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Appendix A-1

A-1.3 METHODOLOGY FOR COMPILING TABLES A-1.1 AND A-1.2

(1) Carbon savings for all sectors are taken from Table 1.4 in the study When a range is given in the
table, we use the lower end of the emissions savings range for the Alternative View case, and the

higher end for the Best Estimate case. Where rno range is given, we use the same carbon savings
number in both Best Estimate and Alternative View cases.

(2) Energy cost savmgs from the buildings, industry, and tra.nsport efficiency options are always the
total energy savings times the relevant fuel price from the 2010 BAU scenario.

(3) Annualized technology costs (and dollar savings, where appropriate) for buildings efficiency,
industry efficiency, transport efficiency, repowering of coal power plants with natural gas, and
electricity dispatch are taken from the study results. Costs for increased power from hydroelectric
dams are assumed to be exactly offset by the value of the electricity generated, yielding a NET cost
of 50/tonne carbon. Technology costs for all other options are assumed to be $30/tonne C in the Best
Estimate case and $50/tonne C in the Alternative View case.

(a) In the Best Estimate case, buildings efficiency technology costs and dollar savings are

derived directly from Table C-2.1 in Appendix C-2 (those results are based on a 7% real
discount rate).

We increased the real discount rate to 15% in the Alternative View case, which theréby
increases the costs of implementing efficiency. Average equipment lifetimes in the buildings
sector are assumed to be 18 years.

(b) Industry efficiency technology costs and dollar savings are derived from Table 4.7 of the
industrial chapter. This table shows the annual energy savings and investment costs for a
single year of investment, which is sufficient information to calculate a Cost of Conserved
Energy (CCE). We took the investment costs from Table 4.8 and annualized them using the
capital recovery factor based on a 15 year lifetime and a 12.5% real discount rate in the Best
Estimate case. We divided the annualized investment costs by the annual energy savings to
calculate the CCE (We did this separately for fuels and electricity, and for the efficiency -
and h1gh-eff1c1ency/ low-carbon cases). We then multiplied this CCE by the TOTAL annual
energy savings in 2010 from the industrial scenarios to get total annualized costs. :

We increased the real discount rate to 20% in the Alternative View case, which causes the
costs of implementing efficiency to increase. Average equipment lifetimes in the industrial
sector are assumed to be 15 years, as in the Best Estimate case.

(c) Annualized technology costs for light duty vehicles are calculated from Table 5.9 in the
transportation chapter which shows the present value of fuel savings at various discount -
rates (including 10% real), and the incremental costs of achieving those savings. In the
efficiency case, the cost is $600 per car and $650 per light truck. In the high-efficiency/low-
carbon case, the correct cost is $900 per car and $900 per light truck (relative to the BAU
case). The incremental costs of improving efficiency in the high-efficiency/low-carbon case
are much lower than for the efficiency case because of technological progress assumed to be
engendered by aggressive efforts to achieve carbon reductions.

We annualized the capital costs using a 10% real discount rate and a lifetime of 14 years.
We then used the present value of fuel savings at 10% real discount rate to estimate the
number of gallons saved per vehicle per year.in each scenario, based on the constant
$1.20/gallon fuel price and a lifetime of 14 years We divided the annualized cost per year
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by the number of gallons saved per year to calculate the CCE in $/gallon for cars and light
trucks in each scenario, and weighted those CCEs by the fraction -of energy use associated
with cars and light trucks over the 1997 to 2010 period (56% and 44%, respectively) to get
the average CCE for light duty vehicles in each scenario. Finally, we multiplied the

average CCE by the TOTAL expected energy savings for light duty vehicles to get total
annualized cost for each scenario. '

In the Best Estimate case, the technology costs for other transportaton modes (freight
trucks, airplanes, trains, marine, and other) are assumed to be exactly equal to the price of
fuel that is saved. This assumption is a conservative one, because we know that the
technologies chosen by the NEMS model in our efficiency and high-efficiency cases are cost

effective at the margin, and the last technology implemented must by definition be less cost-
effective than the ones preceding it.

We increased the real discount rate to 20% in the Alternative View case, which causes the
costs to increase by 72% (or the ratio of capital recovery factors using 20% and 10% real
discount rates plus additional program costs). Average equipment lifetimes in the transport
sector are assumed to be 14 years, as in the Best Estimate case.

(d) Best estimate electricity dispatch annualized technology costs are derived from the total
costs of the High-Efficiency case and the high-efficiency/low-carbon case. The former case
has all the high-efficiency demand-side technologies implemented but no carbon tax, and
the latter case has the same efficiency levels but a carbon tax with the associated supply- -
side dispatch changes. The difference in costs between these two cases (after subtracting out
carbon tax revenues) is the cost of the supply side changes (about $33/tonne C). We choose
$50/tonne C for the technology costs of disf:atch in the Alternative View case.

(e) In the Best Estimate case, the cost of hydroelectric refurbishment and upgrades are assumed

. to be the same as the benefits associated with the sale of the electricity from these plants,

yielding a NET cost of $0/tonne carbon (A review of the literature finds that refurbishment

" of existing dams is one of the most cost effective renewable options). In the Alternative
View case, we choose a net cost of $20/tonne carbon.

(fy Repowering of coal power plants with natural gas costs are derived from Figure 7.7 in the
electricity supply chapter. This curve shows carbon saved on the x-axis and incremental cost
(/tonne C) on the y-axis. The graph with the $1.18/MBtu differential between gas and
coal was chosen because it is the likely case for 2010. The low environmental credits case
was also used. The average incremental cost is about $40/tonne C from this graph for going
to 45 MtC savings, so it was chosen this as our "Best Estimate” for the costs of this option.
Costs were increased to $50/tonne C in the "Alternative View" case.

(3) Total Annualized costs include program costs of 7% for demand side & 1% for electricity supply-
side carbon savings in the Best Estimate case and 15% for demand side & 3% for electricity supply-
side carbon savings in the Alternative View case. Demand-side program costs are also applied to
fuel cells and industrial low-carbon technologies. '

A-1.10
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APPENDIX A-2

KEY OPPORTUNITIES FOR CARBON. SAVINGS FROM END-USE
EFFICIENCY IMPROVEMENTS

Each of the three end-use efficiency chapters (Chapters 3-5) assessed the magnitude of carbon savings
that could be achieved by the year 2010 from specific submarkets, energy end-uses, and' technologies.
These key opportunities are summarized in the following table. The table includes those submarkets
and end-uses that were estimated to offer the potential for at least 2 MtC of savings by the year 2020. -
Tables A-2.2 to A-2.4 list some of the key technologies.

Table A-2.1. Key Opportunities for Carbon Savings From End-Use Efficiency Improvements

Carbon Reductions

Submarkets and Technologies Estimated by High
-with >2 MtC Estimated Reductions ' ‘Efficiency/Low Carbon
in 2010: ' : _ Case (in MtC)

Buildings
Miscellaneous electric uses: residential : 15.9
Miscellaneous electric uses: commercial ' 8.5
Commerdal lighting 6.6
Commerdial electric space conditioning _ 5.4
Residential lighting : 4.4
Commerdial gas space conditioning ' 3.3
Residential electric space conditioning . 3.1
Electric water heating - 2.9
Gas water heating ' 2.7
Refrigerators/ freezers 2.3
Industry
Heavy manufacturing industries: - _ : 16.1

Petroleum - . 4.3

Bulk chemicals - 4.1

Pulp and paper : 2.6

Iron and steel 2.6
Light manufacturing 24.0
Non-manufacturing ' 10.8
Transportation
Light-duty vehicles ' 73.3
Freight trucks S . 14.1
Air transport | o 13.9
Freightrail" : - 2.5

A-2.1
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Table A-22. Illustrative Energy-Efficiency Buildings Technologies

Residential Building End-Uses

Miscellaneous electricity (efficient motors, variable speed drives)

Lighting (halogen IR lamps, compact fluorescent lamps, motion sensors)

Electric water heatmg (standby loss reduction, horizontal axis clothes washer, heat
pump water heater - post 2000)

Electric cooling (more/improved insulation, spectrally-selective glazings, variable

. speed compressors, white roofs, reduced infiltration)

Electric space heating (more/improved insulation, reduced infiltration, low-E argon
glazings, superwindows, improved compressors)

Electric clothes dryers (heat pump clothes dryers at very low penetration)
Refrigeration (improved insulation, improved compressors)

Gas water heating (standby loss reduction, horizontal axis clothes washer)

Gas space heating (more/improved insulation, reduced infiltration, low-E argon
glazings, superwindows, condensing furnaces) '
Electric cooking (improved insulation)

Freezers (more/improved insulation, improved compressors)

Oil space heating (low-E argon glazings, superwindows, improved insulation,
reduced infiltration, condensing furnaces)

Commercial Building End-Uses

e Miscellaneous e1ectnc1ty (vanable speed drives, efficient motors, smart redesign)

Lighting ‘(electronic ballasts, motion sensors, halogen IR lamps, compact ﬂuorescent
lamps)

Electric cooling (system controls, variable speed compressors, swnchmg systems,
white roofs)

Gas space heating (condensing furnaces, fuel cells, system controls)

Ventilation (variable speed drives, system controls)

Refrigeration (improved insulation, better compressors)

Miscellaneous gas (smart redesign, eliminate pilot lights)

Electric space heating (switch to heat pump, system controls)

Gas water heating (standby loss reduction, improved burners, flow

controls) : .

Electric water heating (standby loss reduction, flow controls)

Oil space heating (condensing furnaces, system controls)

A-2.2
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Table A-2.3. Illustrative High—Efficie'ncy/L.ow-Carbon Industrial 'féchnologies

Fuel Switching
¢ Advanced turbine systems for industrial cogeneration applications
o Integrated gasification combined cycle technologies for the forest products industry

Motors
¢ Proper load matching
e Variable speed drives

Pulp/Paper
¢ Impulse drying

¢ Multiport cylinder drying
¢ On-machine sensors

Chemicals
¢ Pinch analytic techniques
¢ Advanced distillation control techniques

_ Petroleum Refining
o Utility system improvements
e Process/equipment modifications

Glass

¢ Oxy-fuel process

e Advanced burner technology

¢ Glass batch/cullet preheater technology

Aluminum

¢ New aluminum production cell
e Materials recycling

e Improve furnace efficency

o Titanium diboride cathodes

"~ Iron/Steel

¢ Direct smelting/direct reduction
e Scrap preheating

.o Hot connection
¢ Process controls

Metal Casting
e Computer-aided casting design
e Optimized coreless induction melting

Cement :
¢ . Cement clinker replacement

A-2.3
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Table A-2.4. Key Transportation Technologies Based on the High-Efficiency/Low-Carbon Scenario

Light-Duty Vehicles
o Direct-injection stratified charge (DISC) gasohne engine
Turbocharged direct-injection clean diesel engine (TDI diesel)
Hybrid vehicles (gasoline and diesel)
Gasoline fuel cell vehicle
Materials substitution, advanced drag reduction, engine friction and pumpmg loss
reductions, and transmission improvements
e Cellulosic ethanol as a blending component with gasolme

Truck Freight
e LE-55 diesel engine

e Turbocompound diesel engine
¢ Improved tires

* Advanced drag reduction

¢ Electronic controls

Rail _

e Flywheels

e Alternative fuels

e Fuel cells

L

Operational efficiency improvements

Air

e Ultra-high bypass turbofans
e Material improvements

e Aerodynamic drag reduction
¢ Propfans

e Laminar flow control

A-2.4



| .Interlab Study on
Scenarios of U. S. Carbon Reductions

APPENDIX A-3 -
- Summary of R&D’S Potential for

Further Carbon Reductions
By 2020




Appendix A-3

APPENDIX A-3

SUMMARY OF R&D’S POTENTIAL FOR FURTHER CARBON
REDUCTIONS BY 2020 |

By the year 2010, numerous energy efficiency technologies will be introduced into the marketplace that
are not available to consumers today. With an aggressive R&D and market transformation push, the
high-efficiency /low-carbon scenario would also fill an R&D pipeline of next-generation energy
technologies that could offer further energy and carbon savings by 2020. Possible future energy-
efficiency technologies, and their related R&D challenges, are described in Chapters 3 through 5. An

array of R&D activities to enhance renewable energy options are described in Chapter 6. These results
are summarized below. . o

In the next quarter century, improved energy efficiency technologies will result from a combination of
incremental advances and fundamental breakthroughs. Incremental improvements in all sectors can be
achieved by the greater reliance an more precise and reliable sensors and controls integrated into
smaller packages that cost less, can withstand harsh environments, and are able to characterize and
optimize currently impenetrable systems without disturbance. Advanced manufacturing technologies
including rapid prototyping and ultraprecision fabrication also offer broad opportunities for continuous
incremental improvements in energy efficiency and renewable energy. Breakthroughs in bioprocessing,
separations, superconductivity, catalysts, and materials can have wide-ranging impacts on energy

efficiency by the year 2020. Examples of specific technology opportunities are described below, by
sector.

Six R&D areas are forecast to offer great promise to reduce significantly the energy requirements of our
Nation’s buildings in 2020.

o Construction methods in this time frame will consist primarily of factory-manufactured modules

and components assembled onsite, enabling systems engineering to deliver greater energy _-

effidency, more affordable construction, and increased use of recycled materials.

® Adaptive envelopes will capitalfze on changmg climatic conditions to reduce energy use and —
improve occupant comfort and productivity, and environmental integration strategies such as
reflective roofing materials and turf paving will reduce urban heat island effects.

* Multi-functional equipment and appliances offer the opportunity for a quantum leap in efficiency
improvements by 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.

e Advanced lighting systems in 2020 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 functional needs for lighting with an order-of-magnitude reduction in energy

use. '

e Controls and communications 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 energy.

-
’

A-3.1
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APPENDIX C-1

METHODOLOGY FOR ASSESSING END-USE EFFICIENCY
POTENTIALS FOR BUILDINGS

Analysis focuses on three years: 1990, 1997, and 2010. We derive baseline usage in 1990 from the

1994 Annual Energy Outlook (AI.-ZO)1 We treat 1997 as the base year, and 2010 as the year in
which we are assessmg the reservoir of potential savings. We examine a "smapshot” of the
buildings sector in 2010, with our end-use totals benchmarked to the AEO 1997 forecast for that
~ year. Energy use in Tables C-2.7a-b and C- ZSa—b is expressed in site energy terms, and all output

tables are expressed in primary energy terms’. For a more detailed discussion of the type of
analysis described below, see Krause et al. (1995)

We discuss each of the input parametei's below, and then carry through a particular example,
namely residential refrigerators (all information pertaining to the example is in italics). Tables
C-2.7.a-b ‘and C-2.8.a-b show the input tables containing each of the relevant parameters for
residential and commercial buildings. The end-use categories in these tables are the same as
those in NEMS, for consistency with the AEO.

Base Year Energy Use

The calculations begin with the 1997 total energy use for the end-use or subsector. The Annual
Energy Outlook 1997 is the basis for this base-year breakdown.

For refrigerators, 1997 base year electricity use is 0.38 quads of site energy (111TWh).

Stock Accounting

In any forecast of the future impacts of technologies, some method for accounting for changes in
the stock of equipment must be adopted. Stock accounting allows calculation of the effect of
normal stock tumover an the efficiency of the stock of equipment existing in any year. It also
accounts for overall growth in the total number of households or floorstock.

We use a simplified stock accounting framework to treat retirements of buildings and appliances
existing in 1997 still existing in 2010. We assume that retirements occur in a linear fashion so that
by the time 4/3 of the average lifetime elapses all of the buildings or devices retire. Devices
added during the 1997 to 2010 period are assumed not to retire or.to be replaced with devices
identical to the devices previously added during this period.

1The 1997 AEO starts its forecast in 1994 and does not prsent 1990.

25¢e Chapter 6 for details on primary energy conversions in the Business-as-usual, efﬁcxency, and hxgh
efficiency /low-carbon scenarios.

3 Krause, Florentin; David Ohvxer and Jonathan Koomey 1995. Negawatt Power: The Cost and Potential of

Low-Carbon Resource Options in Western Europe in Energy Policy in the Greenhouse, Vol El Cerrito, CA:
International Project for Sustainable Energy Paths.

c-11
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For residential building shells, we use a 100 year average lifetime assumption, which results in
about 90% of the stock of buildings existing in 1997 still existing in 2010. AEO 97 projects about a
15% growth in households from 1997 to 2010, so total stock in 2010 is 115% expressed as a
* percentage of 1997 stock. Of this total, 25 percentage points represent homes built in the 1997 to
2010 period, and 90 percentage points represent homes existing in 1997 still existing in 2010.

For commercial building shells, we use a 50 year average lifetime assumption, which results in
about 81% of the stock of buildings existing in 1997 still existing in 2010. AEO 97 projects about a
12% growth in commercial floor area from 1997 to 2010, so total stock in 2010 is 112% expressed as
~ a percentage of 1997 stock. Of this total, 31 percentage points represent buildings built in the 1997 -
to 2010 period, and 81 percentage points represent buildings existing in 1997 still existing in 2010.

In the frozen efficiency case, all homes and buildings built in the 1997 to 2010 period are assumed
to have equipment with efficiencies equivalent to 1997 new equipment . Fot homes and buildings
existing in 1997 still existing in 2010, retirements of equipment take place using the same
retirement function as described above for homes (retirements occur in a linear fashion so that by
the time 4/3 of the average lifetime elapses all of the devices retire).

