recovers at least its variable plus 
avoidable fixed costs, and so on. • • • • 

Since ORCED is written in Microsoft ·Excel, there are several methods that can be used for 
optimization. The easiest is to use the built-in Solver tooL A single cell can be identified . as the 
objective function to be minimized, and other cells can be identified as variables, with constraints 
placed on their values and/ or other parameters within the spreadsheet Since the problem 'is non­
linear, Solver uses a Generalized Reduced Gradient method, nmning the model thousands of times 
searching for a solution. Another method, ~hich is generally slower but avoids_ problems of local 
optima, is the use of genetic algorithms. • • • • 
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Figure 6.2 Generati~ Price and Costs Using Different Optimizatio~ (10°/~ Fixed Reserve Margin).- •. 
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6.4 SCENARIOS FOR . 2010 

6.4.1 Calibration to EIA. AEO9-7 
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Before analyzing the two end-use efficiency scenarios, we first calibrated ORCED results to those 
produced by EIA's NEMS model for 1995 and 2010. Unfortunately, reconciling the two sets of results 
to each_ other is difficult because of differences in the ways that the two modeling systeJ;ns classify 

. various costs (e.g., fuel,variable O&cM, fixed O&M, and capital costs associated with generation) as 
well as EIA's inclusion of administrative and general (A&cG) and customer service costs in the basic 
categories of generation, transmission, and distribi'.ition costs.' Because of these difficulties, . our · 
numbers do not always match the ElA numbers exactly. ' 

_.:•:•:,,:•:: ;-._~:~ ·•,:~"::, '.'.°'\·;::: :/_ .:,; .. JL.i ,;~/; ~\./oi,- ·: · ;_'._ ·:- . , , . . . . . ·. • . -
:_.· , , • .,This ·calibration ensures that the ·assumptions concerning the mix of generating units, fuel . prices, -

customer demand, environmental regulations, and so Cl\ are consistent between ORCED and .those 
developed by EIA. For example, both sets of results assume the continuation of current eccmomic and 
environmental policies affecting the US. electricity industry. However, EPA's proposed regulations 
to tighten standards for emissions of nitrogen oxides and small particulate matter are reflected in : 
neither the ElA nor the ORCED results. • 

We first developed a bue case fo~ the year 2010 that includes the same mix of generating units (in 
both capacity and energy) as that produced by EIA, with the same reserve margin (11%), as shown . 
in Table 6.1. In addition to data from the A'E097, we used other data ~ ElA (EIA 1996b, EIA • 
1996c, EIA 1995), as well as data from the North American Electric Reliability Council (NERC 
1996), the Electric Power Research Institute (EPRI 1993), and a compilation of various official . 
databases by Resource Data International, Inc. (ROI 1996). • • -

6.6 . • September 15, 1997 

' .. .... 

... 
.. 

. -·. 



The Electricity Sector · • Chaptar6 

• ' ' 

• Table 6.1 Comparison of Year 2010 AE097 and OR.CED Estimates of U.S. Generating Capacity and 
- Generation - -

P~t of generating capacity • • Percent of generation 
EIA · OR.CED EIA • • ORCED 

Hydro+other renewables 13~4 11.3 ' , - 9.6 9.2 
Coal / · 35.0, -36.9 50.1 l , 50,8 

_ Nuclear - 10.2· 11.1 15.8 15.5 

Oil 3.2 3.1 1.5 0.1 

Gas • , 38.3° 37.6, 23.0 24.4 

. -

ORCED anal~es • 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 
2010, all expressed in 1995 dollars and adjusted upward by 1/0.93 to reflect the 7% T&D losses 
between the generator busbar and the customer meter:' 

Fuel 
Variable O&M 
FixedO&M 
Capital 
Total 

: 1.35 
0.18 
0.51 
1.00 . 
3.04¢/kWh 

. . . • ~ • . . . • • . • 

We developed an estimate of the ElA capital cost of generation by subtracting estimates of the 
capital costs associated with transpussion, distribution, and administrative and general (A&G) 
services from EIA's total capital cost 

' 6 _ [2.32. - (0.52 + 1.46) • 0.63 -- 0.08] a: 1.00e/kWh. 
Total (Trans + Dist) A&G 

Our estimate of the EIA fuel cost .is based m the sum of EIA's fuel cost plus 88% of its wholesale . 
purchase cost • • • • 

(0.98 + 0.67•0.88) • 1.57t/kWh.7 
, 

Fuel Wholesale -

We used the ORCED estimates of fixed and variable OckM costs to impute a comparable· (i.e., equal) 
value for EIA. _ • • • 

The net result is very close agreem~t between the ORCED and E1A scenarios for 2010 (Table 6.2). 
EI:A's estimate of the total cost of generation (3.26t/kWh) is ?o/o higher than the ORCED result 
(3.04«/kWh). _ The ORCED cost is lower because ORCED dispatches fewer _ expensive· oil-fired 
resources than does the EIA model (Table 6.1). These differences in dispatch and variable costs oa:ur 
because ORCED dispatches generation nationwide and ignores transmission constraints. The close 
• agreement 1;,etweeri ElA and ORCED results, in spite of all the ~ts required to produce a set . 
of intemally consistent. and comparably defined terms, is reassuring. It lends confidence to C?'Jl' 
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development of altemative cases in which we intended to reflect more fully than EIA did the effects _ 
of competition~ b~•power markets; ·- . · • . • . •• •. •. • • ,_ . • -

. - -~ . . . 

Table 6.2 Comparison of EIA and ORCED Estimates of Generation Costs (1995(/kWh) 
# • • • I • ) • • • 

Generation costs . EIAAF.097 - ORCED 

Capit~l , 1.00 0.99 

·Fuel 1.57 - 1.36 

O&M .· 0.69 " 
~ 

0.69 

Total . 3.26 •• 3.04 

6.4.2 The Base Case for a Competitive Market 

Beginning with the AECYJ7 case, we developed a case intended to reflect the workings of a fully 
competitive bulk-power market in the year 2010. ('Ihe 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. electricity industry.) To refl~ these changes, we let the 

_ model select the amounts of each of the generating units that minimize the am of variable plus 
avoidable costs.Instead of specifying the amount of generating capacity that must be online in 2010 
(to yield a 10.7% reserve margin in the AECYJ7 case), we allowed the model to select the amount of 
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 insufficient to _ meet 
unconstrained demand. The resultant optimization yield_ed a reserve margin of 6.8_%. -_ _ • 

In general, we set prices equal to their real-time (hourly) values based m the variable • (fuel plus • 
variable O&M) cost of the unit at the margin each hour of the year, adjusted overall electricity 
demand to reflect lower prices using an assumed overall eiasticity of -0.5, and adjusted the load 
shape to reflect the response to real-time pricing using a value of -0.1 for the price elasticity within -
_each time period. • • 

Beginning with the ORCED mn that matches the AECYJ7 values for 2010, we ·first reran the model 
allowing it to select the "optimal" amounts of generating capacity from amorig all the plants that, . 
according to EIA, are scheduled to come online after the year 1998. ('Ihe optimization was based on a • 
minimization of avoidable costs.) We also allowed the model to select plants for retirement . For _ 
each of the new plants, we·use the levelized fixed charges rate to calculate the annual .capital cost -­
of the plant and treat all fixed costs (both capital and O&M) as avoidable. 

, ... . • - -

Next, we adjusted the load-duration curves for the two seasons _simulated by the .model (peak and 
off-peak). The new system load has a peak demand that is 3.4% below the AE097 case and a total _ 
demand that is 1.2% higher: We then reran ORCED using the new load shapes. Table 6.3 compares ·· 
the two sets of results. Although demand is higher in the restructuring case than in the AECYJ7 base_ 
case, carl>on emissions are lower. The _lower carbon emissions are the result of reduced coal use and _ 
increased natural gas use in the restructuring case. . . • • . ,I • - ·· 'v 

Notice that, under restructuring, the total generating cost goes down 0.3e/kWh. and yet_ the system -. •. 
average price increases slightly. In a deregulated market, prices will be bitsed m the variable cost - -

• · (or bid price) of the most expensive plant at that time. This is lcnown as the "market clearing price.~ , -~ •• 
Consequently, the link between total costs and prices is broken. Whereas current electric utility 

r 
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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 AECYJ7 price forecast. 
Part of the reason for this similarity of results is that EIA did. aaume some cost decreases in their 
model; we did not assume further O&cM 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 m 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 AE(YJJ (less than 5% • difference when factoring in 
transmission and distribution prices), we simply used the ~(YJJ price forecasts for analysis of 
energy-efficiency savings in the other chapters of this report:' 

I - • I . 

~ Table 6.3 Comparison of Year 2010.Foiecuts: AE097 and the ORCED Bue Cue for a C1>mpetitive 
• Electricity Industry • . 

AF.097 Competitive Industry 
Restructuring 

Peak demand, GW 734 709 

Total end~use electricity sales, TWh 3,784 3,828 

System load factor, % • 62.8 65.7 

Reserve. margin,• o/o 10.7 6.8 

Generation shares, % \ 

Coal 50.8 47.4 

Gas 24.4 • 29.2 

Other 24.8 23.4 

Generation prices and costs, (/kWh 

Retail price 3.04 3.02 . 

Variable cost · 1.43 1.45 

Totatcost 2.81 2.51 
I 

Carbon emissions, MtC • ·631 625 . 

6.4.3 Efficiency and Hlgh-Efflclency/LoW-Carbon_ Cases 

We next applied the electricity-savings estimates, desaibed in Chapter 3 for .the residential and 
commercial sectors and in Chapter 4 for the industrial sector, to adjust the aggregate · toad shape for 
the United States as a whole. We then reran ORCED using the new, lower load shapes. h in the 
reference case, capacity was . optimized to minimize avoided costs, and dispatched m the basis of , 
lowest variable costs. Avoided costs for existing plants only included their variable, start-up, -and 
fixed O&cM costs, while plants to be built between 1997 and 2010 also included the annualized 
capital cost of their construction. As part of the high-efficiency /low-carbon case, we included an 
additional cost of $50 per tonne of cmbon, to be consistent with the rationale used in the demand­
side efficiency scenarios. • 
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~ power plant production levels w~ determined, carbon p~uction.~ primary energy use could • 
'be calculated. We calculated marginal carbon savings, the ciubc:m saved by the reduction in energy, 
by taking the difference in carbon production and dividing by the reduction in energy d~d. . This 
is in contrast to using the average carbon intensity u an .approximation of the c:uboo saved per unit 
of energy saved. The marginal ~ .and energy savings take into account the change in production • 
nux that occurs with energy- efficiency and carbon-reduction measures. A plot of the aubon savings 
and primary energy U9ed in each scenario mows the changes u a . fundicm of the end-use energy 
aved (Figures 6.3 and 6.4). The slopes of the lines represent the marginal c:uboo and primary • 
energy saved. · ·, , . , , 

I ' . : • ' : • ••••••• .,.1 ;,;• ·-~ ,, •• , • ' 

Table 6.4 ~ the -~ts for the three scenarios. Table 6S desaibes th~ ~ts bl terms of 
percent c;bange 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 high-efficiency /low-carbon case 
reduced end-use energy by 16.3% relative to the restructuring cue summarized ~ Table 6.3. • 

I • • • • • ' • \ • • ' ' 

Figure 6.3 Carbon Production Venus End-Use Demand: Reductions Due to Energy Efficiency and . . . . Camon . . . . . , 

Management . 
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Figme 6.4 Primuy Energy ~uction Vmus End-Uee Demand: Reduction, Dile to Energy Efficiency 
. . and Camon Management • . ' 
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Table 6.4 Comparison of Year 2010 Fo~: .Results of Efficiency and High-Efficiency/Low-
• CaJbon ScenariOI 

I .• 

Competitive _ Efficiency • High-E!ficiency / 
Industry Low-Carbon 

Qetimization 
Peak demand, GW . 709 651 596 

Total Primary Energy used, quads 37.9 35.9 .31.8 

Total electricity generated, 1Wh 4,090 3,740 3,420 

Total end-use electricity demand, 1Wh 3,830 3,500 3,200 

System load factor, % 65.7 65.5 65.5 

Reserve margin. o/o '. _ • 6.8 7.9 12.9 

· Generation shares, % • 

Coal 47.4 52.1 , 46.2 

Gas 29.2 22.2 26.0 

Other 23.4 25.7 27.8 

,Generation prices and costs, (/k~ 
3.02 3.03 3.66 Retail price 

Variable cost 1.45 1.43 .2.07 

Total cost 2.51 • 2.46 . 3.21 

Carbon emissions, MtC 625 _ 596 492 

Average cubon emissions, kg/MWh 163 170 154 

Marginal carbon saved, kg/MWh • - 89 350 
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Table 6.5 Comparison of Year 2010 Forecasts: Effects of Efficiency and High-Effidency/Low-

Peak demand 
. Total energy . ; l 

System load ~ctor 
. Reserve margin ·' 

Generation shares 
• Coal 

Gas 

Other 

Generation prices and cos~ 
Retail ·price 
Variable · cost 

Total cost 
Carbon emissions 

Cubon Scenarios . • • • 
. . ~- •. ·. . • 

Change relative to the competitive utility industry b~ case 

Efficiency ' High Efficiency /u,w Carbon 

-8.2% •. • • ' - -16.0% 

-8.5% ·.:.16.3% 

-0.2% points 

+1.1% points 

• +4.7% points 
-7.0o/o points 

+2.3%. points 

+1% 
-1% . 

-2% . 

-4.6% 

•. ) 

-0.2% points . 

·+6.1% points 

-1.2% points 
-3.2% points 

•+4.4% points 

+21% 
+43% ,·. 

+21% 
-21.2% 

The efficiency scenario forecasts a iower percentage reduction in carbon (4.6%) than in ~d-use energy 
. _ (8.5%) {Figure 6.5). The difference oa:uIS because lower end-use dei:nands translate into less 
construction and operation of high-efficiency gas-fired combustion twbines and combined-cycle units 
{Figure 6.6). (Because of their high capital costs; ORCED selects only the minimum amounts of 
advanced coal and renewable technologies in the · base restructuring c~.) .In the efficiency case, 
relative to the restructuring case, capacity and generation for combined-cycle units declines by about 
27%; capacity for combustion twbines drops 28% (generation drops by . 68%); and coal and gas­
powered steam plants actually increase Uieir production slightly. 

Identification of high-efficiency gas-fired combustion twbines artd combined-cycle units as the 
marginal plants under consideration has the effect of substantially lowering the avoided carbon 
from .electric efficiency improvements. The forecasts c:ontained in AF.o:n are consistent with this 
assumption through the year 2010. For example, page 49 of the AF.097 states that, "of the new 
capacity [required through 2015], 81 percent is projected_ to be combined-cycle or combustion turbine 
technology fueled by natural gas or both oil and gas." . ' •• 

In contrast, the HE/LC case forec~ts a higher percentage reduction in carbon (21.2%) than in eru:l-use . 
energy (16.3% ). This is because the inclusion of the charge of $50 per tonne of carbQn changes the mix 

. of technologies used to produce electricity so that low-carbon supply options are favored. Over 16% 
of the coal capacity is retired in this scenario, and the remaining, more-efficient coal plants operate . 
at a lower capacity factor. Overall, generation from coal declines 18% compared to the reference 
case. Capacity from combined cycle plants actually increases over the amount in the efficiency case, 
but still has a 14% decline from the reference case. Combustion turbine generation declines 84% from 
the n?ference case while combined cycle generation declin,es only 13%;· i. '. • . .- . • • __ . . • • •. - · . . 
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Figure 6.5 Energy and Carbon Changes from Restmctuie Cue 
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Figure 6.6 Generation by Technology Under Each Scenario 
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Compared to the reference . case, generating prices and costs remain about the same under the 
efficiency scenario. In the HE/LC scenario, prices' and costs maease about two-thirds of a cent • · , •· • 
because of the· additional charge of $50/tonne of carbo:n. This aubon ~ represents a 1.4t/kWh 1 • •• .; •. 
maease to the more expensive coal plants, but only a 0.St/kWh maease to the better gas-fired 
combined cycle plants. ORCED redispatched and changed capacities so that the cost maease would 
be minimized. Note that, although the generation price increases by 21 %, the price· of generation 
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represents only about half of the total price of electricity. Keeping ~ion, distribution,· and 
~tamer service prices the same, th~ total price increase would be only 10%; • 

::. >-./~~--~ ,.' •• •• 

Because ~lectricity prices are essentially unchanged under th~ ~c:y. scenario· (changing &om • 
only 6.20(/kWh to 6.22(/kWh including other companents), total electricity_ costs to. coosumers· 
deaease 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 custmner 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. • • ' 

~ way to mea5U1'e the cost impact of tke $SO/tonne of carl>on cost is to evaiuate the _extra cost due to 
plant weration changes (redispatch, retirements, and new CQnStruction). In the high- .. 
efficiency /low-carbon case, \Ve construct and operate the plants as optimized with the • carbon 
charge. H we remove the charge, but construct and dispatch plants as in the high-efficiency /low-

• carbon case, we are no longer operating at minimum cost The excess above the mirumum cost 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. . • • 

Allocating the carbon savings in the efficiency case between -the buildings and industrial sectors, we 
nnd that the buildings sector (residential and commercial) saved 19.4 Mt of c:arbon while the' 
industrial sector saved 9.6 Mt (Table 6.6). The carbon savings for each were proportional to their 
savings in electricity, since electric generation is determined by the system_load. . 

Table 6.6 Carbon Reductions from Electricity Savings by Sector under the Efficiency and High-
Efficiency/Low-<:arbon Cases (MtC) • • 

Sector . 

Buildings (Residential) 
~uildings (Commercial) 
Industry 
Total 

Efficiency 
Case • 
10.9 
8.5 
9.6 

29.0 -

High-Efficiency /Low-
Carbon Case , 

49.2 
38.3 
45.Q 

132.5 

Note: Transport is not included since electri~ty use in that sector.is negligible. 
.. \. 

" , - . 
• Some of the 133 Mt of carbon that is forecast to be displaced by 'the high:.etfidency /low-carbon case 

' 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 $SO/tonne of carbon. Two methods of allocating the carbon savings between the end-use . 
and su~ply sectors were examined. • • 

• In the first method, ORCED modeled • the • high-efficiency /low-carbon case without the 
$SO/tonne charge in the supply sector. The result was a savinp of 56 MtC, attributed to energy •• · 
efficiency alone. The rest of the _carbon savings f77 M:tC). is then attributed to the electricity • 
sector. . : . . . . . . . ... e-· • ··. , ·, ' 

.l 
; , .·. ' -~:' •. • • :._: :•:;~'" :.',: ' ·-

• In the secmd method, ORCED modeled the restructure case with the $50/tonne charge in. the .• 
supply sector, but without the demand reduction due to efficiency improvements. The result was · 
a savings of 33 MtC, which is attributed to the electricity sector. The rest of the c:arbon savings 

• (100 MtC) is attributed to the end-use sectors based on their energy savings. • • 
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The results of these alternative allocations (including the distribution of aubon. savings across the 
bullilings and industrial sectors) are~ in Table 6.7 and Figure 6.7. The total .carbm-\ that is . 
displaced by the lower electricity demand is the same (133 MtC), but the allocation between the 
end-use and supply sedoi's varies widely d~g on the method used to allocate the savings. 

Because the savings involve a synergy between increased energy efficiency arui changes to supply 
dispatching, it is difficult to identify the appropriate allocation of ~vings 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: - • 

. ~ . 
• The minimun1 cubon 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. • 

• The minimum caibon 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 elec:tricity 
supply sector. • 

Table 6.7 summarizes this allocation process. · 

Table 6.7 Allocation of Carbon Reductions from the Eectricity Saved by the High-Efficiency/Low-
• Carbon Caie (MtC) 

. Method 1: Carbon Method 2: Carbon Final Allocation by 
Sector • Reduced by Energy Reduced by $50/t<; Averaging 

Efficien~ First Char!! First 
Buildings (Residential) 21 37 29 
Buildings (Commercial) 16 29 22 

Industry 19 34 '1:7 

Subtotal 56 100 78 

Electricity Sector 77 33 55 

Total 133 133 133 

. • I 

Based en the results shown in Figure 6.7, 160 tmnes of aubon are displaced for each GWh of 
electricity saved in the high-efficiency/low-carbon case with 0Ubm permit price of $SO/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 caibon-to­
energy ratio used in the efficiency case (90 tonnes of caibon per GWh of electricity, ~ also shown in 
Figure 6.3), for the reasons noted earlier. • • • 
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Figure 6.7 Carbon Reductions Due to Energy Efficiency and Carbon Management: (A) Without a 
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Note: Slope is equa! to marginal carbon savu:igs in tonnes of carbon per gigawatt-hour. In (A), the high~cienc:y , , 
option represents alt the assumptions of the h1gh-efficienc:y /low-car6on scenario except that there is no charge for 
carbon. . ! • • . . • 

6.5 SUMMARY 

The U.S. electricity industry is undergoing massive change. Because the process is far from complete, 
it is even more difficult to make estimates about electricity production and use for the year 2010 than. 
it would otherwise be. However, we developed a reasonable and internally consistent pi~ of '. 
electricity demand and supply • for the year 2010 m the basis of EIA's AE097 projection and 
·additional simulations with the Oak Ridge Competitive Electricity Dispatch (ORCED) model. 

· .! 

ORCED was used to simulate the operation of the U.S. electric power supply system in 2010. we · ,. • • 
first calibrated our input data ~ that our results closely matched those produced by EIA for its 
Annual Energy Outlook 1997. We then developed a case for 2010 that is intended to reflect the ways _. 
in which a fµJly competitive industry might operate. Compared to the AE097, these results suggest .. 
greater electricity use, lower peak demand, and a generation mix that includes more natural gas and . 
less coal Thus, although consumption is higher, carbon emissions are lower. 

. ' .. ~-·./••.!;w--,-·,-~- .·-···~··:·)> ... :·'i .t;'~~;•:.:,-:-:_. -'.· .. - .• ,'. __ ,' ' _, • I. , ' 

We then simulated the ' operatim\:ofthis· eompetitive electricity industry given the . efficiency­
induced reductions ·in ·• electricity,,,.use ·,in-the residential, commercial, aJ;\d industrial sectors as 

• described in Chapters 3 and 4. The efficiency case reduced electricity demand by 9%, ~hich led to a 
5% reduction in carbon emissions. The high-efficiency /low-carbon case reduced electricity_ use by 
16%, which led to a 21 % reduction in carbon emissions. .. 

6.16 September 15, 1997 

,. -· 
',• 

-·. ·.' •• \' . 



. The Electrlctty Sector Chapters 

I 

6.6 REFERENCES 

Electric Power Research Institute (EPRI). 1993. TA~ Technical Assessment Guide Volume 1: 
Electricity Supply-1993, Palo Alto, California: .. TR-102276-V1R7 . 

• Energy Information Administration (EIA). 1996a. Annual Energy Outlook 1997 with Projections to 
2015, Washington, DC, DOE/EIA--0383(97). 

Energy Information Administration (EIA). 1996b. Emissions of Greenhouse .Gases in the United 
States 1995, Washington, DC, DOE/EIA--0573(95). 

Energy Information A~tration (EIA). 1996c. International Energy Outlook. U.S. Dep~ent of 
Energy. . • 

F.nergy Information Administration (EIA). 1995. Inventory of Power Plants in the United States 
1994, Washington, DC, poE/EIA--0095(94). 

Hadl~, S. W. 1996. ORFIN: An Electric Utility . Financial and Production Simulator, Oak Ridge, 
Tenne5Se!!: Oak Ridge National Laboratory, ORNL/CON-430. • 

North American Electric Reliability Council (NERC). 1996. Generating Availability Report, 1991 -
1995, Princeton, NJ, July. . . . • . ' • 

RDI (Resource Data International). ~996. Powerdat Da~ase, Boulder, Colorado: Resource Data 
International, Inc. 

ENDNOTES . 

1 States will continue to oversee power-plant siting and environmental emissions. 
2 The value of unserved energy is the price that customers would be willing to pay for electricity that 

. is unavailable as a result of demand exceeding supply. . . 

' The amount of computer time required for a full simulation depends strongly m the number of 
generators treated probabilistically . . Yt/e found a reasonable tradeoff between computing time and 
accuracy when about 10 plants are modeled probabilistically and the other 16 are derated. 
4 Inclusion or exclusion of the :data for cogenerators (which account for about 4% of electricity in the 
year 2010) is another ~urce of confusion. • 
5 According to AE097, total generation in 1995 was 3246 billion kWh and sales totaled 3008 billion 
kWh, ~plying a loss of 7.3%. • 
6 The 63% n:tultiplier for T&D represents the percentage of T&D costs attributable to capital as 
opposed to O&M. • • • 

. ' 
7 This 88% multiplier is derived from ORCED's estimates of fuel and O&M costs ofl.35t/kWh for 

• fuel and 0.18 t/kWh for O&M. The 88% then is [•l.35/(1.35+0.18)] . . • 
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Chapter 7 · 

ELECTRICITY SUPPL V . TECHNOLOGIES 

7.1 INTRODUCTION 

The electricity industry has many supply-side options at its disposal to reduce or offset c:mbon • 
dioxide emissions from electricity productioa by the year 2010. One of these options, reconfiguring 
the generation mix to reflect a $50/ tonne charge for carbon, was discussed in Chapter 6. We labeled 
this option ."cubon-ordered dispatching" because ·it involves the same technologies tpat were 
considered in the AE097 reference case. Electricity was ,redispatchf,!d from the existing generation · 
mix, and the construction and retirement of power plants also changed, but ro new technologies were 
introduced. Chapter 7 considers other electricity supply technofogy options, including: • . 

• Repowering coal-based power plants wi_th natural gas; • 

• Implementing renewable electricity technologies; • 

• Improving efficiency in generation and transmission and distribution (T&cD) systems; . 

• Extending the life of existing nuclear plants; and 

• Constructing new power plants using advanced coal technologies., 

Each of these options is assessed independently. Because interactions among the options are not 
taken into acCOWlt, there is a likely possibility of double-counting with respect to the actual 
~sions reduction potential. 

The viability and costs of these supply options in 2010 are based m the assumption that the 
electricity grid is transformed by the carbon-ordered dispatching that ocx:urs under the "high­
efficiency/low-carbon" (HE/LC) .scenario, as described in Chapter 6. Thus, since we assume that 
considerable decarbonization has already ·~ place, this chapter _addresses the question: What 
additional supply technology options now make sense in a scenario in which c:mbon has acquired a 
value of $SO/tonne? We conclude by discussing the · significant contribution that renewable energy 
technologies can make by the year 2020. • ' • • 

7.2 REPOWERING COAL-BASED POWER PLANTS WITH NAT-URAL GAS 

The conversion of existing coal-fired power plants to operate m natural gas {via repowering) is me 
option to significantly increase the efficiency of power generation and reduce carbon emissions in the 
U.S. electric power sector.1 Natural gas is a less carbon-intensive fuel and its use also reduces 
emissions of the following criteria air pollutants: sulfur dioxide (502), nitrogen oxide (NOx), total 
suspended particulates {TSP), and hazardous air pollutants (HAPs). Our analysis shows that 
natural gas_ combined cycle .(NGCC) is a cost-effective power generation technology and cubon 
emission reduction option. Depending upon assumptions regarding the differential in the ~elivered 
price between natural gas and coal, the price of oubon permits, and environmental extemality 
values for criteria air pollutants, we found that c:mbon ~om of up to 238 MtC could be ieduced 
annually through repowering. 
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7.2.1 Rep_owerln·g Approach• 
~. ,1. ,: -~ -~:~· ;:~. ·-:: ~>~) 

The simplest repowe~g approach is site· repowering, where the exlsting 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 ·repoweriilg provides the high~t cyde efficiency 
(since nme of the existing boiler island equipmel)t is reused), it also · requires a greater capital 
investment (see Appendix G-1). • • ,. • 

The more conv~tional approach is referred to as steam turbine repowering. In this ~, 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 
• ~ine was designed for . linkage with a coal-fired boiler, the efficiency of a repowertd steam • 
turbine plant would be lower than at a site_ repowered plant. The steam turbine repowering option 
has a higher operating cost (due to the lower efficiency) but a lower capital cost (see Appendix G-1) . . . . . 

The cost-effectiveness ($/tC) of both repowering options was examined for all _ coal-fired power 
plants greater than SO megawatts (MW).2 Included in the cost calculation were the cost of 
repow~g, hook-up, and transmission. We analyzed the site repowering results for the two 
'alternative gas/coal price differentials: $0.72 and $1.18 ~r million Btu (MBtu)3, ~ price ranges 
for carbon permits (<$SO/tonne, $50-100/tonne, and $101-150/tonne), .and three environmental 
extemality values for~ and NOx (none, low, and high). In addition, a sensitivity analysis ·_ was 
performed to examine the impact m cost-effectiveness if additional . natural gas pipeline 
infrastructure (hook-up and transmission) were not needed to ensure gas deliverability • to repowered . 
plants. This sensitivity analysis (referred tq as the "no additional transmission cost" case) was 

. conducted only for those power plants that are currently connected . to the natural gas pipeline 
. network (i.e., dual-fuel). Appendix G-3 contains a complete description of the methodological • steps 

• and key data parameters. • • 

The analytical approach was static in that the cost of repowering was computed for each candidate 
power plant but the analysis did not optimize unit/plant production cost, dispatch, or system load. • •• 
Moreover, for the steam repowering case, the largest steam turbine (not each individual steam 
turbine) at the plant was repowered to generate the equivalent of 1995 plant ~utput (kilowatt-hours, . 
kWh), since this is both more eanomk and consistent with industry practice than repowering each 
turbine. Lastly, the gas delivery infrastructure costs (hook-up and transmission) were derived 
assuming (1) no excess capacity in the current delivery ·system, and (2) that if such a fuel-switching 
strategy were implemented, the natural gas pipeline industry would build capacity (even if done •• 
incrementally) to meet the total estimated gas requirements of repowering all candidate plants and 
allocate appropriate delivery • costs to each repowered plant. . • Assumptions regarding gas 
deliverability are described below in Section 7.2.2.2. • 

7.2.2 Repowerlng Issues 
·, 

In 1995, there was 335 GW of coal-fired capacity at 404 power plants in the United States. Figure 7.1 
. indicates that this capacity was comprised of: • 

I. 

• . 319 dual-fuel units (units that can bum ~iircoat and natural gas), 
·, ' 

• 122 multi-fuel units (coal-fired units at sites with natural gas o~ petroleum units), and 

• 711 coal-fired units (units at coal-only plant sites) .. 
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Figure 7_.1 Candidate Coal-Fired Power Plants for NGCC 
Repowering I 

Coal Only 
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620/o 

Based on unit number 

CoalOnly 
229,mMW 

690/o 

Based on capacity 

Chapter7 

I • 

Multi-Fuel 
25,326MW • 

8% 

These categories reflect differences _in the investment cost of conversion and deliverability of natural 
gas (i.e., those plant sites cmsuming gas in 1995 would have a natural gas pipeline connection. 

. thereby resulting in a low~ hookup cost.) 

7 .2.2.1 Increase In Natural Gas Demand 

Utility gas cqnsumption in 1995 was 3.5 trillion cubic feet (TCF). Figures 7.2 and 7.3 show the 
. increases in natural gas demand from this base that would result from either site or s~eam turbine 

repowering for each of three cost-effectiveness values: less_ thari .-$50/tC, $50-100/tC, and greater 

•. 
.. -.:7 J_ . 

• . • •i. 

than $150/t<;_. -The increase in gas demand ranges from 1.0 TCF (<$50/tC) to 4.9 TCF ($50-100/tC) _in . _.; 
the low gas/coal price differential case without externalities . . This quantity of gas for repowered 
plants represents 29% and 140% increases in 1995 utility gas-consumption, respectively. 

