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" EXECUTIVE SUMMARY

‘I‘lus ‘report presents the results of a study cmdmlndby five US. Department of Enagy national
laboratories that quantifies the potential for energy-efficient and low-carbon technologies to reduce
carbon emissions in the United States.’ The study documents in detail how four key sectors of the economy
= buildings, transportation, industry, and electric utilities - could respond to directed programs and
policies to expand adoption of energy-efficiency and low-carbon technologies, an increase in the relative
price of carbon-based fuels by $25 or $50/tonne (e.g., as a result of a cap on domestic carbon emissions and a
marketforcaxbtm "permits"), and an aggressive program of targeted research and development.” Current

suggest that a carbon emissions reduction of 390 nu]hon metric tons per year (MtC/year) is
required to stabilize U.S. enusswnstOlU at 1990 leveéls.

The study, which has been peer-remwed by industry and academic experts, uses a technology-by-
technology assessment as well as an engineering-economic modeling approach. It draws upon a wide
variety of technology cost and performance information to assess potential impacts. Analysis of the
buildings, industry, and transportation sectors quantifies the impacts of end-use energy-efficiency
improvements on carbon emissions. The utility sector analysis estimates the impacts of those
improvements on utility carbon emissions, and quantifies additional emissions reductions through
conversion of a number of coal power plants to natural gas, dispatching of the utility grid with $25 and
$50/tonne carbon permit prices, the accelerated use of biomass cofiring and wind energy, and other low-
carbon electricity supply options. Finally, a number of other promising low-carbon technologies are
examined to determine their potential for reducing emissions in the end-use sectors, including advanced gas
turbines in industry, transportation biofuels, and fuel cells in buildings.

Three overarching conclusions emerge from the analysis of alternative carbon scenarios. First, a vigorous
.national commitment to develop and deploy energy-efficient and low-carbon technologies has the
potential to restrain the growth in U.S. energy consumption and carbon emissions such that levels in 2010
are close to those in 1997 (for energy) and 1990 (for carbon). We analyze a case in which energy efficiency
can reduce carbon emissions by 120 MtC/year by 2010. We analyze a second case, with policies that
promote adoption of energy-efficient and low carbon technologies and a $25/tonne carbon permit price,
with emission reductions of 230 MtC/year in 2010. Under a $50/tonne carbon permit price and aggresive
policies, 2010 emissions could be cut by about 390 MtC/year. The analysis also suggests that substantial
additional savings are available if permit prices were to begin to rise above the $50/tonne level.

The second conclusion is that, if feasible ways are found to implement the carbon reductions as described
above, all the cases (with reductions varying between 120 and 390 MtC/year by 2010) can produce energy
savings that are roughly equal to or exceed costs.” The analysis includes only technologies estimated to be
cost-effective under 2010 energy prices (with a $25/tonne and $50/tonne carbon permit price for the
respective cases); it has not, however, analyzed specific policies to achieve the cases, identified the
political feasibility of policies, or described a pathway to achieve the cases. :

The third conclusion is that a next generation of energy-efficient and low-carbon technologies promises to
enable the continuation of an aggressive pace of carbon reductions over the next quarter century. This
report documents a wide array of advanced technology options that could be cost-competitive by the year
2020, assuming a vigorous and sustained program of energy R&D beginning now and extending beyond 2010.

! The five national laboratories participating in the study were: Argonne National Laboratory (ANL), Lawrence Berkeley
National Laboratory (LBNL), National Renewable Energy Laboratory (NREL), Oak.Ridge National Laboratory (ORNL),
and Pacific Northwest National Laboratory (PNNL). LBNL and ORNL were the co-leaders of the effort.

2 Here we count as benefits only the energy savings to the nation. We have not credited reduced CO2 emissions or other
external Qenefits. Costs include the increased technology cost plus an approximate estimate of the costs of program and
policy implementation. )
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Chapter 1 :
ANALYSIS RESULTS = :

This report presents the results of a study conducted by five U.S. Department of Energy national
laboratories that quant:fiu the potential for energy-efficient and low-carbon technologies to reduce
carbon emissions in the United States.! The stimulus for this study derives from a growing
recogmhanthatanymhom]efforttomducethegmw&ofgmm}mme emissions must consider
ways of increasing the producuvlty of energy use. To add greater deﬁmhon to this view, we
quantify the reductions in carbon emissions that can be attained through the improved performance
and increased penetration of efficient and low-carbon technologies by the year 2010. We also take a
longer-term perspective by characterizing the potential for future research and development to
produce further carbon reductions over the next quarter century. As such, this report makes a strong
case for the value of energy technology research, development, demonstration, and dlffuswn as a
public response to global climate change.

Three overarching conclusions emerge from our analysis of alternative carbon reduction scenarios.
First, a vigorous national commitment to develop and deploy cost-effective mergy-effxc:mt and
low-carbon technologies could reverse the trend toward increasing carbon emissions. Along with
utility sector investments, such a commitment 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 must be noted that such a vigorous national commitment would have to go far beymdcum
efforts. Second, if feasible ways are found to implement the carbon reductions, the cases analyzed in
the study are judged to yield energy savings ﬁutmrouglﬂyequaltoorgrutu&\ancosts Third, a
next generation of energy-efficient and low-carbon technologies promises to enable the continuation .
ofanaggrusivepaceofcubonmducﬁomovermemxtquanercmnuy. RO

.11 OBJECTIVES OF THE REPORT
‘Ihepurposesoftlusstudyarethreefold.

& o provide a quantitative assessment of the reduction in energy consumption and carbon
emissions that could result by the year 2010 from a vigorous national commitment to accelerate
the development and deployment of cost-effective mergy-efﬁu:nt and low-carbon
technologies; .

o 4 Todocmnmtﬁiecosismdperfommnce of the technologies that mde:pina year 2010 scenario
hmwtﬁdxsubstanﬁalmergysaﬁngsmdcubonm&ssimumducﬁmmadﬁeved-

3. To illustrate the potential for energy-efﬁamcy and renewable energy R&D to produce further
reduchonsmemrgyusemdcu‘bonemmmbyﬁwymm '

1.2 METHODOLOGY

To achieve these objectives, we started with the Annual En:rgy Outlook 1997 (AEO97) reference case
forecasts for the year 2010 (Energy Information Administration, 1996). After thoroughly reviewing
these forecasts on a sector-by-sector basis, and working with EIA staff, we chose to accept the EIA
“business-as-usual” (BAU) scenario as is for buildings and industry. We modified some of the
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: mm\phmsmddatatopmduceamwBAUwe notgreutly dxﬁmt&mthe EIAcue forthe 3’
; tru\sportat:on and the electric utility sectors.? '

Weﬂlmassembledensﬁngmformaﬂonmthe performance and costs of technologies to increase
energy efficiency or, for selected end-uses, to switch from one fuel to another (e.g:, from electricity to
natural gas for residential end-uses or from gasoline to biofuels for transportation). For the buildings
sector, the technology performance and cost data base are extensive. For transportation, the data
- base - although less fully developed than for buildings - is sufficient for our purposes. For industry,

“only partial information on technologies and costs is presently available. As a result, the analysis
~ for industry relies primarily on historical relations between energy use and economic activity and
much less on explicit technological opportunities. The industrial analysis also includes some
examples of industrial low-carbon technologies. The analysis of low-carbon supply technologies in
the electricity sector is based an_a review of the literature including detailed technology
characterizations prepared by DOE in conjunction with its national laboratories and industry.
Next we created scenarios of increased energy efficiency and lower carbon emissions using the
technology data (or, in the industrial sector, historical relations) as key inputs. We chose to nn
three scenarios other than the BAU case. We have termed the first the “efficiency” (EFF) case. It
assumes that the United States increases its emphasis on energy efficiency through enhanced public-
and private-sector efforts. The general philosophy of the efficiency case is that it reduces, but does
not eliminate, various market barriers and lags to the adoption of cost-effective energy efficiency
technology.? :

The other two cases, dubbed the $25 permit and the $50 permit “high-efficiency/low-carbon”
(HE/LC) cases, describe a world in which, as a result of commitments made on a climate treaty or
other factors, the nation has embarked on a path to reduce carbon emissions. Both of these cases
assume a major effort to reduce carbon emissions through federal policies and programs (including
environmental regulatory reform), strengthened state programs, and very active private sector
involvement. Both also include a focused national R&D effort to develop and transform markets for
low-carbon energy options (e.g., fuel cells for microcogeneration in buildings and advanced turbine
systems for combined heat and power in industry). The difference between the two HE/LC cases is in
&emumphmofamrbonpmutpnmresulhng&omadomesucmdmgschemeformrbonmons_
with a cap on U.S. emissions (or from equivalent policy measures that increase the price of carbon-
based fuels relative to those with less carbon). We assume a domestic permit price of $25 and $50
per tonne of carbon for the two cases. Both of these HE/LC cases include a program of research,
development, demonstration and diffusion that is more vigorous than in the efficiency case. In the
buildings and industry sectors, the carbon price signal, combined with policies promoting energy
efficiency, is believed to trigger most of the additional carbon reductions. In the transportation
sector, it is the R&D-driven technology breakthroughs that generate the bulk of the carbon
reductions beyond the efficiency 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, dervelopment, and demonstration can bring advanced
low-carbontedmologmstomrkct. -

Al&loughmostoftheamlymfoammmm wealsolookbeymd&\udate 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 ro effort to
forecast specific levels of market penetration, energy savings, or carbon reductions. Thus, instead of
c:eatmgscmmoswedesa‘ibe&tete&nological umovnums&mtwuldembletheconmuahon of an
aggressive pace of decarbonization well into the next quarter century, if appropriate investments in
R&D were made.
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The decade of gains in energy productivity achieved by the U.S. following the 1973-74 Arab oil
embargo represents a period of economic growth that was decoupled from increases in energy
consumption, resulting in substantial economic benefits. Between 1973 and 1986, the nation’s
consumption of primary energy froze at about 74 quads — while the GNP grew by 35%. Starting in
1986, energy prices began a descent in real terms that has continued to the present. As a result,
energy demand grew from 74 quads in 1986 to 91 quads in 1995, mdarbmenusuomhnve been -
increasing at a similar pace. : .

Despite the growth in energy consumption since 1986, the US economy today remamsn‘menergy
productive than it was 25 years ago. In 1970, 19.6 thousand Btu of energy were consumed for each
(1992) dollar of GDP. By 1995, the eriergy intensity of the economy had dropped to 13.4 thousand Btu
of energy per (1992) dollar of GDP. The U.S. Department of Energy (DOE) estimates that the
country is saving $150 to $200 billion annually as a result of these improvements.

Nevertheless, many cost-effective énergy-efﬁcient technologies remain underutilized, as discussed
in Chapter 2. A host of market barriers account for these lost opportunities. And declining energy
R&D expenditures may cause promising technology options tobeforegone

The rationale for govemmult support of energy-efﬁcxmcy R&D is strong. Much energy-eff:c:ency
research is both long-term and high-risk and therefore is not adequately funded by the private
sector — despite the possibility of sizable gains in the long run. Furthermore, advances in energy
efficiency offer substantial public benefits (such as carbon reductions and improved national security
through greater oil mdepmdm) that cannot be fully captured in the private marketplace.

The benefits of past public investments in energy—efﬁuency R&D have been well documented.
Between 1978 and 1996, DOE spent approximately $8 billion on energy-efficiency research,
development and demonstration (RD&D). Just five of the technologies that were developed or
. demonstrated with a fraction of this DOE support have resulted in net benefits of $28 billion
through 1996. Many other R&D successes have produced technologies yielding substantial energy
and cost savings in the market. The DOE RD&D portfolio has also led to ugm.hcant environmental,
health, productivity, and economic competitiveness benefits. |

1.4 RESULTS

1.4.1 Prospects for Improved Efficiencies by the Year 2010

Table 1.1 and Figure 1.1 compare the nation’s primary energy use in quads for the years 1990 and 1997
(projected) with the results of three scenarios for 2010. (We have included only the high-
efficiency /low-carbon case at $50/tonne in the table and figure for simplicity.) The $50/tonne
HE/LC case shown below does not reflect the energy impacts of the selected low-carbon technologies
described later in this sumnmy(eg, stationary fuel cells forbu:ldmgs advanced turbine syste.ms
and biomass gasification in mdustxy) or the supply-side options shown in Table 14.
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* Table 1.1 Primary Energy Use in Quads: 1990-2010

2010
o Business-as- High-Efficiency/
1990 1997 Usual - Efficiency Low-Carbon
Buildings 294 337 360 © 341 32.0
Industry 32.1 32,6 374 35.4 . 288
. _Transportation _____ 22.6 25.5 32.3 - 292 27.8
Total 84.2 91.8 105.7 987 93.4

Source: Energy use estimates for 1990 come from EIA (1996a, Table 2.1, p.39). Energy use estimates for 1997 come
“ from forecasts conducted for EIA (1996b). Nmbersmynotlddtoﬁ\etohlsfiuew ing. . -

The major observations are as follows:

* In the business-as-usual case, energy use increases by 22 quads (26%) between 1990 and 2010; 8
quads of this increase have occurred during the first seven years of this 20-year period. The
fastest growing sector during these initial seven years has been buildings (4.3 quads) followed
by transportation (2.9 quads) and industry (0.5 quads). In the BAU case, the fastest growing
sector during the remaining 13 years is transportation (6.8 quads). This is followed by industry
(4.8 quads) and then buildings (2.3 quads). The rapid projected growth in the energy consumed
for transportation is driven by estimates of increased per capita travel and minimal fuel
efficiency” gains. s "ot

© The efficiency scenario cuts the overall growth between 1990 and 2010 from 22 to 15 quads. This
is a 17% increase over the level of energy consumption in 1990, down from a 26% increase in the
BAU case. Relative to the BAU case, the efficiency scenario for transportation delivers
slightly more energy savings (3.1 quads) than do the same scenarios for the industrial (2.0) or
buildings (1.9) sectors. Compared with 1997 levels, the smallest increase in energy growth for
this case is in buildings (0.4 quads), followed by industry (2.8 quads), and transportation (3.7
quads). E '

. * The high-efficiency/low-carbon scenario with a $50/tonne carbon charge further decreases the
overall growth between 1990 and 2010, reducing it from 22 to 9 quads. This is an 11% increase
over the level of energy consumption in 1990. Relative to the BAU case, the high-
efficiency/low-carbon scenario for buildings, industry, and transportation delivers energy
savings ranging from 3.8 to 4.5 quads for each sector. Compared with 1997 levels, the buildings
sector is down about 2 quads and industry and transportation are up 1 and 2 quads, respectively.

Table 1.2:documents the impact of these projected energy savings in 2010 an carbon emissions in that

same year. It also presents the results of the HE/LC scenarios with both $25 and $50 per tonne

carbon charges. These scenarios show significant carbon reductions from the combination of greater

efficiency improvements and increased use of advanced low-carbon technologies. ¢ In these cases, a

number of low-carbon technologies have high rates of adoption (e.g., advanced turbine systems and

biomass gasification in industry), the utility grid is dispatched to reduce carbon emissions (by using

many coal plants for intermediate power and by running more natural gas plants as base load), a set

of coal-based power plants are repowered, nuclear plant lifetimes are extended, and key renewable «
energy technologies are deployed. In all cases, these technologies and measures are estimated to be vl
cost-effective with a differential carbon fee of $50/tonne. : T
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' Figure 11 Primary Energy Use in Quads: 1990-2010
120 ' '
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Note: The high efficiency/low carbon scenario values represent the $50 per tonne carbon charge.

l l!lu.l .

Table 1.2 Carbon Emissions (MtC): 1990-2010

. 2010
Business-as- High-Efficiency/
Usual (BAU) Efficiency Case Low-Carbon® -
1990 1997 Case* - .
g , $25/tonne $50/tonne

Buildings 460 511 51N 546 527 509
Industry 452 482 548 520 494 ¢ 455
Transportation 432 486 616 543 528 513
Utilitiese - - - 3 - - -48 ~136
Total (rounded) . 1340 1480 1730 1610 L 1500 ' 1340
Change from 1990 140 - 390 270 160 0
Change from BAU - - - -120 -230 - -390

a Two of these numbers differ from the AEO97 BAU case. The estimate for buﬂdmgs (571 MtC) is slightly lower
than the AEO97 estimate (576 MtC) due to the use of different ratios cmvu\:m%’ &!

, kerosene, and coal) to carbon. The estimate for transportation (616 MtC) is higher than the AEO97
mmg&mdmmﬁummumﬁutamﬁglmydmwtm

bThis scenario includes the carbon emission reductions resulting from a carbon permit price of $25 or $50/tonne:
(l)dupatchofpowerphntshwldchmmnlguuhvmdmhﬁvebcoal.(ig and partial

coal-based power plants to convert to natural gas, and (3) introduction of low-carbon
bchnologtummphoeconvmﬁomlom,pnmrﬂymmemmmduﬂhtym

“The entries in the last two columns are tiveasthey to reductions in carbon emissions resulting
from the increased use of natural gas and for electricity generation as a result of the
$50/tonne carbon permit price in this scenario. e ; -
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Table 1.2 presents results for the business as usual and three efficiency and/or low carbon cases in
2010 as point estimates, because they are meant’to be scenarios. When we use these scenarios for
analysis, in section 1.5, we describe sources of uncertainty and the effects of uncertainty on our
mderstandmgofﬁtemphcahm of these cases. For now, we only describe the different cases.

N Figures 12and 1.3 cumplement the above table by l.l.lustratmg the carbon emissions reductions from

each scenario. The major observations are:

-

In the BAU case, carbon emissions are forecast to increase by approximately 390 null.lon tonnes
from 1990 levels.

The mergy-efﬁcnency gains incorporated in the efficiency case cut overall growth between 1990
and 2010 by one-third (h-om390t0270m11hon tonnes). This represents a carbon increase of 20%
above 1990 emissions.

The HE/LC scenario wil:hS?S/l:omieéarbondwrgehasﬂmpotmﬁal to reduce carbon emissions

by 230 million tonnes from the BAU case in 2010. The largest part of these carbon reductions are
from increased efficiency, but major changes in electricity supply (retirements of coal plants,
repowering, and carbon-based dispatching) contribute 34 million tonnes, and other low-carbon
technology, particularly renewables and advanced turbine systems, produce another 14 million

The HE/LC scenario with $50/tonne carbon charge has the potential to reduce carbon emissions
by approximately 390 million tonnes, thereby achieving 1990 carbon emission levels in 2010. Of

_ this 390 million tonne carbon reduction, 205 million tonnes are from increased energy efficiency,

135 million tonnes results from increases in the use of low-carbon fuels and technologies in the
utility sector, and 50 million tonnes results from the use of low-carbon technology in industry
and transportation.

Ninety-five million of the 135 million tonnes of carbon reductions in the utility sector comes
from retirement of coal power plants and carbon-ordered dispatching of the utility system
(including optimization of capacity expansion and unit commitment) and from repowering coal
plants with natural gas. These are cost-effective with a $50/tonne carbon charge. The
remaining 41 million tonnes are from renewables (wind, co-firing coal-based power plants with

biofuels, expansion of hydropower capacity), nuclear power plant life extens:ons, and power
plant efficiency improvements.

The 50 million tonnes of carbon reductions in industry and transportauon from low-carbon
technologies are about equally divided among: (1) advanced combustion turbine cogenerators in
industry, (2) biomass and black liquor gasification and low-carbon industrial processes, and (3)
cellulosic ethanol/ gasoline blends for automobiles.

Approximately 140 MtC of the increase in carbon emissions between 1990 and 2010 will have
occurred by the end of 1997; thus, it is useful to look at the 13-year forecast starting with 1997.

The carbon reductions incorporated in the efficiency case cut the overall growth in carbon -

emissions between 1997 and 2010 from 250 million tonnes (as forecast in the BAU case) to 130.
The HE/LC scenario with SSO/ummrbmm reduces carbon emissions in 2010 by an
add.mona.'l270ml.lhmtonnes

1.6
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Figure 1.2 Reductions in Carbon Emissions from Each Seenario
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Figure 1.3 Reductions in Carbon Emissions from Each Type of Technology
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Table 1.3 provides a comparison of the growth rate in energy and in carbon emissions for the four
cases, from 1997 to 2010. For the BAU and efficiency cases, the growth in carbon emissions is slightly
more rapid than the increase in energy demand. For the HE/LC case with a $50/tonne carbon
charge, carbon emissions decline while energy consumption rises. The carbon reduction reflects the
increased deployment of low-carbon fuels and technologies as a consequence of the relahve increase
in price of carbon-based fuels prempmted by the $50/tonne incentive.

1t is useful to compare the scemmosmthu study to those ofothersmdms The 1991 report by the
Office of Technology Assessment (OTA) titled Changing by Degrees Us. Congress, 1991) analyzed
the potential for energy efficiency to reduce carbon emissions by the year 2015, starting with the
base year of 1987. Its “moderate” scenario results in a 15% rise in carbon emissions, from 1300
MtC/year of carbon in 1987 to 1500 MtC/year of carbon in 2015 (compared to a BAU forecast of 1900
MtC/year). Its “tough” scenario results in a 20% to 35% emissions reduction relative to 1987 levels,
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ormmmsMofBSOholOMMtC/ywofcubthﬂlS OureiﬁnﬂtyandHE/LCcamnnging
ﬁ'om1.3holbbdhonmmofcarbonmmominmlﬁmcompmbletoOIA’ "modetate"casemd
showcmmderablyh@uemmmﬂmnOTA’s “tough” case. .

“Table 1.3 Average Annual EmgydeumemwﬂiRm;lmbmo, for Four Cases :

' High Efficiency/ _ High Efficiency/
Business-As- Efficiency Low Carbon Case Low Carbon Case

Usual (BAU) Case ($25/tonne) ($50/tonne)

(GDPy . 1.88% 1.88% 1.88% 1.88%
Energy Demand 1.09% 0.56% 034% 0.13%
Carbon Emissions 1.24% 0.65% 0.11% -0.75%
Energy Consumption Per 0.771% 130% . -151% 1.71%
GDP (E/GDP) - :

Carbon Emissions Per GDP ~ -0.63% 120% -1T3% -2.58%
(C/GDP)® ‘

2 The Gross Domestic Product (GDP) in 1995 was $7251 billion in 1995 dollars. TheIBS% annual growth was
assumed to apply to the entire period, 1995-2010 to derive the results above.

b The carbon decrease thDP&uwﬂ-nforlm to 2010 is 0.7%, 1.1%, 14%md19%perymforthe
reference, efficiency, $25/tonne HE/ SSOIm\eHE/LCmmpech y. .

Another benchmark is provided by the 1992 National Academy of Sciences (NAS) report an Policy
Implications of Greenhouse Warming (National Academy of Sciences, 1992). This study identified a
set of energy conservation technologies that had either a positive economic return or that had a cost
of less than $2.50 per tonne of carbon. Altogether, NAS concluded that these technologies offer the
potential to reduce carbon emissions by 463 million tonnes, with more than half of these reductions
arising from cost-effective investments in building energy efficiency. Our efficiency and HE/LC
cases suggest the potential for reducing carbon emissions by between 120 and 380 million tonnes by the
year 2010. One reason that the NAS estimate is higher is because it is not limited to the 2010 time
frame, but rather characterizes the full potential for carbon reductions. Thus, it did not take into
~ account the replacement rates for equipment and processes, and other factors that prevent the
instantaneous, full ma.rket penetration of cost-effective energy-efficient ,and low-carbon
tecl'mologtes

142 R&D's Potential for Further Benefits by 2020

Ifcarbonmducuonshmmmdbeymdmtobemtaimdat msombleoost,wgomusR&D efforts
are needed to fill the pipeline of next-generation energy technologies. It is difficult to estimate the
carbon savings that will accrue from these technologies; however, our effort to characterize their
features suggests that an aggressive pace of carbon reductions over the next quarter century can be
sustained, with a sufficient investment in R&D. Our analysis of R&D potential for the year 2020
focuses an opportunities for improved energy-efficiency and renewable energy technologies. The
potential long-term contributions of carbon sequestration, advanced coal technologies, and nuclear
power may also be significant. However, the treatment of vigorous R&D irututwes to impmve
thesesupplyop&mafmmmubeymd&\empeofﬁusmpon. :
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For an assessment of the broad range of R&D opportunities to reduce U.S. greenhouse gas emissions,
based on a 30-year planning horizon, the reader is referred to a report by 11 DOE national laboratory
directors (DOE National Laboratory Directors, 1997). That effort examines the potential of science
and technology-based developments in energy efficiency, clean energy, mdcubmsequestrahm to
pmducemrbmmduchommeachofﬁlenmﬂ\reedemdu. '

Renewable energy technologia will likely play a crucial role in limiting carbon emissions over the
long term. Low-carbon energy supply options are needed to fuel domestic and international economic
development without stimulating further global warming. Although renewable resources account for
only 7% of the nation’s total energy consumption at present, many believe that they are at the

. beginning of a long-term growth trajectory. With continuing technological development and cost

reductions, renewables could become preferred energy resources some time within the next several
decades. Early evidence of this transition is seen in the continuing adoption of renewable power
systems, including especially wmdfarmsandbwmasspowusysm even in the face of low gas-
fired power generation costs and considerable uncertainty in today’s electric energy sector.

With a vigorous and sustained program of research, development and deployment, biomass, wind,
photovoltaics, geothermal, and solar thermal technologies could deliver significant quantities of
electricity in 2020, thereby substantially displacing carbon emissions. For example, the use of
forestry and agricultural residues in biomass power systems continues to be an attractive power
option where those residues exist. The successful development of higher-efficiency biomass
gasification systems would make this technology competitive in a wider range of applications,
including for power systems using dedicated feed stock supply systems. At the same time, biological
and agricultural research on biomass production will lead both to higher biomass yields and better
species for energy conversion purposes in the future. "

Asemndmamwh:ch a vigorous and sustained R&D effortcmﬂdspawnnnngv.ofkey
improvements is in wind power systems. Potential improvements include:

‘* Advanced blade slupes that increase wind power capture while reducing stress loads,
e Elimination of gearboxes through development of direct-drive gMM,
° Vanable speed turbines, and _

. Better resource prediction that will increase the value ofwmdpowu‘topowersyst:ms
operators. .

A third area of renewables development that is at the beginning of a long-term growth path is the
use of renewables in buildings. Solar daylighting, passive solar designs, solar water heating, and
geothermal heat pumps already are cost-competitive in many applications, but are not yet widely
used. R&D advances could substantially accelerate their market penetration. In addition, building-
integrated photovoltaic products will benefit directly from advances in materials research. The
ultimate vision is that many buildings will become “net energy generators” through a combmaum of

renewable energy and energy-efﬁc:mcy technologies.

lnﬂ\enextquartereentury, improved energy-eﬁﬁumcy technologies will result from a combination
of incremental advances and fundamental breakthroughs. Incremental improvements in all sectors
can be achieved by the greater reliance on more precise and reliable sensors and controls or an lower-

cost sensors and controls, often integrated into industrial processes, transportation systems, and

buildings. Advanced manufacturing technologies, including rapid prototyping and ultraprecision
fabrication; also offer broad opportunities for continuous incremental improvements in energy
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efficiency and renewable energy. Brei.kthmughs in bioprocessing, separations, superconducﬁvitjf,
catalysts, and materials can have wide-ranging impacts on energy efficiency and carbon emissions by
the year 2020. Examplesofspedﬁctedmologyopponmﬁﬁesmdesa{bedhﬂﬁsmport,bysecwr.

SmR&Damasoffergreatprommetoredmes:guﬁcmtly the ene:gyreqmm:mntsofmmhons
hu.i]d.mgsmm ‘

e Advanced construcum methods and matem]s
e Adaptive bmldmg envelopes,

Multi-functional equipment,

Integrated, advanced lighting s;'stems,

. Iméroved controls, communications and measurements, and

o Self-powered buildings. _ .
In addition to the broad application of better process modeling, sensors, and controls in mdustry,
many process/industry-specific opportunities for efficiency gains exist. These are described for each

of DOE's targeted industries of the future: pulp and paper, chemicals, petrolem refining, glass,
aluminum, iron and steel, and metal casting. : ’

Many of the advanced technologies that have the potential to significantly improve the energy
efficiency of transportation need considerable R&D investment before they can become commercially
available in the year 2020. For example, to achieve fuel economies in the 60-80 m:.les per gallon
(MPG) range and remain nffordable and safe, light-duty vehicles will need:

e Breakthroughs in manufacturing processes for composite materials,

e Large reduction in fuel cell costs and/or cost reductions and performance gains in batteries,

Utra-low rolling resistance tires,

H.igh-efﬁciency accessories, and

e Highly aerodymnuc designs.

Opportunities for R&D to lead to improvements in the energy efﬁcmncy of other transportation
modes are also described in this report.

In all, the continued adopuon of energy efficient and renewable energy technologies and a steady -
flow of technology improvements from collaborative R&D programs with industry could make such
environmentally friendly technology an attractive option for domestic and global energy economies
in the future. With strong public-private partnerships to support the necessary R&D and market
transformation activities, ample cost-effective energy pmducls and pracuces will be available in
2020. :
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1.5 ASSESSMENT OF COSTS, ENERGY SAVINGS AND SOURCES OF CARBON
REDUCTIONS

. Thebumu&wusuﬂmaﬁoprojecbmhmmometC/yeubetwmlmuﬂmm. In our
_ efficiency scenario, in which the nation actively pursues policies and programs to promote market
acceptance of energy efficiency while expanding commitments to research and development, energy-

efficient technologies reduce this growth in carbon emissions by 120 MtC/year. Under a carbon cap
and trading system, in which permits for carbon sell for either $25 or $50/tonne C, very substantial
carbon reductions appear possible. Detailed results for these cases, showing the sources of the carbon
reductions, are contained in Table 1.4. (Summaries of these results were presented in Figures 1.2 and
1.3.) Results indicate that, for the $50/tonne HE/LC case, there is a potential to roughly retum to -
1990 levels of carbon emissions in 2010. Almost two-thirds of the mmasemmrbmenussmls
eliminated in the case with a $25/tonne carbon charge (Table 1.4).

The estimates in Table 1.4 include ranges for most of the electricity supply options and the other
low-carbon technologies. There are no ranges for the efficiency technologies because the models used
to estimate their penetration are nonstochastic. When selecting a single estimate for the $50/tonne
" case, numbers from the low end of the ranges were generally selected in order to be cautious. Because
we did not conduct an integrating analysis in which supply options compete against one another, we
felt it important to minimize potential overlap by entering the supply options in conservative
quantities. Also note that several renewable resources that could play a greater role by 2010 are
omitted from Table 1.4; these resources include include photovolmcs, geothermal solar thermal,
and landfill gas.

Oneshouldnotascﬁbetoomuchsigniﬁamtospeciﬁcmtries in Table 1.4 There are many different
technologies, both on the supply and demand side of the energy system, that will compete to

achieve carbon reductions in an environment in which policies and economic signals favor such
~ reductions. Thus, for example, Table 4.1 shows advanced turbine systems in industry cutting carbon
emissions by 17 MtC/year in 2010, co-firing coal with biomass reducing emissions by the same
amount, and other low-carbon supply technologies (wind, nuclear plant extensions, hydropower
expansion, and power plant efficiency) contributing 24 MtC/year. The actual choice of technology
depends on how the economics of the different systems evolve over time, how the industry to supply
technology develops, the nature and speed of deregulation within the utility mdustry and numerous
~ other factors that cannot be known today. As such, we do not intend the results in Table 1.4 to be
taken as a prediction of one technology over another to achieve carbon reductions. In this instance,
we have posited one of many possible mixes of supply technologies. These same comments apply to
the demand-s:de sectors and technologies.

In Table 1.5 wesummanzeﬁwexpectedtechnology costs in 2010, as well as the cost of implementing
a carbon permit system. While these costs are necessarily uncertain, they are our best estimates and,
in our view, as likely to be high as to be low. We note, however, that we have focused our analysis
on technology costs, and have not assessed the viability of specific policies or programs to achieve
market ‘acceptance. As described below, wedomforprogramundpohcycostsman_
approximate manner.

Appendix A-2 describes the calculations used to derive the direct costs and energy cost savings of the
cases. The costs considered include the incremental technology investment by consumers and
businesses, fuel price increases, and the estimated cost of federal, state, andlocalpmgramstequmd
to achieve the carbon emission reductions. These constitute the direct costs of the scenarios. The
highest of these by far is the incremental investment costs. However, the generally higher first cost
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of these technologies is counterbalanced by substantially lower operating costs. The benefits
midmdam]ﬁ:ﬁhedtothesaﬁngshopenﬁng (energy) costsﬁ’omﬁtetedmologyixwmu.

'I'ablc 1.4 Potential Annual Reduchom in Carbon Emissions in 2010, Compared to the Business-As-

Usual Forecast for 2010 (MtC)
High-Efficiency/Low-Carbon
Case
Efficiency ; _
: Case $25/tonne $50/tonne*
Buildings ) :
Energy efficiency v 25 - 42 59
Fuel cells . 2 3
' 25 44 62
Industry ;
Energy efficiency 28 44 62 :
Advanced turbine systems - 17 (14-24)
Biomass and black liquor gasification, s . 14 (13-16)
cement clinker replacement, and
aluminum technologies
28 54 93
Transportation : ?
Emtzy efficiency 61 74 ' 87
12 14 16
73 88 103
Utility Supply Options
Coal plant retirements and carbon-ordered - 25 55
dispatching :
Converting coal-based power plants to 9 40 (25-66)
natural gas
Co-firing coal with biomass 5 17 (16-24)
Wind 2 7 (6-20)
Extending the life of existing nucleu- 3 5 &7
plants .
Hydropower expansions 2 4 (3-5
Power plant efficiency 2 8 (7-13)
' 48 136
Total 126 234 394
*Numbers in parenthesis are asdoc\mmudhﬁwutof&!repoﬂ. SuAppa\dntA-lforldesmpuomof

the denvahon of the results in this table.

Wehnvepresmtedﬂ\edimctmdmteuily quantified ofthe mslsmdbmeﬁts,buthave not
attempted a full benefit-cost calculation. We do not account for indirect effects of policies (e.g., the
reallocation of investment dollars to efficiency investments). We do not account for the increased
cost of some R&D programs that are needed to achieve the scenario results nor do we count the
benefit of reduced carbon and other pollutant emissions. Also, we have not analyzed any possible
red.lsu'ibuhonofwenlﬂ\thatcouldansefromncubonmdmgsystemoroﬁ\erpohcytomcreasethe
pneeofcarbon—basedﬁnl. y :
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Considering only these direct costs and energy-saving benefits of the scenarios, we have analyzed
the economics of carbon emission reductions from two different perspectives in order to establish a
credible range of costs. In the first, which we label "optimistic," we evaluate direct costs and
energy-saving benefits with a real discount rate that approximates the cost of capital for efficiency
investments for the different end-use sectors: 7% for buildings, lﬂ%fortransporlahm and 12.5% for
industry. _

The lowest discount rate, for buildings, is based on the fact that the money for residential buildings
is derived from home mortgages or home improvement loans. The higher rate for industry reflects
the fact that energy-efficiency investments have to compete with investments for other projects.
These discount rates are not those that describe current market behavior, but rather are reflective of.
costs of capital if the market did invest in the energy-efficiency measures. For the “optimistic”
case, we assume costs for efficiency .measures brought about by utility, federal programs, and state
programs (e.g., demand-side management programs by utilities, federal market transformation
programs) to be 15% of technology costs. We also assume that at least half of the efficiency occurs as
a result of federal policies (e.g., standards or carbon permit charges) which add very low direct
program costs. Thus, the overall costs of implementation are taken to be about 7% in the "optimistic”
case. The electric supply-side technologies are assumed to add an incremental cost of $30/tonne
carbon in 2010, based on an average estimate of the incremental costs of the technologies from the
appropmte sections of this report.

These programs and pohc:és are not specified in this study, but the broad nature of the actions could
include technology R&D partnerships such as the current Partnership for a Next Generation of
Vehicles and Industries of the Future; energy efficiency codes and standards; expanded partnerships,
technical assistance, and information programs to accelerate the ‘adoption of energy-efficient
technologles, incentives through the tax system directed at investments in energy-efficient
technology in industry; and a variety of non-federal programs to accelerate market dlffus:on of
energy-efficient and low-carbon technologies.

The second perspective, which we label “pessimistic,” assumes that there are hidden costs
associated with achieving widespread market acceptance of many of the efficiency and low-carbon
technologies, even after the imposition of a carbon charge and the implementation of major policies
and programs to promote a low-carbon future. In this perspective, we evaluate costs and benefits at a
real discount rate of 15% for buildings and 20% for transportation and industry. Program costs are
increased to 30% of the cost of efficiency measures, an estimate that is a high bound compared with
federal, state, and utility experience. Overall implementation costs (programs and directed
policies) are taken to be 15% of technology investments inth:s case. Other data and assumptions in
mxscasea.rethesameasforthe ophmx.shc"

The results of the economic analysis are presented in Table 1.5. Estimated direct costs are $26-$49
billion per year for the efficiency scenario and $51 to $88 billion per year for the high-
efficiency /low-carbon scenario. Estimated energy savings per year in 2010 are $42 to $51 billion per
year in the efficiency case and $70-$88 billion per year for the high-efficiency/low-carbon case.
The costs, which are a small portion of annual gross private domestic investment of about $1.4
" trillion in 2020, are likely to be more than balanced by savings in energy bills. Thus, net costs to the .
U.S. economy are estimated to be near or below zero in this time frame. _ ;

The range of estimates in Table 1.5 reflects our attempt to "bound" optimistic and pessimistic
assessments. There are clearly other ways in which these bounds could be described, just as there are
many scenarios that could have been analyzed. We reflect a lower or pessimistic bound in three
ways. First, we assume the investments in energy efficiency yield only 80% of the estimated
savings. Second, we value cosmmdbeneﬁts at discount rates noticeably h:gher than the likely cost
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~of capital. Third, we increase the estimated cost of programs and policies to twice that of typical
experience today. It is worth noting that if the implementation costs were taken to be much higher
than we believe to be reasonable - 50% of investments costs for programs and 25% overall - this
would add about $10 billion per year to the costs of the high-efficiency/low-carbon in the’

Table 1.5 Estimated Costs and Energy Savings of the Efficiency and High-Efficiency/Low-Carbon
Scenarios : Optimistic and Pessimistic View Estimates (billions of 1995$, annualized)

‘Efficiency . High-Efficiency/Low-Carbon
Case?® , CaseP
Direct Energy Direct Energy
& g Costsd  Savings® Carbon®  Costs Savings  Carbon
- . : (billien (billion Savings (billion (billion . Savings
. I995$! 199552 MtC 1995%) 19955) MtC
Energy Efficiency

- Buildings 3 . 1-14 14-17 20-:25 . 1426 26-33 49-62
Industry . 35 67 2227 8-13 12-15 . 7493
Transportation . 1630 - 22-27 58-73 2343 32-40 82-103
Electricity Dispatch : 0 0 0 2 0 44-55

~ Electricity Repowering ¢ 0 0 0 : 2 0 3240
Other Low-Carbon Techologies [ 0 0 - 2 0 3341

Total 26-49 42-51 100-12 51-88  70-88 314-394

- 'Emrgyefﬁde_:\cyutegdry_imludaeﬂmmlhuuupomﬁm

b Energy savings and carbon savings in the HE/LC case are relative to BAU case. .

€ In the "pessimistic™ case, we have assumed that only 80% of the carbon savings are achieved, even though the

technology and implementation costs are hwmmnvmmpmﬁusmmhm

d Direct costs include the incremental technology investment cost and the cost of programs and policies required to

achieve the carbon emission reductions. Costs are calculated from differing viewpoints: the 'o%%nﬁsﬁc" case uses

discount rates that vary between 7% and 12.5% for the different sectors, as described in the text. For the

“pessimistic” case, the discount rates used to annualize costs vary between 15% and 20%. Also in this case, the cost

gf!i?plwgpmﬁo%)mdmovmﬂpu&ageofpmuﬂpoﬁda(ls%)i.stakmh:be twice that of
optimistic” case.

In addition to these costs, one needs to calculate the impact of the cases on natural gas demand. In
all of these cases, natural gas replaces very large quantities of coal. Higher natural gas demand .
would result in higher natural gas prices, which in tum would increase the cost of substituting
natural gas for coal in power production, etc. As it tums out, our scenarios have somewhat reduced
gas demand compared with the BAU case (or with AEO97 baseline for 2010, an which the price of
natural gas in our work is based). Specifically, demand for natural gas in the HE/LC ($50/tonne)
case declines in 2010 by 2 quads compared with the business-as-usual case. This is the result of
declines of 0.5 quads for buildings, 1.0 quads for industry, and 0.5 quads for electricity. The latter
" occurs because of the balance among three factors: increase in gas demand because of the large-scale
substitution of natural gas for coal, decrease of gas demand because of the use of many low-carbon
technologies that do not use natural gas (wind, nuclear power plant extensions, power plant
efficiency upgrades, hydropower expansion, co-firing with biofuels), and the large increase in
cogeneration, which reduces demand for natural gas for heating applications.

The sum of the second and third effects are somewhat greater than the first, and thus total natural
gas demand associated with electricity generation declines. This could reduce the cost of natural
gas, a benefit that we have not included in the analysis. :
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: 'IheSSO/toamecarboncharge whﬂenotcomhtuﬂgad:rectcost,doesmpresmtapotmhaﬂy large
transfer payment. The magnitude of the transfer payment, as well as the losers and winners from
the transfers, depends an the  nature of policy and its implementation as a cap and trade system or
some alternative. The amount of money that could be in play is very large: SSO/tmnetmwsls
hﬂxmtmmaperyeuequals“dehonpuym

Inshort, while there will suxelybewuumandlosefsforthese energy-efficiency and low-carbon
scenarios, our analysis shows that their net economic costs - mﬂunmgeofassumphmsmd
altemauvemeﬂ\odsofcostanalym wﬂlbenearorbelowwo

The achievability of the ‘cases depends an many factors. In all cases, carbon reductions require the
nation to embark on an aggressive set of policies and programs. Such efforts could occur in response to
an international agreement on climate change or to other events that result in a national
determination to reduce the growth of carbon emissions. In the high-efficiency/low-carbon cases, we
assume a vigorous national program of research, development, demonstration, and diffusion, and a
trading regime for carbon with a domestic permit price of either $25/tonne or $50/tonne carbon.
Without some scheme that provides strong incentives for switching from coal to natural gas, and for .

deploying other low-carbon technologtes much of the potenha.l for carbon reductions will not be
realized.

Government policies and programs that encourage and/or require the adoption of energy-efficiency
and low-carbon technologies will be needed, along with incentives for industry to invest more in
these technologies. Additional private and public investments are necessary, not only to accelerate
the introduction of new technologies into the market before 2010 but also to ensure the availability
of technologies for the period after 2010. The transportation and utility sectors are . espec;ally
dependent on early technological advances to achieve the scenario results in 2010.

n\mlsnoassumce&uttheumdotherdnvmghmesMause the scenarios we have described
to take place. Our major conclusion is that technology can be deployed to achieve major reductions in
carbon emissions by 2010 at low or no net direct costs to the economy. Cost-effective energy efficiency
alone can take the nation 30 to 50% of the way to 1990 levels. Two additional utility sector measures
can reduce carbon emissions by another 30% at an estimated cost of $50/tonne carbon: carbon-based
dispatch and conversion of existing power plants from coal to natural gas® Finally, we identify
several additional technologies that can contribute up to 20% of the estimated carbon reductions,
also for less than $50/tonne. A next generation of advanced energy-efficiency and renewable energy
technologies promises to enable the continuation of an aggressive pace of energy and carbon
mcluchons over the next quarter century.
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ENDNOTES

! The five national laboratories participating in the study were: Argonne National Laboratory
(ANL), Lawrence Berkeley National Laboratory (LBNL), National Renewable Energy Laboratory
(NREL), Oak Ridge National Laboratory (ORNL), and Pacific Northwest Nahonal I..aboratory
(PNNL). LBNLandORNme&mco—leadusofﬁ\ee&ort.

"Thed:.ffermcesbetwemtheAEWBAUmemdmforZOlOm(l)lzquadshxgheruseofol.lm
transportation (32.3 instead of 31.1 quads) because auto fuel economy does not increase and (2) lower
‘use of oil for electricity generation (declines from 1.5% of genetation to 0.1%) and slightly higher use
of natural gas and coal. In all other regards, including price of all fuels and delivered energy our
reference case and the AEO BAU case are essentially identical.

? See Section 2.2.3 for a definition of cost-effective energy effmmcy technology

y SSOpertmmeofcarbonconspmdstollSoentspergnllmofgasolmeorOS cmtsperhlowatt—hour
for electricity produced from natural gas at 53% efficiency (or 1.3 cents per kilowatt-hour for coal at
34% efficiency). $25 per tonne would cut these gasoline and electricity price increments in half.

"® The cost curve for repowering is relatively flat; as such, considerable additional reductions are
possible at a cost not too different from $50/tonne. The results are highly sensitive to the price
differential between coal and natural gas; at a lower (higher) price dl.fferentlal a higher (lower)
permit price of carbon is needed.
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~ Chapter 2 :
INTRODUCTION AND BAcKGno’UNp

Thxsreport praunts the results of a mult:—laborato:y study aimed at quanﬂ.fymg the potential 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 R&D and the
nation's ability to respond to international calls to reduce the growth of greenhouse gas emissions.
According to a recent report of the Intergovernmental Panel on Climate Change (IPCC), the earth’s
surface temperature has increased about 0.2 degrees Celsius per decade since 1975. Further, the IPCC
report concluded that “the balance of evidence suggests that there is a discernible human influence
on global climate” as the result of activities that contribute to the production of greenhouse gases -
(IPCC, 1996, p. 5). By preventing heat radiated from the sun-warmed earth from escaping into
space, the increased concentration of g;menhause gases in the "atmosphere contributes to global
warming. _

- The major greenhouse gases are carbon dioxide (CO,), methane (CH,), ozone (O,), nitrous oxide
(N,0), water vapor (H,0), and a host of engineered chemicals such as chlorofluorocarbons (CFCs).
CO,; accounts for a majority of recent increases in the heat-trapping capacity of the atmosphere,
with worldwide atmospheric concentrations of CO, increasing at about 0.5% annually.
Anthropogenic CO, has resulted in atmospheric CO, concentrations that exceed pre-industrial levels
by 30%. Of all the human activities that contribute to these increases, fossil fuel combustion is by
far the largest, accounting for almost 60% of the greenhouse warming resulting from anthropogenic
sources in recent years (NAS, 1992, Table 2.2, p. 8). Energy-efficient, renewable energy, and other
low-carbon technologies reduce CO, emissions by displacing the need for fossil fuel combustion;
hence, this report focuses primarily on this single greenhouse gas. Throughout the report, the
potential climate benefits of energy-efficient and low-carbon technologies are quantified in terms of
reductions in millions of metric tons of carbon (MtC) emitted.!

Analysis by a number of key climate mdmgymodelers indicates that significant research and -
development on greenhouse-friendly technologies is essential to achieving meaningful emission-
reduction targets at affordable costs. As a result, climate change is becoming a major impetus for
energy R&D programs and is likely to grow in importance in the future. By documenting the
emissions reductions that past energy-efficiency and renewable energy R&D can deliver by the year.
2010, and by describing the potential for future research to reduce carbon emissions even farther, this
report is intended to inform a broad public about technology-based approaches to reduce greenhouse
gas emissions.

21 OBJECTIVES OF THE STUDY
‘Ihepur’;}osesofthisshidymthmefold:

1. To prov1de a quantitative assessment of the “reduction in energy consumption and carbon
emissions that could result by the year 2010 from a vigorous national commitment to accelerate
the development and deployment of cost-effective energy-efﬁuent and low-carbon
technologies;

2. Todocummt_&tecoétsmdpa‘fdﬁnmceofm technologies that underpin a year 2010 scenario’
in which substantial energy savings and carbon emissions reductions are achieved;
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3. Toﬂlmmte&éi:otu:ﬁﬂfbfmefgy-efﬁdmcymdrmewabhmergym to lead to further
reductions in energy yse and carbon emissions by the year 2020.

The report focuses on energy-efficiency and renewable energy R&D. The coverage of additional
" selected low-carbon end-use and electricity supply options was based in large measure on their
perceived potential to contribute significantly to reducing carbon emissions by 2010.

‘22 METHODOLOGY

221 Overview . . ' ’

To achieve these objectives, we started with the Annual Energy Outlook 1997 (AEO97) reference case
forecasts for the year 2010 (Energy Information Administration, 1996). After thoroughly reviewing
these forecasts on a sector-by-sector basis, and working with EIA staff, we chose to accept the EIA -
“business-as-usual” (BAU) scenario as is for buildings and industry and to modify some of the
assumptions and data and produce a new BAU case - not greatly different from the EIA case - for the
transportation and the electric utility sectors.

We then assembled existing information on the performance and costs of technologies to increase
energy efficiency or, for selected end-uses, to switch from one fuel to another (e.g., from electricity to
natural gas for residential end-uses or from gasoline to biofuels for transportation). For the buildings
sector, the technology performance and cost data base are extensive. For transportation, the data
base - although less fully developed than for bm.ld.mgs is sufficient for our purposes. For industry,
only partial information on technologies and costs is presently available. As a result, the analysis
for industry relies primarily an historical relations between energy use and economic activity and
much less on explicit technological opportunities. The industrial analysis also includes some
examples of industrial low-carbon technologies. The analysis of low-carbon supply technologies in
the “electricity sector is based on a review  of the literature including detailed technology
characterizations prepared by DOE in conjunction with its national laboratories and industry.

Next we created scenarios of increased energy efficiency and lower-carbon emissions using the
technology data (or, in the industrial sector, historical relations) as a key input. We chose to nn
three scenarios other than the BAU case. We have termed the first the “efficiency” case. It
assumes that the United States increases its emphasis on energy eﬁﬁnmcy through enhanced public-
and private-sector efforts. The general philosophy of the efficiency case is that it reduces, but does
not eliminate, various market barriers and lags to the adoption of cost-effective energy-efhc:ent
technology.

The other two cases, dubbed the $25 permit and the $50 permit “high-efficiency/low-carbon”
(HE/LC) cases, describe a world in which, as a result of commitments made an a climate treaty or
other factors, the nation has embarked an a path to reduce carbon emissions. Both of these cases
assume a major effort to reduce carbon emissions through federal policies and programs (including
environmental regulatory reform), strengthened state programs, and very active private sector
involvement. Both also include a focused national R&D effort to develop and transform markets for
low-carbon energy options (e.g., fuel cells for microcogeneration in buildings and advanced turbine
systems for combined heat and power in industry). The difference between the two HE/LC cases is in
the assumption of a carbon permit price resulting from a domestic trading scheme for carbon emissions
with a cap on U.S. emissions (or from equivalent policy measures that increase the price of carbon-
based fuels relative to those with-less carbon). We assume a domestic permit price of $25 and $50
per tonne of carbon for the two cases. Both of these HE/LC cases include a program of research,
developmmndemommummddﬁmmﬁmtwmewgormsﬁunmﬂ\eefﬁumcyme In the

~
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bu:ldmgsmdmdustryncton thembmpncenpa],mmbh\adwith polictespromotmgamgy
efficiency, is believed to trigger most of the additional carbon reductions. In the transportation’
sector, it is the R&D-driven technology breakthroughs that generate the bulk of the ' carbon
reductions beyond the efficiency 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 demomtrahon can bring advanced
low-carbon technolog:es to market. _

Although the work focuses an 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 spec:.ﬁc 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&D were made.

222 Time Frame

Analysis for all sectors focuses on two base years (1990 and 1997) against which future progress is:

benchmarked, and a target year of 2010 for assessing emissions reduction potential. Energy use and

emissions for 1990 and 1997 are used to compare future energy consumption and carbon emissions. The

report examines a "snapshot” of energy use and carbon emissions, by sector, in 2010. The increased use

of energy-efficient technologies combined with the development of new technologies based an past

R&D plus an invigorated R&D effort initiated in 2000 are needed to achieve our 2010 scenarios.
Intermediate years between 1997 and 2010 are not exammed. ‘

We also highlight the l.i.kely post-2010 benefits of an intensified investment in energy R&D. This
captures the effects of technologies that may not be widely commercial for some years but that could
deliver cost-effective energy savings and emissions reductions, if public and privately supported
R&D were to accelerate their proof of concept and reduce their developmental risks.

22.3 End-Use Efficiency Scenarios

Each of the three end-use sector chapters is consistent in terms of overall approach, scope, and time
frame. They each analyze three scenarios for the year 2010: a business-as-usual case, an efficiency
case, and a high-efficiency/low-carbon case. (In the mtegmhon of this work, we later assess two
different HE/LC cases - one with a $25/tonne carbon charge and the other with a $50/tonne carbon
charge.) The buildings sector also presents a “frozen efficiency” baseline, for additional compamon _
purposes. While there is variation in the methodologies used to estimate the energy savmgs and
emission-reduction potential of each sector, the three sector chapters are similar in using a
combination of technology analysis and model-based forecasting. Specifically, the buildings and
transportation sectors use stock models with technology characteristics and other parameters taken
from assessments of individual technologies. The industrial sector forecasts conservation investment
behavior based on econometric modeling with industry-specific conservation supply curves as inputs.

All of the scenarios described in this report use the AEO97 forecasts of national economic output as
measured by gross domestic product (GDP), which is projected to increase by 1.9% per year through
2015. Similarly, the buildings sector uses the AEO97 forecast of annual growth in residential (1.1%)
and commercial (0.9%) floorspace; the industrial sector uses the AEO97 assumption of a 2.1% annual
growth rate for manufacturing production; and the transportation sector uses the AEO97 forecast of a
1.5% annual increase in vehicle miles traveled and a 3.7% annual increase in air travel.
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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 $20.4 per barrel (in 1995§) in 2010. In AEO97, natural gas prices
increase at annual rates of 1.4%, with larger increases in prices to the industrial, electricity, and
transportation sectors offsetting reductions in prices to residential and commercial consumers.
. Between 1995 and 2010, the average price of electricity is prqected to decline by 0.6% a year as a

result of competition among electricity suppliers. Electricity pnces are fomcast to decrease the most
for industrial customers and the least for resldenhal customers. -

Suchmauecmonucandﬁ;elpnceassumphons strongly influence the rate of penetration ofenergy

efficient technologxesmenchsector Further details mgardmgthm assumptions can be found in
EIA (1996c).