In Tables C-2.7.a-b and C-2.8.a-b we split the stock of existing homes and buildings with new
equipment into two categories: Existing shell and retrofit shell. This distinction is not used i in the
Frozen Efficiency and Business-As-Usual cases, but is used in the effunency cases.

Average refrigerator lifetimes are 19 years. By 2010, 9.7% of the homes existing in 1997 still
existing in 2010 have been replaced with new homes that have new refrigerators, 48.7% still
have 1997 stock refrigerators, and 41.6% have their existing shell but have new reﬁ-tgerators No
retrofits of equipment are allowed for refrigerators.

Other Changes In Service Demand

Overall growth in service demand is governed by the growth in mumber of households or
floorstock, but within each sector other trends can affect service demand. These trends, such as
fuel switching, structural shifts, leveling off of service demand, or rapid growth in a new end-use,
can be captured by the use of ‘another factor, which we call here the "other energy service
growth” factor. It can be equal to, more, or less than 1.0. Its value will generally be determined -
by an examination of the trends in the end-use markets under analysis.

We use this factor to calibrate our forecast to the AEO 97 end-use consumption numbers in 2010.
We calculate our own forecast of end-use consumption based on our stock accounting framework and
the unit energy consumption numbers described below, then take the ratio of the AEO 97 end-use
consumption to our forecast. A ratio less than 1.0 means that our internally generated forecast
overestimates consumption compared to the AEO 97 forecast, and a ratio greater than 1.0 means
our internally generated forecast underestimates consumption.

In Tables C-2.7.a-b and C-2.8.a-b we dxstmguxsh between the service demand growth factor for
existing shells and new shells, but there is no difference between these two columns. We can
change these factors if we feel that growth in service demand will be different in existing and
new buildings, but we have not used this capability in this analysis.

Our internally generated refrigeration forecast overestimates consumption compared to the AEO
97 forecast, so the service demand growth factor is 0.89. We believe this result occurs because the
AEQ reference case forecast contains progress in refrigerator. efficiency that our own residential
models do not -predict. We are working with EIA to fix this issue with their forecast.

C-12
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Frozen Efficiency Case: Existing Stock vs. New Energyrlntensities

The ratio of new device or process intensities (kWh/device or per household) to base year stock

intensities (usually, but not always, less than 1.0) characterizes the efficiency improvement that
we can expect from stock turnover alone in a frozen efficiency case.

For new refrigerators in 1997, Unit Energy Consumption (UEC) is about 645 kWh/year (2.2 MMBtu
site), while stock devices in 1997 are at about 940 kWh/year (3.2 MMBtu/year). The ratio of new
to stock is therefore 0.69.

Business-As-Usual Case: Existing Stock vs. New Energy Intensities

The ratio of expected average new device or process intensities over the 1997-2010 period
(kWh/device or per household) to base year stock intensities (usually, but not always, less than
1.0) characterizes the efficiency improvement that we can expect from stock tumover alone in the
Business-as-Usual case. :

We expect about a 5% improvement in refrigerator efficiency relative to new equipment in 1997,
averaged over the 1997 to 2010 period. For new refrigerators, the expected average UEC over the
1997 to 2010 period is therefore 645*0.95 = 613 kWh/year (2.1 MMBtu/year), while stock devices
in 1997 are at about 940 kWh/year (3.2 MMBtu/year). The ratio of new to stock is therefore 0.65.

Frozen Efficiency Case Energy Use
To determine the frozen efficiency energy use in 2010, we use the following formula:

E use in Froz. Eff. Case 2010 = E use in 1997*stock remaining factor + E. use in 1997*(stock
new device intensity 1997 1
stock device intensity 1997 ()

replacement factor + stock growth factor) *

If the Trends in service demand factor is applicable, it may either be multiplied by the entire
frozen efficiency energy use (in the' case where all households are affected by the trends
embodied in this factor) or by either the stock component or the new component terms. We apply
it to both the stock and new components in this analysis.

For refrigerators, this formula yields

E use in Froz. Eff. Case 2010 = 084 (0.38 quads ‘0487+038 quads ‘(0416+025) ‘645)

= 0.32 quads site

Business-As-Usual Case Energy Use

To determine the Business-as-usual case energy use in 2010, we use the followi.ng forﬁﬂa:
Energy use in B.A.U case 2010 = E use in 1997*stock remaining factor +

E use in 1997* (stock replacement factor + stock growth factor) *

expected average new device intensity 1997 to 2010 )
~‘stock device intensity 1997 _ '
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If the Trends in service demand factor is applicable, it may either be multiplied by the entire
Bus. as Usual efficiency- energy use (in the case where all households are affected by the trends
embodied in this factor) or by either the stock component or the new component terms separately.
We apply it to both the stock and new components in this analysis.

For refrigerators, this formula yields

E use in B.A.U case 2010 = 0.84 * (038quads"0487+038quad5.(0416+025),3‘113)

= 0.31 quads
Maximum Cost Effective Efficiency Case Energy Use

To calculate the efficiency case, we add three additional factors to the equation above: a) a
savings factor for equipment relative to 1997 new equipment, b) a savings factor for retrofits of
existing shells (for space conditioning end-uses only) relative to 1997 stock shells, and c) a savings
factor for new shells (for space conditioning end-uses only) relative to 1997 new shells. We
assume that equlpment is not retrofit, only replaced with new equipment. The choice of the
savings factors is justified in our detailed discussion of the applicable technologies and their
performance for each end-use. Because our conservation supply curve analyses explicitly

eliminate the effect of double counting for equipment and shell measures, the savings factors for -
equipment and shells are additive.

With these modifications, Equation 1 above becomes

E use in Max Cost Effective Efficiency Case 2010 = Other Energy Service growth factor * (E use in
1997*stock remaining factor +

E T ouse n 1997*(stock . replacement factor '[existing
new device intensity in existing homes 1997 ' '

» *(1-
shells]) stock device intensity 1997 (1- Svgs factor A) +
E use in 1997*(stock .replacement factor [retrofit
shells}* new device intensity in existing homes 1997

stock device intensity 1997 * (1- Svgs factor A - Svgs factor B) +

. : new device intensity in new homes 1997 |
E use in 1997*(stock growth factor) stock device intensity 1997

(1- Svgs factor A - Svgs factor C)) &)

- Refrigerators are not affected by shell retrofits, so savings factors B and C are zero. For new

refrigerators, the minimum life-cycle cost technology yields a savings factor of 33%. compared to
new equipment in 1997.

E use in Max. Cost Effective Efficiency Case 2010 = 0.84 *(0.38 quads* 0.487 + 0.38 quads* 0.028* 645

940
*(1-0.33) + 0.38 quads * 0.388* o7~ 645 34

940 *(1-0.33- 0)+O38quads 0.249

“(1-0.33-0))

=.0.27 quads site energy.
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The potential savings is therefore 0.32 - 0.27= 0.05 quads relative to the frozen eﬁiczency case and
0.31-0.27= 0.04 quads relative to the Business-as-Usual case.

This calculation could just as easily be done relative to the Business-as-usual baseline, but the
absolute result will be the same. The choice of which baseline to use in calculating the

consumption in the high-efficiency case is solely a question of computational convenience and the
availability of supply curve data.

Achievable Fractions

In the real world, only some fraction of the potential savings can be. achieved. We chose
implementation factors of 35%, 50%, and 65% after a review of program experience (Brown
1993) and a judgemental assessment of how energy service markets would respond to policies and
programs associated with agressive commitments to reduce carbon emissions. We began with
the Brown's 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 higher number (high-efficiency
case) corresponds to aggressive implementation of non-price policies combined with the
assumption of 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 almost 60% of the maximum economic potential. We

believe that the addition of these price signals under an aggressive policy regime would push
the achievable efficiency level to 65%. ' '

We apply these achievable fractions to the savings in the maximum cost effective case relative
to the “business-as-usual” (BAU) case to determine the energy use in the cases where 35% and
65% of the maximum cost effective efficiency improvement is assumed to be implemented.

In the 35% implementation case for residential, 35% of homes existing in 1997 still existing in
2010 (i.e., 35% x 90% = 32% of 1997 stock) are assumed to be retrofit. In the 65% implementation
case, we increase the retrofit percentage to 43%, but do not increase it further because we assume
that only homes where the longest lived equipment (i.e., a gas furnace) tumn over are eligible
for shell retrofits. This assumption ensures that equipment replacement for expensive heating
systems occurs at the same time as the retrofits, and that retrofits do not result in premature
retirements of expensive systems (which are usually uneconomic).

In the 35% implementation case for commercial buildings, 35% of buildings existing in 1997 still
existing in 2010 (i.e., 35% x 81% = 28% of 1997 stock) are assumed to be retrofit. In the 50 and
65% implementation cases, we only increase the retrofit percentage to 43% for the same reason
we limited retrofits in the residential building stock.

Discount Rate

‘We used 7% real as the discount rate. The long term average return on investment for the utility

industry is about 6% real, and the typical rates for auto loans or business loans are also in this
range.

C-15
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Cost of Conserved Energy (CCE)

CCE is calculated using the following equation:

Capital Cost x =—————
' (1-(1+d)M
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 Equation 1 is the annualized cost of the conservation investment.
Dividing annualized cost by annual energy savings yields the CCE.

Our life-cycle cost analysis for-residential refrigerators results in a CCE of $9.90/MMBtu site
(30.033/kWh) to achieve the maximum cost effective savings level (in 1995 $).

- Fuel and Electricity Prices
Fuel and electricity price forecasts are taken from the AEO 1997 reference case for 2010.

Conversion to Carbon Emissions

Emissions factors for fuels do not, of course, change over time or as a function of demand. These
factors are taken from the EIA’s recent work on this subject.4

Electricity carbon emissions per kWh for the Business-As-Usual case are based on the
electricity sector analysis, and are multiplied by BAU electricity demand to get total
emissions. The emissions savings are calculated using an estimate of the marginal carbon
savings per kWh derived by running the electricity sector model for the Business-As-Usual case
- and the policy scenarios in 2010, and calculat'mg the change in emissions per kWh saved. We
multlply this marginal carbon emissions factor by the electnc1ty saved in the effxmency
scenarios, and subtract these saved emissions from the BAU emissions.

4Us DOE. 1994 Emissions of Greenhouse Gases in the United States, 1987-1992. Energy Information
Administration, U.S. Department of Energy, Washington, DC. DOE/EIA-0573. October.
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Assessment of Cost Effectiveness

The total cost of energy services delivered in 2010 is a function of energy costs and annualized
incremental costs for efficiency improvements in that year.

The Cost of Energy Services, in billions of 1995 dollars per year in 2010, is calculated as follows:

Cost of Energy Services= ( E#XP f) +(ESXCCE) (5)

where

EAf= Energy use for end-use A usmg fuel f in any scenario (quadnlhon Btu of primary energy per
year in 2010).
Pf = price of fuel f (electricity, natural gas, or oil), in 19955/ MMBtu pnmaxty
CCE = Cost of Conserved Energy (1995$/MMBtu primary),
'ES = Energy Savings (quads of primary energy per year).
and the other parameters are as described above.

Whenever the CCE is greater than the fuel price, the cost of energy services will increase
compared to the BAU case because of the efficiency measure. Whenever the CCE is less than the
fuel price, the cost of energy services will be less than that in the BAU case. In the latter case,
carbon reductions can be achieved at negative net cost to society. '

C-1.7
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Appendix C-2

APPENDIX . C-2
DETAILED RESULTS OF
RESIDENTIAL AND COMMERCIAL SECTOR FORECASTS

TERMINOLOGY AND CONVENTIONS FOR BUILDINGS SECTOR SPREADSHEET

Stock factors: These factors are fractions of the 1997 stock attributable to different parts
of the building stock. They are calculated using a simple stock accounting
model and the average equipment lifetimes shown in Tables C-2.7a & b and
C-2.8a & b. The lifetime of building shells is 100 years for residential and
50 years for commercial. The sum of the stock factors for 2010 is 1.15 for
residential and 1.12 for commercial, which means that over the 1997-2010
period, total households and total floor area grow 15% and 12%,
respectively. We separately account for retrofit and new shells, though'in
the reference case there are rno retrofits. About 10% of the residential
buildings existing in 1997 are retired by 2010, while about 19% of the
comumnercial buildings existing in 1997 are retired by 2010. .
Energy service growth factors These factors are used to normalize our forecasted total consumption by
end-use to the AEO97 results. They correct for differences in the stock
accounting and other aspects of our methodology. If these numbers are less
than 1.0, they imply that our methodology overforecasts demand compared
to AEO97, while if they are larger than 1.0, ow methodology
underforecasts demand compared to AEO97.
UECs and EUls . The ratios of the UECs or EUls for the different categories of houses are
R used along with our simple stock accounting to capture the effect of stock
-| turnover on energy use. All residential UECs are taken from the LBNL REM
and LBNL REEPS residential forecasting models, while all commercial
sector EUls come directly from the AEO97 model outputs.
Efficiency factors These are defined relative to current practice in 1997. The first column in
this section (with the heading "EFFICIENCY CASE") is the savings
associated with new equipment, expressed as the percentage by which this
new equipment exceeds the efficiency of 1997 new equipment. The second
column (ex. with retrofit, new equipment) is the shell savings factor that is
to be added to the equipment efficiency factor to get total savings for these
buildings. The third column (new shell, new equipment) is the shell savings
factor for new buildings that is to be added to the equipment efficiency
factor to get total savings for new buildings. .
CCE ($/MMBtu site) . -The cost of conserved energy (CCE) is calculated using a 7% real discount
rate. It represents the average CCE for a package of measures that all cost
less than the price cutoff of 8 cents/kWh or $6/MMBtu. It is the weighted
average cost of adding all technically cost-effective efficiency options up to
that price cutoff.

Efficiency costs (Billion The costs of improving efficiency are assessed on an annualized basis.
1997%/ year) They are calculated by multiplying the annual energy savings by the CCE.
Total cost of energy services Total cost of energy services is the sum of energy costs and efficiency costs.

{Billion 1997$/year)
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Table C-2.1: Main resuits, buildings sector business-as-usual scenario, by fuel

Energy Costs

Primary Energy Use (Quads) Carbon Emissions (MtC) Billion 1995 3

Fuel End-use 1990 1997 2010 1990 1997 2010 2010
"IResidential  Electricity 10.2 11.9 13.0 162 183 213 102
Natural gas 4.5 52 - - 56 66 76 81 29

Distillate oil 0.8 0.9 0.8 17 17 15 6

Other fuels 1.1 1.1 1.1 9 9 10 12
+ Total 16.7 19.1 204 253 285 - 319 149
Commercial Electricity 94 10.6 11.4 150 163 187 82
Natural gas 29 33 .35 42 . 48 51 16

Distillate oil 0.5 04 04 10 7 7 2

Other fuels 04 0.3 0.3 7 6 7 2
Total 13.2 14.6 15.6 209 225 252 102
Total Electricity 19.7 225 24.3 312 346 401 184
Natural gas 7.4 8.6 " 9.1 107 124 132 45

Distillate oil 1.3 1.2 1.1 26 25 . 22 7

Other fuels 1.5 1.4 14 16 15 17 14

Total 299 33.7 36.0 . 462 511 571 251

(.1) Other fuels includes LPG, renewables, coal, and kerosene.
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{Table C-2.2: Main results, residential sector business-as-usual scenario, by end-use

19.1 204

319

‘ Energy Costs
Primary Energy Use (Quads) Carbon Emissions (MtC) Billion 1995 $

Fuel End-use 1990 1997 2010 1990 1997 2010 2010
Electricity  Space heating 1.0 14 14 15 22 23 11
Space cooling 1.7 1.5 1.4 2 23 23 11
" Water heating 1.1 1.1 1.1 18 17 18 9
Refrigeration 1.7 1.2 0.9 27 19 15 7
Cooking 0.5 04 0.4 8 6 7 3
Clothes Dryers 0.6 0.6 0.6 9 9 - 10 5
. Freezers 0.5 04 0.2 8 6 4 2
Lighting 1.0 1.0 1.0 15 16 17 8

Other Uses 22 4.3 59 36 66 97 46

_ , Total electric 10.2 11.9 13.0 162 183 213 102
Natural gas  Space heaung 3.1 37 39 45 53 56 20
Space cooling 0.0 0.0 0.0 0 0 0 0
Water heating 1.1 1.3 14 16 18 20 7
Cooking 0.2 0.2 0.1 3 2 2 1
Clothes Dryers 0.1 0.1 0.1 1 1. 1 0
Other Uses 0.1 0.1 0.1 1 1 1 1

Total gas 4.5 5.2 5.6 66 76 81 29
Distillate oil Space heating 0.8 0.8 0.7 15 15 13 5
Water heating 0.1 0.1 0.1 2 2 2 1
Other Uses 0.0 0.0 0.0 0 0 0 0
Total oil 0.8 0.9 0.8 17 17 15 6
LPG Space heating 02 03 03 4 5 5 4
Water heating | 0.1 0.1 0.1 1 1 2 1
Cooking 0.1 0.0 0.0 1 1 1 0
Other Uses 0.0 0.0 0.0 0 0 0 0
_ Total LPG - 04 0.4 0.5 6 7 8 5
Renewables Wood 0.6 0.6 0.6 0 0 0 6
Other fuels Coal + kerosene 0.1 0.1 0.1 3 2 2 - 1