If all the candidate coal-fired power plants were repowered with NGCC, natural gas demand in the 
utility sector would increase by 9.0 TCF /yr_ (site repowering) or 9.4 TCF /yr (steain turbine 
repowering) to either 12.5 TCF /yr or 12.9 TCF /yr, respectively, an increase of over 250% compared to 
current consumption levels. · • ' 

. The potential gas price increase resulting from NGCC repowered plants was not analyzed in this 
study. Only the current and projected gas/coal price differentials expected under AE097 were 
included in the cost analysis. However, EIA has prepared a preliminary estimate; they found that 
an·u TCF increase in demand would increase natural gas prices by $3.09/MBtu over 20 years (1995-

. 2015), if , coal-fired power plants were converted to natural gas when scheduled for life 
extension/ ~furbishment and there was considerable demand-side energy-efficiency investmenl 
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. Figure 7.2 Incremental Increase in Gas Consumption Resulting from _Coal to Gas Conversion with 
Constant 1995 Gu/Coal Price Differential ($0.72/MBtu) 
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Figure 7 .3 Incremental Increase in Gas Consumption Resulting from Coal to Gas Conversion with 
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7 .2.2.2 Gas Dellverablllty , • 

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 by 
EIA. or (2) determined to be unnecessary due to reductions in demand arising from end-use efficiency . •. 
bnprovements.2 Most of the plants are located in the Mid-Atlantic, South Atlantic, Midwest, and · • 
Plains regions. While these are also primary gas-consuming regicms served by major trunk lines, • 
many industry experts believe there is Umited 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 ~apad,ty is necessary to accommodate peak · winter demand and non-utility 
growth, it is of little value to power plants considering conversion, since these power plants require 
firm pipeline commitments. • 

Figure 7.4 Location of Candidate Plants for CoaVGas R.epowering in the U.S. 
' ' 

Due to the potentially significant inaease in utility gas demand that ~ result from repow~ . 

•. ' 

(either site or steam turbine) coal-fired power plants, and the uncertainties regarding when · S, 
repowering would take· place, new pipeline capacity sufficient to ~e all candidate plants was . ., 
developed to ensure deliverability. A detailed assessment was performed (using a geographical _ :_ {\!t 
information system, GIS) to compute the distance of each candidate power plant to its nearest trunk ._ , , ~ .. ,:.i 

~:.::=~-~~~~";-~~-== !:':e ~":.:ep~lh~ .• '/S.Ii 
closest production zone. _ . ,,;, . 

. -· F 
~ •. ):~\~ 
,"\,··. 
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~· ."!' . :r:;,: ,:{.tr,·i.' .••·. . .... · ... • : ~ ~/:;;;]tt?~?r~~'·: : .. . 
The requirement to add new pipeline capacity · could ·affect the a~activenes_s of repowering as a • ' :· . -~}';~ 
carbon mitigation ·strategy. During 1994 an<!__1995, 1,200 to 1,500 miles of new pipeline were added to . • ·• .. ' , . :~1i· 
the system. According to ,Federal Energy Regulatory Commission (FERC) filings of pipeline projects, . • • • • ·\~ 

• 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 canc:em (Central, Midwest, Northeast, 8_J\d Southeast), more than 8,200 miles of pipe is < " 
projected to be added; this level of expansion is greater than the 1994-95 ra~ of addition. However, 
it is not ~own how long it will take to complete these proposed pipelines. Consequently, an accurate 
assessment of the ability to inaease the rate of pipeline expansion/construction could not ,be 
estimated as a part of this study. 

Table 7.1 Plant Distance from Production Zone , • 

Range 

(Miles) 

60 - 440 
440 - 620 
620 - 890 . 
890-1,480 

. Total 

Dual-Fuel • 

#Units o/o 

48 37 
· 33 • 

30 . 
19 

130 

25 
23 
15' · 

100 

7.2.3 Emission• Reductions 

Multi-Fuel CoalOnly . 

#Units o/o #Units % 

5 12 55 . 22 
. 8 19 · 64 26 

15 35 59 24 
· 15 35 . 67 27 

43 100 245 100 

.. V 

Total · 

# •Units % 

108 26 
105 25 
104. · 25 

•. 

101 24 
· 418 100 

Based ori our analysis: -~wering of coal-fired power plants wtth NGCC is ' a cost~ffective carbon 
reduction strategy. Tables 7.2-7.4 summarize 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/tpnne, $50:100/tonne, and $101-150/tonne), and three environmental extemality 
values for SOi and NOx (none, low, and high). The price differential of $0.72/MBtu represents the 
1995 gas/coal price differential held. constant, while S!.18/MBtu is EIA's forecasted price 
differential fo,r the year 2010.M In addition to the "no externalities" case, two al.temative market 
values were used for ~ and NOx: low externalities represent SO per tm of S02 • and -$700 ·per ton of 
N011;-high externalities.represent $100 per ton ~f ~ and $1400 per ton of NOx. ~. 

As can be seen in Table 7.2, given a caibcx\ permit price of less than $50/tC and a gas/coal pri~e 
differential of $0.72/MBtu, 30 to 119 MtC cc;,uld be removed via NGCC site repowering, depending 
upcn extemality assumptions. When the price differential increases to $L18/MBtu, 0 to 83 MtC. . 
could be removed from utility emissions. Consequently, we see that a inaease of $0.46/MBtu in the . • 
price differential · decreases carbon reductions from NGCC repowering by approximately 30 MtC: : , • • 
Although the disaggregated data are not presented, most of .the carbon reduction in the_ <$50/tC • 
range actually occurs in the $25-50/tC range . . • • • • 

~ ·.-·;:;~\ 
·, •. _i·/:· 

:·):if 
• , ., • :,:~1~}f :· 

An ancillary benefit of switching from coal to gas and improving conversion efficiency is reduction in . _. )fl. 
502 and NOvtwo criteria pollutants. At the <$50/tC level, approximately 50% of Ute . S02 and. • •. I_: .-·,,_ 

~~~ =-~d~=gN~x
th
:n:=~~e~oo~~ ~~~~d:i:;;.:~-.. - ·,-. •. · .. ·.·.· .. •.·:.:'.:' ..•. ·.··,·.! .• :'._;,·~.1:i·,·•.::~·,• 

were repowered, almost all of the ~ and most of the ·No~ would be removed. .. • : .::t,,:, 
' \ • I ;_ • • • • .- • • -. -•~' •• '. · ,' .-.· ••• : • • .... . • • : :· •• ·._;.,T • •• •.• ~. • I '•NZI ,·· .. - ·, .,•.-·-:~:· 

The economic v~ue oi ihe 50
2 

and NOx emissions .redu~ that·.~~ ~ult from repowering of • ~ • '/)·.,~•'· 
the plants was also assessed in this study. Using the methodology desaibed in Appendix G-2, .S02 ·· • , : ...... , -~;:: 

' . ' . .. ·. : ' ... · . : . - . . . . . . . ', .• ,·. . • . • .. ( • . . :··· ":~'. • ... ;i\ 
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was valued fro~ $0-100/tQn;· NOx was valued at fro~ $700-t400hon. Th~ vaiues • w~ used as the 
basis for the environmental extemality credits to offset the investment cost of repowering. 

.... . . , .. • 
. .. . 

Table 7.2 Summary S~tistics: Coal to Gu Repowering with a Carbon Permit Price of <$SO/tonne 
' ' 

None 30.3 0.5 0.7 . ,26.8 . . 1.0 : 
Low 66.0 . 1.2 1.4 63.3 2.3 

Externality 
cases• 

None. 
Low 

Carbon 
Removed (MtC) 

0 
23.6 
83.4' 

4.0 2.6 122.6 

soi Removed ' NOx Removed 
t t MfectedGW 

0 0 . 0 
0.3 0.6 20.2 
2.5 . ' 1.9 83.3 

GasCcmumed 
(TCF)••· 

0 
0.8 
2.9 

• Two alternative market values were used for~ and N0x: low externalities represent $0 per ton of 502 
and $700 per ton of NOxi high externalities represent $100 per ton of~ and $1400 per ton of NOx. 

, I 

"TCF = trillion cubic feet . 

Table 7.3 Summary Statistics: Coal to_ Gas Repowering with a Carbon Permit Price of S50-iOO/t~nne 

Nooe 134.6 4.9 2.7 147.3 4.9 
Low 140.4 6.7 . 2.8 165.6 5.3 
~ 106.7 5.0 1.8 130.8 4.2 

-~jj~~;;:1t~.;~tlpk;;·~~~Im~fu~~m~~~:;q;~H~~~l 
Extemality , Carbon soi Removed NOx Removed Gas Cmsumed 

Cases• Removed (MtC) t Mt Affected GW (TCF}" 

_ Nooe 109.6 2.5 2.2 108.9 3.8 
Low • 134.1 5.0 2.7 146.4 4.9 

123.9 5.5 2.3 147.6 4.7 

• Two alternative market values were ~for~ and N0x: low externalities represent SO per ton of S02 
and $700 per ton of NOxi high externalities represent $100 per ton of~ and $1400 per ton of NOx. 

. ' ' . . 
"TCF = trillion cubic feet 
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None 69~4 4.0 :· ... ;. • L2 93.9 _ .. :/·· .. 2.8 
• Low • 31.0 .. • 1.6 • O.S · 43.8 ,:'' - • 1.3 . 

0.6. • . 0.2 20,9 ·f~ · 0.5 

t,i....lii<iilliiillillilii.illll...:...iiiioiilili ~-s~pi6-~~l{~:~iio1S1l~~L .. :';.~}~.S1k;]<~: " 
Extemality Carbon SOi Removed ~ Removed Gas Consumed 

Cues• Removed (MtC) Mt Mt Af£ec:ted GW (TCF)•• 

None 117.2 6.6 · 2.3 148.4 4.5 
Low • 75.1 . 4.0 1.f • 98.6 3.0 

29.8 1.5 0.4 41.4 1.2 

• Two alternative market values were used for ~ and N0x: low externalities represent SO per ton of SO2 and 

S700 per ton of NO.; high_exte~ties represent $100 per ton of~ and $1400 per ton of NOx. 

-rCF • trillion cubic feet · 

-
7.2.4 • Co•t-Effectlvene•• 

Figure 7 5 p~rtrays the cost-effectiveness of site repowering with NGCC and the· corresponding 
cumulative carbon removed. for · the two alternative gas/coal price differentials when m 
environmental externalities , are considered. , 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/tC. When the price differential 
increases to $1.18/MBtu, 0 MtC of carbon are removed at <$50/tC, 110 MtC are ,removed at $51-
100/tC, and an additional 132 MtC are removed at >$100/tC. • • 

. ·.·, 
... . ·1·.; 
.. :,.- ... 

'~'::.. 

Figures 7.6 and 7.7 .depict the effect of enviro~entai extemality aedits for SO2 and NOx en carbon , · ::,)J ,· 

:::::;~~~.:;a:-i:!di:: ::-in::~::;... ca:~o.::;;;:•:,: • ... · .. ; •.·.<.\_c:·\··.~.::~·'.·: 
ton of NOx; high externalities represent $100 per ton of~ and $1400 per ton of NOx. The rationale . - .. , .. 
_for these values is explained in Appendix G-3. Both Figures 7.6 and 7.7 (together with Tables 7.2 • . 
7.4) illustrate that the effect of the environmental extemality aedit is to shift the carbon cost curve 
downward and to the right causing more capacity (GW) and carbon .removal (MtC) to oa:ur at lower ·. 

• carbon permit price levels. • 

Because dual-fuel plants are alre~dy receiving natural gas (although at l~wer vob.1~es than. a . · : _' •• 
repowered plant), a sensitivity analysis was conducted wherein m hook-up or transmissio1' costs 
were incurred to deliver an increased quantity of natural gas to these repowered plant sites. This uno • • 
additional ,transmission cost case" · is illustrated in Figures 7.8 and 7.9, which • depict the two '· • .;~Jl, ·=~== ~= -.•.> .:_·.:. :;··.:':··.·.•····.:~·.~.l_·_1.!·~-t.i.~.!.; caibon cost curves shift downward considerably when these costs are removed. In Figure 7.8, · , ,<-' 

approximately 45 GW of coal-fired capacity can be repowered at <$50(tC, removing 42 MtC of 
carbon. 1.2 Mt of S02 and 0.9 Mt of NOx .. The amount of natural gas required by these repowered · 
plants is 15 thousand cubic feet; approximately 50% of 1995 utili~ consumption. • 

•. 7.8 September 15, 1997 
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The cost-effectiveness numbers jferived in this ~tudy are optimistic. These numbers should be used 
with ~ution because they do not (or do not adequately) consider the following factors that wiil 
determine the ultimate cost-effectiveness of the coal-t~as repowering: 

. . 
• Potential increase in gas prices from NGCC repowering, 

• Actual cost of repowering the candidate coal-fired power plants, • 

• Excess b"ansmission capacity, and/or economies of scale in delivering the required gas, 
, . . . , 

• Capacity utilization of the converted plants, 
. . , 

• Costs associated with breaking long-term coal contracts, and 
. . 

• • Other socioeconomic factors (e.g., dif(erential state/federal tax effects, displaced coal miners). 

In addition, the effectiveness of repowering as a carbon control strategy will depend m 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 

• associated carbon reductions will depend on the fuels and technologies used at the plants dispatched 
ahead of the repowered plants. 

Figure 7.5 Carbon C~e for Coal/Gu Site Repowering: No Environmental Exteniality Credits 
250 __________________________ __. ____ _ 

200 

50 

o._ _______ ;.... ____________________ _ 
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Figwe 7.6 Carbon Curve for~ to Gas Site Repowering: Effect of Enviro~ental Extemality • 
Credits on Cost of Carbon_ Removal with Constant 1995 Gu/Coal Price Differential ($0.72/MBtu) 
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Figwe 7.7 Carbon Curve for Coal to Gas Site Repowering: Effect of Environmental Extemality 
Credits on Cost of Carbon RfU!loval with Gu/Coal Price Differential in 2010 ($1.18 MBtu) • 
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. ' . 
Figure 7.8 Carbon Curve for Partial Repowering': Constutt 1995 Gu/Coal Price Differential 

($0.72 ~tu) Low Environmental Extemality Credits 
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Figure 7.9 Carbon Curve for Partial Repowering7: Constu\t 2010 Gas/CoalPrlce Differential 
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7.3 RENEWABLE ELECTRICITY TECHNOLOGIES . • 

·0ver the long term, renewable:·energy technologies are likely to play a-~cial role in limiting carbon 
emissions -and global warming. While aggressive energy efficiency and fuel switching can _reduce 
domestic oubon emissions to appr~ximately 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 United 
States to cut ~on emissions in the years beyond 2910: , .. • •• -, · 

,~ ! 

Renewables will· also make importai\t contributions to both dom~tic and international carbon • 
emission controls by 2010. Renewable technology contributions to domestic electricity and carbon 
savings in 2010 under the HE/LC scenario are summarized in Table 7.5. • 

Table 7 .S Additions to Generating Capacity Electricity and Carbon Emission Reductions from 
Renewables for the HE/LC Case in 2010 

Renewable Technology 

Included in Scenario: 
• Biomass Cofiring 

Wind 
Hydropower 
Subtotal 

.. 
Excluded from Scenario: 

Landfill Gas b 
PV 

Geothermal 
Solu Thermal 
Subtotal 

Total 

Capacity Additions 
(GW) 

8-i2 
8-23 
10-16 

3-7 

3-5 
6-14 
0-2 

38-79 

Electricity • Carbon Emission 
(TWh) • Reduction (MtC)a 

58-88 16-24 
~ 

28-81 6-20 
• 23-35 ~5 

25-49 

20-50 25-53 

6-10 1.-2 . 

47-110 6-16 
0-6 ' 0-1 · 

32-72 
182-380 57-121 

a These carbon ~ions reductions rep~t the clifference betw~ the high-effidenq /low-carbon case and the 
business-as-usual forecast for 2010. . . · .. · . ' . 

b The carbon emission reducti~ in this case repn!Sents d-.e equivalent derived from the prevention of. the methane 
release coupled with its radiation-trapping properties. • 

This section examines the potential for renewable electricity technologies to reduce U.S. carbon ·· 
emissions. The contributions of renewables in various end-use sectors, such as transportation, are 
discussed in other chapters in this report • • • 

I •. 

Renewables are in the midst of a major, long-term transition, from being "advanced technologies" 
with only a peripheral market role to beamung mainstream "technologies of choice" in the energy 
marketplace early in the next century. One clear marker of this transition is the changing cost of 
electricity from renewable power technolo~es. Figure 7.1.0 displays these costs for the period from . 
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., JI 
._:.\}ti 
' '·- ,/i, 

· 1980 to 2005, b~ en both histo~cal data and ~t projecti~ (Office of Utility: Technoiogi~, • • ; • }(f(' 
1997). ">' 

, . . 
·Figure 7.10 Historical' and Projected Costs of Electricity &om Four Ren~able Power Technologies 
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The pace and timing of this transition is difficult • to project, however~ because it is strongly . 
dependent on such vwbles as the progress made through research and development, the evolution 
of energy economy policies, and the magnitude and impact of consumer interest in "green" energy. For 
example, under the $50/MtC cost-of-carbon scenario assumed in this study, the adoption of wind 
power in the United States is likely to increase rapidly on an economic basis. In addition, increasing 
attention is being focused en cmsumer interest in green ~- As the electric utility sector moves • 
toward competitive markets, consumers probably- will . have the option of purchasing power that is 
environmentally cleaner. • 

The rate of change will impact the role of renewables in 2010 at least as much as the specific energy 
contribution of renewables in that year. Therefore, this section discusses the trends as well as the 
predicted contributions of renewables to the energy supply and to carbon emission reductions in 2010. 

A thorough analysis of the role of renewables in 2010, which captures the complexity of · th.eir 
. transition, has not been conducted as a part of this study. Instead, this section presents analyses · of a 
few renewable technologies whose role is likely to. be quite significant by 2010, and · includes a • 
general discussion of the other . renewable technologies. A more thorough analysis of the 

• relationship between renewables and reductions in aubon emissions over a longer time frame is the 
subject of a future study. • • 

I, 
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Thus, this section discusses the fOle of renewables in two ·time. frames: (1) developments and . ,< :,.:-
contributions by 2010, and (2) the long-term outlook. • • - ' • < •· 

. '. ~\:_.::. 

7.3.1 Renewable Electricity In 201 O . • • .;·_ ·.;. ' - ,· .''·:-.->.; '.... . :':·'_..:. 

. t ~ •.• •• --~: : - :. 

As stated : earlier, renewable electric technologi~ will ~ -important.· contributions to .carbon · .. :'./:-·:: :\fi, 
emission reductions in 2010 in the context of a policy that imposes a $SO/tonne cost en carbon -~·-. · .. • .:, :···i . t' 

emissions. Estimates of those contributions are presented ~ere. While. the scope of this study did not ' ·,tr 
include a thorough and systematic analysis of this issue, the estimates given are based en a number • • \~; 

- of directly relevant studies. These include, in particular, carefully developed perfc:>l'lnanc:e and cost <:11~ 
projections for renewable electric: technologies (Office of Utility Technologies, 1997) and projections . . ;:~J • 

• of future market penetrations of these technologies (Office of Energy Efficiency and Renewable :iJ 
Energy, 1997)~ 'tt;· 

:l': 

• The potential of biomass c:ofiring was assessed because that technology provides an ~pportunity for . • ~ ~- ~: 
reasonably straightforward displacement of a significant amount of coal. This · assessment, which . • .. • :· ' : • f·.fl 
draws upon another recent analysis, is present~ first ·- • . • . • • .. : . • .' , , •·. ' · • • ' • • _ _ ·:: - ::,: •f ?{~' 

An analysis of~ imp~ct of a $SO/tonne cost of carbon on wind power was also. conducted, and those • •: ·'-·-·t,~ 

results are discussed second. Wind was selected because cost projections for wind power indicate that • • •• • '.;:'~~,r 
this technology will be competitive with other electricity generation sources acco~g to the ";:_' 
electricity c:ostsmodeled in the HE/LC scenario of this study. In addition, wind power is already • , - - )r 

successfully ~ting electricity markets in the United States and abroad. • <if 
This analysis is followed by estimates of c:arlxm. emission reductions that. would be likely to result . · ·· ::;/ 
from hydropower upgrades and landfill gas capture and use. These estimates are derived &om DOE .. _:,'.2JJ 
and EPA studies relevan_t to market projections for those two.technologies, res~ctively (Rinehart et .. :- , 
al., 1997; EPA, 1993)~ . • · · . . ·. . · . . • ·- ·;:i, 

Finally, other key renewable power technologies are discussed briefly. We present estimates of the .• 
likely contribution of these technologies ~ 2010, developed through comparisons and extrapolations 
from eatlier projections (Office of Energy Effi<;iency and Renewable _Energy, 1997). 

7. 3 .. 1 . 1 Coflrlng Coal with Blom,aa • . 
• -... 

\ - . . .. . . . . 

Cofiring biomass with coal has the technical and economic potential to replace at least 8 GW of the .· 
nation's coal-based generating capacity by 2010, and as much as 26 GW by 2020. Though the current 
substitution rate is negligible, a rapid exp~on is possible with the use of wood residues (urban 
wood, pallets, and secondary manufacturing products) • and dedicated feedstock supply systems . 
(DFSS) such as willow, poplar, and switchgrass. • _' _ •. 

. '1,,',,. 

The current coal-fired power-generating'system represents a direct opportunity for carbon mitig-.,tion 
by substituting biomass-based renewable carbon for fossil carbon. Extensive demonstrations and trials 
have shown that biomass can replace up to about 15% of the total energy input with little more than 

• bumer and feed-intake system modifications to existing stations (CONEG, 1996). Since large-scale 
power boilers in today's 310-GW-c:apacity fleet range from 100 MW to 1.3 GW, the biomass potential . • • 
in a single boiler ranges from 15-150 MW.. • • • 

• ' -. - . ... ,JI, . • •• 

: -~~~r. 
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• ;-~ :1 

:~{> 
-~ : 'f 
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Preparati~ of biomass to an appropriate size of less thm one-quarter inch, with a ri\oisture content . i. _ .-( ;~}· • , 

of less than 25%, can be achieved using existing commercial technologies. "Tuning" the_ combustion .. ;• '.· .. '.;it• 

:Im the bo~ ~ liWe km in mW ~- Uftplymg ht the bi:::::~:~: • • C '.t\t~ 
·-•-_ :~/r: 



Electricity Supply Technologies I: 

Chapter7 · 

combustim efficiency is dose to' the 33-37% range of an unmodiliei coal plant~ an efficiency that 
stand-alone biomass generating capacity has yet to demonstrate. 

Economics 

The cost of implementing biomass ,cofiring varies ~ site to · site. It is influenced by the space 
• available for yarding and storing the biomass, the installation ~f size-reduction and drying 
facilities, and the nature of the boiler bumet 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 9~ cost inaease 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 
inv~tment cost in . three years, the annual fuel offset . then has to be $670,000 to cover capital 
recovery ($1.8 million) and increased O&tM 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 biomass would 
have to be subsidized to encourage a GENCO to use biomass .cofiring. 

Fuel Coat, 

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 SOUlt'e5 of biomass residues available for about $0.50/MBtu (less 
than $9/tonne) .. Transportation costs limit the range over which such biomass feecistocks can be 
acquired and, in the long term, there are likely to be dedicated feedstock systems much closer to the . 
power plants. By definition, residues (e.g., wban wood residues, rights-of-way clearance, • , ! . , 

construction and demolition wood, pallets, and sawdust shavings from secondary wood processing) 
are finite and will respond to the prices offered for them. , 

Dedicated feedstocks would not be bound by this constraint However, such feedstocks are much more 
expensive than residues. With current technology the price 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 million 
acres will be needed to reach a nominal production of 86 Mt by 2020. Because DFSS is in an early 

• stage of development, the model assumes that the initial planting will yield only about 6 
' tonnes/acre by 2002 (today's state-of-the-art), and . that by 2010 the yield will be closer _to ·s 

tonnes/acre. Today's costs are high; $45/tonne is feasible, but a combination of learning-curve 
improvements and economies of scale should bring the cost down to about $.32/tonne by 2010. The -
competing coal price is assumed to be $1.40/MBtu ($1.33/GJ) throughout 

Biomass Substitution Potential 

The cofiring estimates in this. section. were • derived from a 30 GW scenario for all biomass 
technologies, developed by NREL for the current Biomass Power Program Strategic Plan. This 

• 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 aaes by 2010. The resource 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 · 
2001 and assumes that residues would be capable of only a small increase in quantity, since mud\ is . 
already being' utilized. The average cost of residues is expected _to increase gradually, while the cost 

- of DFSS aops is expected to demonstrate a strong learning curve and large economies of scale; 
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While a . coal-fired station could be modified for cofiring • in less than ooe year (including 
environmental permitting), a biomass resource assessment, contractual ~gements, and logistics 
for biomass residues could take the better part of 18 months, based en actual project experience. 
Although the availability of residues is assumed to be significant and would ultimately supply 
about 50 Mt, price and availability 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 
residues. • • 

The DFSS component is predicated en making a start en land .accumulation (whether purchases, 
leases, or cooperatives), with land preparation and planting in 1999. A significant effort will be . 
required to initiate development of the 11-12 million acres proposed for 2020; today; discussions are 
about DFSS demonstrations at the 1000-acre level. Adequate clonal material and management ' 
systems for planting, ~ding, 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 

. n_ursery activity to put the needed clonal material in place for planting oµt With willow, the first 
harvest cycle would be four years after planting and a rotation of three years thereafter. For poplar, · 
the cycle is likely to be in the r~ge of six to eight years. • 

Environmental Issue■ 

Because biomass generally contains signifi~~tly less sulfur than coal, cofiring ~ith . bi~ could 
reduce SOx emissions. Early results suggest that there is also a NOx reduction potential using woody· 
-biomass. However, most coal-fired power stati~ns have efficient precipitators and some have 
sulfur-capture technologies, so the net environmental effect of 10% biomass substitution ( on an· energy 

' basis) appears to be negligible. The solid wastes (ash) would be little changed in either composition 
• or mass (most biomass has cqnsiderably less ash _than coal). But some stations sell fly ash to Portlan~ 
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cement ~ufa~, so there may be a need to ~egotiate the acx:eptan~ of mixed bjomass and coai •• _.> \ · 
ash· in such applications. with respect to ASTM standards. • • • . • • .:.: 

The DFSS environmentai impact is dependent .en the choice of lands for plantations. Replacing .·' :·,' \, 
annual aopland with . perennial DFSS appears to result in a net environmental gain. Results for. : .. •. ~./ 
pasture ~d.are probably negli~le and replacement of forest may result in some m.aeased impacts. . , .,.){ __ ~ . 

\ The use of residue has the potential .to offset landfilling as well u potential meth~e emissi~ .. r 
from landfilling clean biomass materials. Experiences in California indicate that the · issue will be • • , , , : 
me 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 . -_::.j_· .•. r:~-~.',f·:_;_;·:.'. 
were successful, and the · generating station c:ould guarantee reception of the residues at all times . 
(many urban wood residue generators do not have storage facilities), both residue costs and their : '. ·?:,: 
availability could improve significantly. • .. /~~& . 
~~~-~~- ~ 

. Given the technical and economic potential desaibed above, it is probably ~asonable to assume _ . _ :_~.t:!..\:· 
additional biomass-c:ofired . capacity of S,;12 GW by 2010, which should reduce carbon emissions by - ,~, :,, 
16-24 MtC. ' • . .\,,;. • 

7.3.1~2 ·wind Power 
. I . . 

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 capadty overseas (Figure 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 Oass 6 resource sites (as presented in 
OOE's 1997 Technology Characterizations). Oass 4 sites have average wind speeds of 5.~.0 m/s, · 
Oass 6 sites have average wind speeds of 6.4-7.0 m/s, both measured at a height of 10 ~eters. 
Figure 7.13 also displays the median, 10th percentile, and 90th percentile of electricity generation· 
prices in 2010 based en 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 m a price-of-energy basis, in this scenario wind power will be able to compete favorably • 
with other power sources for several years prior to 7()10. • 

• . ~ 

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~ 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 inaeases. Because the level of 
influence of each of these factors has not been analyzed, it is difficult to project their combined 
~~ - • 
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In the AE097 reference case forecast, EIA projects el~city generation to inaease by about 800 
1Wh by 2010, from 3083 lWh in 1995 to 3874 1Wh 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&tI;> program estimates that 
additional installed wind power . generating capacity will reach 8 GW and contribute_ 
approximately 29 1Wh 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 generation will inae~ by sfgnifi~tly 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 competitive 
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 scenario, 
generation costs are projected to be more than 25%.higher than in the base case: Thus, as illustrated 
in Figure 7.13, wind power generation costs will be highly competitive in this marketplace, so 
displacement of higher-cost existing generation by wind is likely. In an attempt to model the 

. penetration of ~d under these conditions, the ORCED model was 'IUI'\ using the wind technology 
characteristics ~eveloped by the Office of Utility Technologies (Office of Utility Technologies, 
1997). As might be expected, th~ results indicated that the level of wind penetration in this case is 
quite sensitive to the actual input parameters . .Accmd.ing to the model, for example, using the cost 
and performance characteristics projected by _DOE for the year 2005 could lead to the adoption -of as 
much as 50,000 MW of wind power by 2010. Using 160 kg/MWh; 'the average carbon intensity of the _ • 
generation displaced (see Chapter 6), this w9Uld result in a carbon emission reduction of 28 MtC. 
Because the ORCED model indicated that this new wind capacity would displace coal-fired 

• generation, a higher conversion ratio (275 kg/MMh) is used to estimate c:aibon emission reductions, 
_ resulting in an estimated reduction of 48 MtC. 

This level of penetration would require wind:twbine manufacturing capacity to expand at a rate of 
approximately 25% per year. As Figure 7.12 indicates, this level of wind capacity expansion has 
been reached in the past. Europe's experience with wind power also indicates that this technology 
can expand quite rapidly. It is possible for the manufacturing industry to respond quickly to market • 
demands, since most of the components of wind systems (generators and gearboxes) are readily 
availal;>le, and not specific to wind technology. In 1991, the European Wind Energy Association set a _ 
goal of 4 GW of wind by 2000. This goal has been realized already, in 1997, and the new targets are 8 
GW by 2000 and 40 GW by 2010. Given that Emope is a IJUJd\ more land-constrained continent with • 
generally lower wind resources than the United States, this comparison suggests that 50 GW of wind 
power capacity can be re~ in the United States by 2010 in the context of a strong policy 
environment. 

The HE/LC context of this analysis assumes a policy environment that acknowledges the need to 
address global warming. In such an environment, renewable. energy, including wind power, will be 
able to demand somewhat higher prices because of consumers' preferences for green power. The value 
of that.premium is not yet known. ' 

It is well-documented that wind ~urces in the United States are quite extensi~e. For example, an 
assessment of wind resources and access to transmission indicates that more than 115 GW of Class 5 
and Class 6 sites are within 5 miles of existing lines, and more than 1,000 GW Class 4 sites are 
within that same range (Parsons ~ al., 1995). This assessment excludes sites that are not suitable for 
wind farm development, such _as cities and wilderness areas. Thus~ so· GW oou1d probably be • 
developed primarily in Class 5 and Class 6 areas, which means that they · wi;ll operate with 
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relatively high capacity-factors and low costs of energy. (The Draft T~ology Cha~acteriz~ti<?ns • • • 
indicate that capacity factors will be 45% in Class 6 regions and 35o/o_m. .Class 4 regions by 2005.) ·· 

... • .· ,' . -~ . . . . ·' . . . 
' , '\ • •• !.~ • \ '"· : 

This analysis d~ not take ~to account the fact that wind-g~erated electricity will pr~bably face 
at least a partial price discoun~g because wind power is not fully predictable. At this time, the ' 
level of this discounting is simply not known. To date, with lo~ levels of penetration · into grid­
connected generation, intermittency has not been an issue. Th~re 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 Continen~ Power Exchange during peak hours generally vary only by 
about 2 cents/kWh (Continental Power Exchange, 1997). This implies that price variations between . 
different generation sources cannot vary by more than that, and it is likely that the difference will . 

· be much smaller under full competition. • ·' • • • • 
- ' 

In s~, analyses indicate· that total" wind power capacity in 2010 could range from as low as S 
GW, based en 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 emissions. 
Given these results, it is probably reasonable to estimate that additional wind capacity will be 8-23 
GW in 2010. This translates into electricity contributions of 28-81 TWh, resulting in reductions of 
carbon emissions of 6-20 MtC relative to the BAU forecast for 2010. 