Frozen Efficiency Baseline. This case, which is analyzed only for the buildings sector, assumes that
energy-consuming equipment and systems existing in the year 1997 remain at the same efficiency
until they are retired. This equipment and these systems retire over the 1997-2010 period at a rate
based on standard equipment lifetimes. It assumes that all new equipment employed after 1997
remains at the efficiency of new devices in the year 1997. The frozen efficiency baseline provides an

upper bound to likely energy demand (under the economic assumptions apphed to all the cases),
because it ignores all forces leading to higher efficiency of new equipment in the business-as-usual
case. It also ignores any retrofits that nught take place if there were economic reasons for early
retirement of equipment.

This case is presented primarily for heuristic reasons: it describes an easily-understood case in
which technology does not change. This is useful for explon'ng the impacts of technology change. .
Also, the case is not necessarily divorced from reality: in the era of low energy prices preceding the -
oil embargo of 1973-74, the energy effmency of many household, transportation, and industrial
technologies changed vu-y little.

anmeu—u—Unul Case. The business-as-usual (BAU) case represents the best estimate of future
energy use given current trends in service demand, stock turnover, and natural progress in the
efficiency of new equipment. It assumes that R&D and implementation programs at DOE and EPA
continue at more or less current levels, without a significant influx of new funding. It captures likely
changes in efficiencies of new equipment over the analysis period. It also allows for some early
retirement of equipment where cost savmg's from new energy-efficient products are high relative to
purchase and installation costs, as in some mdustml motor and drive systm:ns and commercial
lighting retrofits. )

To create this scenario, the buildings and industry sectors adopted the AEO97 reference case as their
BAU cases. For the transportation sector, we modified AEO97 somewhat. Specifically, the AEO97
reference case forecasts that the efficiency of passenger cars will increase from 27.5 MPG in 1997 to
315 MPG in 2010. We believe such improvements are unlikely in the absence of increases in real
gasoline prices and hence our BAU case for transportation leaves the MPG pen‘ormance of light-duty
veludestDlOmmhanged&omlmpuiomm

Efficiency Case. The efficiency case descn'bes the potential for cost-effective, energy-efficient
technologies to penetrate the market by the year 2010, given an invigorated public- and private-
sector effort to promote energy efficiency through enhanced R&D and market transformation
activities. This case assumes that national policy, possibly in combination with exogenous events,
leads to an increase in the cost-effectiveness and deployment of energy-efficient technologies. Cost-
effectiveness is improved because R&D, in combination with increased deployment efforts, result in -
declining capital costs. We do not specify the policies or exogenous events that could precipitate
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such chmgu.. Instead, we examine the potential for taclmology-based energy and c;rbm mducﬁms,
ummg&mtsigrﬁﬁcanteﬁortsa;emdemkmhoe:ﬁmnce&wamm of these technologies.

To be attractive to 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. Externalities are not internalized in this
definition of cost-effective. An energy-efficient technology may be societally cost-effective, for
instance by taking into account its air quality or safetybmﬁtx but not be judged cost-effective by our
narrower economic criteria. This scenario reflects the view that “policy options exist that would
slow climate change without harming American living standards, and these measures may in fact
improve U.S. productivity in the longer run” (Arrow et al, 1997)

Compamd to the business-as-usual case, the efficiency case assumes (1) better technology and {2)
higher penetration rates for energy-efficient and low-carbon technologies.

1. “Better technology” results from an invigorated public- and pnvate-sector investment in R&D
such that energy-efficient technologies become more cost-competitive based on current fuel
prices. Performance improvements between 1997 and 2010 are mostly mcremmta.l in this
scenario, but by 2020 they could be revolutionary.

2. “Higher penetration rates” result from an invigorated set of policies and market
transformation programs that reduce market failures and allow markets to operate more
efficiently. Through improved information and risk reduction, capital markets for energy-
efficiency investments could be strengthened and consumer investment hurdle rates for the
purchase of h:gh-efﬁamcy equipment could be lowered.

Despite its assumption of an aggressive public commitment to energy efﬁc:mcy, this scenario also
takes into account real-world experience and program implementation constraints which suggest
that it is not reasonable to assume that every consumer will purchase the least-cost, high-efficiency
technology option. There are many reasons to expect a shortfall from such a maximum case: capital
rationing, imperfect information, misplaced incentives, and the unevenness of supply, mstallatmn,
and maintenance networks (DOE, 1996b).

High-Efficiency/Low-Carbon Case. The high-efficiency/low-carbon (HE/LC) case assumes a
greater commitment to reducing carbon emissions through federal policies and programs,
strengthened state programs, and very active private sector involvement. One way to view this case
is to see it as an attempt to model a world where an international global warming treaty is
negotiated over the next few years and where the outcome for the United States (and other AnnexI
nations) is to stabilize carbon and other greenhouse gas emissions in 2010 at 1990 levels. The United
States pursues those reductions by (1) aggressively instituting federal policies to develop and deploy
energy-efficiency and low-carbon technologies, such as increased fl.mdmg for market transformation
and R&D efforts and (2) by issuing tradable emission permits.

In this rendition of the HE/LC case, policie.s are put into place by 2000 and progressively phased in
until they are fully in place by 2010. The permit price for carbon would presumably rise steadily
through 2010. Thus, we have multiple factors a.ffectmg consumer and business behavior, including
the following:

. 'Iherecogmtxon&mtpohuestomducecarbonemmmmwﬂlmcessmlyfoﬂowﬂ\eﬂgnmgofan

international agreement, including an anucxpanon of h.lgher relative prices for carbon—based
fuels;
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° ‘Il'neacmalina'easesoverumemthepmtprioeofcarbm(wluch wemoddasavemging
, u&ter&!SorSSOpe:unmeformumof&uspenod),

e Increased federal effort to accelerate R&D and diffusion of low-carbon technologies;
e The development and mtroducuon by other countries of advanced low-carbon technologies; and

e ‘Ihedmngeh\cmerpmferencesmdbehawor&\atwouldmult&ommmtemaﬁohaltreaty
and national commitment to stabilize greenhouse gases, muchhked':mgamconsumerbehavxor
mmeaﬁernm&\of&teoﬂembargoofl%ﬂ.

In summary, this scenario for 2010 describes a combination of better technology, “readier” markets,
and a price of carbon that results in a sxgru.ﬁcantly increased willingness to manufacture, purchase,
and use low-carbon technologies. It represents a wgorws national commitment that 3oes far beyond
current efforts.

~

224 Methodological Differences Across Sectors =~ _

The operational definitions used to model these scenarios for the individual end-use sectors reflect
the above conceptual definitions, but are nevertheless distinct (Table 2.1). These differences are due
parl:ly to the modeling approachs used for each sector. They also reflect the authors’ sense of what

could “drive” significant increases in energy efficiency in each sector. For instance, to achieve a
high-efficiency /low-carbon scenario, the transportation analysis postulates a set of technology
breakthroughs. The industrial analysis, on the other hand, achieves its high-efficiency/low-
carbon scenario by doubling market penetration rates and assuming that energy-efficiency decisions
are treated as strategic investments with correspondingly lower hurdle rates.

.'Ihcsecto:salsodl.ffermthewny that life-cycle costs and benefits are calculated to determine the
cost-effech\rmus of technologies in their efficiency scenarios.

e The buildings sector employs a 7% real discount rate to value the stream of benefits accruing
from an investment. These benefits' accumulate throughout the specific operational lifetimes
assumed for individual technologies. The efficiency case assumes market penetration of about
one-third of the technologies that are cost-effective at a 7% real discount but not adopted in
the business-as-usual case. The HE/LC case doubles this penetration.

e The industrial sector assumes a capital recovery factor (CRF) of 15%, rather than 33% (which
is the BAU assumption). Thus, to be considered cost-effective in this sector, an investment must
pay back in no more than approximately seven years.

e The transportation sector uses a 7% discount rate, but it is applied only to the first five years of
operation, even though the expected lifetime of a vehicle may be much longer. This five-year
period is meant to reflect the realities of purchase behavior in this sector, and results in
decisions that are based on considerably less than the full life-cycle of benefits. -
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Table 2.1 ConceptuﬂmepmﬁomlDeﬁnitiomomenufmm

* Scenario/ - Business-as-Usual ~+ Efficiency High-Efficiency/
Definition - (BAU) : (EFF) 5, 4 Low-Carbon (HE/LC)
Conceptual Best estimate of future Potential for cost- Optimistic but feasible
Definition .| energy use given current | effective, energy- potential for energy
trends in service demand, | efficient technologies to | efficiency and low-carbon
stock turnover, and penetrate the market technology based on a
natural progress in the given an invigorated greater commitment to
efficiency of new : effort to promote energy | reduce carbon emissions
equipment, including efficiency through resulting from actions that
advances supported by | enhanced public and might include the creation
current public-sector’ private-sector R&D and | of a market value for
programs; assumesno | market transformation carbon of $25 and $50 per
changes in federal energy | activities. . tonne. -
or environmental :
policies.
Operational Definitions: : : :
Buildings AEQ97 reference case | 35% of the difference in | 65% of the difference in
developed using the total energy savings total energy savings
NEMS model? - between the BAU and between the BAU and-
cost-effective energy - | cost-effective energy
} savings potential.? savings potential.
Industry AEOQO?97 reference case; The capital recovery The CRF is lowered to
LIEF is calibrated to this | factor (CRF) for energy- | 15% and the penetration
case and then is modified | efficiency investment rates for energy-efficient
to produce the two used in LIEF is lowered | technology used in the
efficiency scenarios. from 33% to 15%.€ BAU are doubled.
Transportation| AEO97 reference case Assumes earlier Postulates breakthroughs
modified to hold new introduction of advanced | in hybrid vehicle
light-duty vehicle fuel | fuel economy technology | technology, major
economy constant at and adds certain key aerodynamic and engine
current levels. technologies that are not | efficiency gains for
-| in the BAU. commercial aircraft, and
other technological
achievements.
‘m-w.mwmmsmwmwmﬁ'swmmmmm
bmmsuffecuveuugynvmss is defined as the difference between the energy demand that results

mgy-dﬁuuﬂof&ecut—effecﬁvehdmbgycmﬂ available or forecasted to be .
;\lrgblegyzmo mdhmgydmdmlﬂlﬂmwbmm—muﬂnytudmdunbydwmudm ;
economy.

c
LIEF = -'I'erm Industrial Energy Forecasting n'ndel devaloped A.tgmne National leorato "and
Lawrence Ber National Laboratory. o =
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225 WhattheStudyDoesNotDo - .

This report does not describethepohau that might be xmplemmtedtoaduevehaghnpenmt:m '

of energy-efficient and low-carbon technologies. (Reviews of a wide range of possible policy options
- can be found in several recent publications, including OTA (1991), NAS (1992), and DOE (1996b)).
Rather, this 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 technologies, policies to reduce greenhouse gas
emissions will be very costly. Indeed, this analysis suggests that carbon stabilization could produce
net benefits if the nation invests significantly in cost-effective mergy-efﬁmmcy and low-carbon
technologies. : i

*

'l'hus, we believe it is critical to understand the availability of technologies, their performance, and
their costs for as many end-uses of energy as possible. Armed with this knowledge, discussion of

policies becomes much more meaningful. Without it, such discussion is less likely to lead to good -
decisions. Thus, we choose to focus this report on the more narrow topic of technologies in the belief

that doing a credible job in this area will ultimately further the policy dialogue.

A second reason for focusing on technologies is our belief that insufficient attention has been given to
the role of R&D on energy-efficient and low-carbon technologies as a means to deal with climate
change and other environmental impacts. If effective energy technologies are not developed, then
the costofmducmggremhousegasenusmms(mdoﬂm mvummmhlimpacisofmergy) will be
very high.

As in the AEO97 reference case, each of the scenarios is completed at the national level. Thus,
regional variations in population and economic activity are not considered, nor are regional
differences in fuel price, weather, or air quality and environmental conditions that might create
regional niche markets for particular technologies. As a result, our analyses have undoubtedly
overlooked the possible development of regional markets for advanced energy technologies. A
valuable next step would be to conduct analyses at a finer geognp}uc scale to produce national
estimates that reflect such regional variations.

z.s' OVERVIEW OF THE REPORT

The rest of Chapter 2 sets the stage for the remainder of this report. It describes historical energy
and carbon trends, both at the national level and by sector, as a backdrop for assessing energy

ion and carbon emission forecasts. It also discusses the government’s role in energy R&D,
including the rationale for government support and some evidence of past energy-efficiency
technology successes that benefited from government sponsorship.

Chapters 3 through 5 address each of the major energy end-use sectors: buildings (Chapter 3),

industry (Chapter 4), and transportation (Chapter 5). Four tasks are completed for each sector:

1. Eugymnmm&uﬂvd&toutaaﬂmgeﬁamcy focusing on the year 2010, and
including comparisons with the AEO97 prqechom fmm the Natxonal Energy Modelmg
System;

2 Documentation of the cost and perfommme assumptions formd;vxdual energy-efficient and
low-carbon technologies;
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3. Development of three scenarios (business-as-usual, dﬁamcy and lugh-efﬁaem:y/ low-carbon
Icasm)for&\eyearzowandmexphmhonofhowthescmmosweredweloped,md ;

4. Descriptions of new- technologies that could become available in the 2010t02020 time period,
nstheresultofR&Dovertl'lemxttwodecades.

Each of these chapters is accompanied by appendices that prcmde detm.led documentation of the
technology assumptions and the forecasting methodologies used. These are labeled Appendices C
(buildings), D (mdustry), and E (transportation).

Chapter 6 analyzes the electricity sector to forecast the effect of electricity and demand savings in

. the year 2010 on CO; emissions from power plants. It also assesses the impact of a $50/tonne permit
price for carbon on the generation mix used by the electricity sector in 2010. The results of these
analyses are used in the buildings and industry sector chapters to convert electricity savings into
carbon reductions. Results from this chapter reveal the importance of fuel choice for new power -
plants and fuel switching for existing power plants as determinants of carbon emissions in 2010.
Specifically, the cost and magnitude of fuel switching from coal to natural gas for power generation,
the possible early retirement of some coal-fired plants, and the upgrading/repowering of existing
plants were identified as key issues for Chapter 7. -

The possible conversion of coal plants to natural gas combined cycle technologies is analyzed in
- Chapter 7, as one of many electricity supply-side options for reducing carbon emissions by 2010.
Other options are addressed in Chapter 7, albeit more briefly, including renewable electricity
technologies, efficiency improvements in generation and T&D, advanced coal technologies, and
nuclear plant life extension. The chapter also characterizes the carbon reduction benefits that could
accrue by the year 2020 from a sustained reneéwable energy R&D effort.

2.4 HISTORICAL ENERGY TRENDS
24.1 National Trends

In studying historical trends in energy use and carbon emissions, we have chosen to highlight the
years 1973, the beginning of rising energy prices to the nation; 1986, the year in which energy prices
began a ten-year decline in real terms; 1990, the year generally used as a reference for carbon
enussxons,and1997 &teﬁtstyearofourforecastpmod.

Between 1973 and 1986, the nation’s consumption of primary energy froze at about 74 quads — while
the GNP grew by 35%.® People purchased more fuel-efficient cars and appliances, insulated and
caulked their homes, and adjusted thermostats. Businesses retrofitted their buildings with more
efficient heating and cooling equipment and installed energy management and control systems.
Factories adopted more efficient manufacturing processes and purchased more efficient motors for
conveyors, pumps, fans, and compressors. These investments in more efficient technologies were
facilitated by higher energy prices and by federal and state policies that were enacted and
implemented to promote energy efficiency. About one-third of the freeze in energy use during this
period was the result of structural changes such as declines in energy-intensive industry and
mcreases in the service sector; two-thirds was due to increases in energy efﬁaency (DOE, 1995).

The gains in ene:gyproductmty achieved bythe US. in the two decades following the 1973-74
Arab oil embargo represent one of the great economic success stories of this century. The extent to

which the U.S. economy improved its energy productivity can be quantified by examining the

relationship between total energy cansumption and gross domestic product (GDP), as depicted in . ..

September 22, 1997 : . - 2.9
) | -



Chapter2 - ' 'lnﬂvdjqcﬂon&BacksM' #

’

Flgu:eZl InanuneZ.l pm:myenergyuselsmeuumdh\qndsmd ocnsumlphmperdollar
of GDP is measured in thousands of Btus per 19928. In 1970, 196&t0usandBtuofmergywete
consumed for each dollar of GDP (19925). By 1995, the energy intensity of the economy had dropped
to 13.4 thousand Btu of energy per dollar of GDP (1992%) (EIA, 19964, p. 17). DOE estimates that the
country is saving $150 to $200 billion annually as a result of these improvements. =

Figure 2.1 Energy Comuniption Per Dollar of Gross Domestic Product: 1973-1995
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Starting in 1986, energy pnces began their descent in real terms that hascmunued to the present. As..

a result, energy demand grew from 74 quads in 1986 to 91 quads in 1995, and it continues to increase.
One of the major lessons of the period since 1973 is that the economy will and can respond to energy
price changes. In addition to prices, other factors are also important and can slow the decline in
conservation activity that otherwise would be expected with declining energy prices. Federal

policies, as well as federal, state, and utility programs and consumer preferences for energy-efficient -

appliances, houses, and cars can increase the purchase and use of energy-efficient products.
Technological developments can improve the energy efficiency, reduce the carbon emissions, and
often improve the performance of the product. Demand for energy-efficient products and low-carbon
energy technologies is also strengthened by factors such as environmental concemns.

242 Sectoral 'frenc_ls

Each end-use sector functions differently in the U.S. energy marketplace. One of the reasons for
these differences is the differing market structure for delivering new technologies and products in
each sector. Residential and commercial building technology is shaped by thousands of bm.ld.mg
contractors and architectural and engineering firms, whereas trmspomhon bedmology is in the
handsofafewmnufactumrs

The principal causes of energy inefficiencies in manufacturing and transportation are not the same as
the causes of inefficiencies in homes and office buildings, although there are some similarities
(Hirst and Brown, 1990). ‘For example, in the manufacturing sector, energy-efficiency investments
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uehmdetedby a prefemnce for investments that increase mtput compa:ed mlh investments that
reduce operating costs. The cost and relative difficulty of obtaining reliable information often
prevents energy-efficient features of buildings from being capitalized into real estate prices. This is
partly due to the lack of widely accepted building 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 of 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 others. And architects, engineers, and builders have
great control over the mgymtegnty of buildings, even though they do not pay the energy bills.
The involvement of intermediaries in the purchase of energy technologies limits the ultimate

cmsumer’srolemdmonmakmgmd leads to memphams mﬁrst cost rather than life-cycle cost
(DOE, 1996b).

The end-use sectors also differ in terms of their ability hompaﬂtochangmgmgypnces The
transportation and residential sectors can respond relatively rapidly to price spxkes through
reduced d.nvmg and by adjusting thermostat settings, mpecuvely -

The vast di.fferem:es in the R&D capability of the various sectors also influence their ability to
respond quickly to changing energy prices and market signals. The private sector as a whole spends
more than $110 billion per year on industrial R&D, dwarfing the federal expenditure on non-defense
and non-space technology R&D (National Science Foundation, 1997). Of the private-sector R&D
expenditure, the automobile manufacturers stand out - Ford alone spends more than $8 billion per
year on R&D. Next comes the rest of the industrial sector. Here, manufacturers account for a
majority of the R&D expenditures. Finally, in the buildings sector, the construction industry has
virtually no indigenous R&D. The Council on Competitiveness in 1992 estimated that the
construction industry spends less than 0.2% of its sales on R&D, far less than other industries, which
average 3.5%.

Finally, each of the sectors is distinct in terms of their dynamics and primary societal benefits from
improved energy efficiency. Improving the efficiency of transportation is needed to improve air
quality and reduce dependence an imported oil. Improving the efficiency of the industrial sector
improves economic competitiveness and is often effective in preventing pollution. Opportunities for
energy-efficiency improvements are most widespread in the buildings sector because of market
barriers in the form of information that is difficult to obtain, energy consumers who do not make
purchase decisions on energy-using equipment, etc. Such differences make analysis by end-use sector
essential for understanding the U.S. energy, carbon, and innovation picture as a whole.

Table 2.2 presmts the primary energy consumed annually by the buildings, mdustry, :
transportation sectors between 1973 and 1997. It shows significant sectoral differences in energy
consumption trends. For instance, during the 1973-86 period when the country’s primary energy use
was steady at 74 quads, energy use in buildings and transportation increased by 2.7 quads and 2.2
quads respectively; industry experienced a compensating decline of 4.9 quads.

Over the entire period from 1973 to 1997, energy use increased 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 to
1997. Growth in energy demand in industry has been much more volatile during the period, showing
substantial declines during the period of rising prices (a negative 1.3% annual growth for the 13
yearsofmc:enmguurgypnms),mmueaseofl?%peryearfroml%tolws and a 2.9% per year
declme&oml995tol997 _
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Table 22 Primary Energy Use in Quads: 1973-1997

1973 1986 1990 - 1995 1997

Buildings o241 0 269 . 294 321 33.7
Industry 315 26.6 321 345 32.6
Transportation 18.6 20.8 26 - 24.1 25.5
“Total - 743 74.3 842 90.6 91.8

Source: use estimates for 1973-95 come from EIA (1996a, Table 1.1, p. 39). . Energy use estimates for 1997
mEER (19560 - P- ). Enen -

Table 2.3 Historical Energy Growth Rates: 1973-1997

AAGR ~ AAGR AAGR * AAGR - AAGR

1973-97 1973-86 1986-90 1990-95 1995-1997
Buildings 141% 0.85% 225%  177% 2.46%
Industry © o 0.14% -1.31% 4.81% 1.45% -2.87%
Transportation 1.32% 0.86% 2.10% 1.29% . 2.86%
Total : 0.89% 6.0% 318% .  148% 0.66%

AAGR = Average Annual Growth Rate

The growth of carbon emissions during the period roughly follows that of energy demand growth.
Table 2.4 shows estimated carbon emissions from 1973 to 1997. Like energy, carbon emissions were
flat between 1973 and 1986. The increase in the fraction of coal in the final mix from 17.5% in 1973 to
23.2% in 1986 was offset by the increasing fraction of primary energy from nuclear power, from 0.1%
in 1973 to 6.0% in 1986. From 1986 to 1997, carbon emissions grew more slowly than
consumption. This was a result of an increase in the share of natural gas from 22.5% in 1987 to 25.4%
in 1997 and in electricity from nuclear power from 4.5% to 7.2%, combined with a small decrease in
coal (23.3% to 22.5%) and a larger decrease in petroleum (43.3% to 39.7%).

" Table24 CarmemmomﬁumleEnugyConmphon. 1973 to 1997

: 1973 1986 1990 1995 1997
energy in MtC 1260 1240 134 1424 1480 -
1973-97 1973-86 1986-90 1990-95 - 1995-97
Average annual
growth rates (AAGR) 0.67 -0.12% 2.03% 1.16% 1.95%

emissions estimates for 1990 are from EIA (1996b, Tableﬁ,p.lﬁ),mdforl 995 are &cmEl.A

(1996anbleA1 Carbon emission estimates for 1973 and 1986 were derived using factors

mgmmofoil.mmnlgu,mdcodfulm Forl?‘ﬂ,tluym&unthe
uuiyasdesaibedm&nptmhhmughSof&mmpoﬂ.

55‘
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Although non-CO, industrial emissions of greenhouse gases are small by weight, they have global
warming potentials (GWPs) that range from 21 for methane to 23,900 for sulfur hexafloride (SF,).
. Carbon dioxide has a GWP of one by definition. Figure 2.2 shows the relative contribution of these
other gases in MtC equivalent. The largest non-CO, greenhouse gas contribution is from methane
(CH,), which is responsible for 177.5 MtC equivalent and has a GWP of 21. Next is nitrous oxide
(N,0), 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 engi
chemicals are a source of concern since their emissions are growing rapidly — and the United States is
the major source. SF; 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-CO, Greenhouse Gas Emissions by End-Use Sector and Industry

L B sFe -
60 [ - I HFCs
[C3N20
I 0 o
_§40 - I PFC
£ 20
s =
10 |- = g o
0 - a NI 1 Al Lt 1l i

| Chemlcals Steel | Other Migr* | Agricuture | Transp. |
Aluminum Forest Metal Service Mining/ Buildings
Products Casting - Energy Extraction
* Mainly semiconductors : : :
Source: EIA (1996b)

25 '_i'HE GOVERNMENT’S ROLE IN ENERGY R&D

2.5.1 Rationale for Government Support

Most people agree that the federal government has a clear and important role in the funding of basic

research, and that it should not fund research that the private sector would conduct on its own.

Between these two extremes is a wide range of apphed technology development and deployment
activities where the rat:omle for federal sponsoml'up is often unclear.

. Economists have identified at least three situations in which the govemment’s role in the R&D
process is justified. First is the situation where the potential aggregate benefits of the research are
large, but the uncertainties are simply too great for the private sector to shoulder the full research
costs. Second is the case where R&D activities will result in benefits that cannot be captured by
private entities. Although benefits might accrue to society at large, no single firm can realize
enough economic gain to justify the research costs. AmethomulofEmmucAdvmomreport_
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(CEA.1995)estimated that the pnvate mh.mﬁtmR&.Dm 20 to 30%, while socml retums.
(including energy and environmental 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 third situation occurs when the public sector is the primary consumer of the
results of the R&D. This is characteristic, formstance,ofn‘u:hdefmsemdcrh:mprevmﬁon
research.

Based on these three justifications, the rationale for government support of energy-efficiency and
low-carbon technology R&D is strong. Much of this meardimboﬁllongtermandhlgh-nsk and
therefore cannot be afforded by private companies despite the possibility of substantial gains in the
long run. Examples include high temperature superconductivity, fuel cell vehicles, and building
materials with switchable thermal and optical properties. Advances in energy research also offer
substantial public benefits that cannot be fully captured by private entities. Specifically, energy-
efficiency and low-carbon resources improve energy security by reducing the nation’s reliance on -
fomgnsmmofo:.l, they lead to reductions in waste streams; and they mduoeg:eenhmxse gas
emissions, which contribute to global warming. Finally, it is possible that governments will in the
future become the principal purchaser of greenhouse gas reductions as the result of future
international agreements. In this case, the third ratlonale for federal sponsorship of energy R&D
will also apply.

Industry’s R&D priorities are shifting away from basic and applied research and toward near-term
product development and process enhancements. Business spending on applied research has dropped
to 15% of overall company R&D spending, while basic research has dropped to just 2%. In addition,
corporate investments in energy R&D, in particular, are down significantly (DOE, 1996a, p. 2). .

Great potential exists for public-private R&D partnerships to produce scientific breakthroughs and
incremental technology enhancements that will produce new and improved products for the
marketplace. US. industry spends more than $100 billion per year on all types of R&D. The top 20.
R&D performing companies all have R&D budgets exceeding $1 billion per year. These
expenditures dwarf the US. govemment’s energy-related R&D appropriations. If climate
mitigation policies reoriented even a tiny fraction of this private-sector expenditure and capability,
it could have an enormous impact. One way to reorient private-sector R&D is through industry-
government R&D partnerships that involve joint technology roadmapping, collaborative priorities
for the development of advanced energy-efﬁaent and low-carbon technologies, and cost-shared
R&D

252 Past R&D Successes

Some indication of the cost-effectiveness of energy-efficiency R&D can be gleaned from the
experiences to date of DOE'’s Office of Energy Efficiency and Renewable Energy. From fiscal year
1978 through fiscal year 1994, DOE spent a total of about $8 billion on energy-efficiency R&D and
related deployment programs. Estimates of the benefits of several dozen projects supported by this
funding were published in DOE/SEAB (1995). In response to a detailed review of these estimates by
the General Accounting Office in 1995/96, DOE has revised and updated the estimated benefits
accruing from five technologies that were developed with DOE support. Altogether, these five
technologiu alone have resulted in net benefits (i.e., the value of energy saved minus annualized
cost premiums for better equipment) of ap?roximately $28 billion (1996$) and annual emissions
reductions of 16 MtC equivalent (Table 2.5). .

‘Ihusmevalueofthemgyswedbyﬂteseﬁvetedmolopes alone, fuexceedsthe cost to the
~ taxpayers of DOE’s entire energy-efficiency R&D budget over the past two decades. Additional
msmdmsmdbmeﬁtsmdocmmtedeeﬂeranndGmghm(1996)andDOE/SEAB(1995)
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"Table 2.5 Cnmuhtive Net Savings and Carbon deuchons from Five Encgy-!:‘.fﬁcient Technologies
Developed with DOE Funding

Net Present Value Annualized
of Savings Thru - Consumer Cost Annual Carbon

] 1996 ook Savmgs in1996  Reductions in 1996
Energy-Efficient Technology (billions of 1996$) (billions of 1996$) (MtC equivalent)
o Building Design Software &, 110 - 05 8
e Refrigerator Compressor - 6.0 0.7 i 3
e Electronic Ballast - 3.7 £ 14 1
e Flame Retention Head Oil Burner 5.0 0.5 3
* Low-Emissivity Windows g ¥ 3.0 0.3 1
Totals 28 3.4 16
remainder € evigs o proGucs b Place by ihe & o 1956 an include mted g Svings S the
product’s years in operation d 199%.

In addition to funding the development of numerous energy-efficient technologies, including those
listed in Table 2.5, DOE has also developed and implemented energy-efficiency standards for
equipment and building shells. For example, building efficiency standards became possible as a
result of DOE's investment in "building design software” (the first line of Table 2.5). Because of a
- potential problem with "double-counting”, Table 2.5 includes only energy savings achieved beyond
the savings that resulted from the implementation of minimum energy-efficiency standards for
buildings.

Moreover, results recently reported by Elliott et al. (1997) indicate that the total benefits -
including both energy and non-energy savings — that accrue from so-called "energy-saving” projects in -
industry are typically much greater than those from the energy savings alone. In fact, based on
numerous case studies, the authors conclude that the average total benefits received from these
"energy-saving” projects are close to two to four times the value of the energy savings alone. They
also noted that costs and benefits resulting from non-energy ramifications of energy-efficiency
projects are often not included in cost/benefit ana.lysis of energy-efficiency projects.

Similarly, Romm and Ervin (1996) describe some of the public health benefits that have resulted
from advances in energy-efficient and renewable energy technologies, such as clean air and water.
Other collateral benefits include the productivity gains that have accompanied investments in

industrial efficiency improvements (Romm, 1994) and the growth in export markets for energy
tedmologles
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ENDNOTES

! 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 converted into carbon units by dividing by 44/12, or 3.67. This approach has
been adopted for two reasons: (1) carbon dioxide is most commonly measured in carbon units in the
scientific community, in part because it is argued that not all carbon from combustion is, in fact,
emitted in the form of carbon dioxide, and (2) carbon units are more convenient for comparisons with
data on fuel consumption and carbon sequestration (EIA, 1996b). Note that, in the U.S., a "ton"
(sometimes referred to as a "short ton") equals 2000 pounds; a metric ton, or "tonne,” equals 1000
kilograms (approximately 2204 pounds). ' '

2We evaluate cost-effectiveness from several viewpoints, with real discounts between 7% and 20%.
Even with the high discount rates, the efficiency case is cost-effective.

3 Primary energy use is the chemical energy embodied in fossil fuels (coal, .oil and natural gas) or
biomass, the potential energy of a water reservoir, the electromagnetic energy of solar radiation,
and the energy released in nuclear reactors. For the most part, primary energy is transformed into
electricity or fuels such as gasoline, jet fuel, heating oil or charcoal - these, in turn, are referred to as
secondary energy. The end-use sectors of the energy system provide energy services such as cooking,
illumination, comfortable indoor climate, refrigerated storage, transportation and consumer goods

using both primary and secondary energy (NAS, 1992, p. 3)
* The net present value (NPV) of cost savings, cumulnmfe through 1996, is calculated as follows: -
end of service | '
: 0.07(1996 - t)
NPV = t = entryyesr (Er - Pr) e {

where: E, is the value in 19968 of energy saved in year t
P, is the annualized cost premium (19968) of the better product
0.07 is the 7% real interest rate recommended by the Office of Management and Budget

Note that, for future years (1996 - t<0), (E, - P,):sd.tscountedby?%peryear,forpastyem (E,- Py is
raised 7% per year. . 3
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. Chapter 3
THE BUILDINGS SECTOR

31 INTRODUCTION

Energy is used in buildings to provide a variety of services such as lighting, space heating and
cooling, refrigeration, and electricity for electronics and other equipment. In the U.S., building

energy consumption accounts for nearly one-third of total primary energy consumption and related
gmuﬂwusegasem:ssions The cost of delivering all energy services in buildings (such as cold food,
lighted offices, and warm homes) will be over $220 billion in 1997.

Our analysis shows that substantial reductions in future greenhouse gas emissions can be realized
through the use of more energy-efficient technologies that save society money. In addition, these
technologies often supply other benefits beyond energy, carbon, and dollar savings, including the
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 1994).
These indirect benefits, while difficult to quantify in economic terms, can be even more important
than the energy cost savings, particularly when they improve the comfort of homeowners or the
productivity of workers.

‘This chapter describes our detailed assessment of the achievable cost-effective potential for
reducing carbon dioxide emissions in 2010.! We calculate carbon, energy, and dollar savings
associated with adoption of more energy-efficient -technologies. In addition, this chapter
qualitatively describes the role of research and development (R&D) in providing a stream of
advanced building technologies and practices after 2010 that will enable continued reduction in

mergyuseandgreexﬂmusegasenumm

All costs in this chapter are reported in 1995 US. dollars (19958). Carbon dioxide emissions are
reported in terms of their carbon equivalent. To convert carbon dioxide units at full molecular weight
into carbon units, divide by 44/12 or 3.67. For further information on emissions data, see EIA (1995).

32 PROVEN AND NEAR-TERM TECHNOLOGIES

In developing scenarios of carbon dioxide emissions for the residential and commercial buildings
sectors, we drew from a wide range of information and models available on end-use energy demand,
consumption, efficiencies, and technologies (see Section 3.7 References). Using this information, we
developed a spreadsheet model that incorporates the work of existing models and analyses as
parameters while providing a transparent framework to display assumptions, calculations, and
results. This model, developed specifically for the project, is described in Appendix C-1.

3.2.1 Generic Assumptions

Our approach is based on a stock accounting framework of building and equipment types. For all
scenarios, base case growth in households and commercial floorspace tracks historical trends. This
results in a net total 2010 stock that is greater than 1997 levels by 15% and 12% in residential and
commercial buildings, respectively, taking account of new building construction and retirement of
existing stock. Retrofit or replacement of existing “shells” (walls, roofs, windows, doors) and
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' equ:pment is a funcuon of the:: average lifetimes. We assume that, on average, residential and

commercial building shells last 100 and 50 years, respectively, and thus only a small portion of

- buildings are replaced during the study period with 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 with lifetimes significantly léss than the forecast period (13 years), such

as residential lighting, will be replaced but only a portion of the equ.ipment with lifetimes

comparable to or longer than the forecast period will be replaced. The combination of shell. and
ent turnovers results in four categories of buildings in our model: (1) old buildings with old

- equipment; (2) old buildings with new equipment; (3) retrofit. buﬂdmg shells with new equipment;
and (4) new bmldmgs with new equlpment.

-

After characterizing the building stock in 2010, we calculate energy intensities (end-use energy per
household or per unit floor area) for all end-uses for 1997 and, in our initial assessment, use the
factors from the Energy Information Administration's (EIA's) Annual Energy Outlook (AEO97) to
establish baseline values in 2010 (EIA, 1996). In general, average 2010 energy intensities are lower
than those in 1997, reflecting technology m\provemmts that provide the same level of energy
service with less energy.

We multiply each equipment end-use energy in 1997 (e.g. water heating, cooling, lighting) in the
four building categories by applicable energy intensities to derive future energy use. If more services
per household or unit of commercial floorspace are requu-ed by consumers, or if the size of the overall
building stock (relative to 1997) increases, this will increase the energy required to provide energy
services. Thus, energy demand in 2010 is a ptoduct of the rates of change in energy service
requirements within the buildings and changes in the overall growth in the building stock.

To derive energy-efficiency scenarios, we use the cost of energy intensity improvements and
electricity and fuel prices in 2010 to assess cost-effective reductions in energy use. For the residential
buildings, the efficiency scenarios also account for fuel switching (the impact of switching from
electric to gas water heaters, clothes dryers, and ranges) and for the use of high-albedo roof
materials (“cool roofs”) to reduce cooling requirements (see Appendix C-4). For the commercial
sector, we include the analysis of cool roofs but do not m:lude fuel swm:h.mg

322 Scenario Deﬂnltlons

The model was used to generate results for three scenarios: "business-as-usual” (BAU),. “"efficiency”
(EFF), and "high-efficiency /low-carbon” (HE/LC). The business-as-usual scenario was calibrated to

the National Energy Modeling System (NEMS) model outpuhs o that it corresponds to the same
2010 baseline currently used in AEO97.

For both the efficiency and high-efficiency /low-carbon scenarios, we first calculate the 2010 energy
use assuming 100% implementation of maximum cost-effective efficiency improvements in new
building shells and equipment. This maximum efficiency potential was calculated as the difference
between the energy intensity of the -most cost-effective energy-efficiency technologies currently
available, and the energy intensity of new equipment in 1997. The maximum cost-effective efficiency
improvements are based an detailed studies; measures were not included if they had a cost of
conserved energy greater than the average cost of purchased fuel or electricity.? For comparative
purposes, we have also analyzed a “frozen efficiency case” in which the efficiencies of all new
eqmpmmtandbmldmgshellmeasumsmkept at 1997 levels of new products. . _
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‘We then derive the ef_ficiency'scemrio by assu:mmg that 35% of the difference in total energy
savings between the business-as-usual case and the maximum cost-effective efficiency case is

achieved. For the high-efficiency/low-carbon scenario, we assume a 65% achievement rate.
Assessments of future policy impacts are inherently speculative. We chose these implementation
factors based on a review of program experience (Brown 1993, Brown 1994) and use of our judgment
regarding how energy service markets would respond to policies and programs associated with
aggressive commitments to reduce carbon emissions. We began with Brown's (1993) conclusion that
about half of the techno-economic potential could be captured given coordinated efforts on minimum
efficiency standards, utility programs, and information programs. Our choice of 35% and 65%
brackets this - result. The lower number (efficiency case) matches Brown's most pessimistic
sensitivity case, while the l'ugher number (high-efficiency/low-carbon case) corresponds to
aggressive implementation of non-price policies combined with the assumption of policies such as a
cap and trade system for carbon and other economic signals that would support these aggressive
efforts. Brown did not address price signals in his report, so the most optimistic scenario he considers
reaches about 60% of the maximum economic potential. We believe that the addition of these ‘price
- signals under an aggressive policy regime is consistent with our assumption of an achievable
efficiency level to 65%. Details of the scenario calaﬂahons are provxded in Appendix C-2.

Emissions factors for fuel-fired end-uses are taken from EIA (1995), while electricity sector emissions
factors are calculated in the utility section of this report. Electricity carbon emissions factors in the
business-as-usual case are 163 gC/kWh of electricity at the meter. In the efficiency case, the

marginal generating plants are high-efficiency gas-fired combined cycle plants, which reduces the -

carbon saved from each kWh to 95 gC/kWh. In the high-efficiency/low-carbon case, the carbon
saved per kWh (relative to the business-as-usual case) increases to 127 gC/kWh because of changes
in the electricity supply system brought about by the carbon permit price. (See Chapter 6, Tables 6.6
and 6.7, and accompanying discussion for an explanation of this factor.) -

3.3 SCENARIOS FOR THE YEAR 2010

Three scenarios are presented for residential and commercial buildings carbon emissions in 2010:
business-as-usual, efficiency, and h.lgh-efhc:mcy/ low-carbon. Tables 3. 1 through 3.3 and Figure 3.1
prowde the main results for the three scenarios.

: On Figure 3.1, the x-axis shows the percmt change in carbon emissions from 1990 levels. The y-a:l.us
shows total cost of energy services in 2010, expressed an an annual basis. This cost includes the

annualized incremental cost of efficiency improvements beyond the business-as-usual case plus the

cost of electricity and fuel purchases.
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Table 3.1 Primary Energy Use in the Buildings Sector (quads): 1990-2010

1990 . - 1997 , 2010 _
. o ; Business-as- g e ~ High-
R - , Usual = Efficiency Efficiency /Low-
End-Use/Fuel - - Case . Case*- Carbon Case* i
- Residential: . x ¥ , _ 5
‘Electricity 102 11.9 13.0 120 (7.1%) 10.8 (16.9%) R
Fossil . : 6.5 72 74 7.3 (1.4%) 7.2 (2.6%) = .
Subtotal 167 - 191 204 19.4 (5.0%) 18.0 (11.8%)
Electricity . 9.4 10.6 - 114 ' 10.7 (6.0%) 9.7 (14.9%)
Fossil Fuels 3.8 4.0 42 4.0 (4.7%) 3.9 (8.7%)
Subtotal 13.2 14.6 15.6 14.7 (5.6%) 13.5 (13.5%)
Sector Total: : : 5 4
Electricity . 19.7 225 243 22.7 (6.6%) 20.6 (15.2%)
Fossil 102 ne - 11.7 11.4 (2.6%) 11.1 (4.8%)
Total 29.9 33.7 36.0 34.1 (5.3%) 31.7 (11.9%)

-* Numbers in parentheses represent percent reductions from the business-as-usua) (BAU) case.
Note: Table does not include effects of building-sector fuel cells. Numbusmymuddtometotahdmtomundmg :

Table 3.2 Carbon Emissions in the Buildings Sector (MtC): 1990-2010

1990 1997 . ° : 2010
Business-as- o High-
Usual Efficiency Efficiency/Low-

End-Use/Fuel Case Case* Carbon Case*
Residential: . _ .
Electricity 162 183 213 202 (5.4%) 185 (13.5%)**
Fossil Fuels 91 102 106 104 (1.5%) 102 (2.9%) .
Subtotal 253 285 319 306 (4.1%) 287 (10.0%)
Commercial: ;
Electricity 150 163 187 - 178 (4.7%) 165 (11.8%)** -
Fossil Fuels 59 62 6 - 62 (4.5%) 59 (8.4%) i
Subtotal 209 225 252 240 (4.7%) 225 (10.9%)
Sector Total: : : s
Electricity - 312 346 401 © 380 (5.1%) 350 (12.7%)**
Fossil Fuels 150 164 . 170 166 (2.7%) 162 (5.0%)
Total 462 511 571 546 (4.4%) 511 (10.5%)

* Numbers in parentheses represent percent reductions from the business-as-usual (BAU) case.

** A portion of the reduction in carbon emissions associated with the high-efficiency/low-carbon case is due to
chmgesm&wele:mmygmﬁmndxpmptedbyﬂaedargeofﬁﬂlmdm
Note:Tnbhdosmtmdudeeﬁemdbuﬂdu\gmﬁulaells.Numbmmaynot:ddtothetotalsdutormmdmg
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Table 3.3 Annual Total Cost of Energy Services in the Buildings Sector (billions of 19956): 1990-2010

1990 1997 ) 2010
) Business-as- % ; High- 2
Usual Efficiency Efficiency /Low-
; Case Case Carbon Case
Annual Fuel -
Cost $226 $228 $251 $233 $218
Annual : z
Incremental Cost -
of Efficiency - -- $0 $7 $13
Improvement -
Annual Total
Cost of Energy $226 $228 - $251 $240 $231
Services ' '
Note: All costs are expressed in 1995 dollars (1995§). The annual total cost of services equals the sum of

mmlhﬁm;gdmmhzd%ﬁdﬂ hpuvm;:wu(l.e., costo;pmmd
i gher uipment in cif hxgl'l-eﬂiclency -carbon scenarios). Table not
X de ot of bulldingroesror fosl celle. |
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Figure 3.1 Relationship Between Costs of Energy Services and Carbon Emissions in the U.S.
Buildings Sector in 2010 _ '

1997 1990
275

Hrozen-
Efficiendy case

250 =BT e

Efficiency case

High-Efficiericy/
Low-Carbon fase

225

Total cost of energy services in 2010 (billions of 1995$/year)

200 - ' .
50% 40% 30% 20% 10% 0% -10% -20% -30% -40%
Percent change in carbon emissions from 1990 level ' -

1990 U.S. buildings sector C emissions = 462 MtC
1997 U.S. buildings sector C emissions = 511 MtC _
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3.3.1 Business-as-Usual Scenario

The business-as-usual scenario provides an estimate of energy demand and carbon emissions in 2010 in
the absence of any new efforts to promote the more rapid development, purchase, and use of high-
efficiency technologies in the residential and commercial buildings sectors. In this scenario, energy
dmndgstby%&oml%md%fmmlﬁlevels (from 29.9 and 33.7 quads in 1990 and 1997,
respectively, to 36.0 quads in 2010). Carbon emissions in 2010 are 24% and 12% higher than in 1990
.and 1997, respectively (increasing from 462 MtC in 1990 and 511 MtC in 1997 to 571 MtC in 2010).
Carbon emissions grow faster than primary energy use in the business-as-usual case, mainly
reflecting changes in the fuel mix used to produce electricity. Because there is no accelerated
efficiency improvement in the business-as-usual scenario, the total annual cost of energy services
($251 billion) is only the annual energy cost paid by consumers during that year?® |

In the residential sector, energy use in the business-as-usual scenario grows from 16.7 quads in 1990
and 19.1 quads in 1997 to 20.4 quads in 2010, (a 22% and 7% increase over 1990 and 1997 levels,
respectively). Carbon emissions are projected to grow from 253 MtC in 1990 and 285 MtC in 1997 to 319
MtC over the same time period (a 26% and 12% increase. from 1990 and 1997, respectively). The -
increase in emissions in this sector is due to moderate growth in the residential building and
equipment/appliance stock coupled with substantial growth in miscellaneous energy use. For
analytical purposes, we divide these miscellaneous uses into three electricity categories
(electronics, motors, and heatmg) and two non-electricity categories (natural gas and oil/other
petroleum products).*

En'usmons from the rise in miscellaneous electricity use grow nearly four times as fast .as the
residential sector as a whole, resulting in the share of miscellaneous electncny use jumping from
23% of total demand in 1997 to 29% in 2010. There exist important problems in the way that EIA
defines and calculates the size of the miscellaneous end-use which leads to uncertainties in the
correct values. It would be possible with more research to allocate some of the miscellaneous

to the existing end-uses and to new ones; for example, electricity consumed by furnace fans should be
treated as space heating. New end-uses for televisions and dishwashers might be appropriate. Even
if the energy is not correctly allocated among the end-uses, the estimates of the savings potential
will not significantly change. More research is needed to evaluate the amount of energy used for
specific tasks as well as the technologies available to reduce energy use within the miscellaneous
end-use category (for the most detailed recent assessments, see Sanchez (1997) and Koomey and
Sanchez (1997)).

Despite these increases in service demand, total residential energy demand will be tempered
through improvements in key residential equipment efficiencies, mainly due to implementation of
appliance efficiency standards between 1997 and 2010. In particular, energy intensities for gas and
electric water heaters, freezers, and refngerators decrease by 34%, 29%, 18% and 15%, respectively,
over the period. Had these declines in intensities not occurred, energy use for these end-uses would
have been 14% greater in 2010 than the current business-as-usual scenario results. Residential sector
energy use and carbon emissions in 1997 and 2010 are shown in Figure 3.2 below. ;

In the commercial sector, there are even greater problems in the way that EIA defines and calculates
the size of the miscellaneous end-use than in the residential sector. Even given these accounting
uncertainties, our assessment of the opportunities for efficiency improvements is almost certainly
conservative. .

hhcmudﬂma,mmhmbmmmmhpmdwwbyls%&m

1990 and 7% from 1997 to 2010 (13.2 quads in 1990 and 14.6 quads in 1997 to 15.6 quads in 2010). Carbon
emissions are projected to grow by 21% from 1990 and 12% from 1997 to 2010 (209 MtC in 1990 and 225
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MtC in 1997 to 252 MtC in 2010). Miscellaneous electricity end-uses such as motors, electronics, and
small appliances are expected to increase from 9% of total commercial sector energy use in 1990 to
20% in 2010. This growth, which accounts for over 70% of the growth in carbon emissions in
commercial buildings, offsets nearly all carbon emission reductions from energy-efficiency
improvements in other end-uses. Miscellaneous energy use in the commercial sector is even less well
understood than in the residential sector. As mentioned above, more ma]ys:s and data collection are '
needed to improve our understandmg of this end-use category.

'Althoughe:\ergyusefmmofﬁceequipmmt is expected to grow by 22% over the period, its share of
energy use in commercial buildings remains relatively small, growing to 6% in 2010. The greatest
_increases in energy efficiency in the commercial sector come from continuing improvements in space
conditioning (due to improved equipment and controls) and water heating systems. Commercial
sectorenergyuseandcarbmemissimsinl”?andzomareslwwninﬁgumssbelow.

Figure 32 Rendentul Sector Primary Energy Use and Carbon Emissions in 1997 and 2010 by End-Use
:  for the Business-As-Usual Scemno‘ :
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Figure 3.3 CommemialSectorl’rimryEnugyUumd Cubonﬁniumminl”?mdmmbyﬁnd-uge
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332 Maximum Cost-Effective Energy-Efficiency Potential

In determining the maximum cost-effective technical potential to be used as a baseline for
development of the efficiency and high-efficiency /low-carbon scenarios, we reviewed and updated, -
as needed, the major recent sources of data on energy use and costs associated with upgrading to more
efficient energy-using technologies. The results of this work, as well as the references on which it is
based, are found in Appendix C-3. Once we determined the cost-effective energy-efficiency
measures, we then used the energy use and incremental cost of new 1997 equipment for that end-use to
calculate the potential efficiency improvement for that end-use. Table 3.4 lists the 1997 end-uses
and their potential for energy intensity reductions when replaced by these highly energy-efficient
technologies. As the table indicates, compared to 1997 new equipment, significant savings potential
exists for many end-uses in the residential and commercial sectors.

The difference in energy demand between the maximum cost-effective case (100% of the potential)

and the business-as-usual scenario for all buildings is 6.5 quads/year of primary energy in 2010. The
efficiency and high-efficiency /low-carbon scenarios discussed below are based on the assumpbnn ‘
that various shares of these savings are achleved

Figures 3.4 and 3.5 show the percentage breakdown of savings for electricity and natural gas (these
results are independent of the efficiency scenario because these scenarios vary only in the percentage
of the maximum cost-effective resource assumed to be implemented, not in the character of that -
resource). More than 50% of the electricity savings is in “miscellaneous”, and about a quarter is in
lighting, with the remaining quarter split between space conditioning, water heating, and
refrigeration. About half of the natural gas savings is in residential space heating, with
commercial space conditioning and water heating splitting the remainder about equally.
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Figure 3.6 shows a conservation supply curve for electricity ‘savings in the high-efficiency/low-

carbon case. This graph shows the electricity savings by end-use associated with the cost of

achieving those savings. On the x-axis are the projected savings in 2010 in TWh, and on the y-axis is
the cost of conserved electricity (CCE) in cents/kWh (19958). Total savings -in this scenario are
about 16% of baseline electricity use. The most cost-effective savings come from commercial
lighting, which has a negative net CCE because of the labor savings associated with replacing
incandescent A-lamps with longer-lived halogen IR and compact ﬂuorescent lamps. The costs of .
snvmgsmo&mmdmmgefmmluoﬁcents/k‘ﬂh. ,

Table 3.4 Cost-Effective Energy Savings Potentials for Selected End-Um in the Residential and

Commercial Buildings Sector’
Energy Savings
_ ' Potential:
End-Use _ Retrofitted Shell/
New Equipment
Residential :
Fuel Switching - clothes drying"" 59%
Lighting 53% ._
Miscellaneous electric end-uses - 33% . ~
Fuel Switching - Cooking™ | ~  33%
Refngeratlon 33%
Fuel Swltchmg - water heating™" 29%
Electric water heating 28%
Freezers 28%
Electric space heating”" | 25%
Gas and oil water heating 23%
Electric space cooling"** 16%
" Gas space heating™"" 11%
Gas and oil cooking 15%
Miscellaneous gas and oil uses 10%
Commercial
Space heating (electric and gas & oil) 48%
Space cooling (electric and gas) 48%
Ventilation _48%
Miscellaneous electric end-uses © 33%
Refrigeration | 31%
Lighting 25%
Electric water heating | 20%
, Gas and oil water heating -10%
Miscellaneous gas and oil end-uses 10%

Enzrﬁysav:gs mhmalnﬁahduﬂnpmdlﬁmin mtermtyofnmd:runcnst—effechve
new 1997 technology. Sa mmm% h‘ﬁ’mm It is
in

aporhnttomteﬂmt&\etmpmﬂ-uepm have on reduci
:lmcy/low-carbonmunudepmdsmtmlymu poﬂbut onthemgrﬁtudeof

pnrhctﬂue:\dﬂue(seeTablesmAppmdmC-2)md&|enteofhm\wa'ofeqmpmforﬂut

reflect the unit savings in switching from electric clothes dryers,
nnguandwatermgs ty energy is calcula usoummergyusingconveuionfactorsfromd\e

utility plaer _
.mEl\a'gynvlngspotmﬁnlforruldmﬁnlquoe g is greater with new shells than with retrofitted
shells. Our estimates for electric heating, electric space s::dguspacehu with new shells show

additional incremental savings of 14%, 7%, and 8%, respectively, beyond savings achi with retrofitted shells.
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1

Figure 3.4 End-Use Electricity Savings, 2010 Figure 3.5 End-Use Natural Gas Savings, 2010
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Note: The _fmJaort:ons of electricity and natural gas savings do not vary across scenarios. Total electricity
savings in 2010 in the high-efficiency/low-carbon case are about 400 TWh, while total natural gas savings in this
scenario are about 0.5 quads.

3.3.3 Efficiency Scenario Resuits

The efficiency scenario assumes that 35% of the maximum cost-effective efficiency savings are
achieved by 2010. This assumption is based on expected savings resulting from a moderately
vigorous effort to redpce energy use and carbon emissions using a combination of policy mechanisms
that may include higher prices resulting from a cap and trade system, energy-efficiency standards,
and information programs.

In the efficiency scenario, 2010 energy use drops to 34.1 quads while carbon emissions decline to 546
MtC. In this scenario, the total annual cost of energy services is $11 billion per year less than the °
annual energy services cost in the business-as-usual scenario, reflecting the fact that the decrease in
energy expenditures resulting from more efficient technologies is greater than the increase in costs to
purchase and install the technologies in residential and commercial buildings. The largest energy
savings by end-use occur in miscellaneous electricity, lighting, water heating (residential) and space
cooling (commercial).