Totals 16.7 253 285 149
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Table C-2.3: Main results, commercial sector business-as-usual scenario, by end-use

209 25 252

: : Energy Costs
Primary Energy Use (Quads). Carbon Emissions (M:C) Billion 1995 $
Fuel End-use 1990 1997 - 2010 1990 1997 2010 2010
Electricity = Space heating 0.4 0.4 0.3 6 6 6 3
Space cooling 1.8 1.7 1.5 29 - 26 25 11
Water heating 0.6 0.5 0.4 9 8 7 3
Ventilation 0.5 05 06 9 8 9 4
Cooking 0.1 0.1 0.1 2 1 1 1
Lighting 3.7 40 3.8 59 62 63 28
Refrigeration 0.4 0.4 0.5 7 7 8 3
PC Off. Equip. 0.1 03 0.3 2 4 5 2
non-PC Off. Equip. 05 06 07 8 9 12 5
Other Uses 1.2 2.1 3.1 20 32 52 23
Total electric 9.4 10.6 114 150 163 187 82
Natural gas Space heating 1.3 1.3 1.4 20 19 20 6
Space cooling 0.0 0.0 0.0 0 0 0 0
Water heating. 05 0.5 0.5 7 7 8 2
" Cooking 0.2 0.2 0.2 2 3 3 1
Other Uses 0.9 1.3 1.4 13 19 20 6
Total gas 2.9 3.3 3.5 42 48 . S1 16
Distillate oil. Space heating 0.2 0.2 0.2 4 4 3 1
Water heating 0.1 0.1 0.1 1 1 1 0
. Other Uses 0.2 0.1 0.1 4 3 3 1
Total oil 0.5 04 0.4 10 7 7 2
Renewables Wood 0.0 00 -~ 00 0 0 0 0 -
Other fuels Coal + kerosene 04 0.3 0.3 7 6 7 2
Totals 13.2 14.6 15.6

102
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Table C-2.4: Main results, buildings sector scenarios

. . Energy Efficiency Total Costs of
costs costs Energy Services
. Primary Energy Use ( Quads) Carbon Emissions (MtC) Billion 1995 $  Billion 1995 $ Billion 1995 $
Fuel End-use 1990 1997 2010 1990 1997 2010 2010 2010 2010
Residential B.A.U. 16.7 19.1 204 253 285 319 149 0 149
Efficiency case 16.7 19.1 194 253 - 285 306 139 5 144
High eff./low C case 16.7 19.1 18.0 253 285 287 130 10 140
Commercial B.AU. 13.2 146 156 209 225 252 102 0 102
Efficiency case 13.2 14.6 14.7 - 209 225 240 94 2 96
High eff.low C case 13.2 14.6 13.5 209 225 225 88 3 91
Total B.A.U. 299 337 36.0 462 511 571 251 0 251
Efficiency case 299 33.7 34.1 462 511 546 233 7 - 240
High eff./low C case 29.9 33.7 316 462 51 512 218 13 - 231
Index 1990 = 1.0 1.00 1.13 1.20 1.00 1.10 1.24 N/A N/A N/A
1991 =10 - 1.00 1.13 1.14 1.00 1.10 1.18 N/A N/A N/A
. 1992=1.0 © 1.00 1.13 1.06 1.00 1.10 1.11 N/A N/A ' N/A
Index : BAU. =10 1.00 1.00 1.00 1.00 1.00 1.00 - 1.00 N/A 1.00
B.A.'U._= 1.0 1.00 1.00 095 1.00 1.00 0.96 0.93 N/A 0.96
B.AU.=1.0 1.00 .00 0.88 1.00 1.00 0.90 0.87 N/A 0.92

-0 Xipuaddy

(1) Other fuels includes LPG, renewables, coal, and kerosene.
(2) Efficiency case assumes 35% implementation of efficiency resources, and high efficiency case assumes 65% implementation.

(3) Efficiency costs are annualized in 2010.
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Table C-2.5: Main results, residential sector BAU and efficiency scenarios, by end-use

Primary Energy Use (Quads) Carbon Emissions (M:C) Energy Service Costs (B1995 $)
BAU  Efficiency HELC | BAU Efficiency HELC BAU  Efficiency HELC
Fuel End-use 2010 2010 2010 2010 2010 2010 2010 2010 2010
Electricity  Space heating 14 14 1.3 23 22 22 11 11 11
Space cooling 1.4 14 1.3 3 023 2 1 11 11
Water heating 1.1 1.0 09 18 17 16 9 8 8
Refrigeration 0.9 0.9 0.8 15 . 14 - 14 7 7 7
Cooking 04 04 04 7 7 6 3 4 4
Clothes Dryers 0.6 0.6 05 10 10 9 5 5 5
Freezers 0.2 02 0.2 4 4 4 2 2 2
Lightng , 1.0 . 0.8 07 | 17 15 12 8 7 6
Other Uses 5.87 533 - 47 97 90 81 46 43 4]
Towd electric | 13.0 12.0 10.8 213 202 . 185 102 97 93
Natural gas  Space heating 39 38 38 56 56 55 20 20 20
Space cooling 0.0 0.0 0.0 0 0 0 0 0 0
Water heating 14 13 1.3 20 19 18 7 7 7
Cooking _ 0.1 0.1 0.2 2 2 2 1 1 b
Clothes Dryers 0.1 0.1 0.1 1 1 1 0 0 0
Other Uses 0.1 ‘0.1 0.1 1 1 1 1 1 1
Touwl gas 5.6 5.5 54 81 80 79 29 29 29
Distillate 0il Space heating 0.7 0.6 0.6 I3 13 13 5 5 5
* Water heating 0.1 0.1 0.1 2 2 2 1. 1 1
Other Uses 0.0 0.0 - 0.0 0 0 0 0 0 0
Total oil . . 08 0.7 0.7 15 15 14 6 6 5
LPG :  Space heating 03 03 03 5 5 5 4 4 4
Water heating 0.1 0.1 0.1 2 1 1 1 1 1
Cooking 0.0 00 . 0.0 1 0 0 0 0 0
Other Uses 0.0 0.0 0.0 0 0 0 0 0 0
Total LPG 0.5 0.4 0.4 -8 7 7 5 5 5
Renewables Wood 0.6 0.6 - 0.6 0 0 0 6 6 6
Other fuels  Coal + kerosene 0.1 0.1 0.1 2 2 2 1 1 1
Totals ) 204 . 194 18.0 319 . 306 287 149 144 140

(1) BAU = Business-As-Usual; Efficiency = efficiency éasc: HE/LC = high efficiency/low carbon case.
(2) Energy service costs include cost of purchased fuels and electricity and the annualized costs of incremental efficiency improvements.
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Table C-2.6: Main results, commercial sector BAU and efficiency scenarios, by end-use

Primary Energy Use (Quads) Carbon Emissions (MtC) Energy Service Costs (B1995 3)
. BAU  Efficiency HELC BAU  Efficiency HELC BAU  Efficiency  HELC

Foe! End-use 2010 2010 2010 2010 2010 2010 | - 2010 2010 2010
Electricity  Space heating 0.3 0.3 0.3 6 5 5 3 2 2
Space cooling 1.5 14 1.3 25 24 21 11 10 : 9
Water heating 04 04 04 1 7 6 3 3 3
Ventilation 0.6 0.5 0.5 9 9 8 4 4 3
Cooking 0.1 0.1 0.1 1 -1 1 1 1 1

Lighting 38 36 33 63 60 56 28 25 22
Refrigeration 05 04 04 8 7 7 3 3 3
PC Off. Equip. 0.3 03 03 5 5 5 2 2 2
non-PC Off. Equip. 0.7 0.7 0.7 12 12 12 5 5 5

. Other Uses 31 2.8 25 52 48 43 23 21 20

Total electnc 11.4 10.7 9.7 187 178 165 82 76 71
Natural gas  Space heating 1.4 1.3 1.2 .20 18 17 6 6 6
Space cooling . 0.0 0.0 0.0 0 0 0 0 0 0
Water heating 0.5 0.5 0.5 8 7 7 2 2 3
Cooking 0.2 0.2 0.2 3 3 1 1 1
Other Uses 1.4 14 13 20 20 19 6 6 6

Total gas 3.5 34 32 51 49 46 16 16 16
“|Distillate oil Space heating 02 0.2 0.1 3 3 3 1 1 1
' Water heating 0.1 0.0 0.0 1 1 1 0 0 0
Other Uses- 0.1 0.1 0.1 3 3 3 1 1 1
Total oil 0.4 0.3 0.3 7 7 6 2 2 2
Renewables Wood 0.0 0.0 0.0 0 0 0 0 0 0
Other fuels Coal + kerosene 0.3 0.3 0.3 7 7 7 2 2 2

Totals 15.6 14.7 13.5 252 240 225 102 96

.o

(1) BAU = Business-As-Usual; Efficiency = efficiency case; HE/LC = high efficiency/low carbon case.
(2) Energy service costs include cost of purchased fuels and electricity and the annualized costs of incremental efficiency improvements.
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Table C-2.7.a: Input assumptions for U.S. residential sector reference and efficiency cases
35% implementation of efficiency resources

(1) Encrgy service growth factors used 1o normalize 10 AEO 97 end-use consumption. Existing shell and new shell growth factors arc diffc

(2) Encrgy prices in 2010 are 7.67, 5.59, 7.90, and 12.57 /MMBu (1997 $) fiv clectricity. natural gas, distillate oil, and 1.PG, respectively.
Other fucls ure assumed 10 cust the sume as distillate vil, while rencwables arc assumcd 1o cust twice as much as natural gas.
(3) All UECS arc taken from the LBNL REM and LBNL REEPS residential forccasting models.

() 1990 residential sector carbon cmissions = 253 million metric ns.

(5) Electsicity consumption and prices measurcd as sic encrgy at M2 BiusAWh.
(6) Ol and 1PG efficicncy cosis und savings arc assumed to be the same as foe natural ggs.
(1) Costs of conscrved energy arc weighied sverages of all mwasurcs up to the cost cffcctive limit, und are cxpressed in SMMBLu of site cnergy

Other Other REFERENCE CASE (NO RETROFITS) EFFICIENCY CASE
. SHELL Base Existing Existing Rewofit New | Encrgy Encrgy | Existing Existing  New Existing New  {Ex nosctsolit Ex. wiewrofis New | Existing  Retmufit New
EQUIPMENT | ycas Existing  New New  New | Scrviee  Service | Existing  New New New New New New New New New New
N : cncrgy growth  growth capidavg  capid avy shell sheil Achicvahic
use |Enduse| Suxk Stk Stock Stk | facwr (1) factar (1) UEC UEC UEC UEC UEC | rcl.toncw  savings  savings| CCE CCE CcCe Fracion
1997 Iiﬁ:tlimc facue  factor  factor  factor | Ex shells New shells| MMBis MMBu - MMBtu kWh MMBw J in 1997 facur factor |$MMBis $/MMBiv  $/MMBuw
Fuel End-use _M years 2010 2010 2000 240 2000 2000 w17 1997 197 19972010 1997- 2HL 2010 2010 2010
Elcctricity Space heating | 045 | IR 0.46 013 032 028 104 1.4 ni s 43 m? 217 He 144 pil s 9.06 1007 1218 033
Space conling | 0.46 13 0.25 oM 032 028 116 116 bR ) 44 43 412 KR ] 154 1% 4. 206 1007 12,13 038
Water heating | 0.35 10 [ 1] 056 032 028 1.22 1.22 L} } 113 1133 130 130 0% [}, ] o v4i 9.41 944 035’
Refrigeration 038 19 0y 0.10 032 028 (1% 1] Oxy 32 22 22 11 21 % . s 990 9.90 990 0.3%
Cuoking 0.12 19 049 0100 032 018 (W17 102 20 20 20 . 20 20 s (L] [t/ ] N/A N/A N/A 038
Clothes Dryers | 0.18 7 o4 0.6 032 025 108 108 10 2% 28 28 28 K ‘g 4 N/A N/A N/A 0.3s
Freczers 012 L] oy 010 032 025 0.67 067 20 16 16 16 16 284 s (1,1 13 1319 1319 033
Lighting - 0.32 [} 0.0 0 032 025 098 093 32 12 12 A2 12 3% [, ] [ 1 $34 H34 834 035
Other Uses 1.35 10 on 0% - 032 028 (1] L 113 13} 133 133 133 334 s i 1018 1018 10148 035
Tonal chetric i [NE] 1.14
Natural gas  Space beating | 3.68 20 05l om 032 028 109 (X1 46 653 24 628 K0 T+ 4% 2% 4a» 4.66 448 033
Space conling | 000 12 0.y 0.40 032 028 L) 100 10 (KU 10 10 10 ok s % N/A N/A NA 035
Waicr bealing .27 14 030 [1 ). 032 028 14 1M e 297 27 P 295 349 s o% | 218 218 218 035
Cuooking 015 19 04 010 032 028 082 [1X¥] i s LR ) 17 37 (13 8 (L] % 238 238 238 03
Clothes Dryers | 0.05 17 04 0l6 032 028 (1] 093 37 32 32 32 32 s 8. (1] N/A N/A N/A 035
Other Uses [IX¢ ] 10 002 0456 032 025 09 097 09 09 09 09 09 [}, 8 [ ] i3 3 3.0 300 033
Towl gus 524 ’ 107 107 : '
Distillate 0il - Space heating on 20 051 007 032 028 ORS ORS 703 6l 438 LN 400 74 4% 129 LR 4.66 448 0.3s
! Water heating | 0.10 (2] 030 0.9 032 028 098 09s 336 297 .7 297 91 234 i (1 218 215 2.5 C 038
Ouher Uses 000 10 002 0.56 0.32 028 L0 1.00 10 i0 10 10 10 s s s m 3.00 3 0.3s
\ Total il ox? OR6 [15.0.)
LPG Space beating | 0.29 20 [tR1] 007 032 028 108 1.08 74.6 653 633 646 595 g 4% 12% 4w 4.66 448 033
Water beating | 0.07 14 0.M) 0. 032 028 24 1.24 16 27 297 92 292 234 {5 o 218 215 218 0.35
Couking (11113 9 0y [LATH 032 028 (1223 0.8% 38 n ix kR 17 IR%: % (1] 234 234 238 035
Orher Uses 001 10 om 0.56 0 0.2% 0.K7 087 0l ol [N} ol 00 L1 ] 1/ 3 i 3.00 I 3o 0.35
Total LPG 0.40 1.06 1.06 +
Rencwables  Woad 0.58 20 asi o007 032 028 0.84 084 10 1.0 1o 10 09 % (1] s N/A N/A N/A 038
Other fucls  Cual + kerosend 0.12 20 (18] ] 007 032 0128 (111} 0.8l 10 10 1o 10 0y o (1] o N/A N/A NA 035
Totals 1094 108 105
J in the spreadshect e jal future usc, but this differentiation is not cumently used.
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Tahle C-2.7.a (continued): Results for the U.S. residential sector reference and efficiency cases
* 35% implementation of efficiency resources ’