7 .3.1.3 Increasing Generation and ·capacity at Existing Hydropower Plants 

• Hydroelectric power currently supplies aboutl0% (78 GWfof the nation's electricity and constitutes 
84% of the nation's generation from renewables (EIA, 1996). Hydroelectric power plants produce ro . 

. greenhouse gas emissions during operation {DOE, 1994). In the 1940s, 40% of the country's electricity 
came from hydropower plants (Williams and Bateman, 1995). The adverse environmental affects of 
scme hydropower projects are .. row relatively _ well known ·(e.g., Mattice, • 1991), but significant _ 
progress is also being made in mitigating these problems _(Sale et al., 1991). • 

Hydroelectric ,power ~ - the energy of falling water . to generate electricity. Hydroelec_t~ic 
generation technologies for utility-scale applications are generally considered to be mature, with 
turbine efficiencies typically in the 75%-85% range (OTA, 1995). There are three types of 
hydropower facility: 

1: Most hydropower plants use dams to raise the water level, which increases the water's • 
potential energy, and allows for -regulation of the water availability. Conventional • • 
hydropower (with reservoir storage) can provide baseload, intermediate, or pealcing • 
power, depending on the availability of water and project design (OTA, 1995).· • 

2. .Run-of-river systems do not ~ large dams or storage ~eseivo~. Instead, smaller 
diversion structures are used to channel some of the water through a canal or penstock to _, 
. a powerhouse, · after which the water is returned to the river. Run-of-river syst~ .. , r •. , , 
avoid some of the costs and environmental impacts associated with large hydro . • . ,-._. • -. • 
facilities. • • 

- • . 

3. Pumped storage projects use off-peak electricity (usually from a baseload power plant) 

7.20 

to pump water to an upper reservoir; this water IS later ~leased to flow through a • 
generator during periods of peak demand. Such plants are net c:xmumel'S of energy. ~ 
Although pumped storage is not a renewable energy ~echnology, it can result in . a net . 
reduction in greenhouse gas emissions when the fuel providing electricity for pumping · . 
has a lower aubon: content than the fuel being displaced by the pumped storage .. ·· 

•• generati_on {DOE, 1994). · ·.·_ .: _. :·· • · -' · ·,. :·, , •. • .. • • • .. \ 
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The main ~enge for hydropower in recent yean has ~ the growing_ aum, over its local 
environmental impact. By damming rivers to create storage reservoirs,_ hydro facilities can have an 
adverse eff~ on terrestrial . and aquatic ecosystems. Wildlife . habitats can become inundated. Fish · 
migration routes can be cut _off, and fish can ~e in the generating turbines or because the downstream 
water quality and habitat are changed. Plants that p,w 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 erQSion 
downstream. • • • 

Regulatory measures - s~ch as the licensing of non.;federal hydi'opower projects and the Endangered 
Species Act - are reducing the • environmerttal impact of hydropower projects, but they are • also • 
reducing total electricity producticin from this energy source. Betweert 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 environmerttal 
constraints on operation. •• • 

Under the HE/LC scenario, and assuming a sustained regulatory reinverttion effort betweert raw and 
the year 2010, inCerLtives could be in place to increase hydroelectric power gerteration in either of two 
ways. Neither of these opportunities involves the c:oostruction of hydropower plants at new sites. 
However, both will require continued R&D to improve the design of turbine systems and to minimize 
adverse environmerttal effects: • • 

. . 
• Increasing generation at existing hydropower plants. This option consists of modernizing and 

upgrading existing turbines and generators to increase their efficiency and/ or electrical output 
With enabling inCerltives, upgrading hydropower plants can result in energy production gains of 
5%-10%. Hydropower upgrades would also have -significant environmental benefits, because 

. new generating technologies offer improved fish passage, better water quality, and new 
opportunities for improvin, downstream aquatic habitats. • 

• Adding generating capacity at existing dams. A recent resource assessmertt identified 20 GW of 
undeveloped hydropower capacity at existing dams (Rinehart et al., 1997). About 36,000 GWh 
of new hydropower generation could be added by developing these sites betweert 1995 and 2010 

•• (Office of Conservation and Renewable Energy, 1990). 

Further expansion of hydropower capacity is possible, but unlikely until after 2010. The national 
hydropower resource assessmertt (Rinehart et al., 1997) has identified an additional 11 GW of 
environmerttally acceptable hydropower at undeveloped sites (those requiring the construction of 
new dams or diversions). These resources p:iay eventually be developed,· given more advantageous 
economics, regulatory reinvention, and/or technology improvemertts. Further development of 
efficient low-head generating technologi~ would ertcourage deplo~ertt at the many lo_w-head sites 
that are currerLtly unsuitable for hydropower a~ditions. 

Considering only the near~term options, and the fact that ·there may be some loss ~f hydrop~wer 
capacity due to relicensing issues and environmental mitigation regulations, net capacity additi~ns 
by 2010 .could be 10-16 GW, reducing emissions by 3-5 MtC. Additional carbon savings can be achieved 
after 2010 with continuing advancements in generating technologies and environmental mitigation 
techniques. _ • • 

7 .3.1.4 Landfill Gas 

When food scraps and other organic wastes in landfills d~ompose, they · produce methane.' Methane 
is a poterlt · greenhouse gas that is also the main ingredient of natural gas. A;ccording to the · 
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Intergovernmental Panel Cl\ Climate Change, each kilogram of methane is_ about 21 times more · 
effective at trapping radiation in the atmosphere than a kilogram of caibon dioxide. Landfills .are ._ 

• the largest source of anthropogenic methane emissions in the United States; they are responsible for · 
almost 40% of these emissiOI\5 each year (EPA, 1997) . • · : : ,:,:// ·:_,_ \J)-':/.,, :, .:> • __ · • 

. • • . . . . ' . ' . ' . • ' : · .. :·_;- ·· : _, ·_:;.::· ·\t.-\.f):)}~:.;>>; ... . - . . . ' 
New EPA regula~ons require operators to seal larger, dosed landfills with a special ?P, collect the 

. gas, and bum 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 fpr a variety of applications, incluc::ling 
generating electricity. ' • . . . . • ,_ .·· ·'.. • .·. • • ·.··_. ·:·. · • . •.• . . :·· 

. . . ,. ··•.• . I' 

. · -Today, about 165 landfills recover and utilize methane as a .fuel. Various es~tes (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, dean-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 dean-up technology. 

I • • • 

. By 2010, 0.2-0.5 quads of energy per year could be recovered from the methane in landfills and . · 
converted to electricity. Taking into aa:ount the difference in the radiative effects of methane and 
C~ this represents the equivalent of 25-53 MtC in reduced emissions {DOE, 1994). 

7 .3.1.5 • Other Renewable Power Technologies 

This section examines three more renewable electric technologies: photovoltaics (PV), geothermal . 
power, and solar thermal power. Figure 7.10 illustrates that the costs for these three technologies 
have also decreased sharply over the past 15 years. ~t is very likely that this trend will continue. 
While none of these technologies are expected to contribute as much electricity as biomass cofiring or ' 
wind po:wer by 2010,_ their role in 2010 electricity markets may be significant and growing . . 

Photovoltalc• 

Photovoltaics (PV) uses solar cells to generate electricity from sunlight without any emissions or 
moving parts. This technology has made substantial progress since its first successful application in, 
space. While PV power _costs are still significantly higher than the costs of other renewable 
technologies, sales of PV power systems have been.growing steadily, probably because of the many . 
unique advantages of PV. These include modularity (applications can range from solar calculators to 
power stations), widespread applicability (since adequate solar iesourc:es are widely availab_le), 
and ease of integration into the built environment (through incorporation • into building . facades, 
roofing materials, highway sound barriers, parking-lot structures, etc.). The most important · 
application of PV today is in stand-alone systems that provide power to remote water pumps or off­
grid residences, for example. Because approximately two billion people live in villages without . 
grid electricity, remote power represents a very large and important market for PV in developing • • 
countries. -

F~r grid-connected applications, one of the most promising trends in the . past few years is "building­
integrated" PV. Numerous buildings have been constructed~ primarily in Europe, Japan, and the 
United States - that incorporate PV panels in windows, awnings, or roofing materials. Thus, the PV 
pan~ls serve a dual function, which effectively lowers the . cost of their role as power generators. In 
these applications, the PV power directly displaces grid electricity at the end point of the delivery 

• system, where it has the greatest value. Another 'advantage of PV is that its peak pow~ output 
generally coincides with peak electricity demand, which further enhances its market valu~-

. , . ~ r ' ' • • • 
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Worldwide sales of PV power systems have ~ 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.Jii~ly 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 m June 26, 1997. Others 
include Japan's Sunshine Project, Gemulny's subsidy of up to 70% of PV _ system costs, and . 

, .Switzerland's PV Schools Program. · • • 

. I 

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 US. 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 lWh of electricity and reduce 
caibon emissions by 1-2 MtC. One impo~t addition to PV capacity will mne from the recently 
annoW\ced Million Roofs Initiative, which will result in 1~2 GW of new capacity. 

The market • trends for PV in 2010 are probably inore significant than its energy and carbon 
contributions. By 2010, PV energy prices will be substantially lower than ·they are today, and we 
will have had considerably more experience with the development and use of building-integrated 
PV products. In this context, the United States will be moving into a sitµation in which a significant 
and inaeasing fraction of construction includes PV generation capabilities. 

Geothermal E~ectrlclty 

Geothermal power technologies use the thermal energy from underground reservoirs of hot water or 
• steam to produce electricity. With higher temperature resources, the steam is used to drive a turbine 
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-generation 
technologies are considered fairly mature. The major challenge lies in locating and ·characterizing 
the size and longevity of specific geothermal reservoirs. 

Approximately 3 GW of geothermal capacity is installed in the United States today. While EIA · 
estimates that geothermal capacity will increase by only 0.2 GW by 2010 (EIA, 1996), OOE's recent 
Quality Metrics S~dy indicates that geothermal power capacicy •. will increase by 5.8 GW~ and 
electricity production will increase about 45 1Wh, in a BAU scenario (Office . of Energy Efficiency • 
and Renewable Energy, 1997). While a $SO/tonne 'cost of~ would improve the economks for 
geothermal, it is not expected to provide as much of a boost as it does for wind or biomass. It is 
p.robably reasonable to use the DOE estimate as the lower boundary, and project that total installed 
geothermal power capacity in 2010 W\der the HE/LC case will be 8-16 GW. The 6-14 GW increase in 
geothermal capacity over today's level would reduce carbon ~sions by 6-16 MtC. • 

Solar Thermal Electric Technology 

Solar thermal power technologies use mirrors to concentrate direct sunlight ooto a thermal receiver, 
thus creating · a high-temperature energy SOU1'a! that can be used with a heat engine to generate 
electricity. There are three types of solar thermal power systems: parabolic troughs, power towers, · 
and dish/ engine systems. Parabolic trough systems use large fields Qf linear parabolic reflectors, . 
each of which heats a fluid flowing through a receiver pipe located along the focal line of the . 
reflector. About 350 MW of these systems are operating· in California. A 10.MW demonstration of a 
solar thermal power-tower system, which uses large mirrors to direct • solar rays to a,. thermal . • 
receiyer atop a tower, is · also operating in California. The third technology uses individual 

• . • ✓ 
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parabolic dish reflectors to provide themial energy to a Stirling en~e ~ounted 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 wfil provide _ 
approximately 2 1Wh 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 estim~te of 0-2 GW capacity _ 
and o-6 1Wh electricity generation in . 2010 is probably reasonable. This would reduce carbon 
emissions about 0-1 MtC. - -_, -,. __ 

_ 7.3.2 The Long-Term Role of Renewablea 

As indicated at the beginning of this section, it is quite likely that renewable e,nergy technologies • 
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 cmsumptim coupled with lower carbon emissions. The only options are thus 
low-carbon energy supplies, such as nucl~ power or renewables, or the sequestration of carbon 
emissions from the use of fossil fuels. With the continwng. technological development and cost 
reductions of renewables, renewables may become preferred energy resources some time within the 
next me 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 International (Figure 7.14) (Royal Dutch/Shell Group of Companies, 1996). 

Figure 7.14 Sustained Growth Scenario from Shell lnteinational (Reproduced courtesy of Shell 
International Petroleum Company) 
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This subsection desaibes the future direction and likely ·accomplishments 'of continwn:g R&D. in 
renewables. This discussion should lend credence to the prediction that non-hydro renewables will 
make the transition from a minor to a major contributor to the world's electricity supplies. -. ,. • 
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Blom••• Power: • _.,' :·?:.11t 
The most important R&tD • areas for ·biomass pow~ are in gasificati~/ ~version systems. and in . j:~! 
feedstock production. Gasification involves converting the solid biomass feedstock material to a gas .. ,,~,, 
that is cleaned and then bumed in a combustim turbine or used in a combined-cycle plant. This ·,)};1 • 

technology is currently in the initial demonstration stage. of development · . • . . ' • • . -._ , :_;1:f 
; . 

The importance of this technology is that it can take advintage 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 efficient, cost-effective methods for cleaning 
the hot gases before they enter the turbine. _ • • • 

0,, the biomass production side, genetic research is likely to produce energy · crop species that • 
provide consistently higher biomass yields on an energy-content basis, thus providing a proportio~ 
reduction in biomass feedstock costs. Related research into new species • designed for better fuel 
production also looks promising in terms of significantly deaeasing biofuels • costs over time. _ 
Research into advanced agricultural methods will also lower feedstock production costs over time. 
Finally, the development of simpler feedstock handling and processing methods will also lead to 
· lower costs. Whole-tree . processing methods~ for example, which avoid the cost of chipping the 
wood before proces.,mg or use, could reduce the cost of harvesting and delivering the biomass to the 
power plant by about one-third (OTA, 1995). 

Taken together, improvements in biomass power conversion as well as feedstock production and 
processing could reduce the cost of electricity &om biomass to about 3-4 cents/kWh. This would.make 
biomass power very economical in comparison to other mainstream electricity sources. _As biomass 
power expands, most of it will employ dedicated feedstocks. In this context, biomass use will entail 

• low net carbon emissions.'These. net emissions primarily result from the combustion of fossil fuels in •. _ 
production and delivery, becaµse the auboo emitted during conversion will be reabsorbed as new • 
feedstock grows. Thus, biomass power can become a major contributor to reducing overall aubon 
emissions from electricity generation in the coming decades. 

Wind Power 

The technological and economic feasibility of wind power - both in the United States . and abroad 
- has already been well established, as the wind generation capacity curves in Figure 7.12 indica~. -
Nonetheless, major advances for wind power technology _in both the short-term and long-term are 
likely. These are predicted for the short-term . by OOE's cost and performance projections (Offic~ . of . 
Utility Technologies, 1997), as illustrated in Figure 7.13. 

Wind turbine design is the most critical R&D • area. In general terms, the research goals are to 
produce turbine designs that have half of the material content of today's turbines, at perhaps three- -· 
quarters of the material cost (to account for more expensive materials), but with higher efficiencies 
and longer lifetimes. Such ~~ign improvements will not only lower the cost of wind-generated 
electricity, ·_ .they will also make it economically practical to utilize the widespread, somewhat .. 
lower quality wind resources found in Class 4 wind regimes. Some of the critical research nef::ded to • 
achieve these goals includes continued empirical research into the air-~ine blade interface, 

• ·computational fluid dynamics modeling of that interaction, and fatigue . testing and structural .. 
modeling coupled with materials research. This . is all aimed ~t producing more efficient turbine 
blades that minimize material utilization while extending blade operating lifetimes. . • :, .. 
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Another important area of R&:D concems 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 c:hallenge will be th.e 

. integration of advanced components and controls into large-scale, utility-class hardware. • 
• •• • •: ~~-, ', ;' • /' • ,, , ' •. •· • / .•,:,, .,- •. • ., I ' • ,.•. ,. .., ' \ • ' • • • 

" • • ,• ' :',;_' ,,_. ,•.·,.l' !' 

• There is also considerable room for improvem~t in t\¢,ine manufacturing procesSes through process . • 
• development and ·automation, sine~ today's turbine blades are still largely built by hand. 

. f '. ~ • ' ~ '. • • . ·1 ' . . •. ' . . ., ' ,,'. • "••· •. - • • •' . . 

A fourth critical research area is that of wind prospecting and prediction. Wind regimes are • 
extremely site-specific, so even though wind resources have been broadly categorized. for the nation 
-and the world as a whole, the siting of ~dividual 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), }:lours (diurnal-variations), days (weather fronts), and months (seasonal variations). ..1, 

The best locations are those with strong, sustained winds having little turbulence. Finding such '-'i }i_l.:; === ~=::,~:i::..m;:;;~ (~~!:9~ ~~w::.:i;::, ~ : : }1!. 
enhance its value by enabling utilities to more reliably predict the power output from specific wind ·.·.· '· • ': ' .. • ;:: _.}ff, .. 
power plants. , • • • ' • '·. -· · ~:; . :;t 

Another important thrust for research is to.address siting issues. For ex~ple; the tops ~fridges are .· ~. 
often good wind sites, but such a visible location for a wind . farm can be a cause for cmcem when the , • 

. site is either close to a population center or in an area of particularly great scenic value. To date, 
there have been virtually ro studies to understand the local yalues associated with the visual . 
impact of wind systems relative to other energy technologi~ in the United States. Yet such analysis . 

. . could play a key role . in decisions about the adoption ·of .~- power. in specific . regions. Another 
environmental consideration affecting site selection is the potential risk to birds, particularly 
raptors, which • sometimes fly into the . rapidly tuming rotor blades. This, too, seems like _an issue 
that inay 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_birds a safe distance from moving 
turbine blades. / 

In summary, the research front for wind power technology is very broad. Achi~veinents are likely to • • • 
lead to widespread .adoption and application of this electric· power technology throughout the .... 
world, wherever resources are adequate, over the next few d~des. • , 

Geothermal Electrlclty • 

Both c:urrent geothermal power systems and advanced geothermal power technology concepts will ' 
benefit from continuing R&:r;>: • • • 

.• Today's geothermal power p~ts use the thermal energy from . hot water and st~ in 
hydrothermal reservoirs to generate electricity. · While the power conversion and drilling 
technologies related to these power plants are ~deied relatively mature, they will also benefit 

. from R&:D in heat ex~gers, hot fluid management systems, and new thermal coaversion cycles. 
These activities alone could result in .energy c:ost reductions of at • 1east • 20°/4 in the next few years 
(NREL estimates, 1997). • • 

., 

The most important R&:D area for :e~ventional geothermal tedmology is ~ exploration and 
characterization. The cos~ of geothermal electricity is highly dependent Cl\ ~ characteristics 
such as temperature, depth, sustainable extraction rate, -fluid chemistry, and· ease of drilling. By . 
2020, improvements in drilling technology, advanced seismic data · gathering; and better computer -... 
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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, 1991). • • • -

. . . . ' 

In the Jong t~ geoth:~ power p~ts couJd make use of ,hot dry ~ resource5 - 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 uriderground, where it is heated. • Although the 
engineering feasibility of extracting ·energy &om hot dry rock · has already been demonstrated • 
(Secretary of Energy Advisory Board, 1995), further R&tD is necessary to · make the • technology 
commercially viable. With success in that endeavor, the potential. for geothermal power would be 

·· vastly expanded becaJ,ISe h~t ~ rock res~urces are widely av~le~ 

Photovoltaic Power Systems 

Although · PV power ~ology. has already · experienced major ·gains in both performance and . 
eaxumucs 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 en basic photovoltaic materials, development of high-efficiency PV cells and ·_ . 
modules, development of better PV power products, lower cost manufacturing ~, and· 
improvements in the vario~ components of PV systems. • 

• A good example of the potential of PV R&D is found by comparing the module efficiencies of current 
commercial PV modules with the efficiencies of individual solar c~. For crystalline silicon PV 

• 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%. • 
For thin-film PV technology, which includes amorphous silicon, copper indium diselenide, and 
cadmium telluride modules, current module efficiencies are · generally well under 10%, but cell 
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 
research tools that are being applied include computer 'modeling of various semiconductor materials 
and atomic-level engineering of new devices to better understand their photovoltaic and electronic 
properties.· • 
.. 

Looking ahead, we find that significantly greater efficiencies are possible. For exampl~, multi­
junction cells have been tested with efficiencies above 30%. At this time, these are ·$mall, . 
laboratory-scale devices whose initial application is expected to be with concentrators, in which 
the cost of, the cell is significantly off,et by the increased solar energy captured by the optical 
concentrator. Howe_ver, in a decade or two, it is certainly conceivable ~at low-cost processes for 
making similar high-efficiency multi-junction devices will have been developed, which will make . 
it possible to use them in conventional. flat-plate PV modules. • • 

• In the area of _manufacturing processes, considerable effort is being made to perfect processes that_ 
provide uniform, high-quality materials for the thin-film technologies. The fruits of these efforts 
are likely to be realized in.the next few years as a number of firms construct fairly large (5-20 MW 
per year) manufacturing plants based· on the results of process research and development. 

.. 
•··-''--

·/. 

.: ' , . 
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There is ·still \ considerable progress to be ~de · in the development of PV. power products. For'·. ·.·:}i; 

=~~~o~6f~~:~ ~~~~till~ u;:=al::uc:e:sr:: !;k~rs:~ _. _._ •. ,_. :, __ :;_._,_·_~_ .. :.:_'.;~:~".:.~:'._:_-.~._-.· 
lanterns, and battery chargers) are becoming more available, but the commertjal PV industry is still · -;; 

· a long way from making it as easy ·to puichase a residential PV system as it is to buy a refrigerator. . ' .. )iJi 
The development of products that are readily applied to such individual needs will ·have an .•. ;,i_ • 

• • -•~ 
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• importartt effect on PV electricity costs because it will increase _the volume of sales. A particularly · ' .•••• '.·,"!-f:,. 
important set of PV products is likely to be PV compooents for building .shells. These include . • . f . .:-,·f 
windows; wall materials,~ awnings, and roofing materials that · incorp9rate PV and are as readily ·'. 
installed as the components they repiace in today's building industzy~ A reasonable long-term target . 
is to have a large &action of new construction incorporate such building-integrated PV products. . ~-- • 
• \ ~ .· • -~--- ;' ·:•·· ··:·.'.:··.-:··\ •. _-. ' - :..___ . . ·-." '. . ,... . . ,• . .,,., . • . . . • • • 
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Finally, we will · continue to see improvements in the balance-of-system_ a,mpments of .PV systems . • -. 
Examples include power.,conditioners and controllers, which serve ·as ·the electrical operating and .• 
interface system for integrating ·py power modules with the load 'and/or the power grid. These · 
mnpcments will continue to improve ,as well 8:5 benefit from developments in power el~onics. : . :.:. ·/ 
_Greater system integration is also lilcely~ simplifying overall systeu_l deslgn A good example is the . '· • . :. ~· .Jz 

• development of PV modules that incorporate dc-to-ac inverters, an activity that is currently ~ · •• :. · ·.;.~ " -: 
• way. • • • • ·.·:,,1%1 

.. · , -_ -__ }~Xf 
In summary, PV technology will benefit from major R&D advances for many years to come, and these - - ,,•,; .. 
advances will significantly improve the ecoooaucs of PV power. Amcrtg the implications of these : • · ~/-
advances, it is likely that PV power systems will ·reach prices of $3000/kW by 2010, which is less -, : .;.,;~1~ . 
than half the ~t average price. F~er price reductions will no doubt occur beyond that • _ ., , ,-~1-

Solar Thermal Elttctrlclty •. • ••• ·'·/~:t 
~ \ .,.,fij 

Solar the~ ·technologies will benefit ~om R&D in a broad range of areas . . For examp,le, successful : : • •• • ·:\~:' 
development of durable silver/polymer reflectors will reduce reflector costs by 25%.to _SOo/o for all _- \_:s~i 
three technologi~, redutjng system costs by 10% to 20%; Improved reflectors and receivers will als~ 1 • • , ¥,'/,< 
allow higher operating temperatures and thus higher solar-to-electric conversion efficiencies. • • ·:;if 
Technology advances fo~ Stirling e11gines will directly benefit dish/engine systems; ooe of the most • -• :.,_:;ii!WJ.-
important areas is the extension of opera~g lifetimes between overhauls. The development 'and -. , '~-
application: of hybrid solar/natural gas systems will .be particularly important for power tow~ and • _-. )A~ 
parabolic trough technologies. These will make it possible to provide dispatchable power and to use -
comb~ed-cycle technology, as well as smaller solar fields without being penalized !>Y sm~er steam • 
turbines, which tend to be less efficient ' 

• By 2020, we are likely to see power-~wer conversion efficiencies around 30%, compared with 'about . 
15% today, and dish/ engine conversion efficiencies of about 35%, up from about 25°/4 in current . . -, • 
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 mainsb;eam power technologies in areas with :-· _: 
good solar resou:tc~ ~ughout the United States and the rest of the world. ·- _ . 

. 7.4 EFFICIENCY IMPROVEMENTS IN GENERATION AND TRANSMISSION & 
DISTRIBUTION 

Lowe~g the heat rates ~f fossil-fueled generation results in greater efficiency (i.e.~ 1~ fuel bumed :.: 
per electricity generated) and lower carbon emissions. OTA (1991, p. 320), f'!r instance, su~ that ·· 
improved maintenance could reduce heat rates by 5%, resulting in a reduction of 22 million tonnes of _ • 
_carbon emissions by the year 2000. OTA includes this measure in their "moderate" scenario,. viewing •• 
-it as either a low-cost or a no-cost measure. The rate of improvement assumed by or A is consistent 
with a power plant performance monitoring and improvement project conducted by the Electric Power -
Research Institute (1986; 1989). Hirst arid ~ (1997) also nqte th~ value of cutting heat rates for . 
fossil-fuel power plants, as a carbon reduction option:. No efficiency improvements to existing fossil 
plants are assumed in the 1997 Annual Energy Outlook's ref~ case (Schouberlein, 1997)._.' ' . _ • • 

• • , t . ' . .. .... ·, ~-- . • 
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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). ~ 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 . . • t ?'. . . 
system.:.wide heat · rate, the Southern Company was _able to increase its reliability £nm 88% (in .•. • • ,/!,{ 
1982) to 96% (in .1994) (Southern Electric International, 1996), and was able to inaease its • • • ~cf 
availability to approximately 86%. The current availability . 9f,U.S. fossil-fired power plants is . ; ~;t 
ctpproximately 81 %~ • . • .. ·i_'.·~-

,.,,Ji. 
i .-: .,: 

These heat rate 'andal' avedailabsilityb improv/. ements to the Southern Company's electric system have • , '.}.,f.L_,_:.·:: 
provided benefits v u . at 1.1 fi!ion year. One of the ~est benefits to the Southern Company • . . 
has been from the deferral of 6,000 MW of new cap-.oty. The cost of these heat rate and reliability . : . • ,:·~~--

.· ·===:!~!:'ti~=~~ c:r.~~:~ a;~o=~~; ::::;n~y::t ;!: . :_.,_:_(_,_:_:··.'.:'·:_~._.~ .•.. ~-•-:~.:,_~.:_~i~.•.:_:_·: 
improvement training program, creation of a plant heat rate review board and a system heat rat.e • ::~~ 
technical network, assignment of ari efficien9' eng4,eer .at each plant, instituting a program of heat • . ,-,.,;li 
rate monitoring, and investing in design upgrades (Siegel, 1997)'. • • . •. ')lif 

.- . • '1 ... :, , :.; _ 

The Southern Company's experience is consistent with the OTA and EPRI estimate that a 5% heat 
rate improvement is technically feasible a~ a low cost or at ro cost Such an improvement would 
result in a concomitant reduction of 5% in the carbon emissions of the utility sectQr.' •. Based en 
Chapter 6's HE/LC case (Table 6.4), the electricity 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~ MtC) of the carbon produced by the electricity sector. A 5% 
reduction would represent 20 Mt of caibon emissions. Assuming that 35-65% of this total is feasible, 
a realistic estimate of the potential reduction is 7-13 MtC.- . 

• Improving the efficiency of transmission and distribution (T&D) systems is another supply-side 
option available to utilities . . As with generation, T&D improvements can include ·both capital 
investments (for example, new· transformers and conductors) and improved operations. Because T&D 
losses account for only about 7% of total generation, the opportunities to reduce C~ emissions 
through such mechanisms are limited. . However, they could nonetheless be cost-effective. ' 
Improving T&D efficiency by 10% would cut emissions by almost 1% (Hirst ~d Baxter, 1997). 

7.5 NUCLEAR PLANT LIFE EXTENSION 

In both the AE097 reference case and the restructured case described in Chapter 6, nuclear plants are • 
projectec:J to lose market share in the national mix of electricity generation. Similar trends are . 
forecast worldwide, with the forecaste4 decline in nuclear power in Europe being particularly large 
(South, et al, 1997). · • • • • • 

,. , 
'• . 

. ,- ,· 

In the U.S., the nuclear power capacity of 99.2 gigawatts that ~ted _in 1995 is p~ to drop to . . :>~f 
88.9 gigawatts in both the AF.097 reference case and the restructured case in 2010. This drop i~ '- ... ~?,-.' , 

primarily the result' of the retirement of 17 plants whose licenses expire between 1999 and 2010. The _ _ -. >)~-. 
mmbined capacity of these 17 plants . is 11.5 gigawatts. The" average capacity facto~ of the .. _. :' .. :.\::/·,"''''" . 
remaining plants ranges .. fmJ\.7~79,% throµghout the forecast, deviating little from the current ·; . ' ' ':J 
capacityfactorof .11%.~{~~,,,.1.> ·' . . •. .· '. : : • •. • • • .. ·._: ,•·:., . ·:.:.: :, ,·,c 1t('/;\i· .. ,· 

' ·.,. ,:~: , • , •• --·.-:, .::Qw 
,·.>:ft· 

,,.',i;''/" 
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No additional nuclear units are actively under construction in the U.S. 'Iberefore, ro new planned < , : ~ ',.·' . ::·:.t 
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 (I few plants have also recently . . . ' '!-. 
closed • : • ,_:· • : "· ·• '., t ":. ::_ .. , ,. _ \ ••• /i;){t{'.~·:Jtt(·c>;'~· \ · ·: •. -,,\ , , • , 
Nuclear power is a carbon-free source of electricity.· Retaining as ~uch as possible _of its current • 

. power generation would therefore be an important aubon mitigation strategy · in an economy where • 
carbon emissions bear a charge of $50 per tonne, as in the HE/LC scenario. ·. , • •. 

, • .1 - i ~. . . , . ' . . ·. \,: .... I. : " • ... • . _-: : . . ., ;' :: .,· ..... ··•.._·. ;,_ 

• AE097 defines a "high nuclear case" which as~umes that every 'nU:clear plant, ~~~rating in 1996 h;s • .· .. • • 
an additional 10 years of operation, as long as their operating costs ~o 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 arid 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 refeience case) to 99.1 gigawatts . (in the "high ·. 
nuclear case"). Based m 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, compared to 
the reference case. • • · · ' ·· · ' •. • · • • • 

·: .•• 
. ' .. ' ' .. .-.~ . . 

According to EIA's "high n~ciear case," 12 Mt of carbon would -~ off~t by .this additio~al carbon- . 
free source of electricity. Using the capacity m the ·margin in the HE/LC case (with c:ubon 
emissions ayeraging 160 tonnes/GWh), we estimate that ~e carbon reductions from this additional 
nuclear resource drop to 11 MtC. A range of 4-7 MtC ~&om 35-65% of this potential) would appear to . 
be a more realistic forecast for the HE/LC scenario. This ·range recognius that • it will not be 
economical or politically feasible to extend the operation of nuclear power plants with licenses that 
expire by th~ year 2010. • . . . . . . . . ·. • • 

The AECYJ7 refe~ce case forecasts that nuclear capacity in the U.S. will declli\e at an increasing • 
pace after 2010, decreasing from 88.9 giga~atts in 2010 to 62.7 gigawat_ts 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 &om 62.7 gigawatts (in the reference case) to 94.7 gigawatts (in . 
the "high nuclear case"), Thus, the magnitude of carbon offsets offe~ by this strategy becomes ; • • . . . • 
quite significant after 2010. ' .: : .:; ., . . • :.. '. ~:· • • • ' . ~'- .. . 

' .: ~ .'.;. 