3.3.4 High-Efficiency/Low-Carbon Scenario Results

The high-efficiency/low-carbon scenario assumes that 65% of the maximum cost-effective efficiency
improvements are realized by 2010 as a result of a vigorous effort to reduce energy use and carbon -
emissions. In this scenario, 2010 energy use and carbon emissions drop further, to 31.6 quads and 512
MtC, respectively, at a total cost savings of $20 billion per year below the business-as-usual
scenario. Annualized capital costs increase by $6 billion over the costs in the efficiency case, but
annual additional bill savings are about $15 billion. Some of the carbon savings in the high
efficiency /low-carbon case are associated with chmges on the electricity supply sule (see C.'hapter 6
for details). .
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Figure 3.6 ﬁcchicily Supply Cﬁrve By End-Use for Buildings in 2010, High-Efficiency/Low-Carbon
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Efficiency potential is calculated assuming 65% of technoeconomic potential is captured in the
high-efficiency/low-carbon case. Savings from reflective roofing are contained in the residential
and commercial space conditioning end-use categories.
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Improving Efficiency and Saving Capital

Addmg proven efficiency technologies to new homes can reduce monthly energy bills substmtlally
What is less well known is that clever design of new homes can also result in capital cost credits|.

that can offset, in whole or in part, the additional capital costs of the more efficient technologies.
For example, adding improved insulation and windows can allow a builder to reduce the size of the
|hea'ting and cooling equipment and in some cases eliminate ductwork altogether. These credits can|
only be captured by builders who take a whole systems approach to design, but the benefits of suchl
an approach are large, as shown by two real-world examples below.

Perry Bigelow, a builder in the Chicago area, has for years built highly energy-efficient homes
that cost only $300 to $500 more to construct, in spite of his guarantee that these homes will have
heating bills no higher than $200 annually (Andrews 1994). He accomplishes this goal by creating a
well-insulated building envelope with little air leakage (taking care to provide appropriate levels|
of ventilation) and by replacmg the furnace with a high-efficiency water heater that also doubles
as the space heater. By using hydronic heating, he can save $1000 on ductwork. He also can
downsize the air conditioner because the home's cooling load is so much lower than typical practice,
saving another $80 to $100. These savings totally offset the cost of the added insulation and the air
sealing, leaving a small additional cost to pay for low-enusswlty gas filled windows and
fluorescent hghtmg

Builder Barbara Harwood, whose company is based in Carrollton, Texas, built a block of homes in
Dallas called Esperanza Del Sol (Schwolsky 1997). The homes are small (1273 square feet) and
inexpensive ($80,000), but are so efficient that Harwood can guarantee that heating and cooling
costs will be no more than $1/day ($365/year). She upgraded insulation levels, reduced air|
infiltration, and added an active ventilation system. To offset these costs, she used a smaller-
capacity geothermal heat pump and redesigned the ductwork. With these offsetting cost credits,|
the more efficient homes cost only $150 more than their inefficient counterparts, but save about
$40/month in energy bills. The consumer who purchases these homes would have to pay another
$1.10/month on an 8%, 30 year mortgage to finance the added capital cost; the monthly energy
savings are almost 40 times larger, providing immediate positive cash flow to the homeowner.

These builders have discovered the benefits of an integrated design approach. They both use ther
"hook” of guaranteed maximum energy bills to market efficiency to customers who might otherwise
be reluctant to spend more for it. They have shown that, with correct sizing of equipment and clever|
redesign of building systems, highly efficient homes need only cost a little more up-front.

Commercial buildings can also benefit from HVAC equipment dmmng Pacific Gas and Electric
rCompanys Advanced Customer Technology Test for maximum energy efficiency (ACT2) had one} _
pilot project in San Ramon, California (Houghton et al. 1992). This 20,000 square foot office building]
was retrofit using improved glazing, more efficient lighting, and better controlled HVAC systems.
Chiller capacity was reduced by more than 40% because of better solar control from the windows and
the reduced internal loads from lighting. The savings from the smaller chiller offset some of the
cost of the window and lighting retrofits.
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34 POTENTIAL FOFI ADVANCED TECHNOLOGIES IN 2020'

To the casual observer, bu:.ldmgs in the year 2020 may look much like the bu:ld.l.ngs of today (Smith -
. and Rivera, 1989). This is because Americans prefer familiar forms for their buildings and because -
new buildings amount to only 2-3% of the existing building stock in any given year. Nearly 90% of
the residential buildings, and 80% of the commercial buildings, that existed in 1997 will still be -
occupied in 2010. By2020 s:gmﬁcantlymom thanhalfofﬂ'le 19905tockwﬂlsbﬂbemsemce

However, beneath the surface, many slgru.ﬁcmt changes are expected to oocur that will affect how
buildings are constructed, the materials and systems used to build them, and the way in which
buildings are maintained and used (Smith and Rivera, 1989; Wendt, 1994). Without a sustained and
vigorous public-private research, development, and demonstration (RD&D) 'partnership, these
changes could lead to only modest improvements in energy efficiency. In contrast, an invigorated
buildings RD&D scenario over the next 25 years offers the potential to produce breakthrough
technologies that could dramatically reduce the energy requirements and environmental impacts of
buildings, while enhancing affordability, long-term durabxhty, resistance to dnsasters, and indoor
envxronmentaj quality.

For advanced e:nergy-efﬁciency technologies to penetrate the buildings industry by the year 2020,
they will have to be cost-effective, and passing the cost-effectiveness hurdle will be challenged by
energy prices that could decrease well into the 21st century. Thus; incorporation of additional -
features to make energy-efficient technologies more attractive to consumers will be needed to ensure
success in the marketplace and should be part of the R&D planning process. RD&D will also be
instrumental in capturing the potential of existing technologies by establishing better programming,
design, and commissioning practices for buildings (Todesco 1996). Further, investments in training
and education will be required to enable technicians and engineers to keep pace with a new
generation of technologies and practices. - New construction techniques, novel heating systems, .
electronic appliance tuning and control, more sophisticated building wiring practices, and the field
installation of factory-built housing all require new talents for those who build, maintain, and
service buildings. There must also be a concerted eﬂort to facilitate the integration of new
technologies. :

This section identifies the potmual mﬁmvémmts to energy-efficiency technologies that could
result by 2020 given a sufficiently vigorous R&D effort. Savings discussed here would be in addition
to savings esumated in the quantitative analysis for 2010 above.

3.4.1 New Technologies and Practices

Many of the changes in building technologies occurring over the next 25 years will be evolutionary in
nature, resulting from ongoing research that is continuously providing solutions to such issues as
moisture damage in structures, anomalous heat losses from envelopes, and indoor air quality
problems. By 2020, these solutions will have evolved into cost-effective practices and products that
will be the norm in new and existing buildings. In addition, a sustained, vigorous program of public
and private-sector RD&D could produce many novel building technologies and practices by the year
2020. The following six areas offer great promise to significantly reduce the energy requirements of
our nation’s bmldmgs through a combination of incremental and aggressive technology
improvements: '

e Advanced constmctlm methods and materials;

* Environmental integration and adaptive envelopes;
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. Multi-functional eqmpment and mtegrated system desxgn,
o Advanced hghtmg systems; -
e Controls, cmmmhm, and measurement; and
;powerecll buildings. |

In each area, thought must be gwen not only to energy-efﬁaent technologles and energy costs, but
also to the incorporation of other beneficial non-energy features that will accelerate their

introduction into the marketplace, such as lower first costs, ease of mtegrahon, time savmgs, s

‘ du.rab:hty, comfort, and nnproved indoor environments.

3.4.1.1 Advanced COnstructIon_ Methods and Materials

With sufficient RD&D support over the next 25 years, a systems engineering approach to the
building's «life-cycle (programming, design, construction, commissioning, financing, operation,
- renovation, reuse, and disposal) could become the norm. Such a transformation offers the potential
to deliver buildings with lower total first costs and lower energy consumption, as well as higher
overall quality and faster construction (Lawson, 1996; Lovins, 1992). The lower total first costs will
permit the reinvestment of some capital savings into additional cost-effective, energy-efficient
technologies. The total reduction in energy use could thereby be considerable.

By the year 2020, on-site labor for single-family homes, low-rise multi-family construction, a.nd
commercial buildings of standard design (e.g., franchise restaurants and retail stores) will consist
primarily of assembling manufactured components and installing complete modules. This shift will
require less skilled, and more semi-skilled, on-site labor. The expanded use of CAD/CAM
technologies could enable "mass customization™ capabilities, permitting the manufacture of
virtually all residences and many commercial buildings. Quality and material improvements that
are not affordable on a one-of-a-kind basis, can be assimilated into the high-volume manufacturing
process. Continued research into the manufacture of building components is needed to enable these
changes, to reduce waste, and to facilitate the recycling of unused materials.

Advanced modular construction methods will result in attractive, affordable, and flexible buildings
that will permit longer occupancy in homes, offices, and other commercial buildings. Modular and -
easily installed heating, ventilating, and air-conditioning (HVAC) units with improved, leak-free,
insulated ducting will reduce installation and operation costs. By extending the average length of
stay in buildings, life-cycle costs become more important to decision makers. Durability and the
need for reusable and recyclable materials will therefore increase in importance, generating the
need for better durability testing tools and advances in materials, systems, and assemblies (Darrow;
1994). Better "engineered” wood, stress skin panels, optimized light-weight steel components, and
adhesive assembly techniques will be needed. Greater use of recycled materials requires the
‘development of higher "value added" uses for current wastes and the invention of low-value
- recycled products. Examples being developed today include the following: (1) ‘mixed paper waste in
lieu of pure newsprint to cellulose insulation and drywall; (2) wood wastes to engineered structural
members as opposed to only particle board; (3) flyash to lightweight masonry products as opposed to
site fill material; (4) corrugated paper to structural insulating panels; and (5) plastics to carpeting
and wood/plastic composites. The recycled materials must also be low- or non-emitting materials in
order to meet consumer concems about indoor air qualny Aprogmmofv:gomusmatenals research
cm:ldmakethesemwmahmalsoommonphcebym
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~ By 2020, building life-cycle information management systems will create efficiency in the
architectural /engineering/construction process and in building operations. Information systems will
facilitate communication of programming and design intent through construction, commissioning,
maintenance, and operation.of buildings. Performance tracking will insure persistence of savings
from efficient design and equipment. And, most significantly, continuous improvement in buildings
will occur through feedback of pu'formanoe information to design of new bmldmgs and renovations.

' Overthenextqunrtercmtury there will be greater useofcomputersomvm mevery aspect of the
‘building life-cycle. Design tools and building simulators will be more powerful and easier to use,
with improved graphical interfaces and links to manufacturer databases of equipment
specifications. There will be construction management and commissioning software for use in all
stages of a building’s life-cycle including early design and commissioning. This software will be used
to create calibrated computer models to verify that actual building performance meets pre-specified
design targets that could be part of a performance contract. The calibrated model could have many
uses in operations and maintenance, including assisting in evaluation of the least-cost energy
supplies, optimization of existing control strategies, and analysis of possible retrofit options.
-Finally, such data on actual as-operated conditions close the feedback loop that is prpblematic
today. Building designers will finally have an opportunity to learn how buildings they design
actually perform, and their future designs will benefit f.mm lessons they learn based me:ust:mg
buildings. ; )

3.4.1.2 Environmental Integration and Adaptive Envalopn

Advanced designs and technologies that intelligently integrate the performance of buildings with
the outdoor environment offer the potential to more efficiently heat, cool, insulate, ventilate, and
illuminate interior spaces. A variety of building designs tailored to the wide range of climates in
the U.S. will reduce first costs and operating costs. Equipped with these climate-specific and smart

- technologies, the word “shelter” will no longer imply the exclusion of outdoor elements; instead it
will refer to structures that capitalize on fluctuating outside conditions to create interior comfort and .
light.

One of the most significant changes in envelope performance from 1970 to 1995 was the development
of a new generation of window technology that involved high-transmittance low-emissivity (low-
E) glazings; the introduction of this new window technology resulted in a major shift in the window
marketplace. By 2020, the market penetration of such technologies could double as high-rate, thin-
film coating techniques make it possible to coat glass and plastic for cost-effective use in virtually
every climate. New types of highly insulating glazings (such as aerogel and honeycomb) will -
" compete for new markets if materials research is able to produce a window that, by enabling the
diffuse solar gain to exceed the winter thermal losses, outperforms a highly insulated wall even an
northern exposures in winter. ' -

In most larger commercial buildings and in sunbelt housing, control of solar gain is critical. Since
building needs vary widely and climatic variables are unpredictable, one ideal component would be
a dynamically controllable "smart glass". The fundamental materials science technology base for

"active” and "passive" smart glazing technologies such as electrochromic coatings was developed in
the 1990s. However, RD&D resources are needed to develop viable and cost-effective materials
‘with optical properties that can be switched passively. In addition, research an switching
mechanisms is needed to assess the potential applicability of the range of alternatives, including
short wavelength switching to a reflective mode and long wavelength smtchmg for thermal
comfort (Kammerud, 1995).” : el
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To date, research on insulation has focused on static insulation systems, where insulation is simply
put in place to increase the thermal resistance of the roof, wall, or floor by a fixed amount. An -
alternative is to consider dynamic systems, in which the performance of the building envelope =
changes with the environment to minimize the building energy load. One study (Fine and McElroy
1989) found that dynamic building envelope systems (insulation, roofs, walls, and windows) could
reduce heating and cooling loads by 20 to 35%. Adaptive envelopes should be developed which
-~ integrate other useful features, such as ventilation air intakes with heat exchangers and sensors
_that are engineered as an integral part of the envelope, or energy-efficient windows as part of a unit.

Better use of thermal storage concepts would increase the ability of passive solar heating and
cooling to offset the use of mechanical systems. One possibility is to distribute natural heating and
ooolmg more uniformly over the day with resultant decreases in both heating and cooling

ts. Development of phase-change materials with storage capacity and release rates
adapted to building use is needed. Applied R&D is needed to make such materials economically
competitive with standard building products, and to demonstrate their durability and safety. In
addition, to achieve the technical potential of these thermal mass strategies, design and
construction guidance is needed to identify how mass and insulation should be reamnged to optumze :
thermal storage effects in specific climate regions (Christian, 1991). /

Self-drying roof concepts are under development, and their commercialization offers significant cost
and energy benefits. Behind this work is the notion that roofs should be designed to accommodate -
occasional leaks; that is, there should be a means to dry out the roof and restore it to its original
thermal performance after a leak is patched. One promising technique is to design roofs that dry to
the interior through evaporation. By extending roof life, se].f-d.ry'i.ng promotes the installation of
better insulation, since the originally installed insulation will remain in place longer. In addition to
reducing energy loss, self-drying roofs also s:gmhcantly reduce the cost of repemng, replacing, and

d.lsposmg of roofs.

The success of environmentally adaptive envelopes depends upon improved design and
commissioning practice, the development of advanced manufacturing techniques, new materials, and
sensor and control technologies to produce customized wall, roof, and floor panels that meet the
needs of buildings in different climates. Other important properties and features should be
simultaneously sought in the development of new materials such as reduced maintenance, resistance
to water condensation, and low emissions. Research is also needed to mtegrate the dynamics of such
advanced envelopes into total building energy management systems.
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Mmgatmg Urban Heat Islands With C Cool Roofs And Trees

benefits of reducmg urban heat islands through reﬂective rooﬁng, white pavements, and tree}
lanting have gained increasing attention in recent years (Rosenfeld et al. 1996 and 1997, Konopacki
al. 1997). These savings are both from the direct effect of sunlight being reflected (by white roofs)|
or blocked (by trees) and hence prevented from entering the building envelope, and from the indirect] -
effect of cooler ambient conditions brought about by evapotranspiration from trees and increased
albedo. The cooler ambient conditions have the additional benefit of reducmg smog formation}
(which is du'ectly related to air taemperahue) :

The calcu_lations above include estimates of savings from the direct and indirect effects of cool
roofing on building energy use but do not include the potential effects of large-scale tree planting. In
the efficiency case in 2010, cool roofs save about 4 TWh of cooling electricity, while increasing
heating gas use by 0.01 quads. In the high-efficiency/low-carbon case in 2010, cool roofs save about 8
TWh of cooling electricity (worth more than $500 million per year), while increasing heating gas
use by 0.02 quads (worth more than $100 million per year). The associated net carbon savings (after
[subtracting out the penalty for the increased heating gas use) are 0.2 MtC in the efficiency case and
1.3 MtC in the high-efficiency /low-carbon case. The cost of these reductions are negligible, because
changing roofing materials to be more reflective at the manufacturing stage is generally a zero cost
Wopuon. The development of advanced roofing, paving, and coating technologies would improve the
longewlyand economics of these cool commmuty options.

The additioml savings from tree planting have not been included in the calculations, but the direct
fand indirect effects from trees are generally of the morderofnng:ﬁmdeasforcoolroofsl
(Rosenfeld et al. 1996). The total savings from cool roofs and trees together would therefore be an
|the order of 2-3 MtC in the high-efficiency/low-carbon case by 2010.

Ll'hc.' cost of tree planting is more difficult to estimate, because of the sizeable unquantifiable benefits
of trees, as well as the long-term maintenance costs. Most people regard trees as a net positive
contribution to their local environment, and it is likely that the.overall beneﬁts (including the
 |energy and carbon savings benefits) substantially exceed the costs, but because of the ‘uncertainties in
estimating these costs, we did not include tree planﬂ in our savas estimates.

3.4.1.3 Multi-Functional Equipment and-lntegrltid System Design

During the period through 2010, the efficiencies of HVAC equipment, water heating and other
appliances will continue to increase through incremental improvements. Efficiency improvements
will probably continue to be driven both by minimum efficiency standards as well as by marketplace
competition for technologies that have low operating costs because they are efficient. In many cases,
however, appliance and equipment efficiencies are reaching either their thermodynamic limits, or
can be made higher only at significantly higher first cost.’ For example, electric resistance water
heaters have become more than 90% efficient with 100% as the maximum. Gas water heaters and
refrigerators provide other examples where efficiencies may be reaching either an economic or
thermal limit. Condensing gas water heaters that have efficiencies above 90% have been
developed, but are generally too expensive for a mass market. In the case of refrigerators, applied
research and development has recently produced a 20 cubic foot refrigerator which consumes no more
electricity than a 40-watt light bulb running continuously (350 kWh/year). We anticipate that the
teclmologms used to reach this performance level will be available to the U.S. refrigerator market
in the next decade. To move refrigerators, as single-function appliances, beyond this level of
perfomtamedoamtappm to be cost-effective in the near-term urbeycnd if real energy prices
continue to decrease.
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_ Opponmubés continue to exist for reducing losses in 'poorly dtlesigl.wd hot water storage and
distribution systems. Improved tank/flue designs, lmproved piping Iayout and design, and advanced
circulation systems are some of the possib:.l.mes

Based on the limits to performame for single-function eqmpmt such as refrigerators, water
heaters, and HVAC equipment, RD&D efforts need to focus an multi-functional equipment and
appliances to provide the next quantum jump in efficiency improvement. Multi-functional equipment
needs to be developed that combines and integrates the functions of several appliances into a single,
" highly efficient device. Such equipment promises to be highly efficient because the heating and
cooling that is rejected by a single-function device can be put to use in the integrated appliance, and
the component with the highest efficiency can be used to provide a dual function.

An example of mull:i-funcﬁonal equipment is an integrated water heating/ space conditioning system
which uses heat pumping to meet space heating, air conditioning, and water heating loads. -As a
combined, integrated appliance, this unit's efficiency (as imeasured by the Seasonal Energy
Efficiency Ratio, or SEER) could be a full 70% higher than the combined efficiency of today’s central

air-conditioning system and water heating system. Energy-efficient air filtration, as well as

humidity and temperature control, could be incorporated into HVAC systems to reduce indoor
concentrations of airborne particles such as pollen, other allergens, and infectious agents that cause
adverse health effects. This type of integrated technology can be applied to residential as well as
commercial buildings. As the efficiency of a single-function device is improved through incremental

development, as part of an integrated approach tl'us device is able to provide still higher
effnc:encxes

There is also a large opportunity for integrated products that can control space humidity and
temperature independent of each other. Research on combined systems that use desiccants to control
humidity and vapor compression air conditioning to control temperature is expected to result in an
efficient, integrated system that can provide better comfort at reduced operating costs.

Further opportunities exist for improving the efficiency of heating and cooling systems in buildings
through integrated systems design, right sizing, modular/multiple equipment configurations, and
better integration of the process for distributing space heating and cooling within buildings
(Shepard 1995). As air conditioning and chiller efficiencies continue to improve with cascade,
multi-stage, and turbine-assisted compressors, the energy consumption and electrical demand
associated with oversizing, poor part-load performance, and the distribution of air and water
becomes a greater fraction of the total HVAC energy use in both residential and commercial
buildings. Research on load diversity, system integration, and design paradigms can reduce both
peak demand and energy use. In addition, research on advanced thermal distribution technologies
could enable the development and commercialization of higher-efficiency, quieter thermal
distribution systems, with air filtration to improve indoor air quality. At a higher level,
integrating heating/cooling devices as part of the distribution system itself, along with improved
integration of task/local environmental control systems, would provide efficiency benefits and
enable use of control technologies to target heating and cooling within a building.

There are other options for appliance integration, including combining water heating with
dehumidification, mechanical ventilation, and/or refrigeration. In these cases, heating or cooling is
produced for multiple applications and at much higher efficiency than would otherwise be possible.

" In the 2000 - 2010 time period, research in fields of heat transfer, controls, component technology =

development, and systems analysis will need to be conducted so that industry can take these results
and apply them to developing integrated products for both residential and commercial buildings. By
2020, we anticipate that efficient integrated and multi-function products could capture a substantial
fraction of the U.S. market for space conditioning, ventilation, water heating, and refrigeration.
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3.4.1.4 Advanced Lighting Systems Lo o r

Lighting is a dominant energy end-use in the commercial sector, an important use in houses, and an
essential element of roadway and outdoor use. At the national level, lighting accounts for 23% of all
US. electrical energy use. Through the development and intelligent use of more efficient lighting
technologies and design, lighting energy use could be reduced by over 50% by 2020 with equal or
improved health, comfort and productzv:ty

-hghtmg use is characterized by a tremendous diversity of applications and needs, and an equivalent
diversity of sources, fixtures, controls, and designs. Thus, energy efficiency can best be achieved by
an array of new and existing technologies intelligently matched to the appropriate lighting needs.
Unlike other aspects of the building infrastructure, most lighting system components are replaced at
a relatively high turnover rate within ten years, and thus provide opportunities to introduce more
efficient technologies on a regular basis. At the national scale, we spend $10 billion/year for new
lighting equipment but $40 billion/year for lighting energy consumption. By 2020, we must make a
transition to investing more each year in mpmved technology with the benefit of dropping the
annual consumption figure by 50%.

Changing the overall efficiency of U. S. lighting use can be viewed as improving four efficiency
parameters: (1) lamp or ballast efficacy, (2) fixture efficiency, (3) spatial task efficiency, and (4)
temporal control efficiency. There are large opportunities for improvemenls in each of these areas:

I.amp efficacies for ﬂuorescmt and other gas discharge sources have lmproved modestly over the
last 20 years, but are still well below the theoretical -limit. The industry is exploring new
electrodeless solutions in both small sizes (10-100 watts) and 'in the  kilowatt range. Large lamps,
such as the sylfur lamp, have demonstrated higher performance in prototype form. Some
technologies have other advantages, such as reduced maintenance due to long operating life, or -
better environmental properties (e.g., mercury-free lamps). Most of the new discharge sources will
benefit from continued development of less expensive, smaller, and more efficient electronic power
supplies. Dimmability will also be more readily achievable using these new power supplies. Light
sources that use phosphors may be further improved by advances in the chemistry of phosphors.

By 2020, there will be many new CFL options with smaller size, better color rendition, higher
luminous output, and dimmability. But there will still be a tremendous market need for a long life,
very low cost, incandescent lamp replacement, perhaps utilizing improved filament technology or
halogen lamps with IR reflecting coatings. Finally, there are other contenders for the small source
market such as mini-HID sources and solid state light sources (LEDs or laser diodes). ’

There will be continued improvement in fixture design for both direct and indirect lighting systems
so that a greater fraction of the light is usefully extracted from the source, using innovations in
highly reflecting surfaces, refractive and diffracting materials, and non-imaging optical designs.

Two seemingly contradictory trends will continue through 2020. One trend will be towards localized
lighting that provides just the lighting needed at each task location and is flexible enough to adapt
" to the ever-changing needs of today’s office and factory environments. The other trend is towards
the use of centralized lighting in situations that require uniform light levels on a fixed schedule
over long periods of time. Hollow light guides and light pipes must be developed to meet these
needsandﬁberophcdes:gnscmbeusedformmﬂu-scalemmhudsoluums ¥

Lighting controls have only recently advanced beymd simple on-off, mulh-level, or time clock
_controls to occupancy-based controls and photosensor controls that respond to daylight and lumen
maintenance. By 2020, new generations of smart control systems will respond automatically to

changing task and environmental needs. Voice-activnted'cmu'ols and flexible linkages (wired and
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mreless) between light sources and tasks wi.ll prov;de new flexxbzhty in both office and retail
environments. Controls linked to dimmable llghtmg systems and to building energy management
control systems (EMCS) will provide an equivalent spinning reserve load that can be used by owners
when negotiating utility contracts with electricity suppliers in the deregulated environment of 2020.

Some of the mostimportant issues in the lighting community today are related to the human
dimension of occupant response to the indoor luminous environment. Lighting design has a direct
impact on performance, health, and satisfaction in the built environment; however, the nature of
that impact remains elusive. By 2020, the challenge is to conduct the research studies that will

establish definitive causal linkages between design parameters and occupant unpacts and then

apply these conclusions to the development of new technology and designs.

With only a modest RD&D effort, incrementally more efficient lighting components, including
improved bulbs, fixtures, and controls, will be in use throughout all building types in 2020. Important
improvements in lighting performance will result from using advanced techniques to improve the

performance of fluorescent lamps and expanded use of diodes as light sources. Systems will be
available to permit the integration of very-high efficiency lighting such as the sulfur lamp into

common interior spaces.

A more vigorous program of lighting research could ensure that, by 2020, the nation will be
" discovering the virtues of lighting systems that deploy a mixture of centralized, energy-efficient,
artificial light sources, tracking sunlight concentrators, and hght distribution systems for buildings
with high lighting usage. Offices and retail stores that require high lighting levels would be ideal
candidates to field test such systems. A few, high-intensity, super-efficient light sources, centrally
located, could then replace the numerous distributed light bulbs currently used. Whenever local
climatic conditions permit, the sun could provide the light source in lieu of artificial sources. This
piped lighting system could enhance many daylighting strategies based solely an architectural

design elements. These piped systems, which use sunlight supplemented by super-efficient .

artificial hght sources, could cut lighting-related power consumption in office buildings
‘dramatically, since sunlight is usually available during normal office working hours. In addition to
significant reduction in energy consumption for hghtmg, this system offers the potential to
dramatically reduce lighting maintenance costs by using fewer artificial light sources and for much
shorter periods.

Development of such lighting systems will require scientific breakthroughs and technical expertise
in advanced artificial light sources, optical systems design, materials development, thin film
coatings technology, fiber optics, photonics, manufacturing technology, systems engineering and
modeling, instrumentation and controls, and human factors. '

3.4.1.5 Controls, Communications, and Measurement °

Computer technology has made possible a revolution in equipment and capabilities for electronic
control of devices in homes, offices, and industry over the past 20 years. Similarly, significant
advances in communications and information capability have introduced major changes in life styles
and work practices over this same period. Over the next twenty years, this trend is expected to
continue, offering additional opportmuhes to increase the efficient use of energy in bm.ldmgs The
increasingly deregulated and converging energy and communications industries will play a major role
in defining, commercializing, packaging, and delivering these new energy services and technologies
to building owners. The fact that deregulation has resulted in greatly reduced RD&D investments
by utilities underscores the need for a sustained, v:gm'ous pubhc-pnvabe partnership to ensure that

energy-efficiency innovations emerge.
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The conmmm:zums h\dusuy has adopted programs for umversal hardware and software
connections between most functional components. The controls industry has initiated similar
measures (ASHRAE Journal, November 1996, p.36). When universality is achieved, systems
designers can begin to lay out and wire buildings with centrally located communications/control
centers for all buildings including homes. This affords the opportunity to significantly reduce power
requirements by eliminating full replication at each building station. That is, there needs to be only
one video/audio receiver with low-power monitors at other sites, one computer central processing
. unit with low-power (e.g., liquid crystal) terminals where needed, one energy management control
system (EMCS) with zone controllers whereneeded and so on. -

‘Developing and mcorporahng increased mtelhgence directed at energy use and control diagnostics in '

future generations of EMCS will allow these devices to maintain higher quality building
environments with less expenditure of energy. Expected advances include EMCS with performance
evaluation and equipment status tracking ability, as well as predictive capabilities. For example,
EMCS with more powerful computational capability and with more sophisticated mathematical
modeling can couple weather predictions with building response characteristics and occupancy,
light, and moisture sensors to predict building performance and more closely match supply and
demand of HVAC and lighting. Energy management and control systems may also be developed to

enable the selection of least-cost energy service prov:ders and rates (see further discussion under -

“Self-Powered Buildings” below)

Future EMCS wi.l.l utilize networks like the Internet to transmit data, sound, and video for real-time
remote analysis. This will permit integrated buildings service providers to track the performance of
heating and cooling plants, diagnose failures, test machinery, and to communicate findings to
building owners and operators, all without setting foot in the building, Some "full service" providers
would also offer other services including energy management, security, and property and facilities
management. - :

For appliances such as clothes washers and dryers, control and communications capabilities will

allow for remote programming and cycle control as needed. Delayed start, checking on cycle progress
from a remote location, and modification of settings remotely are all examples of potential

capablhtnes ‘Additional research to develop more soph.lsucated sensors and control logic will"

increase future ability to measure and control energy use in the ever-widening pool of appliances and
equipment used in buildings. Advanced sensors can check the status of food being cooked, room
lighting levels, and thermal comfort and instruct contmllers to automahcally adjust apphances for
optimum operation.

The development of advanoed sensors, controls, and communications equipment needs to reflect the
nature of changing "plug load” devices in buildings. The forecasted rapid growth in miscellaneous
electricity consumption in buildings suggests an important future role for a broad range of novel
control strategies to promote energy efﬁc:mcy In addition, advances in office equipment
performance could mitigate potential increases in these miscellaneous electncuy uses in many parts
of the commercial sector (Komor 1996).

3.4.1.6 sglf-Powered Bulldlnga

The move toward a competitive marketplnce for energy services such as gas and electnuty will be
essentially complete by 2010. By 2020, that market will have matured to accommodate complex buy-
sell utility service arrangements monitored and administefed by automated systems. This, combined

with the advent of power production and improved energy storage technologies, will give building .

owners new levels of flexibility in meeting their energquummts as well as the possibility of
revenue streams from the sale of energy or ancillary services. Buildings will cease to be simply
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consumers of electric utility services but may eupply all or a portion of their own energy requirements
or, if the economics are right, sell to others. Removal of utility and environmental regulatory
barriers would also accelerate the adoption of combined heat and power systems.

Small turbines running on natural gas are likely to be the first step in this process. These will allow
buildings to generate their own electricity, with the reject heat from the turbines being used for
domestic hot water or building space conditioning. Six manufacturers have announced actual or
-planned availability of gas turbine electric generators in the 50 kW range. Costs are uncertain, but
will likely mature in the $750-$1000/kW range, including heat recovery equipment. Barriers to
implementation include mechanical maintenance requirements as well as cost. The advent of
automated control and diagnostic systems will make these dlstrihuted power plants as “forgettable”
" any other piece of space conditioning equipment.

The next step in the development of the sel.f-powered building will be the advent of low-cost fuel
cells. The fuel cell is a unique technology that can revolutionize the way building power, heating,
cooling, and water heating are generated and maintained.

Potential Additional Savings From Advanced Fuel Cell Technologies

In the high-efficiency/low-carbon scenario, fuel cell technology is also likely to make a contribution}
to reducing carbon emissions by 2010. While we have not included fuel cells in our main building
lsector scenarios, we examined recent technology projections from Arthur D. Little (ADL) and
estimated the potenti.a.l carbon savings from fuel cells in.ou: high-efﬁcimcy/ low-carbon case.

There are sevenl different fuel cell technolog1es under development, including the phosphonc acid
fuel cell (PAFC) the proton exchange membrane fuel cell (PEMFC), the molton carbonate fuel cell]
(MCFC), and the solid oxide fuel cell (SOFC). In addition, there are advanced gas turbines under
development that could supply the same services as fuel cells, for comparable costs. We do not
address the exact mix of technologies that might deliver carbon savings by 2010, but calculate the}
potential impacts assuming that some combination of these technologies would contribute savings.

Arthur D. Little created what they termed an "optimistic” scenario that resulted in 8200 MW of
installed fuel cell capacity in commercial buildings by 2010. This estimate assumes a $50/tonne
|carbon charge and an aggressive commitment to building sector fuel cell development at or above
current levels of funding. Their results imply that about 5% of all commercial building floor area in
2010 will have heat and power supplied by fuel cells. .

Such penetration of a new and untried technology is ambitious by any measure. Because we are
interested in a "best estimate”, not an optimistic scenario, we chose to reduce the expected
- |penetration to 65% of ADL's forecasted levels for our high-efficiency /low-carbon case (4.9 GW). For
our more cautious case, we reduced the penetration again to 35% of ADL's forecasted levels (2.45
GW). As described in Table C-2.9 in Appendix C-2, implementation of this technology (or some
combination of fuel cells and small advanced gas turbines in buildings) at the efficiency case level
would result in primary energy savings beyond the high-efficiency /low-carbon scenario of about 0.14
iquads, and additional carbon savings of about 2.5 MtC. The savings in the cautious case would be
about half of the efficiency case savings. (See also Appendix D-3, in which the technical potential
' |for commercial-sector advanced turbine systems in the 5-15 MWmerangexsesumted to be about 12
|GW in 2010 at an estimated cost of $350/ kW)

To date, o other syshem identified pm\ndes all the benefits of the fuel cell. The fuel cell can
generate electricity, provide heat and hot water, offer fuel ﬂexibdity, and operate quietly; in
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addiﬁon, the fuel cell is modular, is a non-pol.luter, and has an oﬁefall conversion efficiency

potential of 80% or better (Fiskum, 1997). Unlike gas turbines, fuel cells have no moving parts and
are therefore inherently quiet. The ability to tailor the installation to the thermal needs of the

building by selection of fuel cell technology will also be attractive. For example, proton exchange -

membrane (PEM) fuel cells, ‘whose operating temperature does not exceed 100 degrees Centigrade,
will be used in installations with only low-level waste-heat apphcahons such as domestic water
heating. Other types, such as molten carbonate and solid oxide fuel cells, operate at higher
~ temperatures for applications requiring a higher quality heat resource.

Fuel cell prices currently range from $3000/kW to $5000/kW for commercially available phosphoric
‘acid and near-term PEM cells, respectively. An aggressive RD&D program could cut these costs in
‘half in less than ten years. Research needs include work an high-risk components and processes,
including heat exchanger development to bring the high-temperature hydrogen stream in lme with

PEM cell stack temperature, and catalyst development to increase CO tolerance and to mmgate :

carbon monoxide contamination degradation of the catalyst (Fxskum, 1997).

Another key component of the self-powered building will be building-integrated photovoltaic (PV)
panels, an application which will become more widespread as the costs of PV cells decline. Full
implementation of this concept will require storage to achieve full flexibility, and such systems
could include compact, high-efficiency flywheels as a means of taking advantage of the diversity
between load and resource peaks. In some applications, notably commercial buildings located in
high solar resource areas, the coincidence between the mid-afternoon resource peak and the demand
for such services as air conditioning may minimize the need for storage. In any case, the
availability of an electric power spot market, accessed by the building’s automated energy

management computer, will allow real time purchases of power when needed or sales of excess .

power when available. PV system costs are still in the range of $7000/kW without storage, but

improvements in solar cell manufacturing processes and inverter technologies support program goals

callmgformduchomofmomtthO%mhmyemorless

3.4.2 Best Practice Buildings in the Year 2020

3.4.2.1 “Best Practice” Housing in 2020

By the year 2020, a v:gomus RD&D program could produce many advanced technologies that

together will greatly reduce the average annual energy budgets of American families. The “Best
Practice” home of the year 2020 is defined as a home that employs those energy technologies that
are predicted to have the lowest life-cycle costs when purchased in the year 2020, under the
assumption that a "l'ugh-eﬁmmcy/ low-carbon” scenario unfolds between now and then. A collage
of these best practice features is shown in Figure 3.7.

The best practice home in the year 2020 will be factory built and shipped to its site as modules or
subassemblies. The use of integrated systems design and CAD/CAM technologies for "mass
customization” will have produced these components and modules to reflect the particular
requirements of the home buyer. On-site construction work will consist primarily of assembling these
manufactured components and modules, rather than fabrication from raw materials.
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Figure 3.7 “Best Practice” Home of the Year2020 -

Manufactured wall system H : e
e o i sopisiced b s eadly

The best practice home will use affordable, modular, and therefore flexible techniques to permit
longer occupancy. Durability and quality of the basic structure will significantly improve over the
year 1997, and adaptive envelopes will provide significant energy advantages. Material
consumption in residential structures will be reduced through the use of recycled materials and
engineering advances in materials, systems, and assemblies which provide stronger, more durable,
lighter, and less expensive structures. HVAC systems will be right-sized and refined to match
reduced cooling and heating loads and improved comfort features of the envelope. Thermal
distribution systems will effectively transport heating and cooling to the .conditioned space.
Climate-appropriate advanced ventilation stntegms will range from passive ventilation systems
toﬁlteredsystemstoheltexd\mgesy:m -

Thermalmasswiﬂbesmhegicdlymedbimpmewmfoﬂinddﬁdmcy. “Smart” windows will
see widespread use in upscale houses and for specific rooms and orientations in general housing.

WhmpmpulyhnkedmcontmlsandsemmtoHVACsysums improved comfort can be provided
with downsized systems._

W:despmd use of paneling and shingles with built-in PV arrays, fuel cells, and advanced energy

storage systems will significantly reduce overall building sector non-renewable energy needs and

will either deliver electricity back to the grid or will provide energy for family electric vehicles.

Building-integrated photovoltaics will be widely employed in new home construction, and a strong
retrofit market for PV shingles will have developed as well
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Advancad high-efficiency lighting systems actively opmthg with an array of dayl.ighting and
site/task strategies will optimize building luminosity and reduce energy consumption. Appliances,
H@mﬂhﬂdmgmmqmmnmmnummhmhgywcwymﬂmgy _
and water supply and ambient conditions with need. The best practice home in 2020 will be low in

volatile organic pollutants due to the use of low-emitting building materials, and will be equipped
with sensor-controlled energy-efficient ventilation and air cleaning to provide good air quality.
Automatic load modulation of heating and cooling systems in response to varying weather,
- environment, and occupant demands will be installed in best practice residences. In addition to
improved sensors and controls, zoning and variable loading of the heating and cooling system will be

P

The home may have a new genenhm of high-efficiency gas appliances operating much closer to
combustion temperatures, or it may, be equlpped with an integrated water heating/space
conditioning electric heat pump system that minimizes waste heat. These multi-functional symms
wﬂlfocusonoccupantﬂmmnlcomfoﬁmﬁlerthmcondmonmgﬁlespm :

Distributed water heating capabil.ity (i.e., instlnt heating at the faucet) 'may provide
supplemental "on-demand” water heating. Water use and energy efficiency will also be enhanced

by improved design and technology for distribution systems' In addition, a greywater irrigation
sysnmeqmppedhrsmﬂmhmofdﬂummyudmﬁwwamnqmmdbrhndmpmggudw
and lawns in arid or water-constrained regions of the country.

Home computers and sophisticated communication systems will begin to permit the use of the home
as the location of office, secondary school, routine medical treatment, and selected shopping

activities. This will begin to change the "mix" of building types as well as the need to commute to -
these activities. .

3.4.2.2 "Bost Practice” Commcrclll Buildlngs in 2020

By the year 2020, “'butpractwe commaalbuddmgswﬂlhave many advmced technologies that
will greatly reduce the cost of their utility requirements. More advanced programming, design,
construction and commissioning processes will enable both reduced first costs and reduced operating
costs. Varying designs will match building systems with the wide range of climate conditions found
in the US. Commercial buildings will be designed and constructed to provide indoor environments
that increase the productivity of workers. A collection of alternative technologies and options that
could be cost-effective in the year 2020 - under the high-efficiency/low-carbon scenario - are
illustrated in Figure 3.8. Thednwmgshomamponlecommuualbmldhgcmhmmgretlil
office, laund:y and dining facilities.

Commemalbuﬂdmgswﬂl continue to look similar to those existing today. The primary change

“will be in the "mix" of these facilities as the advances in electronic information dissemination
reduce the need for physical interaction, and therefore the size, of some commercial buildings. Some
“traditional” commercial buildings, involved primarily in the transfer of information and
knowledge (e.g., offices and libraries) will be significantly down-sized as their physical interaction
(people-related) activities are replaced with electronic communication capabilities. Improved
communications (combined with just-in-time inventory control) will also permit the reduction or
elimination of many stock rooms as well nware.l'lousingmddishibuum facilities. Many
conmodmzswﬂlﬁowduecﬂy:&omprodmtoend-me. \
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Figuns.s ‘Beﬁ?rncﬂce’CompodhCommudﬂBuﬂdhgofthermo

‘The state-of-the-practice commercial buildings will rely heavily an manufactured components for
their construction. One-of-a-kind structures may continue to have many site-built components, but
construction of commercial buildings of standard design (e.g., franchise restaurants and retail stores),
will primarily involve assembly of manufactured components or installation of complete modules.
To make school buildings more affordable to build and operate, such modular construction of schools
may also become commonplace. Quality and material improvements, that cannot be afforded na
one-of-a-kind basis, will be assimilated into the h.lgh-volume manufacturing process.

Low-mm:mcmstruchmmatenals mdﬁ:mishmgswﬂlbeundhﬂubuﬂdmgbmduuthe
-energy used for ventilation as well as adverse health effects in occupants. Ventilation air will be
filtered to remove infectious agents and allergens that cause illness in workers and lost productivity,
and the use of recirculated air will be minimized. Individual controls will enable workers to adjust
lighting to the most comfortable intensity for their work and for reduced glare. Daylighting will be
moremdelyuudtoenhmworkuahs&cﬁon and comfort. "Best practice” commercial

will deal effectively with issues of moisture, thermal bridges, thermal distribution, air
infiltration, anquun.hty

By the year 2020, “best chm”buﬂdmgswﬂ]ahobedeﬂvmgmpufmh\pmmts
through the use of an integrated systems-oriented and optimizing design process. The energy
performance improvements from an increased emphasis on design and commissioning will be
accompanied by improved building energy services and lower overall first costs.
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Improvedinfomnonaboutbuﬂdmgpefommwin allow hfo:meddesign.klght-sizing and
modular staged-operation designs with flexible uses and good part-load operating characteristics
will reduce peak electrical demands as well as overall energy use. Information management systems
for tracking equipment performance and status will ensure persistence of savings from energy-
efﬁamqmeuumthroughoutﬂwbuﬂdinglﬂe—cyde. : _ _

Larger commercul buildings will have many spaee condmmmg equxpmmt chomu, including hybrid

gas/electric space cooling systems and fuel cells for power generation, space and water heating,
absorpuon cooling, and desiccant regeneration. Chlorofluorocarbon refrigerants will be completely
rcmoved&om&ubuﬂdmgsuctorby 2020 and hydmgmnted dﬂoroﬂuorocnrbm mll be found only
in older equipment. . _

The “best practice” commercial building will have highly-efficient centralized electric light
sources combined with tracking daylight collectors connected to “piped” light distribution systems.
In addition, natural lighting through windows and skylights will illuminate interior spm during
daytime hours.

Mostnmvmdeaustmgbuﬂdmgsmll mesmarteontroltechnologestoophnuu the buﬂdmg load
configuration in response to weather, occupant demands, and utility rate structures. Natural
conditions and building supply systems will be automatically balanced to adjust for predicted
weather and occupant use. In order to permit greater use of the external environment to improve:
internal comfort conditions and reduce energy use, load control will also regulate the variable R-
value wall panels and variable transmittance fenestration. FPhotovoltaic roofing shingles, wall
panels, and awnings will contribute to the powarequments ofstate-of-the—prachce commercial

buildings.

The widespread use of "cool community” principles will mitigate the impact of urban heat island
effects on major new developments and communities. In addition to reflective roofing and pavement,
this may include using porous pavement, interspersing grass with concrete in lightly used parking
areas, and installing grey water irrigation systems. k

35 IMPHOVEMENTS TO THIS ANALYSIS P
‘Ihmmafewmaswhere addihonn! wmkcauldhnpmvethe mncyofthe calculations
described in sections 3.2md33above.
’
e Ducts in residential bmldmgst‘yplca.lly leak 15-30% of the air passing lhrough them. In
addition, many of these ducts are inadequately insulated. The end result is that significant
amounts of heating and cooling energy are wasted, particularly when ducts are in unconditioned -
spaces. A few relatively mecpensive measures (particularly the aerosol duct sealing
technology) can reduce duct air and heat leakage significantly, even in existing buildings
(Modera et al. 1996). Such measures are not included in the savings estimates for space
condmonmgeqmpmmtdlsamed above, and it is likely that an additional 0.5 to 1 quad of
primary energy savings could l:e achieved by 2010 by widespread implementation in the
residential sector.

o 'l'hesavmgsestumm for commercial water heating mdcooldng,aswell as for miscellaneous
natural gas use, could be refined significantly. The data available on these end-uses are sparse.
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* No savings have been estimated for commercial office equipment, but opportunities may arise to
use voluntary programs (such as the highly successful ENERGY STAR office eqmpme.nt
program) to promote efﬁc:ency as this end-use evolves over the next decade.

e No. savmgs have been included for commercial building shell measures. Windows strongly
influence heating, cooling, and lighting loads in all commercial bu:]dmgs and insulation can be
u:nportant for smaller commercial buildings.

e No savings have been included for gm.lnd source heat pumps in residential and small
commercial buildings.

* No savings have been included for the advanced heat exchanger technology currently being
commercialized by Modine, which reduces air condlhoner and heat pump energy use by 15-20%
and reduces the cost of the heat exchanger.

* No savings have been included for integrated systems that combine heatmg and water heatmg,
or heating, cooling, and water heatmg _ :

* No savings have been included for district heahng and coo!mg systems with combmed heat and
power

 More data are needed on the effects of large-scale tree planting on energy use, and this policy
option needs to be incorporated into the estimates of potential 2010 impacts.

® No credits have been calculated for downsizing of HVAC eqummt associated with more
efficient building shells.

* No attempt has been made to correct for changes in internal gains associated with energy
savings for appliances located within conditioned spaces. Recent work in U.S. commercial
buildings indicates that the heating penalties roughly offset the cooling benefits in both
primary energy and dollar terms ( when averaged across the entire commercial sector). There is

~ no comparable analysis for average residences in the U.S., but an analysis for Europe (Krause et -
al. 1995) finds that this effect leads to small net energy penalties in residences. '

e Because energy savings from miscellaneous electricity use are so important to the results of the
buildings sector, it is crucial that more research be carried out, both to characterize how energy
is used in the miscellaneous category and to identify technologies for improving the efficiency
of sub-categories within the miscellaneous category of electricity use. .

On balance, we believe that adding these items to the analysis would increase savings and decrease

costs.

3.6 SUMMARY AND CONCLUSIONS
Our analysis leads to the following key results for 2010:

. ® The "efficiency" scenario results in 1.9 quads (5.3%) less energy use and 25 MtC (4.4%) fewer
carbon emissions than the "business-as-usual” scenario in 2010. This represents a savings of $18
billion in fuel costs in 2010, which is purchased with an annualized incremental cost of $7
billion in efficiency mlprovements. - _ .
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e The 'hxgh-efﬁc:mcy/low-carbon scenario results in 4.3 quads (12%) less energy use and 60 MtC
(11%) fewer carbon emissions than the "business-as-usual” scenario in 2010. This represents a
savings of $33 billion in fuel costs in 2010 resulting from an annualized :ncremental expendmu'e
of $13 billion on efficiency improvements. .

¢ In the m:denbal sector, the greatest energy and carbon savings are achieved in miscellaneous
- -electricity, lighting, space condmmmg, and water heah.ng In the commercial sector, the
greatest energy and carbon savmgs are achieved in miscellaneous electricity, space .
conditioning, and lighting.

e For both residential and commercial buildings, about 90% of the primary energy saved is
. electricity in both the "efficiency” and the "high-efficiency/low-carbon” scenarios.

e The time frame of the study (13 years) limits the penetration of efficiency technologies, because
we only consider efficiency upgrades at the time of equipment retirement (no early retirements).
About one-fifth of buildings sector primary energy consumption is not affected in our efficiency
scenarios because the lifetimes of certain types of equipment are comparable to or longer than
the analysis period (see Table C-2.11 in Appendix C-2). Savings from this “untouched
would eventually be achieved in our efficiency and high-efficiency cases, but only after 2010.

Six R&D areas offer great promise to reduce significantly the energy requirements in US. buildings
in 2020:

¢ Advanced construction methods and materials will provide increased efficiency and improved
building energy services, often with lower overall first costs. Construction methods in this time
frame will consist primarily of factory-manufactu.red modules and components assembled on-
site, enabling systems engineering to deliver greater energy efficiency, more affordable
construction, and increased use of recycled materials. Building information management
systems will improve hfe-cycle performance including feedback for continuous :mprovenmt in
design. :

e Environmental integration will produce bu.l.ld.mgs matched to the wide range of climatic"
conditions, and adaptive envelopes will capitalize on changing outdoor conditions to reduce -
energy use and improve occupant comfort and productivity. In addition, environmental
integration strategies such as reflective roofing materials and turf paving will reduce urban
heat island effects. : _

® Multi-functional equipment and integrated systems design offer the opportunity for a quant:m

leap in efficiency improvements. For example, combining the functions of several appliances

into a single, highly effective device that puts to use waste heat and employs high-efficiency

components to perform dual functions. Also, the use of integrated systems-oriented design and
processes will provide efficiency improvements along with improved energy

services and reduced first costs '

e Advanced lighting systems in 2020 wﬂl mclude a range of improved technologies such as
improved controls; more high-efficiency small sources matched to improved luminaires;
daylighting systems; and centralized sources with advanced distribution systems.. Appropriate
combinations of such systems will have the potential to employ highly efficient artificial
light sources in combination with tracking sunlight concentrators, light pipes, and daylighting
to meet the occupants' precise ﬁmchanal needs for lighting with an order-of-magnitude
reduchonmenergyuse.
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e Controls, communications, and measurement capabilities will enable greatly reduced energy
requirements by matching current and predicted weather conditions, utility rates, and internal
environmental measurements to meet fluctuating occupant requirements while expending less

e Finally, self-powered buildings will have fuel cells or sﬂ turbines, PV building compornents,
and energy storage devices to provide building owners with new levels of flexibility in meetmg
their energy needs and generating revenues from electricity sales.

Achieving this promise will require significant R&D expendxtums over the next twenty years, but
will yield benefits that more than offset these expend1tures
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ENDNOTES

! A "cost-effective technology" in our analysis is generally defined as a technology that is the
minimum life-cycle cost option using a 7% real discount rate and the lifetime of the option. Life-
cycle cost is the discounted sum of incremental capital costs and operating costs over the life of the
option. This criterion is the eqmvalent of the cost of conserved energy equaling the value of
displaced or saved energy. i

? To determine which measures are less expensive than the average price of purchased fuel or
electricity and hence cost-effectlve, we calculate cost of conserved energy (CCE) using the followmg
‘equation:

g d
Capital Cost % T-(+dm)

Annual Energy Savings

CCE (¢/kWh) =

where d is the discount rate and n is the lifetime of the conservation measure. The numerator in the
right hand side of the equation is the annualized cost of the conservation investment. Dividing
annualized cost by annual energy savings ylelds the CCE.

3 Carbon emissions are derived from the product of end-use energy (by fuel) and carbon emissions
factors of MtC/quad of primary energy taken from EIA (1996). The total cost of energy services is the
estimated amount spent on energy consumption plus the incremental efficiency cost for purchasing
and operating lugh-effzcxency technologies. In the business-as-usual scenario, the incremental
efficiency cost is defined to be zero. :

¢ Miscellaneous energy use involves end-uses in buildings that are not currently allocated to other -

end-uses, namely refrigeration and freezing, space conditioning, lighting, cooking, drying, and water
heating. In order to more accurately estimate energy savings potential, we divided the

miscellaneous end-use into three electricity categories and two fuel categories. The three electricity
categories were: electronics (e.g., color televisions and video cassette recorders), motors (e.g., fans
and pumps), and heating (e.g., waterbed heaters, coffee makers, etc.). About 20% of miscellaneous
electricity is associated with standby losses of equipment that are turned off but still draw a small
amount of power (the so-called "leaking” component of nuscellaneous) See Sanchez (1997) for more
details. . .

.® The scale for 2010 carbon emissions for electricity end-uses in Figures 3.2 and 3.3 is slightly
different than shown for 1997, since a 2.5% decline in the carbon intensity of electricity generation is
projected for 2010, but this does not significantly change the results shown in the figures. For
example, residential miscellaneous electricity carbon emissions in 2010 are 92 MtC but appear

slightly greater (~94 MtC) in Flgure 3.2
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¢ Major contributions to this section were made by George Courville, Mike MacDonald, Jeff Muhs,
John Tomlinson, Jim VanCoevering, and Bob Wendt (Oak Ridge National Laboratory).

7 With thermal switching, the absorphwty and emissivity change between a high and a low value
_at a set material temperature; with short wavelength switching, the solar absorptivity changes at

a specific wavelength radiation flux; and with long wavelength switching, the emissivity changes
when the temperature of the radiative' environment satisfies certain conditions.

® Heat pump water heaters are an exception to this general pattern. They have been demonstrated
in the field to deliver up to three ﬁmesasnnd\a\ergyinhotwateras is provided to the "unit in
electricity; however, the technology s relatively high cost is a major market barrier. Technology
breakthroughs could result in sxgmﬁcant recluchans in first costs, enabling greater market
penetration of heat pump water heaters.
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‘ Ch_apter 4
‘THE INDUSTRIAL SECTOR

.1 INTRODUCTION

" This chapter presents an assessment of the possible contribution that an invigorated effort to move
energy-efficient technologies that are commercially available, or near commercialization, into the
market could make to reducing greenhouse gas emissions from the US. industrial sector by 2010. We
begin with some background information on our approach to the assessment and how that approach
is shaped by the complexities of the U.S. industrial sector and the available analytical tools for this
sector. We then describe the results of our model-based scenario analysis for the year 2010. In
subsequent sections we provide examples of the types of hechnologles that need to come into
widespread use to achieve the scenario results. Widespread adoption of these technologies requires
appropriate policies (e.g., accelerated research and development (R&D), fiscal incentives, and market
conditions). Finally, we describe qualitatively, and illustrate with examples, the role of R&D in
providing a steady stream of advanced technologies that can continue to reduce industrial energy
intensity and greenhouse gas emissions, into the foreseeable future. Details of the models used in the
analysis and the technologies described in this chapter are provided in appendices.