AL B 100°%: 5% 10¢8. [100% Limplementatlon case ISk 1% 54 Hxra.
N Buse | Frozen Buscline Impl pl Froeen  Buscline Iinple Impl Existing Reunfit New Implement. [lmpleient ] Base Fruzen  Bascline Impl Impi
year Lfficiency B.A L. Effic. case Effic. casc | cfficiewy  B.ALL Eific. case Eflic. case New New New Elfic. case case year  efficiency B.AU. Effic. case Effic. casc
cnergy | cnergy  encrgy  encrgy cnergy encrgy cnergy encrgy cnergy efficiency  cfficiency  efficicncy total totad carbin carbon  carbon carbon carhon
use usc use use use costs costs costs s cusla coaty cols costs costs issi issi issi issh issiong
1997 | 2010 200 2010 200 010 U 2010 2010 2010 2010 2000 200 20010 1997 2000 2010 2000 2010
Fuel End-use Quads| Quads ads uwaly Quads_|Billion 953 Bithon 938 Biltion 939 Bilhion 953 | Billion 933 Billion 959 _Billion 953 Billion 958 | Billion 953| _ MIC MIC MIC MIC MIC
Electricity  Space heating | 045 | 0.50 048 0.46 04 hl..ﬂ() 10.9% 10 54 973 (111} 0.2% 031 10.75 10.33 22 24 23 22 21
Electricity  Space couding | 0.46 0sl 049 047 0142 11.77 naa T 066 9.64 04 G116 [(r]] 10’4 10.13 2) 25 23 23 21
Electricity  Water heating | 035 | 0.3%9 [1R1] 0.y 0.27 92 K69 7.82 6.20 0.58 03 026 L 3] 136 17 19 1% 17 14
Electricity  Refrigeration | 0.38 | 032 031 0.30 0.27 72 1 6.75 612 006 (.20 016 690 654 v 15 15 14 (K]
Electricity  Cooking 0121 014 0.4 0.1} 012 jn 120 106 2.80 [V 3 n 0o k5.2 ] 413 6 7 ? 7 6
Electricity  Cluhes Dryers| 0.18 021 021 01y 0.l6 4.50 4.%0 44} RN ) 0.0 133 000 490 hEin L 10 10 10 ]
|Eleciricity  Freczers 0.12 0.08 oo 0.08% 007 1.8} (R &) 1.74 1.57 u02 07 0.06 1L79 .72 6 4 4 4 3
Electnicity  Lighting 032 ] 038 035 0.29 017 LX) LEU] 653 Im 0.8 042 013 707 . . 16 17 17 s 10
Electricity  Other Uses 135 | 202 202 LY . 46.22 46.22 4101 M R (R 1.46 411 3796 66 9? 97 90 7
Tkl clectric m 452 446 408 w? 103.53 102 04 92,58 7492 494 598 278 Y1 .33 LI 183 U7 213 p.i73 169
Natura) gas  Spiwe heating | 368 { 399 IR I wm 2104 2045 20.2% 1947 0.04 024 02 2044 2043 53 b3 6 36 3s
[Natural gas  Space conding | 0.00 0.02 002 002 002 on ol all ol 000 (114 1] oo ol oll 0 1} 4] 0 (1]
[Natural gas  Waler heating { 1.27 1.40 1.39 13} 1.2 1. 1.3 700 (%L} 0le 017 0.14 716 -6.46 1] 20 20 (L' It ]
Natural gas  Cooking 0151 04 0.14 0.5 ale 073 0.4 0.8 [iXY) om (174 o (1.0 (3] 2 2 1 2 2
Natural gas  Clithes Dryess| 005 | 0.08 005 007 on 026 0.26 0.3? 0S8 . 0.00 oo 00 037 0S8 1 | | 1 2
Nuturi) gas  Other Uses oo olo 010 010 ow 0.83 .53 051 048 am [{T}]] om 0.52 0.50 [} i ] [} ]
o Total gas 524 5.0 558 s R Y) .08 9.4 29.02 W29 022 044 0.3y 29.40 2938 3 3 81 80 - R
Distillate wil Space heating | 0.77 | 066 063 064 062 492 484 4.76 461 oot 0.07 006 41 476 13 13 13 13 12
Distillate nil Watcr beating | 0.10 AT [(N11] ow oos (U 2] 0.7s [ }] 062 ool 00 ool [ %]] 0.66 2 2 2 2 2
Distillatc vil Other Uses 0.00 0.00 0.00 (11} 1] [{X) H] 0.00 oo (111 1} oo 000 1) am 000 0.0 (1] 0 [}] 0
Total oil - 08?7 076 0.7s on 070 .67 5N 546 524 002 (L] (1211} 553 sS4 17 15 IS [} 14
LPG Space heuting | 0.29 03] 032 0.3} 030 1X7 am 3 160 Xy [$X11} a4 378 368 s 6 5 s 5
LPG Water heating | 0.07 o om omw 008 Lo 1.07 1.0} 090 [1Xi1} ool anl .02 09} [ 2 2 | ]
LPG Cooking 003 003 00y 0.03 00l 0.36 0¥ S0 03 0.00 ({21 4] 00 0.31s (%X} ] ] ] 0 0
LPG Other Uses 001 00l om 00l uol 012 012 [I N0 (AR} [t 1] 0.00 Hm) 012 AR} 0 0 0 0 0
Towd LPG 040 0.46 04s 044 0.42 4 h3E) 5y 494 002 0ous 0ous 523 508 7 3 L} 7 7
Rencwables Wood 058 056 0.5s 0.5% 058 90 S RO 550 5.80 ann 0.00 0.00 5.80 5.80 ] 0. [H] 1] 0
Other fucls  Coal + kerosend 0.12 0.1l a1l ol ol 083 082 082 082 0.00 0.00 [t 1] 0.82 (.82 2 2 2 2 2
Totals 1094] 1212 1190 1138 10.42 151.41 148 99 1IR 4 12000 520 655 kL 144 11 13504 285 - 324 319 306 270
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Table C-2.7.b: Input assumptions for U.S. residential sector reference and high efficiency cases,
65% implementation of efficiency resources
. Orher Oaher REFERENCE CASE (NO RETROFITS) EFFICIENCY CASE
SHELL Base Existing Existing Retrofit  New Encrgy Encegy |Existing Existing  New  Existing New  [Ex no reuolit Ex. whcteafit New | Existing  Retufi New
EQUIPMENT | ycar Exisung  Now New New Scrvice Scrvice | Expting  New New New New New New New New New New
R encrgy growih growth capid avg capid avy shell shell Achicvahlc
: usc |End-usqq Stck  Suwk  Suwk  Suxk | fwuwr () fwuw (i) | UVEC VEC UEC UEC UEC rel. 1 new savings wsvingsf] CCB CCE CCE Fraction
N 1997 |iifctime] fucuw  facwr  factor  fwtor | Exoshells New shells| MMBu MMBiu MMBlu  kWh MMBuu l in 1997 fuctor focuw | /MMBIv $/MMBIv $/MMB
Fuel End-use Quads | ycars 2010 2010 2000 2010 2010 2010 197 197 1997 1997- 20140 1997-201 2010 2010 2010 :
Elu:ltit:lly_ Space heating 04s 1] 0.46 006 039 0.2% (KL L4 kYA | ns 248 m? ik (1L 0 14%: 2% 9.06 (L117] 12.18 0.63
Space cooling 046 13 0.28 02 03 028 116 t.16 55 44 43 42 kR 5% T3 % 9.06 1007 1243 06S
Watcer heating 035 10 0 049 (IR1] 02s 1.22 1.22 168 133 133 130 13.0 4% (i} (L] 941 9.41 941 .63
Reflnigeralion o 19 049 00 . 03 0.28 (R3] 08y 32 22 22 21 2.1 M4 (1] 4 990 990 990 0.6s
Conking 0.12 1] 04y 0.0} 039 0.1s 102 1.02 20 0 20 0 20 (1.8 ] ok N/A N/A NA 068
Clhes Dryers | 018 17 043 om 0.3y 0.2 108 1.03 30 23 28 24 28 s (1] [l NA N/A NA 0.63
Freezers 0.12 1] 049 o 03y 0.2s 0.67 067 20 16 16 ~ La 16 W% s [ 1 1319 1309 1349 | 065
Lighting 032 1 0.00 0.1 039 02s 098 095 32 32 32 32 32 3% 1.2 o 834 K.34 834 U6s
Onher Uses 135 10 0.02 0.4y 039 0.25 1.3 1.30 133 133 133 . 12 133 3% ok s 10.18 108 10.18 0.65
Total electric i 1.4 1.4
Natura) gas  Space heating 368 20 03l 000 03 01 1 1.9 746 65.3 424 628 80 ™™ 4% 1% 49 4.66 4.4 0.65
Space cooling 000 12 0.y 033 0w 02§ 1Log 100 1o 10 10 1.0 10 (1,8 ok [ ] NA N/A NA 0.6
Waltcr heating L7 14 [k 1] 022 . 03 a.2s 1.4 1.4 36 297 1 M5 25 2% o (1. 215 2.1% 218 0.63
Cuuking 0.1s 19 049 on 039 0.2 N K2 0.82 3 In In L . N L3 3 (1] o8 238 238 wn 0.63
Clothes Dryers | 005 17 043 om 0.39 028 095 098 37 32 32 7 a2 32 o4 (1 (1} NA NA NA 065
Other Uses [ X1 ] 10 0.02 04y 039 028 097 097 0y 09 a9y 09 0y {}/ 8 s o4 3.00 . 300 3 - 0.63
- Total gas .24 . 1.07 L0? - . !
Distillate 0il  Spave heating on 2 sl o0 03 0.1 0.xs 0.8 705 617 498 611 400 % 4% 129 4 4.66 4.48 0.65
Watcr heating 0.10 (L} 0.3 0.22 0.3y 028 098 098 ne 7 Pi X 7 297 3% s [, ] 2.5 2.5 215 0.63
Orther, Uses oo 10 0.02 04 0.3y 028 Loo (R} 1.0 (X1 10 Lo 10 s (I8 (1] kX 1] 3o 3.00 0.6%
: Total ol - 07 . 086 0.6 ’
LPO . Space heating ow | 20 s 0.0 0w 0128 1.8 Las 46 633 653 646 5935 % 4% 124 49 4.66 448 0.63
! Water heating 007 " (LK R 74 03 028 1.24 LA e 27 297 ™2 292 234 s (L7 3 215 218 215 065
Couking 0.03 1] 049 om (L] 0.28. ORR (%1} in kR | I8 7 37 18 ’ (12 s 238 % 23% . 068
Onher Uses ool 10 [1]1%] 0.4 (%] 02 087 0.87 ol 0l 0l ot ol [t/ 3 ©rR ) (1/ 3 o0 3.on 300 0.65
Towl LPG 0.40 : 106 106 .
Renewables  Wood [1R1] 0 051 oo 0w 02s R4 - R4 10 10 1.0 1.0 0y [/ 3 (1 [i 8 NA N/A NA 065
Other fuels  Coal + lcmlﬂ;e- 0.12 20 [ R]] 0.00 039 0.28 [1}1.]] (1% ]] 10 10 10 1o 0y (1, ] (1,0 i | NA N/A NA 0.68
Toals 1094 ' 108 108
(1) Energy sesvice growih fuctors used t normalize 10 AEO 97 cad-use consumpiion. Existing shell and new shell growth fucuws arc Jiff iated in the spreadsheel for | ial future use, but this differentiation is ot currently uscd.

(2) Encrgy prices in 2010 are 7.67, 3.59, 7.90, und 12.57 /MMBiu (1997 $) i clectricity, natural gas, distillate oil, and LPG, respectively.
Other fucls arc assumed 1o cost the same as distillate ail, while rencwables are assumed 1o cost twice as much a3 natural gas.
(3) All UECs are taken from the LBNL REM und LBNL REEPS residential forccasting models.
(4) 1990 residential sector carbon emissions = 253 million metric was.
(%) Elcctricity consumption and prices measured as sile encrgy at 3412 BlusAWh.
_(6) Ol and LPG cfficicncy costs and savings wre assumed W be the same us for natural gas.

(D) Custs of conserved encrgy are weightcd ges of all up 0 the cost cffective limil, und ure cxpressed in MMBu of site encrgy.

7-0 Xipueddy
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Table C-2.7.b (continued): Resiilts for the residential seclor; reference and high efficiency cases
65% implementation of efficiency resources

655 10z 655 100%. [100% Linplementation case 655 Hrg. 634 . 1.
Basc | Frozen Bascline Implement. Impl, Froren  Bascli Inipd fanpl Existng  Rewradit New Tasplement. | Emplenwnt.|  Base Frozen  Bascline  Impl Impl
* year Rfficiency B.AU. Effic. case Effic. case | efficiency B.AU.  Eilic. case  Effic. case New New New Ettic. case case year  cfficiency B.AU. Eflic. cusc Elfic. case
cncrgy | cnergy  cncrgy encrgy cnergy cncrgy cnergy cnergy cnergy | efficicey  cfliciciwy  efficiency total [IL™] cartbon  cwhon carbaon carhon carbon
use use use usc . use costs [QCNH Cusls cnls cosls cosly sty cusls cinls i s i s cmissions issi iasi
1997 2010 AN0 2010 2000 2010 2010 2000 2000 20 2010 210 2000 010 1997 2010 2010 2010 2000
Fuel . End-use Quanls uads ads ads Quuds | Bullion 933 Billin 953 Billion Y3$  Bilbion 953 |Billion Y53 Bullion 953 Biltion 953 Billion 958 ] Billion Y8$] M MiC MIC MiC MiC
Elcctricity  Space heating | 045 0.50 044 0.44 © 042 11.50 10.94 10.10 96l 002 032 (K] 1052 1027 . 22 24 23 22 2
Elcctricity  Space conling | 0.46 051 049 045 042 1.77 121 1018 9.63 [IN]] 0.20 0.21 10.52 1045 o3 25 23 22 ']
Elceuicity  Water heating| 0.35 03 LI} ] [{R]] [192) 892 LY 7.08 6.20 .50 040 026 743 7.36 17 9 1] 16 L]
Electricity  Refrigeration | 038 032 03 02 027 1.26 1M 646 612 om 0.25 016 673 654 19 15 15 14 13
Electrivity  Cooking 0.12 014 014 013 012 i .20 294 2.80 000 [ R] 000 180 413 6 7 1 6 6
Electricity  Clothes Dryerd 0.18 0.21 021 0% AT 4 80 4.30 41 L2 [11) 1] (R 1) oo 497 s 9 1w 10 4 3
Electricity  Freezers 0.2 0.0 008 0no7 0n? (R} 143 1.66 1.57 ol om 006 1.76 1.72 6 4 4 4 3
Elcctricity  Lighting 032 035 033 0.2} 017 R0 801 526 In 06y 0.52 033 6.26 532 16 17 17 12 10
Elccincity  Other Uses 138 | . 202 202 1.60 1.37 46.22 46.22 1654 334 288 pvi) RE 4045 3796 66 97 97 st n
Total electric | 3.73 452 446 EX ] ann 103 53 10204 K434 74 41 422 6N 2 93.25 KK 52 183 217 213 145 169
Natural gas  Space heating | 3.68 iw IR s 376 204 2048 004 19.82 000 036 0.24 043 2042 53 b1} 56 35 54
Nutural gas  Space Laading| 0.00 002 0.02 002 0.02 (A ]] ol [IA]] an 0 000 000 [iA]] all 1] [ [ 0 0
Natural gas  Water heating | 1.27 1.40 1.3y L. 1.21 Y (L] 6N 6.39 012 02 0.4 102 6 86 (1] 20 - 20 18 1]
Naturad gas  Cooking 0.ls 014 014 al6 ale 075 0.4 082 087 [EX{ 1} 00 0ol O8S 0yl 2 2 2 2 2
Natural gas  Chubes Dryerd 005°| 005 005 009 on 026 026 047 05K om 0 00 047 058 1 ! 1 ' 2
Natural gas  Other Uscs om [N 0.1 o om 0s3 0.5} 04y 048 (XM} nal 0o 0.5l 050 1 1 } i ]

. Total gas i 5.0 558 S 5.6 lnos 2941 2% 65 28 24 oll 06l 0.40 ™MW 2938 76 K3 1] I m
Distillate it Space heating | 0.77 066 068 063 0.62 492 484 4.69 460 000 [1X¢ ] 006 478 478 15 13 3 11 12
Dustillate il Water heating| 0.10 0110 AL om (410 oM 078 067 0.62 00l om aul 06y 0166 2 2 2 2 2
Disullase ol Other Uses 0.00 0om [tRL 1] o 0.0 (1) 1) 000 oo aon - oo om a0 am aon (1] 0 1] } 1]

Totad oil 0.87 076 0nis 072 [i/1] 567 559 538 s um 0.1 007 XY 541 (¥ 13 15 14 14
LPG Spuce heating | 0.29 [{EX] 032 0.3 030 g7 Ay 166 v 0m [1X32) O in 167 b} 6 5 5 b
LPG hewing| 0.07 X4 0m oos oon 108 (Xt 096 (1A U] om [1XH]} aol 098 09y 1 2 2 } [}
LPG Cooking om 0m on 0.03 0.0% 0.36 036 [IRE} 032 000 a0 (X} H] 0y 013 | N ] 4] 0
LPG Orher Uses a0l oo oo om aol 012 012 a1l [IR]] [H]) H] o 0 on o 0 ] 1] 0 [{]

" Tl LPG 0.40 046 ° 043 043 042 543 AL sm 49 am 006 008 514 A1) 7 L] L} 7 7
Rencwables Wood 0.58 0.56 0.55 0.5§ 055 590 S0 s80 5.80 (X1 4} (i} 1} [1X1 1] 5.80 5S.80 1] 0 0 0 0
Other fucls  Coal + k 0.2 [IA]] [LA]] ol [IN]] 0R3 082 0.82 082 000 0.00 0.00 [1X.9 0 K2 2 2 2 2 2
Totals 1094 1212 1190 1093 .40 151.41 14899 13002 119.81 4.8 147 3 [RUR ¥ 13497 248 kvl 39 287 - 270