I•:,\'.'... 

Figure 7.15 illustrates the accele~ated 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 • • ·-2~~;· 
beyond 2020 (Nuclear Regulatory Commission, 1996). -An effort to maintain the viability , of this ' . ,:• : .' )It 
capacity could result in a very Jarge contribution to carbon reductions over.the next quarter century. ·, • , . 

. '' . ... :. 
, . I ,: ._. . ,,,, ., .: ' . ; " ' _·. :,·:{i~i: . 

. AECYJ7 does not estimate ·the cost of its .,high riuclw case," although it acknowledges that the .? . . , , .. <;:?~~, 

=~a~:d~ti=~::i~~~=~e~;::i° =~:er;!~ °!A4_?;!~~~t= t:~e~:~~.· • • .</i . 
option involves either low costs or saves money. Understanding the effects of aging in order to better • • • • •• • .,,.:.:ii'4: 
manage the aging nuclear infrastructure is an important R&D topic. Pressure vessel embrittlement ·:.: :; . \L';;e··ft­
and the degradation of cables, pumps, and:valves ·can be better managed by advances .in materials •===· ~!fflc 
plants, thereby _enabling.their operatiOI\ to exten,d ~ron~ ;~e -~tial ~~e~,~~in~-~~- ,::;····, __ : _, · .• ··:_:·/: ::\~:j~ •. 

•--•:I>\ • •• 

• : ;{:}i'.~i' 
.:.·. :1 ~··. 1;.~ ·: 
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7.6 ADVANCED COAL tECHNOLOGIES 

To test the possible effects m carbon emissions of other advanced fossiJ.fired electricity generation 
technologies, we replaced the advanced technologies used 'by EIA with estimat~ from OOE's Office • 
of FossU Energy (see Table. 7.6). These esiim;ates changed the construction costs and heat rates for 
advanced combustim turbines, combined~cle units, ,and co~ _units. ORCED did not select the 
advanced coal unit with either the EIA er the Fossil Energy estimates of ~ unit's costs and · 
operating characteristics; in both cases, its initial cost was too high to warrant inclusio,n in the 
generation mix. The only significant change to ocx:ur was the replacement of the most advanced 
combustion turbine as specified by EIA with an older combined cycle urul The net effect of this 
change on carbon emissions was negligible. • 

This limited analysis suggests that between row and the year 2010, highly efficient {i.e., a heat' 
• rate of about 7000 Btu/kWh) but expensive (i.e., a cost of over $1000/kW) advanced coal units cannot 

compete economically with either the generation mix that remains from the 1990s or·with gas-fired • 
combined<ycle units. . • • .J . , "';'.~·fl: . ,;-\.," 

•.. •., ... ; •.::})~ 
• ··i: : .:\,_;:. 

·• :.:?j;f ~,~t· 
., 
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•• I : • • Table 7.6 B~-~ Technologies Compared to Advanced Technologies (costs in 1995$) 

• Original 
I • 

': :· .. • 

• Adyanc;ed Gas Combined Cycle 
Year of construction ,.:. 
Capital Cost, $/kW • · •• 

• Heat Rate ~- ~ 
Fixed O&M, $/kW-yr .: 
Variable O&M, .«/kWh . 

j . . • . 

Advanced Gas~ Turbine 
Year of construction 
Capital Cost, $/kW 
Heat Rate • 
Fixed O&M, $/kW-yr • 
Variable O&M, «/kWh . 

Advanced Coal 
Year of construction 
Capital Cost, $/kW 
Heat Rate 

.• 

Fixed O&M, $/kW-yr __ 
Variable O&M, t/kWh 

7.7 SUMMARY 

2005 
410, 
6284 
27 

0.05 

2002 
339 

10673 
11.9 

0.010 

· 2006 
. 1340 
9600 
34 . 

0.25 

Alternative ·~-- Original Alternative 

. , ... , 

2005 . 
. 525 .• 
5688 
16 

. 0.015 

2005 2008 . • • 2010 
400 374 . 364 
8699 7793 8533 
17.6 16.9 . 17.6 

0.012 0.05 0.012 

2005 
1050 
7064 

26 • 
0.2 

Table 7.7 summarizes the potential reductions in carbon emissions 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 incentive of approximately . ' 

· $SO/tonne. The total carbon reductions from the options shown in Table 7.7 range from 80 to 117 MtC 
by the year 2010. Additional carbon reductions may result from landfill gas recovery, photovoltaics, • 
geothermal, and solar thermal resources. • • 

The analysis of renewable energy potential over the next quarter centwy ~dicates that with . ~ 
vigorous · and sustained program of _research; development, and deployment, renewable energy .·· ·.' 
technologies could be providing a greater and rapidly growing contribution to electricity generation · 
by the year 2020. The potential contributions of carbon sequestration, advanced coal technology, and • • . 
nuclear power were not explored in this ~ . . . .. _. . • 

• •• ,> .,/ .•• • :--:1::,tj,;;:~1;::<:<l:},< ,_f : ,' : : 

.', , 

.• . l 

:t 
· ·(>,· 

··~ 
·: 

., '. ,·· .... ·{·_.:/ .. 
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Table 7.7 Carbon Reduction Potential of Selected Electridty Supply Technol~ Options in the 
HFJLC Scenario with Carbon Permit Price of $SO/tonne 

Converting coal-based power plants to natural gas 
Cofiring coai with biomass 

Wind 
Hydropower. 
Efficiency Improvements 
Extending the life of existing nuclear plants 

Total 
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ENDNOTES. 

1 Other approaches include (1) repowering with an aqvanced coal technology (integrated coal 
gasification combined cycle (IGCC), or pressurized fluidized bed combustim (PFBC)) or (2) plant 
performance (efficiency) improvements through various management and technicai adjustments. 
With both of these "oth~r" repowering options, the cmbor) emissions reduction potential is not as 
great as with NGCC due to (1) the magnitude of efficiency ~provement and (2) the carbon (together 
with sulfur and nitrogen) 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: 225 gigawatts (GW) of capacity identified by EIA in AF.097 to be 
uneconomjc 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 cne thousand cubic feet (MCF) of naturctl gas. One 
trillion cubic feet of natural gas is abbreviated as TCF. • 
4 This estimate · of gas transmission cost may be high, since it may overestimate the ammmt of 
interstate and intrastate pipeline that is needed to serve the repowered capacity. Alternatively, 
since the costs are averaged over · all candidate plants based en _gas volume delivered to the 
repowered site, it may approximate the disec:onomies of sca1e· that _ might arise in expanding ._-<. 
compression or building new pipeline to serve only a limited amount of repowered capacity. , • 

' A constant 1995 gas/coal price differential ~ that (1) end-use energy efficiency has an 
offsetting effect en increased utility gas consumption and/or (2) extraction/production costs .for 
natural gas decline at the same rate as the increase in demand. • 
6 The gas/coal price differential of $0.72/MBtu represents the 1995 value as reported by EIA in its 
Annual Energy Outlook (AF.097). 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 • 
AE097. 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 Repowering" is equivalent to the "no additional transmission cost" case. 
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CLEAN TECHNOLOGY CAN ACHIEVE 
SIGNIFICANT GREENHOUSE GAS REDUCTIONS 

Peer-Reviewed Energy Study: What's Good/or Environment is Good/or Economy 

National investment in energy-efficiency and clean e~ergy technologies can reduce U.S. 
emissions of global wanning gases and produce energy savings trust roughly equal or exceed the 
costs to implement th~ Energy Department exp01ts predict. A study conducted by five 
Depanmem of Energy laboratories and peer-reviewed by industry and academic experts 
demonstrates that the United States could hold down the cons of meeting climate change goals 
through technological solutions such as advanced natural iiS turbines, biomass and biofuels, and 
energy-saving appliances. Overall. the study concludes that progress in reducing greenhouse gas 
emissions can be achieved without increasing the nation's energy bill. Many consumers and 
businesses could actually save money through reduced energy use and lower overall energy bills. 

"This analysis shows that what's good for the environment also-can be good for the 
economy," said Energy Secretary Federico Pena. "Technology can and must play an important 
role in addressing climate change. President Clinton's commitment to make technology a 
cornerstone for reducing grecnhouae pa emissions is right on target. From the Partnership for a 
New Generation of Vehicles that's creating the mper-efficient car of the future to expanded use 
of -renewable energy sources, we are demonstrating that technology will save energy and protect 
the environment.'' • 

Current projections suggest that a carbon emissions reduction of390 million metric tons 
(MMT) would be required to reduce U.S. emissions in 2010 to 1990 levels. The study models a 
scenario that combines a vigorous national technology program with & domestic system of 
carbon trading to achieve the reduction. The study 00ncludes that such an approach could reduce 

' emissions by up to 390 MMT. The analysis does not.consider international emissions trading 
and joint implementation that would loweT the cost of meeting-any emissions reductions. 
Moreover, the study is not a full macroeconomic analysis. 

This study estimated the potential costs of the reductions at $50 to $90 billion per year. 
Costs in the study include incremental investments to deploy ~ean energy or energy efficient 
technologies by consumers and industry as well as those associated with. hypothetical ·increases 
in energy prices. In addition, Energy Department expens reviewed energy cost savings .resulting 
from the use of these technologies; these estimated savings through 2010 ~otal $70 to $90 billion 
per year. This indicates that the clean energy investments could produce energy cost savings 
roughly equal to or greater than the costs of implementation, on a. life-cycle basis. 
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The 11bottoms-up" approach in the study examines 200 specific technologies in four 
major sectors of the economy-- buildings~ industry.transportation and electric utilities - and 
analyzes the possible advances in each sector. For the buildings, industry and transportation 

. sectors, the study analyzes the impacts of end-use energy-efficiency improvements and low­
carbon technologies on ca(bon emissions. Toe· utility ·sector ·ana1ysis estimates the impacts of 
cl~ energy activities, such as incrcascd use of natural gas and renewable energy. While no one 
measure can address the entire problem, technologies already in development co.uld contribute 
substantially to the I"eductions. For example: 

Transportation: The Partnership for a-New Genemion of Vehicles is developing 
advanced automobiles that will be three times more fuel-efficient than today's vehicles 
but still safe and affordable. In the biofuels area, cellulosic ethanol, a promising biofuel 
made from agricultural and forestry wastes, produces no net carbon emissions; the 
Energy Department projects cutting the cost of ethanol to under 70 cents/gallon by 2010. 

• Buildio1s: The study projects promising carbon reductions from energy-efficient 
appliances supponcd by the Energy Department, induding a 1 kilowatt-hour/day 
retiigeratoI" and advancecl'lighting. Advanced fuel cells powered by natural gas will 
produce electricity and provide heating at 80-percent efficiency, while lowering the 
current cost of power. 

• Utilities: Wind turbines are expected to produce power at less than 3 cents/kilowatt-hour 
by 2010. Biomass co-firing with coal at some plants could produce significant emissions 
reductions. 

• Industry: Advanced turbines are expected to a~hi~c 80 percent system efficiency, 
producing electricity and :;team in indU3trial plant:s at less than today's costs. Advanced 
motor systems and 0lean industrial technologies can cut emissions and costs while 
increasing pI"oductivity. 

The Department of Energy's Oak Ridge and Lawrence Berkeley National Laboratories 
led the comprehensive one-year analysis, with contn'butions by the National Renewable Energy 
Laboratory and Pacific Northwest and Argonne National Laboratories. The findings, which 
were reviewed extensively by represen~atives from industry and academia, are consistent with 
those of two previous studies. Those studies, released by the National Academy of Sciences and 
Office of Technology Assessmcot in 1991, also concluded that technology could play a 
prominent role~ reducing U.S. greenhouse gas emissions. 

To request a sunmµuy or full copy of the study. titled Scenarios of U.S. Carbon 
hductions: Powitial Impacts of E11ergy-EJJiciency.and Low-Carbon Technologies by 20H) 
and Beyond, m~ia can call the Department of Energy Press Office at 202/586-5806; others can 
call Public Inquiries at202./586-5575. 
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EXECUTIVE SUMMARY 

This report pzmenb the taults of a study a:iacluca!d by five U.S. Department of Energy national 
laboratories that ~ the potimtial for em:rgy~t md low-arban t:ealJ101ogia to reauc,e 
c:amon emisaiana in the United Stat...1 The study doamwnts in clatail how four by sectoo of the eammny 
- buildings, transportation, industry, and electric utilities - c:ould iespc:md to diiedled J>l<>&i,AiiW 1111d 
polida·to expand adoption of mergy-effidency and Jaw-caman technologies, an~ in the relative 
plb of~~ by S2:S or S50/tomw (e.g., as a result of a cap m ~ cmbcl\ emilliClnl mi a 
market for carbon •pcnuts"), and an agsnuive p,ogrm, of tarpt:,eci ~ aa'd dcvdopment. Current 
projectjam suggmt that a. cad:ul mdssitn zeduc:tian of 390 million metric tms per year (MtC/yur) is 
-required to stabilit.e US. tmliMiON in ~o at 1990 Javils. 

The study, which has been peer-nviewed by induaay and academic expe:ts, mes a technology-by­
technology IIMlmMlnl as_ well a, an ~ modeling approach. It chaws upc:11 a wide 
variety o1 tedmology cost wl pc:tonnance i.nfotmation to assess potential impacts. Analysis of the 

• bwldinp, ind'llltry, and. t:rmsportation l9CCtOla quantifia the impacts of 'ad-use enc:gy-effidmcy 
improW'.malts m C3lbml en:wssion1. The utility w:tor analysis estimatas the impacts . oi thoM 
improvmw:nts m utility c:atbon emisaim.s, and quantifies additional emissions reductians through 
ccnwnim o1 a mmbfr of coal pow. plants to natu,ra1 gu, dispatching of the utility gm with S2S and 
$50/tmme c.uban permit piaa, the accelerated u. ui biomass mflrmg and wind energy, and ot!ler low-

• carbon ei.ctridty supply opti.oau. Pinally, a nnnbw of otlwr pmmising low~ technologies are 
exammed 1D detmmine ttlm potmtial for redudng emissiam ~ the end-use sec:ton, illdwlinc advanced gas 
tudrines in in4ustry, transportation biofuell, and fual cells .in buildings. 

lbne overuddng ~ amge f.rcm ~ analysis of altemative c:mban soenari01. First, a vigomus 
national caamwment to develop and deploy ena:gy1£fident and low-catbon tedmologies has the 
potential ID l'el5train the growth In U.S. energy CDlllmlpdDrl and auban emi1SicX1s such that levels in 2010 
ml! clote to thON in 1997 (for anargy) arid 1990 (£or cubon). We analyze a cue in which eneigy efficialc:y 
can~ c:azbcm tanissions by 120 MtC/year by 2010. We analyze a NCmd case. with policies that 
promote adoption of energy-effident and low~ tec:hnologia and a $25/torme carbon per.mit price, 
with emission reduaioN of 230 Mte/year in 2010. Unda' a $SO/tonne cmban permit price and aggresive 
policies, 2010 anissimw cowd be cut by al)ogt 390 MtC/year. The analysis abo isuggat, that substantial 
additional savings are available if pamit pric:as were to begin to rise above t:h@$.50/tmme level 

The MCClNi coaclu,icn ia that, if feasible ways are bmd m implcnent the c:adxln red:uctimw u desc:ribecl 
above, .all the cua (with reductions varyin& betwnn 1.20 and 390 MtC/year by 2010) can ~ energy 
savings that are roughly equaho or exceed COlb.2 Thi ~ .includes only technologies estimated tr., be 
cost-effective under 2010 energy prices (with a 525/tmme IU\d $50/tcnle • cazban pe:anit price for the 
re.,pectivc c:ua); it baa not. however, analyzed specific policia tu adueve the cues, identified the 

. political feasibility of policies, or_ deteribed a pathway ID adrlave ~ cases. 

The thitd condU$10I\ is that a next gawratian of~ ~ low-c:azbon technologi&, p1'0.tllises to 
enable the continuation ol an agressive Pa£:e ol mbor\ ieductions over the next quarm ~- This 
report~ a wide uray of advancad technology options that aJuld be c:ost-competitive by the year 
2020, assuming a 'Vigorous and sustained ptogram of~ R&[)begiming IIOW and extending beyond 2010. . . 

1 n. five uaional ~ panicipuioj in Iba .cud)' wcro; ArgoADO National Labcmltm)' (ANL), La~ Bcmky 
Nadoul Labora1arY (LBNL}. NMioaal Rcucwab1e Eacru Labonrary <NREL). OakrRidae National LlborlbXy (ORNL). 
and-Pacific Nonbwat National Labonuory (PNNL). LBNL ad ORNL wens the co-leaden of lb& effon. . 
2 Hen, wo eouoi as t,enenrs oaly Ibo energy saviup 10 die aadon. We bave not crcclla:d rmuccd CO2 emissions or otbcr 
~ t,eaciias. COlb iDoludo Ibo~ ~logy c:oatplua u ~ cstimam oftbc cosa. of~gAIII ad 
policy implementation. • 
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NEWS MEDIA €0NTA:€'f: FOR IMMEDIATE RELEASE 
September 25, 1997 Amber Jones, 202/S86•5806 

CLEAN TECHNOLOGY CAN ACHIEVE 
SIGNIFICANT GREENHOUSE GAS REDUCTIONS 

' 
Peer-Reviewed Energy Study: What's Good/or Environment is Good/or Economy 

National investment in energy-efficiency and clean energy technologies can reduce U.S. 
emissions of global wanning gases and produce energy savings that roughly equal or exceed the 
costs to implement them; Energy Department experts predict. A study conducted by five 
Departmem of Energy laboratories and peer-reviewed by industry and academic experts 
demonstrates that the United States could hold down the co!ts of meeting climate change goals 
through technological solutions such as advanced natural gas turbines, biomass and biofuel$, and 
energy-saving appliances. Overall. the study concludes that progress in reducing greenhouse gas 
emissions can be achieved without increasing the nation's energy bill. Many consumers and 
businesses could actually save money through reduced energy use and lower overall energy bills. 

"This analysis shows that what's good for the environment also-can be good for the 
economy," said Energy Secretary Federico Pena. "Technology can and must play an important 
role in addressing climate change. President Clinton's commitment to make technology a 
cornerstone for reducing greenhouse ps emission$ is right on target. From the Partnership for a 
New Generation of Vehicles that's creating the super-efficient car of the future to expanded use 
of .renewable energy sources, we are demonstrating that technology will save energy and protect 
the environment.'' 

Current projections suggest that a carbon emissions reduction of390 million mettic tons 
(MMT} would be required to reduce U.S. emissions in 2010 to 1990 levels. The study models a 
scenario that combines a vigorous national technology program with a domestic system of 
carbon trading to achieve the reduction. The study concludes that such an approach could reduce 

I 

emissions by up to 390 MMT. The analysis does not. consider international emissions trading 
and joint implementation that would lowei- the cost of meeting-any emissions reductions. 
Moreover, the study is not a full macroeconomic analysis. 

This study estimated the potential costs of the reductions at $50 to $90 billion per year. 
Costs in the study include incremental investments to deploy ~ean energy or energy efficient 
technologies by consumers and industry as well as those associated with hypothetical increases 
in energy prices. In addition, Energy Department expens reviewed energy cost savin~ .resulting 
from the use of these teclmologics; these estimated savings through 2010 ~otal $70 to $90 billion 
per year. This indicates that the clean energy investments could produce energy cost savings 
roughly equal to or greater than the costs of implementation, on a life-cycle basis. 

toonooll] 
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The "bottoms-up" approach in the study examines 200 specific technologies in four 
major sectors of the economy-- buildings~ industry.transportation and electric utilities - and 
analyzes the possible advances in each sector. For the buildings, industry and transportation 

. sectors, the study analyzes the impacts of end-use energy-efficiency improvements and low­
carbon technologies on ecu:bon emissions. The· utility ·sector ·ana1ysis estimates the impacts of 
clean energy activities, such as incrcascd use of natural gas and renewable energy. While no one 
measure can address the entire problem, technologies already in development could contribute 
substantially to the reductions. For example: 

• Transportation: The Partnership for a New Generation of Vehicles is developing 
advanced automobiles that will be three times more fuel-efficient than today's vehicles 
but still safe and affordable. In the biofuels area, cellulosic ethanoL a promising biofuel 
made from agricultural and forestry wastes, produces no net carbon emissions; the 
Energy Department projects cutting the cost of ethanol to under 70 cents/gallon by 201 o. 

• Buildings: The study projects promising caroon reductions from cneigy-efficiart 
appliances supponcd by the Energy Department, including a 1 kilowatt-hour/day 
refrigerator and advancecHighting. Advanced fuel cells powered by natural gas will 
produce electricity and provide heating at SO-percent efficiency. while lowering the 
current cost of power. 

• Udlities: Wind turbines arc expected to produce power at less than 3 cents/kilowatt-hour 
by 201 0. Biomass co-firing with coal at some plants could produce significant emissions 
reductions. 

• Industry: Advanced tw"bines are expected to a~hi~c 80 percent system efficiency, 
producing electricity and steam in induatrial plmits at less than today's costs. Advanced 

• motor sys~ and clean industrial technologies can cut emissions and costs while 
increasing productivity. 

The Department of Energy's Oak Ridge and Lawrence Berkeley National Laboratories 
led the comprehensive one-year analysis, with contributions by the National Renewable Energy 
Laboratory and Pacific Northwest and Argonne National Laboratories. The findings, which 
were reviewed extensively by represen~atives from industry and academia. are consistent with 
those of two previous studies. Those swdies, released by the National Academy of Sciences and 
Office of Technology Assessment in 1991, also concluded that technology could play a 
prominent role~ reducing U.S. greenhouse gas emissions. 

To request as~ or full copy of the study. titled Scenarios of U.S. Carbon 
R~ductiom: P~ntial Impacts of Ena-a-Efficiency and Low-Carbon Technologies by 201() 
and Beyond, m~a can call the Department of Energy Press Office at 202/586-5806; others can 
call Public Inquiries at.202/586-5575. 

R-97-096 
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EXECUTIVE SUMMARY 

This report pnlSl!l\ts the raults of a stw:iy o:niudai by five U.S. ~t of F.nergy national 
laborato~ that CJWllltifies the pobmtw for ene:rgy.ef6.dent and low-azt,on teChnolog:ies to reduce 
carbon emissions in the United Stat...1 The study doc:unwnts in datail how four by secton o£ the ec:mamy 
- buildings, t:ramportation, industry, and electric utilities - could iespand to cfuected ptOSdW\d and 
polida·to expand adaption of energy~ and law-cuban technologies, an hKfta9e in the relative 
plial ol ~~by W or S,0/taone (Lg., as a ftSUlt of a cap en~ cadxm emi88i0m and a 
mubt fot aa'bcn "permits"), and an aggrwive p,og;raa, ,:,f targetiecl research and development. Current 
pro;ectiam sugml that a cubml mdssiCN ieductim of 390 million metric tms per year (MtC/yur) is 
-required. to stabilm U.S. mmsiall-~ in ~o at 1990 Jerils. 

The study, which has been pnr-nviewed by indumy and academic expab, mes a tec:hnology-by­
teclmology UNSsmen• as. well as an ~ modeling approach. It draws upcm a wide 
variety of technology cmt and pmomw,a! infom\ation to assess poh!ntial impacts. Analysis of the 

• buildinp, induatry, and. tnnsportation sedola quantif1u the impacts ol 'cnd-wse ene:gy~dmc:y 
imptovemmts en cuban ~- The utility sactm analysis est:ima.tM the iffipacts . of thoM 
improvements en utility c:atbol\ emilairm, • and quantifies additional emjmons redudions through 
cmvenwn of a mmtJs' of coal pow• plants to nah\ffll gu, dispatdung of the utility gnd with $25 amcl 
$50/tanne camcll'l penllit prica, thlt accelerated u. of bmmass c:ofirJng and wind energy, and other low• 

• carbon ei.ctridty supply options. Finally, i> ,..,.,.,.. of oths promising low~ technologies ue 
examined to determine their potmtial for reducing enussio.ns in the end-use secton, including advanced gas 
tmbinM in in4ustry, transportation biofuela, and fuel cells in buildings. 

Tone overarching ccmclusians emmge from the analysis of altemative carbon scenarios. First, a vigorous 
national C011mwment to d.velop and deploy energy-efficient and low-cazbca technologies has the 
potential to restrain the growth In U.S. ei,eigy amumpd0ri and alJbon enussi0l1s such that levels in 2010 
me clo.e to those in 1997 (for energy) and 1990 (ior camon). We 111\alyze a c:ue in which energy efficiency 
can reduce c:azbmt emissions by 120 MlC/yar by 2010. We aJUllyze a smni case. with policies that 
promote adoption of energy-effid.ent and low arboll technologies arid a $25/tonne cubor1 permit price, 
wtth emfssian redua:ioN of 230 Mte/year in 2010. Under a $50/tcnne c:arban permit price and aggresive 
policies, 2010 ~ could. be cut by abc,gt 390 MtC/year. The analysis wo auggats that substantial 
additional savings are available if permit prices were to begin to rise above the $.50/tonne level 

The MCONi coach.i,icm is that, if feasible ways are band to implement the cadxlrl reduct:ic:m5 u desc:ribed 
above, .all the cases (with reductions varyina betwan 120 and 390 MtC/year by 2010) can produce energy 
savings that are roughly equa1·to or~ c:osts.2 The analysis includa only technologies estimated to be 
cost-effecttve under 2010 awrgy prices (with a 525/tmme and $50/toone • C8lbm\ permit price for the 
rc.,pcctivc cues); it hu D0t, however, analyzed specific poUda 1:10 addeve the ca:ie5, identl.fied the 

. political feasibility of polides, or_ de9Cribed a _pathway to aduava ~ case,. . . 

The third conclusion i$ that a nut genenticn of energy-efficient and low-c:mbon technologies p.rozni,el to 
enable the continuation ex an agpessive pace of cmbarl reductions over the naxt quarter oentury. This 
report ~ts a wide array of advanced 1echno1ogy options that muJd be cost-competitive by the yeu 
2020, assuming a vigorous~ sustained pmgram of energy R&:D beginning now~ extending beyond 2i>t0. 

1 Tb• &ve ll&liona1 1abcnr.orics panicipaDDj in cha .audy wcro: Argoac National Labuammy (ANL), LaWICDCO Bcrkcky 
NadODal LatxntmY (LBNL). Nalioaal Rcuewable Eaeru LabcnlCl:y (NREL). Oak:Ridsic National LaboratorY (ORNL). 
and-Pacific Northwest Nllional Laboralory (PNNL). LBNL ml ORNL were lbc co-leaders of me effort. . 
2 Herc we COUUl as bendlrs oaly me tma'IJ savings 10 me llldon. We have n« crcclltcd reduced CO2 emissions or OCbcr 
~ l:,eaefita. Costs inoludo Ibo~ ~logy c:cM plua u approximafo ~ of the costa of p-ogram mad 
policy implementation. • 
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NEWS MEDIA CONTA-c'f: FOR IMMEDIATE RELEASE 
September 25, 1997 Amber Jones, 202/586 .. 5806 

CLEAN TECHNOLOGY CAN ACHIEVE 
SIGNIFICANT GREENHOUSE GAS REDUCTIONS 

Peer-Reviewed Energy Study: What's Good/or Environment is Good/or Economy 

National investment in energy-efficiency and clean energy technologies can reduce U.S. 
emissions of global warming gases and produce energy savings tliat roughly equal or exceed the 
cost~ to implement them; Energy Department cxp0tts predict. A study conducted by five 
Department of Energy laboratori~s and peer-reviewed by industry and academic experts 
demonstrates that the United States could hold down the cons of meeting climate change goals 
through technological solutions such as advanced natural gas turbines, biomass and biofuels, and 
energy-saving appliances. Overall. the study concludes that progress in reducing greenhouse gas 
emissions can be achieved without increasing the nation's energy bill. Many consumers and 
businesses could actually save money through reduced energy use and lower overall energy bills. 

"This analysis shows that what's good for the environment also-can be good for tho 
economy," said Energy Secretary Federico Pena. "Technology can and must play an important 
role in addressing climate change. President Clinton's commitment to make technology a 
cornerstone for reducing greenhouse ~ emissions is right on target. From the Partnership for a 
New Generation of Vehicles that's creating the mper-efficient car of the future to expanded use 
of .renewable energy sources, we are demonstratini that technology will save energy and protect 
the environment.'' 

Current projections suggest that a carbon emissions reduction of390 million metric tons 
(MMT) would be required to reduce U.S. emissions in 2010 to 1990 levels. The study modds a 
scenario that combines a vigorous national technology program with a domestic system of 
carbon trading to achieve the reduction. The study concludes that such an approach 90uld reduce 
emissions by up to 3 90 MMT. The analysis does not consider international emissions trading 
and joint implementation that would lower the cost of meeting-any emissions reductions. 
Moreover, the study is not a full macroeconomic analysis. 

This study tstirnated the potential costs of the reductions at $50 to $90 billion per year. 
Costs in the study include incremental investments to deploy ~ean energy or energy efficient 
technologies by consumers and indusuy as well as those associated with. hypothetical ·increases 
in energy prices. In addition, Energy Department expens reviewed energy cost savings .resulting 
from the use of these technologies; these estimated savings through 2010 ~otal $70 to $90 billion 
per year. This indicates that the clean energy investments could produce energy cost savings 
roughly equal to or greater than the costs of implementation, on a life-cycle basis. 
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The 11bottoms:-up" approach in the study examines 200 specific technologies in four 
major Reetors of the economy- buildings~ industry,-transportation and electric utilities - and 
analyzes the possible advances in each sector. For the buildings, industry and transportation 

. sectors, the study analyzes the impacts of end-use energy-efficiency improvements and low­
carbon technologies on cai:bon emissions. The·utiJity ·sector ·ana1ysis estimates the impacts of 
clean energy activities, such as increased use of natural gas and renewable enc:rgy. While no one 
measure can address the entire problem, technologies already in development could contribute 
substantially to the reductions. For example: 

• Transportation: The Partnership for a New Generation of Vehicles is developing 
advanced automobiles that will be three times more fuel-efficient than today's vehicles 
but still safe and affordable. In the biofuels area, cellulosic ethanol, a promising biofuel 
made from agricultural and forestry wastes, produces no net carbon emissions; the 
Energy Department projects cutting the cost of ethanol to under 70 cents/gallon by 2010. 

• Buildings: The study projects promising ~arbon reductions from energy-efficient 
appliances supponed by the Energy Department, including a 1 kilowatt-hour/day 
refrigerator and advanoc<l'lighting. Advanced fuel cells powered by natural gas will 
produce electricity and provide heating at 80-percent efficiency. while lowering the 
current cost of power. 

• Utilities: Wind turbines are expected to produce power at less than 3 c.cnts/kilowatt-hour 
by 2010. Biomass co-firing with coal at some plants could produce significant emissions 
reductions. 

• Industry: Advanced turbines are expected to achieve 80 percent system efficiency, 
producing electricity and :steam in induatrial plmits at less than today's costs. Advanced 
motor systems and clean industrial technologies can cut emissions and costs while 
increasing productivity. 

The Department of Energy's Oak Ridge and Lawrence Berkeley National Laboratories 
led the comprehensive one•year analysis, with contributions by the National Renewable Energy 
Laboratory and Pacific Northwest and Argonne National Laboratories. The findings, which 
were reviewed extensively by represen~atives from industry and academia, are consistent with 
those of two previous studies. Those swdies, released by the National Academy of Science, and 
Office of Technology Assessmcot in 1991, also concluded that technology could play a 
prominent role~ reducing U.S. greenhouse gas emissions. 

To request a sunmµuy or full copy of the study. titled Scenarios of U.S. Carbon 
Rlductiou: Pawatial Impacts of E11ergy-EJjiciency.and Low-Carbon Technologies by 201,() 
and Beyond. m~ia can call the Department of Energy Press Office at 202/586-5806; others can 
call Public Inquiries at.202/586-5575. 
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EXECUTIVE SUMMARY 

nus report presents the results of a study a:o:ludlld by five U.S. Deputment of Energy national 
laboratoriu that cpmtifies the pomntial for energy-effldent and low-cart>on tedulologies to redU0e 
carbon emissiam in tba United States.1 The study docum.nts in detail how four by sectoa o£ the eccnimy 

- buildmgs, t:rmsportation. industry, and electric utilities - could respcmd to diiected p.q.:w. wi 
polida to expand adoption of mergy--efficiency and low-Qlban technologies, an .tncreue in the relative 
pdce of~~ by S2:I orS,0/UX'llle (e.g., as a result of a cap en damestic cazbon emissians and a 
market for carl,an "pcmita"), a an aggr.mve piogrm, ~ targeted ~ =d dcve1opmmt.t. Cumnt 
piojectiam sugpst that a camm anissicn iecbldicxl af 390 million meb:ic tu1s par year (MtC/)'Hl') is 
.required to stabili:.e U.S. emission-• .in ~o at 1990 levels. 