4.1.1 Approach

The industrial sector is extraordinarily complex and heterogeneous. By definition, it includes all
manufacturing, as well as agriculture, mining, and construction activities. The manufacturing
industries range from those that transform raw materials into more refined forms (e.g., the primary
metals and pel:roleum refining industries) to those that produce highly finished products (e.g., the
food processing, pharmaceuticals, and electronics industries). Hundreds of different processes are
used to produce thousands of different products. The U.S. chemical industry alone produces more
than 70,000 different products at over 12,000 plants. Even within a manufacturing industry, individual
firms vary greatly in the outputs they produce and how they produce them. Further, two plants
producing identical outputs can use different processes, and two plants using identical processes can
use different vintages and types of equipment. In some industries, plants employing the same basic
processes can produce a different mix of outputs.

This complexity makes it difficult to conduct this assessthent in a "bottom-up” fashion.! The available
time and resources do not allow us to (1) catalog all of the advanced technologies whose use might be
increased under an invigorated effort to move them into the market, (2) identify all the processes in
which these technologies might be used, (3) estimate the fraction of the plants that are not already
using these technologies, and (4) determine which of these plants would be likely to choose to invest
in them under the invigorated effort noted above. Instead, we rely on publicly-available computer-
based models to develop rough estimates of the potential for increased investment in energy efficiency
more generally, and then supplement these estimates with examples of technologies, the adoption of
which would achieve the model results under an invigorated effort to move them into the market.

4.1.1.1 Scenario Analysis

For the scenario portion of the analysis, the ideal analytical tool would be an industrial model that is
~ publicly-available, complete and up-to-date, and has a stock-adjustment mechanism as well as

detailed, technology-specific conservation supply curves for all important industrial processes that are

affected by energy prices, capital recovery rates, and other economic parameters. We would also like
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to be able to relate the modeling results to those reported in the US. Depmuu'ofﬁmgysmw |

Energy Outlook 1997 (AEO97), which is prepared by the Energy Information Administration using the
National Energy Modeling Syslr.m (NEMS) (EIA 199'7b) .

No emhng modelmg tool has all of these features. Instead, we mploy two modelmg tools that, when
used together, provide us with the features we need: (1) the Long-Term Industrial Energy Forecasting
(LIEF) model, which provides a mechanism for evaluating general investment in conservation
technology as a function of energy prices, capital recovery rates, and other parameters, and (2) the
NEMS Industrial Module (NEMS-IM), which captures the effects on energy intensity of groups of
specific technologies, but does not model investment in these technologies as functions of energy
prices or any other factors. (See Appendix D-1 foradesmpum of these twomode]sandthemdustry
dmggregahon scheme used in each.)

Weusedthuetwomodelstodevelopﬂ\reescmanos a"busmess-as—usual (BAU) case, an efﬁaency

(EFF) case, and a "high-efficiency /low-carbon" (HE/LC) case. These cases are defined, and their ~

results described, in Section 4.2. Our general approach was to use the AEO97 reference case
(developed usmg the NEMS model) as our BAU case. Using the macroeconomic and energy price
assumptions in the AEO97 reference case, we adjusted the LIEF model's base case slightly to more
closely approximate the overall energy forecast in the AEO97.> We then ran the adjusted LIEF model
to obtain an efficiency and high-efficiency /low-carbon case. We computed the difference between the
LIEF BAU case and the LIEF efficiency case ("delta one”), and between the LIEF BAU case and the
LIEF HE/LC case ("delta two"). We applied the LIEF model “deltas” to the NEMS (AEO97 base)
results to compute our final estimates for potential greenhouse gas emissions reductions. We also used
the NEMS model to explore the extent to which capital stock turnover and technology performance
wouidhavetomcreasetocorrespmdto‘deltam and "delta two." :

4112 Tochnolow Examples

The technology discussion focuses on energy-conserving ledmologxu that, as a result of past R&D, are
currently available for purchase in the market or are highly likely to enter the market within the next
few years. While these technologies are available, they have not necessarily been widely adopted and,

under current circumstances, may not be — thus the need for an accelerated effort to encourage their

adoption and achieve the savings that the models suggest are possible. While there are many reasons
for an invigorated effort to adopt these technologies, some of which we discuss later, we temper our
‘expectations to be sensitive to the slow turnover of heavy equipment in industry.® Another timing
issue is that some energy-intensive industries also have “windows of opportunity” during the next
few decades where aging capital equipment must be replaced for environmental or competitive

’

We focus on seven energy-intensive industries that are either modeled in detail by the NEMS and
LIEF models or are the focus of the DOE Office of Industrial Technologies' (OIT) Industries of the

Future process, sometimes referred to as “Vision Industries”: forest products‘ glass, iron and steel,

metal casting, aluminum, chemicals, and petroleum refining. These major energy-using sectors
account for about 80% of manufacturing energy use (see Figure 4.1). We also look at cross-cutting
technologies (such as energy-efficient motors) that affect all mdustn.es These energy-intensive
mdusmesmbneﬂydesuibadm&teboxbelow -
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4113 A Continuing Stream of New Technologies - -~ =

We assess qualitatively, again through the use of illustrative examples, the contributions that R&D
might also make to reducing greenhouse gas emissions over a longer time frame. We describe R&D
.efforts that can lead to advanced technology offering energy-intensity and greenhouse gas emissions
reductions beyond those described in the efficiency and high-efficiency/low-carbon cases,
accompamed by rough quantitative estimates where possible. In this portion of the discussion, we
again focus on the energy-intensive industries and on cross-cutting technologies. Input for the R&D
assessment was sought from technology experts, particularly the OIT Industry of the Future teams
and their industry and laboratory partners.

It is worthwh.nle to think of these more advanced tedmologms as the source of future emissions
reductions if the pipeline of R&D is kept full and productive over the entire time horizon. Technology
that is currently a_va.l.lable to contribute to reduced energy use and emissions exists because R&D in the
past is now paying benefits in the form of new technology. If there are to be future benefits, this -
pipeline must remain full. 'R&D focusing on efficiency improvements and carbon emissions
mduchons is needed to generate the new technologms of the futu.m

Figure 4.1 Share of Energy-lntmswe Industries in Manufactunng End-Use Energy: 1994

Aluminum -Forest

Steel
1.6 Products
Metal 9.1% e 14.8%

Casting
0.9%

SaAAN EECERR AN

Other
21.4%
Petroleum
Refining
26.4%
Glass
1.1%
Chzozl-}::“_ Total=22.6 Quads (1994)-

42 ENERGY EFFICIENCY EMISSIONS REDUCTIONS

The LIEF model contains conservation supply curves for various industries that correlate energy
conservation investment as a function of energy prices. These curves have been calibrated to historical
industry data using an implicit Capital Recovery Factor (CRF) of 33%. CRFs and associated discount
rates at this level or higher - representing a requirement that these investments pay back the capital
outlay within a few years — have been found to characterize much of the decision-making in industry
on investments in energy-efficiency technologies and on similar investments. At the same time, firms
have another class of investment decisions — termed "strategic” investments — that are
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characterized by a lower CRF or discount rate

(i.e., the initial investments are allowed to pay
back over a longer period).(see Ross 1990).
One way, then, to simulate an increased
investment in energy-efficient technology is to
postulate a policy or set of policies that would
lead industry to apply something like this
more "strategic” discount rate to energy-
efficiency investments. This effect could be
induced via policies that served to decrease
the first cost of such investments or that
resulted in increased annual cost savings.

. Another way to simulate such an increase in
technology investment is to directly increase
the factor that represents the penetration rate
of new technologies. The penetration rate
parameter in LIEF provides a measure of the
" rate at which industry adopts conservation
projects. Firms do not immediately adopt all
technologies that meet their criteria for cost-
effectiveness and other factors ~ delays may
represent a lack of capital, other priorities for
the use of available capital funds, scheduling
concerns, or simply a lack of awareness of the
technologies. The box to the right discusses
some of the factors that may affect the
adoption of new, more energy-efficient
technologies and policies that could be used to
influence them.
penetration rate reflects a higher priority
placed on energy conservation by industry as
well as better information dissemination (Ross
et al. 1993).

We have used both of these factors to simulate
the efficiency case  and the high-
efficiency /low-carbon case for the industrial

An increase’ in this -

Increasing the Use of Advanced, Energy-
Efficient Technology in Industry

~ Many aspects of business decision-making

may slow the adoption of energy-efficient

technology. They include: :

= High capital intensity of process industry
leading to slow capital stock turnover,

= Perceived riskiness of new technology,

= Lack of internal funding resulting in less

capital for energy projects,
= Lack of information. :

Policies that might reduce these effects are:

= Accelerated depreciation,

= Better demonstration and showcase efforts
to prove technology reliability, '

= Reducing first costs and/or achieving

better performance through aggressive

R&D,

Rebates or tax credits,

Information programs and energy

management services,

Regulation and efficiency standards, -

Pricing and fiscal policies,

Other economic incentive progmms,

The exemplary role of governments.

iy

siu

These policies can be interpreted as changing
the effective or perceived hurdle rates for
efficiency investments or increasing the old
capital turnover and adoption rates for new
technology.

sector. Weassumeﬂtate:therthedmcomtmteor&;epeneh-atmnrahexsa.ffectedmﬁ‘teefﬁaencycase,
and that both may be affected in the high-efficiency/low-carbon case. Further details on how the
modelswereusedtos:mulatethesecasesmpmﬂdedmAppenduDI -

421 Business-as-Usual Case

Our business-as-usual (BAU) case is the AEO97 reference case. Under this case, national economic
output, measured by gross domestic product (GDP) is projected to increase by 1.9% annually to the
year 2010. Within this overall growth, the manufacturing sector growth rate is projected at 2.1% per
year, with energy-intensive industries growing at half the rate of non-energy-intensive industries, 1.3
versus 2.6%. The leading growth sectors within manufacturing are projected to be industrial
machinery, electronic eqmpmmt, and I:ramportau:m equipment. Of all the manufacturing subsectors,
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electronic eqmpment is expected to have the lughest growth rate, twice that of the manu.factm-mg
sectorasa whole.

Total energy intensity, to the year 2010, is projected to decline by 1.1% per year. Among industry
sectors, the largest declines in total energy intensity are projected for the pulp and paper and glass
industries, with the cement industry third. Electricity intensity is projected to decline by 0.5% overall
but with considerable inter-industry variation. The largest decline, 1.1% in the pulp and paper
industry, contrasts with an increase of the same magnitude in the iron and steel industry. The
distribution of primary energy consumption among end-uses is expected to remain stable, with more
than two-thirds of industrial sector use accounted for by manufacturing heat and power requirements
and the remaining third split about equally among non-manufacturing heat and power appﬁcqﬁons
and use as process feed-stocks. For manufacturing heat and power, the largest energy-consuming
industries are petroleum mﬁnmg, chemicals, and pulp and paper production. The long-term trend of
declining energy intensity in manufacturing is expected to continue, representing an 18% decline in
energy intensity between 1995 and 2010. 'I‘h:s trend is due to both adoption of energy-efficient .
technologies and relatively lower growth rates in the more mergy-mter'uwe industries. The effects of
industry mix shifting toward less energy-intensive industries is stronger than the efficient-technology
effectontheovem]lrateofdungemmgymtens:ty

The AEO97 reference case assumes that there are no changes in federal energy or environmental
policies over the forecast period. To the extent that the NEMS model reflects recent historical trends in
industrial technology Ré&D performance, ava;lab:hty, and introduction, current and future privaté and
government R&D funding for new and emerging technologies consistent with recent history
conttibutestoﬂ!erefermcecasededmemmergymtensxty -

422 Efficiency and ngh-EfﬂclencylLow-Carbon Cases

The industrial sector forecasts for the efﬁuency and high-efficiency /low-carbon (HE/LC) cases use
the AEO97 energy prices and macroeconomic activity forecasts as a starting point. We assume no
changes in economic acuv:lty that might arise from changes in energy markets.* Moreover, we assume
no changes in the energy prices that could occur under conditions of lower energy demand. Energy
markets adjust to changes in demand. This means that reduced demand in the EFF and HE/LC cases
would lead to lower energy prices, thereby reducing incentives for efficiency gains. ,

The efficiency case assumes that industrial firms apply a "strategic” discount rate (or hurdle rate) to
energy-savings investments. We simulate this effect in LIEF by changing the Capital Recovery Factor
(CRF) from 33% to 15% to reflect the lower hurdle rate. Not all cost-effective technologies are
assumed to instantaneously penetrate the market. The HE/LC case is based on the assumption that
the penetration rate of the technologies that are cost-effective under a CRF of 15% doubles on average.®
The LIEF model penetration factor was set initially at 3%, roughly calibrated to the NEMS BAU. The
NEMS model uses rates of capital stock turnover that are similar in magnitude. This implies that, in
the high-efficiency /low-carbon scenario, some acceleration of stock turnover is expected. This could
occur under policy incentives for early retirement or economic incentives attributable to the costs and
performance of new process technology that would make old eqmpment economically obsolete earlier
than has been the case historically.

Table 4.1 summarizes the results in the energy consumption levels forecast by the AEO97. The overall
change in energy use between 1997 and 2010 is shown for the BAU case in the first two columns for
fossil fuels and electricity use (including system conversion losses). Renewables, feedstocks and non-
energy uses of petroleum (e.g. asphalt, waxes, lubricants, etc.) are also shown, but are unaffected by
the LIEF analysis. The next two columns show the effects of the efficiency case and the HE/LC case,
as forecast by LIEF, on the AEO97 BAU case. Figure 4.2 shows that the HE/LC case approaches zero
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growth with energy use mcreasing by only 1.4 quads (4%} between 1997 and 2010 in spite of an

outputmmofso%omthepmod.

i ‘I'able 41 Industnal Energy Use: AEO97 Business-as-Usual Case, and Efﬁciéncy and High-
. Efficiency/Low-Carbon Forecasts by LIEF (Quads)

AEO097 : ~ LIEF
BAU Efficiency Case HE/LC Case
: 1997 2010 2010 2010
Electricity (incl. related losses) 113 132 © 122(76%) 11.2 (15.2%)
Fossil Fuels 16.0 182 17.2 (5.4%) 16.3 (10.4%)
Subtotal . 273 314 29.4 (6.5%) 27.5 (12.5%)
Renewables* 1.8 23 23 23 .
Petrochemical Feedstocks and non- i
energy uses of petroleum 5.3 6.0 6.0 6.0
Total ' 344 - 39.7 37.6 35.8

Note: Numbers in parentheses represent the percent reduction compared to 2010 BAU case.
* Expanded renewable use is considered in Section 4.3.

Figure 4.2 BAU Energy Use and Projected Efficiency Cases in 2010 (quads)*

50.00 o Electricity (incl. related losses) |
: : ' oFossil Fuels '
45.00 V2
: _ HRenewables :
- Feedstocks and non-energy uses of
35.00
30.00 §
§ 25.00
20.00
15.00
10.00
?s.uo 1
0.00 :
AEO 1097 AEOQ 2010 Efficiency 2010 HEAC 2010

Scenario and Year

Table 4.2 shows the results of these analyses for ten major economic sectors of U.S. industry.” The
results in Table 4.2 are expressed in terms of an additional annual percentage reduction in sectoral
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energy intensity compared with the BAU case. 'The efficiency case reduces total energy intensity
growth by an additional 0.5% per year. The HE/LC case reduces the growth in energy intensity by
~ over 1% per year, re]atweto&\eBAUcase,mdmduces&tegrowmhlelectrmtyusebymom&mnl%
ammally(l..‘i%)

Table 4.2 LIEF Results: Change in Energy Intensity**, Anmul Average Rate, 1997-2010, Compared
: with the Business-as-Usual Case (% change)

EfﬁdencyCue HE/LC Case
CRF = 15% : ' CRF = 15%
Penetration = Normal Penetration = Double
Electric  Fuels  Total Electric  Fuels  Total
Heavy Manufacturing : 036% 028% -0.31% . 070% -0.60% -0.63%
Pulp & Paper 035% 0.28% -0.31% 072% -0.60% -0.64%
Bulk Chemicals - 0.40% 028% -0.33% 081% -0.60% -0.69%
_ Petroleum 047% 028% -0.31% 0.78% 0.60% -0.63%
* Glass . 039% 029% -034% = 071% -056% -0.63%
Cement © 028% 027% 027% 065% -0.65% -0.65%
Iron & Steel : 043% 029% -034% = 078% -056% -0.64%
Aluminum 015% -029% -016% = -030% -056% -0.31%
Other ' - 035% -0.28% . -031% 0.75% -0.63% -0.69%
Light Manufacturing 086% -061% <078% . -1.76% -116% -1.56%
Non-Manufacturing* 0.67% 0.67% 0.67% 1.26% 01.27% -1.27%
* All Industry 0.64% 043% 0.52% -1.28%  -0.84% -1.04%

“Non-manufacturing includes agriculture, construction, and mining (indudingawrgycxhctom)
** Excludes renewables, feedatocksmdnmmgymofpetmlwm

Table 4.3 translates these changes in energy intensity into percentage changes (reduction) in energy
consumption in 2010, relative to the BAU case. In the HE/LC case, overall energy consumption
decreases by more that 12% in 2010 relative to the BAU case, while the decrease in the Efficiency case
is more than 6%. The results for individual industries vary; the declines in energy intensive industries
are close to the average for all of industry, but non-energy intensive sectors show percentage declines
of about twice that of heavy industry. :

That the percentage reduction inerlergyuseishighe:inlightmdustrystuns&omtworeasons. The
first is that energy is a very small part of the costs in these sectors so that energy efficiency investment
is often overlooked. The LIEF model represents this by a large difference between the average light
manufacturing plants and the most efficient ones. The high growth sectors in light manufacturing
have relatively larger opportunities to make significant percentage reductions than do their energy .
intensive counterparts, who have already done so in response to rising energy prices in the 1970s. In
addition, light industries’ energy use is dominated by electricity. Electricity savings in light
manufacturing comes largely from computer controls, motor systems, as well as contributions from
lighting and HVAC that are similar to technologies discussed in the buildings chapter

The second is that the émw&tinoutpufforhghtindushymmud&h:gh:r&mforheavy industry.
Output grows more than 80% by the year 2010 for light industry, but only 30% for heavy industry. As
a result, in the BAU case, electricity demand nearly doubles for l.ight industry and fossil fuel use
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grows more than 60%. Foudﬁnldemmdforheavyhdmﬂyoﬂyhmsedbyu%h\ﬂieBAUm, ‘

whﬂgelecmdtydmndmmassbyﬁ%.

The difference between light and heavy manufacturing is a major source of the difference in the
energy savings (on a percentage basis) between fossil fuels and electric energy. One should note that,
while these percentage savings vary, as:gru.ﬁcantporuunoftheenergyuvmgsmabsolubem\asﬁll
come from fossil fuel use reduction in heavy industry, e.g. fossil fuel reductions in heavy

mufach.mnguabouts% while the industry total for fossil fuels is about 12%.

Table 4.3 LIEF Results: Energy“ Savings in the Year 20'10 Compared with the Busineu-u—Uoual

Case (% reduction)

-+ Efficiency Case HE/LC Case

CRF = 15% A CRF =15%
Penetration = Normal Penetration = Double
Electric* Fuels  Total* Electric*  Fuels  Total*
Heavy Manufacturing - 4.6% 3.6% 4.0% 8.7% 7.5% 7.9%
Pulp & Paper 45% 3.6% 3.9% 9.0% 7.5% 8.0%
Bulk Chemicals 5.0% 3.6% 42% 9.9% 7.5% 85%
Petroleum 5.9% 3.6% 3.9% 9.7% . 7.5% 7.8%
Glass 5.0% 37% .- 43% 8.8% 7.0% 7.8%
Cement 3.5% 35% 35% © 82% 8.1% 8.1%
Iron & Steel ; 55% 3.7% 4.4% 9.6% 7.0% 8.0%
Aluminum 2.0% 3.7% 2.0% 3.8% 7.0% 4.0%
Other 44% 35% 3.9% 9.3% 7.9% 8.5%
Light Manufacturing 10.6% 7.6% 9.6% 20.4% 14.0% 18.3%
Non-Manufacturing* : 8.3% 8.3% 8.3% 15.1% 15.2% 15.2%
All Industry : 8.0% 5.4% 6.6% 15.30% 10.4% 12.5%

These numbers are based on electricity system-average energy loss from the business-as-usual case. -

*Non-manufacturing includes agriculture, construction, and mining (including energy extraction).

** Excludes renewables, feedstocks and non-energy uses of petroleum.

Table&.&dlustrateshowtheenergyusebyﬁnltypeunﬁectedmeachmno Naturalgasuse,the
dominant fuel use by industry, declines the most in absolute terms. Petrochemical feed stocks, other
non-energy uses of petroleum, and renewables are assumed to be unaffected in the efficiency and

hxgh-efﬁamcy/low—carbon cases and do not contribute to the carbon emissions.

Table 4.4 Chmge in Industrial Energy Use by Fuel Type

AEO . Efficiency HE/LC

: 1997 2010 2010 2010

Natural gas (billioncu ft) . 9,914 11,103 ' 10303 9,564

Coal and coke (1000 short tons) 104716 113741 105551 97,976

Liquid fuels - incl. LPG (1000 bbl) 695,160 697,300 647,090 600,648
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Petrochemical feed stocks & other . 92553 1,180,979 1180979 1,180,979 '
petroleum (1000 bbl) » '

Table 4.5 provides carbon emissions estimates for 2010 in metric tons. Because LIEF does not model
fossil fuel choice, estimates of carbon reductions are based on the fossil fuel mix and emission factors
in NEMS. For fossil fuels, there are two ways to compute carbon emissions. The first is to assume that
efficiency affects fuel reductions through the average fuel mix. The second is to assume that most
energy-efficiency reductions operate on the margm (ie., they affect those fuels that constitute the
growthmtheBAUforemst)

Table 4.5 Carbon Emissions Estimates (MtC per year)

AEO97 Efficiency Case HE/LC Case
1997 2010 2010 2010
Electricity 172 213 204 (4.5%) 186 (12.7%) *
Fossil Fuels : 311 . 335 317 (5.4%) 300 (10.4%)
Industry Total 482 548 521 (5.1%) 486 (11.3%)
'Aporhonofthereduchmmcubonm:smmmtedmththe iency/low-carbon case is due to

in the electricity generation mix prompted by the cha $50/tonne of carbon (see Chapter 6).
unﬁainpumthaa mpmmepermrl:tmducﬂmgompnmdrgzmo BAU case. i

An examination of the change in fossil fuel mix in industry in the AEO97 found that no fuel’s share
changed by more than 1%. Consequently, using the average industrial fossil fuel mix from the AEO97
is a reasonable approach to compute the change in greenhouse gas emissions. However, the electric
utility industry shows an increasing share of natural gas. Therefore the carbon reductions for
electricity use in Table 4.5 are based on the marginal carbon emission rates, rather than the average
(see Chapter 6 for more details).

These overall carbon reductions are translated into industry-specific carbon reductions in Table 4.6.
Heavy manufacturing contributes about one-third of the savings in both the efficiency and HE/LC
cases. The large contribution of carbon savings from light industry comes mostly from electricity
efficiency. Electricity use in this sector is growing rapidly - almost doubling - in the BAU case.

Table 4.6 Industry-Specific Reductions in Carbon Emissions (MtC per year in 2010)

Efficiency - . HE/LC

_ Electric  Fuels Total Electric  Fuels Total

Heavy Manufacturing 21 -2 . 92 59 148 20.6

Pulp & Paper 03 11 15 10 23 33

Bulk Chemicals 07 15 22 19 32 5.1

Petroleum 03 25 27 0.6 52 58

Glass , . 0.1 02 02 02 03 05

Cement 00 02 03 81 ? 05 06

Iron & Steel 04 12 16 Xl 23 34

Aluminum 0.1 0.0 02 04 00 04
Other 02 . 04 06

0.6 0.9 15
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‘Light Manufacturing . 63 52 115 178 . 97 274

Non-Manufacturing* - 13 57 . 70 34 104 138
" Total L 96 . 181 277 270 349 619

* Non-manufacturing includes agriculture, construction, and mining (including energy extraction).

423 Compurison with the NEMS model

o 'IheNEMSmodelpm\ndesad:fferentapproadnndpenpechveontheEFFandHB/LCcases. The

NEMS model uses a stock turnover approach toprqectthechangememrgyuse. New tedmologyis
projected to be more efficient; thus, as capital is replaced, the overall energy requirements in the
industry decline. To compare the scenarios, the NEMS industrial model was run under alternative
assumptions and compared to those corresponding industry sectors in LIEF (see Table 4.7).. :

When the retirement rate of capital is doubled in the NEMS industrial model, the decline in total
energy use ranges from 1-8%, depending on the sector. On the other hand, when the performance of
new technology is assumed to double (i.e., the relative energy intensities of new technologies in NEMS
decline twice as fast as in the BAU case), even larger reductions in energy use are.achieved for all
sectors except cement and steel. These parametric variations in the NEMS model illustrate, in rough
magnitude, what rate of technology improvement or stock turnover would be consistent with the EFF
and HE/LC case. For example, only in the iron and steel industry does the doubling of the retirement
rate result in energy savings comparable to those in the HE/LC case; for all other industries, it would
require more effort than simply doubling the capital stock tumnover to achieve comparable savings.
For aluminum and glass, the energy savings resulﬁng from the NEMS run that doubles technology
performance are higher than the energy savings in the HE/LC case, suggesting that for these sectors
more rapid technology development is an important part of future savings. This is particularly true of
the aluminum sector.

Table 4.7 Comparison of Year 2010 Total Energy Savings Relative to BAU in the NEMS and LIEF

Models
Effici : Doubled  Doubled Technology

| Efficiency Case HE/LC Case ’ A Pert

Paper - 3.9% 8.0% 4.9% 75%
Chemicals 42% 85% 13% . 50%
Glass 43% 7.8% 3.6% 9.9%
Cement  35% - 8.1% 57% 3.6%
Iron and Steel 44% 8.0% 8.2% 2.9%

Aluminum 2.0% 4.0% 1.2% 7.8%

424 The Historical Context of Energy Efficiency in Industry

Over time, both the “what” and the “how” of industry output changes. Buggies and whips have
disappeared, but automobile production has taken their place. And while the Model T was mass-
produced, todaysmeﬂmdsofpmduchmueaﬂngudymnkumuofﬂmxymrdsassemblym
Energy use in manufacturing and other industry sectors has changed due to both product and process
transformation. Emrgyueedungesoccmbecauseofmergy—eﬁ:dumyimprovmtswerhmeu
well as changes in the mix of industries. Rough approximation of the importance of these two factors
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indicates that efficiency accounts for about two-thirds of the change, while the shift in the mix of
industries accounts for about one-third. Put into historical perspective, forecasts of energy use and
energy intensity changes used for this analysis are modest changes and, we believe, more than just
possibilities. With appropriate and effective policy measures to accelerate the adoption of

- technologies that are currently, or will soon be, available, theefﬁdmcygamsandmergyandcubm
; savmgsprqectzdcouldeuﬂybendueved.

A study published by DOE (1995) illustrates How rapidly energy intaensity in the industrial sector can

decline. Between 1972, the last full year prior to the effect of the first oil price shock, and 1985, when
energy prices fell, the rate of decline in energy intensity in industry was 2.74% per year. During the
period of the most rapid decline, from 1975 to 1983, industrial sector energy intensity fell by 3.12% per
year. These numbers show that, when industry has a major incentive to reduce energy use, it will do
so. By the same token, when the incentives are reduced, so are the improvements. Between 1984 and
1991, energy intensity in the industrial sector declined by less than 1% per year, and in four of these

years, the intensity actually increased.® Of the energy savings that occurred in the industrial sector " -

between the mid-1970s and the early 1990s, this report suggests that about one-third of the total was
attributable to compositional shifts (i.e., shifts from high energy-intensive industries to industries with
lower energy mtensnty) The remainder was attributable to reductions in energy intensity within
industries.

) IntheBAUforecas,t,tota]mergyintensitydeclitmataboutl.l%peryear,wiﬂ\more than half of this
decline (0.6%) attributable to projected composition effects. If one takes the efficiency component of
the total energy intensity decline forecast for the BAU case (0.5% per year) and adds the additional
0.85% per year from the high-efficiency/low-carbon case, -the HE/LC case has a rate of energy
intensity decline (1.35%) that is slightly below the historical rate over the period 1972-1991 (1.89%).

425 The Costs of Achieving the Efficiency and HE/LC Cases

The LIEF model conservation supply curves can be used to compute the investment implied by the
forecast energy reductions. These estimates, shown in Table 4.8, are the additional investment
required to achieve the energy savings presmted above. Due to the long-lived nature of industrial

capital goods, this cumulative investment in more efficient and productive industrial plant and

equxpmmtctmunuestomtemergymdcostssavmgs,relmvewﬂwbasease,afmrﬂ\ezomhme
horizon.

LIEF projects that this level of investment is profitable with the BAU forecast energy prices and a CRF

of 15%. The energy savings provides about a seven-year payback on the initial investment. The

mgmtude of the up-front costs, which are paid back only over time, may be an issue in designing

pohuestospur&usmluncedtedmologypmtnhm

To put this level of investment in energy efficiency into context, we compare it to total investment in

manufacturing. If the cumulative investment in energy efficiency is spread out evenly over the 13- -
year time period, the HE/LC case would require a $3.6 billion increase in annual investment in
efficiency technology. In 1992, total investment in manufacturing (not including agriculture, -

construction, and mining) was $110.1 billion (1995$). Thus, the incremental annual investment needed
to achieve the HE/LC case represents a 3.3% increase over the level of manufacturing investment for
1992. -

Table 4.8 Cumulative Incremental Investment (1998-2010) for Energy Efficiency Implied by the
LIEF Model to Achieve the Forecast Energy Reductions (billions of 1995%)

Efficiency Case HE/LC Case

412 - L A September 18, 1997
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Fossil Fuels 74 152
Electricity 158 320
Total - 232 472
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Hishoncnl behavior with respect to energy efﬁaency investments has been charachenzed by i:mphcit
marginal discount rates equivalent to 33% capital recovery. The efficiency case is based on the notion
that the marginal return on energy efficiency will be closer (or equal) to a strategic discount rate,
represented here as a 15% CRF. For example, this translates to a marginal real return of 12.5% per
year on a 15-year investment, which we will use for illustrative purposes. It is from this perspective
that the efficiency case reflects ‘cost-effective’ investments. The ‘last’ investment will produce cost
savings that will provide a return of 12.5%; other investments will generate higher returns. On

average the:etumwﬂlbelughﬂﬂ\an&emng:m],or’last’ mrgy-efﬁamcyprqect.

Table 4.9 shows the pnvate investment cost of an investment in efficiency in a smglc year , compared to
the value of the energy savings that would continue to accrue thereafter. The first line in the table is
the incremental investment in the last year of our forecast, 2010. The second and third lines are the
change in consumption and expenditure of energy for that year, which are negative since energy
consumption is reduced. One can see that investments generate annual savings of about a third of the
initial outlay. This manaverageretumthatlstheabxth@ermm the assumed marginal return of °
125%. Recall that the marginal return is the ‘last’ cost-effective investment, whn:h just pays for :tself
at the 12.5% rate.

Table 4.9 also shows the total energy savings and direct private costs of the scenario. These costs are
generated using the cost of conserved energy (CCE) method detailed in Appendix A-1.3. For the

i scenario the energy savings exceed the direct private investment costs by $4 billion. The
HE/LC scenario has energy savings in excess of direct investment costs of $7 billion.

Table 49 Net Costs of Pnute lnvestment for Energy Savings in the Efficiency and Hngh-
Efficiency/Low-Carbon Cases (millions of 1995%)

Efficiency HE/LC

Electric Electric
Units  Fossil Fuels (End-use) Fossil Fuels (End-use)

Investment in 2010 MS$ $800 $1,700 $1,500 $3,200
Annual Energy Reduction TBtu 9 47 178 82
Annual Reduction in Energy Costs M$ $300 $600 $600 $1,100
Total Energy Redirection TBtu 900 336 . 1800 685
Total Investment Cost L MS$ $1,100 $1,800 $2,400 $4,100

Note: Costs are based on the annualized costs over the time period, not the cummulative investments. -

L4

We believe that most, if not all, of the difference between the observed behavioral CRF of 33% and the
15% CRF is due largely to factors that preclude firms from using these lower marginal rates for
energy-efficiency investments, such as transaction costs, agency costs, the lack of information or the
cost of acquiring it, perceived risk, etc. However, policies will be required to remove these factors and
shift investment behavior to prioritize energy efficiency the same as other corporate investment.
These policies will have a public cost.

The HE/LC case also focuses on ‘cost-effective’ investment under the same notion of these lowered,
stmtegc,mnrgmalratesofmhun. However, one important difference in the HE/LC scenario is that a
higher adoption rate is assumed. While some additional penetration, relative to the BAU, may be
accounted for by further transformation of the market of energy-efficient practices we feel that some
accelerated retirement may also take place. When the economic losses of accelerated retirement are
accounted for, this implies that, at the margin, all investments are not likely to be cost-effective at our
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assumed 15% CRF Since we do not have a model to account for this pobentul early retirement and
the economic losses, we must caveat our estimates of investment. The energy savings from the
HE/LC scenario in Table 4.9 does not change, but the investment cost may be understated by the
amount of loss due to any early retirement that may occur. Because the net benefit is still greater than
the annualized investment we calculate, then unaccounted costs may be about twice our estimated

energy-efficiency investment, with the HE/LC scenario remaining ‘cost-effective’ on average. : '

A carbon-based fuel price increase was considered and simulated using LIEF for a number of carbon
shadow prices. Energy price increases alone do not have a very dramatic effect on energy use in the
LIEF model. Whﬂeﬂleydohnvesomanffecton&te@homtoreducemergyuse,theyhaveno
endogenous affect on the rate of penetration of new technology in the model. For'example, a $50
shadow price for carbon increases shifts the “ideal” energy-output ratio by only 8.5% for electricity
and 5% for fossil fuel. 'Ihegapbetwemﬂmmlealandactunlmergy-outputrahosmameasumof&e
conservation potential for the sector. Under the BAU case, this gap is 3.8% for electricity and 4% for
fossil fuel. Under the EFF case, this gap is 27.6% for electricity and 15.3% for fossil fuels. Under the
$50 shadow price case, the gap is 9.5% for electricity and 7% for fossil fuels. To achieve the same ideal
energy-output ratio as the HE/LC case would require a shadow price of $250 for fossil fuels and $300
for electricity. Table 4.10 shows the carbon reduction and the percentage reduction in e.lectnc:ty and
fossil fuels that result from simulation of different carbon shadow prices.

Table 4.10 Effect of Different Carbon Shadow Price Simulations on Electricity and Fossil Fuel

Reductions
Shadow “Electricity e ~Fossll Fushs
Price of Carbon % of BAU Carbon Saved * ~ % of BAU Carbon Saved
25 . 98.4 g = 90 3
50 97.1 6 ' 982 6
100 95.1 10 96.9 10
200 922 16 94.8 . 17
300 901 20 933 2
400 88.6 23 923 26

The HE/LC case reduces electricity to 85.2% of the BAU case and fossil fuel to 92.5%. The

energy/carbon savings in the table would be larger if these higher prices systematically affect the = .

penetration rates of new technology, which one would expect. However, penetration rates are
currently parametric in LIEF, andsmcewehavevuyliftlemfornuﬁmabouthowpncechangesaﬁect
penetration rates, we have not altered that parameter for this exercise. Given the belief that the rise in
prices would increase penetration, the estimates of energy and carbon savings from LIEF would
represent anupper qudontherequjndcarbontax oralowerboundmﬂ\esavings.

The implications of the ‘standalone’ analysis of carbon shadow prices is that a variety of polices well
beymdacarbonpemutchargewouldbemquuedtoadueveﬂmuvmgsprqectedmﬁwsescemnos.

4.3 ADDI‘I’IONAL EMISSIONS REDUCTIONS FROM INDUSTFIIAL LOW-CARBON
TECHNOLOGIES

4.3.1 Introduction and Summary

Industrial low-carbon technologies reduce greenhouse gas emissions through means other than
traditional energy efficiency. We separate low-carbon tedmolog:es into three types: -
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® Pow-sysum cﬁamq maximization (PSEM) tecl'molog:es such technology systems comptiu
manﬂyedaﬁng&dmohpuanmbhdhmmomhvewnywubmmdmhemagyefﬁﬂmcy
atc:rtamlypesoflocatxmsforpuhculuhdusm heatmdpowermeds.

» Puel—smbdmg technologies: these reduce carbon emissions by using low- or no-carbon fuels

~ instead of high-carbon fuels. Many energy forecasting models, including LIEF and NEMS,
incorporate switching from oil, coal or electricity to less carbon-intensive gas. They do not,
however, generally incorporate switching to new advanced biomass or other new renewable
technologies. ‘Both of these low-carbon technology types are often grouped with energy-
efficiency technologies. Wenpmte&m&ome&mmcytedmologlum&uschapmbemuu
their additional contribuuom to carbon reductions are not gemra.l.ly mcluded in traditional
energy models. : )

e Low process carbon technologies: this type reduces or avoids the enﬁssim of CO2 and other
greenhouse gases from industrial processes, not from combustion. They are clearly not included -
in energy models. We have found that most of these emissions are non-CO? greenhouse gases.
Because these emissions do not involve energy, they have not been included in energy-focused
carbon analyses. However, as shown in Section 4.3.4, these non-energy emissions account for a
third of total greenhouse gas equivalent emissions in the industrial sector. (Industrial CO2
emissions from energy are proleched to be 482 MtC eqmvalent in 1997 (EIA 1996) and non-
energy-related carbon equivalent emissions were 244 MtC equivalent in 1994).

This section provides examples, rather than a comprehensive survey, of low-carbon technologies.
Such a survey would have been difficult because, unlike traditionil energy-efficiency technologies,
these technologies do not have a long history of being analyzed from the perspective of reducing
carbon equivalent emissions. However, as shown in Table 4.11, just these examples showed great
potential reductions. Thus, a comprehensive survey of these technologies is an important area for
future analysis in the industrial sector. Note that the carbon reductions presented are in addition to
the carbon savings of Section 4.2.2. Someof&uesetechnologiesalsofeaturecaxbonmducﬁonsdue-to
traditional energy efficiency. We used the energy-efficiency projections for the various traditional
markets presented in Section 4.2.2 to subtract these carbon savings from the technologies' estimated
overall carbon reduction. Greenhouse reductions from "low process carbon” technologies are not
included in this report’s summary tally ofurbonnducnmpotmtulbecause of the report's focus on
combustion-related emissions.

In the following aectiom, we provide examples of the three types of low-carbon industrial |
technologies. The Advanced Turbine System (ATS) described in Section 4.3.2 is an example of a PSEM
technology. It is a combined heat and power (CHP) system that replaces grid electricity and steam
from industrial boilers with a highly efficient on-site natural gas-fired turbine that generates both -
electricity and steam. The carbon reductions from on-site CHP were not included in Section 4.2.2. The
ATS may also further maximize system efficiency by replacing electricity used to drive motors that
drive equipment with direct power for the equipment. Even when used as a power-only technology,
ATS reduces carbon emissions because it is located on-site ~ avoiding transmission and distribution
(T&D) losses. TheAISmdsoafud—smtdmgtedmobgyxﬁtmphneshlgh-cubmfuelssuchascod
usedmﬂ\eboﬂmmﬁ\mtumlguorno-carbmbmnmsgu -

Section 4.3.3 gives an example of a fuel-swim’ning technology Black liquor and biomass .
integrated with combustion turbines replace biomass boilers and grid electricity. In the near and
medium time frame, biomass and black liquor gasification technologies provide the option of
switching from a high-carbon to a “no-carbon” fuel. Note that the advanced technologies described in
SecummsmdsoPSEMm&mologiubeamﬂmynphmmcfﬁumtbmmuboﬂmMgnd
elechmtym&ubiomusgniﬁmhoncombmedhutmdpoweuysm
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Section 4.3.4 describes two low process carbon technologies. The first, the advanced aluminum
production cell, shows that for some industrial processes there are multiple opportunities for reducing
carbon equivalent emissions. The second involves the substitution of waste products - fly ash and
blast furnace slag - for a portion of the calcined cement clinker intermediate product in cement
produchmBoﬁ\ofﬂxeenmplesuducecarbonﬂmoughmprovedemrgyefﬁuemymaddmonto
mdumgorehmmhngcarboneqmvalmtprmm :

A summary of the carbon reductions from these technologtes is given in Table 4.11 for both the
efficiency and tiwhxgh—efﬁamcy/low—carbm (HE/LC) cases.

Table 4.11 Examples of Additional Carbon Equivalent Reduchons by 2010 Resulting From Low-
Carbon Technologies® (MtC equivalent)

Efficiency mghoEtﬁaencnyow-Carbon
Case ) Case

Power System Efficiency ' _
Maximization Technology (PSEM)

Advanced Turbine Systems 57 14-24
Fuel-Switching Technology

Forest Products - IGCC 5 10
Low Process Carbon Technologies _ -

New Aluminum Production Cell - 0-1 2-4

Cement Clinker Replacement - - : 1-2
Total 10-13 2740

*These reductions are not accounted for in Section 4.2.2.

4.3.2 Power System Efficiency Maximization Technolo'gios

 Power-system efficiency maximization technologies are grounded in the second law of
thermodynamics. PSEM technologies take advantage of the fact that waste heat is always produced.
Such systems also reduce or avoid extra energy conversion and process steps that waste energy. The
key to PSEM is the system. Instead of using a separate technology for electricity for the company’s
PCs, building heating and cooling, process steam and electricity for motors, a company could use a
PSEM technology. For example, the Advanced Turbine System (ATS) described in Section 4.3.2.1,
could provide all these system needs. The ATS could provide reliable high-quality electricity to the
PCs; ATS steam coupled with a heat exchanger could provide building heating and cooling and steam
for process uses; and the turbine could be hooked directly to the drive shaft of the machine formerly
driven by a motor that used grid electricity. District energy sites, where businesses group together
and share electricity and steam from the same turbine, are also examples of PSEM technologies in the
industrial sector. A recent study (IDEA 1997) indicates that, of the nearly 6000 current U.S. district
heating installations generating more than 1.1 quads, 8% are classified as industrial. We expect that
well-crafted pohcxw to increase energy efficiency and reduce carbon will spur creative uses of both
heat and power in such systems. In addition to multiple incremental mprovemmts we expect that
some PSEM will be breakthrough technologies.
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4321 Advanood Turblno Systems (ATS) for Industrlal Applluﬂons

Admeed Turbine Systems (ATS) are high-efﬁamcy next-genmtwn gas turbines that produoe less ..

carbon per kWh than technologies used in conventional power markets. When commercialized in the
year 2001, the emissions of CO2 from ATS are projected to be 600 Ib/MWh, 29-73% lower than
conventional technologies (see Figure 4.3)." ATS is one of the major low-carbon technologies for the
* industrial sector between now and 2010 because it is a natural gas-fired turbine that cogenerates
electricity and steam. The ATS’s hngh energy efficiency stems from multiple incremental
improvements applied in a novel manner.”” Cogenerated steam displaces industrial steam boilers and
their associated emissions. The steam can also be put back into the system for additional electricity
generation. Further emissions reductions are due to the ATS being gas-fired and located on-site. . -

Although not included here because of possible double counting with Section 4.3.3.1, the ATS
technology is also well suited for biomass and landfill gas fuels. The ability of ATS to burn biomass

without turbine fouling and maintenance problems is being explored via new turbine materials, -

including ceramics and single crystal and directionally solidified turbine blades. Substantial
reductionsingremhousegasenusmonswﬂlmult:fATSmfnedmthbmmsfuel especially in
combined heat and power mode. It will require the evolution of a biomass fuel supply infrastructure,
or its penetration will be limited to those industries that already have access to biomass fuels, such as
forest products and some food processing sectors. We prcmde an example of biomass-based
cogeneration in the paper mdusu'ymSechm 4.33.

We divided the ATS "markets” into three types. The first type includes high electricity-to-thermal
(E/T) ratio "power only” opportunities. These are sites where.there is little or no steam demand and
most of the steam from the ATS is fed back into electricity generation. - The second type, "combined
heat and power" (CHP), includes sites where ATS provides both steam and electricity needed on-site.
The third type is a "new steam" market, where the steam and electricity needs vary."

This "new steam" market is a new market not included in moéf energy forecasting models. It is new
CHP capacity in which power and heat are not balanced and where the desire to generate electricity
may be more important than getting the perfect steam match. Unlike traditional cogeneration

equipment that is only efficient at a particular E/T ratio, ATS CHP systems run at high efficiency ina -

variety of steam and electricity configurations. As detailed in Appendix D-3, this market will spur
creative uses of both heat and power. For analytic purposes, we have analyzed the "new steam"

market as if it were two separate CHP and power-only markets. We decomposed new steam into

traditional CHP (cogeneration mun:ung hut/power balance) and Power-Only (PO):
New steam = a*CHP + b*PO

While some sector-specific studies (Appendix D-3) show 4 and b values around 0.5 for the entire
market, the values of 2 and b are not well known except that they are both significant. As detailed in
Appendix D-3, this decomposition also simplifies the calculation of the carbon offset. Figure 4.4
depicts simplified diagrams that allow comparison of the following: (1) a traditional steam boiler
system, (2) a steam boiler that produces power using an ATS, (3) an ATS used for combined heat and

power, and (4) an ATS used for power only. 'Iheremmyotimcombmuom such as a turbine -

| mtharecupmtornotshownhue.“ _
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Figure 43 Carbon Equivalent Emissions for Several Electric Generahon Technologxes
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Source: Gas Research Institute (1994) and Onsite Energy (1997)

Considering the large markets not yet served by this type of CHP, industry experts predict that the
availability of advanced turbines will double the growth rate of new CHP capacity (Carroll 1997).
This growth will greatly exceed the historic industrial market penetration of cogeneration,”
particularly for smaller power technologies used to meet internal energy requirements. Under the
efficiency or high-efficiency /low-carbon scenarios, the change in the market will occur even faster.

Relatively higher prices for carbon-based fuels will encourage dispatching of electricity from low-
~ carbon fuels, reform of environmental permitting, and utility regulations and will thus accelerate the
replacement of boilers by on-site ATS cogeneration. The turbine's low installed costs, low NO,
emissions, and ability to generate electricity when steam is not needed will also contribute to the rapid
growth of this new steam market.'*

Table 4.12 shows the contributions of these two "markets" to the total carbon reductions. As described
in Appendix D-3, the power-only carbon reductions are much smaller because we assume that the
power being displaced is also quite efficient.' Thus, the ATS only takes credit for carbon reductions
due to avoidance of transmission and distribution losses (7%). In addition, we assume the grid
electricity (see utility chapter for details) and the steam boilers displaced have higher carbon emissions
than those displaced in the efficiency case. For both cases, we subtracted the same traditional
cogeneration that is contained in the NEMS BAU.
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Figure 4.4 Simplified Diagrams of Advanced Turbine Systems in Power-Only and Cogenexition
Mode Compared to Steam Boiler
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Table 412 Calculahon of 2010 ATS Carbon Savings (MtC) and Conuponding ATS Elecmdty

Generation (TWh)**
Combined Heat Power Only- Total
: and Power* :
Efficiency | 4-6 (29-59) 1(120) © 5-7 (150-180)
High-Efficiency /Low-carbon 12-21 (60-120) - 2(220) | 14-24(280-340)

- ~ Numbers may not add up exactly due to rounding. TWh shown above in parentheses.

* Excludes carbon reductions and electricity generation from traditional cogeneration that is contained in the
NEMs BAU case as well as forest products biomass tion which is considered in Section 4.3.3. Other ATS
markets where ATS electricity generation did not in substantial carbon savings were also excluded.

“* See Table D.3+4 for details.

We estimate ATS carbon reductions of 5-7 MtC equivalent for the efficiency case (see Appendix D-3).
This corresponds to an electric eapacity of 23-27 GW and requires 0.5 TCF of additional natural gas
(5% of 2010 BAU industrial demand) due to fuel switching from oil and coal biolers. For the high-
efficiency /low-carbon (HE/LC) case we assume, similar to Section 4.2.2, that the penetration of ATS in
these markets will double over that of the efficiency scenario. In addition, we assume the grid
electricity (see utility chapter for details) and the steam boilers displaced have higher carbon emissions
than those displaced in the efficiency case. This results in an ATS HE/LC carbon reduction of 14-24
MtC equivalent per year by 2010. This corresponds to an electric capacity of 42-51 GW and 1. D TCEF of
additional natural gas (11% of projected BAU 2010 industrial demand).

Most ofthecubon reduction comes from the fact that the ATS has a combined efficiency that is 5-10%
greater than boilers. This greater efficiency also results in electricity costs that are 10% lower than
current generation systems. Equipment costs are projected to be approximately $350/kW ($1.8M for a
5 MW unit) for a recuperated simple cycle unit and somewhat higher for a combined cycle unit. The
" major turbine manufacturers in the U.S. project that ATS will have captured 15% of U.S. power
generating capacity by 2010 (Major 1997). In power-only mode, the system will be competitive against
electricity prices of $0.03-0.04/kWh (Brent and Davidson 1996, Hoffman 1997). More specifically,
Figure 4.5 shows that the ATS is the least-cost option for a wide range of gas and electricity prices, but
it does not compete favorably with very low gas prices (where the large combined cycle turbine is less
expensive) or with high gas prices (where coal gasification systems are less expensive). Note that the
breakeven point between ATS and combined cycle systems is very close to the projected price of
natural gas to industrial consumers ($2.60 per million Btu) in the AEO97 BAU case. -

Even though the ATS is 2-3 years from being commercialized, some of the ATS manufacturers already
have significant orders for ATS (Parks 1997). Since the average order/delivery time is 18 months, this
means that the ATS customers are willing to wait at least 18 additional months for a superior
technology. This suggests that the ATS may penetrate far more rapidly than traditional energy
technologies.

In addition to carbon reduction, these turbines have other environmental benefits. ATS's low-emission
combusﬁonsystemsgmmtelessthm9ppmNOxthroughlem'pmmixcombusﬁonmdlesstth '
.ppm NOx with catalytic combustion, with no other major pollutants. When deployed in 2001, ATS
systems, per MW, will produce 77-95% less NOx per megnwatt than competing power gmerauon
technologies (Major and Davidson 1997b) _
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Figm 4.5 Electric Genmhon Cost Comparison
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433 Fuel-Switchlng Technologlu

hthnmmhdmmngmmwmmﬁm”mdwhwmfudsmd\u
natural gas is feasible and is already included in most energy forecasting models. In the near and
medium time frame, biomass and black liquor gasification technologies described in Section 4.3.3.1
provide the option of switching from a high-carbon to a “no-carbon” fuel. Biomass is considered “no-
carbon” because we assume the CO2 produced will be rapidly resequestered by growing biomass feed
stock (see Chapter 7 for more detail on biomass). These technologies can also be considered PSEM
technologies because they replace inefficient biomass boilers and grid electricity with biomass
gasification cogeneration. Black liquor technology utilizes black hquor gasification instead of
improved efficiency recovery boilers (which are the replacements implicit in the modeling calculations
of Section 4.2.2). Biomass gasifiers replace inefficient boilers for steam and electricity. These
technologies allow the industry to generate more of its own electricity which leads to the offset of
purchased electricity. The extra generation of biomass-based electricity is not included in the
modeling calculations of Section 4.2.2 and is responsible for the carbon offsets calculated here.
Although no examples are provided, other renewable energy-powered industrial technologies (e. g -

solar deho:uﬁcahon) could also be considered low-carbon fuel-switching l:echnolog:u.
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" 4331 Integrated Gasification Combined Cycle Technology for the Forest Products Industry

Integrated gasification combined cycle (IGCC) technologies can significantly impact the carbon
reductions expected in the forest products industry in two ways: (1) by increasing energy self- .
generation and (2) by better utilizing residues from the forest management and manufacturing
processes. Potential offsets of carbon emissions by 2010 are approximately ten MtC equivalent per
- year in the high-efficiency /low-carbon scenario. The efficiency scenario could achieve offsets of about -
5 MtC equivalent per year. To achieve the carbon reductions in the high-efficiency/low-carbon
scenario, it will be necessary to facilitate early commercialization to reduce investment risk and
provide an incentive for industry to commit the resources necessary to mplemmt these advanced
technologies. .

The pulp and paper industry purchases 43% of its energy and uses a diverse mix of resources
including electricity, steam, coal, residual and distillate fuel oil, liquid propane gas, and natural gas. In

1972, the industry used oil for nearly a quarter of its purchased energy but this proportion decreased
to 6.9% in 1994 by doubling purchased electricity and increasing coal purchases by 50%. This complex
purchased fossil fuel and energy pattern is shown in Figure 4.6.

Figure 4.6 Purchased E_netgy in the U.S. Pulp and Paper Indusuy'by Fuel Type, 1972-1994
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Source: Miller Freeman, Inc. (1972-1994)

The industry self-generates the remaining 57% of its required energy through the recovery of energy
and chemicals in spent black liquor, use of residues such as hog fuel and bark in boilers, and
cogeneration of heat and power (see Figure 4.7). The American Forest and Paper Association (AF&PA)
estimates that use of these energy sources displaced more than 227 million of barrels of oil in 1994
(Miller Freeman, Inc. 1996). :

These fuel switches, mmased.cogenmhm and energy conservation measures resulted in a decrease
in energy intensity. Even though total energy consumption increased over the period 1972-1994,
energy consumption per ton of product output decreased by 21% (MﬂlenFmemm,Inc. 1997).