YRS
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Table C-2.8.a: Input assumptions for U.S. commercial sector reference and efficiency cases
35% implementation of efficiency resources
Other Other REFERENCE CASE (NO RETROFITS) EFFICIENCY CASE
SHELL Base |Eximing Existing Reumiit New | Encegy  Encrgy | Esisting Exsting  New  Existing New  [Ex no retroiit Ex. it New { Exisii Retrofd New
EQUIPMENT yeur Existing New New  New | Service  Scrvie | Exisung New New New New New New New New New New
fenergy growth growth capid avg  capid avy ahell shell Achicvable
use |[End-usd Suwk Suxk Stk Stk | factor (1) factor (1) | Intenshy Intensity Inicnsity Intensity  Inicnsity | red ioocw savings  savings) CCE CCEB CCE Fraciion
1997 |ligei fackr  facwe  tacuwr Jactor [ Ex. ahells New shells] kBuu/st  WBiwsl  bBuwsl  ABuusst kBl in 1997 lucior Jactr {$/MMBIs $'MMBlu SMMBI
Fuel End-use Quis] ycars 2010 2010 2000 2000 2000 2010 1997 1997 1997 1997-2010 19972000 2010 2000 100
Elcctricity Space heating iz (1] 046 006 028 ol 096 96 154 136 1.36 L4 .32 484 (13 (1, 3 LA]] 4.1 41 038
Space couling 0.52 [1] 046 006 (L £ S ] } 09 096 5w 538 538 5 s ARY. s (13 4.4 4.1t 4.1 0.3s
Waler healing w1 9 {11 1} 052 02 03l 1.24 1.24 n L.60 (K. [} ] 134 Ars i (1, 2 941 94) 241 [}
Ventilution w17 1.3 046 06 0 03 106 106 236 208 208 28 213 484 [ O (1] 411 41 441 0.3
Couking [1X}3) 13 0.3s 0 o 03l L 1t 043 0.32 on 03 [{%]] 173 s (/] N/A N/A N/A 038
Lighting 1.26 1”2 wiy oM 02 03 094 094 1744 1 1732 17.29 17.29 254 s (7] -HLi6 - 16 <1016 03s
Refrigeraion 014 [} 033 047 028 03l 096 096 1.9 23 pAU] 2.9 2.9 3% s i 462 4.62 4.62 013
Office equip.-PCs 008 s [1X] 1} 05s2 028 031 .12 .2 1.3 3 (R (MR 113 [,/ 8 % (/7 N/A N/A NIA 035
Office eyuip.-non-PCH 0 19 ] (111} .52 W2 03 1LIR (N1 .69 269 2.69 269 2.9 s [/ 8 s N/A N/A N/A 0is
Onher Uses 06s 7 [1X] 1] 0s2 028 03l 1.49 149 91y LALY 919 919 909 . M4 irs i 1018 10,18 118 038
Total electric pRX ) Ly, L -
L L -
[Natural gas  Space heating 1.4 18 046 (L 028 03l 102 (Y1 17.45 1538 1538 14N 1355 AR% o ([, ] 411 4.1 4.11 0is
Space couling om 1] 046 006 02 0N 0.57 0.57 025" (L3 1] (LR ] (LR 1] 04 40K s s 411 4.0 4H 03s
Water heating 0.48 9y [T U] 052 02 0l OYR (1R 1 643 610 60 6.3y 6w s irs s 9.50 9.50 9.5 033
Couking [tN}] 15 03 wnr 02 03 096 0.96 263 294 294 d4 314 (1.8 s irs N/A N/A N/A 0.3s
Other Uses 129 7 (111 H] 052 (1% B K] wy7 097 823 28 18.23 825 n2s {178 s s I 3 S0 038
Todal gas 33 ’ 098 09 :
L0 Lo
Distillate oil  Space heating o1y 1} 046 006 028 0N (KL (K12 260 1.67 167 1.44 133 ANK. s rk 4.4 411 41 0nis
Waicr heating wos L] oo [k} 028 03 1.54 158 01 0u4s 043 042 042 Y% s s 9.50 9.50 9.50 03
' Other Uses 013 7 .00 052 02 031 096 096 1 K4 [R.2] 1.84 184 .84 & ({2 s m am 3 [1%}
Total ofl 03 . 1.06 1.06
. 100 (K1)
Rencwables  Biomass [{X} 1} (1] 046 006 02 0N (KLY L ] 1 ] L 092 (/8 (1.3 s N/A N/A N/A 03s
1 o0 100
Other fucls  Cuoal + kerusene 03l I8 046 006 0 03l Lo L ] ] } Lo 092 [/ 8 s (1] N/A N/A NIA 0.3s
(K1) (K] :
Totals 134 100 L0

Z-3 X[pueddy

(1) Encrgy service growth facioes uscd (o nurmalize 19 AEO 97 end-use cansumption. Existing shell und new shell growth fuctors arc dill futed in the o cadsheet for ial future use, but this differentiation is not currenily used.

(2) Encrgy peices in 2010 are 7.03, 4 78, 5.77 $/MMBu (1997 $) tur clecricity, natural gas, and distillate o, respectively  Other fuels ase assumied (o cost the sanwe as distillale oil..
(3) Al inicnsitics are Luken from NEMS AEQY7 data .

) 1990 commercial sector carbon cmissions = 209 miltion metric lons.

(5) Electricity plion und prices ) as site encrgy al 3412 BrusAWh.

(6) Oil ellicicncy custs and savings are assumed 1o he the same as for natural gas.

of all up o the cost elective limil, and are expressed in S/MMBuW of sile energy.

(M Cosis of conserved encrgy are weig B
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Ta_h_le C-2.8.a (continued): Results for U.S. commercial sector reference and efficiency cases
'35% implementation of efficiency resources

Iss XX 354 0% |100% Implementaton case IsE HXPA. I5%. Al 8
PBasc | Frozen Bascline Impl lmpl Frozcn | Trmpl o Existing Retrolit New | implement.] tmplement | Buse Frozen 3 Impk 1 Impk
4 ciency B.A U. Eflic. case Etfic. caw clliciency  BLAUL Etfic.case Bl case New New New Ellic. case case yeasr cificiecy B.AU. Ellic. case Elhic. case
energy | encrgy  cnergy  cmergy . cncigy encrgy cncigy cncrgy encrgy clliciency  elliciency  elticiency otal T ouad carsbon  carbun carbon carbun carbon
use use use use use cusls custs costs custs cosly cusls costy costs cosls issi issions iss issi issi
19 20010 2010 2010 2000 050 2000 2010 2000 2040 2010 p {14 2010 2000 1997 2004 2000 240 2010
Fuel End-use Quads s uals uinds uads | Billiun 938 Billioa 953 Ballivn 95§ Billion 953 ] Billiva 953 _Bithon 938 Billion ‘JS!I Billion 958 Billlun 958 | MIC MC MC MiC MiC
Elcctricily  Space heating 0.2 01 02 ol [LXE 4 250 282 228 183 - oM 006 [118] 23 197 6 6 6 s s
Space cooling 0.52 [1%3) 052 047 (1R} ) 1o 1091 YR M9 aos 024 0.26 0or K52 26 25 25 24 20
Water heating 0 016 0.14 o4 NE LR 1] 2194 2.86 m 0nos (1117 am 290 282 ) ] 7 7 6
Ventilation (1A [t} ] 01y (LR} 014 i 3w 3.6 2487 (1173 Ll [ L] s i 8 9 L] 9 7
Cooking ’ om [1X11) [{1}X) an am 065 0.6 163 06l 0.0 [{1] 1] [[XL}} 06} 063 ] 1 1 ] ]
Lighting 126 2 2 L2 L4 2174 27.69 25.67 219 -10l A RS 094 24.69 [EATH 62 63 63 o) 53
Refrigeraiion 014 ols 06 0.is 0.12 38 33 o6 250 Ot uor 0K in 269 1 7 R 7 6
Office equip.-PCs [1X} ] 010 (LA [IA]1} [LATH] 2.0 2.0 210 2 oo 0 [[X01] 2,10 210 4 s s s L
Office equip.-non-PC4 0.19 | 025 02 025 02 528 525 525 5.28 000 (] U [H ] 525 525 9 12 12 12 12
Other Uses 068 108 Lo 096 on 2266 22.66 2005 1520 10 091 1.04 21.32 18.82 k7] 2 52 44 k1]
Toral clecuic 1 39 g sy am ®2.41 a3 15.36 6297 O R6 0ss 0.60 7606 6498 163 (L1} 187 7% 153
Natural gas  Space heating 134 1.42 1.36 1.2% 108 642 613 563 LR 01l 0.5% 061 610 6 19 21 20 1] 15
- Spuce couling 00 o [LX1% S 1 X1} 111 AL} 0.4 012 o Hon om 1Y [INE) 013 0 0 0 [4] (4]
Watcr heating 4R 0.50 032 049 0.45 224 138 223 2m (LX) [Nt} 0y 247 27 7 7 ] 7 6
Cooking niy 022 nn 02} 023 o (K1) LM 144 (121 1} [[T] U (XL 1M 104 3 3 3 R} 3
' Other Uses 129 140 140 13 1.26 63 63 60m 36k 020 (I} 02 624 6.10 19 20 0 20 1"
Towl gas j k1) 157 354 335 m 16.10 1597 15.12 13156 065 OKS 094 1598 1601 4 52 5 49 44
Distillate vil Space heating o1y o0l 0i6 ' 01is 013 0ys OR? [L}.7} on om 0os 0os 1L.46 [[R.0] 4 3 3 3 3
Water heating a0s ans (X131 00s 0us (1 %] 0.27 w27 027 Q.00 [1} 4] (11} U 027 024 ] 1 ] ] ]
Other Uscs i3 04 0.14 0.14 013 016 0.76 073 06y 1002 [LIH] (1] 0is 0 3 3 3 3 3,
Totad oil 03 037 03s 0.3 W3 200 190 1.8} 168 [1Xi1} (X)) 04 (1] 1.R4 7 7 7 7 6
Renewables  Biomass L) ) o [(X} 4] 000 [EX1 1] [{11 1] 0o 00 (M} 4] .00 am (11} 0] (130 om (1] (] ) [} 0
Other fucls  Cual + kernsene 03l 0.3s 034 034 034 1.88 I R4 (.1 I_.IH (13 1] aon [LILH .84 184 6 7 7 7 7
i‘nmls 734 | R21 814 1.62 6.66 102.40 101.74 94.15 0S 1.55 146 161 98.77 %467 228 254 252 240 210
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Table C-2.8.b: Input assumptions for U.S. commercial sector reference and high efficlency cases
65% implementation of efficiency resources

N Other Other REFERENCE CASE (NO RETROFITS) EFFICIENCY CASE
SHELL Buse Existing Existing Rewvfit New | Energy Encrgy |[Exising Exnting  New  Existing New  [Ex navretrofin Ex. wh tit Ncw | Existing  Rewudi New
EQUIPMENT yeu Existing  New New  New | Scrvice Scrivice | Exisung  New New New New New New New New Ncw New
cacrgy - growth growth capid avg  expud avg shell shell Achicvablc]
usc |End-use| Suxk Stack  Suwk Stk | fuctor (1) favtoe (1) it ity wasity Iuwnsity | rel. o new savings  savings| CCE CCE CCE Fraction
1997 |lifeiime| Tacuw factor  foctor  facuw | Ex. shells New shells{ ABuwsi kBl kBuu/sf  kBlusf kBl in 1997 facuw facuy | $/MMBIs $/MMBw $/MMBu
Fuel End-use M cals 2010 2010 2000 210 210 2010 17 197 1997 1972014 1997-2010 201 2010 2010
" |Elecisicity  Space heating 012 1] 046 000 03 03l 096 096 154 1.36 136 144 132 Mm% (1.2 rk 41 411 431 063
Space conling 052 s w46 [(Xt 1) 033 03l 0.96 096 EX 4 s bR 1) sa 52 4R o [l 3 4.1 4.1 4.11 0.65
Water heating 017 9y oo T 046 038 03 1.24 1.24 1 160 60 (3] 138 pit 8 s s 941 941 . 941 0.6
Ventilation (1A% 13 046 (X1 ] 035 03l 106 (X0 2.36 205 208 2.0 213 4N (2 (L1 411 4.1 4.1 (.65
Cuouking a3 15 038 [{N]}) 033 03l [R1] Lt 043 [IK}] 032 03l 03l s (1 8 [t 3 N/A N/A N/A 06s
Lighting 126 12 0y 027 0.33 031 094 094 1741 17.32 1.3 17.29 1729 254 [} s -l 16 -10.16 -16 165
Refrigeration 0.4 13 03s o 03s 03 196 0.96 199 2 b1 29 219 3% (L] rs. 462 462 4.62 0.65
Otfice equip.-PCs [1X} ) s 040 0 46 038 03l 112 L2 113 1.13 113 113 L3 s s (L3 N/A NIA N/A 0 6S
Ofllce equip.-avn-PCs| 0.19 8 W.6x) 0.46 0is 03l s L1 .69 269 269 60 269 (i1 s o N/A N/A N/A 0.65
Othes Uses 0.6s 7 . .46 035 03l 49 1.49 919 949 949 919 919 33 {rs [ 8 10.IR .18 0.8 065
Tot efeciric i (K] LW
1Lo0 (K H
Naturil gas  Space heating 1.34 19 046 (X1 1] 035 031 102 102 12.45 1534 1538 14N 1355 4R4% (L3 (1} 41 411 4.11 065
Space couling a3 18 046 am 0.3 031 08 057 ‘028 0nso 0.50 0.50 04 AN% ([ 8 O 441 411 4.11 06s
Walter heating [IE} ] 9 000 0.46 033 03l [[R) 0YR 64) 610 6.0 639 639 s (L s 9.50 9.50 9.50 46s
Couking . oy 13 033 [IN]} 0.3s (LR 1) 096 096 16} 294 194 34 34 (173 (1] o N/A N/A N/A Has
Other Uses 1L.29 7 LTt H 046 031s oM 091 097 1825 K28 IX.28 1X.25 1428 1V 3 {Fs s jon kX1 1) 3m 0hS
Toal gas 13 . N 098 0yl ' :
. Lo0 KL .
Distillate il Space heating oy (1] 0.46 om 0.3s on (K1) 14 260 1.67 167 1.4 1.33 484K, o s 411 4.4 4.1 0.68
. Wates heating 0nus L] oo 046 035 o 1.5% 1.58 07 045 04s 042 042 Hrs s s 9 50 9.50 9.50 0.65
' Othes Uses 013 7 om 0.46 038 [tE1} 096 096 1.84 184 (R0 L84 [R.2] [t/ 1 (/] " 3 3o 100 0.65
Total ml an 1.06 1.06 '
R L0 1
Rencwables Biomass om 1] .46 0. 03s 031 L (Kt 1] ] } } LoD 092 (1)1 [i 8 1/ 2 N/A N/A N/A 0.6%
Lo Lo : :
Othes fuels  Cual + kerosene 031 1] 046 oo 038 03l L0 1 ] | | L0 092 (11 ([ ] (1, 3 N/A N/A N/A 065
. o Lo
Totals 7.34 LY Lo

(1) Energy service growth factors used 1o wmalize w AEO 97 end-use coasumption. Existing shel! und new shell growth factons are difTercatiaie

d in the spreadsheet for pricatial future use, hut this differemiation is mn currenily used.

(2) Encrgy prices In 2010 are 7.03, 4.7R, 5.77 $/MMBIu (1997 $) for clecuricity, natural gas, and distillste oil, respectively. Other fucls ure assumed (0 cost the samc us disuhlate wil..
(3) Al intensitics are taken from NEMS AEOY7 duta

() 1990 commercial sector carbon emissions = 209 millioa meuric Wns.

(5) Elecuricity o r and prices J as sitc encrgy at 3412 BlusAWh

(6) Oil efficicncy cosis and savings are assumed t be the same as for natural gas. .

of all up to the cust cllcctive limit, and ure cxpressed in ¥MMBu of silc encrgy.

{1 Custs of conserved encigy ure weig I
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Table C-2.8.b (continued): Results fof 1.S. commercial sector reference and high emclen’cy cases
65% Iimplementation of efficiency resources :

\

. .
. a5% [[LL) 8 I 6549 0% |100% Jmplementatlon case 65K 1008 658 s
Base { Frozen Buscline lmpl tmpl . Froxn Bascli Tpl 1. Implc Existing  Retrolit New | lmplement Implement.|  Base Frozen  Bascline  Impl pl
yewr fefficicocy B.AU. Eic. casc Eflic. cuse ctticiewy B.AU  Ellic. case Ellic. case New New New Ellic. cuse case yeur chiiciency B.AU. Ellic. casc Edtic. case
bnergy| encigy  encrgy  encrgy . encrgy cnergy cnergy encrgy encegy | eftiviency  clliciency  cfficiency toral wital cwbon  cwbon carbon carbon carhon
usc use use use use cosls cusls st cosls costs cosls costs cosis custs issi issi issi issi - emissions
1997 2010 2010 2010 2000 2010 210 2040 pLUH 2010 2000 2000 2010 2010 1997 210 2000 2000 200
Fuel End-use uds| uds ads s uads rﬂﬂnm 95$ Billion 958 Billion 95§ Biltion 938] Billiun 953 Billivn 93$ Billiun Y34 Billivn 958 | Billion 95$] MC MIC MC MIC MC
Elcctricity  Space heating 0.2 012 012 010 o 250 2152 un 183 [T 1 (1)) 0.06 .16 197 6 6 ] 3 3
Space cooling 0.52 0s3 0.52 043 (X} ) i Wyl Y () 197 oo 029 026 Y36 k.52 26 25 25 21 0
Water heating 017 w6 014 013 0l 340 294 280 m [X00] [1})X] [{J11) 286 2.82 ] ) 7 6 6
Ventitation 017 (1A 4] 019 016 014 vl Iwm 326 287 LiX] 1) [[N]] (LTI 40 I R 9 9 ] 7
Couking [LY1x} om 003 - oM om 06s 063 06} 0.6} (XL U] [LX11] (1) U 063 063 [} ! } L] ]
Lighting 126 1.32 1.32 i.14 1M 2174 2769 2393 2190 K2 -1 194 22,11 19.10 62 63 63 56 33
Relrigeration [LNL} 0is 0.16 [LNE} 012 jr 336 280 .50 [{T13) o 008 292 269 7 7 L} 7 6
Office eyuip.-PCs 008 (LA 1H] AT 0 010 2.1 210 PAL 2.0 o0 om oon - 2.0 2 4 b ] b} s
- Otfice equip.-non-PCs| 019 02 025 0.28 028 525 525 525 525 [N} )] am (111 1] 525 5.23 9y 2 12 12 12
Other Uscs 0.65 1LOR (KL (R} 0712 2266 2266 1781 1520 L4y 112 10} 16 IR X2 32 52 52 43 kij
Towl eleciric 333 kK2 ] I i lm 24 K203 69 64 6297 074 067 06 7098 6498 163 18R 187 165 . 153
Natural gas  Spawe heating 134 1.42 136 116 1.08 642 613 5 474 (1 1) 068 06l 607 603 L] 0 0 17 15
Space cooling [X)2} 003 0.0 om [11}7] o4 04 on (111 {11} ] o [}X17] [Nk} [Nk} 0 1] 1] 0 (1]
Water heating R L) 050 032 047 048 214 2,38 AR 2m 0. 022 [L AL 258 271 7 7 R 7 6
Cooking (1At 022 0.2} 023 023 (L] (K1) o4 (K1) o) tHm 0 L4 (K1) 3 3 3 k) }
- Other Uses 1.29 L0 1.4 (1] 126 63 61 5.9 568 07 0.1} al2 618 610 19 20 0 9 iR
Towl gas KRX 157 154 3y am 16 10 1597 1440 1356 046 105 094 160 1600 44 52 s 46 44
Distillate vil Space healing 0 [1A)} ol6 [INE] [LA}) nys O.R7 078 a7 am 006 0.0s [IE.1) (3.2 4 K} 3} L] 3
Water heating 0aos 0as 0.0s uos 0wus (R} “4.27 w27 0w (1]t t] oim 00 027 28 ] ) 1 } 1
Other Uses LA R) [LAL] o4 0 e 0 076 [y 0.7 0wey (11173 (U] ool 074 073 3 3 3 3 3.
Total vil oM [LRY) 03s 0.32 Com 210 (1] 1.76 168 onz ooz (1] 3 1.6 [R.2) 7 ? 7 6 6
Rencwables  Biomass 000 0. tHon (1N Hon (1) }] am ({2} 1] o (L1t 3 [IXE) o0 am oo 0 0 1] [H] 0
Other fucls  Coal + kerusene 0.3 0.3 0.34 03 034 [R.1] R 184 1.84 .00 (i1} 1} 1 1.k4 I #4 6 1 ? 7 7
Totals M L] 814 747 6.66 102.80 10174 K7.64 8005 1.22 .79 16 %) 68 8467 228. 254 252 228 210
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Table C-2.9: Fuel cell caiculations for high efficiency/low carbon case - - 970716