The study, which has btln peer-nviewed by industry and aadem.ic a.pats, lB!i a technology-by­
tl!Jclmology IINISllUlnt as_ well as an ~ modeling approach. It diaws upcm. a wide 
variety of tedmoJogy cost and pa1QQTINJC'I! infotmaticn tD assess potential impacts. Analysis of the 

• buildmp, it&duary, and. tnnsportation ICdOl'a quantifies the impac:ta of 'end-use energy-effldmcy 
improvements en c:mban emissions. The utility sector analysis estimatas the nnpa,:ts . of those 
.improvemmts en utility carbon musaianl, and quantifies additional emissions redw:tiam through 
ccnveram of a .nm:Jbfr of coal pow• plants to natu,ral gas, dispatcrung of the utility gnd with si; and 
$50/bxme car:bo;\ pennit plka, the accelerated u. ol biamass mfirJng and wind energy, and otller low• 

• catbm\ mct:ridty supply options. Finally, a. numb. o£ oth. pzomising low--QtOOI\ technologies are 
examined tD detmmine their potmtial for redudng emislioN in the end•use sectors, including advanced gas 
turbines in in4ustry, transportation bioiuels, and fuel cells in buildings. 

nuee overm:hing C0l'lclusions eumge fram thll analysis of altemative catban scenarios. First, a vigorous 
national commitment to develop and deploy ena-gy-eftic:ient and low-azboa tec:hnologies has the 
potential to ratrain the growth In U.S. energy amsumptl0ri and C2Jban emisSi0l1s such that levels in 2010 
ue clo.e to those in 199'7 (for energy) and 1990 (for carbon). We ~yze a cue in which erqy effic:ieng 
can mluce auban emissions by 120 MtC/year by 2010. We aiwyze a .ad case. with policies that 
pomote adoption of energy-efficient and low carbon technologies and a $25/tonne carbon pemut price, 
with emission :reduaioN of Z30 Mte/year in 2010. Under a $SO/tonne c:arlxn permit price and aggresive 
policies, 2010 ani.,siom could be cut by about 390 MtC/year. The analysis -.be ll\.lggests that substantial 
additional savings are available if permit prices were to begin to rise above th@$50/torme level 

' ' 

The sec(lM. ~ is that, if feasible ways are b.u1d to implement the c:adxln red'UCtiam 11:t de:ic:ribed. 
abo-ve, .all the cues (with red:uctions varyina betwnn 120 and 390 MtC/year by 2010) am proc:hx2 energy 
savings that are roughly equaho or exceed com.2 The analysis includes only technologies estimated to be 
c:ost-effective un&!!r 2010 eaergy prices (with a 525/lmme and $50/tcllne • cazbml pezmit p.rice for the 
tc,pective c:ua); it hu nut, however, analyzed speafic polidcs to achieve the c:ue5, identified the 

. political feasibility of policies, or. described a pathway to acltieve ~ cases. 

The thitd condU$ion is that a next ~ of~ and low-c:azbcm technologies promises to 
enable the amtinuation al an aggressive pace ol cmbm\ reductioas over the next quartier centuiy. This 
report d~ a wide array of advanced tachnology options that muld be c:ost-competitive by the yeu 
2020, assuming a vigorous~ sustained pmgram of energy R&D begim,ing now and extending beyond 2010. 

1 n. five uaoul lahontaios participuiDJ iD Iba .cud)' wcro, Argoac National Laboratmy (ANL). La~ Berkeley 
Nadonal I,.abodbxy (LBNL), Nllioaal Rcuewab1e Eaau Labcntmy (NREL). Oak:Ridae National Laboratcxy (ORNL). 
and.facific Nonbwat National I...abcnlory (PNNL). LBNL and ORNL were Ibo co-leaders of 1be tffon. . 
2 ~ WC CC)UDl Q benefllS mly lbc meqy •Yi· IO die 111110n. We bavc fflX crccllred reduced CO2 emilsi~DS Of 0Ux:r 
caucmal l,eae6ts. Coata inoludo cbc ~ tocbDology QCMt plua im approximate catimallc of &be costa qf progr.ma ad 
policy implemmnatioo. • 
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~rom: kbossong@cais.com ~ax: (1-301) 891-2866 

FAX 

To: 

Todd Stern, Jonathan Ad 

White House 

Phone: (202)456-2702 

Fax phone: (202)456-2215 

REMARKS: 

•ro: Todd Stern, Jonathan Adashek rax: (202) 456- 2215 fage 1 or 3, rri Sep 26 1997 00: 55: 50 

Date: 09/26/97 

Number of pages including cover sheet: 3 

From: 

kbossong@cais.com 

Sustain. Energy Coal'n. 

315 Circle Avenue, #2 

Takoma Park, MD 20912-4 

Phone: (1-301)270-2258 

Faxphone: (1-301)891-2866 

To: People Working on Climate Change Issues 

Enclosed is a news release issued yesterday, September 25, by the Sus­
tainable Energy Coalition commenting on the newly-published Department 
of Energy's five national laboratories' study on climate change. 

Generally, the Sustainable Energy Coalition commends DOE for being on 
the right track in quantifying the significant contribution that can be 
made by renewable energy and energy efficiency in reducing greenhouse 
gas emissions. 

However, the Coalition also believes that these technologies can take 
the U.S. faster and further in meeting climate change goals given the 
right mix of federal policies and private sector incentives. 

Comments are welcomed. 
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SlJSTAINABLE ENERGY COALITION 
315 Circle Avenue, #2; Takoma Park, Mll 20912-4RJ6 (301-270-2258; fax: 301-891-2866 

DOE LABS' CLIMATE CHANGE STUDY ON THE RIGHT TRACK BllT 
UNDERESTIMATES POTENTIAL TO REDUCE GREENHOUSE GAS EMISSIONS 

For Release: September 25, 1997 
5:00 p.m. (ESn 

Contact: Ken Bossong 301-270-2258 
Howard Geller 202-429-8873 

Washington, DC -- A major study released today by five national U.S. Department of Energy 

(DOE) laboratories recognizes the prominent role to be played by renewable energy and energy efficient 

technologies in reducing greenhou.,e ga11 emi1111ion11. I lowcvcr, while acknowledging it to he the hc.,t federal 

government study yet released on the role these technologies could play in addressing climate change, the 

Sustainable Energy Coalition, a coalition of 40+ national business, environmental, consumer, and energy 

policy organizations, contends that its conclusions are still too conservative and underestimate the potential 

of renewables and energy efficiency. 

The DOE study concludes that a '"vigorous" national commitment to deploy cost-effective 

energy-efficient and low-carbon teclmologics, including renewable energy, could halt the growth in U.S. 

energy consumption and carbon emissions so that levels in 2010 are close to those in 1997 (for energy) and 

in 1990 (for carbon). It suggests that the near-term of contribution of renewable energy technologies 

particularly biomass, hydropower, and wind -- would he at least modest although they, along with 

geothermal, and solar "could deliver significant quantities of electricity" by 2020. The DOE study finds 

that the reduction in energy use and carbon emissions can be realized without banning the U.S. economy; in 

fact, it might yield a net economic benefit -- an important conclusion consistent with the views of the 

Sustainable Energy Coalition. 

However, noting that the United States accounts for only 4 percent of the world's population but is 

responsible for 22 percent of its greenhouse gas ctnissions, the Coalition believes the U.S. can -- and must -­

move further and faster in deploying sustainable energy technologies than the DOE study envisions. In fact, 

the Coalition maintains that waiting until 2010 to stabilize greenhouse gas emissions at 1990 levels, a goal 

thi11 country had earlier committed to reach hy 2000, i11 both irrc11pon11ihlc and unncce1111ary. ln11tcad, the 
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United States should assume a leadership role in negotiating an international agreement in Kyoto, Japan in 

Dt:ct:mbe::r st:Uing lt:gally binding targt:l.s lo achie;:ve;: substantial rt:ductions in the;: t:missions of grc:tmhouse 

gases from 1990 levels by 2010 at the latest as has been proposed by the European Union and other nations. 

This goal can be achieved through policies that aggressively promote the expanded use of presently­

available and cost-effective energy-efficient and renewable energy technologies. Widespread market 

pe;:ne::tration of e::ne::rgy-e::fficie::nt te::chnologie::s could insure:: that total e::ne::rgy consumption is no highe::r lhan 

today' s levels by the year 2010 while, in combination with changes in the fuel mix. reducing greenhouse gas 

emissions by at least 10 percent below 1990 levels. Furthermore. by the year 2010. renewable energy could 

at least double it<J present contribution to meet 14 percent, or more, of the nation's energy consumption. 

Achie::ving rt:ductions bt:yond those:: in the:: ne::w DOE study an: possible:: through cuts in the:: growth in 

vehicle use, advanced building technologies, and expanded adoption of renewable energy sources -

measures that are excluded from. or only partially included. in the DOE report. Policies such as higher fuel 

efficiency standards for automobiles, appliances, motors, lighting, and buildings as well as requirements to 

include an increasing percentage of renewable energy in the electrical generation and transportation sectors 

an: m:e::de::d to re::move:: the:: barrie::rs inhibiting wide::spn:ad adoption of the::se:: e::fficie::ncy me::asure::s and 

renewable energy technologies. 

Finally, the Sustainable Energy Coalition also question<J DOE's suggestion that nuclear power plant 

life extension might play any role as a greenhouse gas control strategy. Although DOE sees nuclear power 

reducing gre::e::nhouse:: gas emissions by about only one::-third of one:: pe::rce::nt, it is doubtful whe::the::r the:: 

nation 's aging nuclear plants will survive in a deregulated utility market. In addition, safety and 

radioactive waste concerns coupled with the generation of carbon dioxide in the total nuclear fuel cycle 

make nuclear power a poor climate stabilization strategy. 

II II II II II 

A copy of the DOE study's 16-page "Analysis Results., is available upon request from the Sustainable 
Energy Coalition. A list of the participating organization<J that comprise the Su<Jtainable Energy Coalition is 
also available upon request. 
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Amber Jones, 202/S86--5806 
FOR IMMEDIATE RELEASE 
September 25, 1997 

CLEAN TECHNOLOGY CAN ACHIEVE 
SIGNIFICANT GREENHOUSE GAS REDUCTIONS 

. . 
Peer-Reviewed Energy Study: What's Good/or Environment is Good/or Economy 

National investment in energy-efficiency and clean energy technologies can reduce U.S. 
emissions of global wanning gases and produce energy savings that roughly equal or exceed the 
costs to implement them; Energy Department experts predict. A study conducted by five 
Department of Energy laboratories and peer-reviewed by industry and academic experts 
demonstrates that the United States could hold down the costs of meeting climate change goals 
through technological solutions such as advanced natural aas turbines, biomass and biofuels, and 
energy-saving appliances. Overall. the study concludes that progress in reducing greenhouse gas 
emissions can be achieved without incrcasmg the nation's energy bill. Many consumers and 
businesses could actually save money through reduced energy use and lower overall energy bills. 

"This analysis shows that what's good for the environment also-can be good for the 
economy," said Energy Secretary Federico Pena. "Technology can llDd must p!By an important 
role in addressing climate change. President Clinton's commitment to make technology a 
cornerstone for reducing greenhouse ?,S emissions is right on target. From the Partnership for a 
New Generation of Vehicles that's creating the mper-efficient car of the future to expanded use 
of .renewable energy sources, we are demonstrating that technology will save energy and protect 
the environment.'' • 

Current projections suggest that a carbon emissions reduction of 3 90 million metric tons 
(MMT) would be required to reduce U.S. emissions in 2010 to 1990 levels. The study models a 
scenario that combines a vigorous national technology program with a domestic system of 
carbon trading to achieve the reduction. The study QOncludes that such an approach 90uld reduce 
emissions by up to 390 MMT. The analysis does not. consider international emissions trading 
and joint implementation that would lowei- the cost of meeting-any emissions reductions. 
Moreover, the study is not a full macroeconomic analysis. 

This study estimated the potential costs of the reductions at $50 to $90 billion per year. 
Costs in the study include incremental investments to deploy qlean energy or energy efficient 
technologies by consumers and industry as well as those associated with. hypothetical -increases 
in energy prices. In addition, Energy Department experts reviewed energy cost savin~ .resulting 
from the use of these technologies; these estimated savings through 2010 ~otal $70 to $90 billion 
per year. This indicates that the clean energy investments could produce energy cost savings 
roughly equal to or greater than the -costs of implementation, on a life-cycle basis. 

* ...... _ ...... (MOB.E.,)_ _ 
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The "bottoms-up" approach in the study examines 200 specific technologies in four 
major sectors of the economy -- buildings~ industry,•transportation and electric utilities - and 
analyzes the possible advances in each sector. For the buildings, indusuy and transportation 

. sectors, the study analyzes the impacts of end-use energy-efficiency improvements and low­
carbon technologies on cm:bon emissions. Toe· utility ·sector ·ana1ysis estimates the impacts of 
cit.an energy activities, such as increased use of natural gas and renewable energy. While no one 
measure can address the entire problem, technologies already in development could contribute 
substantially to the reductions. For example: 

• Transportation: The Partnership for a-New Generation of Vehicles is developing 
advanced automobiles that will be three times more fuel-efficient than today's vehicles 
but still safe and affordable. In the biofuels area, cellulosic ethanol, a promising biofuel 
made from agricultural and forestry wastes, produces no net carbon emissions; the 
Energy Department projects cutting the cost of ethanol to under 70 cents/gallon by 201 o. 

• Buildin1s: The study projects promiSing carbon reductions from energy-efficient 
appliances supponed by the Energy Department, including a 1 kilowatt-hour/day 
refrigerator and advanced lighting. Advanced fuel cells powered by natural gas will 
produce electricity and provide heating at SO-percent efficiency. while lowerin& the 
current cost of power. 

• Utilities: Wind turbines arc expected to produce power at less than 3 cents/kilowatt-hour 
by 201 0. Biomass co-firing with coal at some plants could produce significant emissions 
reductions. 

• Industry: Advanced turbines are expected to achi~c 80 percent system etliciency, 
producing electricity and steam in industrial plants at less than today's costs. Advanced 
motor systems and clean industrial technologies can cut emissions and costs while 
increasing productivity. 

The Department of Energy's Oak Ridge and Lawrence Berkeley National Laboratories 
led the comprehensive one--year analysis, with contn'butions by the National Renewable Energy 
Laboratory and Pacific Northwest and Argonne National Laboratories. The findings, which 
were reviewed extensively by repre~atives ftom industry and academia, are consistent with 
those of two previous studies. Those studies, released by the National Academy of Sciences and 
Office of Technology Asses5Illent in 1991, also concluded that technology could play a 
prominent role°' reducing U.S. greenhouse gas emissions. 

To request a swnnµuy or full copy of the study. titled Sc~narios of U.S. Carbon 
hductiom: Potmtial Impacts of Energy-Efficiency and Low-Carbon Technologies by 20HJ 
and Beyond. media can call the Department of Energy Press Office at 202/586-5806; others can 
call Public Inquiries at.202/586-557S. • 
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e·xECUTIVE SUMMARY 

pzamls the ttsults of a study Cl'Oiuded by five U.S. Dq,utment of &mgy national 
that CJWllltifies the potential for energy-c£fldent and l.ow-am,on techJ'lologiel to J:edu0e 

lklm in tha United Statft.1 The study documants in detail haw four key sectors of the ~ 
transportation, industry, and electric utilities - coukl rapond. lo diiected pl()plUlw and 
cpmd ad.option ol energy-efficiency and low-calban technologies, an ~ in the relative 
~~by m or $50/t.aane (e.g., as a result of a cap en~ cubon emislicn and a 
11'1,on •pcmits"), and an agnmve piopaL ol largaed. rmearch Ind dcvelopuumt. Cumnt 
ugmt that a cadut mu-tors ieductkm af 390 million memc tm1s per year (MtC/yur) is 
stabilm U.S. mmsions in 2010 at 1990 Jevils. 

which has been pec-rniewed by indumy and academic opals. mas a technology-by­
UMlmUlnt as_ well u an ~ modeling approach. It draws upcm a wide 
lldmology cost and pcm-mance infomWion to assess potential impacts. Analysis of the 
nduatry, and. t::nmsportation ICdOllf ciwmtifiaa the impact, of 'Cid-me encrgy-cffldmcy 
1tl m auban emissions. The utility sact0r analysis estimatas the impacts . of those 
its m utility cmbot\ emislimll, and quantifies additional emistrionoe: reductwns through 
t a mmbfr of coal powc plants tD ~ gas, dispatching of the utility grid with $2.S and 
m>OI'\ penuit prka, the aa:eleratai u. of bmmass c:aflrhlg and wind energy, and other low­
ridty supply options. P-mally, a ~ of otMr pmmising low-ovbc,n technologies a.re 
d.etmmiM their potmtial for mdudng emisli0lns in the end~ secton, including advanced gas 
D4ustry, transportation biotuela, and fuel cells in buildings. 

ddng condusions cncge frcm the analysis of llltemative aman scenarios. First, a vigorous 
rmnitment to d.evel0p and deploy a.rgy-effidant and low-cazboa technologies has the 
iatrain the growth in U.S. enagy amsumptklri and C2mCl'\ emis1icll1s such that levels in 2010 
hoN in 1997 (for enargy) Uld 1990 (lor c:ubon). We ~yze • cue in which ~ effic:ienc:y 
:mban emissions by 120 MtC/,-r by 2010. We aiwyze a sm:ni case. with policies that 
~tion of energy-effidmt and low carbon technologia and a $25/torme carbon pemtit price, 
an 1'eduaicms of 230 MtC/year in 2010. lJnder a $50/tarme c:atbcn perinit price and aggresive 
LO eznissimw cowd be cut by about 390 MtC/yur. 1he analysis wo euggats thAt substantial 
avings are available if permit priaas were to begin to rise above the $.50/torme level. 

oad\1Si0n is tha~ if feasible ways aze bmd to implemant the c:m:bcln red-uctiQm a:s desaibed 
ae cues (with reductions varyina betwem 120 and 390 MtC/year by 2010) am ~ energy 
are roughly equaho or~ cmts.2 Thi analysis indwies only .chnologies estimated to be 

1! under 2010 energy prices (with a SZS/tmme and $60/tmne • Cllbm petmit p.tice for the 
aees); it baa nat, however, analyzec:l specific potida to aclueve the cue,, identlfled the 
sibillty of polides, or_ delCribed a pathway to adrlave ~ C!Ue$. 

inclusion is that a next pnentian of~ ~ low--cmbon technologies p.romises to 
:antinuaticm of an agsressive pace ol mbml reductkN over the llll!ld quarter century. This 
mnts a wide array of advancad--tedmology- options that CXJUld be c:ost-c:ompetitive by the year 
ing a vigo,ous ~ sustained pmgram of energy R&Dbegimingnow ~ extending beymd ~o. 

iona1 labonr.orios participalioc in Iba .-dy wcro: Argoauac National 1AboAtmJ (ANL), Lawrmcc Bcmlcy 
ntrJrJ (LBNL), Natioaal ~ EDcqy Labc:nrmy (NREL). Oak:Ridac National LaborarorY (ORNL). 
onbwat Nalional Laboralory (PNNL). LBNL ad ORNL WtR tho co-leaders of lb& effort. . 
IOl as t,enetlu only lbc eneqy savinp co die llldon. We blvc DOl c:rcdlrcd reduced CO2 emialiom or OdJer 
fitt. Ca.ts iaoludo Ibo~ tocbPology c:olt plua u approximuc cs1imar.c of ibc cosa. of prognm ud 
nentatioo. • • 
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DEPARTMENT OF ENERGY 
Wa$hington, DC 20685 

Ill 001 

OFFICE OF THE SECRETARY 

.OFFICE-OF TI-IE SECRETARY 
·- . 

FACSIMILE TRANSMISSION SHEET 
TO: 

• BILL ANTHOLIS 456-5334 

DIRK FORRISTER 343-1161 

TODD STERN 456-2215 

NAT ALIE WYMER 343-1163 

SHELLY FIDLER 456-6224 

KRJS ·BALDERSTON 456-6704 

' ROSINA BIERBAUM 456-6025 

T.J. GLAUTHIER 395-4639 

FROM: 
, 

DANREICHER 

Here's the draft materials re: 5 Lab Study. 

• Please call with yolU' comments ASAP! 

Pages: _:j 9 , including this cover sheet. ~ 
IF TRANSMITTAL IS INCOMPLETE, PLEA.SIL PeoN2 • ~b b / -9 AT 202/ 586-9500 .. • 



09 / 24 / 97 WED 13:09 FAX 

DRAFT•DRAFT•DRAFT~DRAFI'•DRAFT 
. (12:30p.m.Wed.) 

MEDIA CONTACTS: FOR IMMEDIATE RELEASE 
September n, 1,997 Amber Jones, 202/586-5806 

Carmen MacDougall, 202/586-4940 

Clean Technology Can Achieve 
Significant Greenhouse Gas Reductions . 

Peer.;.Reviewed Energy Study: What's Good/or Environffll!nt is Good/or Economy 

Redoubled natiQnal • investment' in energy-efficiency and clean energy technologies can 
reduce U.S. ·emissions of global warming gases and produce.energy savings that roughly equal or 
exceed the costs to implement them, Energy Department experts predict. A study conducted by 
five Department of Energy laboratories and peer-reviewed by industry and academic experts 
demonstrates that the United States could hold down the costs of meeting climate change goals 
through technological solutions such as advanced natural gas turbines, biomass and biofuels, and 
energy-saving applianc;cs. Many consumers and businesses would actually save money through 
reduced energy use and lower overall energy bills. • • 

"This analysis provides strong evidence that .climate change goals can be achieved without 
increasing the .nation1s energy bill. What's good for the environment also can be good for the . 
economy, 11 said Energy Secretary Federico Pena. "President Clinton's plan to make technology a 

. cornerstone for reducing greenhouse gas 'emlssions can achieve these .results. From the 
Partnership for a New Generation of Vehicles that's creating the super-efficient car ofth~ future 
to expanded use of renewable energy sources, the technology ~olution is already creating 
environmental benefits and savings in energy costs." • 

Current projections suggest that a carbon.emissions reduction of390 million metric tons 
(MlvIT) would be reqQired to reduce U.S. emissions in 2010 to· 1990 ~evcls. The study models a 
scenario that oombines a vigorous natio~al technology program with a domestic system of carbon 
trading to achieve the reduction. · The study concludes that such an approach could reduce 
emissions by up to 390 MMT. A new generation of technologies and international carbon 
em,ission trading could result in. further, reductions over the next quarter century. 

·This study estimated the potential costs of the reductions at $50 to $90 billion per year. 
Costs include incremental investments to deploy clean energy or energy efficient technologies by 
consumers and indu·stry. In addition, Energy Department experts reviewed energy cost ·savings 
resulting from the use of these technologies; these estimated savings through 2010 total $70 to 
$90 billion per year. This indicates that the clean energy investments could produce energy cost 
savings roughly equal to or greater than the costs of implementation. 

!'1002 



09/24/97 WED 13:09 FAX 

Th~ 11bottoms-up" approach in the study examines 200 specific technologies in four major 
sectors of the economy-~ buildings, industry. transportation and electric utilities -- and analyi;es 
the possible advances in each sector. For the buildings, industry and transportation sectors, the 
study analyzes the impacts, of end-use energy-efficiency improvements and low-carbon 
technologies on carbon emissions. The utility sector analysis estimates the impacts of clean 
energy activities, such as increased use of natural gas and renewable energy. While no one 
measure can address the entire problem. technologies already in development could contribute 
substantially to t~e reductions. For example: 

• Tra.nsponatlon: The Partnership for a New Generation of Vehicles is developing 
advanced automobiles that will be three times more fuel-efficient than. today's vehicles but 
still safe and affordable. In the biofuels area, cellulosic ethanol, · a promising biofuel made 
from agricultural and forestry' wastes, produces -no net carbon emissions; the Energy 
Department projects cutting the cost of ethanol to under 70 cents/gallon by 2010. 

• Buildings: The study projects promising carbon reductions from energy-efficient 
appliances supported by the Energy Department, including a I kilowatt-hour/day 
refrigerator and advanced lighting. Advanced fuel cells powered by natural gas will 
produce eiectricity and provide heating at S0~percent efficiency, while lowering the 
current cost of power. 

• Utilities: Wind·turbines are expected to produce power at less than 3 cents/kilowatt-hour 
by 2010. Biomass co~flring with coal at some plants could produce significant emissions 
reductions. 

• Industry: Advanced turbines are expected to achieve SO-percent system efficiency. 
producing electricity and steam in industrial plants at less ·than today1s costs. Advanced 
motor systems and clean industrial technologies can cut emissions and costs while 
increasing productivity. 

The Department of Energy's Oak Ridge and Lawrence Berkeley Natio-,.al Laboratories led 
the comprehensive one-year analysis, with contributions by the National Renewable Energy 
Laboratory and Pacific Northwest and Argonne National Laboratories. The findings. which were 

• reviewed extensively by representatives from industry. and academia, are consistent with those of 
two previous studies. Those-studies, released ·by the National Academy of Sciences and Office of 
Technology ~sc:ssment in 1991, also concluded that technology could play a prominent role in 
reducing U.S. greenhous~ gas emissions. 

To request a summary-or ful1 copy of the study, titled Scenario~ of U.S. Carbon 
Reductions: Pot~ntial Impacts of Ena-gy-Elfici8ncy and L()W-Carbon Technologie., by 2010 
and Beyond. media can call the Department of Energy Preu Office at 202/586-5806; others CM 

call Public Inquiries at 202/586-5575. • 
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Key Points for th~ Report "Scenarios of U.S. Carbon Reduct~ons: 
Potential Impacts of Energy Tech-nologiea by 2010 snd Beyond" 

Clean Technologies _Can Achieve Significant Reductions of Greenhouse Gas Emissions 

A major n~ study by five leading national laboratori~s concludes that redoubled national 
investment in energy-efficiency and ol~ etiergy tec~ologies can reduce U.S. emissions of global 
warming gases and produce energy savings that roughly equal or exceed the costs to implement 
them. • 

' 
The study concludes that energy efficiency and low-carbon technologies _havQ the potential to 
reduce U.S. carbon emissions to 1990 levels in the medium term (i.e. 2010} while meeting the full 
energy needs of U.S. businesses and families. Many ·consumers and businesses would save money 
through reduced energy use and lower overall energy bills. • 

This study, led by Oak Ridge and Lawrence Berk~ley National Laboratories is a comprehensive, 
peer-reviewed, one year "bottom-up" analysis of the role technology can play in stabilizing U.S. 
carbon emissions. • 

It is the most authoritative and documented study of this subject since the National Academy of 
Sci~ces and the Office of Technology Assessment reports in 1991. • 

This study presents a scenario in which a vigorous nation commitment to emissions reduction - in 
the form of an aggressive program·of clean technology research, development, and dc:ployment 
combined with carbon permit trading - result in carbon emissions reductions ofup to 390 million 
metric tons in 2010. • 

The study is ·not a prediction of the future, but rather a description .of a scenario of a possible 
future -in•which greenhouse reductions occur through increased tephnology investments that are · 
both technically and.economically fcasibJe together with domestic trading of carbon such as 
presently exists for sulphur. -The -stu<Jy estimates the direct costs and energy bill savings for this 
scenario, but does not offer a full m,croeconomic analysis. What it does offer is a detailed 
scenario showing that what is good for the environment can be good fbr. the economy. 
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EXECUTIVE SUMMARY 

This report presents the results of a study conducted by five U.S. Department of Energy national 
laboratories that quantifies the potential for energy-effident and low-carbon technologies to red\lce 
carbon emissions in the United States.1

. Th¢ study documents in detail how four key sectors of the,econp~y 
- buildings; transportation, industry, and electric utilities - could respond to directed programs and 
policies tp expand adoption of energy-efficiency and low-carbon . technologies, an incre~se in the relativ,e 
price of carbon-based fuels by S25 or S50/tonne (e.g., as a result ofa cap on domestic carbon emissions.arid a _, 
market for carbon ''permits"), and an aggressive program _of . targeted research and development. . Current • 
projections sugg4:!s.t that a carbon_ emissions reduction of 380 million metric tons per year (MtC/year) is 
required to .stabilize U.S. emissions in 4010 a.t 1990 levels. • • • • . . ,, 

The study;_ :which has been peer-reviewed by industry and acade~ic. experts, uses a t~chnology-by"~ •. __ j.: .. 1 
technology· assessment as well as an · engineering~economic. modeling approach. It dTaws . upon a wide . i 

.variety of technology cost and· performance information to ~ssess _potential impacts. Ailaly~is ·of'the ·. _ f: ~ 
buildings, industry,- and transportation. sectors quantifies the impacts· of ~nd-use energy;.efficienty • . .._ t 

. improvements on carbon emissions . . • The utility . sector · analysi!i estimates the · impacts ·of those : .<. tt ~ 
improvements on utility carbon emissions, and quantifies additfonal ··emissions -~e~uctions througJ://· -: ·· .-:;..; ! 