Two opporhnuhes for further improvements were analyzed in detail: increased self-generation from
black liquor and increased recovery of usable energy from hog fuels and bark coupled with increased
recovery of forest residues and pre-commercial thmnmgs Increased se]f-gmmuon offsets purchases
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Figure 4.7 Self-Genmted Energy in the U.S. Pulp and !’aper Indultry by Fuel TYPG. 1972-19%4
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Kraft Recovery Boiler Replacements. Traditionally, about 40% of the energy used in a mill is
. generated from burning the lignin solids. Lignin is the portion of wood that holds the fibers together
and makes them stiff. The pulping process separates the lignin from the pulp fiber. The lignin is a
dilute solution which is evaporated and burned in a boiler designed to recover the pulping chemicals;
heat&omcombusumisusedmnukestemSomeofﬂmstenmuuudmNpply&wmm:needsmd
somelsusedtogmerateeiemdtyfort}mnu]l '

Inmebhckﬁquorgasiﬁcatimcombinedcydeproom,alittlelassteamisgmmmdbuttwotoﬂuee
‘times more electricity is produced. Process changes designed to make mills more environmentally
friendly tend to change the balance of energy forms that a mill uses. Mills are using less steam energy
and more electrical energy; the combined cycle process fits right into the future process needs.

The technology is coming on the scene at an opportune time because most of the existing recovery
boilers in the industry are reaching the end of their useful safe operating life. The majority of recovery
boilers were put into service between 1955 and 1980, with a peak period around 1967 (see Figure 4.8).
For environmental and safety reasons the industry is developing alternative technologies in
anticipation of replacing these boilers after a 40-year service life. The need for capital replacement
creates an opportunity for penetration of new, high-performance, environmentally acceptable
“technologies. The gasification component of the replacement technology is already at the early stages
of commercial deployment, mainly as a means of expanding mill electric generation capacity in
situations where the current recovery boiler limits throughput. There is a need for chemicals recovery
cycles to be tested and for the integrated cycle to be demonstrated. Expediting RD&D could allow
significant carbon emissions offsets by matching the timing of technplogy developmmt and
commercialization to the need forboderreplacemmt.
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 Figure 4.8 Kraft Boilers in Service in the United States
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A major barsier to the adoption of black liquor IGCC systems is the central role that the current -

recovery boiler plays in the chemical and energy recovery of the mills. Typically, this part of the
pulping process has to reliably operate at full throughput with annual capacity factors of greater than
95%. A further barrier is the need for process heat. Increasing the electricity output will require a
concomitant improvement in process heat utilization since the steam output of the black liquor IGCC

system will be 21% less than that of the recovery boiler, even though the electncxty output is
effectively doubled.

Replacement of the current recovery boilers by new technology based on gasification to recover both .
process chemicals and the energy content of the dissolved lignin has the potential to produce 104 TWh
of electricity per year, offsetting about 100 Mt of CO, emissions. Full replacement of the current
recovery boiler capacity at the 1996 production volume would offset 26 MtC eguivalmt per year.
Based on a rate of recovery boiler replacement that assumes a 40-year life for the existing recovery
boilers, the 2010 displacement is 5.2 MtC equivalent per year, and the 2020 displacement is 8.7 MtC
equivalent per year. The methodology used to determine the replacement rate, on which the projected
carbon reductions are based, is discussed in Appendix D-4. The black liquor IGCC system is designed .
to meet New Source Performance Standards (NSPS), and would also have low NO, and SO,
emissions. Investment costs for integrated gasification combined cycle are forecast to be less than
those for replacement with a conventional recovery boiler system, on a dollar per kilowatt-hour basis.
It is anticipated that IGCC systems would be competitive against electndty purchases at $35/MWh.

Residual Biomass Boiler Rephcemenu Food processing, wood products, and pulp and paper are
industries that generate large amounts of residual biomass (e.g., waste wood and bark). While much
of this biomass is currently being used, if it were gasified and used to cogenerate steam and electricity,
it would substitute for (largely) fossil fuel-produced electricity. Advances in turbine efficiency (see
- Section 4.3.2.1) make this an economically attractive option. By using residues from pulping processes
as well as biomass from forestry operations in corqtmcuon with gasification and combined cycle
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¥ tedmolopes, 2.3 GW of capacity can be put in place by 2010, offsetting 4.8 MtC eqmvalent per year.
This would represent about one-third of the potential mill conversions projected to need replacement
by that time. Because of the stage of development of the technology and its markets, a conservative
estimate would reduce replacements from one-third to one-quarter of the potential mill conversions.

Using the more conservative penetration, the carbon replacement potential from gasiﬁcatwn of
mdualbmnuss:sBGMtCeqmvﬂmtperyw -

Approximately 200 mills are already producing heat and some power from the use of residual
biomass in their processes.” The majority of in-place boiler units entered service between 1965 and
1975 and need replacement; they are either reaching the end of their service lives or they may have
difficulty meeting environmental regulations (or both). Residual‘biomass gasification can penetrate
this replacement market with the potential to double the net rate of electricity generation - from a .
generation efficiency of about 15% to 35%. The technology is already in the early stages of
commercialization with the first 18 MW IGCC operating in Sweden. Prototype units are being

demonstrated elsewhere in Scandinavia and the United States. : )

The current cost of this technology is approximately 50% over the ﬁhnt cost when the technology is
mature. Incentives will be necessary to facilitate entry of the technology into the replacement market.
One proposal is a capmlcostbuydown to bring technology costs down.

The gasification system is designed to meet New Source Performance Standards (NSPS) and would
have low NOyx and SOx emissions. Biomass growth and harvesting would be according to best
practices, and to some extent the biomass fuel source could mclude matemls that are currently
landfilled and thus contribute to landfill methane emissions.

43.4 Low Process Carbon Technologiu

Low-process carbon technologies reduce or avoid the emission of non-combustion- CO2 and other
greenhouse gases in industrial and other processes. As shown in Table 4.13, 92% of the carbon
equivalent emissions of process carbon are due to non-CO2 grecnhouse gassthathave far higher
global warming potentials (GWP) than CO2.

43.4.1 Industrial Sources of Non-CO, Greenhouse Gasses

Although non-CO, industrial emissions of greenhouse gasses are small by weight, they have GWPs
that range from 21 for methane to 23,900 for sulfur hexafloride (SFg). Figure 4.9 shows the relative
contribution of these other gases in MtC equivalent. The largest non-CO, greenhouse gas contribution
is from methane (CH), which is responsible for 177.5 MtC equivalent and has a GWP of 21. Next is
nitrous oxide (N;0) 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 emissions are growing rapidly - and the
United States is the major source. As shown in Table 4.13, emissions of these other greenhouse gases
from agriculture (27%), mmmg/mergy extraction (25%), service (24%), and transportation (8%)
sectors are important.

‘Ihemmufactunngsectoraccmmts for 14% ofcarboneqmvalent emissions duetooﬂmrgreenhouse
gases. Themmufachumgpmcesses&ntgmntecmcmmommdude: ¥

e Waste emissions of CFy, Cst, C3Fg, NF3, and CHF3 from plasma etchmg, dlem.lcal ‘vapor
depom.hcm (CVD),andCVDclumberdemmghsmuconductormanufa:tumg,
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« Waste emissions of SFg from the manufacture of transformers, circuit btukers/load-sheddmg
devices, and electrical dnh-ﬂ:uhmcompmmuwhereSPs is used as an insulator;

« By-product emissions of N20O from adipic acid manufacture;"®
¢ Waste methane emissions from production of ethylene and styrene;
« PFC emissions from aluminum production (see Section 4343);and

= Waste emissions of SF¢ from magnesium casting in which SFg is used as a cover gas to protect
against catasl:rophm oxidation. ¢ Vs

“Table 4.13 Process Carbon Emissions and Energy Use by Sector

Carbon Emissions (MtC equivalent)
" Other GHG

EIOORS E5 Carbon .. Total Carbon E‘;;ffdg“
Equivalent :
Manufacturing - 184 33.0 - 514 : 24
Service 0 58.2 58.2
Agriculture 0 . 667 66.7
Mining/Energy 0.9% 615 624
Extraction
Construction : 2.0 0 _ 20
Subtotal Industry 213 219.4 2007 326
Buildings 0.0 | 53 53 337
Transportation 0.0 19.0 19.0 255
Total ' 213 243.7 265.0 . -918
*Source: EIA 1996 - ‘
**Gas flaring.

r

While none of the manufacturing emissions are particularly large, we note that global emissions of SFg
are increasing at a rate of 7-8% per year. This is of particular concern because SF¢ has a very high
global warming potential of 23,900 and an expected lifetime of 3,200 years, making it a very potent
greenhouse gas. Thus SFg emissions alone are increasing at a rate of 0.5 MtC equivalent per year (EIA
1996). Several emerging technoldgies may be immediately helpful in avoiding these emissions. For
example, applications of high temperature superconductor technologies include transformers and
current limiters that act as circuit breakers (Platt 1997). Many of these emissions are seen not only in
energy-intensive industries but also in “high-tech” manufacturing industries. These non-energy-
intensive industries include semiconductor manufacturing and equipment manufacturing for the
electric utility industry. Due to scope and time constraints, technology options to reduce these
emissions are not addressed in this report but are an important area for future analysis.
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Figure 4.9 Non-CO, Greenhouse Gas Emissions in the United States (MtC equivalent)
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4342 Process CO, Emissions

Compared to other greenhouse gases, process CO, emissions are relatively small, accounting for only
9% of process carbon emissions and less than 5% of industrial combustion-related CO, emissions.
Overall, the industrial sector duectly emitted about 23 MtC from COz industrial processes.

r

The primary indu.su'ial'procelm that generate process carbon emusm include:
e The calcination of hmestone in cement manufacture (largest single source);

e The manufacture and oomumphon of limestone (e.g., in lime kilns, iron smelting, steel making,
glass manufacture and flue gas desulfunuhon),

e Dolomite consumption;

. Sodanshmanufactureandcmsmphm(e.g,mghssmmufacture ﬂuegasdwulfunzahon, and
chemicals produchon),

. CO; manufacture;

At g el RO 5 Rl
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e Gas flaring; and
® Aluminmp?ociuction.-

~ There has also been a disproportionate increase in process CO, emissions relative to combustion- -
related CO, emissions. Over the past eight years, process CO, emissions have increased nearly 16%
while combustion-related CO, emissions have increased only 4%. However, these process carbon data
are highly uncertain due to their variability across sites due to non-uniform measurement technique.

For example, the carbon emissions could be flat in reality but appearing to rise because measurements
are more comprehensive today

-

The followmg sechons describe carbon savings in the aluminum and cement mdustnes that are
possible given aggressive RD&D and commercialization strategies.

4343 Low-Carbon Technologies in Primary Alumlnum Productlo;t

Because of the very high chemical stability of aluminum oxide and other aluminum compounds, the
production of aluminum metal was not feasible until the nineteenth century when electrical power
generation facilities became available to permit commercial electrolytic reduction operations. Création
of today's world-wide aluminum industry occurred after the simultaneous inventions by Hall and
Heroult of a process for high-temperature reduction of aluminum oxide dissolved in a molten fluoride
saltusmgacarbonanode wkuchxsconsumeddumg&ueprocessmchngtoformmbondmnde

The global warming po_tent_ml assoaatgd w:th aluminum prod.uctl.m mults from several factors

e First, carbon dioxide is generated at fossil fuel plants that produce the electricity required for the

electrolysis process.? State-of-the-art Hall-Heroult cells achieve power consumption levels as

~ low as 13,200 kWh/tonne of aluminum produced; however, most alummm:n plants require more
electricity per tonne of product.

e Second, the production of one metric ton (or tonne) of aluminum leads to the generation of at
least 1.22 tonnes of process carbon dioxide (or 0.33 tonnes of carbon) from the reduction cell

e Third, global warming effects also result from the generation of perfluorocarbons (CF4 and C2F¢)
during instabilities in the cell operation (called "anode effects”) that occur when oxide
concentration in the cell bath becomes undesirably low. In 1994, aluminum smelting is estimated
to have emitted the equivalent of 4.2 million metric tons of carbon equivalent, from
perfluorocarbon (PFC) byproducts (EIA 1996).

Further reductions in the levels of greenhouse gas emissions assomted with primary aluminum
productlon will require: . :

1. Development of reduction technologies that require less energy fofprimuymetalproduction;

2. The development of mert, non-carbonaceous anodes that are not consumed through the
reductlmprocess and :

3. The development of Jmproved cell desxgm and operating control strategies to reduce PFC
emissions.
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On the basis of ongoing research on aluminum reduction technology, the desired improvemmts will .
require the development and commercialization of retrofit advanced cell technology with wettable

cathode and inert anode components. Two scenarios have been developed: an efficiency scenario,
based on the development and use of wettable cathodes with conventional carbon anodes, and a high-
efﬁamcyllow-carbcm scem.no,based ontheadd.mon of inert anodes to the advanced cell.

Under both the efficiency and high-efficiency/low-¢arbon scem.rios, R&D on advanced aluminum
production cells would be funded by both the federal government and the private sector. However,
under the high-efficiency/low-carbon scenario, the development of inert anodes and the associated
- control systems would be pursued more aggressively. In either case, alternative cathode and anode
materials, advanced cell designs, and advanced operating control'methods would be developed with
the overall goal of reducing the cell voltage (electrical energy requirements and associated power
plant CO2 emissions), eliminating CO2 cell emissions, and significantly reducing emissions of PFCs
arising from cell operating instabilities. In the discussion below, we analyze the incremental energy

efficiency improvements and reduced carbon gas emission savings from these advanced low-carbon ° '

technologles for primary aluminum production.

Under the efﬁcxency scenario, the wettable cathode part of the advanced cell is forecast to be ready for
commercial operations by approximately 2005. Conventional, non-wettable cathode cells operate with
thick metal layers above the cathode surface. In contrast, use of wettable cathodes permits cell designs
in which product metal can be drained from the cathode to collection sites within the cell leaving only
a thin film of metal at the cathode surface. Normal undulations at the metal surface resulting from
electromagnetic stirring and gas bubble driven circulation are virtually eliminated with wettable
cathodes permitting cell operations with reduced anode-cathode spacings. In combination with
advanced process sensors and control systems to optimize cell operation, the potential energy savings
are estimated to be as high as 15-20% over conventional cells (DOE 1990). These same sensors and
control systems would yield reduced levels of PFC gas emissions. These technologes will be designed
fors:mullaneous or independent retrofit use on existing cells.

The high-efficiency/low-carbon scenario forecasts the additional development of inert anodes. The
most promising materials presently being evaluated are ceramic/metal composites consisting
primarily of nickel oxide and nickel ferrite with a copper/mckel metal phase (Windisch and Strachan
1991). These permanent anodes would also eliminate CO2 emissions associated with the manufacture
and consumption of carbon anodes. If successful, the advanced cell would result in an apprommate
27% reduction in the electricity requirements for pnmary alummum production. ;

Research would be scheduled so that commercial-scale demonstration tests (individual commercial
sized reduction cells up to the actual conversion of an operating potline) would be in operation by
~ approximately 2005. To re-engmeer an existing smelter site with radically different production may
require a capltal investment ranging from $500,000 to $2 billion. For investments of this scale,

conclusive demonstrations defining operating performance, operating costs, and equipment lives

must be completed to achieve industry acceptance and widespread adoption.

The economic feasibility of the advanoed technology would be enhanced if federal policies promoting
further reductions in carbon emissions were established. Even without such policies, the U.S.
aluminum industry has expressed a goal of eliminating process CO2 emissions in primary aluminum
(Energetics 1997). Furthermore, trends toward increased use of aluminum in the transportation sector
to improve vehicle fuel efficiency through weight reduction could significantly increase demand for
primary aluminum, further increasing the economic feasibility of the advanced cell technology.
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Undertheefﬁdm:yscmmo, weassumethatﬁve ofﬂumshngZZalmimm\phntsopemtmginﬁw
U.S. (American Metal Market 1997) are retrofitted to use the advanced wettable cathode cell. With an
average plant capacity of 190,000 tonnes of aluminum per year and an average annual electricity
consumption of 13,200 kWh per tonne of aluminum, electricity efficiency improvements of 17% in
these five plants would result in 0.19 million tonnes of reduced carbon-equivalent emissions in 2010*
'I'l'usisOOQMtCmorethantheefﬁc:encyscemnodescribedmSechmli.Z.z.zz In addition, the PFC
emissions from anode effects are projected to be halved in those five plants where wettable cathodes
are installed. This would represent an 11.4% (or 0.48 MtC) reduction in the aluminum industry’s
‘ carboneqmvnlmtenusmonsofthC.”

Under the high-efﬁdmcy/ low-carbon scenario, use of the advanced, inert anode by 10 of 22 plants
could lead to reduced carbon emissions by 1.6 MtC equivalent, of which 1.00 metric tonnes of carbon

savings are due to the reduced consumption of electricity. This is equivalent to 0.67 MtC over the

high-efficiency /low-carbon scenario described in Section 42.2* An additional 0.6 Mt of carbon
savings result from the elimination of carbon emissions from the production cell.” The use of inert
anodes to eliminate the process CO2 emissions from smelting was not considered in Section 4.2.2;
thus, all of these carbon reductions are accounted for here. In addition, the PFC emissions from anode
' eﬁectsarepro]ectedtobeehmmhedintlwselOplantswhmmertanodesaremstalled. This would

represent a 45.5% (or 1.91 MtC) reduction in the aluminum industry’s carbon equivalent emissions of
- 42MtC¥

These carbon reduction estimates are summarized in Table 4.14. The advanced aluminum production
cell in the efficiency scenario accounts for 0.6 MtC (or 0.5 to 1.0 MtC) of reductions above the carbon
reductions already incorporated in Section 4.2.2. The high-efficiency/low-carbon scenario accounts
for 3.2 MtC ( or 3 to 3.5 MtC) more than the carbon reductions already incorporated in Section 4.2.2.
Technical details of the advanced aluminum production cell are discussed in Appendix D-6.

Table 4.14 Carbon Reductions from Advanced Aluminum Production Cells, in 2010 (MtC]

Sources of Carbon Reductions Efficiency Scenario H‘g""rb"":;“s‘:‘gﬁ“"
Electricity Savings | |
eIncluded in Section 422 - 01 . 03
eIncrement above Section 4.2.2 0.1 0.7
Cell Production ; ' ' 0 0.6
Reduced Perfluorocarbons 05 . 19
Total ' 0.7 . 35

43.4.4 Replacing Cement Clinker with Solid Wastes

The cement industry is the single largest source of U.S. process CO2 emissions and a major energy
user. The annual process CO2 emissions from the U.S. cement industry are 9-10 MtC equivalent (EIA
1996). Energy-related CO2 emissions are of similar magnitude depending upon the cement kiln
technology. Some estimates indicate that each ton of cement clinker produced results in the direct
emission of one ton of CO2. Other estimates with different kiln technologies have a much higher
energy/process CO? ratio. Of the process emissions, about 60% of the direct emissions are from
calcination of limestone and the other 40% are from combustion products from fossil fuels that directly
or indirectly supply the energy for calcination. :
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technically straightforward and cost-saving way to reduce energy input and carbon emissions per ton
of cement is to replace some of the clinker with abundant utility and steel plant wastes such as fly ash

or granulated blast-furnace slag. Such a replacement makes cement with somewhat different =

c pmpuﬁu,butsﬁﬁnuﬁshcbqbuildingmhuiaLMutEmpemmmuiuaﬂowsud\cmmBmd
have found that these cements last longer and are more tolerant to salt water than pure clinker cement.
However, U.S. product specifications (Standard Specification for Portland Cement, ASTM C150) do
not allow any extra ingredients in cements. These specifications are difficult to change because the
small minority of those who might lose markets (e.g., non-integrated cement producers) can easily
stop changes under the current system. A recent study (Sauer 1997) estimates that changing the U.S.
specifications to permit inter grinding could reduce both energy and process CO2 emissions by 5-20%
per year by reducing demand. If the specifications were changed, it is likely the new technology could
be rapidly adopted by U.S. cement manufacturers, especially the multi-national firms that are already
using this type of cement in Europe. Urider the high-efficiency/low-carbon scenario, the barriers to
this technology could be overcome. In addition, there would be motivation to conduct further -
research, development and demonstration activities exploring a wide range of cement inter grinding
materials and percentages and to ensure that they provide the same or improved performance. Based
on these studies and assuming a low-carbon, aggmss:veR&Dsomario our estimate is that by 2010, 1-
2 MtC equivalent of industrial carbon emissions could be avo:ded due to cement inter grinding and
mplacemmt."

Though the manufacturing process has remained the same, the U.S. cement industry has changed over
the past 20 years. The number of kilns in operation has dropped by 50% since 1975. There has been a
28.3% improvement in fuel efficiency since 1975, dropping the energy required per metric ton of
cement from an average of 7.26 MMBtu in 1975 to 5.20 MMBtu in 1994. Over 60% of U.S. clinker
capacity is foreign owned or affiliated with foreign firms, and most of these are integrated European
cement companies. The primary customer, accounting for 60% of shipments, is the ready-mix concrete
industry which supplies concrete, mixed to customer specifications, to construction sites (Bureau of
Mines 1994). Concrete typically contains 10-15% cement as a binder. Cement demand is projected to
grow at 1% per year, half the rate of GDP.

On average, energy accounts for between 30 and 40% of cement manufacturing cost. Electricity
represents about 10% of energy input, but frequently accounts for close to 50% of total energy cost.
Integrated cement producers and ready-mix concrete suppliers would benefit from replacing high cost .
clinker with low- or negative-cost materials. The cement industry is already a leader in waste
utilization. More than half of plants responding to a 1994 survey reported the use of one or more types
of waste as fuel. This technology could, however, speed the decline of non-integrated cement

producers. ' ..

In addition to reducing CO2 emissions, this technique also reduces NOx, SO, and particulate
emissions associated with electricity use. It also reduces solid waste by replacing quarried raw
materials with wastes and by-products such as fly ash, foundry sands and mine tailings.

4.4 PROVEN INDUSTRIAL TECHNOLOGIES

Although our forecasting methodology does not draw du'ect.ly from detailed representation of
individual technologies, the forecast savings that are expected in each sector will be drawn from a
variety of sources of new technologies and business practices. This section illustrates the range of -
commercially available and near commercial innovations that firms in these industries can draw upon
to achieve the additional reductions in energy use that are considered feasible in the HE/LC case and
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could contribute to this projected decline. In addition, we provide examples of tec}mologles that
directly dxsplace carbon in Section 4.3.

- We provide Lllustrauve examples of' u:rrently-avulable technologms that we believe could be
integrated into industry to provide the savings suggested by the model simulations for each energy-
intensive industry; we also provide examples of cross-cutting technologies. We describe how each
technology is used and from what type of efficiency it draws its energy and cost savings.

Some technologies recover or reduce the production of waste heat in high-temperature applications
while others optimize the process load to the energy-using equipment. Many of the most successful
technologies have multiple benefits, including pollution prevention or productivity-enhancing
features. A technology that reduces product loss or increases process throughput will often reduce
labor or material costs as well as energy costs. For example, continuous casting, widely adopted by
the steel industry, is cost-effective based on its energy savings alone but industry has adopted
continuous casters in large measure because of the improvement in steel quality and because it
reduces losses. Similarly, impulse drying, an emerging technology, saves energy, but also allows
additional throughput on the paper-making machines and will improve the quality of the product.

While it is felt that these technologies are representative and have the potential to be readily accepted
by industry, the estimates of energy savings provided below do not represent any industry consensus of
the relative difference between the new technology and average practice. Instead we rely on available,
published hmmmmatmm&mpu{ommof&mhdmobgmsmdbusmesspmm

The diversity of industries, businesses, plants, and pmcesses implies that not all of these examples will
be universally cost-effective, or even applicable. Site- or plant-specific constraints may prevent the use
or economic acceptability of a technology for retrofit applications that would be readily accepted in a
new plant design. In many of the most energy-intensive process industries, few green-field plants are
being built in this country, further limiting some applications. While we do not consider explicitly the
economics of when to replace old equipment, we understand that a variety of considerations enter into
this business decision, including:

e How learning curves tend to continually lower the costs (including energy costs) as cumulative
production experience with new technology is gained; ; '

e Countervailing factors like “wear and tear” that tend to increase costs over time;
e How the introduction of new equipment can alter the economics of existing eql.iipmmt; and
e Available design trade-offs between ca'pitnl and other costs, especially energy costs.

New and replacement capacity will be put into place at many existing plants based on these and other
decision variables. The opportunity for new technology to be adopted occurs at the point in time
when these decisions are made. It is at this point that energy prices and capital discount rates can
influence the decision to purchase new technology and thus the adoption of tachnologxes for which
examples are given below.

Many of these technology examples exhibit energy savings of more than 5-10% relative to current
average practice, but the turnover rates of the capital stock in the énergy- and capital-intensive
industries require our projections to take this into account. In 13 years, many of these technologies
(and many others not listed here) are capable of reaching higher levels of penetration, but most will
not achieve 100% penetration. In addition, the technology examples often account for some fraction of
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the energy use in that sector. Howevef, the examples show that there are many ways in which
eﬁ:imcymmdumymbeiruemd,givmﬂmﬁghtirmﬁm.

' Bnefdesmphomofmergy—efﬁnenttedmologyoppomnuuesfor&wmdusmalsectormprovidedin
-ﬂ\efollowmgucuom momdetaﬂsareavaﬂableinthumuatedappmd:cesandmfm .

4.4.1 Cross-Cutting Tnchnologlu

There are a variety of crossﬁcuthng technologies that are not process- or product-specific in operation
in industry. Some include lighting and heating, ventilation, and cooling technologies that are also
commercial applications and are not discussed here (see Chapter 3). Others include sensors and
computer control systems which have a common underlying technology, but have a variety of
configurations and benefits depending on the industry. There are two major ways that all of industry
can benefit from improved efficiency: cogeneration and improved motor systems.

4411 Comblmd Heat and .Powor

Combined heat and power (CHP) is the joint production of useful steam and electricity, either for on-
site use or sale back to the electric grid. There are substantial thermodynamic advantages to the joint
production of heat and power that could greatly reduce generation losses from traditional power
production and would reduce carbon emissions system-wide. The advantage of such an approach is
that little additional fuel is required for the electricity generation over that required for simple steam
production. 'I'hus,theeﬁﬁamcyforuseofﬂ\ethumalmugyavaﬂableﬁom&mfuel:shxgherﬂun
with separate electricity generation and steam production, and the net greenhouse gas emissions can
e reduced by the application of cogeneration. Based on a typical boiler configuration, the gas turbine
with heat recovery steam generation is typically the most cost-effective (Boyd et al. 1996). CHP can_
also help reduce carbon through fuel switching to low- or no-carbon fuel. Under the BAU case, CHP
power production will grow to 333 TWh by 2010. See Section 4.3.2 for an example of a CHP system
that can reduce carbon emissions far more than predicted in the BAU.

4412 Motor Systems

Energy-efficiency opportunities associated with electric motor drives derive not so much from the
replacement of motors with high-efficiency motors as from energy-conscious design throughout the
system employing the motor drive. Such a systems approach (see Section 4.3.2) has also resulted in
significant non-energy savings when motor systems are improved.” The system includes power
supply lines, controls, motor feed cables, the electric motor, the drive and transmission system, and
the driven load. Each of these system elements may present a significant opportunjty to conserve
mgy- =~

The power supply and control sy'stuns affect efﬁcimcy in three ways. First, power is consumed by
resistance losses in the supply wires. Second, losses in the supply wires may contribute to voltage

imbalance in the power supplied to a polyphase motor, leading to reduced efficiency and possible

motor damage. Third, other system loads and certain control devices, particularly adjustable speed
drives, can distort the sinusoidal AC voltage provided to the motor, resulting in efficiency and torque
losses, vibration, and poas_ible bearing damage, which is accompanied by increased friction. :

Inssesmteddkecﬂym&&uedecmcmotormdudeehc&walwmlosm magnetic losses,
friction and air flow losses, and stray losses associated with manufacturing quality limitations. High-
efficiency motors address these losses, though efficiency improvement over standard motors may only
average 5% to 7%. While an electric motor consumes less than full power when the load it serves is
less than the motor rating, the efficiency of the motor declines dramatically as the load declines below
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40% of rated Ioad Since motor over sizing is common practu'e ttmprowdesamgmﬁmtefﬁmwy

improvement opportumty

Imsesuwdntedmmdnvesystemsmmmonallossesmbeltandgwsysm H.ighm'lossesm
associated with greater speed reductions, which may improve the relative economics of adjustable

" . speed drives (motor speed control). Wh:lednvetranmssmnefﬁumcymaybewe]loverm itmay -

be below 50% as well. Thus, drive system design may offer more savmgs opportunity than motor

The most important savings opportunities will often lie in specification and design of the driven load. .
In the extreme, process changes may eliminate the need for the load entirely or equipment substitution
can reduce power requirements. For instance, mechanical conveyors may be used rather than
pneumatic conveyors at a substantial energy savings. More commonly, proper selection of loads such
as fans, pumps, and compressors to match the intended application requirements will result in the
equipment operating at higher efficiency and presenting less load to the electric motor. Then, proper
matching of the remaining load to a motor, perhaps with variable speed control, will result in optimal
overall system effmency : _ ' , :

4.4.2 Pulp and Paper .

Paper manufacturing was one of the most energy-intensive industries in the United States in 19%4,
using more than 18,500 Btu per dollar value of shipments. The manufacturing of paper requires that a
fiber source, normally wood, be chipped, digested, bleached, and then formed as a slurry from which
paper or board is made. Once formed as paper, the product must be dried. Large amounts of steam
and power are used to debark and chip the wood, digest the wood, bleachthepu.lp, and dry the paper
products. Much of this energy source (over 50%) comes from the reprocessing of lignins from the
wood, bark, and unusable portions of the tree. In lumber and wood products, the {ncuon of biomass
energy sources is nearly 70%.

In paper manufacturing, any technology that will economize the use of steam, reduce the need for
heat, better utilize the biomass fuel sources available, or help to balance both steam and power needs
will improve the performance of the industry. The technologies that hold promise to reduce energy
and carbon emissions in the near-term continue to economize on the use of heat. Longer-term options
alter the balance between steam and power. The most promising near-term options are discussed
below.

Impulse Drying: Impulse drying reduces the huge energy requirements of evaporative drying by
removing more water in the pressing section and reducing the amount of water which must be
evaporated. The total energy savings for full implementation of this technology are estimated to be .
approximately 0.25 quad/yr. Without an invigorated effort, the net energy savings are estimated to be
about 12 trillion Btu annually from a market penetration of only 65 drying units by 2020. Impulse
drying methods allow papermaking machines to run at higher speeds, thereby increasing production
rates. This drying method reduces energy use by one-third, reduces production costs by $5 per ton of
paper, improves paper strength by 25%, increases productivity by as much as 80%, and reduces
carbon dioxide emissions as well. , .

Multiport Cylinder Drying: The evaporative drying in a paper mill is accomplished by winding the
continuous sheet of paper serpentine over a series of rollers. The rollers are pressurized with steam
which condenses on the inside of the roller. The multiport cylinder drying concept uses an alternative
method to remove the condensate from the drier, which reduces the condensate film thickness inside
the drier to 25-30% of conventional technology. This improves heat transfer and increases drying.
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On-Mach.i.ne Sensors for Paper Properties: The developmmt of new sensors to provide real time
feedback on whether the process and product are within specification can save the energy of
reprocessing off-grade material and allow the use of greater amounts of recycled fiber. With an on-line
sensor ‘for strength properties the process variability can be reduced and greater proportions of

. recycled fiber utilized. A 10% reduction in refiner energy at a single mill saves more than 70 billion

Btu/year. Reducing the normal off-grade production rate by 50% (from a typical 5% to 2.5%) can save
an additional 118 billion Btu/year. If 300 plants adopted&ue sensors, themnual savings would be
aboutéOmJJ;mBm. :

Biomass Guiﬁcation Cogeneration: The pu.lp and paper industry is about 57% energy self-sufficient,
due to the use of wood residues (ie., hog fuel and bark, pulping wastes, and cogmerated electricity).
The gasification of biomass and electricity generation through a combined cycle would increase the
electricity output of the paper imlustry,ﬁ:rtlmrreduungpurchuedelecmtyneeds. To meet the in-
plant process steam requirements, this biomass-based integrated gasification and combined cycle (BM-

IGCC), would require an increased utilization of wood residues (about double) possibly from wastes -

in plantation forestry or other sources. If one-third of the current population of hog and bark boilers
were to be replaced with BM-IGCC, many of which will be retired by 2010, then cogeneration output
from the paper industry would increase by 17 billion kWh, about 27% compared to 1994 levels. This
would reduce total US. mdustnalelectndtypurc.hambyls%mzowandcarbon u:mssmnsby about
1.3 million metric tons.

443 Chemicals

The chemical industry is almost too complex to characterize as a single industry. Some products -
chlorine and other industrial gases — are made electrolytically or using electricity to compress and
liquefy gases. Other processes, such as petrochemical processing, require high temperatures and

pressures to effect the chemical combination or separation that is required. Within chemical

manufacturing there are over 30 industries and more than 10,000 products. A recent study by
Steinmeyer (1997) found that, in the chemicals industry, simple capital-energy tradeoffs (e.g., using
larger pipes and heat exchangers) result in a 37% reduction in process energy consumption for a cost
of less than 1.5% of total production costs; this study examined only energy-related costs. Another
recent study by Elliot (1997) showed that productivity savings are often far larger than energy savings.
For example, at the Louisiana Division of Dow Chemicals from 1982 to 1993, the average total annual
savings from efficiency projects was 3.2 times the energy savings (Nelson 1993).

Reaction and separation are at the heart of most chemical engineering processes, and they typically
require heat, high pressure, or both. Because of these requirements, the industry in 1994 used 5.3
quads of energy (second only to Petroleum Refining) and required nearly 16,000 Btu per dollar of
product shipped. Promismgtechnolog:esforthemtermmthou&uteconome on the use of
heatorcoohngorbrmg&:etwombembalm Exampleare:

Pinch Analytical Techniques: The “pinch” technique was originally a method for optimizing heat

recovery in thermal processes and has more recently been applied as a general optimization tool. .

Energy savings occur because of the heat recovery process (waste heat from one process is used to
provide needed heat to another). In the classic case of heat exchanger networks, the pinch point helps
to define the best matchbetwmavaﬂableandneededhut,allnwing&\eheatexdmnge system to be
optimally sized for greatest cost-effectiveness. In early applications, energy savings averaged 30%,
with capital cost savings in new plant designs, mdmympaybackahre&oﬁtsuecommm
Refinements to the technique have resulted in typical savings of 50% in new plants and retrofit
paybacks of six months. By the mid-1980s the use of pinch analysis was mdespread in the chemical
industry, md:tsusehasbmdmedhn&mmeeﬂm(WECl%) .
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Advanced Distillation Control Techniques: Distillation in refining and chemical industries consumes
3% of total U.S. energy use, which amounts to approximately 2.4 quads of energy annually. In
addition, distillation columns usually determine the quality of final products and many times
determine the maximum production rates. Distillation columns commonly use 30% to 50% more
energy than is necessary to meet the product specifications. It has been estimated that an overall

* average 15% reduction of distillation energy consumphon can be attained if better column controls are
applied. T

4.4.4 Petroleum Refining

The most emrgy-mtenswe processes are: dlstl.llauon, cafalytic hydrocracking, reformmg and
hydrotreating; alkylation; and hydrogen production. Efficiency improvements can be achieved in the
following ways: (1) introduction of more efficient equipment; (2) reducing process activation energies

(through improved catalysts); (3) improving equipment mtegrauon to recover more heut and/or (4)
adopting improved process control.

4441 Monltorlng Overall Energy Performance

Refineries could promote energy efficiency by rigorously pursuing a program to monitor
equipment/process/overall refinery energy performance to identify when a system or piece of
equipment begins to become inefficient so that corrective actions can be initiated.

4442 Utility Symm Improvements : )

'Iheprmupa]uu.l.ltysystemsmareﬁnerymthecoohng,steu:xpower,mdﬁae]-gassystems they are
integrated- with virtually every process subsystem. While their impact on the overall refinery
operating profit margin is relatively small, the potential for energy savings is substantial (see
appendix for details). '

4443 ) Process/Equipment Modifications

Major opportunities to reduce energy usage also exist through m&oﬁtﬁng and/or replacement of
existing equipment nearing the end of its useful life. Examples of such opportunities are as follows:

Fired (Process) Heaters, Over 60% of the energy used in refineries is obtained from burning gaseous
. fuels in refinery heaters. For higher temperature processes such as steam reforming, the application of
advanced oxy-fuel combustion systems such as Dilute Oxygen Combustion can result in net fuel
savings' of 25%. These gains can be enhanced further by converting natural gas to hydrogen and
carbon monoxide, making use of waste heat generated by the Dilute Oxyg\:n Combustion System.

Boilers. About20%ofa]lenergyusedbypetroletmmfmersnsusedforgenerahonofstem One
route for improving boiler efficiency is through improved sensors and controls. For example,
balancing the burners in a multi-burner boiler and reducing excess air can cut fuel use by 10 to 25%.
In single-burner boilers, controlling excess air can lead to similar gains. The technology to automate
excess air firing is available, butnpmchca.lsystemmmenlyem away.

4444 Fluid Catalytic cmldng

Fluid catalytic cracking (FCC) is currently the most mergy-eﬂ'iamt and widely used of the cracking
processes. Improved computer simulations of cracking kinetics should result in an improved
* commercial technology by the year 2008. Introduction of improved catalysts and other process

|
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modifications would occur somewhat later. PCC improvements could eventually lead to COy
reductions of up to 8 MIC. . .

. 4445 Fouling Illtigaﬁon in Heat Exchangers

Swmpmﬁofmemhlmgycmsmdmpeuokmnﬁnmgudummﬂrgyneededwm
heat exchangers that have a fouling build-up. Research indicates that improved operations and
retrofits can reduce fouling. An accelerated program of heat exchanger retrofits and better
understanding of fouling conditions could reduce CO; emissions by 0.5 MtC by 2010.

445 Glass _ | ' T

'Iheghssmdustrynscompmedofseveralma;orpmduct segments, u&m&ﬁ\mownprocesses for
producing final products. The segments include container, flat glass, wool and textile fiber, specialty,

lighting, and hand glass. The major common energy-intensive stage of the glass industry is the glass -
furnace. There are nearly 500 furnaces in over 200 plants in the glass industry (ignoring the smaller
hand glass segment). While there are other stages of product finishing which also require significant
amounts of energy, the examples below focus on the glass furnace as the primary area of concern for
energy efficiency. Other process and product specific areas of energy efficiency are also possible.

4451 Oxy-Fuel Process

Since 1991, the fiber, container, and specialty glass industries have accepted the oxy-fuel process as an
alternative to regenerative and recuperative air-fuel furnaces. According to one source, more than 50
major furnaces (20 ton/day) have been converted to oxy-fuel combustion technology (Geiger 1996). In
the oxy-fuel process, oxygen or oxygen-enriched air is used in combustion in the melting furnace. It is
reported that fuel savings from oxy-fuel conversions are typically 10-15% for well designed soda-lime
regenerative furnaces, and at least 30-40% for direct fired or regenerative boro-silicate or lead glasses
(Ross 1996). Currently, approximately 15% of the large commercial furmces in the US. have been
converted to the oxy-fuel process (Rosa 1996).

Oxy-fuel technology also increases furnace productivity by 25%, reduces defects, and eliminates the
need for heat recovery (DOE/OIT Impacts, December 1996). There is also a waste-heat-driven thermal
swing absorption (TSA) process for producing low-cost oxygen for this process. The TSA system can
be used in both the glass and steel industries. This low-cost absorption system selectively absorbs
oxygen from air at a cost 30% lower than the best conventional system. This new bechnology increases
productivity dramatically, reduces fuel use by 60%, nitrogen oxides (NO, ) emissions by 50%, and

particulate emissions by 30%. The system also eliminates the need for other more costly add-on NO,

and particulate control equipment to meet increasingly stringent environmental regulations for glass
and metal melﬁng. The expected energy savings are 28 trillion Btus ($70 million) annually.

4452 Advmoed Burner Toehnology

Adoption of newly developed burners in the oxy-fuel process furthernnproves the energy efﬁaency
oftheprocess.SomemmtbumerdmhaveshownasmuchasaSO%decreasemfueluse,aswell

as improvement of product quality.

4453 Glass Batch/Cullet Preheater Technology

The dual batch/cullet preheater uses the oxy-gas furnace's waste heat to preheat cullet and batch
before feeding it to the furnace. Pmlwahngculletmdbatd\mducestheammmtofmgymdoxygen
required in the overall melhng process (GRID 1996). :
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- Aluminum amelhng is highly capital-intensive, with capacity cost estumtes ranging from 53,
metric ton for expansion of existing facilities to $5,000 per metric ton for new facilities (DOI 1993).
Low energy costs in countries such as Brazil, Canada, and Australia have made the international
aluminum industry extremely competitive, and near-term construction of smelting capacity is not
" expected in the United States. Investment in state-of-the-art technology has also been limited by
capital constraints. A variety of technologies exist, however, that have the potential to incrementally
reduce energy mtenslty in the aluminum industry in the time frame to 2010. 0

4.4.6.1 Improving Hall-Heroult Cell Efficiency #

The current U.S. composite baseline energy intensity for aluminum smelting is estimated at 15.2
kWh/kg of aluminum, with the potential near-term reduction using retrofit technology estimated at
13 kWh/kg (Energetics 1997). Performance in the range of 13 to 15 kWh/kg has been achieved in
domestic smelters through a variety of techniques including enhanced potline controls, better anode
rod connections, improved cathode block materials, and increases in anode size resulting in lower
current density (Newsted et al. 1992, Jeltsch and Franklin 1992). Additional research to design.
dimensionally stable cells and to optimize materials use for internal control of cells, and to use signal
analysis to analyze cell voltages in potlines, are seen as areas which can improve smelting
performance in the next ten years (Energetics 1997). The primary barriers to adoption of hxgh-
efficiency technologxes may be economic.

4.4.62 Materials Recycling

Remelting aluminum scrap requires only a small fraction of the energy required to smelt aluminum
from alumina. Remelting is also far less capital-intensive than smelting, which reduces barriers to
modernizing. In 1995, aluminum recovered from old scrap was equivalent to about 35% of apparent
~ consumption in the U.S. (DOI 1994). While some of the barriers to higher recycling rates are
institutional (e.g., perceived value of recycling beverage containers), technological barriers also exist
for some products like aluminum in cars. These include problems with scrap sorting, separation,
cleaning, and pre-treatment, which inhibit the increased use of different types of scrap and also
contribute to problems with metal quality. Byproduct recycling (e.g., salt cake and spent potlining) is .
also inhibited by a lack of knowledge of byproduct characteristics. A critical review of the U.S.
recycling industry infrastructure could ;denufy ways to enhance aluminum recycling rates (Energetics
1997). Given the magnitude of energy savings associated with recycled aluminum versus virgin
aluminum, enhanced recycling may offer the greatest energy savings and greenhouse gas emissions
reduction opportunities in the short term. '

4.46.3 Improve Furnace Efficiency

Improving energy efficiency of melting and holding furnaces offers potential for energy savings in the
secondary aluminum industry. Several commercially available technologies exist for reducing energy
use in furnaces, including heat recuperators and regenerators and the use of oxygen-assisted
combustion. Heat recuperators operate by passing the combustion products through heat exchanger
tubes, thus allowing the preheating of inlet combustion air and recovery of heat that would otherwise
be exhausted to the atmosphere. Heat regenerators accomplish heat recovery through a paired
burner/exhaust system in which the burners alternate in the firing mode in cycles lasting about 20
seconds. Oxygen-assisted combustion uses oxygen in a dual-firing burner to increase furnace melt
rates, reduce energy use, and reduce emissions. Energy savings from oxygen—a.ssmted combusuon can.
be substantial (Heffron et al. 1993).
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~ Iron and steel industry comprises the ore-based integrated steel plants, the dominantly scrap-based

“mini-mills,” and specialty steel mills. Steel production via integrated plants has been decreasing,
whﬂeﬂutoftheelechmmﬁnmce(EAP)buedmirdnﬂushubemhmmng At present, the
production capacity of the mini-mills is comparable to some of the smaller integrated plants. Mini-
mills are more energy-efficient, since they use scrap or directly-reduced iron or hot-briquetted iron. If
ﬂienum-mﬂlmhesmnhﬂymmp,tlmnngeofproducts&mtcanbeproducedissomewhatlinuted
byscrnpqunhtyissues. _

44.71 Direct Smeltlng / Direct Reduction -

The ongomg process development activities in iron makmg in the U.S. and abroad clearly indicate a
need to minimize coke consumpuonand'mmasetheuseofnatunlguand/orcoalasareductantfor _
making solid and/or liquid iron. Energy savings from such technologies arise from by-passing the .
coke-making stage and frequently from very high throughput. For example, Kobe Steel and Midrex
Direct Reduction Corp. have developed a product:on approach for molten iron that reduces the
process from hours to minutes (Metals Industry 1996). Because the product is in molten form, there
are savings in downstream steel making operahons and the material can be cooled to iron shot or
ingots without reoxidation.

This technology eliminates the production of coke and reduces the need for ore preparation by
integrating three steel processes into one. Coke-making and ore preparation are responsible for the
largest portion of emissions in primary steelmaking. This technology reduces energy consumption by
20-30% and capital costs by 25-50% compared to conventiona] blast fumace technology. The first
mmmalnpphcahmsof&ustechnologymopmhnghﬁumpe. '

44.72 Scrap Preheating

Energy consumption in EAF operations can be reduced by preheating scrap to approximately 400°C
with EAF offgases. Heated metal charges comprising 20-30% of inputs can result in power
consumption rates of less than 300 kWh/tonne of liquid steel (Scheidig'1995). The potential energy .
savings is roughly 90 kWh/ton of liquid steel. For a DC Fuchs shaft furnace, compared to a
conventional DC furnace, energy savings of 13.5% and reduced electrode consumption of 29% are
estimated. Baghouse dust reduction is estimated at 30% (Haissig 1994). In the dual shaft furnace
design, iron particles in the offgas tend to adhere to the scrap, resulting in iron recovery in the melt
and leaving the offgas zinc-enriched (Burgmann and Pelts 1995). If zinc levels are enriched to above
25%, the dust may be an acceptable input to zinc refining, rather than requiring disposal as a RCRA-
listed hazardous waste (Center for Metals Production 1987). Preheating also reduces furnace tap-to-
tap time (normally about an hour) by 12 to 15 minutes (Scheidig 1995), resulting in increased raw steel
production capacity, measured in terms of sustainable annual production.

4473 HotConnection

Depending on plant layout, moving forms from the continuous casting operation to the rolling
operation with minimal cooling may provide energy savings. Reheat furnaces are generally employed
to bring the cast forms back to rolling temperature. Adjusting plant layout to move the cast semi to
the rolling operation at a temperature of 600° to 800°C can result in an energy savings of 0.4 to 0.6
GJ/tonne of semi based on the IISI reference plant defined in 1982 (Etienne and Irving 1985). A Dutch
study based on a transport or connection temperature of 700°C estimated an 18% reduction in energy
for reheating, for a savings of 0.3 GJ/tonne of crude steel (De Beer et al. 1994).
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4474 Near NetShape Casting - | |
Near net shape casting provides an example of an innovative and energy-efﬁamt technology that has

experienced rapid penetration in a capital- and energy-intensive industry. It is the direct casting of the
“metal into (or near to) the final shape (e.g., strips or sections), replacing the present energy- and

capital-intensive processes of continuous slab casting, slab reheating, and hot rolling. Near net shape

casting uses 25% less energy than the current best practice conventional technology. The first
commercial application, thin slab casting, was introduced in 1989 and now accounts for one-quarter of
all US. thin slab production capacity. Using this technique, sheet steel can be produced at a cost of
$250/ton compared to conventional technology costs of $350/ton.

-

4.4.8 Metal Casting

Metal castmg is not a single industry segment accordmg to the SIC system, but covers a diverse group

of products and metals. Products range from cast pipes, motor vehicle components, and tools. Iron,

steel, aluminum, copper and zinc are all metals used by the industry. The industry is labor intensive,
with many small plants; four out of five have fewer than 100 workers. Over half of the energy use is
. in melting metal. Technologies which improve the melting stage or reduce waste/recasting have
important energy mphcatlons.

4.4.8.1 Computer-Aided Casting Design

Rapid advances in computer modeling of the casting process and in computer-aided drafting of
castings have led to an increased use of computers in foundries, and hence, an increased need for
integration in casting design systems. Increased integration in the casting design functions is needed
to realize the full potential for improving both casting designs and production lead time. Two kinds
of information are produced by the casting am.lys:s and simulation function: (a) pred;cted outcome of
casting the current design; and (b) the processing parameters for the casting process, if the casting
design appears sound. The predictive results allow the foundry engineer to evaluate the filling of the
mold cavity, the potential for defects such as porosity in the casting to occur, the sequence of

solidification, and the time for complete solidification. With computer modeling, an average of 25%

improvement was found in casting yield (Lensen 1996, Lensen et al. 1995), which would comparably
reduce energy use for metal remelting.

4482 Opﬂmlzed COI_'oIm Induction Melting

Most foundries can dramatically reduce a major portion of their energy through optimization of their’

induction melting equipment. It has been estimated that foundries are only operating their induction
furnaces at 50-80% of their optimal efficiency (Horwath et al. 1996). A foundry melting 1000
tons/month could reduce its monthly melting costs by $5/ton by installing sensors and computer
optimization of its melting practice. Four major variables are important in determining the power
required for melting: (1) charge makeup, (2) furnace cover, (3) power application, and (4) furnace
condition. In some cases, optimal material use resulted in higher energy use (22% more). Use of a
furnace cover reduced energy consumption by 12%. Furnace condition (i.e., hot, medium, or cold)
- interacts with the charge to significantly affect energy consumption. Maintaining the furnace in hot
conrhhon resulted in 15.4% less energy consumption for melting the charge (Horwath et al. 1996)

45 THE LONGER TERM: FUTURE TECHNOLOGIES AND R&D POTENTIAL

The technologies cited above are currently available, orsoonml.lbe becauseofpastR&D For future
technologies to contribute to increased energy and emissions reductions presumes a continued stream

B
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ofR&Dachviuesmtoﬂmfuture. RecmteffortsbytheDeparhnmtofE:mgymdirectedatmsurmg
ttutsteadystreamofk&l)byparhexmgwx&tmdmtry

'IheOfﬁeeofIndustrialTedmologxes,huneﬂorttogamersuppoﬂandmake&lei.rmsea.rch and
development activities more in line with the needs of industry, has initiated a joint government-
industry planning process called the "Industries of the Future." The vision of the way that future -
industry will function and the technologies matthemdustrywilluseshnpes,inpart, the organization
and implementation of government R&D efforts. It is this process that may lead to an invigorated
effort to develop future technolog;es that wi]l improve energy efﬁn:ncy md reduce carbon emissions.

Intl'ussecnonwedismssthepotenﬂa]foraddmonaldemassmenergymtensnymﬁ\e future as a

result of the continuation of future R&D efforts. Here we draw heavily on the vision documents that
have been published or are being prepared by the energy-intensive industries under the OIT's
Industries of the Future process. We discuss general areas of potential advancement or provide
specific examples of some of the technologies or technology areas that show particular promise for -
reducing energy consumption and concomitant greenhouse gas emissions.

45.1 Pulp and Paﬁer

The Vision process for the Pomst Products lndust:ry of the Future was developed by the mdu.stry in

collaboration with the Department of Energy's Office of Industrial Technologies, and is called
“Agenda 2020 - A Technology Vision and Research Agenda for America's Forest, Wood, and Paper
Industry.” Two of the major concerns of this document are Environmental Performance and Energy
Performance. One way these ob]echm might be met is through the use of polyoxometalate bleaching.

45.1.1 Potyoxomoulau Bluchlng

Trad.mmally,&tehstremm.ntsofhgmn&omﬁuepulphavebemremovedm&\achlomebleachmg -

process. However, the environmental impacts of chlorine have lead to significant efforts to find
alternative methods to produce a desirable soft white fiber. Among these have been ozone bleaching
and peroxide bleaching. Unfortunately, nothing has come to market which is as effective and selective
as chlorine or chlorine dioxide. Polyoxometalates may be just such a new process. They are highly
selective and can be regenerated within the process. In addition to desirable performance
characteristics, the polyoxometalate system is consistent with the goals of increasing recycling of
process water and reducing the effluent load from pulp mills. Compared to chlorine based systems,
the new process promises to reduce electrical energy consumption of pulp bleaching by 50%.

452 Chemicals : s ; _ o : B .

4521 Biological/Chemical Caprolachm Proms

Nylon-6 is currently produced from caprolactam The chemical synthesis of caprolactam from . -

cumene is a complex, multi-step process that is energy-intensive and generates considerable waste.
Nylon-6 could also be produced from caprolactone. However, the current market pnce for
caprolactone makes this route unecmomml. E

A laboratory-demonstrated biological process has been developed that would provide a one-step,
cost-effective production process for caprolactam manufacture that requires 50% less energy than the
current process, costs half as much (considering both capital and energy costs), and produces almost
no waste byproducts. Research on this process has established the technical feasibility of the .
biomanufacturing process for converting inexpensive cyclohexane into caprolactone. Under this
project, the feasibility of the laboratory-demonstrated biomanufacturing process was established, and
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the process is now available to be optimized for possible scale-up to pilot plant scale. It is estimated
that, by the year 2020, this technology can provide annual energy savings of 12 trillion Btu (DOE
1997). While this is a modest total savings (t!nchenumlmdustryusedoverﬁvequadsml%l) this is
justmeoftensofthousandsofchmcalprooesses.

4522 Flexible Chemical Promslng of Polymeric Mamlalc :

Waste texules and recycled waste materials from automobiles, appliances, and funuture contain
polymers (such as nylon-6, nylon-66, PET, and polyurethanes) that can be converted into valuable
chemical feed stocks. However, processes that can only convert a single type of recycled material can
face high costs for material collection and for transportation of-the resulting feed stocks. Because these
costs are the major contributors to process costs, processes are needed that can convert a variety of
recycled materials.

Research in this area is working toward developing a thermochemical process that can convert a wide
variety of recycled materials into valuable chemicals. A two-stage process is envisioned: the first will
use selective catalytic pyrolysis to recover chemicals such as caprolactam, hexamethylendiamine, and
dimethyl-terephathalate; the second will convert the unreacted organic material into synthesis gas,

which can be converted to a variety of chemicals of use to the chemical industry. :

Because the process ¢an address a wide variety of recycled materials, large regional recycling plants
can be developed, lowering material collection and transportation costs, and thereby increasing the
viability of recycling many materials. It is estimated that, by the year 2020, the use of this technology
will save 265 trillion Btu annually (DOE 1997).