Assume 200kW or smaller fuel oell units (also could use small advanced gas wrbines)
Installed electrical capacity by 2010 533 Gw
Capacity factor (clect. load following) 5% -
TWh produced ] 35.0 TWhe
TWh gas used to produce elect. ' T1.8 TWh.f (=TWh.e/electrical efficiency)
C emissions from cogen gas use 3.8 MiC
C emissions displaced by cogen elect 4.5 based on marginal C burden of 127 gCkWhe
Not all of the usable heat can be utilized in the buildings % of usable heat that is utilized 5%
Elecricity production rate 1.29 kWh.elect/kWh.usable thermal output (=45%/35%)
Usable heat ‘ 27.2 TWh.thermal
Utilized heat 20.4 TWh.thermal
To Space heating 33% 6.74 TWh.thermal
To Water heating 67% 13.7 TWh.thermal
Site Energy Service Site Primary
Space heating | use in high o demand Cogen hear Energy Energy Carbon
2010 | effflow C case  Energy use (loads) Loads disiributed displaced displaced  saved
Quads site  TWh.e or TWhf Efficiency TWhth % TWh.th TWh.e or TWh.f  quads MiC
Electricity 0.10 ~ 29 98% 28 9% 0.6 06 0.01 0.1
Natural gas|( 1.16 340 80% 2 31% 55 6.9 0.02 03
Gil 0.14 42 80% 34 10% 0.7 0.8 0.00 0.1
Total 1.40 : 411 334 100% 6.7 83 0.03 0.5
Site Energy . _Service Site Primary
Water heating | use in high demand Cogen heat -Energy Energy  Carbon
2010 | effflow C case Energy use (loads) Loads distributed displaced displaced  saved
Quads site  TWh.e or TWh.f Efficiency TWhath % TWh.th TWh.e or TWh.f quads MiC
Electricity 0.13 | 39 90% 35 29% 4.0 4.5 . 004 06
Narural gas 0.47 . 138 55% ' 76 64% 8.7 ' 159 0.05 038
Oil 0.05 14 55% 8 7% 09 1.7 0.01 0.1
Total 0.66 192 119  100% 13.7 220 0.10 15
. SUMMARY OF COGEN SAVINGS
MC primary E
Electric generation 0.6 0.00
Use of cogen. heat 1.9 0.14

Total 25 0.14

(1) TWh.e = TWh of site electricity; TWh.f = TWh of direct fuel use; TWh.th = TWh of thermal load.

(2) For details on electricity production rate terminology and other standard cogeneration terms, see

Krause, Florentin, Jonathan Koomey, Hans Becht, David Olivier, Giuseppe Onufrio, and Pierre Radanne. 1994.

Energy Policy in the Greenhouse. Volume Il, Part 3C. Fossil Generarion: The Cost and Potential of Low-Carbon

Resource Options in Western Europe. '

El Cerrito, CA: International Project for Sustainable Energy Paths.

(3) Electrical efficiency of fuel cell = 45% for electricity-only operation. Usable heat from fuel cell is 35% of total fuel input,
leaving 20% of heat being unrecoverable. Of the usable heat, only 75% can be utilized in the buildings.

(4) Temperanures of hot water (~160 deg. F) not high enough for absorption chilling, so we allocate heat to

space and water heating only (Personal communication with Ron Fiskum 4 June 1997, 202/586-9154).

We allocate 1/3 of thermal energy to space heating loads and 2/3 to water beating loads (water heating is much las seasonal).
We distribute cogen thermal energy within space and water heating fuels using same r.mo or

loads as found in hlgh efficiency/low carbon case.

(5) Primary energy savings on the electric side are zero because primary energy benefits of cogen all allocated to heating side.
Carbon savings accrue on the electric side because marginal carbon burden is much higher than that of gas fired generation.
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Table C-2.10: Summary of direct and indirect effects of cool roofing

Efficiency case

High efficiency/low carbon case

Residential Commercial Total | Residential Commercial.  Total

Electric cooling savings TWh/year 3 1 4 6 2 8
Quads primary/year 0.03 0.01 0.04 0.06 0.02 0.08
Gas healing penalties Quads/year 0.01 0.00 0.01 0.02 0.00 ~ . 0.02
Net primary energy savings Quads primary/year 0.02 0.01 0.03 0.4 0.01 0.06
Carbon savings from electric cooling MtClyear 0.30 0.10 0.39 0.74 0.24 0.98
Increase in carbon emissions from gas heating MiClyear 0.18 0.03 0.21 0.22 0.06 0.28
Net carbon savings MtCl/year 0.12 0.06 0.18 0.52 0.18 0.70

(1) Savings include both direct and indirect effects of cool roofing.
(2) Roofs assumed to be replaced at same pace as cooling equipment, with an average lifetime of 13 years for
residential buildings and 18 years for commercial buildings. '
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Table C-2.11: Energy use untouched by our scenarlos, corrected for stock turnover
Primary Primary Primary energy Primary Primary
Energy use Energy use untouched Energy use Energy use
BAU untouched by efficiency corrected | untouched untouched
case by efficiency Jor stock turnover by efficiency corrected
Quads -Quads Quads BAU =10 BAU. =10
Fuel End-use 2010 2010 2010 2010 2010
Residential Electricity 13.0 22 ' 1.9 0.17 0.14
Natural gas 56 25 22 0.45 : 0.40
Distillate oil 0.8 04 03 _ 0.49 043
Other fuels 1.1 0.5 0.5 045 - 0.42
Total 204 56 49 0.27 0.24
Commercial Electricity 11.4 ‘1.9 1.8 0.17 - 015
Natural gas 35 0.7 0.6 0.20 o 0.18
" Distillate oil 04 0.1 ' 0.1 026 0.17
Other fuels 0.3 0.1 ' 01 042 - 0.42
Total 15.6 23 26 0.18 _ 0.17
Total Electricity 243 4.0 _ 36 0.17 0.15
Natural gas 9.1 3.2 : 29 0.35 0.31
Distillate oil 1.1 0.5 0.4 0.41 0.34
Other fuels 14 0.6 - 0.6 0.4 0.42
Total ' 36.0 8.4 1.5 0.23 0.21

(1) Other fuels includes LPG, rénewables, coal. and kerosene.
(2) Untouched energy is that energy use associated with equipment that is not replaced during the 1997-2010 analysis

period and 'hencc_ is not given the opportunity to upgrade its efficiency to the cost effective level. We do not consider
early retirements because they are usually uneconomic.

(3) We correct the Untouched energy by the ratio of new energy intensities to stock energy intensities in 1997
to determine the amount of energy that will still be untouched after normal stock tumover.
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Appendix C-3
| APPENDIX C-3
INTERLAB STUD_Y ON SCENARIOS -OF U. S. CARBON REDUCTIONS

DEFINITION OF TERMS

Base Year The base year of the forecast is 1997. Energy use for the base year is based on the -
' output from the US DOE’s Annual Energy Outlook 1997.

Forecast Period The forecast period for the study is 1997-2010. This generally allows for the
penetration of commercdial or near-commerdial high-efficiency technologies but is too
short a period for any significant penetration of long-term R&D technologies.

Unit Energy Unit Energy Consumption (UEC) is the amount of energy required to operate an
Consumption (UEC) and  appliance or end-use for a specified period. In our study UEC is either specified in
Energy Use Intensity, kilowatt-hours/year (Kwh), particularly for electric appliances or end-uses, or in
(EUD million British thermal units per year (MMBtu) for non-electric appliances and end-
' uses. The UEC is often derived from data published by the US Department of Energy
on energy consumption of particular appliances or equipment measured under DOE test
procedures. In our study the UEC will often be a weighted average over various
appliance product classes (for equipment) or of building types (for space conditioning
and lighting). Energy Use Intensity (EUI) is a more aggregate measure of energy use
used by the US Energy Information Administration in their modeling for the AEO 97
forecast. For the commercial sector it is defined as energy consumption per unit floor

area for the sector as a whole. :

Maximum cost-effective The maximum cost-effective potential is the highest estimated achievable efficiency
potential savings assuming that 100% of cost-effective efficiency resources (or measures) are
' applied to the building, and that only technological constraints hamper the
implementation of these resources. For example the maximum cost-effective potential
for residential lighting would estimate the current amount, type, and, use rate of
current incandescent lamps and calculate the efficiency savings if all incandescent
lamps that can physically be replaced were replaced with more efficient bulbs (e.g.
compact fluorescent, halogen IR A lamps). This calculation does not take into account
some of the often difficult to calculate transaction costs that hamper the achievement
of maximum cost effective levels of penetration, such as lack of information or
imperfect functioning of particular end-use markets.

Achievable cost- The achievable cost-effective potential implicitly estimates what fraction of the

effective potential - maximum cost-effective potential is achievable for a specific appliance or end-use.
(efficiency and high- For this study we scale the maximum cost-effective potential assuming 35%, 50%, and
effidency cases) 65% implementation of demand-side resources.

Energy Conversion All electricity end-use energy is converted to site energy assuming a conversion rate of
Factors 3412 Btus/kWh. When primary energy is shown in the report, it is calculated using

the appropriate conversion factors from the electricity utility chapter.

Inflation corrections and We adjust costs from other sources to 1995$ using chain-type price indices from the
Discount rate Statistical Abstract of the US Department of Commerce (US DOC, 1996) for 1995 and
o before. The discount rate for the analysis is 7% real.

Incremental capital cost The incremental capital cost is the additional first cost to the consumer for purchasing
, a high-efficiency appliance or package of efficiency measures for a particular end-

Life cycle cost Life cycle cost is the first cost to a.consumer of purchasing a particular appliance or set
of efficiency measures plus the cost for operations and maintenance of the appliance
(or effidency package) over the useful lifetime of the product.

Cost of conserved energy The CCE is a ratio of the incremental capital expenditure (amortized over the
lifetime of the appliance) to the annual energy savings expected from the purchase of
the unit. The CCE is used to evaluate the cost-effectiveness of a high-efficiency

Lappliance or efficiency package. If the CCE is below the average cost of eleétricity
natural gas, the measure is considered to be cost-effective. '
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Background Information Sheet
Interlab Study on Scenarios of U. S. Carbon Reductlons
Assumptions for Energy Efficiency Calculations: Residential Sector

Refrigerators

Product/end-use description

The refrigerator is a major household electric appliance designed
for the refrigerated storage of food products. A refrigerator consists
of a refrigerated cabinet at 0=C or above. Many refrigerators are
also equipped with freezer compartments which are designed for
the freezing and storing food at temperatures below -13.3eC.
Several varieties of product classes for refrigerators exist which can
affect energy consumption, including volume, existence of automatic
or manual defrost, and those with the refrigerator/freezer
separated by vertical compartments (top mount) versus 51de-by -side
separations (US DOE, 1995).

Base Year Energy Use

Refrigeration energy use accounts for an estimated 6% (1.2 quads) of
residential primary energy consumption in 1997 (US EIA, 1996).

End-use Lifetime

The end-use lifetime for refrigerators was estimated at 19 years.
This is based on estimates developed by the Federal government in

baseline calculations for energy efficiency standards (US DOE,
1995).

Average Unit Energy Consumption in
1997 (UEC)

Base year UEC for refrigerator stock was estimated at 944
kWh/year (3.2 MMBtu). This is based an output from the LBL-REM
model used in (US DOE, 1995).

1997 New Product UEC

1997 UEC was estimated at 647 kWh/year (2.2 MMBtu). Current
UEC was based an a shipment weighted average of the UEC of
current models, based on calculations from the LBL-REM model used
in US DOE (1995).

"Maximumn Cost-effective Efficiency
Potential

The maximum cost-effective efficiency potential as measured in
UEC was estimated at 437 kWh/year (1.5 MMBtu), or a savings of
33% from the UEC of current 1997 models. This UEC was based an

the 1992 shipment weighted average UEC for the lowest life-cycle

cost models from US DOE (1995).

Achievable cost-effective efficiency
potential - efficiency case

In our efficiency case, we assume that the achievable adoption level |

over the analysis period is 35% of maximum cost-effective potential
levels.

Achievable cost-effective efficiency-

potential - high-efficiency case

In our high-efficiency case, we assume that the achievable
adoption level over the analysis period is 65% of maximum cost-
effective potential levels.

Incremental Capital Cost

The average incremental cost for adopting the maximum cost-
effective efficiency model was estimated to be $73 ($1995). This cost

is the difference between the shipment weighted estimated retail -

price of the high-efficiency model and the average retail price for
models sold in 1997. Both prices are based on output from the LBL-
REM model. Prices were adjusted to 1995 levels based on the
personal consumption price index (US DOC, 1996).

Cost of Conserved Energy (CCE)

The CCE is a ratio of the incremental capital expenditure
(amortized over the lifetime of the appliance) to the annual energy
savings expected from the purchase of the unit. The CCE for the

high-efficiency model was estimated at $0.03/kWh ($9 9/MMBtu)

($1995).

C-3.2
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Refrigerator UEC and CCE calculations

Source. US Deparuncnt of Encrgy. 1995 Technical Suppon Document Eucegy Fticiency Standasds for Consumes Producs Refngerats, Refrigeraion - Frecszers, & Froerers.

New Madel New Haselne :
Warsclun Reval uge Lowest LCC,  Lowest L.OC UEC Shyunems (1992) Pescenmt of

Prowduct Class [ 352 (A Whiycar) Rt (st ) (A Whiycar) Mithions Shipments
Top Mount Auto Defrost - No thru the doos features s 34 67 pLIE D) $ LATIR) 436 66 05 63 0%
Top Mount Auto Defrost - thre the doos (caturcs 1 1047 28 AR Y 1.174 66 © MIREI om 1.2%
Side-by-side Auto Delrost - No thru ihe door features 13 1,088 0% 0019 $ 116878 ©SS29N 063 3%
Side-by-side’Auto Delrost - thru the door features 1 ).160 51 MY s 1274 37 SOH 4 0us 109%
Roluym Mount Auto Defrost YN 98 714 8) $ 1,021 9) 472 4) o 1.1%
Compact Manual efrost 3 156 20 s s 158 64 9529 T 106 13.6%
Total (or weighted average) 1 6177 665.47 $

705.66 436.60 778 !