· conversion pf a ·number of coal power plants to natural gas, :di~patching of the utility grid with $25 .and ,,.. •. ,o/,_ • ~ 

S50 / tonne ca,rbon permit prii:es, the accelerated use of biomass co firing and wind energy, and other low: '·. • • • • ·, ~f'j 
carbon. electricity supply options.;, Finally, -a number of oth~r promising low~carbon technologies are '.::: .- .)};{ 

• examined to determine their potential for-reducing emissions in the :end-use se~tors, if:lcluding ad\.'.anced gas :~'.1 ·,,: .j~J.~~-
• .. turbines_ ~ industi;y, transportati~n bi<;>f_u:els, and fuel cells in. buildings. • . . - ._ , . <.. . . ... :.,,:,X;-:<1ff 
Thr_~-o~e~,arch~g i:onch:isions 'einerge _fr~mlhe analysis of ~l~emativ~ _carbon ~cenatios; .Fil~\:a ~igo_roui±-t,}t$~( 
national co_mm1tment to develop an_d deploy energy-eff1c1ent and low .. c.arbon technol9g1es has , the-;'J,::'\~r· 
potential to.:restrain the $rowth in U.S .. epergy consump.tion ~nd-c·arbon emissions.such _that lev_els in 2010i{{<·: .I•\ , 
are close to'those 4t 1997_ (for elier.gy) and 1990 (for carbon). We artalyie a case_in:which.energy.efficiency· /t ·\.:/ .; 
can reduce carbon emissions by 120 MtC/year by 2010. We analyze a second case, :with ·policies that ' , . >: • ; 
p~om~te_ a~opti~_ri of_ en~rty~efficient .and l?~' carbon ted;mol~ie.s :·411d a $~/ tonrie: c~~pri p~~_it. pri_c,e~/.y:; _··;~i,:' j 
w1~ :emt5?.1on_ re~u~t~ons of 130 ~tC/year in 2010" U_r)_der ·a S50/ t~~e c.~~b~~ perm~q,,nce :~d: ag~r,~?•~:e ,;;Jii{'.;:;t,>f 

. , pobc1es, 20\0 e_m1ss1ons coul_d b~ cut b_y about 380,.MtC::/year. The_ ai;talys1,s alse>_ suggesls,.th,_t,,,subst¥.'Q~!-,.f.:_- ": ,[i;(;1 ~ 

:·:-_;.{(:-..-;.-_ .. : The ~~o~d;coDc.lusio~ is that, iffeasible w_ays are foUJ'ld to imple~ent the .carhop ··redtic!ibnf as.'d~~crib_ed, ::jt 
• addi_~~n~~ .~ :' '.~~s are ~\:~il~ble if p_e_r_mi~ pric~s _w~re_ tp_-begirt to ? ,se:ab9v~-the ssr~o~_e,.~~-~el.. ··> _:,;1,:-·--.:;(, \¼./L:.1 

-::.:-'\} ::.·. • . ·.• ·above, all' t~~ -c~ses .'(with_ r~ductions varying between .;~o and -380 ~tC(year by_ 7010) can p~9~·ce)et)ei' ·; :-ff: 
:J:>: '': · : savings -~~-t ,,~~ ~qughly equal ~o or exceed .costs. 2 Th~ analysis inc;luqes • only· te~ologisi estlma~e<l; to be;. :,,~;;:;..,.~-
• • . :c9st1:££.~~~!l:'~:) i1:1~e_r +010 e11ergy:_pri~es_~_( w~th a $25 / t~~e a.n~--$~0/ tonn~-: carbon·. :P¥~i( p~ic~· /or::th~j?{;,_.~_;.·'.f" l 

-. ~es~~tlve. c~s~~h 1~ ha~ ~n?t.:.howe~'.er: . an~lyzed . spec1f1c po_l~~~es _to ach1ev_e th,e_ c:ase_s, i_d~~tif1~d- the/j/ -~ , _,::;.; j 
, , . , . • P,Qhtical-~,as1~1h~y :~fp~l~c1es, 'Or descn?ed a p~th~ay to ._ac\ueve the· c~ses. • • • •· • • : _. . <<i; •. }>.. i 

: , _ _-,,, • ;- _.. Th_e: ~d;coricl~1~n;_is_' thafa ·next gen~ration of _energy-efficient_an4, 10½7-c;ar~on technolQgies pt°.mises'. ~~/\:. _,: ·•{: '. 
: enable ·the_ contm,ua,hon -?f an ·aggressive :pace of ca~bon_ reductions ov~r the next qua{ter century . . This ·\;- , .. , ~;;-:,I 
/epo_1: ~&.!i'~~tsfw,_id~i:arrax ~f ~dva11ce~:t~chl1ofogy.optfons_~~t c?uld_b_e :cost~comp~;titive by:,~e yeaf .fl.:!.~:_f~.1~;.:._ 

. , ,: .: 20f0, ~~g a v1go~ous and sustained program of energy R&D begtnnµlg now aJld exten~mg peyond 2010 .. ~ ;:~_~1;;\ ·:.';fj.\, 

.L~fL: _\]\) '.~:. ••. / .::'.,t:i1:}~;~/:;{~:\~::z;,.;~> .. ;, ·. :, ) : \ · ;· --5) . • ... : -i . : : .. · :_.: '. '·_::·.?-··.:·:_:·.,.: ·,--- ... - · :,;' .. :,>: .t :::•· :::,;,_:: ,.;:,: '.· i,.,:,~;}ti·H·;:,;: :/'\\ 
iii ;._.. ··,;~:-}:;(/ -~eJlt~ :~,a,t~~q,al:Aa,~i:a~Qtjc~ Pill).i,cipatln,g, i ~ ;-th( st~dy .w~~e::,t-rs~.n.n,e:-~atj6_n~{ 'Lap.o~t°-ry(~tJLFJ~awreric~:~er~~•(: 
. • /1i:i)~;.-:},llJ:tt1p9t9.\J.;S:aR9r~j9~ i(~B~)1} ~au<?n~! R.~~~wabl~ ~~~rgy14~,r,t~ry-,(~p;_.O~~ Ridge ~a~1onal Laboratqrv (OP.. . • 

-•·· '· :t--.-;:,•.~·and P~~fi 1IN0' ;;.hW-st-~Ta•t'"" '···a1-1 ..-bo-' '· · t· ••• --~P"""""·(\ '.·,LB"" ''···.• d QD1'JT •_, ,. "· • •::.1..•·- • • 1 •· ·:.1 ··' ··rth' ' " • ·.:, :, ..• , .. i-.! :. 1••. ,,.,,.,,,_.,,_ , ,:, .... ,,·,, ., • . - -• I ; . " .,. -~i . 10,P; ,Lil r:a OD'. , ·~~~~1• l !'1.1..,•an ~ t"~"":' ~ere H,~ -c~ eauers O C euon. -,.t·_..yi ,;. , ,/ '!c·•,,t. 

/i :,:::j;t ;H;r.~i~~'.i'M;utt~J~~~fit ':~&i 'lithe :~ri~~ '•'i•,:;a~i,r{to th~'rilit1b,ii:'(;w e:'tt,·~~th:tedit&f:rcdli~d'-ccf ·'.trriissidh~~i' '~;} 
. ···1.ti~i:J~t. -~; .. ,' ·;k lrl''.i•' '''fi:aJ.1i}~cfoli1tir'~¢fe~la:tbJ~-• !IS.:t,P~st p{, ,(,l•1-~-··¥rbxi~~~'-~~ti"ffiat~ot;he Jo;{isfpt::- • 

I 1;,t; -:. ~.,:, '--~~ ~. ;,l ,,:.'-•ta"' ~1~01: \\; ·t-~\.; J_:·~·\ •.. . ,/.:~·-·"~•;,_,.~(:~\ :~.;/?~- ·:~yr-T,/,.' _:,,'.l.:Lt', .'.,I~::'! -,~\f 
~ - . I n~ •·1-~·;.,!'_. ~i-~t:../.~f.t.i.f.-.:•:}t,~·,~\.._1J:C~}~'--}~ ;. -'.~~~.J.1~1i_l 

~-.. ~: .. 1 -r-~ -~ ,~'!ff • ~::.k~ -~ti1}J~t~::·t; }\:f·~·":i ~\;,-_;' ...:-:_: :,::·\4:,,t,·~; ~. 
,~-, -:',1i•, '~•,,'.i,!!i1jt:·~)• :,·•;· ~1,'._,: :,\:: : ·,. ,.,: .. ,., ~--,.t 
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-Chapter 2 

INTRODUCTION AND BACKGROUND 

This report presents the results of a multi-l~boratory study aimed at quantifying' the pqtential for 
energy-efficient and low-carbon technologies to reduce carbon emissions in the United States. The 
stimulus for this study derives from a growing recognition of the link between energy-efficiency • 
R&D and the nation's abjlity to respond to intematiqnal calls to reduce the growth of greenhouse · . . . 
gas emissions. According to a recent'r~port of the Intergovernmental Panel on Climate Change , .. , ''. '. 

-r, 
• b 

I 

• (IPCC), the t!arth's surface temperature has increased about 0.2 degrees Celsius per ·decade ,since ;.••. _ . • 
1975. Further, the · _IPCC r_eport concluded_ ·th~~ "the balance of evidence _suggests that there ·is -~ -.·: . ... . 
discernible human influence on global c:limate" -as the result of .activities that aontribute ·•to .tli~ (.".·-·> 
production of greenhouse gases (IPC~, 1996, p. 5). By preventing heat radiated from the sun-warmed • ;<, 
earth from escapµjg into space, the increased concerttratiO(l of greenlwuse gases ,in the atrno~phere_ ':c -•.· 

;:,.;)_,.·_ ~i; contributes to gl9b~l ~arming. . . , . • · • • • • • • . ' • . • • • '.· ;? ~' 
- . . . - . . - . . . -- ... - .. :_· '. :. . .'!'. :·:r.;)·, /t 

The m~jor giee~ouse gases are wa:ter . vap:~r (H:p), • car~on dioxide . (CO:)! methane (CH~)i ·:s,ibrt~.: ::;:;,::r:;// • -~ 
(03), rutrous oxide. (N:O), ~d a ho_st of engmeered cht!n:ucals such as chlorofluorocarbo_ns (<;_FCsJ: .. :·-· "\ .. L .·: , t, 

• ' , , • • ' • I .,..., ,\,,(' ·_• • ' •'/ ) , 

1CO: accounts for a majority :of recent increas~s)n _the heat-trapP,ing capacity o_f th~ atmosphere,/ ;.:, ··:'. · ·'.:}_'.· '.: 
with .· world\Vide , atmospheric concent~ations ·o( CO2 Jncr~~sing at ab_qut . d.5% ~:aiirnial!y,,!;t, ;.-,::'.f/ t 
Anthropogenic CO2 has resulted in atrnosph~ric CO2,ccin<;entrations ·_that exceed pre-iridustri~;levels ' >:I '.;/<~:" ,:~1 
• by 30%. Of.all t,he hui:nan activities that_ contrio~te to 'these increases, fossil fu.el combus_tion; is_ ~>". ;T> './-~'.\~;~~ 
far the largest,_acc:ounting for almost 6q%_ of'the gre~ouse ·warming resulting from anthrop,ogeni<f ":'<t:-:,"r._;~'/"'-­
sources • in r~cent years (NAS, 1992; Table· 2.2, .p;:_8). Energy-efficient techriologies · r~dut~· q::,,_' ~~\t:.·~-~:/~/ l 

• emissions by d~placing the ne~d for ,fossil fuel combustion; this· feport focuses oh th~f single/J~\:'.'1··,'·ft;'.:\. •« 
•• greeril}ou_se gas. · Throughout. the, repor~, ·-~e climate .bene-~tS of ener_gy-~~ficient -~d lo~-car~~_i{ :i ~r-: :_;';~··, ::::\ t 

technologies are qµantified in terms of reductions in millions of metric tons of carbon (MtC).emitted.f; ,;,/ _.'. ',, • • ~-,,:, 1 

- • . · . -::,_;- ._,, . • :: -. . -> ., . •. . _ -__ - . _. .. - . . · : - · .: .-. ..:: · -/ L;/:,):~•/;i~ii;\ _,::\,;) 
Analysi~ by a_._ntflllp~r o.f ker c~iinate· ,cljld energy, ·~o~elers'.~~i~_ates ~~-t . si~ific~t:r~s~~~ i m4(. f ,li!iS/}j 

. . . . , . . . development Qn : greenhouse-friendly -technolog1es • is : essential 1tp_ ach1evmg mean~gf.uUarge~) tf_J · ':t·•:x, • J 
, • • , : • • , _ • • ~. , , ' ' , ·, ' • • , · • • • ' ' " r ' _ : ' • , , '• \ ' • ,· ••.-• 1 ••I..._ 1·'• r • •~ -1 ' 

, ;'.-/ .::>·. :? ): . • .. • • ·. . ·, , affor.~a?,le costs~:i. f:t:~"~ ·r.!su:lt, climat~ ch~g~ ~ -becom,h}g a_p~~-?~ ~~e.tpsJe>F ;~it~rgy;~~'~P)~r~,t c,~~; .. • 
-l:r-> . , ~. :'' .: . · > ., an.d ~ Ukely to_'grow 1n lDlportance m the future, By dcx:~enttng· the .eµuss1ons reductie>~ lhat p • . 
. :~}!/.: • ;J '?/,~: .:--:'. ~r~~gy.-effici~n.~r..· ?~D:~Cah d~li~er bY_}h,e . y~ar ;301,~, :~and,'_o~/ ~.~fii~ing . '.~~: pc;,t~I'.ttiatifi>fWnl~~ 
,_;;;5'.:f·:"f:t{ :}.:,;~ •. -~sear4\ to. re~.u~e_:r~r~_?n emlSSlO~ eve~ '!~~~ri ~lS, rep~r,t~ ~tend~_d,.tp ~form _a. 'b~?~P ~i~~p . 

t{~l~!t~ilLlf:?riJ!li~~f;~iT[~liirn~r:e:1ir~,:J;:~iJtiij#· .••• 
.•. ~ .~ .. ,~ ,,.~•.;,f.io,"!'.µ-,, 2 ·1 ·'• 'OBJECTIVEs··-oF 'THE STUDV~\:I~·- ., ;, .. · -,, .. ,. . .. '· ,. ·' .,, .. , ,.,. -.,., .... ,, . • :'<•'.---·, u -'" · lf}Sift'··.~· . • ·•: ... · : :t,r:•·r ••• • ·_ · ._: :-:; > ···••. • __ •• .. ~ -.· _·. ·•·--. ---- ·-•· ? •• __ X > ' ~: · .. -~ts~;t 
. ··._ .. ,:;. J :~•X: •.•. The purposes of;this study are threefold: , • • • . · " · • . • • ·:- · : ••• ... 

}f?:'}tI:;:2::.·.::: .. • ... _ • i 1 • _.:_r.{}t:,:t-//.P . • • _. .- :.<.-r·:,:·.~ .):··:;; .\ .<. . ·, - .: · _'. . •. - ) , . , .. _ ,~ • . ·-.... i,i--:;~~~\~( 
. ~.;:,_- ; . • -;,::_ -.;;_; .'.: './ :· l . . _ To _pi~~i~e .( 'luarit~~ativ~ .assessfl'~~-f .of th_e redu~tion u:i :~m~rgy _,ons~~~C?I'.l :~~ ·- ~,rpt~ 
1;}{\-:. <(<. ·i(J.:: _, :: _ -~· _ eµuss10~ ~~t;f?l1l,d result ~Y-. th~;ye~· ~-010 frC?m.~ v1g?rous,. na~•~~~-c;_opmu~~n~ .. ~~i;~.5~~l~!e!. 

:; ,,. t:);~Y~J~t;iJoi.i]~,l ~i~iJt .. ·· .. _ ~i~1:j·~i:.~r~;1~I~f'. !t)i;::~'.;;i;;z~.~·t low'.> , • 

• '" 2; ·i\TcfdocuJ1'en(me"',«:osts and.' ·erformance:-0· .th ·,·r e'cni{ lo • -~ .thaf~,~~ e - in;-a: 'il 
·.t<:t.,·.· whicll;i~s;l'iUtiiiir:~~riY~vtn'·t~a~M:'b.-ifi~~rl&~b~.,:e&ucilfM·~ -.aali·-~•,. 

-: ~-' fit{:~t{:~·:·, ~ .~ftt-~:'_\~/.r;.(~~ • • !~~{i{:-i~( ··~1-'if;~:;1i:~~~~i.~~\·\;~,l;t~~ 
_gYUit ' . . ('*''#'.~J°{fcir~'eh ~ d~ten\\~i~l~!'eb~'r;;fj,j;~}if&: -. ' 
,,.t ,(lti ).: .~ ~ii • -~ '"'~a -·,..,. "' .. :f'tih~ ....... ,,,;2020'1t .;~~~-·!r~~~,•%/.q~ 

\ltif .;fl :,;d"t(t'.t '!fr: .• } ,\7 ,,.~-·,:: ;;::.:•·· ::;i~}i 
.·•. ~~'.~#,; __ .'f ! \~~~:.'.~: :':• 

,. -:.f~i: .}!/ft 
.'\''.·' ·-.-." . •-~,,:.y. 
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Introduction & Backgro ... ,· .. , .... 

The report focuses _ on energy-efficiency and renewable energy R&D. The coverage of additional • 
selected ·tow-carbon· end-use and electricity supply options was based in large measure on their 
perceived potential to contribute significantly to stabilizing carbon emissions by 2010 at their 1990 • 
level. which is one possible national target under discussion. 

2.2 · METHODO.LOGY 

,, . 
2.2.1 Overview 

To achieve these objectives, we started with the Annual Energy Outlook 1997 (AEO97) referen~e ·· 
·case forecasts for the year 2010 (Energy Information Administration, 1996). After thoroughly •, ,·· • . • .. 
reviewing. these -forecasts on a sector-by-sector bas~, and working with EIA staff, we chose fo_ accept '. .. .- ~- . _ •: 
tfle EIA "business-as-usual" (BAU) scenario as ·is _fpr' buildings and industry and to modify soP1e ~f{, _;:<:) ...... ,. , 
the assumption~ arid daia and pr~duc~ ~ ne~· BAU case~ not greatly different_ from the EIA case .- .,fo:r.//.• ;:_;/• .. ; ·.,._,.; i 
the transportation.and the:electr~c utility_ sectors.~ · .. . . . . .. , ·:·. (-,-iii\i, :. ~--: .. ,.f 

. . • _' \ ' I , • • • , . . , ' .:.,:· /•, .• i\~{~t{~f\~\< •)~,' ~ .• ~· 
We then. assembled existing information ·on the. ·performance and costs of technologies to .increas~~~:,tiWit/r•·:~- )·:· .. ·• t 
'ene'rgy 'efficiency or, for selected end-uses; to switch from one .fuel to: another (e.g., from elect~'icity:toll~.:t~L .:,:.' •. ·; • '~ 

• ; natural gas for .residenti~ _end-use.s_or fr~m gasoline to· biofuels for ~~porta_tion) . . F_or ~e b~il~ing~?f)t_t/J • • .: •. _.: :. 
. sec~or, the technology performance and cost d~ta base -are exterts1ve. For transportahon1,. the dat~;; l' \.. . ; ; 

• •, ... '.. :' " ', • . 'base - althpµgh less fully d~veloped than for buildings -:: is sufficient_ for our purposes. For _ind,us!rh \ \ :,;:,'-'. •. ··, :· ,:_ i 
• :. _· .: .. only partial informati_on Qn technologies and, cost~ is ·pre~ently ~va_ilable, . As a result; the ~ijy~~<J,,;_· \:: .;.:i~ij 
• , , • : . . . . . .. f~r industry· relies ·primarily on hi~tori~al !'elations ~e~w..een energy use .and e~~nomi~ ac~i.~i.~i :·~$*'!~. ;,.;,, • . • ;·;; : ·'ti 

~ •.• . much less on -explicit techrlological opportunities. The industrial . analysis ·.also : plcludes ;~o_~ef'h.'·f, : ·_ • •. ;, 
.- examples_ of industrial low-carbon,teclujologies'. . The an~lysis of, low-carb_on .s~pply technofogi~i;•½J ,.t:. ·); • : , · • • ·' ; 
· the electr.icity _ sector is based on a review_ . of the literature including detailed .tec:htjology \ • ;-· .;_,.: .. . • . 

... .. - ' 

_ chara~erizations pr~pared by IX>E _in c_o~junc·!~o? wi~ ,its n~ti_oria~ lato_r-~tories: ~d'. indus~: :: /;·:~~~:~,:tt::.t.· ·_: \~;,;_ .i 
·. · · • ~.- . ,. ·:· . ·. .... ·.:.. · • .. : .. · .·· .·. ·.. . . <-. · ··· ... ·< .·.-~ -·· . · . ·)!.·:· •.. : .. ~::~:~:,~.;;,;i(l)i.:.¥~~-:~'f;:~~-?;r.i 

. , _,. . Next we created sce~a_ri~s _of i,nci~ase~ • enef g_Y,:. ~f~jcj_ency ~rid_ lo~er-car~o11: ~Illiss,ion,sif~~ID,.& i!\\ , ,;u ·t ·., '·•·· -~;~a;j;:;) 
. ._._ . t~ology data (or, in, ~e u:idustr1al sect~r,. h1st.o.ncal_ r_elahons) as. a key irlpµt. We ·~~~.;.t<?:: .. 
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.. ,., . · .. · thr~e scenarios ?~her_ t~~~ • the . 8.~~ ,cas~,\ )•Ye ,,h,ave _ _.t~.rmed the·. f~rst_ :t_h~-''..efficief.l.ct:(l.~ :21~$ i~'.~/;t~:~'t•f 
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ein~~~ked <$n: a path to .!ed~ce; ~ai:bo~ emis,sions. They a~sum~ t~ajor effor~ .to· 'redu~!:tf\f~, .. ~ 

. , .,: ·.:11 :-.i , • _.. : , emissions through federal . pobc1es ·and ._programs (mcludmg . environmental '. regulator.t: reform 
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the R&D-driven technology breakthroughs that generate the bulk of the carbon reductions beyond 
• the effidency .case. For the electricity sector, higher prices for carbon based fuels cause larger shifts 
from coal to natural gas; for this sector, these same higher relative prices combined with federal 
and private research, development, and demonstration can bring advanced low-carbon technologies 
to market. 

Although the work focuses on 2010, we also look beyond this date. Here we describe new 
technologies, materials, processes, manufacturing methods, and other R&D advances that promise . 
to offer ·significant· energy benefits ·by the. year 2020; for this time period, we make no effort to 
forecast specific levels of market penetration,·energy savings, or carbon reductions. Thus, instead of 
creating scenarios we describe the technological innovations that could enable the continuation of an 

• aggressive pace of decarbonization well into the next quarter century, if appropriate investments in 
R&O were made. • I • -'_/,' f 

''· 
·:-i; '•i 

2.2~2 . Time Frame 

. Analysi·s for all sectors focuses on two ba'se years (1990 and 1997) against which futur~ prog~es~ isi 
'benqhmarked, arid a target year of 2010 for assessing emissions.'reduction potential. . Energy use and . 
emissions for 1990 and 1997 are reported as base years against which we compare future energy . :,·,. 

, •·· . 
: . . consumption and carbon emissions. • • • • . , . .-, y 

The ·r~port examines~ "snap~hot" of energy use and carbon emissi.9-ns, 1,} ' sector, in 20:10: nw· .• I .Xi;;~:··i 
increased use of energy-efficient technologie$1 ·combined w~th the _developme_~t of new ted:lllologies • .) • ::. ~1 •• ~1< J 
bflsed on past R&D plus an•invigorated R&D effort initiated in 1998 are needed't6 adlieve 0µ(2010 · :.:· >\. >:> f 
scenarios. 

. .. ., ·:. ;, ',, . ,. 
;:\ :.. >;\~ ·. :,·,::-/!.: ·~· ...... · .::-

. . . . . ' • "'\ : . .' ,f • . • • •• 

We also highlight the likely post-2010 benefits of an intensified invesQnent in energy .R&D. -: This ' • ·:,: 
• ·captures the effects of technologies that may. not be widely :commercial for some years but that could () ·)i-; '., 
•. deliver cost-effective energy-saxings .and e~i_ssions reductions~ if public anq priv~tely •Supported, ,;y· .:rl~~;.:1 
.• R&D wer~ fo ac.celerate their, proof of concept_ and reduce. their devel_opmt?fl!~-r:~ks. ·\ •. • ," :: '.)St.:)!{it~t;J 
2.2.r> End-Use Efflcle~cy .. S,cenarl~S ' • ;· _ : . . . . . .., .. ,. : .. •• ·· :•· ; ... ': .·. . . , . . :} '>._·\_[t1
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. :. •. _,, differ:ent.HE/LC cases-.one with.~ $~/tonne carpo~ charge a11d the ~~er

1
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. charge~- The buildings sec.tor also ~reSef.\tS_ a "froz_en effi~iency~' baseline/ .fot;.~qpi~o~~:comp~on'' ifYf.~ . J 

purposes. · While there is varia~ion in• the methodologies .used .to estima~eithe\~n:~rgyf.sav:~g~~¥ld '/~lJ'­
emission. reductfons,_ pote~tial .of each ·Sector; the .three secfor _.c:11,apters·:l rf :~~ilar . m·:~5.!rig,a ':)tJ 
comb~ation of te.chnology analysis and mo<;iel-based fo~ecasting '. . $pecific~y/ the. ~uild~g~~d .:~i;11f.'. . 

. transportation sectors µse ~tock mod~ls ;with te.chnology•dlaracteristics. ~~,i_~thet •·pa'rametei1sit~ e.nii.t.' •. t' 
·' from assessin.ents of individual technologies. The inchistriafsector'forecasts·~o~rya'tior{iny'.~ .~~t -i 
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Chapter 2 · .. . , .. . ' 

The scenarios for each sector also use_ the AEO97 -energy price forecasts . World oil prices ,are 
assumed to rise from $17 per barrel in 1995 to $20.-1 per barrel (in 1995S) in 2010. In AE097, natural · 
gas prices in the industrial, electricity, and transportation sectors increase throughout the forecast 
period; natural gas prices for the residential and commercial sectors decrease significantly: 
Betw'een 1995 and 2010, the average price ofelectricity is projected to decline by 0.6% a year as a . 
result of competition among electricity suppliers. Electricity prices are forecast to decrease the most 
for industrial customers and the least for residential customers. 

• Such macroeconomic and fuel price assumptions strongly influence the rate of penetration of energy.­
efficient technologit;s in each sector. Further. details regarding these assumptions can ~e found in • 
EIA (1996c). , • • • 

. . . ' 

Frozen Efficiency Baseli,ne. This case, which is analyzed only for the b}lildings sector,, assum~ tha~. :/ : , • 
energy-consuming equipment and systems existing in the year 1997 remain at the .same efficiency-f. :. · .· 
until they are .retired. This equipment and these systems retire ov.er the 1997-2010 period _at-a·r~~e:-~10:.:··f-·;f 
based •on standard equipment lifetimes. It assumes that all new equipment employed after. 1997/f.; ;,:,, ?'. · 

• remains .at the ·efficiency of new devices· in the· year 1997. The fr4:?zen efficjency baseline-provides 'ell\ * . • : ·: · 
upper boµnd to liki!ly energy demand.(under the economic assumptions applied to all the cases)/ if :: --~•i ·. 

becc1u~ _·it ignores all f~rces 1ea~ing 'to higher _efficiency of .new equipment in ,the business-as-usuaj•;/ >/ 
case. • 1t also ignores arY retrofits that inight :take place if there were ec~momk·reasons for earlyy; . ; ,;.. 
retirement of equipllleiit • • · ' ' · • •. . · : ·. \.::· ~·\: .:- :l •• . : , . 

-.- :--<_:\,-:... • • • ;· · - · · : · .· · .. • .·-· _.·j.)ll:.:T-'~;;;·.,i:\,--l 

. Thi_s case is ·pre~e~'t_~d .prima;ily ' for ~~u~istic _reasons:· it d~sc~ib~s. an easi.Iy-:uriderstood :_c~f;; :~ (\:r~}t·:\>J:: ;,':"l 
. which technology· does not cha.nge~ . This .is useful for exploring the unpacts .of technology_ di~ g~ ; .• _ .. -,~. • -· •· ·- ! 
• Also, the case is,no_t .~ecessarily c:ii~orcedfrom r~ality:_ in ~e-era of'Iow ene~gy prices preced~g1~ ~ 6t:-_-:"~.:t ..• ' ': ~­
_oil emb~~O. bf 1~73-74, the._e~ergy.efficiency, of many household, -~r~portatiori, and .ind~~t~!i'-.J~":'Kt• . • _ • ' 
techn~logies changed very httle. • • i' • • • • ,;_,\)rr-'iJ?tf \;-f;:~f ·, -: = : , ' 

. .- .... _ .. • .., , - _ . _ . - - . . . i - . :· • \Jfiilt~f ... v>-~~ .. · _: --~ 
. Busi~ess-as~1;1sual <;:~se, The ~t1~iness-~-usu~l (~AU) case repres~nts ~e best ~tinlat~ '. ?.£_~!11:n.(i ··- ·, ·~t:t~·(.\' .·.g,;. ~ 

••.• . e~~r~y_ ~e g1ve.n cu~rent,~rend~ ·~ _serv,ice· demand, st_ock .t':1move~; and n,~ral •;}'rogr~ss_;; . .:;it}t,:+·Jf~ { 
. efficiency of n_ew equipll}ent. -. ~t :assuines .that R~D )nd unplemen~ation progra:qis.at .RC>E·: ~~; .. ,, i:0,{~Jt·.,;t·, , 

. ,. '' continue ~t m~r~ or-!ess Curren~ l~~~ls, 'fi~~lltA significant: ~u~ ·of ne~:fu~d~g~~:I_t ~aBtu.r~;-_ : . .._t l J{/ffr t•<:'.' .. -~ 
:·, .· ., /;•'· . .. changes .m efficiencies of new equipment over the .. analysis period . .' It also ·allows !or.some;, ;ft,:l; :f :'~: • " 

.;;:, • '(:.: )}< ,;., 
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retirem.en_t o( e9u~pme~t. ~~~-fe . ~?st ~avin·g~.:ff~~ -n~~ ene:rgy-eff,i_<;~~'~t. Pr.?d~~ :a.re ~g~ r~f'' 'l ~~K::t~. ;;,:. \, i.', i 
., . ,;.'_.:, <· · · • purchase and mstallation co~ts,· as -m .~ome maustrial motor .and :drive ·systems,and :co •• ':<:/.-.: i,:~-· i 

:' ,,: '- • ligh~g ;.,,oil,.. . ·• · , ' l)r:: . i~tr · · \: > if> / Jii?:tr,i1 :l:I 
To create this scenario; the b_u~ldirigs and in<;iµstry:~ctors ~dopted .the AEQ97 r~'f~~ence .c.~ ~ :. , ~ '.)~t~, 
BAU cases. ' _For the ;tratjspo,rta~~.I1 ~t,or1,~ e.~.m9.4ified Ji..~(!)? so~ewha~.<Spei:i!i¢~y;;.tl}~ 4F.,,1,, ., .. ":'.•it3:,. 

''· . ' ',.. refe~nce ~~e forecasts tl}a~.tQe ~ffici~CY.P( J>~S~~ge( ~~rs.-~Ul .in-cre~ fronf 27.S,;~~r~ \~ , -i~r::f(::' 
31.5. ~G ~ ~010, .W.e ~li~y~ :such.:.unproveXl\~rt~ar~ -~ely·~ -the ab~n~e .of..:~~r~:·w,; :t •:;h>-

' ·g~line:pnces, ar\d h~n~e;9~! B,;~ y .c~J()r ?"~P~~~tion lea~rs, th~. MPG,?~rtr,~c~:~f:-~,~l i;}r~;\;; 
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l~troductio~ ·.&~:Background 

such dianges. Instead, \\'e examine the potential for technology-based energy 'and carbon reductions, 
assuming that significant efforts are undertaken to enhance_ the attractiveness of these technologies. . . 

To be attractive to these manufacturers and consumers, a technology must be cost-effective. Thus; 
this scenario .limits itself to describing the potential for cost-effective technologies to reduce energy 
use and carbon emissions. A technology is defined as "cost-effective" if it delivers a good or service 
at equal or lower life-cycle costs relative to current practice.2 .Externalities are nonnternalized in 
this definition Qf cost-effective. An energy-efficient technology may be societally cost-effective, for 
instance by taking i,nto accotmt its air quality or safety benefits, but n_ot be judged co~t-effective _by 
our: narrower economic criteria. This scenario reflects the view that ''policy options ex1St that woul~ 
slow climate change without harming American living standards, and these measures may in. fact. 
improve U.S. productivity in the ~onger _run" (Arrow et al., 1997).- . • • 

' • I -. 