4523 Genetic Engineering

Many chemicals firms are investing heavily in genetic engineering and, over the next decade, many
expect to commercialize products. Low-carbon biotechnologies include engineered plant systems to
allow crops to fix their own nitrogen from the air (thus avoiding N20 emissions associated with
fertilizer manufacture); agricultural “petroleum plants” that grow feed stocks for the chemicals
industry; and intermediate products such as polymers. . /

4.5.3 Petroleum Refining

The National Petroleum Council issued a report in 1995, “Research, Development, and Demonstration
Needs on the Oil and Gas Industry”, whncludenh.ﬁesthefutureofthemdustrymmo It stresses, .
among other things, the need for flexibility in processes as well as new chemistries and materials.
Changing input feed stocks and environmental requirements will tend to push the industry toward
higher energy use in 2020, without developments such as new caulysts or other process changes that
are on the honzon.

4, 5.3.1 * Development of Improved Catalysts

The purpose of a catalyst is not to lower the energy needs of a reaction (which are govemed by ‘
thermodynamics) but to lower the energy required to activate a process and thereby increase the
kinetics and/or product selectivity. If it accomplishes either or both of these tasks, the energy
demands on a given process should decrease either due to lower heat demand (lower energy of
activation) or from greater throughput. Mostofthemergyuse in a refinery that could benefit from
improvements in catalyst technology is consumed in one of three major process areas: (1) -

hydroprocessmg, (2) catalytic c:rackmg, and (3) alkyhtum.
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In hydroprocessing, much energy is utilized in heating up heavy oils and resids to temperatures at '
which the catalyst activity is high enough. Additional energy is expended in the compression of
hydrogen to pressures up to 2000 psi. Improved catalysts (capable of functioning at lower
mmpmhuumdpmsures)mldmdmﬂ\emugyusedbydmmg&mmnchmtempuatmof
this process.

Energy usage could be mpmved for catalytic crackmg in terms of product selectivity. Cracking
catalysts are extremely efficient at converting "good" gas oils to gasoline and distillate. However,
when significant fractions of resid and the metals that accompany these resids are used as fluid .
catalytic cracking (FCC) feeds, the selectivity (in terms of gasoline yield) drops precipitously. This

gasoline loss comes at the expense of increased coke and dry gasproduction, which in turn ires -
catalyst coolers in order to keep the temperature of the catalyst bed down (required by increased coke
burn) and higher compressor capacity to handle the increased dry gas yield. If catalysts were
designed to handle higher amounts of heavy oils without the detrimental effects outlined above, then
mo:emdcouldbehandledhthetugiﬂyeﬁﬁathCCmthmxﬂhngdgcreueduhhuuonoftheless i
efﬁumthydroﬂmters.

'Ihelargeetmergydemandinﬁxen]kyhﬁonurﬁ!saremthemﬁigenﬁonm\itsusedtokeepﬂ\e
hydrofluoric acid temperature down. Here the need is for a catalyst which will operate at temperature
above ambient. Many solid alkylation catalysts which are in pre-commercial testing and evaluation
function at temperatures around 150°C. Many of the streams requiring alkylation are at or near this
temperature when they exit their respective processing units. Such heat is normally considered waste
heat and thus could easily be utilized for the alkylation process. Therefore, even though the reaction
temperature would go up, the energy demand would decrease.

454 Glass

The glass industry vision of itself in 2020 is defined in “Glass: AC:lemonforaBnghtPuhm

This vision document includes, as one of many goals, reducing process energy use from present levels
to 50% toward the theoretical limit of 2.2 million Btu required to melt a ton of glass. On April 29, 1996
a compact between the DOE and the major glass producing companies was signed to enable
collaboration in such areas as waste reduction, energy efficiency, and quality control. The technology
road map is currently under preparation. The technologies below are just a few examples of areas of

glass industry technology development.

45.4.1 Optimizing Electric Boost to Reduce Total Enorgybonsmnptlon

High energy efficiency, through conversion of electric energy into useful heat, and low volatilization
are the primary advantages of electric melting. Current operating practice has shown that effective
use of electricity near the back end of the furnace, where the batch is added, can reduce fossil fuel
needs. Research needs for optimizing electric boost include, but are not limited to, investigating new
electrode and electric arc melting processes, modeling of the current technology to fine-tune operation
conditions, such as energy inputs and locations of the electrodes, and improving the electrode control

system (Glass Industry Working Group).

4.5.4.2 Recovering and Reusing Waste Heat from Oxy-FIrod Furnaces

Recovery and reuse of waste heat from the oxy-fuel process will further increase energy efficiency of
the process. Preluabngﬂtebat&mdcuﬂzhdsaibedabwe,ismemeﬂwdmmmhut&omﬁm
flue gas. Other options, such as regenerative oxygen heat recovery (Browning and Nabors 1996) and a
"synthetic air" concept (Argent 1997), have been proposed and need to be tested and evaluated. A
Thermal Swing Adsorption (TSA) oxygen production process has been demonstrated in the laboratory
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with enrichments of up to 89%. The process is based on synthetic chemicals that can reversibly bind

oxygen at low temperatures and release it at elevated temperatures. The operation is in a temperature
range of 70° to 220°F, so low grade waste heat can be used to drive the process, and the external
energy required for produce oxygen can be reduced. .

4.5.5 Iron and Steel

“Steel — A National Resource for the Future” broadly defines four areas of R&D to shape the industry
in 2020. These include production efficiency (which encompasses energy efficiency), recycling,
environmental engineering, and product development. The goal of increasing steel production to over
~ 70% of recovered scrap would have major implications for energy use. DOE and the two major steel
industry trade groups have signed a R&D collaborative compact to work together on the first three of
~ the four research areas. Below, we discuss some of the process areas within which energy and other
savings are likely to be achieved from technical breakthroughs.

Activity will be largely dictated by the viability of different iron making processes that are under
development. R&D effort should focus on developing a process scheme that incorporates both iron
making and steel making into one system with thin strip casting as a final product. The effort should
incorporate a coal-based reductant process which can be coupled with steel making operations and
simultaneously produce power in a combined cycle that includes both gas and steam turbines.

Steel making processes currently utilize computer technology, primarily to implement prespecified
procedures in a timely manner. There is very little feedback in these systems to either enhance process
efficiency or improve the product quality. Key process parameters should be identified so that
interactive logic and high-speed computer systems can be used to control/modify/maintain these
process parameters to obtain a quality product. Such an intelligent-processing approach is essential
for the production of so called "cleaner steel” with low residual elements.

The development of sensors for all aspects of process control and for enabling process changes with a
feedback system is essential for improving process efficiency and optimizing different stages of the
melting, casting, thermomechanical processing, and final heat treatment. Applications of novel ideas -
and approaches need to be explored and transfer of technologies available from defense and chemical
* processing industries may be a fruitful approach.

4.5.6 Metal Casting

A diverse group of CEOs and presidents from the foundry, die casting, and foundry supply
companies co-authored “Beyond 2000: A Vision for the American Metal Casting Industry.” This
vision of the industry identifies six critical areas: production efficiency; recycling; pollution
_prevention; application development; process controls; and new technology development. The
specific goals include increasing productivity by 15% and reducing energy consumption by 3-5% by
2010. The Cast Metals Coalition is preparing a R&D strategy to achieve these and other goals
identified in the industry vision. Some examples of technology areas are given below.

Electromagnetic Casting: An electromagnetic field in a casting is used to induce eddy currents in the
liquid metal that, together with the field, stir and contain the liquid metal in the casting. Two
examples are discussed below:

EM Stirring: In continuous casting, the solidification process can be improved by EM stirring,
producing better metallurgical results, improved internal quality of the casting, and even reduced
meniscus instability and surface defects (Beitelman and Mulcahy 1994, Chang et al. 1995). The benefit
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from EM stirring takes the form of reduced wastage per cast. Asa minimum, we expect that the
present average yield of 55% for the industry can be increased to 65%, a savings of 130,000 tons per .
year, with an associated energy savings of 25 trillion Btu per year (Amencan med.rymens Soaety
1995).

EM Confinement: In the presently dominant sheet-fomﬁng process, thick steel slabs are cast and then
hot-rolled. Twin-roll casting with EM confinement has the potential to cast thin sheets by eliminating
the hot-rolling stage, giving the sheet product an enormous economic advantage over products made
by competing methods (Saucedo and Blazek 1994 Blazek et al. 1994) and completely by-passing an
energy-intensive stage of production.

pe

45 CONCLUSIONS

This chapter presents an approach to assessing the potential for efficiency to reduce energy use in the
most diverse sector of the economy, the industrial sector; this approach represents a compromise
.between the desire for technology detail and the need to evaluate sector-wide energy use. The
approach uses two publicly available models, Argonne’s Long-term Industrial Energy Forecasting
(LIEF) model and the Energy Information Administration’s industrial module from the National
Energy Modeling System (NEMS), to simulate a plausibly optimistic set of scenarios for additional
energy savings, relative to an established base case (AEO97). -The models are used to project what

energy savings could arise from an ‘invigorated effort’ to put currently available or near commercial :

technologies into practice in industry. This invigorated effort is loosely characterized by either a
combination of new policy initiatives or a more serious cons;deratlon of efficiency as a strategic
concern of industrial decision makers

Two efficiency cases are presented in order to project overall reductions in energy use by 2010. A
reduction of 5-10% is projected to be technically feasible, given adequate policies or other incentives to
expand the adoption of cost-effective measures. This is about 2.5 quads in the high case. The LIEF
model projects that these reductions could arise from cost-effective investments defined by a capital
recovery factor of 15% (about a seven year pay-back). The LIEF model does not assume that in every
case all energy-efficiency investments are made, but an increased penetration rate of efficiency
investment is assumed relative to the base case as a result of this ‘invigorated effort’. For many of the
energy-intensive industrial sectors, these projected energy savings are consistent with roughly
doubling the current rates of capital stock replacement or doubling the rate of energy technology
efficiency improvement that is currently represented in the NEMS model.

Since the miodels used to conduct the scenario analysis do not have a detailed, technology-specific
representation of each major industrial sector, the chapter also provides illustrative examples of
technologies for most of the energy-intensive industries. These are examples of technologies that have
the potential to reduce energy use relative to current practices if widely adopted. These technology
examples exhibit substantial energy savings relative to current industry practice, so they reinforce the
fact that the model results are feasible. But one cannot expect these technologies to be adopted widely
unless there is some invigorated effort to encourage their adoption. The slow turnover of the capital
stock in the energy and capital intensive industries is one reason that this invigorated effort would be
needed. Under conservative projections, in the near-term, many of these technologies (and the many
others not listed here) are capable of reaching high levels of penetration but most will not achieve
100% penetration. However, the examples show that there are many ways in which efficiency in -
industry can be increased, given the nght incentives; the examples help estabhsh the technical
plausiinhty of the projections.
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The efficiency case projections also show that, on a percentage basis, there are more savings in ‘light’
' non-energy-intensive industry vs. the ‘heavy’, energy-intensive sectors. This result arises from the

LIEF model scenarios but, due to the structure of the model, does not have an analog in NEMS.

Because the share of total production costs attributable to energy use in the non-energy-intensive
sectors is very low (the manufacturing average is about 3% and most light industry is less), it is not
surprising that the range of energy performance is quite broad. Energy-efficient technologies, in the
form of motor systems as well as lighting and HVAC options (similar to those discussed in the

commercial section of Chapter 3), represent cost-effective investment opportunities in light
manufacturing. However, there may not have been a managerial or technical focus on energy
efficiency in those industries. An ‘invigorated effort’ could provide this focus. On the other hand, to
reduce energy use in ‘heavy’ industry, where considerable attention to efficiency has already been .
paid, low capital turnover rates and difficulty in financing medium to large investments may be the
major impediments to accelerated improvements in energy utilization. This ‘invigorated effort’ in
these sectors might require tax incentives, alternative financing arrangements, new developments that
lower first cost, or demonstration projects that lower perceived risk. The diversity among these broad

categories of industry implies that the mix of policies required to achieve the high-efficiency case may
differ for the various types of industries, based on their current business and technical practices as
well as current domestic and international market conditions.

For all of the industries discussed above, further progress in energy efficiency beyond 2010 requires
further developments in technology. These developments may be incremental improvements (e.g.,

sensors, controls, and system/process modeling) or may be fundamental breakthroughs (e.g., catalysts,

direct smelting, or bioprocessing). Incremental improvements need not be associated with ‘small’

efficiency changes. The ability to sense and adjust a process to achieve optimal operating conditions

can have large effects on productivity and energy consumption. However, the search for totally new .
methods to produce a product with fundamental breakthroughs in chemistry, metallurgy, or biology
offers another route to enhance productivity and lower energy use. These two avenues of R&D to

create the manufacturing sector of 2020 are both being sought by pnvate and private/ pubhc

partnerships.

Table 4.15 summarizes the technology examples presented above. A rough categorization of
incremental () and fundamental (F) has been made. Many of the underlying concepts in the examples
apply to other sectors, while others are very process specific. This identification is made as well. In
should be noted that the year 2010 designates current (on very near commercial) technologies, while
the year 2020 designates technologies that will require further R&D, with no prediction of a
commercialization date.

The range and types of technological solutions in industrial applications is quite large. Since energy
represents a cost, and energy efficiency a potential source of profit, these technical solutions can fit
within the economic goals of business. With the right incentives, higher energy efficiency of the
magnitude projected here in the industrial sector is an achievable goal.
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Table 4.15 Summary of Technology Eximplu

The Industrial Sector

T Of t Saves fossil
m?rl;;m Technology Example Year tﬂ .ﬁ? ol e.lgctric
. - fl.mdl.ml ta sectors
Aluminum Improve Furnace Efficiency 2010 I ) 4 EF
Aluminum Materials Recycling 2010 I Y E
Aluminum Improving Hall-Heroult Cell Efﬁdmcy 2010 I N E
Aluminum Wettable Cathodes 2010* I N E
Aluminum Inert Anodes ; - 2010°. I N K
Chemicals Pinch Analytical Techniques 2010 I Y F
Chemicals Advanced Distillation Control Techniques 2010 I N F
"Chemicals Flexible Chemical Processing Of Polymers 2020 w F N F
Chemicals Biological /Chemical Caprolactam Process 2020 F "N P
Cross-cutting Combined Heat and Power 2010 1 Y EF.
Cross-cutting Motor Systems 2010 I p E
Glass ; Glass Batch/Cullet Preheater Technology 2010 I Y F .
Glass Advanced Burner Technology 2010 I B ¢ F
Glass Oxy-Fuel Process 2010 1 N F
Glass Producing Oxygen More Efficiently 2020 1 Y E
" Glass Recovering Waste Heat 2020 I Y B
Glass Maximize Combustion Efficiency 2020 I i F
Glass Optimizing Electric Boost 2020 1 N F
Iron and Steel Process Controls 2010 I X EF
Iron and Steel Hot Connection 2010 1 ¥ F
Iron and Steel Scrap Preheating : 2010 I Y EF
Iron and Steel Use Of DC, Rather Than AC, EAFs 2010 I N E
Iron and Steel Coal Or Natural Gas Injection 2010 F N F
Iron and Steel Direct Smelting /Reduction 2010 F N F
Iron and Steel Process Controls And Sensors 2020 . I Y EF
Iron and Steel Direct Smelting & Thin Strip Casting 2020 F N EF
- Metal Casting Computer-Aided Casting Design - 2010 I Y. EF
Metal Casting Optimized Coreless Induction Melting 2010 I N E
Metal Casting Electromagnetic Stirring 2020 I N EF
Metal Casting - Electromagnetic Casting 2020 F N. EF
Petroleum Refining Utility System Improvements 2010 1 Y F
Petroleum Refining Process/Equipment Modifications 2010 I N F
Petroleum Refining Development Of Improved Catalysts 20200 F Y F
Pulpand Paper  On-Machine Sensors For Paper Properties 2010 I Y F
Pulp and Paper ~ Multiport Cylinder Drying 2010 I N F
Pulpand Paper  Impulse Drying 2010 I N F
Pulp and Paper Biomass Gasification 2010* I X EF
Pulpand Paper  Black Liquor Gasification 2010* I N EF
Pulpand Paper  Sulfur Free Pulping 2020 F N EF
2020 F . N EF

Pulp and Paper *  Polyoxometalate Blea .
. Bﬁed on the accelerated deployment descnbeﬁ in Section 4.3.
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ENDNOTES
1 Because they become very important in a low-carbon scenario, we have made an excephon to this
approach in the case of low-carbon technologles which are examined from the bottom-up. Unlike
energy-efficiency technologies, there is no established modeling procedure or analysis method for

assessing the penetration of low-carbon (especially low process carbon) technologies. Thus, we simply
provide case studies and take their results as a lower bound on the potential. . .. =

2 Differences in the industry subsector detail prevented us from doing a precise calibration of the two
models. It is not clear that such a calibration would substantially improve our analysis for these
3 Technologies that supplement the existing process (e.g., process controls) might penetrate rapidly,
but most that are replacements for existing process will more likely follow the ‘normal’ turnover

patterns. Technologies achieving rapid penetration include sensors and process control software and
technologies that can save significant amounts of energy.

* The forest products industry includes pulp and paper, as well as lumber and wood products. This
report focuses on the relatwely more energy-mtenswe pulp and paper segment of the forest product _
industry.

% In particular, we do not change the underlying forecast for activity in the refmmg sector.

¢ The HE/LC case also includes low-carbon technolog:es described in Section 4.4. These low-carbon
technologies are not exphutly captured in the computer model runs.

7 Not all energy-intensive industries are “heavy.” The metal casting industry, for example, consists of
many small shops owned by small businesses. It is important to distinguish OIT’s Industries of the
Future and the “heavy industry” of Table 4.1. These “heavy” industries include non-vision industries
~ such as food (SIC 20), non-refining petroleum (SIC 295, 299), stone, clay and cement (SIC 324-329),
non-aluminum non-ferrous (SIC 3331, 3339, 3351, 3356, 3357, 3364, 3366, 3369). Conversely, the vision
industries include wood and lumber (SIC 24), miscellaneous paper (SIC 265, 267), and miscellaneous
chemicals (SIC 283, 285, 2879, 289), which are not included in the “heavy” industry of Table 4.1.

* These numbers are calculated from the numbers in Appendix A for Figure 16 in DOE (1995).

?Note that, in Figure 4.3, ATS in simple cycle power-only mode has a higher heat rate than the most
efficient combined cycle turbine. However, even the power-only ATS emits far less CO2 than the
existing sources of power to the grid. In our calculation of the carbon reductions for ATS in power-'
only applications, we make the conservative assumption that the ATS has about the same emissions as
new power plants. The carbon savings in this market come only from avoided T&D. -

1 As an average of 3 to 18 MW units (9 to 80 MW in multiple units), ATS are 43% efficient in simple
cycle and can be 80 - 85% efficient (combmed thermal and electric efficiency) when used for

cogeneration (Hoffman, 1997).

" Constraints to growth of cogenerauon have derived in part from the traditional reqmrement that .
steam and electricity loads be matched to maintain efficient and cost-effective operation of the.
cogenerator. The new ATS overcomes this problem by running efficiently at a wide range of .
electricity to thermal ratios. Cogeneration has also been constrained by environmental permitting,
utility regulation, and utility competition. Together these factors explain why very efficient CHP
technology still comprises a relatively small fraction of electricity and steam generation. When
policies to promote CHP are instituted, however, this fraction can grow dramatically (Major 1995).
Finland, Denmark, and the Netherlands have ench achieved a contribuuon of about 30% of elecmmy
production based on CHP. ¢
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2 In the recuperator configuration hot'exhaust‘gas from the turbine is used to preheat the air leaving
ﬁtecompressmpmrmcmtbummﬂmebyredudng&temomtofhqumedmmd\medmp
turbine inlet temperature. * - . . '

B See Appendix D-3 for details.

¥ Such reform would include standardized permits to reduce costs for sma.ll sites and a life cycle
approach that takes into account power plant emissions and T&D for on site power permits.

5 Current regulations, and some proposed utility deregulation legislation, include barriers to small on-
site CHP. Both scenarios assume policies that elicit the cooperation of utilities in the increase in on-site
. generation. Onescmmothatcouldbemgmedwthattheutzhhesthemselvesﬁmnceandsermce
these industrial ATS's for CHP and power generation.

1 Carbon reductions from fuel switching were not included - a conservative assumptlon discussed in
Apendix D-3.

UThe calculations performed for both scenarios were reviewed by the American Forest and Paper
Association and industry representatives (David Cooper and Delmar R. Raymond).

' The makeup of residual biomass and residue generation rates in various fomst product and paper
industries are described in Appendix D-5.

" Three large plants in the U.S. manufacture adipic acid and they are working with the EPA to reduce
emissions (Boyd 1997). However, emissions from this process have increased by 9.9% since 1990.

» Many of the U.S. aluminum smelters are located in regions of the country with large hydropower -
resources, notably the Pacific Northwest (served by the Bonneville Power Administration), the
Southeast (served by the Tennessee Valley Authority), and Northern New York. Under both scenarios,
the aluminum smelters that would likely be converted first would be those i mreg:ons such as the Ohio
River Valley that are dominated by coal-powered plants.

# 0.2 MtC = [(S plants) *-(190,000 tonnes of AL/plant)* (13,200 kWh/tonne of AL) * (89 gr of carbon
per kWh) * 0. 17]/1,000000 grams/tonne.

2 The carbon savings from the aluminum industry efficiency mprovements that are already included
in Section 4.2.2 must be subtracted in order to identify the increment that can be added by this analysis
of alternative aluminum production cells. We calculate this as follows. Table 4.2 estimates that the
aluminum industry as a whole will be 2% more efficient in its use of electricity in 2010 under the
efficiency scenario, compared to the business-as-usual case. Under the assumption here that 5 of 22
smelters (23%) will be retrofitted with wettable cathodes that offer a 17% improvement in electricity
efficiency, the nation’s aluminum smelters as a whole would be 3.9% more efficient (3.9% = 0.23 *
17%). This represents a 1.9% efficiency improvement (or 0.09 MtC of emissions reductions) over the .
2% that is assumed in the efficiency case in Section 4.2.2. . '

#0.48 = (5 of 22 plants) * (50%) * 4.2 MtC.

% 1.0 MtC = [(10 plants) * (190,000 tonnes of AL/plant)’ (13,200 kWh/tonm of AL) (160 gr of carbon
per kWh) * 0.25] /1,000,000 grams/tonne.

" B The carbon savings from the aluminum industry efficiency Jmprovemmts that are already included
in Section 4.2.2 must be subtracted in order to identify the increment that can be added by this analysis
of alternative production cells. We calculate this as follows. Table 4.2 estimates that the aluminum
industry as a whole will be 3.8% more efficient in its use of electricity in 2010 under the high--
efficiency /low-carbon scenario, compared to the business-as-usual case. Under the assumption here
that 10 of 22 smelters (45%) will be retrofitted with inert anodes that offer a 25% improvement in
electricity efficiency, the nation’s aluminum smelters as a whole would be 11.4% more efficient (11.4%
= 0.45 * 25%). This represents a 7.6% efficiency improvement (or 0.67 MtC of emissions reductions) .
over the 3.8% efficiency improvement that is assumed in Section 4.2.2. ;
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*0.6 MtC = (10 plants) * (190,000 tormes of Al/plant) * (033 tonnes of C/tonne of AL).
7 1.91 MtC = (10 of 22 plants) * (100%)*4.2Mtc. '

2 Note that almost none of the carbon savings due to Section 4.2.29 hxgh-efﬁumcy/low-carbon
(HE/LC) case should be subtracted from this amount. The clinker replacement is not an effici

. increase, but a demand reduction. Thus, the drop in carbon emissions is nearly additive. We
subtracted a very small amount because of the 8.1% reduction in cement industry energy use under
the HE/LC scenario. The carbon savings due to a 5-20% reduction in demand is 2-4 MtC d i
on the kiln technology. The amount we subtracted is about 5% of the total (0.06-0.08 MtC). If we
assume that the penetration by 2010 is limited to the European owned firms (roughly half), then the - -
carbon reduction is 1-2 MtC. Note that the HE/LC energy efficiency savings of Section 4.2.2 are
equivalent to a carbon emissions reduction of just over 1 MtC depending on cement kiln technology.

® The Greenville Tube Company (GT) realized non-energy benefits ten times greater than the energy
benefits when the company upgraded its motors. GT is a manufacturer of high-precision, small-
diameter, stainless steel tubing. GT replaced an old motor and inefficient eddy current clutch drive
with an energy-efficient motor with vector control. This new motor required fewer runs and
produced far less scrap than the old system. The motor reduced annual energy consumption by 37%
and resulted in savings of more than $77,000 annually from increased produchwty, reduced scrap
generation, and reduced energy costs.
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Chapter 5 <
TRANSPORTATION SECTOR

51 INTRODUCTION

The trend of more than a decade of continuous energy-efficiency improvements in transportation,
marked by a sharp decoupling of energy consumption and economic growﬂx, appears to have come to
- anend. The transportation sector's energy use now appears tobe growing at nearly the same rate as -
the gross domestic product (GDP)

From 1949 until 1973, energy use in 1 the US. transportation sector grew at an average annual rate of
3.6% per year (EIA, 1996a, Table 2.1). In the years foIlowing the oil crisis of 1973-74 until the oil
price collapse of 1986, that rate fell to only 0.6% per year.! This sharp decrease in growth was
caused by a combination of market and non-market factors - sharply rising oil prices and, perhaps
more important, strong expectations that prices would continue to escalate for the foreseeable future;

threats of gasoline rationing and actual (though largely government-caused) local gasoline
shortages; successes in government-sponsored R&D, especially in aeronautics; and new regulations,
particularly the Corporate Average Fuel Ea:my (CAFE) standards for automobiles and light
trucks. Some manifestations of the decrease in the growth of energy use during this period were:

e Between 1973 and 1988, new passenger cars increased their fuel economy from about 14 MPG to
28.6 MPG (EPA rated) (Heavenrich nnd Hellman, 1996, Table 1), a rate of 5% per year.

* During 1970-1987, commercial aviation decreased in energy. mtens:ty from 10,351 Btu per
passenger-mile to 4,753 Btu/pm (Davis and McFarlin, 1996, Table 2.16) again at an average rate
of 5% per year.

e During 1970-1994, the energy intensity of rail freight decreased from 691 Btu/ton-mile to 388
Btu/ton-mile, or 44% (Davis and McFarlin, 1996, Table 2.17), a rate of 2.4% per year.

Although changes in travel behavior, choice of vehicle size, changes in vehicle occupancy rates and
other non-technological factors have a role in the rate of growth in transportation energy use,
improved technological efficiency has been the most critical factor in energy trends. For example,
had energy intensities not changed since 1972, commercial airlines would be using over twice the
energy they use today (assuming today’s number of passenger-miles of travel), and three quarters of
the savings are due to technological improvements in aircraft (Davis and McFarlin, 1996, Table
2.21). Similarly, examination of the causes of substantial fuel economy gains by automobiles during
the 1970s and 1980s show that the majority of the gains were achieved by improving technical
efficiency, not by consumers moving to small cars. Between 1978 and 1984, only 7.8% of the period’s
MPG gain was achieved by shifts to smaller cars (Westbrook and Patterson, 1985). Between 1976 and
1989, the combination of weight reduction, improved transmissions, tires, and aerodynamics,
widespread use of fuel injection, various engine improvements, improved lubricants, and wider use of
front wheel drive accounted for about 70% of the total 8.4 MPG improvement during the period
(Westbrook, 1989). In fact, the technology of automobiles has improved so much over the past few
decades that if the 4,000 pound plus, 15.8 MPG automobile of 1975 were to be built with today’s
technology but without any change in weight or horsepower, it would get 26.4 MPG (Greene and Fan,
1994)! And although 85% of the improvement in rail freight energy efficiency came from increased
loadings per car, much of the 85% resulted from improved communications and computing capability
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(other factors included changing composition of freight during this penod and other operational
improvements), and improved vehicle teclmology accounted for the remammg 15% (Greene, 1996).

Over the past ten years (1986—1996), the rate of growth of trmsportaﬁon energy use has averuged
1.6% per year, but in the past three years it accelerated to 2.2% per year, just below the rate of
growth of GDP. Transportation energy efficiency, which improved significantly during the decade
of the 1980s, appears to be stagnant (U.S. DOT/BTS, 1996, p. 87). The average .fuel economy of new
cars has not improved significantly over the past decade. The average fuel economy of .
light-duty vehicles, new cars, and light trucks combined has not changed significantly since 1982
~ (Heavenrich and Hellman, 1996, Table 1) and, as a consequence, the average on-road fuel economy of
the entire on-road light-duty vehicle fleet was only 1% higher “in 1995 (the most recent year for -
‘which data are available) than in 1991 (U.S. DOT/FHWA, 1996, Table VM-1). Gasoline prices are
now at pre-1973 levels and fuel economy standards have not been raised over 1985 levels. There are
exceptions, however: commercial air travel and rail freight continue to make meaningful efficiency
gains (U.S. DOT/BTS, 1996, p. 101). Overall, the transportation sector appears to have entered a
period of growth in activity only slightly slower than that of GDP with ocnly modest gains or ro
mpmvment in energy efficiency. ,

Despite these recent trmds the 1997 Annual Energy Outlook (AEO97) reference case forecast to 2015,
which serves as the backdrop for this analysis, foresees very slow growth in transportation energy
use (1.4%/yr.) accompanied by virtually no change in the prices of transportation fuels (0.2%/yr.).
A modest rate of growth in vehicle travel (1.4%/yr.) together with MPG gains of 5.1 MPG for new
cars and 3.7 MPG for new light trucks over 1995 levels, combine te hold the growth of
light-duty vehicle energy use to 1% per year through 2015. Every year since at least 1989, the AEO
(among others) has forecasted continued light-duty vehicle fuel economy gains yet the actual fuel
economy of light-duty vehicles as a whole has not improved. In some cases, energy prices have
turned out to be lower and in other cases higher than expected. Apparently, technology that could
have been used to improve fuel economy is either not being implemented, or is being used to provide
some other feature that consumers value, such as performance. We expand on this point below in
explaining why, in our "business-as-usual” (BAU) case, we forecast no improvement in light-duty
vehicle fuel economy. We believe that, given low energy prices, plentiful oil supplies, no market

disruptions, and no new energy policy initiatives, it is optimistic to expect conl:nued energy
efficiency improvement and slow growth of energy use. ,

Current policy initiatives and activities to increase future transportation energy efficiency are
relatively modest. Except for light-duty highway vehicles, the federal government does not
regulate transportation fuel efficiency. The National Highway Traffic Safety Administration has
the power to raise CAFE standards for autos and light trucks, but there seems little chance that it
will do so at the present time. The Energy Policy Act contains provisions to move alternative fuel -
vehicles into the fleet (fleet vehicle requirements and altfuel tax credits), but these provisions are
limited, and congressional support for coercive action is nonexistent. On the other hand, there are
important R&D initiatives that could play a role in improving transportation fuel efficiency,
particularly the long-standing NASA .and Defense Department programs in aeronautic design and
the Partnership for a New Generation of Vehicles (PNGV), a joint government/industry research
effort aimed primarily at developing vehicles with up to three I:mes current fuel economy levels.

The newest of federal mmatxves aimed at improving transportation fuel efficiency, PNGV has
reorganized and ‘redirected the federal government's R&D effort in advanced automotive
technologies towards the ambitious goal of tripling automotive fuel economy and reducing pollutant
emissions while at the same time preserving consumer amenities and holding down costs. Current
PNGYV spending is on the order of $250 million dollars (the exact amount is subject to debate because
of definitional problems of which efforts are actually dedicated to PNGV goals) (U.S. Congress,
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OTA, 1995), with the largest government share coming from DOE’s Electric and Hybrid Vehicle
Program. Current PNGV thinking seems aimed at an advanced hybrid-electric vehicle, with
.research efforts aimed particularly at advanced materials, high-power energy storage devices, fuel
ce]]s and improved engines, lean NOx catalysts (to allow necessary emission control for lean-burn
engines including diesels and direct nqechon stratified charge engines), nnd improved electric '
drives, mdudmgpowerelech'omcs. ; ,

In this chnpter the potential for these and other energy-efficient and low-CO, technologies to
cost-effectively reduce transport sector greenhouse gas emissions is examined. Three transportation
sector scenarios were developed using the Energy Information Administration's ' (EIA) National
Energy Modeling System (NEMS) model, AEO97 version (see Overview of Methodology box), with
reference case assumptions about macroeconomics and energy prices (Decision Analysis Corp., 1996;
EIA, 1994). These are labeled the .(1) "business-as-usual" (BAU), (2) "efficiency” (EFF), and (3)
"high-efficiency /low-carbon" (HE/LC) cases. Our business-as-usual case differs from the AE097
reference case only in that new light-duty vehicle fuel economy is held constant at current levels
throughout the period of the forecast. In the reference case, it improves at an average annual rate of
0.4%.

The efficiency and high-efficiency /low-carbon scenarios differ from each other less in effort than in
outcome. In our view, the improvements postulated in the efficiency scenario are likely to be
forthcoming if appropriate policy measures are undertaken and research efforts intensified. In
contrast, because the outcomes postulated in the high-efficiency/low-carbon scenario require
technological breakthroughs, they require a certain degree of luck to be achieved by 2010. There are
ro credible methods to accurately gauge the probability of such breakthroughs; we believe they
stand a decent chance of occurring with an intensification of research efforts, but we stop short of
claiming that they are a likely outcome of such an intensification. In other words, the efficiency
scenario represents what is often called a "most likely" or "probable” scenario, in the authors’
judgment. The high-efficiency/low-carbon scenario is better described as an "optimistic™ or
"possible” scenario. However, both are predicted an a major intensification of R&D effort plus
significant policy measures aimed at pushing the market towards giving fuel efficiency a much
higher priority.

The efficiency scenario is created by assuming earlier introduction of advanced fuel economy
technology and by adding certain key technologies that are absent from the AEO97 reference case. It
assumes the introduction of advanced ethanol-from-biomass technology in 2005, technology which
the U.S. DOE is currently intensively involved in developing. In the efficiency case, technology
development is incremental rather than revolutionary. Nonetheless, the efficiency case does
presume a major energy technology R&D effort, perhaps two to ten times the level of current
government programs. It also assumes that policies necessary to draw energy-efficiency technology
into the market are implemented, as needed. In other words, effective policy actions, whether they
be increased fuel economy standards, revenue neutral feebates, fuel taxes, public information or some
other initiative, are assumed to have been put in place. This point is critical, because AEO97
forecasts inexpensive, plentiful fossil fuels, and because the goal of preventing global climate
change is a classic public good that markets on their own will generally ignore.
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The high-efficiency/low-carbon case begins with the efficiency case assumptions and then goes
beyond incremental technological advances and postulates breakthroughs in fuel cell technology for
light-duty vehicles, as well as major aerodynamic mdmgmeefﬁumcy gains for commercial
aircraft, among other selected technplogical achievements. It also includes more optimistic
assumptions about biomass ethanol production costs. It is not the intent of this scenario to include all
possible technological advances, but rather to focus on a few that could have major long-run
implications for greenhouse gas emissions from the transportation sector. We could, as well, have
assumed technological breakthroughs for battery-electric or compressed or liquefied natural gas
vehicles, both of which have some potential to reduce carbon emissions compared to petroleum-
based fuels. The more breakthroughs ane assumes, however, the lower the probability that the
- scenario will actually occur. Furthermore, in the long-run, rio single technology appears to have a
gruherpotmﬁnlhomducecarbmenﬁssim&ombmspomﬁon&\mﬂwfuelcen We do not assume
a target and tradeable permit system equivalent to $50/T of carbon in the high-efficiency scenario.
We do assume in both scenarios that significant policies similar to this are in place to encourage
producers to produce and consumers to choose fuel-efficient, low-carbon technologies.

Although the focus of this study is on the year 2010, forecasts to 2015 are also presented because
changing the technology of transportation energy use takes more than one decade. Once a technology
is market ready, two to three years of testing and certification are still required prior to
introduction. Even then, most technologies will not appear an all makes and models simultaneously
due to the need to replace plant and equipment in an efficient manner. Finally, expected lifetimes
for transportation vehicles are counted in decades. The median expected lifetime of a passenger car
is now 14 years, truck lifetimes average 16 years, marine vessel and aircraft life expectancies are at
least twice that (Davis and McFarlin, 1996, Tables 3.6 and 3.7). Thus, the full impact of
technologies introduced between now and 2010 will not be apparent in 2010. We include the year
2015 to illustrate this fact. In all cases, a normal rate of replacement of capital stock is assumed,
both in the production of transportation vehicles and in their purchase and scrappage. That is to
say, no changes are made to the NEMS model to accelerate the turnover of capital stocks.

Results of the three scenario projections are compared with EIA’s AEO97 projections in Table 5.1. In
the business-as-usual case, transportation energy use grows from 25.5 quads in 1997 to 32.3 quads in
2010 and to 34.0 quads in 2015. Emissions of carbon increase as well, up 26% in 2010 and 33% higher
by 2015. The efficiency scenario achieves roughly a 10% reduction in energy use and a 12% reduction
in transportation sector emissions versus the business-as-usual case by 2010. Reductions in 2010 versus
the AEO97 reference case are slightly less, 7% for energy and 9% for carbon emissions. Use of
cellulosic ethanol as a blending component in gasoline reduces greenhouse gas emissions by 2-3% over
and above the reduction in energy use. The greatest reductions in fossil fuel use are achieved by rail
freight (-16%), light-duty highway vehicles (-12%), and commercial air travel ¢-11%). Energy use
in 2015 is actually below that of 2010 in the efficiency scenario because of the greater penetration of
new, efficient equipment into the stocks of transportation vehicles. Transportation uses 28.2 quads of
energy, 17% below the business-as-usual case but still 10% over 1997 levels. Emissions of carbon are
down by 20% over the business-as-usual case, still 6% higher than in 1997. The high-
eﬁﬁamcy/low-carbon scenario mdummergyusemdcarbonmmsby another 4% in 2010 and by
an additional 5% in 2015. By 2015, transportation sector carbon emissions are projected to be below
the 1997 level in the high-efficiency /low-carbon scenario.

September 17, 1997 - - 55




Chapter 5 ' ' - Transportation Sector

Table 5.1 Comparison of Three Transportation Energy Scenanoa to the AE09‘7 Reference Case

Energy Use (quads)

. 1997 - 2010 : © 2015
Business-as-Usual ' 255 323 340
Reference Case = . ' 254 "84, 32.3
Efficiency : 254 : 29.2 286
High-Eff/Low-Carbon : 25.3 s 27.8" > 26.4

1997 2010 2015

- Business-as-Usual ' 487 616- 646

Reference Case ; 485 ; 598 614
Efficiency , 485 £ 543 82 -,
High-Eff/Low-Carbon : 484 . "o 513 485 - -

Note: Carbon emissions include emissions from the generation of electricity for electric vehicles. Reference case
assumptions about electric vehicle market penetration have not been changed in any of the three. scenarios.
Smululy,humpcmuonmergyuumdudu electricity generation losses. ;

We wish to emphaslze that, in our judgment, the reductions in carbon emissions described in these
scenarios are unlikely to be achieved by advances in technology alone, in the absence of meaningful
additional policy measures to insure that cost-effective and near cost-effective technologies to
improve energy efficiency and to expand the production of biomass fuels are in fact implemented.
This is not only our conclusion. The 1995 Asilomar Conference on Energy and Sustainable
Transportation, organized by the National Research Council (NRC), Transportation Research
Board's Committees on Energy and Alternative Fuels, addressed the question, "Is technology enough
" to achieve sustainable transportation?" The conference's consensus, to be published in a forthcoming
volume of proceedings, was that technologies capable of creating a sustainable transport system
could be developed over a reasonable time period but that the marketplace on its own would be
unlikely to adopt such technologies in the absence of specific policy measures to make it happen
(McNutt et al.,, 1997). Because of the inertia inherent in the nation's transportation system, and
because reducing greenhouse gas emissions is a public good, meaningful policy action is likely to be '
essential to achieving the carbon emissions reductions described in these scenarios.

We also believe that research and development of low-carbon emission technologies will have to be
expanded to achieve the results of the efficiency and high-efficiency scenarios. Support for this
view can be found in the NRC's just-published review (NRC, 1997) of the research program of the
PNGV, the most significant national effort to advance technology to improve transportation energy
efficiency. The views of the standing comnuttee charged with reviewing the pmgress of the

programaretmamblguous.

“The PNGYV is experiencing severe funding and resource allocation problems that will
preclude the program from aduevmg its objechves on its present schedule if they are .
not resolved expedmously : ;

The panel comments on the serious underfunding of PNGV in at least nine different places in its
report. In Table H-1, summarizing its assessment of the status and prospects for the key PNGV
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tedmolog:es all technologies save fuel cells were categonzedashavh\ga basic need for additional
resources. Noting that PNGV has been unresponsive in providing the committee with estimates of
the funding that would be required, the committee notes that the industry consortium of the PNGV
stated that it would like to see government funds available to PNGV doubled (NRC, 1997, p. 107).
Elsewhere, the committee notes that funding for ultracapacitor research would have to be increased
by at least ten times for a period of 10 to 15 years in order to catch up with the status of battery
research with respect to PNGV goals. While the technological progress assumed in our efficiency
case does not require that PNGV goals are attained, continued advances by industry and government
R&D programs will be essential. PNGV, of course, addresses only light-duty ‘ vehicles. Ré&D
support for low-greenhouse gas technologies for other modes is even more modest. In the view of the

transportation sector analytical team, substantial additional funding for R&D will be required,
- perhaps two to ten times what is presently being spent, depending on the area of investigation.

52 PROVEN AND ADVANCED TECHNOLOGIES

[

Despite the fact that the fuel economies of successive model years of U.S. new cars and light trucks
have been essentially constant for the past decade (Heavenrich and Hellman, 1996), technologies

positively affecting vehicle efficiency have continually entered the fleet. These include fuel

injection, 4-valve per cylinder engines, 4-speed electronically controlled automatic transmissions

with lockup, growing use of lightweight materials and structural redesign for weight reduction, tires

with lower rolling resistance, and improved aerodynamics. ~ Efficiency improvements offered by -
these technologies have been counteracted, however, by increased acceleration performance and top

speed weight increases due to increased body stiffness and more power and safety equipment (e.g.,

air bags); and other factors. In other words, auto makers and purchasers have been wﬂlmg to trade -
oﬁfuelecmomyforcompehngvdudeamemhessuchaswexghtmdpower

There is wide agreement that new effzcxency technologies will continue to enter the fleet, and that
technologies recently entered will gain market share. Table E.1 in Appendix E lists those
- technologies that appear in the NEMS data base and are expected to either gain market share or
enter the market during the next decade or so. With a few exceptions, these are proven technologies
whose costs and impact on efficiency can be reliably specified. The most important of these
technologies, from the standpoint of their potential impact on fleet fuel efficiency during the next
few decades, are described briefly below. Documentation for costs and projected fuel efﬁcxency
improvements for these and the other tedmolog:s in the NEMS data base is contained in Energy
and Environmental Analysis, Inc. (1994).

-

5241 Materlal Substitution _

Welght reduction has been a key factor in the U.S. auhomoblle fleet's fuel economy improvement
since the early 1970s, and will likely play an important role in future improvements. Past weight
reductions involved a combination of a widespread conversion to front-wheel drive, -which
eliminated the drive shaft and rear axle and allowed important packaging gains; a significant
downsizing of the fleet, made possible by changing consumer demands; the shift to unit body
construction from a chassis on frame structure; and material substitution, largely from plain carbon
steel to high strength low alloy (HSLA) steels, but also including shifts to plastic parts and some
aluminum as well. Recently, structural redesign using supercomputers has allowed significant
weight savings. However, much of these savings have been taken back by increases in body rigidity,
which enhances ride quality and safety, as well as the addition of safety and power equipment.
Ancordmgly, the average weight of the fleet has begun to increase.
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Despife past mproirem&\ts, there remain substantive possibilities for large weight reductions -

without sacrificing vehicle interior space or safety. The Office of Technology Assessment (U.S.
Congress, OTA, 1995)” identified an array of weight reduction scenarios including the following: a
"clean sheet” design using advanced steel alloys that .might achieve greater than a 10% weight
reduction in a mid-sized auto; all-aluminum vehicles using successively more optimized designs
_ achieving up to a 30% reduction; and a technically-optimistic design using polymer composites
achieving a 35-40% reduction (thoughOTAconslderedﬁushstscmombeqmteunoerwn{mma
commercial standpoint because it requires breakthroughs in manufacturing technology).

Material substitution is treated in a seris of steps in the NEMS model, with each step representing
a 5% weight reduction relative to the baseline. The first step (now complete'in the current new car
fleet) represents increased use of HSLA, while the next four steps represent increasing use of plastics
and aluminum over time, to achieve a total reduction of 20% relative to a modern 1990 vehicle (mosre
with older non-unit body designs).

s

522 Aerodynamic Drag Reduction

Improvements in vehicle aerodynanucs have been an mportant part of the overall fuel economy

improvement of the U.S. light-duty vehicle fleet, with average drag coefficients (Cg4s) being
reduced from 0.45-0.50 in 1979/1980 to between 0.30 and 0.35 today, with some models in the 0.27-0.29

range. These reductions are important to vehicle fuel economy because a 10% reduction in Cy

typically will yield a 2.0-2.5% increase in fuel economy at constant performance

Prototypes with extraordinarily low Cys (e.g., 0.18 for the Chevrolet Citation: IV and 0.15 for the
Ford Probe IV ("Going with the Wind," 1984)) have been shown, and the General Motors EV1
electric car attains a C4 of 0.19. There is a strong consensus among auto makers, however, that mass
market vehicles will likely be limited to C4s of about 0.25 because of limits on the practical slope of
windshields, need for cargo space (low Cys require tapered rear ends), and other factors, including

customer design preferences. Further, reductions in Cys for light trucks are limited by factors such as

need for high ground clearance and large tires, open beds in pickup trucks, and so forth. Also, the
short length of subcompact autos limits the degree to which their C4 can be reduced.

~ In NEMS, aerodynamicdmgreducﬁonisalsoimplemmhedinaseﬁesofsbeps starl:ingfroma 190Cy

baseline of 0.37, with each step representing a 10% reduction over the previous level (i.e., to 0.33,
0.30, 0.27, and 0.245, respectively).

523 Improved Automatlc Transmissions : ' %

A range of potential improvements to automatic transmissions can offer fuel economy benefits of up to
about 6% in automobiles. Key areas of improvement are design changes that reduce hydraulic losses
in the torque converter and transmissions with added rumbers of gears, with continually vanable
transmissions possible.

Five-speed automatic transmissions were introduced in Japan and Europe a few years ago and have
recently been introduced to the United States in a few luxury models. Nissan and Mercedes have
experienced fuel economy gains over a 4-speed automatic in the 2-3 MPG range (Hattori et al., 1990).
A number of continuously variable transmissions (CVTs) have been tested with widely varying
results, and Suburu sells a small car with a CVT in the US. market. OTA estimates that a CVT
should be capable of achieving approximately a 6% fuel economy increase over a 4-speed automatic.
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Electronic transmission control of both conventional automatic transmissions and CVTs will add some
benefits over the older mechanical controls. First generation controls selected only the shift points
and provided about 0.5% benefit in fuel economy, and such controls were in most transmissions by
1995. More advanced second generation controls have appeared, and they interact with the engine
control to optimally select torque converter lock-up and shift points while also dete:mnmgmgmc
calibration. Such controls provide 1.5% benefit over mechanical controls.

52.4 Engine Friction Reduction

Redudngﬁ\eckmmulﬁxchmummpmmmdevdopmbmduteady reductions in
. friction have occurred as engine designers continually modify existing engines and introduce new
engine families. There is substantial potential for fuel economy gains as existing friction reduction

improvements are rolled into the fleet. Primary areas for further improvement are:
e Piston and connecting rod weight reduction using lightweight materials,
e Lightweight valves and valve springs, 5
* Use of two rings instead of three,
 Iniproved oil pumps,
e Improved lubricants,
. » Low friction crankcase seals, and
e Roller cam™followers..

On]y roller cam followers and two-ring pistons are discrete technologies, with speuﬁc benefits of 2%
in fuel economy, while other benefits are based on design evolution.

Fuel economy improvements of as much as 4.5% (compared to current engines) should be available

using the full range of evolutionary technologies. The NEMS model has separate representation of
* roller cams, while all other technologies are modeled as engme friction reduction in discrete steps of
1.5% benefit in fuel economy, with steps in the order of increasing cost and complexity. .

52.5 Variable Valve Timing

In conventional engines, the timing and extent of opening of the intake and exhaust valves are fixed,
and are compromises between the very different needs of high and low power settings. Variable
valve control allows substantial efficiency improvement; for example, dos.ing the intake valves:
early can substitute for throttling to reduce air intake, thus reducing pumping losses at low load.

Also, variable valve control boosts englne power, a.llowmg engme downsizing while maintaining
power levels. _

Honda uses a system called VTEC that controls both lift and timing of intake and exhaust valves.
- VTEC is not a fully variable system, offering only two settings for valve timing and lift, but it still
obtains an 8% fuel economy improvement at constant performance. It has been used in the U.S.
market both for boosting power (AuuaNSX,PteludeVTEC)nndmprownghel economy (Civic VX).-

Although VTEC was introduced to the U.S. market in 1991 (in the NSX), nexther VTEC nor
competing systems (Mitsubishi uses a system, MIIVEC, that combines valve control with cylinder

4
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-shutdown at low loads) have gamed significant markot share since then. The ma;of concerns are cost
and complexity. Second generation VVT systems that offer wider control of lift and timing are
expectedtomcreasefuelecmomybmeﬁtsatcmstmtperformanoetol%

526 l.ean-Bum Engines

Lean-burn engines reduce engme power by reducing fuel flow w1thout throttlmg back airflow, thus
increasing the air/fuel ratio; in contrast, conventional engines maintain air/fuel ratios at or below

"stoichiometric" (i.e., the ratio — about 14.6:1 — where there is just enough air to fully combust the
fuel). Aside from the reduced pumping loss obtained by foregoing throttling, engine thermal
efficiency is increased and hydrocarbon and carbon monoxide emissions are reduced. The primary
challenges facing lean-burn engines are difficulties in maintaining stable combustion at high
air/fuel ratios and the need to Hevelop new NOx catalysts that will work in an oxygen-rich exhaust
environment. The former challenge generally is handled by designing the
cylinder/piston/valves/fuel injector system and operation in such a-way as to stratify the fuel
charge so the region around the spark plug has a richer fuel mixture than in the rest of the
combustion chamber and ignites readily. An alternative method is to use high swirl combustion
chambers that promote combustion. For the emissions challenge, most automobile manufacturers are
working to develop "lean NOy catalysts,” and, as discussed below, both Toyota and Mitsubishi have
sold vehicles that combine lean operation and new NOx catalyst technology since the early 1990s in_
]apa:n.

Low cost lean-burn systems that do not need "direct injection” of fuel into the cylinder héad can
provide up to a 10% benefit in fuel economy by utilizing advanced cylinder head designs and lean
air-fuel sensors.

527 Advanced Tires

Rolling resistance accounts for approximately a third of the loads on an automobile during the EPA
test procedure. The magnitude of this resistance is approximately linearly related to the rolling
resistance coefficient of the vehicle's tires, so reducing this coefficient through changes in tread
design, tire materials, and tire structure will have a significant positive impact on fuel economy.

Tire design and materials have improved steadily throughout the years, with the switch to radials
from bias-ply tires beginning in the late 1970s, then the shift to second generation radials beginning
in the mid-1980s each achieving about a 20-25% reduction in rolling resistance and a 3-4%
mxprovement in fuel economy ;

Ld

Additional improvements have recently been introduced by Michelin and other companies and are
beginning to penetrate the fleet. Use of these and other, further-improved designs can yield about a
25% reduction in rolling resistance by 2005, with 5% improvement in fuel economy resulting; an
additional 3% fuel economy improvement may be possible by 2015 (Hattori et al., 1990). Some of
these gains are likely to be offset by manufacturer design decisions that increase tire traction and
durability, so that only about half the potential fuel economy gains are likely to be realized. The
NEMS model has the 1mprovemmts occurring in four discrete steps over time to achieve a total 4%
benefit in fuel economy.

Aside from these proven technolog:ies, there are a few additional technologies that are not expected
to enter the fleet in commercially significant amounts before 2010 under the business-as-usual case
assumptions, but that have the potential to impact fleet fuel economy in this time fr.u'ne if there are
appropriate incentives. These are: _
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" u Alent d:agmducﬁm(panO.ﬂﬁfﬁﬂd-ﬁied#dﬁdu),
e Hybrid-electric pt;wer trains, .
e Direct injection stratified charge (DISC) gasoline engines,
e Direct injection (DI) diesel engines, and |
B mmexchangemembme(PEpnfqdmﬂpdwerm.

All but the PEM fuel cell power trains are considered likely to be introduced into the U.S. in small
numbers before 2010 (e.g., in limited edition or luxury models). In fact, Volkswagen has already
introduced DI diesel engines into the U.S. market as options in its Passat, Jetta, and Golf models. DI
diesels cannot meet current NOx standards for gasoline-fueled automobiles. At this time, diesels
have an exemption to U.S. rules an NOx emissions; however, this exemption is unlikely to stand if
. large numbers of diesels are sold in the U.S. market. Similarly, DISC engines have been introduced
into the Japanese fleet by Toyota and Mitsubishi, but their high cost and U.S. emissions
requirements should keep them out of the U.S. fleet for the immediate future — except perhaps in
very limited numbers. As discussed below, however, these technologies could make an impact an
U.S. fleet fuel economy before 2010 either in the efficiency scenario, which postulates both increased
R&D spending and increased market or regulatory incentives for fuel economy, or in our high-
efficiency/low-carbon scenario that postulates Dbetter-than-expected luck in technology
development.

528 Advanced Drag Reduction

In our view, significant market pressure an fuel economy could reduce C4 values a bit further than
projected by the auto makers. Some existing vehicle designs that have attained lower Cys without
some of the design compromises of the prototypes noted above indicate that a C4 of 0.22 should be
practical for a mid-size car without requiring wheel skirts or a sharply tapered rear end.? This
value has been adopted as successfully entering the mass market automobile fleet in both the
efficiency and high-efficiency /low-carbon scenarios, and is modeled as an additional 10% reduction
in drag over the lowest C4 value in NEMS of 0.245.