Bascline Retail  Bascline UEC Lowest LCC Lowest 1.CC UEC Shipinents (1992) Percent of

Product Class ($193) (MMBulyear)  Retail (31995) (MMBwycar) Millions Shipments
Top Mount Auto Icfrost - No thru the door festures 59642 2. s 701 01 149 ' 508 65 0%
TYop Mount Auto Defrost - thruy the door features $ . L6y 2 S 1.2639} 1 47 o 12%
Side-by-side Auto Defrost - No thru the door features s 1.1 260 s 1,254 33 189 065 8.3%
Side-hy-side Auto Defrost - thru the door features $ 1,298 n 3 1,375.74 n 0ss 109%
Botivm Mount Auto Defrost $ 978 03 244 H 1,099 60 1.61 om . 1%
Campact Manual Defrost 164 07 107 $ 10 10l 106 13.6%
Tolal (ur weighted avesage) s 664.7 227 3 759.29 1.49 178 100.0%
- ~
CCE . CCE
. . kWh MMBiu Percent Savings | Retail price (31992) | Retait price ($1995) | ($1995AWh) {31993/ MMBiu) Notes
’ B conversion is 112
Average Stock in 1997 (LBNL-REM runs for DOE, 199%) 944 3.2 n/a n/a wa nls na Jbtuk Wh resource
1997 Ncw Refrigerator (LBNL-REM runs for DOE, 199%) 647 22 n/a ] 61740] $ 683 84 n/a na l
: : Jtowest weighied LCC madel
Mazimum cost-effective encigy efficienct refrigeratos (DOE, 1993) 437 1.5 n/a 183 Ju566] $ 15929 nls n/a from DOE, 1993
¢ ’ . Increase in Capital | Incrcase in Capital :
Enesgy, Cost, and UEC comparison kWh MM Percent Savings Custs ($1992) Costs (31997) *
[Max. cost elfective compared (o 1997 new . 210 0.7 - J2S5% 3 68.26] § 1.44] § 0034] § 9.90
CCE Cakulation Assumptions
Capital recovery facior o $0 10
Rcal discount rate - om
Lifctime ' . 19 :

6/6/1
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Background Information Sheet
Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for. Energy Efficiency Calculations: Residential Sector

Freezers

Product /end-use description

The freezer is a household electric appliance designed for the
freezing and storing food at temperatures below -13.3=C. Several
varieties of product classes for freezers exist which can affect
energy consumption, including volume, existence of automatic or

manual defrost, and an upright versus chest conﬁguranon (US
DOE, 1995)

Base Year Energy Use

' Energy use by freezers account for an estimated 2% (0.4 quads) of

residential primary energy consumption in 1997. (US ELA, 1996)

End-use Lifetime

The end-use lifetime for freezers was estimated at 19 years. This is
based on estimates developed by the Federal government in
baseline calculations for energy efficiency standards. (US DOE,
1995)

Average Unit Energy Consumption in
1997 (UEQ)

Base year average UEC was estimated at 599 kWh/year (2.0
MMBtu). This is based on output from the LBL-REM model used in
(US DOE, 1995) adjusting for the inclusion of compact freezers.

1997 New Product UEC

1997 new unit UEC was estimated at 455 kWh/year (1.6 MMBtu).
Current UEC was based on a shipment weighted average of the
UEC of current models, based on calculations from the LBL-REM
model used in (US DOE, 1995) Compact freezers were - also
weighted in this calculation.

Maximum Cost-effective Efficiency
Potential

The maximum cost-effective efficiency potential as measured in
UEC was estimated at 328 kWh/year (1.1 MMBtu), or a savings of
28% from the current 1997 models. This UEC was based on
calculating the 1992 shipment weighted average UEC for the
lowest life cycle cost models from (US DOE, 1995).

Achievable cost-effective efficiency
potential - Efficiency Case

In our efficiency case, we assume that the achievable adoption
level over the analysis period is 35% of maximum cost-effective
potential levels.

Achievable cost-effective efficiency
potential - High-Efficiency Case

In our high-efficiency case, we assume that the achievable
adoption level over the analysis period is 65% of maximum cost-
effective potential levels.

Incremental Capital Cost

| The average incremental cost for adopting the maximum cost-

effective efficiency model was estimated to be $59 ($1995). This
cost is the difference between the shipment weighted estimated
retail price of the high-efficiency model and the average retail
price for models sold in 1997. Both prices are based an output from
the LBL-REM model. Prices were adjusted to 1995 levels based an
the personal consumption price index (US DOC, 1996).

Cost of Conserved Energy

The CCE is a ratio of the incremental capital expendature
(amortized over the lifetime of the appliance) to the annual
energy savings expected from the purchase of the unit. The CCE for
the high-efficiency model was estimated at $0.05/kWh
($13.2/MMBtu).
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Freezer UEC and CCE Calculations
Source: U'S Depastimeot of Enesgy, 1995 Technical Suppoet Document Encrgy Eificiency Standards for Consumer Products Refrigerators, Refrigeraton-Frecsers, & Frecens

Bascline Retait Hascline UEC Lowest LCC Lowest 1L.CC UEC  Shipmenis (1992) Percent of

Praduct Class ($1992) L Wivycaur) Retail (31992) (A Wivycar) Milliws Stapients
Upaight Ao Defrost H 4511 799 24 1) S44 41 osua 016 10 5%
Upright Manual Detrost 3 11963 4R2 94 ) 0829 128 047 I
Cliest Manua) Defrust . s 156 V7 ann 1 3 S 69 12443 06 40 4%
Compact Freerer - Chest (Manuat Defrost) 3 22018 2834) s 248 3% 186 47 020 A%
Compact Freczer - Upright (Manual Defrost) $ - 249.2% 41071 3 269 66 306 22 006 1%
Toal (or weighted average) H 150,98 473,19 3 940 12169 149 - 100.0%

Bascline Retail  Bascline UEC  Lowest LCC  Lowest LCC UEC  Shipments (1992) Pescent of

€-0 Xxipueddy

Product Class (31995) (MMBww/year)  Retail ($1995) (MMBwyear) Miltions Shipments
Upright Auto Defrost ) $ 48539 259 } 58581 18 016 103%
Upright Manual Defrost s 408 48 165 s 609 112 047 I
Chest Manual Defiost s 383 45 161 $ 425.76 (1] 060 404%
Compaci Frcezer - Chest (Manual Defrost) H 236 8R 086 s 6122 064 020 13.71%
Compaci Frcezer - Upright (Manual Defrost) s 268 17 140 s 290.15 1.04 006 3™
Tenal (or weighted average) S 171.66 161 } 419.00 112 149 100.0%
O CCE Calcutation
w . . . Retail price CCE CCE
F) : sWh MMBw Pezcent Savings [Retail price (31992 (31995) ($1995AWh) | ($1995MMBIu) Notes
: ' Assumes §5% share of coinpact
) o freezers. Biu conversion is 3412
Average Stock in 1997 (LBNL-REM runs for DOE, 1993) 59942 - 20 na wa na na a/a bk Wh resource
) . . : ’ IWeighled for addition of compact
1997 New Refrigeratoe (LBNL-REM runs (or DOE, 1995) 455.41 16 wa $ 414 8 159 SR na s freczers
Maximum cast-effective cnclg'y efficient (DOE, 199%) ~ 327 69 [} [ } RY40l s 419 1) na na Lowest LCC from DOE, 1995
! _ . Iincrcase in Capital | Increase in Capital
~ |Energy, Cost, am) UEC comparison kWh MMHw Percem Savings | Costs ($1992) Costs (31997)
IMal. cast effective compared to 1997 new C 1217 04 8% 3 55221 8 5942]| 8 0045] $ 13.19
CCE Calculation Assumplions ‘
Capital recovery (uctor . 1010
Real discount rate | 007 .
19 !

Lifctime
. | . ' ,

Freezer stack assumpiions '

Compact Freeeer Share in 1997 stock 1%

Noa-Comnpact Freezer Share in 1997 stock K%,
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Background Information Sheet
Interiab Study on Scenarios of U. S. Carbon Reductions
Assumptions for. Energy Efficiency Calculations: Residential Sector

Electric Water Heating

Product/end-Use desc_ription

Water heaters are products that utilize oil, gas, LPG, or electricity
to heat potable water for use outside the heater upon demand, Hot
water is used to provide a variety of services in a household. Most
hot water heaters are storage heaters consisting of a cylindrical
insulated storage tank with electric heating elements or a gas
bumer. Several appliances or products use hot water, primarily
showerheads and faucets, clothes washers, and dishwashers.
Reductions in water heating energy use can be achieved both
through improvements in the water heating device as well as
improvements in the efficiency of hot-water using appliances,
thereby reducing the source demand for the hot water. (DOE, 1993)

Base Year Energy Use

Electric water heating accounts for an estimated 6% (1.1 quads) of

residential primary energy consumption in 1997. (Source: US EIA,.
1996)

End-use Lifetime

The end-use lifetime for electric water heaters was estimated at 10
years. This is based on estimates developed by the Federal
govermnment in baseline calculations for energy efficiency standards.

| (US DOE; 1993)

Existing Average Unit Energy | Base year average UEC for electric water heaters in 1997 was

Consumption (UEC) estimated at 4924 kWh (16.8 MMBt'u) This estimate is derived
) from Koomey et al. (1997).

1997 New UEC

1997 new unit UEC for electric water heaters is 3899 kWh (13.3
MMBtu). The new unit UEC accounts for the implementation of the
Federal 1990 water heater standards and the Federal 1994
standards on showers and faucets, dishwashers and
clotheswashers (Koomey et al., 1994). '
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Maximum Cost-effective Efficiency
Potential

The maximum cost-effective efficiency potential as measured in
UEC was estimated- at-2822 kWh/year (9.6 MMBtu), or a savings of
28% from the current 1997 models. This UEC was calculated as a
stock weighted of four “efficiency” packages modeled for
residences: (1) a high-efficiency electric water heater (equipped
with features to reduce standby losses) combined with a horizontal
axis clothes washer (EWH w/ CW), (2) a high-efficiency electric
water heater without a clothes washer (EWH w/o CW), (3) a heat
pump water heater combined with a horizontal axis clothes
washer (HPWH w/ CW), and (4) a heat pump water heater |
without a clothes washer (HPWH w/o CW). In addition, we
assume a clothes washer saturation of 81% in 2010, and that of all
electrically water-heated households in 2010 (less than half of all
households), 25% of these can be converted to a heat pump water

heater (Koomey et al, 1997). The summary table for this
potentials calculation is shown below.

Summary Table 1: Maximum Cost Effective Eff1c1ency
Potential - Water Heaters

EWHH IES IES Savings IC
(%) (Kwh) (MMBtu) (%) ($1995)

EWHw/CW - 61% 647 2.2 17% 231
EWHw/o CW 14%. 286 1.0 7% 49
HPWH. w/CW 20% 2607 8.9 67% 688
HP WH w/oCW 5%, 2423 83 62% 507
Total/Wtd

Average- 100% 1077 3.7 28% 311

Notes: EWHH = households with electric water heating, IES =
incremental energy savings, IC = incremental cost, CW = clothes

washers, HP WH = heat pump water heaters.

Achievable cost-effective efficiency
potential - Efficiency Case

In our efficiency case, we assume that the achievable adoption
level over the analysis period is 35% of maximum cost-effective
potential levels.

Achievable cost-effective efficiency
potential - High-Efficiency Case

In our high-efficiency case, we assume that the achievable
adoption level over the analysis period is 65% of maximum cost-
effective potential levels.

| Incremental Capital Cost

The average incremental cost for adopting the high-efficiency
packages was estimated to be $311 ($1995). The incremental costs,
(listed in summary table 1 above for each package) represent the
difference in cost between the purchase of a high-efficiency
package (e.g. high-efficiency electric water heaters, heat pump
water heaters, and horizontal -axis clothes washers) compared to

new 1997 equipment (Koomey et al., 1997). Prices were adjusted to

1995 levels based on the personal consumption pnce index (US
DOC, 1996).
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Cost of Conserved Energy

The CCE for the average high-efficiency package was the product
of the weighted estimated CCEs for the four maximum cost
effective efficiency potential packages as described above, and
was estimated at $0.032/kWh ($9.41/MMBtu). The CCE is a ratio
of the incremental capital expenditure (amortized over the
lifetime of the appliance) to the annual energy savings expected
from the purchase of the unit. The CCE for water heating includes

the present value of the water savings from the use of horizontal
axis clothes washers.
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Electnc Water Heating. UEC and cast caiculations
Source

Room A/C. Water Heaters. Dwect Heaung Equip. mobu bome furn. kitchen ranges. pool beaters. floures lamp ballasts. and TVs.

us. Dtpmer_n of Energy. 1990. Technical Support Document: Energy Conservation Standards for Consumer Products:

Source. Koome: . Jonathan G.. Duana A. Vorsatz. Richard E. Brown. and Celina $ Atanson. 1997, Updated Potental for Electncity
Efficiency Lnpr inthe U.S Ressdenual Sector. Lawrence Berkeley Laboraiory. DRAFT LBNL-38894. wn process
kWb MMBo 1990 dollars 1995 dollars
Avenage Stock Water beatung UEC from Koomey etal.. ! 924 16.8
Determination of 1997 New Unit efficiency from Koomev et al., 1997
Incremental Incremental : ) Fracuon of
eoergy Savings | energy Savings |  Incremental Incremenul CCE New UEC Current Electnc
Ldg_sm (KWh) (MMBu} Com (31990) Cott ($1995) (31990/kWh) (KWh WH Swck
|¢as Electnc Water Heater - Baseine [ 0 3 : S : o/a 4786 1005
(b1 Improve ciotbes washers o 1994 sandard 199 0.7 s 2008 2.32 -0.009 4587 100%
(¢) Improve aeraors and showerbeads 1c 1994 siandard 586 ~ 2.0 } 5300} S 61.39 -0.004 4001 100% |
1d) Imarove dishwasher tc 1994 standard _lo2 0.3 3 2100]§ 2432 0.016 389 1005
kWh MMBu
New Water Heater UEC in 1997 {rom Koomey et al.,
1997 imeasures (a) thry (d)) 99 133
Deter of Maxi cost-efTective efficiency from Koomey ot al., 1997
High Efficiency Electric WTTH CLOTHES
WASHERS
eoergy Saviogs | energy Savungs Ir | Inx | CCE New UEC
+ [Measure (KWhi (MMB) Cost (819901 | Cost($199%: | (S1990AWhi (KWh)
131 Elecine Water Heaw - Baseline (1997 new UEC) Q 0 3 - b - _o/s 3899
(b Reduce w ater beater standhs losses 286 1.0 3 4298 | S 4978 | § 0018 3613
1c1 Honzontal atn clowhes washer w/ EWH 361 1.2 s 15649 | § 18124 | 8 0.032 3282
Tota) 647 2.21 } 19947 | S 2310318 0.026 3252
High EMiciency Electric WITHOUT CLOTHES
WASHERS
energy Savings | enerpy Savings Incy | In | CCE New UEC
'M_nsuu (KWh (MMBty) Cost (31990: Cost (3199%) 131990k Wh) (KWh
13, Flecrs, W ater Heatwr - Baseline 11997 new VEC: 0 [ 3 - S - na 3899
(b1 Reduce water Bedter standhs losses 286 1.0 S 4298 [ S 49078 | $ 0.018 3613
Tora! 286 098 S 4298 [ 8 4978)S 0.018 3613
Heat Pump W ater Heaters WITH CLLOTHES
W ASHERS
. e 1 ! J : :
) energy Savings | energy Sevings Incremental Iocremenual " CCE New UEC
[Meature . (KWh (MMBua) Com (519901 | Con (31995 (31990 Wh) ({KWh)
121 Elew o W ater Heawr - Baseiine 1 1997 new UEC, 0 0 S . 3 - n - 3899
Ih: Reduce water heater ctandbh loswes 286 1.0 3 4298 | S 4978 | S 0.018 3611
c1 Hey: STy waier heawr - pest 2000 piky 73 S NS00} S - 457501 § 0.039 1476
1) Heruzont: ans clethes washer w/ HPWH - post 2000 184 0.6 3 15649 | § 181.25 | § 0.062 1292
Total ‘werztited ™ share of stock tn measure rd 1 2607 8.9 S Pe4713 6885313 0.038 1292
Hest Pump Water Hesters WITHOUT CLOTHES
WASHERS
Incremental Iacremental )
epergy Savings | eoergy Savings | Incremental Incremental CCE New UEC
Measure (KWh) (MMBu) Com (519901 | Cost ($1995) (31990 Wh ) {(KWh)
(3- Eiectne Wawer Heawr - Baseline (1997 new UEC) 0 0 3 - S . oa 3899
|1b) Reduce water heater standby losses 286 1.0 ] 429813 49781S 0.018 3613
(c) Heat pump waier beater - post 2000 2117 13 3 Ws00| S 45750 8 0.039 1476
Towl i werghied ™ share of stock 1n measure (d)) 2423 8.3 $ 43798 [ § $07.28 | S 0.037 1476
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Share of Share of
s Ma | S, High y caly. - b Y ondy -
o Duscline (JOOT | econ case | efficiency case | noconmyunt | Max econ case ! )
sea ! ss.5% LR ! ]
asehne elequric waier heming TR ! 0.0% 0.0% o% ! 008 !
ficrency Sjear WITH CLOTHES W ASHERS 1579 0% JTRL e
Hen Efficiency Blecww WITHOLT CLOTHES |
W ASHERS 1.7% 6.4% 11% 14 1%
Hea Purry W aier Heasers WITH CLOTHES W ASHERS 20.3% 9.0% 45 6% 202%
Heat Pumy W aer Heaers WITHOUT CLOTHES
W ASHERS 43¢ 1% 10.3% 43¢
1004 1004 100% 100.0% 100.0%
Clothes washer sauranon ' for both cases) 80.9%
High eflicenc eiectnc fracuon .6% 75.0%
Hex mumo fracuon %.4% 25.0%
Fracuon affecued in rohicies m ugh effiaency case 100.0%
Max econ. poterual case .
Incremenwal Incrememal | % Sevings Imernailv
gy Sevings | energy Sevings |relauve 0 New | lncremenaal oCE CCE ($199% | cabaulmed CCE .

n Table (KWhy {MMBry, 11997 VEC (3199 (§1995AWN) ™ (§1995AWH) News
also mciude devergen: and!
waley svings whach

i makes our ukernally
High EMciency Electne WTTH CLOTHES calculmed CCEs 100 tugh
WA RS 647 2.2 17% pAl] 0.0M0 37 0.0¢] the case where the
High EMciencs Eiectne WTTHOUT CLOTHES I l Bow conversion 13 1412

g 286 10 1% 0 90208 $.1! 0.0348 be/k Wh resource |
Heat Pump Water Hesters WITH CLOTHES J l . .
2607 3.9 7% 549 0.044 1o 0.0%4
Pump W ater Hesten WITHOLT CLOTHES

WASHERS 2423 3.2 6% 07 0.042 12.40 0.047
eighted average NO CONSTRAINTS 1702 33 4% 44 0.017 1087 0.050
MAX ECON POTENTIAL [ 22 )7 3% M 0.032 241 0.040

Mas Teen EXiciency UEC ! m2 %6 ) )

Imernai nese: WE MUST USE THE SUPPLY CURVES CCE [N THE INTEGRATING SPREADSHEET.