CQmpared to the business-as-u~ual case . . the -efficiency case assumes (1) better technology ~d (2) ·· :_ • •• - •• 
higher penetration rates for energy-efficient ~d low-ca_rbon technolog~es. • • •• 

. •. -
· '· 

• •\:•'• ._':- r :•:• ,'• 

. t 

1. "Better technology;' results from .an invigorated public- and private-sector investtnei"it ~ -R&r;> •.:- .,- • • · !. 
such that .energy-efficient technologies becom~ more cost-comp_etitive based on current fuel . ". ',>.·::: ,··. ~ 
pric~. Perfor:mance improvements between 1997 _and 2010 are ~ostly incremental in this • .· ~ 
·scenario,'1~.ut by,29f0 they could 1;,e revolutionary. · • . • ,;,.;.;_: 

•• l ,. 2. "Highe'r .·penetra;ion rates" _,re~ult from an in~igonte'd '; se~ ·;f policies a;d . Ola_r~~}il1::_~i:;Il~}:;1 
. transformation programs thaf ~emove or reduce _ market. failures which inhibit the ~se o.f i:,i ";:: ; ;:;"'I;\ i 
energy~f(ident. and low-carbon $ystems. Through unp:roved information and ris\<:reci~ctiori) ._:/ .<.'.t: • -~_:,i 
~apital ,markets for .. energy~efficiency investroen_ts could b~ strengthened and -e:onsu_mer. _._.- ,;:-.:/ . 1: 

·. , investm~nt_hurdle rates for ~e. p.u_rchas_e of high-efficiency equiprrtent_ could be' lowered:· _,·,L,\< :).>~- '. ·:·. ·i 
. : • . ·-.-' • ... · • :: ' : .• -- . ~' ; .. : . . . . ••. •. ·· •• ·. · \ '. '.. , : . _.-· ;._ .. ;_.:; .. ~-, : ... :;.>·•:t ·,. ~ 

Despite its assµ111ption of an· aggressive public co~i_tment to. e~~rgy: efficiency, this ·scenario'•~b. ::_ /·::f.- .::; -· : 
takes into account real-world· experience and program implementation constraints whi~ suggest' ,;/,::' .,<;' . .'.". } 
that :it is riot r~~.so!'able ~~ . a~su~e. that:_~yery_ co~sun:ier w~ll pu,:-~hase· the least-:~?st, ,hi_g~-:.~ffi9e~cy~f)t(~:(~\.°t'.:. f 
technology ~phon. 'There_ are.m,ariy reasc;,ns to·e~pect a shottfall .fro:m such:a ma~um,case; _: ~~P1.t!-!1S(:;~&t~~'.fl:'~ 
rationing, imperfect infoima~ion, ,.misplaced incentives, arid "the un~ve1y-i'ess of Sl,lpply; in~~all,a~~ori;;~:i:J-;:i;:;-r.>.:: ot 
and;maintenaricenetworks'(DOE;·1996b). -: ' •• • · • •. ·, ·. · • •• • •. :< ,-);/i!. •r: • - /: :~:;;,;,c'..i1it(iff,\~i~~1•,t,\/if.·:; f 

• ; •• ~ig~-E££;cle;Cyltow:c~,~:; , i:••~- ii.. hi~~ffitj~l\~j /1oJ;~tt i'~JE/J) <gjj~Jf f ;:1t,,'! 
: .' ·: ·_ . , :_-: gi~ater co~~itmen~ : to requcing. _c. ~-~b~n .'e~1· s_si~rf thr~ugh,,;i~~~e:p~_l • po_l_icies :_ an~:,. fro~ . ·: • ...... ~ ··_··:.~1~,_:.;,~-

- -\ •. :_- i:_ streng~ened ,st~te pro.grams,.and very _active·pny,te:sec.tor mv~~vemeI),. :One way·-~1ew:'.thiS·~ .·/J, 
' .::.~:f·~ . .- ' ,- . • .,. ' • '• . "J \,i \t , •. • ' , .•• ,., • .. . • ' •• , .. ,. ·\,. •1,.(' • ·/., , ~ • ·f ' • ' :.. • ··' • ••. ,. •~.1-,L 

. : • : .. :·. is to: see· 1t. as ~an attempt to m_ocl!?l a .world iwhere :an·•_ intem~tiop~l glQpal 'V'a~m~"tr~,~ _::ji:••' 

. _ne~otiat~d ov~r ~-~ ne.~t fe:"V _Y;~a.r:s·.~diwh~re ~e out~orn,~:~?,r. the,.:Uni~ed ~t.ates (~d, 9th_e~:-~~~ ~lf~t;)'{t 
. nations) JS .to stabilize carbon aI)d other.greenhouse. gas enuss1oh$ J,l\:2Ql0 at 1990 levels . . The U.rut .. ; . .,_c-:_ ,:1/:: : I 

• St~tes pursu~~ ;th~~~ _ r~dU.c_ti~~sJ~y :(l) ,as~~~s~iye1y,)15;t_i~~tiij~ •:f~,de~a_f..pol_i~i!s ·t_~<d~~J~~g1~]ff 1)1t~Uf1f".}:ti 
. • • -~ep,Ior ene~~·~ff.f1cu~nc;~.,;an_ ·.,9,}~_r'-7:~a~.b9~.J ~~¥,ol~g1_es;;_ SU9} .-,ias ) n.cr~~-~ed, -~~dll}gJ~t : ' ' lii;t_·;:-,1 
.. ~cll1$fo!'-JlUlt:iOn ;md R&D_effqrts:c!,nd '{2,~y is~umg:tradable enuss10.n pemuts. : :'' /'/•· >~•: -:-_'.:/ 

>x- •. -· 1:_' ,, __ :· ·.,. ,. ·:\; • ·: ?fif}·. :/i·.:-,~}{.l~tf\:.-_:-'.:,'·:i\)<11i/tf·'.)i/:.r-·· '.\t~J'.·i.~\~-- }))>).--- ~:. -\-::)i{;. t:;).: 
In this renditjQri of.the HE/~~/ c;~,-Rollcies :are piit r~t.o r1ace-l>t, '2000 and,progressi~elyJ.ph . '°°{" • J 

::/. > ::_ .... ::: .: ,:::. · until ''tti~y: are~·fuui·ll'\• plate • '1)010:?rnf peniuf:pfiti::to"t c~P,on ·w941a. presumahifinse:~tf t ltl 
.: ·:. :::. ' :(t: _f.;</i'; through 20io)c· • "tis, we h~v ,. '· ''"itt le'1 ·a:ctors:~feffiog;rc:"onsum· ·/ '• a;.i,usihess •bl!ha'vior;~,'filtC''.>;· ' • ' 

• ·.-1 .. '. ···~·: .,..·_,·.•',I,,,.,.·.·.•;.' -~• • .,. 1•·••~··1•.,.,,,_,:·r.: .. ~iii.. r-.,.,•1.,.,, •. • • ,, .. \i_1·'~ '.'.\;, .. ·:.··, ~ 

.•~i-\./ -.<'. • ~ _·,,f/' ·:·,· the '.followin -~~-)-:•:'.. •.:fif· >Jt;!:.".~ 1
• 

::i·t}}i{,t:: r· ··:f '.:'.1'.'1't?i,}l\:S-)f~1i,;ff{ :1;}%tf _ ;i:t,;_:i::;}ii. 
-:,,(,.·•;•.f•:,•;·.;.lt. •!•;i,,J,},1-1_.,Th· -•·:,, .. ,· ••. ,.~~ .•~- .-.,,;.;'·"·.;.t.. '!>,,,.,.f_ ,h 
,i't' ·:,,:;,,:;••a.;,,-, ,·'<·,'·'l'~ l.~: .• e reco1ZIUhQn ':u1at ·•no l 

· .,· '\;):t~.f~/ :, '<./•\JJiii, '.: iri'te:·:~ ,~lfJr/~f';a-:. i"'e"' /~ 
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• • The actual increases over time in the permit price of carbon (which we .model as averaging 
either· $25 or $50 per tonne for much of this period); • 

• Increased federal effort to accelerate R&D and diffusion of low-carbon technologies; 

• The development and introduction by other countries.of advanced low-carbon technologies; and 

• The change in consumer preferences and behavior that would result from an intern!ltional, •. 
treaty and national commitment to stabilize greenhouse gases, much like·changes in consumer . 
behavior in .the aftermath of the oil emba,rg'o of 1973-74. • i.: . • .,. _ 

In summary, this scenario ·for 2010 describes a combination of better technology, "readier". tnarkets, • 
and a price of carbon that results itl a significantly increased willingnes~ to 11\an'Ufa.;:ture, purchase,·. 
and use.low-carbon technologies. • • 

,• .. , 

2.2.4 Method_ologlc~I Differences Acro~s ·sectors . :.· /, :: 
. . . ·{, . . ' . • '! ... ~- :.J::~ _;' 

, The ·operational de(initions used to model these scenarios for the individual erid-use sectors reflec_t : • 1 • •• :f..: <. · 
the above conceptual definitions;. but are nevertheless distinct (Table 2,1) .. These, differences are due:~>)·,:-,''•t.'-,r • r 
partly io the inodeling ·approa~es used for each sec~or .. They also refl~ct the.authors! sense of w}iat • ''.-'>,:·-t:. 
,c?u~4 "~~ve". ~_igni_ficant in.creases _in enei:gy effid~f1~Y. in each ~¢cto~. For inst~c~, to_·ac})iere:. a. ·~:-; :<:ri)}. • 

., . h1gh~ff!et~ncy/ lo~~c~rb_;on s~en_ai:10, . t~e !,ranspo~,!M~o~·' ana!ys1s ~?.S~~-l~t~_S; ,, , _ser ot . ~~-~~o~o,gY:://,; ;- i,;:,:\1. :''' • i 
< brea!<.tlu:oughs. ,The ·mpustnal analysis, ·on· the ."oth~r hand, achieves its high-efficiency /~o~:. ~;; !:le;,;:::<~·. i . .'• '. 

carbor{_scenarici' by doubling market penetration rat~s· and .assuming that,energy,-eff~ciency .decisions :;:: ~\. \ <:: .. · -: 
• , . are treated ·ai; strategic .. investments with correspondingly lower hurdle rates.'·· • i :· • '- ,... ::· =\;::,:;:.,- .' .·f'~\.: l 

• ' • • ; •• • ,. • . I . •~ , ,,-. ·,, • : • • , : .... • • f . . . 'I •. . :.<,.?••• :}~~•· ;:•;:~;• ,• 

• Th~ sectors,als~ differ in th~ w_ay that life-~ycle CC>~ti:~d' be~efits. are cakulaieci:to d~t~rmine· -~~\ X .\)]\'?'· .-r_ 
. • cost-effeqi,veness.o(technologies in their.effkiency,:~ce.ri.arios. •• • • · ··: :\./;1,'..:f'J;. ,f • 

.. • • • •• • • ,.··· .-• • -· . _ .. t- :;;t~'/(: 1 
• . · , .: ,· •• ,~·,r . ..:::::·<('t' --. ;::tJ>·; 

• • . , Th~ buildirigs ,SE:Ctor emp~oy's ,a 7% re~I'd¥o.ll!\t~'ra!~, to ~alue, the ·sfre~ '.of...~!nefi_ts ~~C~ffl,g;t. ,i,,-:. ·,~~' -~- .i. ,. 

. frol;ll an·•~'-\e~~e~t. These· b~ne~its acc~~u~-1}~ -~~oughout ~e. spec~~ _?'pEfta~o~al lif~_!i~~\~s;;1,;1;'.~·;.1, ik,( : 
assumed,for ·ind1v1d~al technolog-1es'. ~e~~ff1c~~n~y ca~e c!Ssumes m~r~~~.P~~~tx:an.orr~!,.~R,O ·,;;':_..;_~{~f;~;J~: . . : 

. one-th~d:. of- .tne:,.tec}Ulologies _that are.'c6st..ef~e~fJve' at:a 7%, r~~~ :-d~~co~ ~~~t?~ot,\a?i~~!~~) if ~@t;-?·.:l·.:~· .. ~ 
. ·.; . ,. ,. • · , the business-~~usual case. ,The HE/LC ~ase doubles Jlus penetration .. ~ _; -~' .,''. ,.,~ ' '-'',",~H·~,.1~,o/1;blr"':.;'·1,, rG, • , :. 

, ••• ,. '. ~;. l : : . ';.Tit~' k~usttfulie~t~; ~~~:, a ,ip;,a1 ~~?·{~~o;' '(CRFJ ~i '1~t.ir~tll1f',j 33~:~£~]'.~lf f 1 .· ; 
'. • : · .::- • \ s . th~ BA.Ufassuino'tion). - Th~s, -to .'be ·f onsideie'a • ccist~ffecti~e· in 'this i~'tot'':i~ J.ivestm'en't:,1~"\tf· k:~-:l ; -.,;. 
. . 1 ,•/' .. 1 ·'" ,'• ' ,• ·f ".i',' t ': ''1'',. t,, :, th' ,,: . ,,•. , .• , •, '1'1.1.,js,~)/.:1•'·;, ,.. ', ;,•,',- "1·;·.>,·~-~ti-'J;•:r"'f':-."!IE' . '"· :.••ih'~~&.,;,iI'S~••I•,,,:, A · • ·, mustpayoac1e-in:nomore a:n ·approXlll\atey,sevenyears ·_ ·-· • '.", .. - .• • , .. , :> ,. •• i-1· ,. :-;.• •:,!)f.• -·c,·:;t~ -" :·: 

,., • • • • i • • '~ .,.... , • .. ··.-·~~~\.•t ... ~;'(~'"!,,.:;~:"• • ..: . -. ~ ,·.:.·,-'4 •; .... ~~ .. ~->,\~ 1. .:• ..... : :.· •• :.\~ .. ~-\·'fr ·."'.\i~-1·,~~.n; .. ;:.!~ ~~ .... ',.,,\~ . :,~-: ~~:t~;~)-::~_ .. :_,;.;,,.\ t 
• • •' l ' I ' • 1, /.," ' • , ·,. ·, 1' ' ·-:, .-~ .... - "$. '-~ ,,, ... / l, ·~ :,11•, ·,-,• ' • ... . ' ., ., ·; 'it',"'1>-:,·;· ...... ~~-i•:1,:.' ', 

... , , . • Th~ ~porta't;:~~ ~~tor ~s.'~ 7°/o d~o~tc~~{~;·oUt 'it ls ~pplied ~hly t~·u;~\ first five y~~:~f-f~{,If?,:·,~r.·/.:.-, !, 
.• ,·operation; evetj though· the expected lifeijm1.r:c,Fa ,vehkle -may'be rt:tuch _longer. , This five-year ~\:{~''{<!/'{·/·.~ 

• , -period ·,-is :. mec\nt to:: reflect the ·reaHties ~9(p'~(cn,,a~e ·behavior: in , this ~s~~to~, ·- and . results'.. ,.\_rt itt• ,:~,}~+f:,. );~':: 
,.:· , • · .' ·decisions .that ·are ba"sed on.corisiqer~bly}less 'm'anJ,heJull life-c:ycle of bfueRtsJ.~:.;' ., ·-~,\;~/-;' .. ;~1:•1~:.;i,jh'·~--\#'. ~/J{ 

=_ . . • •. ·· , • - .- <. · ·., · . -:· • . ..,-,_ .. .:·\:.\' \~_,. · _ · - ~- ·J•;~:·F·>1,:/:·\t)~~~\t1.?~>;/;:., ... :: ::.:- .:.-:-.. :\:-,::'•f•;t; ... /r. >, ... _,/': • :··,~-<( ~tr;.,~:~.J~?i';f 
, . • ~ ~ 1 \ ~ 1, . '· ('I' ~:rt/ /, ~j l" • ',1,1•~~!~·11•~ 1 ~', ,t'.f.~1t"'"'\\V'/~ ; ~,Jt,\•?i\it"., f~ , •~t 1, {,, ), '•!~~• 1 : i' J•1f ~;i'.~ ~••,~• 1,J, 1(., ','l,,'{ J. · • , ,{;,,',, ff_."- fi~• 
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• t • ~ ~,., 1,-, ,-. I',"\ I•'• •,~! ,W•• f ,,.. • •• ,;,t,-._, ttii ~, :-'~ -.•!(.,••I • • ,}<\"'- V~, ', \. •1e • ~,~~• - ~•f\'\\~ • ,' '!:,1,. ' 11,~ ,- ~(,f;r.''ll1'i.,. ').,,)~>-~•~ •, ~~' ! /..,-.. ,~, •;,,~~,!I •~t't ~~. ~,-~·:t\\}:\;~~:~~:f .·.·3.~~t>·} }·_,: \';:;:\~}/, .:·:·1:i-:~:~::::~:::;/()J:,:}'.: :~;:,:·~/1:~,·•·, :r:~-,·- .,:: '._1 _·:;;:i,~:~.ii:t~'/t , )~ti.:;, ,t.:i,.:,·:''~•-•itl•. '• .:1t 

\h'•c\f<..~/..;:, r, :j,J i: ,,•"11 ( Vt?t•, fi' ,/\'~~,' ' .i(I 
·•· •. 'i i'\~-~,;f .. , ' • ,t.v '!.fj J l·"' 1/'1,.' ~../tt~t·,"l/1~; ',' I ~.,.., •• • , ,'\/•:t-. ~'[,~ 
::tl.'\,;·{r\.1• t, :l i1r ,:~ .... •• 

"1" 



.. 
. ·.•':::,:,;i°:'.it·:._:;'' 

lntrodiJcti6n- & Background 
·,. 

Table 2.1 Conceptual and Operational Definitions of Scenarios ,for 2010 

Scenario/ 
Definition 

. Conceptual -
Definition 

Business-as-Usual 
(BAU) 

Best estimate of future 
energy use given current 
trends in service ·demand,. 
stock turnover, and 
rtatural progress ~ the 

_ efficiency of new 
~quipment, including . 
advances supported by 
curr~J_lt public~sector •. 

\ . . ·, . 
• programs; assum~ no 
changes in :federal energy 
or en~;iro~ental • 
pol~cies'._;: .'. • 

-' 0 e.rati,onal D'efinitio,ts: 
_ B.uild1ngs Af,09_7-ref erenc~ cas~ 

• • • de\1eloped 1,1s~g the . 
.. ·. . . . . . . . ·a , . 
NEMS model; 

Efficiency 
(EFF) 

Potential for cost­
effective, energy-

. efficient 'technologies to 
penetrate the market • 
given an invigorated 
.effo.rt to promote energy 
efficiency through . 
enhanced ;public and 
private-sector · R&O • and 
ll).ark¢t transformation ·_ •· 
activities: 

35% of th_e ,difference in 
. . •. \ '. ' • '.· 

total .energy savings - · 
between the 'BAU and • ~- _ 

' cost.~effective enerp ;~ .:.;·. 
. Sa\'ings 'p,pt~~tiat _ '. -.. 
! •·. • .• · • , •• • .• ·1 

High-Efficiency/ 
Low-Carbon (HE/LC) 

Optimistic but feasible 
potential for energy 
efticiency and l9w-~arbon 
teomology based on.a 
greater commitment to _ ., .-
reduce carbon emissiqns • :, ,,\. , 
resulting from actions.that ~tl~:,_: 
might include the creation ;,, ; ·-
of a mar.k:et value for,-.'.: :,:', t<:} ·:, \· : 
carbo11 of $25.and SS0i5er ,,. · 
tonne·. • • • .'·.·1• • • ,,, ·, • 

• ·, ! - ... ~•-.'1/:.:~ .. • 

·.,:_;'..1,_j·_l~.>_>.- ', :,>:\ .·_: 
, .1,½).,.,'· .• ,,: 

. .. •'• . 1[1,::,{J 

65% Of the differ~ce;lll 0) ~l•(f;::. ! 
total e,n.~_r.$Y,° s~yings '5, .. -· .· ,, ,. . . 
between the BAU and · :,• •-:i <t-f:· • • 

~ •• -·,1 ' '' ·- ' • •• • ~ • :: ) ·." ·:,;-~ -.: .•,. <•,;_ :tt/.• ... ,/~ ,. 
cost~effoctive energy:•· '' '~- t;•y t 
·savil)'gs~·~otential> )f\/~ '\i ··:}?'1;·; '., _ • 

., '.'j.-, ~: , ~'.·:~." ~.I .,• ', • • • ,••• ,J•.:.:·~ .. ::.~ i~!-;~ 1.·'_' .>, 

. ,'• 



2.2.5 What the Study Does Not Do 
... : 

This report does not describe the policies that _ ~ight be implemented to ach_ieve higher 
penetrations of energy-efficient and low-c;arbon technologies. (Reviews of a wide range of possible 
policy options can be found in several recent publications, including OTA (1991), NAS (199?), and . - .. 
DOE (1996b)) . . Rather, th'is report highlights the potential . performance and impacts of .· ,· 
technological developments and transformed markets. The existence of cost-effective technologies , . ) 
is a. prerequisite for public policies to work. Without the te<;hnologtes, policies to reduce greenhouse ·,:; . _ ,_ . 
gas emissions wiil be. \'ery c_ostly. • Indeed, this analysis s~ggests that carbon stabilizatiol") could_ : . .· . .. 
produce -net benefits· if the nation in-vests significantly in cosHiffective energy-efficiency and lpw- ' /,:~' \-. ,.· . • 
carbon technologies. • • • • . • . • • . • • . . • • . . • _· . · ··: ·:: O:. • . 

. Thus, .we believe it is criti_cal to und.erstand th~ av.ailability ?f technol~gies, theu: performance; and _· • ', --:· •• 
their ~osts for . as many end-u~es of energy as _possible. _Armed with this , knowledge, qiscu5s~<;>n of . 'i >-·. ·, 
policies .becoi:nes·much more .meaningful; Without it, such discussion is less lil<ely .to lead t9 ·good ... ,/ . . .. , 

. decisions. Thus, we choose. to focus this report ·on the more ·narrow topic of technologies in thifbelief · ;,!: •,, /;:,. •.• 
that cfo~g -a _c'redjble job in this'atea .\\·illultimately futther the policy di~li:>gue: • · .:· t -'. •• : . --l~J;•tr, ' 
_ . . . · • , ; . - · -_. . . . . . • . . • · - · . _· . ,. ·. · -_ ,- . . ,./. ·. .• :. ·_:;;_-.<;ti:;;:til,'.~,:_, 
A s~c-ond ·reason for foc~sing on ·technologie~ is our belieftllat the··role of R&D on -~ne~gy-efficiJnt _and •.. : ... },~~;\~i);. '·-; 

·1ow-carbon technologies as a m~ans to dea_l with cFmat~ change \111d other environmeijtal ~pa~ts _· ,', J} A~t: ·_., 
• _has ,peen inadequately recoSJ1.ized: :_ If. e!fective energy technologies are not developed, then ·_the cosLiJ{;;,r:}f;-~-i;~·-(· J 
of r~u~g ~eenho~s_e g~ e~-~ :i~~s (ando~er eny~ronm~ntal-impahs of.energy) will: _be very ~h- -;;-7t/d~~i,;:k1;.:i,}> 1, 

,.• ~ ' • :,. • /,:, ::; .. \~'.t•~• _:,i ,: ... : ,:•, - , •• ' • , 
1 

1 
'( ' > ~.:' ' ~, 1 

• ,'.~: • T_•~f://i:!~\r~}:~!•~\.1~~•!•••~ 
As in the AE09? reforence ·case: each of the scenarios is cpmpleted at .the national level.'- 'f.hu~;t ';f :{: ::!{\,;{f;~.: ~ 
. r~giqqal\ variatiotts. in .. popul_atio~,- a.nd e~onomk, ~ctiyity ~re not conside're_d;. nor are .• reg!onat ' :.;, _, ,'.;:;;:;if(<:¼./::'~ 
diff~~ence~ in fu~l 

1
pric~, wea_th~r ', o~ , ait • quality_ and ~nvironmental co~d~tions. _that ~ght . ~r~atef:i·; f\ P{A \;' • J· 
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4. Descripti-ons of new technologies that could b"ecom~ a\'ailable in the 2010 to· 2020 time per,iod, • . , 
as the result of R&D over the next two decades. 

Each of these chapters is accompanied by appendices that pro\·ide detailed documentation of the 
technology assumptions and the forecasting methodologies used. These are labeled Appendices C 
(buildings), D (industry), and E (transportation). • 

Chapter 6 analyzes the electricity sector to fo~ecast the effect of electricity .and demand savings in • 
the year 2010 on CO2 emissions from power plants. It also assesses the impact of a $25/tonrte and 
$SO/tonne permit price for carbon on the generation mix used _by the electricity sector in ZOIO. The 
results of these analyses are used io the buildings and industry sector chapters. to convert electi:icity 
savings into carbon reductions. Results from this chapter reveal the importance of fuel choice for • . ~· . 
new p~wer 'plants and fuel switching f?r existing power plan.ts as determinants of carbon emissions in, ,'.· , i: :, i . \ 
2010. • Specifically, the cost ~d magnitude of fuel swHching from coal to natural gas for p6wer,:·\;':-:. F:) :-,·: r 
generation, the possible early retirement of some coal-fired planJs, and the upgrading/repowering , '.\/ ::•t .. -. t 
of ~xis~g pl.ants ~·ere identified, as _key issues for_ Ch~pter 7. .• _ . . . - _ \ 

1
.• ·,/}J;j;jf,,.:. ~ 

• - . • ... ~ . . •• . • • ' . • ·. . . . . - . ·. ·--~-/t,{~if?f' ' 
The possible conversion of coa~ plants to natural gas combined cycle techn(?logies is analyzed in .');_/~f-,-~.'1··· 1 
Chapter 7, as one of many :electric~ty supply-side options for reducing car~on emissions by 2010:_·._:_ >,: ' 
Other options are addressed in Chapter 7, albeit more briefly, including cofiring coal with biomass: ... , ··f _ :. ', • ,~ 
efficiency improvements in generation ·and T&D1 advancep. _coal technologies, an~ nuclear plant life , .,:' . {. .-/s 
extension, The chapt_er also cha~acterizes the carbon reduction penefits that could accrue by the _, _;-·< '.;,'.~,:./" 1·· 

year 2020 from a sustained renewable energy R&D _effort.• .. • , . • .. .- :,: :'-;.).\ 
' • ' . ~ ., - '., 
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, . :::.1 H::::~::~en::ERGY TRENDS . >;:;j~ {~~ : 
• • •• · •• ·,. . fu ~ttidying historical trends in . energy u·se. 3m~i carbo~ emissions, · w~ ~ave cho~ to highlight' th~ .. : };~~t{~~t::[: i 

• years 1973, th~ beginnin_g of rising energy prices to the nation; 1986, the year in w!1ich energy prices ;/ '';•. , 
. -. • • • • beg~-a ten-year ~eciine _in r~a.l 'terms; l990, · the _year ,ge~etally_ used .as a ._referen_ce for car~o~:,/ ·;, :1,t.:.: 
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:.· ... ' .;;-u,::;\ . • ·;,~: .. ili.e. ~ ~ gr_ew by 35%.~ ~eopl~ _purchased .1;11~re ,h;i,e~~~((~~~~n~ -cars and .apphartc~~ulated and -- ~~ _ :, 
;; : .• :.-:;;.· -;; . . ~ • ,. _ ~a~lke,dJ ~ei!. homes,) !?d adjusted llie,r~o~tats. i'3,usin~~~.~-~ .. ,r
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/•: . , .... efficie,~.t ~eatir\g and_ C!)O~~ ~quipment an~ · ins~a~lesf. en,~frgy qtanagemer:it and c~ntrol system~: ;f "'.tftf, 
... , . • ,_ fa~tones·.adopted,m(?r~ eff1c1ent manufacWnng p.rocesses:and ·purch~~d more effio,ent motors f~r .':, \/:;: ,;.;i_:r••, ! 
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to 13.4 thousand Btu of energy per dollar of GDP (19925) (EIA, 1996a, p. 17). DOE estimates that the 
country is saving $150 to S200 billion annually as a result of these improvements. 

Figure 2.1 Energy Consumption Per Dollar of Gross Domestic Product: 1973-1995 
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Chapter2~i\:.:· 

partly due to the lack.of widely accepted ·buHding· energy rating systems. These same information 
gaps do not characterize the transportation sector, which has a well understood labeling system for 
vehicles, in the form of miles per gallon. Misplaced incentives inhibit energy-efficient investments 
in each 9f the sectors. Consumers often must use the energy technologies selected · by others. 
Specialists write product specifications for military purchases that limit access to alternatives. 
Fleet managers select the vehicles to be used by oth~rs. And architects, engineers, and builder$ have 
great control over the energy integrity of buildings, even though they do not pay the ene.rgy bills. 
The involvement of intermediaries in the purchase of energy technologies limits the ultimate 
consumer's role in decision m·aking and leads to an emphasis on first cost rather than life-cycle cost 
(DOE, 1996b). • 

. . 

The end-use sectors also differ in ~erms of their ability to respond to changing energy prices. The _ " 
transportation and residential sectors can respond relatively rapidly to price spikes; through ;_,/ _ .-.. •. • _,_ 
reduced driving and by adjusting thermostat settings, respectively. - • t ; • 

. ' . ',; • t"~\:•.,\;:::·~ ,, 

The vast differences_ in the R&D capability of the vario.lis sectors also inhuence thei,r ~bility• to . _,:o;:_:~_;)f' 'l 
respond .quickly to changing energy prices and .market signals. The private sector as.awhole spends : . t{/_·:J1 
more than S100. billion per year on R&D, dwarfing the governm~nl expenditure on -all non~defense· " •• , ¥. , 
technology . R&6 Of' t}:lis R&o· expenditure, the: automobile manufacturers stand out - Ford alone / . .. 

. spenufds more than :S8 bifllion per_ y~ar pnf thR&DR&. 
0
N~xt C(?md ~s the rest 

1
o
1
f the thindubstilrida_l sec!O'r. _ Hethre; . _.:;, ___ ~_: __ :_·, ,. ___ .::·: .i_' 

man achlr~rs account or a ?'aJonty o _ _e • . expen itures. Fina y, in e u mgs sector, ~ _, 
cons~i::udion_in~us.try has•yirh.ially. no ind_igen9us R&P, _The Council pn Competinveness in 1992 .'.·; -~ • ~- j ::::::1J:;~t:::;;::;:~; ~ttry spends less than 0.2% of its Sales oi, R&D, far less th: ;~;:;, 

~inaily, each·o_f Jhe s~c~cirs is ~i~tinct -~ terms of_ ~eir dynamics -and ~ritri~rysocietal binefits: fr.Of~ i.iii/#}J(J 
. i,mp~oved el'.lergy efficiency. Impro_vmg the _ef_f1c1en~y-·oJ_ tr:ansport~h_on is need~~ to_ un~rov_e 'ali;>;/, ·:f;J.:G:y } 
quality ·and r educe dependence on imported 011. . lmpr~vmg • the eff1c1ency of the mdustnal .sE:c~o; : ,) . f'.J-;,i,,, 
. improves ~c?rfollli~ ~ompetitiveriess and is 6ft~n effectiye_,in preve~~g p'~llutit?ri! '.Qp~?.J~~ies. ~~:f \r .'.}J:f.t'.{ { 
ener~:e_ff1c1en~y 1mp_r~y~~e~!~ ~re_. mo~t ~1~esprea4 in -~~e .bu1ld~gs'Se_s-_ ~~r ,'b~~a~::\S_ ~_of __ °'~'_~~l til_/:i._<i_t;_ '~_i(.l 
barriers ll'l .the form of information .that is d1ff1cul~ to ob_tam, energy consumers .,who .do not m_a)<e • -.t.; . ,fr',: : '- l 
p~chase decisions on energy-using equipment, e.tc. Such 4i_fferen~es make, ~aiys~bf'ehd-ii~ ~ ito't.?, ;: <-. :-(.-. ~ 
essential for. ~derstanding' tile ll .S.i nergy,. caroon, an~ .irinovatio~ p~c~e ~~/l;.~~~1:f :: \i;_ '; :.- '\:· tt~t·\ < )t::/Y ,, 

.. . . ,' /,:' '. '. r:• . . .• . . ' : • :•: .· "I,: ·.; •,,: . . , .,'' <;;;:t ·'. \\t~\:J 
. : , ~-• ... . Tab~e _7.2 p_resents . the .. primaty -_en erg~ _consumed ~r\I~~a;u_>\ "'by -~he 'bup~~ss.~: ::~du_~~fYt ,· ½,d.;;\i};'./;A{t:J 

~- _ n;ansBort~h°'n _ ~~cto!~ be~w_e~• l 9,~3 . ~d 1997.. • ILshow~ s1gnif1~ant sect~ral _• di:f~~~~~-in : ~n~~§t-tr ·1,~--· : ;r-::,-•.7'1-
, . consump_ti.on_ ~repds:/ F('.r instanc! , __ d_~g _th~ 1973:-86 penod w}:l~ th~ country's:p~~::~~~~gy•· .. . ,., ~ 

• • was steady.at 7~ quads, -energy use m buildmgs and tr.ansportahon mcreased ·_by 2:7-quads. ~d:'2;_2/ ; ... ,_. _ . _ . 
quads respecth,-ely; industry experienced a .compensating decline of 4_.9 quads;'••: ; . , . ;' : ·, • ••• - . i'-i~i/f/:~ _'?.'t('.1'l t 
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:,Tab1~·{2:·Prlma~ Ene~gy U~e in Quads: ·1973-1997 •. • • ·_. • .:· . . :J,:.r(\ •.1l-~,:/l 
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Chapter2 ' . .J'. lntroductio'n. & Background 

O\'er the entire period from 1973 to 1997, energy use increase·d in buildings.from 24.1 to 33.7 quads 
(40%); in industry, from 31.5 to 32.6 quads (3:5%); and in transportation; from 18.6 to 25.5 quads 
(37%) . . As shown in Table 2.3, the growth in buildings and transportation has been relatively 
steady, at less than 1% per year from 1973 to 1986,· and between 1.3 and 2.9% per year from 1986 tq 
1997. Growth in energy demand in industry has been much more volatile during the period, showing 
substantial declines during the period of rismg prices (a negative _1.3% annual growth for the 13 
years of increasing energy prices), an increase of 2:7% p_er year from 1986 to 1995, and a 2.9% per year 
decline from 1995 to 1997. • • • 

Table 2.3 Historical Energy Gro-wth Rates.: 1973-1997 

AAGR AAGR 
1973-97 • 1973-86 

Buildings 1.41% .. 0.85% 
Indt,1stry 0.14% -1.31% 

T:1;ansportation 1.32% 0.86% 

• Total 0.89% 0.0% 

AAGR _:; Average Anriual Gro\\·th Rate ,: 
. r • • . , ,. 