52.9 Hybrid-Electric Power Trains

Hybrid-electric power trains combine two energy sources with an electric drivetrain, with one or

both sources providing electricity to the electric motor. Although many configurations are possible,
all have some form of energy storage (battery, flywheel, ultracapacitor, etc.). Hybrids offer a
theoretical efficiency advantage over conventional internal combustion engine (ICE) drivetrains for
the following reasons: :

e They offer the potential to recapture some of the vehicle’s potential energy that is normally
lost (as heat) when the vehicle is braked. In a hybrid, the electric drive motor can be operated
in generator mode to brake the vehicle; the electric mgypmdumcl:s stored in the battery or
other storage device.

e The hybrid dnvetmm allows the vehicle powerplant to be smaller and to operate more
efficxently than the powerplant in a conventional drivetrain. In a conventional drivetrain, the
engine is sized for the maximum load (usually short-term rapid acceleration) and can produce
many times the power it uses during the great majority of its operation. For example, during

~ idle, low speed cruise, or deceleration, the powerplant may be operating below 10% of its
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maximum power capability, and most engines (especially gasoline engines) are very inefficient
at such lower power levels. Because the storage device can absorb any excess power (over that
needed to operate the vehicle) produced by the engine, the engine can continue to operate at an
efficient power level even when the vehicle loads are low. Also, in a hybrid, the storage

device can provide part of the power for maximum acceleration, allowing the hybrid

powerplant to be sized for average power requirements or for power requirements in operations
where the battery can’t help (e.g., during sustained hill-climbing), whxch are generally lower
timnaccelerahonloads sothehybnd‘smgmecanbesma]ler e

The net energy gains from the regenerauve braking, smaller and lighter powerplant and improved
powerplant cycle efficiency are counteracted by losses in the electrical components (storage device,
generator, motor/controller) and their added weight (in particular, weight of the storage device
and electric motor). The wide variety of hybrid configurations and component designs, the
relatively early stage of development of hybrid powertrain systems, and the ongoing redesign of
hybrid powertrain components to satisfy the unique requirements of hybrid operation has yielded a
- wide range of estimates of the potential efficiency benefits of shifting to hybrid drivetrains.
Further, ongoing changes in engine design for converitional drivetrains shift the relative value of
hybnduaﬁon, with reduction in pumping losses achieved by variable valve control, for example,
reducing the benefit of hybridization because these are the same losses hybridization is designed to
counter. The OTA has estimated that a battery/ICE hybrid can achieve about a 25-35% gain over a
conventional drive vehicle with the same type of powerplant, assuming what it considered
optimistic values for the efficiencies of the battery and electric motor (U.S. Congress, OTA, 1995).
Current examples of operating hybrids that satisfy normal vehicle safety and performances
requirements* have not achieved efficiency improvements this high (U.S. Congress, OTA, 1995). On
the other hand, the Department of Energy’s (DOE’s) goal for its hybrid drivetrain R&D program is
a doubling of fuel economy, and theoretical analyses of hybrid configurations using simulation
models have projected gains ranging as high as the DOE goal (Burke, 1995; Ross, 1996). In our view,
gains this high are unlikely without sacrificing some aspects of performance or operational
flexibility. On the other hand, there are active R&D efforts on hybrid components such as
ultracapacitors and high-efficiency electric motors that, if successful, could raise the efficiency
advantage of hybridization to somewhat higher levels than OTA projects. The efficiency case
conforms approximately to the OTA projections; the high-efficiency/low-carbon case assumes
exceptional success at improving drivetrain components and reducing costs. This translates to a 28%
fuel economy benefit over a 1995 conventional gasoline-fueled car, and a 10% benefit over a DI diesel
vehicle for the efficiency case; in the l'ugh-efﬁaencyflow-carbon case, the assumed gains are 43%
and 23%, respectwely

The primary barriers to successful commercialization of hybnd—electnc vehicles are the current
high costs of electric motors, controllers, and batteries, and the need for additional progress in
reducing the specific power and increasing the efficiency of these electrical components. In
particular, there is an urgent need for reliable high-efficiency, high specific power batteries. There
recently has been progress an such batteries, but considerable work remains. In addition, there are
relatively few suitable engines in the right size category (one liter or so) for hybrids, since

automotive engines typically are sized to meet the higher power requirements of convenhonal ‘

dnvetrams

52.10 Direct'ln]ectlon Stratified Charge (DISC) Gasoline Engines

Conventional spark ignition (gasoline) engines are inefficient at part load in large part because they
reduce power by throttling back on their air supply, creating large drag losses (so-called "pumping
losses") in the stream of intake air. Direct injection stratified charge engines do not throttle intake
air; instead, they reduce only fuel flow at part load, operating at fuel/air ratios as low as 1:50.

They manage this by injecting fuel directly into each cylinder at high pressures (700 psi or higher
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mparedtoSOpmhacmwmhmalfue!m;ecuonsym(Marhu 1997))inmchaway that the'

fuel/air mixture is stratified (thus, "stratified charge"), with high fuel concentrations near the

spark plug so as to maintain stable combustion. The combination of zero throttling losses, low fuel

use at light loads because of the very lean fuel mixture, and some added benefits of direct injection -
particularly, more precise control of combustion and fewer problems such as fuel condensation an
intake-port walls - yields substantial fuel efficiency improvements rivaling those of DI diesels.

CuuunwithDISCenginesincludeprobhmsmﬂm increased NOx emissions because normal

reduction catalysts will not operate in the oxygen-rich exhaust environment of a lean-burn engine;

the expense and durability of the fuel injectors, which have to operate at very high pressures

ranging up to 2000 psi; and the need for extremely precise control of combustion to maintain smooth-

pafmmmm&mﬂ\emgmeuntsm&backmdforﬂ\bemeenhanwmxdﬁomemcopuam

Both Toyota and Mitsubishi have introducing DISC engines into their fleets in Japan, Mitsubishi
with a 1.8 liter, 148 hp engine in its Galant sedan and Legnum wagon, Toyota with a 2.0 liter, 143 hp
engine in its Carina sedan (Markus, 1997). Both companies use catalysts to reduce NOy emissions:
Mitsubishi's is a true lean-NOx catalyst that reacts hydrocarbons with NOyx to form nitrogen,
oxygen, water, and carbon dioxide; Toyota's system stores NOx and reduces it to nitrogen during high
power operation when the engine uses a stoichiometric (no excess air) air/fuel mixture (Markus,
1997). Neither system is believed ready to meet U.S. emissions requirements, especially for

catalyst longevity. The Toyota system would likely experience difficulties with high levels of

sulfur in U.S. fuels, which can poison the catalyst material.

Available data suggest that Toyota's DISC engine provides a 25% fuel economy benefit in the
Japanese 10-mode cycle, which could translate to an 18% benefit in the U.S. FIP if emissions
problems are solved. This benefit has been used in the efficiency case; in the high-efficiency/low-
carboncase,abmeﬁtofﬁ%xsassumed.

5.2.11 Turbocharged Direct Injection (TDI) Diesel Engines® | .

Until recently, all diesel powertrains used in light-duty vehicles in the United States were indirect
injection diesels (IDI). In an IDI diesel, fuel is sprayed into a prechamber, mixed with air, and
partially burned before the charge is passed into a main combustion chamber where the combustion
continues. This design was desirable for automobiles because it yields smoother combustion with less
noise and lower NOx emissions than direct injection designs.: These advantages are purchased at the
expense of some efficiency losses from heat transfer from the prechamber and pressure losses as the
partially bumed gases flow through the passages between the prechamber and main combustion
chamber.

Advances in fuel injection technology and combustion chamber design,’ coupled with turbocharging

 and intercooling, have allowed direct m;ecuon diesels to attain smoothness and noise levels

comparable to IDI diesels with low NOx emissions and high specific power (power/weight) levels,
approaching that of naturally aspirated 4-valve per cylinder gasoline engines. The best 4-valve
turbocharged DI diesels can attain fuel economy improvements of 40% or more over current 2-valve
per cylinder engines, though conversion to gasoline equivalent fuel economy yields closer to a 30%
gain (diesel fuel is a more energy-dense fuel than gasoline). The 40% value has been used in our
analysis, but it assumes that lean-NOy catalysts will be successfully adapted to diesels to meet
NOy standards. Catalyst researchers generally are considerably less optimistic about success for
diesels than they are for gasolme-h:eled vehicles.
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As noted above, Volkswagen has introduced DI diesels into the US. fleet in its Golf, Jetta, and
Passat models. These engines are 1.9 liter mdpmducel()&horsepower Au&pmdmalargerZS
hterengmeformEuropemmodels. g, ]

7

5.2.12 Proton Exchange Membrane (PEM) Fuel Cell Powertralns

Fue!ceﬂsmelectrochenucaldewcestlutconvertthe chemical em:rgymhlels to electrical energy
directly, without combustion. This process avoids the thermodynamic limitations imposed by the
Camnot cycle, and fuel cells theoretically can have efficiencies of 90% or greater. With hydrogen as
a fuel, fuel cells have emissions only of water; with fuels such as methanol or hydrocarbons,
reforming to obtain hydrogen will produce small quantities of carbon monoxide and other pollutants
as byproducts and larger quantities of carbon dioxide.

For the immediate future, PEM fuel cel]s appear to be the clear choice among alternative fuel cell
technologies for light-duty vehicle applications because they operate at moderate temperatures
(20-120 degrees C) and developers have been able to rapidly improve their power density (from .085
kW/liter in 1989 to about 1 kW/L today) and decrease their costs (platinum loadings, a major cost

factor, have been reduced from about 4 mg/cm in 1990 to current levels of about 0.15 mg/c.m") (Oei,
1997). ,

Despite rapid progress, fuel cells must overcome major hurdles before they can succeed commercially
in the light-duty market. Costs must be sharply reduced. Even with mass production, PEM fuel cells
would cost at least $200/kW to manufacture with today's production technology and cell designs -
nearly ten times the cost of ICE engines (Oei, 1997), disregarding the additional cost of needed
hydrogen storage or refom'ters ;

Key needs are development of low-cost membranes, size and cost reduction of hydrogen reformers or
onboard storage, and improvement of "balance of plant." Also, there are several "engineering" issues
that will have to be dealt with once stack design has gotten to the point where serious vehicle
design is contemplated - for example, cooling (the low temperature operation of fuel cells means
that the heat being rejected is very low grade heat, requiring lots of air movement or large radiator
surface areas, neither very appealing to vehicle dgners (Borroni-Bird, 1997)) and prevention of
. freezing in cold weather. _

On-board fuel storage represents a significant barrier because hyd:ogen s energy density is very low,’
and the easiest fuel to reform into hydrogen onboard the vehicle, methanol, has no significant
supply infrastructure. Chrysler in partnership with DOE recently announced significant progress
towards onboard production of hydrogen from gasoline, which would solve the supply infrastructure
problem and allow much easier fuel storage than hydrogen. Not surprisingly,” however, the
selection of gasoline as the preferred “hydrogen carrier” for fuel cells is by no means an easy call.
For example, gasoline’s availability and easier fuel storage must be traded off against the cost and
space occupied by the reformer (Jost, 1997). Toyota has claimed a substantial improvement in -
hydrogen storage technology using an advanced metal hydride adsorbent that matches the energy
density of liquefied hydrogen storage with only 10 atmospheres of pressure required (Yamaguchi,
1997). Presumably, however, this type of storage would be extremely heavy. Other options being
pursued by various researchers include direct methanol fuel cells, which preclude the need for a
reformer, and the use of ethanol in place of methanol or gasoline as a hydrogen source. The latter
option is especially attractive if the ethanol can be produced from cellulosic materials, because the
effect on reducing greenhouse gas emissions is particularly large for this technology.
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We expect the rate of progress and probability of commercialization of fuel cell powertrains to be
sensitive to the level of R&D funding and market pressures to improve overall vehicle fuel economy.
Progress has in fact been rapid, as shown by the improvements in power density discussed above.
; Ford,CiM,dexryslerarea]J pursuing fuel cell vehicle R&D, as are Japanese and European

companies, with Toyota's and Mercedes Benz's programs being the most visible. A Canadian '

company, Ballard, appears to be in a leading position in PEM fuel cell R&D, and has supplied
systems to most of the vehicle R&D programs. Given current funding levels and the market's lack of
pressure on fuel economy levels as well as the large amount of development work that remains to be
done, however, introduction of fuel cells into mass market vehicles appears likely to be beyond the
- 2010 time frame, mdﬂtebasescmmoadherestoﬂusprqechm This, in fact, was the conclusion of

the NRC’s advisory panel overseeing the PNGV program (NRC, 1997, Table H-1). On the other
" hand, increased funding and market pressure and/or particularly fortuitous progress inthe ongoing
R&D program might move the date of introduction forward. Further, the newness of the technology
and the dependence of the basic fiiel cell stack costs on manufacturing design leaves open the

potential that the eventual cost of the fuel cell system might be somewhat lower than competing *

ICE drivetrains; this depends on substantial cost reduction over a range of technologies, because the

costs of hydrogen storage or reforming, the electric motor, and even the battery that mhkely to be
necessary for startup power, all play a significant role in total system costs.

The efficiency case assumes that fuel cells will not be introduced in mass market vehicles before
2010; we note that the major auto makers are not projecting a pre-2010 commercial introduction of fuel
cell vehicles even assuming a high level of success in their development programs. The PNGV
program envisions that the earliest fuel cells will use a reformer to produce hydrogen from gasoline.
We assume that fuel cells in conjunction with a gasoline reformer will be about 70% more efficient

\ than current gasoline engines, but only slightly more efficient than a diesel hybrid drivetrain. The .

* high-efficiency /low-carbon case assumes introduction of commercial gasoline fuel cell vehicles by
2007. Although ethanol from cellulosic .material would make an excellent fuel for the fuel cell
hybrid and would result in further reductions in gtemhouse emissions, we assume the first fuel cell
vehicles will use wﬁely-avu]able gasoline.

5.2.13 Fuel Cells in Heavy Trucks and Locomotives

In many ways, fuel cell propulsion may be attractive for large transportation vehicles, such as
locomotives or ships, before it is ready for use in light-duty vehicles. Use of fuel cells in heavy
trucks will requ.l.re a breakthrough in hydrogen production, distribution, or on-board storage, or elsea
breakthrough in reforming technology before it will be competitive with the diesel engine. The

drive-cycle thermal efficiency of current heavy-duty diesel truck. drivetrains is in the range of 35% -

to 40%. The drive-cycle thermal efficiency of current methanol steam-reforming fuel cell
drivetrains (including electric motor/controller and battery) is also 35% to 40%. Thus, there is
likely to be little incentive for heavy trucks to switch to fuel cells until hyd.rogm fuel cells, with
drivetrain efficiencies in the range of 45% to 50%, become available.

Fuel cells may succeed in the locomotive market first because, (1) fuel costs are more important to
rail carriers than to truckers, (2) locomotives already use electric traction drive and, (3) fuel cells of
the size necessary for locomotive powerplant output (4000 HP) are already commercially viable in
stationary powerplant applications. Therefore, we consider the use of fuel cells in locomotives in
the high-efficiency /low-carbon scenario. Fuel cells may also have applicability to marine vessels,
again because of their size. We do not introduce marine fuel cell applications in the high-
efficiency /low-carbon technology scenario, simply because we are not aware of suitable
applicability studies. We believe that analysis of the potential for fuel cell technology in heavier
transportation vehicles would likely reveal additional promising applications. - Thus, the
locomotive fuel cell analysis is intended more to be indicative of potential hrge-scale fuel cell
applications in transportation than a reflection of our judgment of the true pohmhnl market.
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Locomotives can be broadly classified into two types: local service and line haul. Local service
locomotives are prum.nly older line-haul locomotives that are low powered (2000-3000 HP), and

are typically utilized in light load applications. Local service locomotives consume about 120,000
gallons/year of fuel per locomotive. Line-haul locomotives are more powerful (4000 HP) and
consume 375,000 gallons/yr of fuel per locomotive. Both types spend considerable amounts of time at
idle, over 70% of the time for local service locomotives and over 50% of the time for line-haul. Idle
fuelcmsumpumaccmmbfor%%offueloonsumedmlomlsermcelocomohves,and only 6.3% of fuel
consumed for line-haul locomotives (CARB, 1991; CARB, 1992). .

Locomotives have very long useful lives and the engines are rebu:lt several t:mes The diesel engine
alone costs about $400,000, but a complete rebuild costs only about $100,000 to $150,000. Engines are
typically rebuilt every eight. years, and the entire locomotive is rebuilt every 24 years and/or
moved to local service at that point. Hence, a useful life calculation of 24 years may be reasonable in
terms of a replacement cycle. .

A fuel cell based locomotive could utilize methanol, ethanol, or liquefied natural gas (LNG) and
could be of the PEM type being considered for cars or the Phosphoric Acid type used for power
generation. It is believed that for high power applications, the Phosphoric Acid Fuel Cell is in a
relatively greater state of maturity. Several large units are currently operating as prototypes for
power generation. Estimates of future fuel cell costs are highly uncertain, but megawatt size
Phosphoric Acid units could be manufactured at low volumes for approximately $1000/kW in the
near future, and perhaps at $400-500 per kilowatt in ten years. At this cost, a typical locomotive
unit of 3000 kW would cost $1.2 to $1.5 million in 2007 reflecting a cost premium of $800,000 to $1.1
million over a diesel engine powered locomotive. It is also possible that “rebuilds” would not be
required every eight years so that nﬂmstdxﬂemmmybemaﬂer over the lifetime of the
locomotive. Also, developers of PEM cells for highway vehicles are aiming at sharply lower costs,
in the range of $50 per kilowatt (for the fuel cell only) or lower; although the size, duty cycle, and
manufacturing volume of locomotive and automotive power plants are clearly very different,
presumably a portion of any cost reductions achieved in automotive fuel cells would be applicable to
fuel cells designed for locomotives. _

‘Iheaverageefﬁaeﬁcyof the fuel cell over the duty cycle would be 1.6 to 1.7 times as high as the
diesel engine (whose cycle average efficiency excluding idle is about 35%). Fuel savings of 40% are

- possible, which is approximately 150,000 gallons/year for a line-haul locomotive. Hence fuel .

savings alone could pay for the capital cost increases over about eight years, making the technology
reasonably cost-effective in the context of a 24-year useful life. Of course, major uncertainties exist
in the actual cost of the fuel cell for a 3000 kW unit, the life of the fuel cell, and the maintenance
requirements relative to a diesel engine. ¢

If successful, fuel cell locomotives could have a 5 to 6% market share by 2010, and 16 to 18% by 2015,
for the total fleet. In the high-efficiency/low-carbon scenario, we assume a 5% share in 2010 and
20% by 2015. We further assume use of cellulosic ethanol, although methanol and LNG would also
be likely candidates. .

5.2.14 Costs and Timing of Technology

As part of the OTA study, the cost of all the above-described automotive technologies was derived
on the basis of near-term estimates, though at high production volume.; One possible area for
improvement in costs is the effect of research and additional learning to provuie an "experience”

based cost reduction. Lipman and Sperling (1997) have analyzed cost reductions based on cumulative
total production, and concluded that many new technologies experience a 20 to 35% cost reduction for
every order of magnitude increase in cumulative production (Le the cost decline function is linear
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with respect to the logarithm of cumulative units produced). If these new technologies are -
manufactured at typical automotive volumes from their introduction, then an order of magnitude
increase in cumulative production will occur over a span of five to seven years with sales growth over
the period. The next order of magnitude increase in cumulative production will take much longer .
unless the technology essentially increases market share to 100% over the next decade. We have
uﬁhzedthedatn&om&tehpmmandSpeﬂmgpnpertocmdudematammfeduchonov'erthe
1997—2m5penodmpossﬂalerelauvemthecostsdenvedforOTA. Y

A second factor is the timingoftechnologyintroductim The contrast here is between new
- technology introduction in a business-as-usual scenario relative' to one where both business and
government invest in research and development at rates coénsistent with an accelerated PNGYV,
coupled with changes in market preferences for fuel economy driven also by changes in government
policy (e.g., new fuel economy standards, high motor fuel taxes, etc.). The resulting reduction in lead
time is assumed to be 30% relative to the earliest introduction dates forecast by OTA, starting from
1997. In other words, a technology forecast by OTA to be commercialized in 2010 (13 years from 1997)
would be expected to arrive in 2006 (1996 + [13*0.7]) under the regime of increased R&D spending and
market changes. This factor has been incorporated for all post-2005 technologies defined in NEMS
or added to the NEMS technology list for the efficiency and high-efficiency /low-carbon cases. 2"

52.15 Altarhativa Transportation Fuels

Alternative Fuels derived from fossil energy sources have limited potential to reduce greenhouse gas
emissions. 'Ihe full fuel cycle greenhouse gas emissions of fossil fuels have been compared in detail
byDelucclu (1991, Tables 9a-e), Wang (1996) and others. Several fossil fuel alternatives have
somewhat lower CO, emissions than conventional or reformulated gasoline (RFG), most notably
liquefied petroleum gases and natural gas, whether compressed (CNG) or liquefied (LNG). On the
basis of emissions of CO, equivalent greenhouse gases per vehicle mile, CNG and LPG offer moderate
reductions both for light (Figure 5.1) and heavy-duty (Figure 5.2) vehicles. Methanol from natural
gas, while it is a relatively attractive alternative fuel for spark-ngmtecl internal combustion
engines, seems to offer no CO, reduction potential.

Battery-powered electric vehicles (EVs) can also lower greenhouse gas emissions, depending an the
energy source used to produce the electricity stored in the vehicle’s batteries. Electricity obtained
from nuclear or solar power would very nearly eliminate greenhouse gas emissions. Use of nuclear
" power is unlikely, however, since nuclear power plants tend to operate at capacity at present and are
not likely to supply a marginal increase in demand due to electric vehicle use. Electricity: from
current natural gas-fired plants would achieve roughly a one-third reduction, and electricity from
advanced combined cycle natural gas generations could do even better. Estimating CO, emissions -
reductions from electric vehicles is highly dependent an assumptions about when vehicles will be
recharged and how utilities will choose to operate different kinds of generating units. One such set
" of estimates, developed based on technologies and generation mixes projected for 2015, is shown in
Figure 53. There are no CO, emissions from vehicle operation and emissions from vehicle
manufacture are the same for all regions. Largely due to greater use of natural gas in advanced

generating units, the south central and west regions are expected to produce the lowest greenhouse
gas emissions for EVs operated there. 2
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Figure 5.1 Fuel Cycle Greenhouse Gas Emissions for Light-Duty Vehicles
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Figure 5.2 Fuel Cycle Greenhouse Gas Emissions for Heavy-Duty Vehicles

:

:

g

-

CO; Equivalent Emisslons (g/mi)

o

8

Diesel - Methanol/NG : LPG . Methanol/Wood
Ethanol/Com CNG Ethanol/Wood . CNG/MWood

Il Venicie Operation [ |Fuel Production & Distribution [JJllfvehicie Manufacture

Source: Leiby et al., 1996, Table D-4

5.18 _ September 17, 1997



Tmnsponauo'n Sector __Chapter5

Figure 53 Pm;ected Fuel Cycle Greenhouse Gas Emissions of Battuy-Powmd Electric Vehicles by
Region in 2015 -
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The analyses in Chapters 6 and 7 indicate that there is considerable opportunity to reduce carbon
emissions in the electric utility sector. A substantial shift towards lower-carbon electric generating
facilities will increase the carbon-reducing benefits of electric vehicles. For example, large shifts
away from coal and towards natural gas, espeaa.lly with combined cyde technology, will tend to
push the relatively high EV emissions in regions whose dominant fuel is now coal (Figure 5.3) down

‘towards the lower emissions prevalent in areas with primarily gas-fired electricity (e.g.
California).

The AEO97 reference case already projects large increases in the numbers of electric and natural gas
vehicles on the road. Primarily as a result of zéro emission vehicle (ZEV) regulations in California,
AEQO97 foresees annual sales of 75,000 battery electric cars and 150,000 battery electric light trucks in
2010. To this is added more than a quarter million hybrid electric vehicles. By 2010, the AEO97
reference case projects nearly 2 million battery-electric and over 2 million hybrid electric light-duty
vehicles in operation. Given the recent relaxation of ZEV mandates in California, this projection
_ now seems optimistic. The AEO97 reference case also projects compressed natural gas vehicle sales
at 325,000 units in 2010 with a total on-road stock of 2.6 million light-duty vehicles. This is more
than thirty times the 82,000 CNG vehicles estimated to be an the road today (EIA, 1996c, Table 1).
We retain these alternative fuel vehicles in all three scenarios, but do not expand them.

Among the alternative transportation fuels under consideration, biomass fuels derived from wood
appear to have the greatest potential to reduce greenhouse gas emissions. Whereas ethanol derived
from com may actually produce higher levels of CO, equivalent emissions than conventional
gasoline (depending on the fuel used to power the distillation plant, and other factors), ethanol
derived from cellulosic sources (wood, switchgrass, wood wastes, agricultural residues, municipal
solid waste), can reduce carbon emissions by about 90% for both light-duty and heavy-duty vehicles
(Figures 5.1 and 5.2). Cellulosic ethanol has the potential to be more effective than com
synthetic natural gas derived from wood, partly because of the energy that must be used to compress
methane for storage on board the vehicle, and partly because cellulosic ethanol production yields
by-products that can be used to generate more electricity than is required to produce the ethanol
(Delucdu. 1991, Table 9b; Wang, 1996).
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Both battery electric vehicles and compressed natural gas vehicles, but especially battery-powered
vehicles, are likely to cost more than conventional gasoline vehicles, will require more frequent
refueling, and will have reduced range (Greene, 1994). It does not appear likely that most consumers
will consider these drawbacks to be outweighed by the likely lower fuel costs for these vehicles.
Thus, we expect these potential low CO, fuel technologies will not easily achieve the business-as-
usual forecast market shares (of course, technological breakthmughs in batteries or gaseous fuel
storage could make these vehicle technologies much more attractive). It is for these reasons that we
focusbe!owonﬁ\euseofcellulos:c ethanol as a transport fuel. -

5.3 SCENARIOS FOR 2010 .

5.3.1 The Business-as-Usual Scatjarlo for Transportation

The AEO97 reference case serves as the business-as-usual case, except for its forecast of i.ncreasing :
* light-duty vehicle MPG through 2015. The EIA AEQ97 reference case projects an increase in
passenger car MPG from 27.5 in 1997 to 31.5 in 2010 and 32.6 in 2015. Light truck MPG is projected to
increase from 20.5 to 22.9 MPG in 2010 and 24.2 MPG in 2015. We view this as inconsistent with the
historical record, which appears to us to indicate that, without increasing fuel prices or a policy
intervention such as fuel economy standards, MPG is not likely to increase. Thus, we incorporate zero
MPG improvement after 1997 for light-duty vehicles into our business-as-usual case, reflecting the
view that the current level of CAFE standards are and probably will remain a binding constramt o
light-duty vehicle fuel economy throughout the busmess—as-usual forecast.

From 1982 to 1997, light-duty vehicle fuel economy remained essentially constant, as shown in Figure
5.4. Of course, motor fuel prices declined sharply at the beginning of the 1983-1997 period, but are at
about the same levels today as they were in 1986, and as they were in the early 1970s prior to the
first oil price shock. Given that the AEO97 oil price forecast projects no significant increase in oil or
gasoline prices through 2015, it is reasonable to ask why fuel economy should increase. The EIA’s
view is that advances in motor vehicle technology will permit not only fuel economy but other
vehicle attributes such as performance and weight to be increased at lower costs, resulting in greater
consumer satisfaction. There is a very small increase in the price of gasoline through 2010, and this
together with a slowing of income growth may allow the rate of technological advance to catch up .
with and pass the effect of consumer demand for larger, more powerful vehicles. Because a
significant slate of cost-effective current and future fuel economy technologies are represented in the
reference case input data, the model takes advantage of them even though fuel prices do not
increase. NEMS would make greater use of the technologies if prices increased significantly, but the
model is driven partly by technology availability and partly by changes in economic parameters.
To some extent, the fuel economy benefits of these technologies are offset by a predicted increase in

demand for performance. Nmetheless aSMPGgamremams -
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Figure 54 New Light-Duty Vehicle Fuel Economy and Gasoline Prices, 1967-1996
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It is difficult to separate out analytically the impacts of CAFE standards and the effect of the
marketplace in pushing fleet fuel economy one way or the other. However, we believe that the most
likely explanation for the stagnation of fuel economy levels over the past decade is that the CAFE
standards have tended to act as a floor on fuel economy, that without the standards the market
level of fuel economy would have been lower than it was. We note that important fuel economy
- technologies, such as fuel injection, front-wheel drive, lock-up torque conversion, 4-valves per
cylinder, overhead cam design, improved aerodynamics, and others, all increased their market
penetration over the 1983-1997 period (Figure 5.5). Fuel economy technologies were adopted, yet
average fuel economy did not increase. There are two major reasons. First, much of the potential to
improve fuel economy was used instead to increase average light-duty vehicle horsepower by 55%
and weight by 13% from 1983 to 1996 (Heavenrich and Hellman, 1996, Table 1). The second reason is
that the impact of a technology on fuel economy depends on how that technology is implemented. To
some extent, the fuel economy benefit of a technology is inherent in it. But to a degree, the benefit
also depends on the details of vehicle design, specifically whether the technology is implemented
with the purpose of increasing MPG or with some other purpose in mind. '

If CAFE was in fact a binding constraint during the past decade and remains so today, fleet MPG will
not begin to increase significantly until a market equilibrium is reached wherein actual fleet fuel
economy becomes equal to the fuel economy level that would be achieved in the absence of CAFE
standards. In our view, estimating “free market” fuel economy levels is basically a judgment call.
We have assumed that market equilibrium will not be reached in the base case, so that fleet fuel
‘economy will remain unchanged. In other words, we assume that, although fuel economy technology
will continue to be adopted, it will be used to provide other benefits than fuel economy, particularly
increased size and performance. Note that the AEO97 reference case also projects increased - .
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penfommmdsxzeoverme forecast period; the differmceheremamtherofdegree not ane of
radically different visions of the most likely future.

Figure 5.5 Use of Fuel Economy Technology In New Light-Duty Vehicles
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5.32 The Efficiency Scenario For Transportation

The efficiency case was created by making reasonable, incremental assumptions about how a -

concerted effort to accelerate the development and promote the adoption of low greenhouse gas
technologies could reduce emissions by the U.S. transportation sector. In this section, the spec:ﬁc
changes made to the business-as-usual case are described in detazl. '

“8.8.8.4 Charges % the Modal Models

The efficiency scenario assumes that the time requned for market introduction of advanced

technologies can be reduced by 25% through increased emphasis on technology R&D, and that
several new.technologies will be developed that would otherwise not be available in significant
numbers before 2010. For light-duty vehicles, these technologies include the following:

e A direct-injection st:rab.ﬁed charge (DISC) gasoline engme

] Am:bodmrgedduect-mjecuon clean diesel e.ngme(TDI Diesel) that; meetsc:mmtandfuture
emissions standards,

e Advanced drag reduction, materials substitution, and enginé fncuon reduction (Drag VT),
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‘e’ A gasoline/eleciric hybrid vehicle (Gasoline Hybrid), and
o A diesel/electric hybrid dnve vehicle (Diesel Hybrid).

hfact,thedleaelhybndandﬂmez-su'okemgmewmnotmcludedinﬂmeﬁﬁamcymarlomo:der'
to reduce the number of new engine technologies introduced. We chose the gasoline over the diesel -
hybrid because its emissions of conventional pollutants can very likely be reduced to extremely low
levels, making it attractive for air quality reasons. In the high-efficiency/low-carbon scenario,
boﬂ\ﬁiez-su'okemd&ledxeulhybndamk\duded(the 2-stroke is assumed to be applicable only
in compact or smaller-sized vehicles). The result is that new powerplant technologies all but
~ entirely replace today’s conventional gasoline engine by 2015 in the high efficiency scenario. This
seems a very ambitious undertaking and one that would require greater expense and a higher degree
of technical success than is consistent with the efficiency scenario.

The efficiency scenario assumes a cost reduction of about one-third over estimates developed by OTA
(1995) for the advanced technologies shown in Table 5.2, based an the potential for learning-based
cost reductions discussed earlier. Among conventional technologies, the cost of CVTs was reduced
from $250 to $150 and the cost of VVT was cut in half for passenger cars and left unchanged for light
. .trur.kx.TMcostmduchonsmmtendedtomﬂectﬂmsuccmofanmhancedR&De&ort

In the truck freight sector, several new technologus were brought into the forecast by reducing the
fuel price threshold at which they would become attractive to buyers.. These include:

e The LE-55 dmnel engine with a 21% efficiency improvément for _heaﬁy trucks,
e Reduced empty weight, | | |
e The turbo compound diesel engine, and
o iKiwmuced Brkaelinetins,

The low-emission, 55% thermal efficiency (LE-55) diesel engine is a research target of the U.S.
'Department of Energy's Office of Transportation Technologies. Compression ignition (diesel) engines
are the most efficient heat engines currently available. Very large units (in stationary or marine
applications) achieve thermal efficiencies (work output as a ratio to energy content of fuel) of 50%.
‘Ihebuthnboclurgeddxesel engines for heavy trucks achieve 45% thermal efficiency, versus 24%
for gasoline engines. The DOE's Offfice of Heavy Vehicle Technology has established a goal of 55%
thermal efficiency for heavy truck engines as an intermediate target on the way to a long-term goal
of 63%. These improvements are to be achieved through a combination of increased peak pressure,
insulation of pistons, cylinder walls and heads to reduce heat loss, effective recovery of exhause
" heat, friction reduction, and mpmved turbocha.rgu efficiency (U.S. DOE/OHVT 1996).

For commercial an'craft an efficiency Jmprovemmtof«m% wasprqectedforZDleormwurcraft -
comprised of 25% engine efficiency gains and 15% aerodynamics and materials substitution. Also,
load factors were assumed to increase to 70% in accord with industry projections as a result of
advanced informational and operational technologies. Finally, railroad freight efficiency per ton-
_ mile was assumed to improve at 2% per year, actually somewhat lower than the 2.8%/yr. rate
expmenced over the past 20 years. ;
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5 3. 2 2 New Tochnologles

Table 5.2 shows the fuel ecmcmy benefits, price impacts, yea.rs of mtroduchon, effem an vehicle
weight, and effects on vehicle performance of the five new technologies that were added to the
AEQ97 reference case set. Detailed assumptions underlying the cost of fuel economy improvement
estimates shown in Table 5.2 are provided as an appendix to this chapter. In order to meet current
- and future emissions standards, the DISC and TDI Diesel engines, as well as the two-stroke engine
included in the business-as-usual case, will require the development of practical, lean-combustion
“nitrogen oxide catalysts. Catalyst technology for treatment of exhaust emissions has been advanced
significantly over the past few years and, with further research, the prospects for its early
commercialization appear to be very good (e.g., Buchholz, 1997; Strehlau et al., 1997). Achieving
equivalent results for diesel exhaust NOx appears to be more difficult, and commercialization of
diesel catalysts is likely to occur several years after introduction of gasoline-engine catalysts (U.s.
Congress, OTA, 1995). In addition, the PI Diesel will require advances in fuel and emxsslons control
tec}mology in order to meet likely future parhculate standards.

-

Fuel economy benefits, mcremmtal costs and other changes are calculated with reference to a 1995

technology gasoline vehicle. In the NEMS model, light-duty vehicles are classified into passenger
cars vs. light trucks, domestic vs. imported, with six size classes for each category. In each class, the
1995 base vehicle has the average characteristics of cars in its class. For example, half of the
passenger cars in 1995 had 4-valve per cylinder engines, but less than 10% of the light trucks did
(Heavenrich and Hellman, 1996). Thus, the 1995 base vehicle is credited with half of the fuel
economy improvement potential and half of the increased cost of 4-value technology. One hundred
percent of passenger cars and 99% of light trucks had port fuel injection, and so the base year
vehicles are given 100% and 99% of the fuel economy benefit and cost of fuel injection technology.
Future fuel economy improvements are calculated based on the additional penetration of fuel
economy technologies beyond the business-as-usual case. Thus, the ability of further use of port fuel
injection to improve fuel economy is neghgible, while considerable potential remains for 4-valve
technology.

Table 52 New Light-Duty Vehicle Technologies Added to the Efficiency and High-

Efficiency/Low-Carbon Scenarios®
Technology =~ MPG Benefit (%)*  OTAPrice Scenario Introduction Date®
' (EFF,HE/LC)  Doeme  Pree - ER HE/LQ)

DISC | 18,23 $450 $300 2000, 2000
Turbo DI Diesel 40,40 $1100 $750 . 2004,2004
Hybrid/Gasoline 33,42 $3000 $2000 2005, 2005
Hybrid/Diesel 5472 . $3500 $2300 2005, 2005
Drag VI ' 12909 - $256 $256 . 2012,2012 -
Gasoline Fuel Cell -8 5 $800 -, 2007

* For an explanation of the assumptions underlying these estimates please see the appendix to this chapter. '

5 3.2.3 anulng Energy Savings

The NEMS model values the fuel economy savings of advanced technology by computing the
expected discounted value of annual fuel savings over a payback period. We used a 7% real discount
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rate omﬁveyeﬁmwhmastlmmfermnecasemmﬂ%mal discount rate over a four-year .
paybackpenod. TIwmeofd:scountmgﬁ:duvmgs:sducussedmgreaherdetaﬂmSecﬁmS.SS

5.3.2.4 Trends in Vehicle Perlormanee

TheNEMSmoddpndkbmdmmdformwdpufommudﬂmadyusﬁmmePG
downward to reflect the effect of higher horsepower on fuel economy. The model's predictions are
consistent with recent trends in light-duty vehicle performance since the early 1980s. Over this
period, new vehicle fuel economy was constrained by the federal Automotive Fuel Economy
* Standards (CAFE) to levels higher than the market would otherwise have demanded. Gasoline
prices fell precipitously, starting in 1983 and reaching pre-1974 levels by 1987 (Figure 54). As a
result, new technology adopted since the mid-1980s, that could have increased fuel economy, was
instead used to hold fuel economy constant while increasing vehicle horsepower and weight. The
ratio of horsepower to weight for passenger cars increased by 50% from 1982 to 1996). The NEMS -
horsepower equations essentially continue this trend of ever-increasing performance.

Continued use of new technology to increase performance without increasing fuel economy is

consistent with the continued low motor fuel prices projected in the AEO97 reference case. The
reference case foresees gasoline prices rising from $1.15 in 1995 to $1.23 in 2010 and falling to $1.18
per gallon in 2015 (19958). Such variations are within the noise of year-to-year fluctuations. For
example, the actual average price of gasoline in 1995 was $1.20 and the average price for 1996 will
likely exceed $1.30 per gallon (EIA, 1997, Table 9.4). With no increase in price and binding fuel

economy standards, it is likely that pafomume and weight will continue to increase and fuel
economy will not. .

In-the efficiency case, the trend toward ever greater horsepower is questionable. In the presence of
higher fuel economy standards, voluntary commitments by manufacturers to meet GHG targets,
“greener” consumers, externality-based fuel taxes, or some other change in policies or preferences
focusing consumers' and manufacturers' attention on efficiency, it is likely that performance trends
would change. Nonetheless, we retain the NEMS performance projection in the efficiency case, but
relax it in the high-efficiency/low-carbon case by permitting only half of the prqected increase in
horsepower. This results in new vehicle fuel economy levels 1-2 MPG higher in the high-

efficiency /low-carbon case than would otherwmebethecase : '

5.3.2.5 NEMS New Light-Duty Vehicle Fuel Economy Estimates

Transforming the technology of transportation energy use takes time. First, manufacturers must
implement a new technology. New designs must be engineered, tested, and-certified to meet
government standards. Generally, capital equipment will also have to be replaced or retooled. The
orderly replacement of long-lived production facilities (engine production lines may last 15 years, or
more) is important to holding down the cost of technological change. Second, consumers must become
accustomed to the new technology, and the supporting infrastructure of maintenance and repair must
be developed. Finally, new technologies must compete with existing technologies and with other
new technologies. In general, a single technology will not dominate all possible applications
(vehicle types and consumer preferences). For all these reasons, new technologies rarely achieve
100% (or even 10%) market penetration of the new vehicle fleet in the first year of introduction. The
NEMS model simulates the gradual evolution of technology market shares toward their eventual
equilibrium levels by means of technology adoption curves calibrated to historical rates of adoption. -

As a result, the NEMS forecast of average fuel economy for new vehicles will lag behind the full
technological potential. This is illustrated in Table 5.3, which lists all of the best technology
predicted to be available in 2010 and 2015 in the efficiency scenario, except that the diesel rather
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than the gasoline hybrid is included. The effects of regulations that are likely to reduce fuel
economy are also included, but further increases in performance (horsepower/weight) predicted by
the NEMS model are not, i.e., horsepower-to-weight ratios are assumed to remain constant at 1997
levels. (This applies only to Table 5.3 - all scenarios incozporatae substantial increases in hp/wt
ratios.) The combined effect of all technologies could improve the fuel economy of the average
passenger car by 100% to 55 MPG in 2010, and by another 20% to over 60 MPG in 2015. Yet, even in the
hgh-efﬁamcy/low—carbon scenario, these levels are not achieved by the new car ﬂeet in the
NEMS forecasts. :

Table 53 Maximum Technologlcal Fuel Economy Potential Vemu NEMS New Car Average

Estimates
Technology : 2010 . - 2015
: Fuel Economy Fuel Economy
Improvement (%) . Improvement (%)

Material Substitution IV 99 * %.1832
Drag Reduction V ' 9.2 ' 12.0
Engine Friction Il 2 'y 5.0 ' 6.5
Tires III ) ’ x 50 7.0
ACCIH _ ' 1.0 1.0 ¥
Electric Transmission II 1.5 1.5
Electric Power Steering . 15 1.5
Air Bags , -1.0 "t =1l
Emissions Tier II . A -1.0 -1.0
ABS 2 : -0.5 ' -0.5
Side-Impact . -0.5 -0.5
Roof Crush _ ' -0.3 , . <03
Diesel Hybrid 54.0 : 60.0
Total % Improvement* . 100.0 123.0

1997 MPG | 2010 MPG 2015 MPG
275 - _ :

Maximum Use of All Fuel Economy Technology

Miles per Gallon 55.0 - 61.3
Percent Improvement 100 123
New Car Salesweighted Average Fuel Economy: Low CO2 Scenario _- | ;
Miles per Gallon 375 ' 414
Percent Improvement : 36 ; 51

New Car Salesweighted Avérage Fuel Ecohm:ny: ‘Breakthrough Scenario i
: Miles per Gallon 43.1 50.2
Percent Improvement ' 57 ' ' 83

'Tohlpercaummmhmmedas[u‘%%)(l+%o- 1)] * 100. &uuugn&ur&tmmulhplyhgﬂ\e
mﬂerpmhgemtpmmhyiddsammﬁwm :

Clearly, faster rates of fuel economy mlprovement than predlcted in e:ther scenario are achievable,
but at added cost. The constraint that fuel economy xmpmvmmts be approximately cost-effective

5.26 ! ' : September 17, 1997




Transportation Sector , - Chapters

requires that the ‘changeover of technologies and manufacturing Eapital occur at approximately
normal rates. This causes realized new car MPG levels to lag considerably behind the full
technological potential. On the one hand, this implies that considerable additional energy-

efficiency improvement can be made beyond 2015. On the other, it implies that markets must be .
through public policy measures, to make continuous improvements if cost-effective

mduﬁonsmCOzumssmnsmtobemahzed.

]

5§.3.2.6 Changes to tl-_w Heavy Truck Model .
In contrast to the business-as-usual case, Ithe efficiency scenario for ﬁeavy trucks:
) Advances introduction dates for two fuel eco}\omy technologies, |
o busens tow ndiiiiond ecovions,
o Expands the applicability of several truck technologies,
* Reduces the "trigger price” at which the technologies are assumed to become. cost-effective, and

Accelerates the rate at which new technologies are assumed to penetrate the new truck market.

The AEO97 reference case assumes that the Turbocompound Diesel Engine and the Advanced LE-55
Heat Engine will not be available through 2015. The efficiency scenario assumes these technologies
will be introduced in 2003. Advanced drag reduction, which is also excluded from the reference case
for heavy trucks is assumed to have become available in 1997.

The additional technology introduced is reduction in vehicle empty weight through material
substitution. Reducing vehicle empty weight by 10% should be possible, with a consequent 3%
increase in fuel economy (Roberts and Greene, 1983; Greene, 1996a, Table 5.5). Reduced empty weight
is assumed to be applicable to all types of heavy trucks.

meAEm?mfmcecaseusmes&mtadvmceddragmducuon,ﬂw turbocompound diesel, and the
LE-55 heat engine will be applicable only to the heaviest diesel trucks. The efficiency case extends
the applicability of these technologies to medium-heavy diesel trucks, as well. However, the fuel
economy benefits ofndvmddragreduchmmcut&omw%mw%formedxmuucks to reflect the

fact that they are generally operated at lower speeds.

A key factor governing the use of fuel economy technology in the NEMS Heavy Truck Model is the
“trigger price." Until market fuel prices reach the "trigger price" level specified for a technology,
the technology will not be introduced. Diesel fuel prices never exceed $8.70 (1995$) per million Btu
($1.21/gal.) in the AEO97 reference case. Trigger prices for all but existing technologies, however,
are $9/MMBtu, or greater in the reference case. The efficiency case assumes that all of the new
technology can be made cost-effective at $8/MMBtu.’ ' :

-Other parameters controlling the rate and extent of market penetration for technologies were also

changed. Oneofﬁmse:sthemm‘b&ofyemunul%ofﬂunmumpotennnl market-

penetration is achieved. For improved tires and lubricants, electronic engine controls, and-electronic
transmission controls, a value of 20 years is assumed in the AEO97 reference case. But for advanced
drag reduction, turbocompound diesel, and the LE-55 engine, 99 years is the assumed value. For the

efficiency case, all were set at 20 years. The AEO97 reference case assumed that the LE-55 engine

would have a maximum market potential of 50% for heavy-duty diesels. The efficiency scenario
assumes a 100% maximum for heavy diesels, but only 50% for heavy gasoline, LPG, and CNG trucks.
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Likewise, the maximum market potential for other advanced technologies was increased to 100% for
the heavy diesel market, but left at the reference case values for other fuel types. For medium
diesel trucks the maximum penetration for new technologies was raised to 90%, but left at the
reference case levels for other fuel types. These changes do not imply that any of these technologies
will actually reach maximum market penetration over the forecast time period. Table 5.4

summarizes the primary fuel economy hechnologtes for heavy trucks in the effmency scenario for
2010. -

Table 54 Key Heavy Truck Fuel Economy Tedmologms for the Eﬂ:’iaency Scenario in 2010

Maxmum
: Year of Trigger Price Market Fuel Economy -
Technology Introduction (1995$/MMBtu) Potential Improvement %
. (other / diesel) (medium/heavy)

Improved Tires & Lubes 1994 $7.75 80% / 100% 10% / 6%
Electronic Engine Controls 1994 $7.75 . 70% / 100% 2% -
Elec. Transmission Controls 1994 ) $7.75 . 75% / 100% - 5% / 2%
Advanced Drag Reduction 2000 $7.75 25% / 100% 7% / 18%
Turbocompound Diesel 2000 $7.75. " 25% / 100% 15% / 17%
LE-55 Heat Engine 2003 $7.75 50% / 100% - 19% / 21%
Reduced Empty Weight 1997 $7.75 90% / 100% 3%

5.3.2.7 Changes to the Rail Model

The AEO97 reference case scenario assumes an annual rate of reduction in rail freight energy use per
ton-mile of 1%. Since 1972, the average annual rate of reduction in energy use per ton-mile has been
2.8% per year. The vast majority of this improvement has been due to operational efficiency
improvements reflected in increased load factors per car (Greene and Fan, 1995, p. 15). Higher load . -
factors are partly due to the restructuring of the rail” industry following deregulation in 1980, and
partly due to the use of advanced technology for managing operations. Technologies such as lighter
weight and higher capacity cars, lower resistance axle bearings, rail-wheel lubrication and
improved efficiency locomotives also played an important role (Cataldi, 1995). These technologies
are, as yet, still only partially implemented. Based on Cataldi (1995), advanced technologies that
can play a role in substantially reducing rail energy use in the future include the following: w2

e Flywheels: Trains presently give up large amounts of kinetic energy an downgrades that could
be transferred to flywheels and later used to power the train. The volume and mass necessary to
store huge quantities of power can be readily accommodated on trains.

e Oxygen-enrichment to increase engine thermal efficiency: Membranes that exclude part of the
free nitrogen in the air, thereby enriching the oxygen concentration, can be incorporated into |
locomotives' air filtration systems. This technology should benefit new, higher power denslty :
engine designs, while helping to hold down theu' nitrogen oxide emissions.

e Alternative fuels: Railroads and locomotive manufacturers have been studying and testing the
use of natural gas fired locomotives. Once again, the ability of trains to accommodate the
volume and mass of storage systems for liquefied natural gas gives them a distinct advantage
over smaller vehicles in the application of this technology. Although natural gas locomotives
are not expected to prowde energy-efficiency gains over diesels, natural gas will produce fewer
CO, and NOy emissions and reduce U.S dependence on oil.
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e Fuelcells. BeyundZOlO fuelcellsfor!ocomotwesholdpronme. Locomotives already use
electric drive systems. AndcmwmgfueLevencompressedhydmgmhhrgevolumes,ma :ss of
a problem for trains than for highway vehicles. :

Because existing energy-efﬁumcy technologies have yet to achleve full utilization, because other .

options exist, and because further operational efficiency gains are likely with the
advance of information technology and some additional railroad consolidation, rail e:orgy-

efficiency improvements could continue at a substantial rate. A concerted effort to deve10p and

implement cost-effective technologies is represented here by a 2% annual improvement in to::-mile
efficiency in the efficiency case compared with the 1% rate assumed in the AEO97 reference case.

 5.3.2.8 Changes to the Air Model

No new technologies were introduced in the NEMS Air Travel Model; but several important ch -nges
were made to promote and accelerate the introduction of fuel efficient technology in accordance with
goals set by the Committee on Aeronautical Technologies, Aeronautics and Space Engineering "oard
of the NRC. Broadly, these goals call for a reduction in fuel burn per seat of about 40% by the 210 to
2015 time period, to be achieved through a combination of improved propulsion system perfor:ance
(25%) and aerodynamic and weight improvements (15%) (NRC, 1992, p. 49).

Once again, in the AEO97 reference case, new technologies do not enter the commercial ai. craft
market because trigger prices are set well in excess of $1.00 per gallon and jet fuel prices never «..cced
$0.80/gal. over the forecast period. Trigger prices for ultra-high bypass turbo-fans, already ia use

on the new Boeing 777s, were lowered to $0.58/gal., just slightly above current jet fuel ;.rices.

Advanced aerodynamics, weight reduction through advanced materials use, and improved . “gine

thermodynamics, were all given the same, lower trigger price. The prices of turboprop engin:- and .

laminar flow control were left at levels high enough to prolublt their introduction on new ai.« raft
through 2015.

Ultra-high bypass turbofans were introduced in 1995. The other three technologies were assur:cd to
be introduced in 2000. Consistent with estimates presented in NRC (1992), Greene (1992, Tallc 4),
and Greene (1996b), the eﬁﬁcxency improvement potentials for all four new technologies were :ct at
15%.

Finally, the AEO97 reference case predicts no changes in aircraft load factors. Aircraft in "ustry
analyses foresee commercial load factors increasing to 70% by 2015 (Boeing, 1995, p. 25; McD =nell
Douglas, 1996, p. 18). The industry view is adopted in the efficiency scenario, on the grounds that it
will very likely be advances in information technology that permit the increase in load factor:. On
the other hand, although the industry predicts an increase in aircraft size (seats/aircraft) of .hout
15% by 2015 while the AEO97 reference case does not, no such increase is included in the effi icincy
scenario on the grounds that more sealsperm.rcra.ft will be less a mﬂectlon of technological ¢'.ange
than of airframe choice.

5.3.2.9 Introduction of Cellulosic Ethanol

Alternative fuels derived from fossil fuels have limited potential to reduce greenhou-: gas
emissions. The full fuel cycle greenhouse gas emissions of fossil fuels have been compared in Jetail
by Delucchi (1991, Table 9a), Wang (1996), U.S. DOE (Leiby et al., 1996, Tables D4 and D-5), and
others; see Wang (1996) for a review. Several fuel alternatives have lower COp emissions than
conventional or reformulated gasoline (RFG), most- notably liquefied petroleum gases (i I’G),
methane and battery-powered electric vehicles in certain regions, whether compressed (CI\ G) or

liquefied (LNG). Eshmates of greenhouse gas emissions are strongly dependent on conte:’ and
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assumptions. Absolute levels and sometimes the relative rankings of fuels vary across studies.
Several general patterns seem to hold up, however. For example, fossil-fuel based alternatives to
gasoline or diesel fuel, including battery-electric vehicles where substantial amounts of coal are
used for electricity generation, offer abouta zo%netmduchmmgreerﬂwuse gas em:smmspermlle

(Figure 5.3).

In the context of this analysis, a 20% reduction in greenhouse gas emissions will not create a strong .
incentive to adopt an alternative fuel. For light-duty vehicles, if society's willingness to pay for
greenhouse gas emissions reductions were an the order of $25-$50 per tonne of carbon, this could
jusnfyuptoaSO%tosoupergallonsubmdy“ for a fuel that produced no greenhouse gas emissions.
- A 20% reduction would therefore be worth $0.01 to $0.02 per gallon, hardly enough to get motorists’
attention. Also, the principal near-term alternative fuels entail some increase in vehicle cost or loss
of amenity (Leiby et al., 1996). Thus, ynless much higher incentives are introduced, it is unlikely
that enough substitution of alternative fossil fuels for conventional gasoline will occur to produce
significant greenhouse gas reductions in transportation (Leiby et al., 1996).

Alternative fuels produced from renewable biomass feed stocks can yield significant reductions in
greenhouse gas emissions. The most recent estimates indicate that ethanol derived from cellulosic -
feed stocks (as opposed to grain) produces less than 1% as much greenhouse gas emissions an a fuel
cycle basis as conventional gasoline or diesel fuels (Singh, 1997)."! Table 5.5 shows the greenhouse
gas emission coefficients used to estimate the effects of cellulosic ethanol use and increased demand
for diesel fuel on transportation sector greenhouse gas emissions. Ethanol from cellulose generates
negligible amounts of greenhouse gases in comparison to fossil fuels or ethanol from grain. Whether
ethanol is derived from grain or woody biomass, the carbon in the fuel itself does not count because
equivalent carbon will be recaptured from the atmosphere by the next rotation of crops. The
differences lie in feed stock cultivation, fertilizer manufacture, and fuel production. Com requires
more cultivation and more fertilizer than woody crops, and fertilizer production, in particular,.
generates significant greenhouse gas emissions. Whereas distillation of alcohol after the
fermentation of grain is energy intensjve, by-products from the wood-to-alcohol process will produce
excess power, on net, resulting in a greenhouse gas credit for replacing fossil fuels with biomass in the
generation of electricity. Indeed, given current practice, ethanol from com may produce more
greenhouse gas emissions than gasoline, on a per Btu basis. Thus, ethanol from cellulosic feed stocks
will not only reduce greenhouse gas emissions by replacing gasoline, but might achieve even greater
- benefits by replacing ethanol from com. However, the net greenhouse gas balance of ethanol
~ production from com is strongly dependent on future com yields, the market for distillation
byproducts, and the efficiency of and fuel used in distillation (currently, coal is often the preferred
fuel because of corn-based ethanol’s disadvantage in greenhouse gas emissions, but future widespread -
use of com stillage as fuel would swing ethanol’s greenhouse gas emissions strongly towards a
positive balance).