AAGR AAGR ' AAGR · -, · 
1986-90 1990~95 1995-1997 . ....... ----------..---- ... ,. :-- .• 

2.250/o 
4.81% 
2.10% 

:-3.18% · :. : 

1.77% 
1.45% 
.t .29% 

1.48% 

2.46% 
-2.87% 
2.86% 

,I/ 
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Introduction & Bae -· • • Chapter 2 • • 

• Although non-CO2 industrial emissions of greenhouse gases are small by weight, they have global 
warming -potentials (GWPs} that range from 21 for metha_ne to 2~,900 for sulfur_ hexaflor_ide (Sf 6) . 
Carbon dioxide has a GWP of one by definition. Figure 2.2 shows the relative contribution of these 
other gase

1
s in MtC equivalent. The largest non-CO2 greenh~use gas contributio~ is f~om methane 

(CH4), which is responsible for 177.5 MtC equivalent and has a GWP of 21.· Next is t:litrous o_xide 
(N20), which is responsible for 39.1 MtC equivalent and has a GWP of 310. Finally, in 1994, various 
halocarbons and other engineered chemicals amounted to 29.5 MtC equivalent. These engineered 
chemicals are a source of concern since .their em~sions_ are growing rap~dly - and the United'States is 
the major source. 5F6 alone is increasing at a rate of 0.5 MtC equivalent per year (EIA 1996b). Note 

. also that many. of these emissions are seen not only in energy-intensive industries: but _also ·in "high-
tech''. and service.industries, as shown in Figure'2.2: ' 

Figure 2.2 Non-CO2 Greenhouse ~as 'Eptlssions ~y End-Use Sector and l~dustry • 
. ' . . ; ' . .. . . 
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• • Chapter 2 • 

(CEA, 1995) estimated that the private returns from R&D a.re 20 to . 30%, while social returns ' 
(including energy and en,•irorunental benefits) are 50% or higher. This economic barrier limits the 
extent to which· the private sector can supplant a government role in maintaining nationally 
beneficial R&D. The thil'.d situation occurs when the public sector is the primary consumer of the_ 
results of the R&D. This is characteristic, . for instance, of. much defense and cr.ime preventfort 

• • research. 

Based on these thre.e justificati~ns, the rational~ for government support of energy-efficiency and · 
low-carbon technology R&D is strQng. Much of .this .research ,is both long-term arid high-risk and· 
therefore cannot be afforded by private companies despite the possibility of substantial gains in the · 
long run. Examples include hig~ t~mperature ~uperconductivity, fue1 cell vehicles, and ·building.:-·.:. . 
mat!'!rials with:switchabl~ thermal and optical properties. A<;lvances_ in energy research also·of_feri:, • ::_. • 
substantial.public benefits tha~ ccU)Il9t be fully captured by_ private entities.- . SpecificaUy,_ energ~ ?;?\, • . 

. efficiency and. low.-carbon ·resources improve energy security by reducing the nation's relian~e ':◊~.'::.-(: ,: • :; 
foreign sources- of oil; they lead to reductions in. waste streams;,,and they reduce greenhou~e· gasjf-'.},;: .. ,j.. 

• emis.sfons, which cqntrib,ut~ to. gfobal warming. Finally, it is, possible t}:laf goverJ;lments ,will_..µl::~ ~i;t,3:I,{~:.:~ · . 
'., .... ·-• • • • • ., + • • • •• ; • •• .ii. .. -.... ; ...,!ri f'••••,,' 

future become the principaI-· purchaser of. greenhouse. gas reductions as · the resul.Lof futu):'e \;;''. ':,>.'/ .. · 

: \ 

(' 

·.international agreements: 1n·· this case, the thitd rationale for feqeral $ponsQrship of eriergy:R&D))._, • 
• will:alsoapply:.-. • ... ,· • ' • • \ i' i.':,,_ .. :; .. -;:' ·, 

' •.· . • .· ' . :··:·:· ,_~·,;. ', .•• . . ·. . ,· . . .. · ... ; ' ' .. . ·, ':·\i\/::'~~-;,::.\·, ',:,, ; 

·-- ~~dJe!!~~ti~~;:::~f!~;:~;~::;ie:~p:~~~:.:::;;;ted ~:~:~arta:~:~;~Il{ii;::~·::_,;",_~i~t~ 
to 15% ofoverall ·cotnpany R&D ~pendmg( while basic research ha5. dropped t~JU$t 2%: ln ·ad_4itio • :· · .. ·'<;;YrJ 
corporate investmet;its in energy ~&_D, in parti,cu_lar, are ~own signific~tly ,(l?OE,· 1996a;1p;.2)'..:,):'-·: ::\74'~/f I 

' ' • · ' 1 , ' · ""'~ • • • \ •
1
• ·; I .. 

1 
... ' • /, ' , ;, • # • ~ • ' ." .. ·.~ l:~ ~i~ \: : ¥./\;, I;. f ·/ 1 ~' •

1 

//,~ ~: f 
Gre~t .potential exi~t,s _ fQr. 'public-pri~ate ,R&o: p~rtner~ips to 'produc~ s~i~~tific.'b!eakthr~ui~~J~ii/::.~it~:;:-:-:- • ',\?!-;'. :I: 

I increment~! technology_ -en~an~ements • that will pr-od'uce new ·and improved products for :!lle;h-';;.,: ,·,,.1:;_, ; •. :··-- : 

mar~etplace .. • p;-s: µid~sJry .spend~ more than _$lop billion per ye~r .. on,all types· of R&D. • The top -7,Pf;:/i,\i, ~: ··• ;_:.;~: \ 
R&D perfo~g--: .~omp,arties :;aU ,:_:~ave R8tD • budgets exceedin.g .$1 : bi,lion, per, ·year ... :;: ~esef~l~f~f::· ::'.:''.\fff} ,t 
expenditur~& .. d~rf:.) ~e ·. -U $; goyemir\ent'.s ,· en.ergrrelated .·R~D, .'. appropdations: .• -If::'cli,m~,t .• f,,, ;,,'\·}'.t~~fj 
mitig~t_io_n ; po.u~ie~.·.::: x._ .eoriented even _.a : ti~y, fra~ti?n • of this_Jfr_~-fa_.}e'"secto,:. •exp(!rid~,~r_~~i~~ ··~~J.tif·J 
.capability, lt _coµ{d 'l\av~ ¥ .enornioµs, unpact. OJ:le way to·.reonen.t .. pnv~t~sector R&P-:~ ',fltrO ''.r;J. 
ind~try-gov.eriur,i~fR&p pajtnershipf,th~( involye joint .~echnolqgy,;:;ro,~dmapping/ c,911~91.P: ~1i:·· :~ 

. • . priQritles· f6r' the dexelopment of ad VclJ'.lCed :energy,-ef,fid~~t • and'· lc;,wtc'i:,rbon ·techllofogies/ ahd'b.c~ \'; ,, ,ft~r :~ 

.... · • s~ R&D/ • ,, • ,f tf :<: . \ > i : ~J~l i\J~,; \:L:z .] }0, '.!;;1,~/ 
.. · ,25·2 .- Past ·R&P~Successes ·: . -.. J ..... -,.-. ·~ .--· -:. ( -•·i1•.··){, ,• ,:;t,A1t+-.i,, • .. . . •.,-~,. 

·_., ; •• '. - . • · , ',. • ' ' \ : ;r, -~. />~ ':'s_';' ;-J~- ·.:-., :·.': :_ J,:(~:·:· . ,:,..'_.· .;~'_)~f(; ... >:~:_,:".\/ . .:: f>{\"' 
• . Some" indicati~tl :"o_f' the:·· cost,-effec_tivenes_s .of. 'energr-efficiency iR~q::.'c~·-.b,~~. glean~~-· f~qiri i.tf 

experi~nces t~~ateipf.P9E's_- 9ffic~_. <;>f .fO~fSY ·,;Effkiency· an~·. ~e?~~~p~~---En~gy.J: ~ro~:[~~t~,~: · 
1978 through ~alyear .-1994,: . .DO_E. spe~t. a:. total :of about , ~8 bill1op::g1y energy-,ffic1ertcy_;J~~P'· ,. 
relat~d deployrnen_t :p~9~amf_''Es~a~e~ of. tl)~' b_.ene~its _o,f seyera.M~~jen'p~oj~. 1up_P~fl~!W(· •• • 
. fun~g _were p~b~h~ -~ og~~S~B,(_19_~,)t ~ -resp:onse_ ~o.a ~et~M~ !~~e,w:~{.~~,i'~S~"lt,, . .. 
the General Accounting :Office m l 995/9p,' ,OOE has· r~v1sed .ahd ,,updated. '.the :estunated · benef1 • 

• ac~g . from five '-;t~chnologies' that : w~re developed !~i.~ -D9.E:;~ijp~~.rt).~Af,~ogeth~/ -.~ · ·.:· 
,- ' • .: ' · t~olo • es :alorie .. have ,resultedJ n net: be·.· efits1(i:e:'.\the':val~e' ti(~en':i i •: -~:: '~- ' ' tfuu)u~\:- ' 1 

• "' 
:\: ·:\ •!.'~••· ; . •, : · 1 ~• ' ·,- •' ·' • ·,:,· .. • i,. ' .. ,. ! '!: • ··· : ,,• ',, ~ -.i,·,·•;_\ r ··• • •·. f f', .,,~ .. '7- •• '· '••\' ~ ''i.\ 11 ,:•/;,if~~:.//;Y). ' ,1,,-;'~f-V<"..-'ii,1'.~• 

::_-':_::_}_)_·~.} <.·,, ,.:. __ ·/ . ~ost p~nu~: f?r•_bett~~ ·e,qu1p~~ntl_pf ,l'~I,:?..~~t1~ ,1,gs; ,. , .i • • 
;.. . , . ;, . . redu~ons of:16 MtC.eqwV.~1?~~ (T~~le,-2 S).;:',-1 .. •":·· 1

'' ·•.l:}' 

'._:/{~t/ ·.{.i1. :r_. ·:., • • ( .. .. ~::,: ·.:\ifJ•'f~\)\1f;1 f~i<:2::!.''-· :,· 1· 

\-•~·i\:i,.'•,'"),:i•,'': '••;-; , ... Th,. u's•-' th. e' t,, .11u' e·'· '·o· ;,,f· 1th·· 'e01'r;.,:n-\e,W~ •t's.1"v''\e,.,a' ··:,., 
~~

11
',r,\·~111tt• ,i,11 ' , , .. cl r,'. tt ~-~~ . tb"!Jf.t it•' D 

• ;,f ;: taxn'~yers:of'DOE's.:en ire~enet ' .. 1
ff1 

",'l(•"I' • •-~ · ''·~V_,•.:.' .. ,,,,;,;,l;I,,,,, ,_.,,,;i.:;,1~ -;•,w, I t,,_., 
'.,:,.. ''/',Ca$estua.ies:and ,behefits i re·a ""··· ·te 
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:::,.: 2.14i,~•> ', 
, •. \~)~i.:(· -: 

•I. J ' 



,;i_{:.. ·: • • ·.•!:f.~~r::.:. . :• 'JJ'i•T '\PtI~•. ~~11 

.:.ln:.:.t:.;.r.;:o.;:d.:::u.;:c.;.;ti.;:o.;..;n...;&;;;..;:.B:;.;a::.c;;.;
0 k~r~:z.:\t-=rb:.:i~:.;.::~:.:;d:..,. _·. _____________________ .,_:_,:;:_'.·.:~:- __ .:,_:_C_'.'?_: _: ... : _::_'.:_

1~_i;)~;~~i:;•4 
. ' 

Table 2.5 Cumulative Net Savings and Carbon Reductions from Five Energy-Efficient Technologies 
Developed with DOE F~nding 

NeJ Present Value Annualized 
of Savings Toni • Consumer Cost Annual Carbon . 

1996 . Savings in 1996 Reductions:in 1996 
Energr-Efficient Technologr ~billions of 1996S) (billions of · 1996$) (MtC eguivalent) 

• Building Design Software ll.O 0.5 8 

• Refrigerator Compressor 6.0 0.7 3 

• Electronic Ballast 3.7 1.4 1 

• Flame R~tention Head Oil Burner 5.0 0.5 3 

• Low-E Windows 3.0 'o.3 1 . 

. . 
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ENDNOTES 

. . 
1 In this report, carbon dioxide is measured in carbon units, defined as the weight of the carbon 
content of carbon dioxide. Carbon dioxide units' at full molecular weight (typically, million tonnes 
of carbon (MtC)) can be coiwerted into carbon urtits by dividing by 44/12, or 3.67. This.approach has . 
been adopted .for two reasons: (1) carbon dioxide is QlQSt commonly measured in carbon units in the 
scientific c_ommunity, in part because.it is argued that not all carbon .from com~ustion is,Jn fact, . 
emitted in th~ form o( carbon dioxide, and (2) ,carbon unit-s are more convenient for comparisons with . 
data on fuel consumption and carbon sequestration (EIA, 1996b): ·Note that, in the U;$., a ·"ton" 
(sometimes re/erred to .as a "short ton") equals 2000 pounds; a metric ton, or ."tonne," eq~als 1000 

, .fwog~ams (appro)<l,m~_telY, .22~ p~uhds). \ • . , . ., _ . . • .,.· /):: ;l· 

. ~ We evaluate cost-effectiv·eness from sever.al viewpoints; with real discounts -~¢'tween 7% and 20%. ,{ ''/:·\ .:/:' _ 
... Eyen with ,the h1g_li discount. rates, the efficiency ca~'e·is.<;o~t-e~f~ctive. • • <-. .: ., • . •.. . .. _ -_: · . ·._.: f~:/i.:,~r:\h.-'.: 

•. ; ' 1; . • ' • .- :. , . ·•, ' . .. •. • .• ' · ' .... ' . -: _;'. • . . .',- \~ ' ·, _. ::•·.· .- . . ~ . ' ·, ;..:. ~- . 1·-:~t· ... -1.~-t--·~-\: .. •i ... 
;Primary energy ·use is ·the cheinical energy:.·embodiel.iri' fossil' fuels · (coal, ·oil and na.turai gas( of :; \.' :··it{ • 
bio111ass,· the .potential energy •of .a \vater reservoir, .. the electromagnetic energy of solar raqiation;.,\'. ·' ·' (:.'/.:t. 

' I ' • -~• • \ • • ., ' • • ·• • ' • ' '• • , • ' \.: , ;:,.,I 

. and•tl\e energy released •in nuc!_e,ar reactors. ' For ~e.most pai:t, .primary energy is transfor_med into :· ; '(_' ,',/ . 
• ,i • • C ' ,. • • • • • '_ • • t 1. • • 'ff.-~ -• • 

. electricity .or fuels such as ·gasoline,· jet fuel, heating oil or'-charcoal - these;· in tum, are referred to" as .;; >! ,"~-,. ·:':' 

secondary energy. '.The: end-U:se sedors of .the energy· syst~ril·· p·rovide energy services ·such as'cookirig,· :•t 1;{,'_\~-<··t: • 
• •• •, _• \ , .. • , ••. , • • • ' • .'\. 1•)·' I • _,.. . \ • • • ' ' I.,•, • •.·. f ••.·• •,', 

illuminatio,n;. comfortable' 'indoor':.climate, refrigerated· s~otage; transportatio~ i,¢d consumer goo.gs . • .. ,t \\.~~·· · 
usingJ>o,thprimaIY, ~d-se~oncl~fy'ene~gy (NJ\5,'1992,:p'. 3) .. • .: : . ~· .. • ';. , • 

1 
: . '· ;>···:'T'.,, :-r.:· 

4 rfle ~~t presenfy~l.~e· (Nl'V)'of cost sav4lgs, ~\lmulati~e throu.g~.1996, is c~cµla~ed .as f~llowf \/(\.)t'.\if'; 
- •• , • .en~ cif~~ice: • • •• ' • • ~- • • • • •• , :<~ •. :.; }.::~nt:{~. ;.' -:-r.' 

~v ..... 2i :. ··( .• :·,·:.cEt,-._ .:pt) e 0:07(19~6 ~ !) ••• " . .,· '·: "r·::-r·:T'. '-:: \:; ', 
•• . t. = entryye~r: - ,< •., ..... :,. ., •. •,': .· .. :·.··_', . . · . _, .. \· 

•• /- • r , • ~ ,;, • 

•••• ' .... ; .f. . '.:.: ~,• .. . 
• '. l : . .-;,·.•·, .••. -~· .. ,: .··• . .. ~ ·t·.:· "' ... _,. •• -.• .. . 

. . . . . . . ·." ~·" ~ •, •• . ... . .:~ : . • ,. • . .._,;:-. ". ' ... ·. ·. ~ .-.:: : ,~-. :··~ 11·/)! ... · .. '. 
where: Etisthevalue:ml?96$ofenergysavedmyeart , . :: •::: . . ; ·•·;:,;f"', ,, .:·. .... . _1 .·, .... ··•,·::-:.?; ·;.;f;' •~ 

, •. ; I r~.~ -··~e:·~~~}i~f d,·~~~~-.ir~ii~·(:l9?i~i'.~tte~t tt~~r 1i ~?~i::.;\··.{:\\~~::":::::,r; .. (: ... iltii):{;i}I;~:gj :.i~i/jii.•:: .. ·~ 
.,:r : ;, •• " . • •: ,., 0.07-tsthe?% ·real-intere~fraterecominen9eqby:(h~:officfi'ofMana'gementand:B,~dget ·~: : .. ' ' .. ::{;,,-:· •+: ·.: 

,, , · • L• , • ' ' , '. ,• , ,·,~••', ,r • ' •• , • , ·,, _.,,., ~ , ·\ • •. • ~~ \ ", .'I .. • , I• • •,, .. , I, ,:·,·, < , t.<., • 

• ''. ;. ; .... :· ··.N~t~;tnat, for'.nitur~.years (199_6.-~,:~~9), (E •. - R1) -is.,d°i~.o~ted by -7,% per ye~;-f9i: .past:~ears~· (E1 ~ Ptf. :,:.): ' .. '.j/' 
,- . .-. · .' · ,. ·.'.'.,,;!·is;~~d',7%'.·per ',¥e~r. '.•: ·),;'.«~•.'·'f'.J,l¼::; _ _it .~, • ' . ', ''.: ?t'1•'.'~ !,t·;\'.f :<•;~/··( :•' ·f: ·.-·. '.~, ;~,:•;.·:.;:,f,td ·" . •. ·, .1•~~· •• ;t;'ii"":'.f,f-'~,~~f~; ~ 

• •• ~ "I:,-: 
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·chapter. 3 

THE BUILDINGS SECTOR 

3.1 INTRODUCTION 

Energy is used . in buildings to provide a . va.riety of ser\'ices such as lighting, space heating and. 
cooling, refrigeration, .and electricity for electronics and other equipment. In the U.S.,. buiiding 
energy consun:iption accounts for nearly one-third of total primary energy·cons~mpH<:m and related 
greenhouse gas emissions. The cost of delivering all energy services in buildmgs (such as cold food, 
lighted offices, and wa~r\,~Omes) will be over $220 billion .in' 1997. : • • 

', 

Our analysis shows that substanti.al reductions in future greenhouse gas emissions can be r~~liz'e~f .·.; • :'°, / .1 

through the use of more energy-efficient technologies that save' society money: In addit~on, . thes~ ' ••• 
·technologies often supply other benefits beyond energy, carbon, and dcHJar savings-;-mclu,ding•tl).e 
following: (1) improved indoor environment;. comfort, · health, .and safety~ (2) reduced noise, (3) . 
. improved process control, and (4) increased .amenity or convenience (Mills and Rosenfeld 1~94). : ,. • 
These indirect bene(its, while difficult to quantify, in ec_onomic terms, cct.n be ev,ei:t more imp,ot¼ant·.· • •·· 
than the energy cost savings, 'particularly wherdhey impl'~>Ve the co~fort of-homeowners or''fl,~ .{ 

.. -productivity of workers . . ·•. • • • • ' • • • • • ,: .. • 
.. 
! 

This . ~h~pter_ des7r_ib~-~ ., our; -~e~ailed_ assess~e-~t : of_ the · "~hievable cost: effective p6tent_i~t f~r:., '.;; i); {,;,.- i 
reduang c;arbon d10x1de em1ss1ons m 2010: We. calculate carb~n, energy, .and qollar savmg~ ,. :_;. ...... . 
associated with; adop~ion ' of more energy.'.effident techn(?logies. In : addition, thi's 'tha~ter:::I~~- ' ''. :_,'' 

. ' . . ' • . . • .• ' , r ··c .. ,. . 
qualitatively describes · the role of research · and . development (R&D) in. providing , a ·streatn •. of •• . 
advanced building· 't~chnologies and ' practices after 2010 that will· enable· contjnued reduction·· in : < '. 

· -energy use and greenhoµse gas emissions. _ '· - • ., ' • • • 1• • 

. ,, ·' ,· 
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equipment is a .function of ·their average 'lifetimes_: We as·sume that, _on ave~age, residenti~l and ·.. ;',J' 
commercial ~uilding shells last 100 and 50 years, respectively, and thus only a small portion of 
buildings are replaced during the study period \\'ith a much larger fraction undergoing some .shell 
retrofit. In contrast,. average equipment lifetimes range from one year (for lights) to 20 years (for 
furnaces). All equipment ~ith lifetimes significantly less than the forecast period (13 years), such ·· 
as residential lighting, will be replaced but only a portion of the equipment with lifetimes 
comparable to . or_ longer than the forecast period -will be replaced. The. combination of shell an~ . 
equipment .turnovers results in four categori~s of buildings in our model: (1) old buildings with old • ,. . 
equipment; ,(2) old buildings with new equipment; (3) r~trofit building sh~lls. with new equ'ipment; (· · ; 
and (4) new buildings with new equipment. . • • ·:i ..... 

After characterizing the building stoc~ in 2010, ~e ca.lculate energy intensities (end-use energy per •. , .:I·'..:":"i: ;t:) 
househol~ or ·per unit floor area) _for all e~d:uses_fo~.1997:~d; in our initial assessment, use :ili~•·/ ',/;;;,:,;;f:4:tJ. 
£actors from the Energy Information Adm1m~trat1on's, (EIA s) Annua! Energy Outlook (AE097) te> ,... . . ',•. ',_,:· ?'./: f. 

. e~tablish_ ba~line val_ues in . 2010 (EIA, 1996r : In gener~I; .a"'.erage 201,0 e~ergy • inlensities are. lo_weffcii .. ';'f -!~ !.i:I!f::·J 
-than;-.th~e Ul-1997,, reflectl1lg ·technology .1mpro\'~~ents that prov_1de .. th~ same level of ener,gy/J~ ··_,··\t~•i+'.,)W{·f 
service with less energy. -- . . . . - , , ,.. : ,_, . . ; 

. ' .. ,:·,'. 
• ..., , .. • l ;,;•_. ! 

We;multiply-each _equipIIlent:- ~nd-use energy in 1997. (e.g. water heati.ng, .~ooling, lighting) ih the -· , -if.:".-1'. · t 
• ✓four building ·categ~ries by a'pplicable ener_gy intensities _to derive future e.pergy_ µse: If more serv_ices ' ·• ',', ' .. _::,._ .. ··.·._'·.:_.·_;_:~.·--.. ·:·.:_ii:( .. 

per household .or unit, of .commercial .floorspace ·az:e requu:ed by :consumers, or if the -~ize of the overall • ·., • >· - .. 
building stock (rela_tive to 1997) inc,reases, .this will .mcrease the energy requj.red 10 provide energy • i. ,· · · :{:_ \ -f 
~ervices~ Thus; energy, demand in 2010 is a product 'of the_· r,ates of change in energy . service . >. . . ·i 
requirements within Jhe' buildings and_ changes in the overall_gr_o~lh in ,the building stock. •. • • :· ·: . : ·.· ?\:._· . '. .it ~ 

T~ 4erive ene~gy-effidency ·scenarios, we use tl)e
1 Fost' of eilergy • int~ri~~t/ hnprov~me~t: and ·:· :_ )/:)'..·.ft··:·} 

_electricity and'. fue~ prices in 2010 to·assess cost-effectiY,e reductions in energy use. For the residential ... :· :" • <:_J/ .: ' 
buildings, the _ef~icie1:\cy scenarios, also account' for fu~l s~itching (the impact·of switchirtg from .-:i:"•' , ,:: ./ff;•,-.; 1 
electr~c to_ gas water 

1

heaters, clothes ~ryer~, . ~nd • _ran:ges-) and :for t~e u~e of,· high-albedp ·i:~of_. .. :11,::_ ;'.:?t"•:t~:,l(;~/j. ·. f 
maten~rcoo_l roofs') to ~educe _coohng requirem~nts (see ·Appe_nd1~ C-4). ·_~or the commer~1al ./.',/t? .. :;;;:t j 

' • .. ' ~ sector. we md~d.• ihe analysis of cool roofs but do.not ,ntude fu~ swllching • • •. • . '> , ,) Jtf ,f 1:'.t,f'} 
.•·.,>:.•-- ~!µ ;, S9enan0Qefln.ltl~ns ':: ·, .-, • . > .' • .. :·.-:,.. ··,,·,·r:~:;.: .·.:· .. /:--· -,~\,'K-:,·>;:-7!~::l 
:_.-Jf_1 .... '_ .. \._"~.,_._/t .. :~_-. ·.,·,·::'._'.:,_·: ,. . ·., . ·: ' . . ' . •, •··' ·' ,, . ' . . ~ ·,· ' ,,, . ' . ' - • . ' ' / . ' ., ,i ~ • \ ' ',.·. , .. ! ,-~. ,' 

,, ,- ... i,;,- '. _ ..... :·._,· . ,· ·~· . .- ·:_··:_ .··-· :·".•_ · _ ,' •<:.: '· .,-. " • . . ··, ," ._ · .,,· ·_. _ _.. ~- - ,·· .• '_ .. ·. : . --· .. ~ .. ·.:·~.:,·_ ;?;•--~: 
:-··.,. •Toe mpdel was_used .' to·generat~·results _for _. three scenarj~s: "~usin~ss-as~usuar (BAU)/ .'effidency" -. ·,rt;~,1~,·\%::_.j 

. .:,- .. / (~)~. ~d 7h~g~~!i~i~~~)' l!o.~;carbon ~· :(ijE/LC). ~ -e' ~ci~~~ssr~usu~. ~e~o: was. __ ,.br~ted :to).~(;;f {ritJ~:i1 
•• 1 . : -the··Nati~naI -~~'r_gy:~od,eling ~yste~ ,(N~MS) .mod,~l 9u.tpµtst so that 1t corresponds tOf,the SaII_le ;,-_i(:<;;if:~~\'.~ :~ ;\.r;;' 

. }\0~·:. • •~ •• • '2.010 baseline'cµireritly used il) AE097> .: ··.· : :'.- • " .. ' •• • • • • • · • ·.,~. ;:·· ;-~;f.'i : ~ 
. ~:-'" ·. ,-. ' • , .. ··.,_.,,. ; . --·:• '.' \ --~- ··_, ,_· ', • .• -·· .. -~ ...... __ • •.·. -~. ., ·•:-:'':_ .',:t·~·(i~;;'} 

' ···, ' For :bott( ~, ·efficiency an_d high~efficien~y /1~~-carbon scenari~~, -we fust .calculate th.e 2,~10' inergy • _..: , .•. ·; . : ~. :- ', •. . :: 
• .:· ~- , •, use·.a~suming'JOO% ~ple~ent~tioniof maximum. c9.st,~effe~t!y~( efficiency :improvements · in ne,v.-• J :· :) :;·, · · : , ' -~ 
·-l ,: i?:,:, , • ... b~il~g· sh~ll~, ~q -~fiuipment. l_"his lll.~~um _effici~ncy. potentjal was cal~ula~ed_ .as the :diff~rell:fe·1J~~g\~t~\ -~,\\•i• '· • ~ 

',~~E:;~t:"·:: .• ·. J ,e,tw.ee't(; .the -etjergy) ntensity;_of the . most_ co~t~effecliv.~ energy-efficiei:icy .t'echnologies '.currei;ltly .'!ff;,,~:'·ff,:~.;\_:· .• ·,- ,.,-t 
:· ~ t )>\ ·, •• ~v~,i~a.ble,. an_d ?_,the -,e,iet&y :inl ~nsitt-~f ... ~,ew ~E:_9~ip~~nt _in_ ·1'?97,: Th~ : ~a~~u~. cost-effedir.e Jf):/ }. :·. ·:· . '. 

:~~~-::_'.-_:. .. • _e_fti~~~tlll_lPl'.O~e~~IJ~,\~!.e, b~sed, :~n;~etailed ~~d~e~!,~~~~~~~-.\\'.~re n<?t .. ~~!~~ed _if they ,ha~ ~,F~.t ,::;.~f;~'~::f-:J.:' \_' :~; : 
,;;-: i'if ~ ••• ·;., :;\.~~~?~e~;~e!sr~ gr)~~~f::~~i'~-~-,Y~f~ge __ ~os! ?~ ~rur~~ ~~ _p11 ~~~~pty?,.:For ~~~P,ar~tive_:f!J}~"i~r ••1~1:f-:,•)1:'~ i 
·:t- ;:,:; •:·i~•Pµ,rp~~ s;;:~~::~~y~ ·-~!~9,:~a!y~~.~.1,a{ fr~t ~!\,~~~f1c1e~cy_,-5as~·~-.~ .. ;W,~dt,~~;¢f(ide!'ci_es' ~f -~~.:n~~ ·t·W~:.1 1!• i\, l_.~~.\:· · 
.': ·:\('. • \' equip~~t and;b.ili.l_@g·s~eH'.:t;h'easure~ ai;~ k~p~.~t1997 levels o(n~~ produ~:,·: :· ,:-.:· •. ·_,-. : ... : •. :: , .; /!J-,,· ~,,\ \ir~· 
: ',•"1.-:,,..,. \ .... ~··.-r: ~t·b ~-- · , ... -.~ .. _;~· · ...... ~, :-,J~/",~·,'i,\ ···h\ ,i { : -... ,:,~.,;~•./°1·1>'1~-/~t;' (,,t~ 'l-~;J,, ..... ,\r., ·)'!-)i' '•--~~·- :t·v··~- { ' . :"'!o-- ~!1._ir',rr -'}..J't .. ,.i '!:~{J~ ~ 

.~ .~•- 1 ,, 1·:.,\" '1 1·,. ~i~;\\J1i~• ,,,:;r~4y. ~r, ·' .... ~1 ·,\,,_,'-t.~:"'}~·:.t" .. '1 $i11•:• ."•~••71'f,,, 1<,,;.~-v t \;Ji'~; :·~','";'•,•· , i, , ... ~\,. ,·• ·,,,, \ ~ -

' • !,~ ... ;,~;);:;, ·\;;{~pY,:. ·; ,; ~-.:ri~~\l~:t:,ii), ·:·--i~;,~~~r:.;.;JJ ~ii7r,: ·2/·"~,'f{i'· :~'.~, -• '•i 
1 ~:t ~:;:?Jtf/!, \,-:, :f, •)'? .,-/' ~- :;J~;, .1: ·:

1
~-;-\ •• •.: _.. ~ 

, •• , , , , ' -,: . ' ,, ' ~;:; if • J:'.•\; ")(']Ji', ,, ,?.; ' '\ )Jtf} :){''.f {f '.Ji; . '' ;/t: 
. ,• ' ,•; 1 . ::i;f~lf .. f.k-!,Ki_t>',,,• .•• •.,•~,li..j,}.';. ''li,'},\ • ~.· 1_ ,ii 

.. :c •:• , )' I /t=r:.-~•;i,,,ff,f~). ,, \ij:I~, ,f!f,j 
-.:J;:~~ 
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