A new process for producing ethanol from cellulosic biomass that appears to have the potential to
dramatically reduce costs is under development by the U.S. DOE's National Renewable Energy
Laboratory (Chem Systems, Inc., 1993). After initial preparation of the biomass, pretreatment with
sulfuric acid and then steam is used to expose the cellulose and convert xylan to xylose. Two percent
of the resulting mixture is separated for conversion to cellulase, an enzyme that hydrolyzes
cellulose. The cellulase is then combined with the rest of the mixture fermented in a key step known
* as simultaneous saccharification and fermentation (SSF) because the hydrolyzation of cellulose and
the fermentation of xylose occur simultaneously. The inclusion of xylose fermentation in this step

increases the output of ethanol by about 25% over previous processes. Effluent from the SSF process

goes to an ethanol purification and solids separation -phase, which produces ethanol and solids.
After removal of water, the solids are burned as fuel to cogenerate steam and electncxty required for
the plant, with surplus electricity that can be sold as a byproduct. -
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Table 5.5 Greenhouse Gas Emissions Factors forTrmpcrhhon Fuels

Fuel __ g/Bu. Btu/gallon ___ g/gallon

Conventional Gasoline ; : _
Summer . 0.10554 114,500 . 12,084

Winter 0.10304 112,700 11,613

Average - _ 0.10421 - 113,537 11,832

" Diesel | 0.09617 128700 12377
Ethanol from corn 0.13390 76,100 - . 10,190
Ethanol from cellulose v 0.00076 - 76,100 58

Source: Singh (1997)

-

Initial estimates of the cost of ethanol produced by the NREL process ranged from $0.78 to $1.27
(19908) per gallon, plant gate price (Chem Systems, 1993, Tables II-9 to II-13). However, recent cost
projections (Bowman et al., 1997) based an a comprehensive assessment of feed stock supply in'the .
United States (Walsh et al., 1997) and anticipated improvements in the ethanol conversion process
predict that much lower production costs can be achieved by 2010 or 2015. Ethanol can be produced
from a variety of cellulosic feed stocks: short rotation woody crops, switch grass, softwood and
hardwood wastes, agricultural residues, and even municipal solid wastes. Selecting the lowest cost
feedstock at each level of output, aggregate ethanol supply curves were constructed for 2000, 2005,
2010, and 2015 under “moderate” and “optimistic” assumptions. The optimistic curves assume that
the yield improvements of the moderate case are accelerated by five years, with the net result that
the real cost of feed stocks does not rise over time. The moderate scenario curves are used in the
efficiency scenario. The optimistic case, being similar in intent to our high-efficiency/low-carbon
_scenario, is used in that scenario. _ '

In the moderate scenario, ethanol production costs drop dramatically after 2005, the year in which
advanced ethanol conversion technology is assumed to be introduced. In 2000, the first billion
gallons cost $1.10 (19958) per gallon at the plant gate, which rises to almost $1.25 per gallon at a 10 -
billion gallon outpit level. These prices exclude motor fuel taxes and transportation costs. By
comparison, the average refinery price of all grades of gasoline in 1995 was $0.63 per gallon (EIA,
1996a, Tables 5.20 and 5.21). Because ethanol has only about two-thirds of the energy content of
gasoline, the comparable price of ethanol per gasoline energy equivalent gallon .would be $1.63 for -
the first billion gallons and $1.85 at the 10 billion gallon level of output. By 2010, the cost of
ethanol drops to about $0.75 per gallon ($1.11 per gasoline equivalent gallon) at the 1 billion gallon
output level, $0.79/gallon ($1.17 equivalent) at 10 billion gallons of production. Even in the
optimistic case, the first billion gallons cost $0.67/gallon ($.99 equivalent), increasing to
$0.73/gallon ($1.08 equivalent) at the 10 billion gallon output level. Despite dramatic reductions in
the cost of producing ethanol from biomass, because of the lower energy content of ethanol, ethanol
still cannot compete with gasoline as a pure fuel. - : '

We conclude that the market for cellulosic ethanol in 2010 will be largely as a blending component
for gasoline. Demand curves for ethanol for blending with gasoline have been estimated by Hadder
(1997) for the year 2010. These show the value to refiners of being able to produce a gasoline refined
to be blended with alcohol downstream. Ethanol increasés the gasoline's octane rating and adds
oxygenates that are required in certain areas under the Clean Air Act. The demand for ethanol as a
blending component turns out to be sensitive to the market share of RFG. The more RFG that is
required, the lower the demand for ethanol. We assume that RFG's market share remains at its-
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current level of about 30%. Estimated ethanol demand increases as its price declines, from 2 billion

ga]lonspayearatane&mnolpnceof;ustoverslpergallmtos billion gallons at $0.80/gallon and
9 billion at $0.65/gallon. From this point, increases in demand associated with further price
decreases drop off sharply as the limits of economical blending are reached. The moderate 2010
supplycm'veforcelluloslc ethanol intersects the demmdcurveat about 5 billion gallons per year

(Figure 5.6).

Figure 5.6 Biomass Ethanol Supply ind Demand for Ethanol in Gasoline Blending

12

1995 $/gal. (delivered)

02 o

0.0 ke
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Billions of Gallons Per Year

These calculations include no tax subsidy for cellulosic ethanol from biomass. If the projected supply
curves are correct, cellulosic ethanol would require no subsidy to be economically attractive as a
blending component for gasoline. 'Iheammttaxsubsidyfor ethanol - now produced from grain - is
due to expire, and the future of the industry is uncertain. Assuming discontinuation of the subsidy,
cellulosic ethanol would displace com-based ethanol from the gasohol, yielding significant
greenhouse gas emissions reductions.

5.3.2.10 Ad]ustment of NEMS Gasoline Forecast

The 5.5 billion ga.llons of cellulosic ethanol demanded in the efficiency case reduce greenhouse ga.s
emissions by 13 million tonnes of carbon equivalent in 2010 compared to the business-as-usual case.
Cellulosic ethanol is assumed to replace first corn-based ethanol, and then conventional gasoline.

The Federal nghway Administration (FHWA) estimates that 1.214 billion gallons of ethanol
were used in gasohol in 1995 (U.S. DOT/FHWA, 1996, Table MF-33E). If gasohol made from com-
based ethanol were to maintain a constant share of the gasoline market, then corn-based ethanol use
would grow to 1,263 million gallons in 2010, then shrink to 1,119 million gallons in 2015. Table 5.6
shows the projected demand for cellulosic ethanol, the com-based ethanol assumed to be replaced
and the impact on fuel cycle greenhouse gas emissions. Because the upstream effects cannot be
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" assumed to be accounted for in the other sectoral models, they are ihduded here. Note that the ‘
reducﬁmisshownintmnuofcarbmwhﬂe&leemissimsbefommdaﬁerminmesofcm.

Table 5.6 Impact of Cellulouc Ethanol on Greenhouse Gas Emissions fmm Light-Duty Vehicles in

2010
Efficiency Optimistic
i/

Cellulosic Ethanol (million gallons) : ' | ' 5514 7,480

- Corn Ethanol Displaced (million gallons) ) ' 1,263 1,119
Gasoline Equivalent Energy Displaced (million gallons) . 3,696 © 5,014
GHG Emissions Before (million tonmes CO2 per year) . 46.6 . 622
GHG Emissions After (million tonnes CO per year) | . 03 0.4
GHG Emissions Reduction (million tonnes C per year) 12.6 16.8

5.3.2.11 Adjustments for Increased nght-Duiy Vehicle Diesel Use

Because the TDI Diesel engine and the Diesel-hybrid technologies were introduced in the NEMS
Transportation Sector Model as fuel economy technologies, the fuel-type accounting algorithms of
NEMS were bypassed. We introduced the advanced diesel in this way because we believe that its
characteristics will be more similar to gasoline engines than the diesels available in the past. The
TDI will fully meet all gasoline vehicle standards and will be quite similar in terms of performance, '
noise, and odor.” Thus, an adjustment must be made ex post, to transfer an appropriate amount of
energy from the gasoline to the distillate category. The adjustment affects the energy use projections
in three (relatively minor) ways. First, the TDI Diesel’s impact is specified in terms of a change in
miles per gallon. Since diesel fuel contains more Btu per gallon than gasoline and since the NEMS
model assumes that gasoline is being consumed, the energy use transferred from gasoline to diesel
must be increased by the ratio of diesel to gasoline Btus per gallon. Second, distillate fuel produces
slightly less carbon emissions per Btu than gasoline. Therefore the estimated carbon emissions must
be adjusted both for the slight increase in energy use and the slightly lower emissions per Btu for
that greater energy use (the net result is a very small increase in carbon emissions). Third, and
finally, the reduction in gasoline use reduces the potential pool for ethanol blending in gasoline. As
a result, the demand for ethanol must be adjusted downward to reflect the lower level of gasolme -
use. Thenetmultofallofthﬁe:hangesmmergyusemdcarbmenuss:onsislasﬁunl%

'5.3.3 The High—EfﬂclencylLow—Carbon Scenario for Transportation

The high-efficiency/low-carbon scenario postulates the introduction before 2010 of several new
technologies and combines them with other changes to reflect greater success in developing and
implementing low greenhouse gas technologies and greater public concemn over greenhouse gas
emissions. Note that successfully achieving these - outcomes requires some technological:
breakthroughs, implying that the outcomes are significantly less certain than those in the
efficiency case. As we pointed out in the introduction to this chapter, the high-efficiency/low-
carbon scenario is best characterized as an "optimistic" version of the efficiency scenario’s "most
likely" assumptions. Both must be considered responses to intensified R&D efforst and new policy
measures to push the market toward low-carbon technologies. A $50/ton carbon tradable permit
price could be one of the necessary pohua, but it does not define the difference between our efficieny
and high-efficiency scenanos _
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5.3.3.1 nght-Duty Vohlclu '_ e S Y e

Changes for light-duty vehicles mclude introdumg a fuel-cell hybnd in the year 2007 and ‘

reintroducing the diesel hybrid and the 2-stroke engine for smaller vehicles. In the projections
shown here, weassume&mtﬂtefuelceﬂhybndvehxdeusesgasohnewh:ch:smformedtoprowde
hydrogen for the fuel cell's operation (e.g., Jost, 1997). The vehicle could just as easily have been

designed to operate on alcohol fuels. The gasoline fuel cell hybrid achieves an 84% efficiency gain

' over a conventional gasoline vehicle, assuming major progress not only in fuel cell and gasoline
processor technology, but also in electric motors and other electric drivetrain components. Because a

major breakthrough would be required to make this vehicle marketable, we do not attempt to

estimate its cost. Instead, we assume that it will be cost-effective on a life-cycle cost basis — that is,

ﬂ\atitsmcemmtalcostwﬂlbeeqtmlmimhfehmefuelsavmgs. This implies a price increment of -

$800. Note that this value is not meant to be interpreted as a forecast of likely future fuel cell costs;
instead it allows us to evaluate the consequences of such an optimistic outcome.

Some of the technologies necessary to produce an 84% efficiency gain for the fuel cell hybrid would
. also make the internal combustion engine hybrids, both gasoline and diesel, somewhat more
efficient (e.g., ultra high-efficiency electric motors, i::l'lproved energy storage devices with high
- specific power and high in/out efficiency). Fuel economy gains for the gasoline and diesel hybrids
are boosted to 42% and 72%, respectively. A more optimistic assumption is made for the DISC
engine, as well. Itsﬁ.telecmomybmeﬁt:smmasedho?.’i%&omls%

If Intelligent Transportaﬁon Systems technologies are high.ly successﬁx.l, they should be able to
improve traffic flow, resulting in higher on-road fuel economy. To reflect this, the on-road fuel
economy factor, which otherwise deteriorates by 3% from 1997 to 2015, is held constant. The high-
efficiency /low-carbon case further assumes that the current emphasis an horsepower (HP) will
"abate substantially, a.lthough increased HP will still be valued. This case is consistent with a
change in attitudes favoring "greener" automobiles or policies to encourage higher MPG. To reflect

gmamrpubhcconcemomgmuﬂ\mgasmms,ﬂwdmdformumsedhmpowamreduced '

by decreasing its sansmvxty to income, from an elashaty of 0.9 to 0.5.

As noted earlier, there are other potential technology breakti-lroughs capable of significantly
reducing greenhouse emissions (e.g. breakthroughs in batteries for electric vehicles, or in gas storage
for natural gas vehicles (see box)). These were left out of the high-efficiency/low-carbon scenario
not because they are necessarily less plausible than fuel cells, but because the inclusion of large
numbers of technology breakthroughs in a single scenario would be implausible. :
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. Other Potential Breakthrough Technologies

Aside from the new technologies postulated in the high-efficiency/low-carbon scenario, other
potential technologies could yield substantial reductions in greenhouse gas emissions with
technology breakthroughs or, in some cases, with a substantial market push. In the light-duty
vehicle market, for example, battery electric vehicles have potential to reduce greenhouse gases i f
they can greatly increase their market share and improve their energy efficiency. For example,
several recent studies have concluded that, under plausible assumptions about EV efficiency and the
- |mix of fuels and technology used to generate recharge electricity, use of EVs will yield net reductions

power generation heavily weighted to coal; whereas Wang (1997) estimates a 19% reduction in 2005.

however, that these results are dominated by assumptions about EV and baseline gasoline vehicle
efficiency, type of fuel and technology used for power generation, inclusion or exclusion of non-COp
greenhouse gases, and the types of trips replaced by EV use; it is relatively easy to construct
plausible scenarios with much higher or lower reductions in greenhouse gases, or even increases
-|(with coal-fired electric power and extremely efficient competing gasoline vehicles).

Crucial technological roadblocks for EV market penetration are:

e Battery mprovemmts - especially hxgher speu.ﬁc energy and power, lower cost, n:nproved
longevity, higher in/out efficiency,
e Power electronics - especially lower cost, and

power.

There are claims that transportation use of alternative fuels other than electricity (particularly
compressed natural gas) will yield strong greenhouse benefits. In natural gas’s case, recent analyses
have shown contrasting greenhouse effects. For example, Delucchi (1997) estimates a 20% reduction
in greenhouse gases compared to gasoline use in 2015, whereas Wang (1997) estimates a 5% increase
in 2005. The primary difference in the two analyses is that Wang computes a 10% energy-efficiency
penalty associated with switching to CNG, based on recent test data; Delucchi estimates an 11%
improvement in energy efficiency based on potential efficiency gains from higher compression CNG
engines. Delucchi’s optimism may well be the more appropriate approach for the longer term, but at
best CNG offers only a modest greenhouse emissions improvement.

Although we selected fuel cell vehicles fueled by gasoline (with onboard fuel processors) as the
“breakthrough” technology in the high-efficiency /low-carbon scenario, some analysts believe that
the direct use of hydrogen as a fuel is sufficiently more attractive to outweigh the disadvantages of
hydrogen’s low energy density (complicating onboard storage) and lack of a supply infrastructure
(Ogden, 1977). The advantages of direct hydrogen include avoidance of the added weight and cost of
the fuel processor and larger fuel cell required (fuel cell performance is reduced because the pmcessor
does not produce pure hydrogen), and reduced vehicle efficiency because of the energy losses in the
processor and added vehicle weight (assuming the higher fuel storage weight for hydrogen is less
than the weight savings from removing the processor and reducing fuel cell size). Although lack of
infrastructure still represents a barrier, there have been advances in small scale-steam reforming of
natural gas that could greatly ease the introduction of a viable hydrogen supply infrastructure
(Ogden, 1977).

of greenhouse gases. Delucchi (1997) estimates a national average reduction of 26% in 2015, with| -

Areas with predominately natural gas-generated electricity could have much larger savings. Note,|

* Electric motors - especially h:gher efhc:lency over a range of driving cycles and higher specific ‘
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5.3.3.2 Changes to the Medium and Heayy Truck Model

' Medium heavy trucks are typically operated locally in pick-up and delivery mode. For such
vehicles, hybrid technology, with regenerative braking and energy storage capabilities, should
offer significant advantages. It is assumed that a diesel hybrid becomes available to heavy trucks
 starting in the year 2005. This technology is assumed to offer the same72% fuel eouunybmeﬁt as
the light-duty vehicle version. :

Greater success in materials, nerodynanucs tires, and engmes should make these technolog:es more
economically attractive to truckers. Since the NEMS Heavy Truck Model does not explicitly include

an economic trade-off between fuel savings and technology penetration, this effect was simulated by

shortening the time to 99% penetration for each technology by 30%. For most technologies, ‘this
implies a 15 year period from time of in{roduction to nearly full market penetration.

5.3.3. 3 Changes to Other Modes ' K

Several changes were made to the commercial air model inputs. Starting in 2005, propfans were
assumed to be available for smaller commercial aircraft. Propfans offer a 20-30% efficiency
improvement over high bypass turbofan engines, and 10-15% over even ultra-high bypass engines.
Development of propfans has been hindered by concems about initial cost, maintenance, and

vibration. Propfans are made available to only one-third of new aircraft in the high-.

efficiency /low-carbon scenario. Additionally, partial success in hybrid laminar flow (HLF)
technology to reduce drag is assumed by 2010. Although HLF has the potential to reduce fuel use by
15% or more, only a 9% efficiency gain is assumed due to the continuing difficulties in developing a
practical system. In the efficiency case, ultra-high bypass engines are assumed to give a 10%
efficiency gain, thermodynamic improvements provide a 15% gain, and advanced aerodynamics
yield an 18% improvement. In this case, those are increased to 17%, 18% and 27%, respectively,
certainly optimistic but not implausible estimates (for example, see Greene, 1992, Table 4).

The annual efficiency improvement rate for railroads is increased to 2.5%, still slightly lower than

the 2.8% rate achieved over the past two decades. Waterborne freight's efficiency improvement

rate is bumped up to 1% per year from 0.05% to reflect a 10% total efficiency gain achievable

through improved hull designs and coatings. In fact, these modes have substantial potential to use
alternative power plants and fuels, as reflected in the 2020 technology discussion below.

5.3.4 Comparison of Forecasts

The efficiency and high-efﬁciency/low—carbon scenarios indicate that advanced energy

technologies could reduce emissions of greenhouse gases from transportation by 12-17% by 2010 and by
18-25% by 2015 (Table 5.7). Although these are large changes, they may appear modest compared to
the changes in new vehicles, the “leading edge” of changes in the entire transportation fleet.
Changing the technology of transportation requires tuming over a vast stock of vehicles, and this
requires decades. As a result, the impact of advanced technologies introduced between now and 2010
will only just begin to be felt in 2010 and will still not have achieved its full effect by 2015. This

can be most easily seen by comparing the fuel economy of new cars and light trucks to

that of the entire fleet of light-duty vehicles. In the efficiency case in 2015, for example, new cars

average 41.4 MPG and light trucks 31.9 MPG (EPA-rated fuel economy), but the fleet as a whole lags
behind at 28.2 MPG (24.0 MPG onroad). Given enough time to tum over the stock of ‘vehicles, the
eventual light-duty fleet MPG will climb about one-third higher to nearly 38 MPG (32 MPG onroad).
The time lag required for new technology to penetrate the light-duty vehicle fleet is a common
feature of all modes. Thus, the energy savings and greenhouse gas reductions shown in Tables 5.7 and
5.8 for 2010 and 2015 reflect less than half of the ultimate savmgs that the technology introduced
over this penod will eventually achieve.
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Passenger car and light truck fuel economy improvements are, in general, attributable to the
combined effect of many fuel economy technologies rather than a single, dominant technology. A
rumber of improvements to conventional engines combine to increase average new vehicle MPG in
2010byalmost20%forpassengercarsandbyabout 10% for light trucks. These include engine friction
reduction, greater use of multi-valve engines, and variable valve timing and lift control
Substitution of lighter weight materials, aerodynamic drag reductions, various transmission
improvements, and the combined effects of advanced lubricants, tires, and accessories, each
contribute 2-5% gains. Of all the technologies added to the efficiency and high-efficiency scenarios,
the lean-burn gasoline engines (DISC and 2-stroke) deliver the greatest fuel economy benefits, about
15% for passenger cars and 12% for light trucks. These numbers represent sales weighted average
effects, taking into consideration the fact that even in 2010 new vehicles are not equipped with
these technologies. Diesel and hybrid technologies each boost average new car and light truck fuel
economy by about 5% in 2010, their smaller impact being due to their smaller market shares.

The sales weighted average impacts of nine classes of fuel economy technologies in the high-
efficiency /low-carbon case are illustrated in Figures 5.7 and 5.8. The measured percent fuel economy
gain applies to the impact of the technology on the average fuel economy of all new passenger cars or
light trucks and, thus, takes into account the estimated market penetration for each category of
technologies. In 2010, passenger cars get a considerably greater benefit from engine efficiency
improvements than light trucks, but the gap narrows considerably by 2015. Although the DISC and
2-stroke technologies are the most significant new technologies in 2010, the gasoline fuel cell comes
on strong by 2015. The impact of the fuel cell in 2010 is obviously limited by the assumption that it
would be first introduced in 2007. The impacts shown in Figures 5.7 and 5.8 depend entirely on the
cost, fuel economy benefit, and introduction date assumptions shown in Table 5.2, and the way the
NEMS model translates those assumptions into market success. Thus, the graphs do not represent a
p!EdlCth'n of what specific bedmologzes will achieve, but rather an illustration of what could
happen given the outstandmg successes in fuel economy technology R&D, as reflected in our hl.gh-
efficiency /low-carbon scenario assumptions.

The 23% gain for light-duty vehicles in 2015 is just slightly higher than the 21% and 22%
improvements by freight trucks and rail in the efficiency scenario. Aircraft efficiency gains seem to
lag behind at a mere 9% in 2015, but this is due to the fact that air passenger efficiencies increase
the most (17%) in the business-as-usual case. In 2010, rail and air have made the greatest efficiency
gains over 1997. This is consistent with the record of the past quarter century, during which ume
these two modes have led all others in energy-efficiency improvement. :
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Table 5.7 Transportation Sector Projections to 2010 and 2015 Efficiency Scenario (cont. next page) -

1997 | 2010 - Change v. BAU
; e (& %
BAU BAU Efﬁcmncy Change Change

Enugy Use (qluds) : 255 323 29.3 -3.1 -9%

Carbon Emissions (MMtC/Yr)! . 487 616 - 543 73 -12% il
Passenger Cars** 171 184 160 - -24 -13% e
Light Trucks = . 113 166 143 -23 -14% b
Other Modes _ ) 203 266 - 240 -26 10%

Fuel Use by Fuel Type (quads) - )

Motor Gasoline 15.1 18.0, 15.2 -2.8 -15%

Cellulosic Ethanol (in motor gasolme) 0.0 0.0 05 0.5 o

Distillate 4.6 5.8 5.7 -0.1 -2%

Jet Fuel ‘ 3.6 47 4.2 -0.5 -11%

Residual : 1.2 1.6 1.6 0.0 0%

Other " 11 22 21 | -01 ~4%

Energy Use by Mode (quads) . L :

Light-Duty Vehicles - 14.6 18.2 16.3 -2.0 -11%

Passenger Cars** o 8.8 9.6 8.6 -1.0 -11%
Light Trucks 5.8 8.6 7.7 -2.0 -11%

Freight Trucks : & . 56 6.8 6.3 -0.5 -8%

Air i ’ 3.6 47 42 | -05 -11%

Rail : 0.5 0.5 0.4 0.1 -16%

Marine 1.7 2.3 2.3 0 0%

Pipeline 0.8 © . 08 09 0 0%

Other j 0.2 0.3 - 0.3 0 0%

Energy-efficiency Indicators - ‘

New Car MPG* . 27.5 278 375 9.7 35%

New Light Truck MPG : 20.5 20.6 27.1 6.5 32%

Light-Duty Fleet MPG =~ . 196 19.4 215 2.1 11%

Aircraft Efficiency (Seat-MLIes /Gal.) © 518 58.2 61.6 . 34 6%

Freight Truck Fleet MPG 5.6 6.0 6.8 0.8 13%

Rail Efficiency (ton-miles/1,000 Btu) 27 3.0 3.6 0.6 20%

Transportation Activity Levels (billions) ' .

Light-duty Vehicle Miles of Travel 2262 2762 2774 12 0%

Freight Truck VMT 173 237 238 1 0%

. Commercial Air Seat-Miles - - 1116 1729 1608 -121 ¢« 7%

Rail Ton-Miles ; 1208 1459 1464 5 0%

Marine Ton-Miles . 892 1047 1050 3 0%

Note: Because some truck use is included in the truck sector, the totals by mode will not add to

. the totals by fuel typlé.sl.lt i Erexght i e
Aftuaﬂscmoshadbemanﬁl::d.ammwudhmmdm&nNM car fuel economy e
technology input data. This error ed four wheel drive improvements to be applied to certain ca of cars |t

to which theyare,infact,notapphcable.movmlleﬁectmnzwmheleconomy:sless th.an0.3 in 2010
and less than 0.5 MPG in 2015. ;

** Motorcycles, which are always less than 1%, are included with passenger cars. .
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Table 5.7 Transportation Sector Projections to 2010 and 2015 Efficiency Scenario (Continued)

1997 . 2015 Change v. BAU
BAU BAU  Efficiency| Change Change
Energy Use (quads) 255 34.0 28.7 . 5.2 -15%
- Carbon Emissions (MMtC/Yr.) 487 646 532 -114 -18%
Passenger Cars 171 192 154 -38 -20%
Light Trucks 113 174 133 -41 -24%
Other Modes 203 280 245 -34 - 12%

Fuel Use by Fuel Type (quads)

Motor Gasoline _ _ 151 18.7 13.5 -5.3 -28%

Cellulosic Ethanol (in motor gasoline) 0.0 0.0 0.4 0.4 e

Distillate 4.6 6.0 6.5 0.5 8%

Jet Fuel 3.6 5.0 4.2 -0.7 -15%

Residual 1.2 1.8 1.8 0.0 0%

Other 1.1 25 24 -0.2 -6%

Energy Use by Mode (quads)

Light-Duty Vehicles 146 | 191 155 36 -19%
Passenger Cars . 88 10.0 8.3 17 -17%
Light Trucks 5.8 9.1 7.2 1.9 -20%

Freight Trucks 5.6 7.1 6.3 08  -12%

Air 3.6 5.0 43 -0.7 -15%-

Rail 0.5 0.5 0.4 -0.1 -20%

Marine 1.7 25 25 0.0 0%

Pipeline 0.8 0.9 0.9 0.0 0%

Other . 02 0.3 0.3 0.0 0%

Energy-efficiency Indicators ‘

New Car MPG 275 279 414 - 13.5 48%

New Light Truck MPG 20.5 20.6 31.9 113 . 55%

Light-Duty Fleet MPG 19.6 19.5 24.0 4.5 23%

Aircraft Efficiency (Seat-Miles/Gal.) 51.8 60.6 66.1 5.5 - 9%

Freight Truck Fleet MPG 5.6 6.1 74 ‘1.3 21%

Rail Efficiency (ton-miles/1,000 Btu) 27 3.2 3.9 0.7 22%

Transportation Activity Levels (billions)

Light-duty Vehicle Miles of Travel 2262 2914 2937 23 1%

Freight Truck VMT 173 250 251 1 0%

Commercial Air Seat-Miles 1116 1923 1759 -164 -9%

Rail Ton-Miles 1208 1535 1540 5 0%

Marine Ton-Miles 892 1099 1102 3 0%
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Table 5.8 Trmspartahon Sector Projections to 2010 and 2015 High-Efficiency/Low-Carbon Scenario

(cont. next page)
1997. 2010 Changes v. BAU P
: : %
'BAU | BAU  HE/LC | Change Change
Energy Use (quads) 255 323 27.9 -4.5 -14%
Carbon Emissions (MMtC/Yr.) 487 616 512 -104 -17%
Passenger Cars** 171 184 = 147 -37 -20%
Light Trucks : . 113 166 132 <34 -21%
Other Modes , 203 266 233 -33 -12%
Fuel UubyFuelTy‘pe(quadn) ’
Motor Gasoline 15.1 18.0 13.9 4.2 -23%
Cellulosic Ethanol (in motor gasoline) 0.0 0.0 0.7 0.7 vre
Distillate 4.6 5.8 5.7 0.1 -2%
Jet Fuel ' 3.6 4.7 4.0 -0.7 -14%
Residual - 1.2 1.6 1.6 00 0%
Other ; : ' 11 2.2 2.1 -0.2 -8%
Energy Use by Mode (quads) :
Light-Duty Vehicles 14.6 18.2 15.2 -3.0 -17%
~ Passenger Cars** : 8.8 9.6 8.0 16  -17%
Light Trucks 5.8 8.6 7.2 14 -17%
Freight Trucks 5.6 6.8 6.2 -0.6 -9%
Air ' 3.6 4.7 41 -0.7 -14% B
Rail : 0.5 0.5 0.4 -0.1 -25%
Marine 1.7 23 2.3 -0.0 -1%
Pipeline D 0.8 0.9 0.9 0.0 0%
Other 0.2 0.3 0.3 0.0 0%
Energy-efficiency Indicators '
New Car MPG* b 7 | 27.8 43.1 15.§ 55%.
New Light Truck MPG 205 20.6 30.8 10.2 50%
Light-Duty Fleet MPG 19.6 19.4 23.2 3.8 20%
Aircraft Efficiency (Seat-Miles/ GaL) 51.8 58.2 64.6 6.4 11%
Freight Truck Fleet MPG 5.6 6.0 7.0 1.0 17%
Rail Efficiency (ton-miles/1,000 Btu) 27 3.0 4.0 1.0. 34%
Transportation Activity Levels (billions) g
Light-duty Vehicle Miles of Travel 2262 2762 - 2806 44 2%
Freight Truck VMT 173 237 238 0% .
Commercial Air Seat-Miles ' 1116 1729 1619 -110 -6%
Rail Ton-Miles . ' 1208 1459 1467 8 1%
Marine Ton-Miles 892 1047 1051 4 0%

Note: Beuusesomehght&uckmmrmeismdu&dmﬂnﬁug!nuctor,ﬂ\ewuls by mode will not add to the
totals by fuel type.

* After all scenarios had been lmdanmmorwudmmemdh&aehlms assenger car fuel economy
technology input data. This error owadfourwheeldnvempmvemmuhobenpp to certain categories of cars :
to which ﬂwym,mfacunotappﬁcnbl&TheovmﬂeffectmnewmfudmyuleuthanO.S in 2010 ,
nndlmthnnﬂ.SMPGmZO R

- Motorcycles, which are always less than 1%, are included with passenger cars.
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Table 5.8 Transportation Secmr Proj ections to 2010 and 2015 ngh-F.ﬁﬁc:encyﬂ.ow—Carbon Scenaro

(Continued) : : ;
1997 2015 Change v. BAU
BAU BAU HE/LC | Change Change
Energy Use (quads) R 255 340 = 267 -7.3 -21%
Carbon Emissions (MMtC/Yr) 487 646 484 -162 -25%
Passenger Cars 171 192 134 -58 -30%
Light Trucks 13 - 174 114 - =59 -34%
Other Modes ' 203 280 236 - 44 - -16%
Fuel Use by Fuel Type (quads)
Motor Gasoline 15.1 187« 112 -7.5 -40%
Cellulosic Ethanol (in motor gasoline) 0.0 0.0 0.7 | 07 tes '
Distillate i 4.6 6.0 6.7 0.7 -12%
Jet Fuel : 3.6 5.0 4.0 -1.0 -19%
Residual | 1.2 1.8 1.8 -0.0 -1%
Other : 11 25 b B -0.3 -12%
Energy Use by Mode (quads) : )
nght-Duty Vehicles 14.6 19.1 13.8 -5.3 -28%
Passenger Cars 8.8 10.0 7.4 -2.6 -26%
Light Trucks 58 | 91 64 2.7 -29%
' Freight Trucks o 5.6 71 6.2 -0.9 -13%
Air _ 3.6 5.0 4.1 -0.9 -19%
Rail 0.5 05 - 0.4 -0.2 -38%
Marine 1.7 25 2.4 -0.0 . -1%
Pipeline 0.8 0.9 0.9 0.0 0%
Other _ 0.2 0.3 0.3 0.0 0%
Energy-efficiency Indicators - ' '
New Car MPG 27.5 27.9 02 , | 23 80%
New Light Truck MPG 20.5 20.6 37.8 172 83%
Light-Duty Fleet MPG 19.6 19.5 27.1 7.6 39%
Aircraft Efficiency (Seat-Miles/Gal.) 51.8 606 . 70.7 10.1 17%
Freight Truck Fleet MPG 5.6 6.1 7.5 14 23%
Rail Efficiency (ton-miles/1,000 Btu) 27 32 48 16 . 51%
Transportation Activity Levels (billions) ;
Light-duty Vehicle Miles of Travel 2262 2914 2974 60 2%
Freight Truck VMT ; ; 173 250 252 2 1%
Commercial Air Seat-Miles 1116 1923 1923 -152  ~ -8%
Rail Ton-Miles 1208 1535 1542 z . 0%
Marine Ton-Miles - 892 1099 1103 4 0%
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Figure 5.7 Sources of Fuel Economy Improvements in High—E&idencj Scenario, 2010
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Figure 5.8 Sources of Fuel Economy Improvements in High-Efficiency Scenario, 2015
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'I‘ramportnhon actmty increases at moderate rates in the busmess—as-usunl case and, indeed, in all
the other scenarios as well. Transportation activity in the NEMS model is relatively insensitive to
energy prices. In the businéss-as-usual scenario, light-duty vehicle travel increases by 22% from
1997 to 2010, an average annual rate of just 1.5%. In the high-efficiency/low-carbon scenario, the
increase is 24%, reflecting a very small increase due to the lower fuel cost per mile of vehicle travel
(1_.7%/year} Growth from 2010 to 2015 is slower still, 1.1% per annum. Air travel is the fastest

mode, with seat-miles growing at 3.4% annually through 2010 and slowing to 2.1% annually
from 2010 to 2015. Efficiency improvements in the efficiency and high-efficiency/low-carbon
scenarios include increased load factors (passenger-miles per seat-mile) so that seat-miles are
actually 7% lower in the efficiency case than in the business-as-usual case in 2010 (Tables 5.7 and
- 5.8). Freight truck vehicle miles increase at a faster rate than light-duty vehicle miles, 2.5% per
year through 2010, slowing to 1.1% from 2010 to 2015. These levels are almost unchanged by further
increases in truck freight energy-efficiency. NEMS measures rail and marine activity in ton-miles,

- and these are up 21% and 17%, respectively, by 2010. Onceagam, the growth rate from 2010 to 2015
is at the much slower rate of about 1% per year. s

The combined effects of moderately increasing transportat;on activity and significant effmency
gains are still not enough to reduce energy use or carbon emissions below present levels by 2010.
Overall, transportation energy use in the business-as-usual case grows from 25.5 quads in 1997 to 32.3
in 2010 and 34.0 in 2015. The efficiency scenario lowers energy use by 9% in 2010 and carbon emissions
by an additional 3%, due to the success of cellulosic ethanol as a gasoline blending component. Still,
energy use is up 15% over the 1997 level, and carbon emissions are 12% higher. In 2015, however,
energy use and carbon emissions are reduced compared to 2010 but still higher than in 1997.
Although the 1997 version of the NEMS model does not forecast beyond 2015, it is reasonable to
assume that energy use and emissions will ‘continue to fall for a decade or so beyond 2015 as
technological improvements penetrate the stock of transportation vehicles.

Motor gasoline use, on the other hand, is only 0.15 quads higher in 2010 than in 1997, and is a full 1.6
quads lower than the current level in 2015. The use of 0.4 quads of cellulosic ethanol and an
equivalent shift to diesel are partially responsible for the reduction in gasoline consumption.
Because cellulosic ethanol produces almost no net greenhouse gas emissions, it is far more effective
* than any fossil-based alternative fuel at reducing transportation's carbon emissions. Demand for
distillate and jet fuel combined is up 1.7 quads in 2010 and is 2.6 quads higher than the 1997 levels in
 2015. The slower growth of gasoline demand suggests a change in refinery operations wouldbe _
required, but no analysis of the impacts of this change has been made.

The high-efﬁciency/low—carbon scemri.o achieves the milestone of reducing CO2 emissions below
1997 levels, but by 2015 rather than 2010 (Table 5.7). In 2010, CO2 emissions are 17% (a full 100 MtC
per year) below the business-as-usual case, but still 4% above 1997 levels. With new cars at 43 MPG
(EPA test value), new light trucks at 31 MPG, and the fleet average at only 27 MPG (23 MPG onroad),
efficiency is improving rapidly and still has a long way to go. New passenger car MPG hits a fleet
average of 50 in 2015 in this scenario, buoyed by market shares of 25-30% forhybnd vehicles, and
15-20% for turbo-charged direct-injection diesel vehicles. Two-stroke engines are also popular in
this scenario, capturing about one-third of the small-car market. By 2015, all remaining new light-
duty vehicles are equipped with DISC engines, the gasolme engine of today having been all but
entirely squeezed out by newer tedmolopes.

Yet even the high-efficiency/low-carbon case, with its breakthrough technology assumptions,
illustrates how much time it takes to ﬁmdammta]ly change the technology of transportation energy
use. Though fleet average light-duty vehicle MPG is up from 19.6 to 27.1 (onroad) by 2015, there is
another 10.3 MPG to go before the fleet achieves equilibrium with the efficiency of new vehicles. .
Similarly, in the rail mode, use of fuel cells has penetrated only 5% of the stock of locomotives by
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2010and15%.by 2015. In most cases, the majority of CO3 emission reductions have yet to be realized,
even by 2015. The point is not that little can be done to reduce transportation’s CO2 emissions. 'I'he
pomtls&mtlfCOzenusmmsmustbereduced ﬁtesoonermegetsstarted the better.

535 COst-Eﬂ'ectivonus of Light-Duty Vehicle Fuel Econorny lmprovement

The cost-effechveness of technological changes that improve fuel economy is a very complex i lssue,
depending not merely on the value of fuel savings and the increase in retail price, but an how each
technology affects the performance, reliability, appearance and feel of a vehicle. Even such a
seemingly simple matter as computing the value of fuel savings is not straightforward, since it
depends on car buyers’ expectations about future fuel prices, vehicle lifetime (or, alternatively,
market valuation of remammg fuel savings when the vehicle is traded in or resold), consumer

discounting of future savings, expectations about future depreaabon of the vehicle’s value, and

expected utilization rates. - _ .

Technologica] advances  are likely to create new 6pporhrﬁﬁes to provide other benefits of

importance to car buyers and to society. For example, multi-point fuel injection is generally held to
be not cost-effective solely on the basis of fuel savings - yet every new car sold and nearly every new
light truck is equipped with ‘it. The reason for including fuel injection is that it improves
drivability and also is a critical technology for meeting emissions standards. Technologies included
in the efficiency scenarios also have the potential to create social benefits. By reducing oil
consumption, they will decrease the volume of U.S. oil imports. By making it easier and cheaper to
improve efficiency and substitute alternative energy sources for oil, these technologies will improve

U.S. energy security. Technologies such as hybrid vehicles and fuel cells will help vehicles meet

increasingly stringent emissions standards. Most importantly, technologma.l advances will be
asent:al to creating a sustainable world transport system. :

The cost of supplying technologies is also not a simple matter, since it depmds on the rate at which
capital equipment must be replaced. If the rate of adoption exceeds the normal rate of turnover of
manufacturing equipment, the costs of technological change increase. Also, new technologies must

often be certified to meet safety and environmental standards, which takes time and involves some .

degree of risk. Consumers expect a high degree of reliability of vehicles, and this might be
threatened by too rapid introduction of novel technologies.

. For all these reasons, the NEMS model does not base technology adoption on a simple cost-
effectiveness calculation, but rather attempts to simulate the complex process described above. The
market penetration of fuel economy technologies is a function of cost-effectiveness, but is not solely
determined by it. Market penetration follow an s-shaped curve that predicts 50% market
penetration for precisely cost-effective technologies, with increasing or decreasing market share as
cost-effectiveness increases or decreases, respectively. This simulates the fact. that consumers are
not identical in their valuation of technology (e.g., high mileage drivers such as sales
representatives might tend to value .fuel economy more than would average drivers), and that

technologies have other characteristics that consumers may, or may not, value. Also, introduction is

not immediate when cost-effectiveness is reached, but is rather phased in over time, simulating a
normal process of retirement and replacement of manufacturing capital.
{

The phasing in of new technologms can be seen in Figures 5.9 to 511, wh;ch show the prerhcted
market penetrations of engine technologies. Engine technology penetrations in the efficiency case
are shown for passenger cars and light trucks in Figures 5.9 and 5.10. Although the DISC, TDI
Diesel, and Gasoline Hybrid technologies eventually come to dominate the market, it takes about a
decade for this to occur, allowing time for orderly introduction of the technologies. For comparison,
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the historical market penetration rates of fuel injection technologies are shown in Figure 5.11.
Although it took less time for multi-point fuel injection to replace carburetted fuel systems, this
technological change was urged on by emissions regulations. Nonetheless, as a point of comparison,
it suggests that the rates predicted by the NEMS model are compatable to similar historical
transitions. - -

Figure 5.9 Market Penetration of Advanced Engines for Domestic Pmenger Cars - Efficiency
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For all the reasons noted above, simple cost-effectiveness calculations based solely an incremental-
first cost and the value of future fuel savings can be misleading. Indeed, the NEMS model outputs do
not include direct measures of the costs of technological changes or their value to vehicle purchasers.
However, for light-duty vehicles, approximate technology cost estimates can be derived from the
market shares of each technology and from the initial cost estimates. By comparing the weighted
average cost of fuel economy technology in the efficiency and high-efficiency cases in 2010 with the

. weighted average cost in 1997 for the BAU case, we can obtain an estimate of the increase in retail
price per vehicle due to the adoption of fuel economy technology. The incremental costs must be
adjusted, however, to reflect the fact that a significant fraction of the potential MPG increase is
used in the NEMS model to produce higher horsepower or increased vehicle weight, or to offset
small MPG losses cluetosafety and emissions improvements. The cost adjustment is made by
multiplying the full cost increase by the ratio of the actual MPG gain to the potential MPG. For
example, for automobiles in the efficiency case, this ratio is 0.7. Using the same assumptions
employed in the model to calculate cost-effectiveness, we can also estimate the value to the average
consumer of the change in fuel economy. These estimates are summarized in Table 5.9.
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Figure 5.10 Market Penetration of Advanced Engines for Domestic Light Trucks - Efficiency Scenario
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Table 5.9 Sunple, Total Cout-Effechmm Estimates for Lxght-Dut-y Vehicle Fuel Economy

Technology
_ _ ; Value of Fuel Savings to Consumer
Scenaric . MPG Fulllncremental  Adjusted® 10% Implicit 20% Implicit
Cost Incremental Cost ~ Discount Rate Rate
Passenger Cars :
et B3 8 B g g
_ . $1,600 $1,000
HE/ l:.‘C':y 43.1 $900 $900 $2,150 $1,350
Light Trucks :
Business as Usual 205 $0 - $0 - -
Efficiency 27.1 $800 $650 . $1,950 $1,200
HE/LC : 30.8 $950 $900 $2,700 $1,700

Gasoline prices assumed to remain constant at $1.20 qnl.lm. Vehicle rate of 15,500 miles
griﬂ'lvel'ﬂclengeati%per andli.feﬁmp:rf 4 years. Foraml:ugﬁﬂngvalueto wm&
-estimates are reduced by 15% to refl actual operating conditions.

*Adjusted to account for the use of fuel technology to increase er instead of increasing miles per -
The cost effectiveness estimates in Table 5.9 show that even at the Zo%imphqtdisummtrategi:
t—dutyvdttdehelmmy:mpmvmam,uawhole,mtcffec&u rising since the NEMS
modelbmmtzchmlogymarketpermuonpmdmmmasindhrmofcost iveness. Discounting
future fuel savings at a lower rate of 10% only improves cost effectiveness. }

Based on a simple comparison of incremental vehicle costs to the value of fuel savings to the
consumer, fuel economy improvements in the efficiency scenarios appear to be cost-effective as a
whole. Savings exceed costs for both discounting formulas shown. Choosing the correct discount rate
is somewhat controversial since it depends on whether one believes that there are imperfections in
the market for fuel economy. In the buildings chapter, for example, a 7% real rate is used to discount
future fuel savings. We believe that a 20% implicit discount rate should be used for valuing light-
duty vehicle fuel economy savings for the following reasons. When a consumer invests in vehicle
technology to improve fuel economy, his or her decision-making calculus is analogous to a firm's
capital investment decision. Indeed, consumers can be though of as producing their own vehicle
travel with inputs of vehicles, materials, and labor. In making this decision, the consumer must not
only consider his or her discount rate (time preference or opportunity cost for money) but also the
depreciation of capital. In other words, there are two costs of capital that must be accounted for, the
- time cost of money tied up in the capital and the depreciation of the capital, In general, the -
depreciation in a car’s value is much greater during the first few years of its life. Indeed, a very
significant depreciation occurs instantaneously when the first owner takes over possession from the
dealer. After that time, the car is no longer “new”. The initial owners of vehicles tend to hold them
for about four years, on average, so that they bear a dmproporhonate share of the cost of
deprecxat;on.

The tendency of used car markets to “bundle” vehicle attributes, rather than price each separately
may create a market imperfection that, when combined with the greater depreciation in value
during the first few years of ownerslup, implies that new car buyers may reasonably be expected to -
demand a high rate of return in fuel savings for an investment in fuel economy technology According
to this hypothesis, with the exception of a few highly visible items, used car prices are determined
by initial prices and the average rate of depreciation. That is, the value of fuel economy in the used
car market is determined notsormdtbythe present value -of future fuel savings, as by the
depreciated value of the initial investrhent in fuel economy. Assuming this market imperfection .
exists, the cost to the new car buyer of an investment in fuel economy technology is determined by the
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higher than the simple discount rate. If one assumes a 20% depreciation during the first year of
vehicle ownership and 10%/yr. thereafter, then a consumer with a 7% real discount rate would, in
effect, discount the full 14 years of fuel savings at about 15% t016% to compensate for the cost of
depreciation during the first four years of ownership. If future fuel savings are computed using the
average usage rate for new vehicles, then future savings must be further discounted by 4% to 5% per

year to reflect the typical rate of decline in vehicle use with age. Taken together, these factors -
imply that a new car buyer may appear to behave as if his discount rate for valuing future fuel

s_avings were 20%, when in fact his simple real discount rate is only 7%.

These mugh estimates should be treated with considerable caution. First, they represent a
comparison of total costs of fuel economy changes with total benefits, taxes mduded rather than the

more correct comparison of marginal costs and benefits, excluding taxes. Markets will, in theory, stop
‘improving fuel economy when the marginal costs equal the marginal benefits. In general, this will

be at a lower level of fuel economy than the point at which total costs equal total benefits. Second,
the NEMS. model represents technology adoption as a more complex process than a simple
computation of monetary costs and benefits, and attempts to simulate actual market behavior. Thus,
the calculations reported above do not correspond to the NEMS technology adoption methodology.

5.3.6 Oil Imports nnd Oil Market Beneﬂts

The reductions in energy use achieved in the effmency and hlgh-etﬁaency/low mrbm scenarios -
represent significant reductions in U.S. petroleum demand which should result in reduced U.S. oil |

import dependence and lower oil prices to consumers. Because of transportation’s continuing
dependence an petroleum in the business-as-usual scenario, 95% of transportation energy is still
derived from petroleum in 2010. In the BAU scenario, transportation uses 30.6 quads (14.5 million
metric barrels per day (MMBD)) of petroleum products. Technological advances contained in the
i scenario reduce petroleum consumption by 3.4 quads (1.6 MMBD) in 2010, and those in the
high-efficiency/low-carbon scenario produce total oil savings of 4.9 quads (2.3 MMBD).

Lower U.S. oil cc:mphm due to more energy-efﬁcient. technology and substitution of cellulosic

ethanol should reduce U.S. oil imports, or reduce world oil prices, or both. The exact world oil
market response is indeterminate because it depends on the actions of the OPEC cartel. In a
. competitive world oil market, the response to reduced U.S. demand could be predicted based an
. knowledge of the U.S. and rest-of-world supply and demand curves for oil. But because the cartel’s
supply does not necessarily follow the rules of competitive market behavior there is, in effect, no
OPEC oil supply curve. Faced with reduced demand, competitive producers would lower prices,
encouraging demand and driving out the higher cost producers until a new equilibrium were reached.
But a cartel can choose to cut production, raise production, or do nothing, making the ultimate
outcome uncertain. Cutting production would raise world oil prices but the cost to OPEC would be loss
of market share, a key determinant of market power. h:

No matter what the OPEC cartel chose to do, however, either U.S. imports would fall, or oil prices
would fall, or both, as a result of the technological advances reflected in the efficiency and high-
efficiency /low-carbon scenarios. This is illustrated in Figure 5.12, which shows U.S. long-run supply
and demand curves for petroleum derived from the 1997 Annual Energy Outlook’s Low, High, and
Reference Oil Price Cases for 2010 (EIA, 1996b, Table C11). The curves clearly show that at the
reference case oil price of $20.41 per barrel, domestic supply and demand curves do not intersect, with
the result that the 12.9 MMBD shortfall must be lmported
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Figure 5.12 U. S. Oil Supply and Demand in 2010
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The advanced technologies of the high-efficiency/low-carbon scenario shift the demand curve
towards lower demand, and may also change its slope (perhaps making demand more responsive to
price). If we assume that the world price of oil does not change (to achieve this result, OPEC would
have to cut production by an amount roughly equivalent to the reduction in U.S. consumption), then

_U.S. imports would be lower by about 2 MMBD. If OPEC maintains previous production levels or
increases its output, world oil prices would fall. As prices fall, U.S. domestic supply will decline
and demand will increase, pushing imports back up. However, to achieve the original level of
imports (129 MMBD), prices would have to fall by about $5 per barrel (given the supply and
demand curves shown in Figure 5.12). The $5/bbl. price cut would reduce the total cost of oil to the
economy by about $35 billion, and reduce the cost of oil imports by about $20 billion, in comparison to
the AEO97 reference case. The possible outcomes are: 1) U.S. imports are reduced by 2.3 MMBD or
more, 2) world oil prices fall by about $5/bbl or more, or 3) a combination of reduced imports of up to
2.3 MMBD and a price decrease of up to $5/bbl. occurs.

54 R&D POTENTIAL FOR ADVANCED TECHNOLOGIES IN 2020
541 Light-Duty Vehicles

Many of the advanced technologies that have the potential to impact U.S. automotive fuel use after
2010 or 2020 need considerable research and development work before they can attain
commercialization. The federal government has supported work on many of these technologies for
more than 20 years, beginning with the Energy Policy and Conservation Act of 1975. The current U.S.
R&D effort on the more exotic of the new technologies has been characterized as "the most
comprehiensive, best organized, and best funded in the world" (U.S. Congress, OTA, 1995).
Nevertheless, over the years, federal funding for vehicle technology R&D has been erratic, and
there are continuing budget battles over funding for DOE's Electric and Hybrid Vehicle Prognm and

~ the PNGV as a whole. As noted above, the National Research Council Committee that is reviewing
the PNGV program has stated in no uncertain terms that they bel.leve the program is seriously
under-funded relative to its ambmous goals. : i

The OTA identified several R&D areas that will require considerable new resources including:
safety; analysis and development of infrastructure for manufacturing, refueling, servicing, recycling,
and so forth; a.nd development of new standards for new materials and fuels (U.S. Congress, OTA, ,
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1995). Also, OTA concluded that the current federal program may not take appropriate advantage
of the innovative capabilities of small business, especially with budget pressure an the National
Institute of Science and Technologys Advanced Technology ngnm and other R&D efforts that
focus on smaller compames.

Although there are many hurdles to overcome, a strong R&D effort coupled with a market or
regulatory incentive to improve fuel economy should be capable of producing, by 2020 or earlier, mid-
sized vehicles with fuel economies in the 60-80 MPG range and performance similar to current
vehicles - that is, "PNGYV territory.” Note that continuing fleet increases in power and performance
will tend to reduce future fuel economy potential, since generally there is a direct tradeoff between
performance and fuel economy. An optimistic vision of a poténtial high-efficiency/low-carbon
vehicle in 2020, assuming the necessary breakthroughs in a number of areas (e.g.,, manufacturing
processes for composite materials, two orders of magnitude reduction in fuel cell costs) would combine
the following characteristics: ;

-

e Highly aerodynamic design with C4 of 0.22 or below;
. nghtwe.lght body with compos:.te body structure (safer a.ltematwe optu:mzed alununum),
2 Ull:ra-low rolling resmtmce tires, CR of 0. 005 (about half that of today's tires);

e Hybrid drivetrain with lightweight, highly efficient storage devme (ultracapacitor or
ﬂywheel) and electric motor/controller -

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

e Use of h.lgh-efﬁaency/low-carbon accessories and low-energy-use design (e g advanced
window coahngs and msu]auon)

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

Fuel cells are w:deiy believed to be the most attract:ve powerplant option for futum vehl.cl&a, and
recent progress in increasing their power density and lowering costs through reducing their platinum
requirements has been extremely promising. Nevertheless, as discussed previously, many hurdles
remain, and their costs must decline remarkably for them to compete successfully with internal
combustion engines. In fact, they would revolutionize the power generation industry long before they
reached the $30/kW level of ICEs.”

Although some may view a fuel cell hybrid vehicle as an “ideal” -vehicle, there are sufficient
uncertainties in the potential of the technologies needed for such a;vehicle, and sufficient
heterogeneity in regional requirements and markets, to imply that ‘an ideal R&D program in light-
duty vehicle technologies should be a broad program incorporating a range of alternative technology

athways to high vehicle efficiency and low emissions. A breakthrough in high-specific-energy
gattery technology coupled with significant progress in electric motors and power electronics, for
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