CCE Calculatrion Asmmouons

Capial recovenn facior $0.14
Rea discount rase 0.07
Lueume - 10
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Background Information Sheet

Interlab Study

on Scenarios of U. S. Carbon Reductions

Assumptions for Energy Efficiency Calculations: Residential Sector

Gas/Oil/LPG Water Heating

Product/end-Use description

Water heaters utilize oil, gas, LPG, or electricity to heat potable water
for use outside the heater upan demand. Hot water is used to provide a
variety of services in a household. Most hot water heaters are storage
heaters consisting of a cylindrical insulated storage tank with electric
heating elements or a gas burner. Several appliances or products use hot
water, primarily showerheads and faucets, clothes washers, and
dishwashers. Reductions in water heating energy use can be achieved
both through improvements in the water heating device as well as
improvements in the efficiency of hot-water using appliances, thereby
reducing the source demand for the hot water. For our analysis we have
chosen to develop forecasts based on gas water heaters only since oil and

LPG water heaters have roughly the same per-unit energy use (US DOE,
1993).

Base Year Energy Use

Gas, oil, and LPG water heaters account for an estimated 7.5% (1.4 quads)
of residential primary energy consumption. (Source: US EIA, 1996)

End-use Lifetime

The end-use lifetime for gas water heaters was estimated at 13.9 years.
This is based on estimates developed by the Federal govermnment in
baseline calculations for energy efficiency standards. (US DOE, 1990)

Existing Average Unit Energy| Average UEC for gas water heaters in 1997 is 33.55 MMBtu. This
Consumption (UEC) estimate is derived from Koomey et al., 1997.
1997 New UEC 1997 new UEC for gas/oil/LPG water heaters is 29.7 MMBtu. This

estimate is derived from Koomey et al., 1997. The new UEC accounts for
the implementation of the federal 1990 water heater standards and the
federal 1994 standards on showers and faucets, dishwashers and
clotheswashers.

Maximum Cost-effective Efficiency
Potential

The maximum cost-effective efficiency potential as measured in UEC was | -
estimated at 23 MMBtu, or a savings of 23% from the current 1997 models:

It was determined that the inclusion of a horizontal axis clothes washer
as an efficiency measure was not cost effective with gas water heatérs,

| therefore, the maximum efficiency gas water heater package includes

measures that reduce standby losses and an electric ignition and flue
damper only.

Achievable cost-effective efficiency
potential - Efficiency Case

In our efficiency case, we assume that the achievable adoption level over
the analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective efficiency
potential - High-Efficiency Case

In our high-efficiency case, we assume that the achievable adoption
level over the analysis period is 65% of maximum -cost-effective
potential levels.

Incremental Capital Cost

The incremental cost for adopting the high-efficiency model was
estimated to be $126 ($1995). This cost is the' incremental cost between
the purchase of high-efficiency equipment compared to new 1997
equipment (Koomey et al., 1997). Prices were adjusted to 1995 levels
based on the personal consumption price index (US DOC, 1996).

Cost of Conserved Energy

The CCE for the h.igh-efficiency model was estimated at $2.15/MMBtu
($1995) The CCE is a ratio of the incremental capital expenditure
(amortized over the lifetime of the appliance) to the annual energy

savings expected from the purchase of the unit.
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Gas/Oil Water Heating, UEC and cost cakculations
Source:

U.S. Deparument of Energy, 1993. Techaical Suppon Document: Energy Conservation Standards for Consumer Products:

Room A/C. Waier Heaters, Direct Heaung Equip. mobil home furs, kitchen ranges. pool heaters. floures lamp ballasts. and TVs.

Source:

Koomey. jonathan G.. Marla C. Sanchez, Diana Vorsaiz, Richard E. Brown, and Cetina S. Atkinson. 1997.

The Potential for Natwral Gas Efficiency lmprovements in the U.S. Residental Secior. Lawrence Berkeley Laboratory. DRAFT LBNL-38893. in process.

Average Stock Water heating UEC from Koomey et al.,
1997

MMBwu

3355

Delerminatioﬁ of 1997 New Unit efficiency from Koomey et al.. 1997

1990 dollars

1997 dolars

Fracuon affected by policies 1n high efficiency case

.
’

Max econ. potenual case
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Incremental J ] Fracuon of
energy Savings | Incremestal Cosy Incremental Cos CCE ‘New UEC Current Gas
Measure MMBru) (51990 ($1995) (S1990MMBw)|  MMBw) WH Siock
lta) Gas W arer Heater - Baseline 0 S - 18 - wa ' 36.9 1005
(b) Improve clothes washers 10 1994 standard 1.09 S 200 S 2.32 -1.7 35.8 100
(¢) Improve aezators and showerheads 1o 1994 suandard 2.5 S 53001 S 61.39 0.9 33.3 100% |
(d) Improve gishwashess to 1994 siandard 3.6 $ 21.00] s 24.32 36 29.7 1005 |
MMBuw
~ New Water Heater UEC in 1997 from Koomey et al., "
1997 (measures (a1 thru (d)) 29.7
" Determination of Maxymum cost-efTective efficiency from Koomey et al., 1997
High EfMiciency Gas WITH CLOTHES WASHERS
Incremental qu J :
energy Savings | lncremental Cosy Incrernenwal Cos CCE New UEC
Measure . (MMBu) ($1990) ($1995) ($1990/MMB1u) (MMBiu)
(a' G Water Heater - Buscirne ' 1997 new UEC) 0 S - S - n/a 29.7
(b1 Reduce water heater standhy losses 2.052 S 24001 S 278018 1.300 27.648
1 Insiall electny iensuon and flue damper 4.69 S 8500 | S 98.45 | § 2.100 22.958
(d* Honzoniw aes sinthes washer w/ EWH 1.06 S 131.00] § 151.73 1 § 7.900 21.898
| Towt 7.802 S 240001 S 27798 | S 2.678 21.898
W avg no horzontal axis S 1.857
High Efficiency Gas WITHOLUT CLOTHES
WASHERS
Incremental m] J
eoergy Savings | Incrememal Cosy Incremental Cos CCE New UEC
Measure (MMBru) ($1990) ($1995) ($1990/MMB1u) (MMBtu)
ta) Gas Waler Heater - Baseline “1997 new UECH 0 S - b - n/a 29.7
(b1 Reduce water heater standhv losses 2.082 S 2400 S 2780 S 1.300 27.648
(¢ Insiail elecinc icamon and flue damper 4.69 S 8500 ! S 9845 | S 2.100 22.958
Total : 6.74 $ 109.00 | 126.251 § 1.857 _22.958
Share of gas
Saturation Max {only. — Max tech
Shares Baseline (1997) | 1ech econ. case case
Elecinc water heatine 44 5% 44 5%
Baseline GAS water heaung 55.5% 0.0% 0% ]
Hiph Efficiency GAS W/or W/O CLOTHES WASHERS 55.5% 100.0% Horizontal axis measure not cost effective,
Towl 100% 100% 100.0% therefore we do oot distinguish between bomes -
have clothes washers and those that don'L
Clothes washer saturanos (for both cases) 80.9%
High efficiency GAS fraction 100.0%
Non high efficiency GAS 0.0% =
100.0% )
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lacremental | % Savings Internally
energy Savings |relauve 1o New | Incremental Costl CCE calculated CCE

Summary Table (MMBm) 1997 UEC ($1995) ($1995MMBru) | (S1995MMBru) Notes
High Efficiency Gas WTTH CLOTHES WASHERS 6.742 23% 126 2.150 2.150

High Efficiency Gas WITHOUT CLOTHES

WASHERS 6.74 3% 126 2.150 2.150
[Ma\ Tech Elfciency UEC 23.0 l

& savings refausc 10 1997 new un: %

Imeraal noie: WE MUST USE THE SUPPLY CURVES CCE IN THE INTEGRATING SPREADSHEET.

CCE Calculauon Assumpuons
Carusi recovery facior

Real discount raie

Lifeume

$0.11
0.07

13

9
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Background Information Sheet

“Interlab Study on Scenarios of U. S. Carbon Reductlons
Assumptions for Energy Efflclency Calculations: Residential Sector

Clothes Dryers (Electric)

Product/end-use description

The clothes dryer is a cabinet-like appliance desxgned to dry fabrics in a

tumble-type drum with forced-air circulation. The heat source may be
either electricity or natural gas. Electricity is used by the drum and fan
motors. Improved clothes washer efficiency, particularly measures that
reduce the moisture content of washed clothes, reduce clothes drying
energy use since less run time is needed for drving (US DOE, 1990)

Base Year Energy Use

Electric clothes dryers account for an estimated 3% (0.6 quads) of

residential primary energy consumption in 1997. (Source: USEIA, 1996)

End-use Lifetime

The end-use lifetime for clothes dryers was estimated to be 17 years. This
is based on data provided by the Association of Home Apphance
Manufacturers. (US DOE, 1990)

Existing Average Unit Energy
Consumption (UEQC)

Base year UEC was estimated at 881 kWh/year (3.0 MMBtu) for electric.
This average is based on (Koomey et al., 1997)

1997 New UEC

1997 new UEC was estimated at 830 kWh/year (2.8 MMBtu) for electric
clothes. This new unit UEC accounts for the implementation of the
federal 1994 standards on clothes drvers.

Maximum Cost-effective
Efficiency Potential .

For electric clothes dryers the maximum cost-effective efficiency
potential as measured in UEC was estimated at 813.5 kWh/year (2.8
MMBtu), or a savings of 2% from the current 1997 models. This maximum
cost-effective estimate was a sales weighted estimate that assumes that
from 2005 to 2010 heat pump clothes dryers capture 15% of the new
clothes dryers market. Part of the low savings potential is a result of
reduced moisture content of washed clothes based an improvements in
clothes washers over the forecast period (Koomey et al., 1997).

Achievable cost-effective -
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adoption level over
the analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiency Case

In our high-efficiency case, we assume that the achievable adoption

level over the analysis period is 65% of maximum -cost-effective |

potential levels.

Incremental Capital Cost

The incremental cost for adopting the high-efficiency model was
estimated to be $72 ($1995). This cost is the incremental cost between the
purchase of a heat pump clothes dryer compared to new 1997 equipment
(Koomey et al., 1997a). Prices were adjusted to 1995 levels based an the
personal consumption price index (US DOC; 1996).

Cost of Conserved Energy

The CCE for the high-efficiency model was estimated at $0.04/kWh
($11.1/MMBtu). The CCE is a ratio of the incremental capital
expenditure (amortized over the lifetime of the appliance) to the annual
energy savings expected from the purchase of the unit.
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Background Information Sheet
Interlab Study on Scenarios of U. S. Carbon Reductlons
Assumptions for Energy Efficiency Calculations: Residential Sector

Clothes Dryers (Gas)

Product/end-use description

The clothes dryer is a cabinet-like appliance designed to dry
fabrics in a tumble-type drum with forced-air circulation. The
heat source may be either electricity or natural gas. Electricity
is used by the drnum and fan motors. Improved clothes washer
efficiency, particularly measures that reduce the moisture
content of washed clothes, reduce clothes drying energy use since
less run time is needed for drying (US DOE, 1990)

Base Year Energy Use Gas clothes dryers account for an estimated 0.3% (0.1 quads) of
residential primary energy consumption in 1997. (Source: USEIA,
1996)

End-use Lifetime

The end-use lifetime for clothes dryers was estimated to be 17

1 years. This is based on data provided by the Assocation of

Home Appliance Manufacturers. (US DOE, 1990)

Existing Average Urut Energy | Base year UEC was estimated 3.7 MMBtu for gas clothes dryers.
-| Consumption (UEC) This average is based on (Koomey et al., 1997) |

’ 1997 New UEC

1997 new UEC was estimated at 3.2 MMBtu for gas clothes
dryers. This new unit UEC accounts for the implementation of
the federal 1994 standards on clothes dryers.

Maximum Cost-effective Efficiency
Potential

For gas clothes dryers we find no cost-effective approach to
reduce clothes dryer energy use from the 1997 baseline.

Achievable cost-effective efficiency
potential - Efficiency Case

Not applicable.

Achievable cost-effective efficiency
potential - High-Efficiency Case

Not applicable.

Incremental Capital Cost

Not applicable.

Cost of Conserved Energy

Not applicable.
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Clothes drving (gas) UEC and cost calcuistions

Source” U.S. Depantment of Energy . 1990. Techrucal Suppont Documens: Energy Conservation Suan for C: Pro : Dishy Clotbes Washers. sad Clotbes Drvers.
Sourte  Koome:. Jonathan G.. Manta C. Sanchez. Diana Vorsazz. Richard E. Brown. and Celina S. Atkinson. 1997. ’
The Powenual far Natural Gas Efficiency Improvements in e U.S. Residestial Secior. Lawrence Beckeley Labormory. DRAFT LBNL-38892. in process.

MMBr
. Avenge Siock Gu dnving VEC from Koomey et al.. 1997 . 374
al., 1997
Incremental _
energy Savings | Incremernal Cosy  Incremenwu) CCE New UEC | Fracuoa of Current
(MMBu)_ _{$1990) Com ($199%) | (S1990/MMBiu) (MMBw) Gas WH Siock
[} [ - 1s - o . 32 100%
0.51 s 2700} 8 3127 LN 32 100%
MMBu
New Water Heter, UEC in 1997 from Koomey ot al, 1997
{measures (3) thry 1d)} pE]

Determinsoos of Maximum cost-effective efficency from Koomey of al 1997

Incremencal N :
energy Savings | 1 | Cosy L d CCE New UEC
(MMBtu} ($1990, Com ($199$ (31990/MMBtu) (MMBa,)

0 s - H - va : 32

0.2 $ 5600 S 64861 S 28.600 29

0.2 s %6001 S 648610 S 28.600 29

There is asnamed o cost effective approsch to significantly reduce gas clotbes dryer energ) une brysod the 1997 baseline

Chech on caicuaons witb REM output

Rewul pnee ) CCE J
MMBr Percem Savings (31990, Reauzil price ($1993) 1($199$/MMBiu Notes
Averacs Siack 1n 1007 L BNL.REM run: for DOE. 1995 348 Vs
1987 New LBNL-REM AHAM fact hook | 291 we s wmxls _an wa
Maumum coseflective energy efficienct tnew umi UEC. . '
REM % care1n 200 - 2.1 |- 1] 3 3%.10! S 412.48 na
MMBw Captai Costs | lncvesse 1n Captal
|Encrn Coa._and UEC companton {priman Percent Savings ($1990) Coms ($1997T
(Mat_coc: effective compased 10 1997 new 0.8 1% 3 _6883[s 72,3 10211
CCL calculanons _
Capital recorens facior : $0.10
Real discoum rase . 0.07
Lufeume ) 17
REM nutpu! . .
Cloan« an e saursuon 1for both case ) . 1990 1997 . 2010
Blecine 5% % 9% .
Gas . 16% 1% 1%
None kL 2 % 3%
Tow! 100% 100% 100%
New Clothes drver insalianon 1a eusung & oee stock
(mullions) 1990 1997 2010
Blecuic 1469 am 4.468
Gas 1102 1.187 1388
. Towl 45N 4928 5853 -
New Cloibes dryer installanon 1a enshing & new stock (percent
share) ’
Blectne . ™™ %

Gas 4% pald U%
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Background Information Sheet

|nterlab Study on Scenarios of U. S. Carbon Reductlons '
Assumptions for. Energy Efflt:lency_ Calculations: Residential Sector

Cooking (Electric)

Product/end-use description

Cooking involves the use of electric, gas, LPG appliances to prepare

warm or hot food. The types of appliances include ranges and ovens, and
microwaves. (US DOE, 1993)

Base Year Energy Use

Electric Cooking accounts for an estimated 2% (0.4 quads) of primary
residential energy consumption in 1997. (Source: US EIA, 1996)

End-use Lifetime

The end-use lifetime for most cooking products is relatively long. For
electric ranges (ovens and cooktops) the end-use lifetime was estimated
at 19 years. For microwaves the lifetime was estimated at 10 years. In
our estimates we use a shipment weighted lifetime estimate of 14 years.
This is based an data provided by the Association of Home Appliance
Manufacturers. (LBNL, 1996)

Existing Average Unit Energy
Consumption (UEC)

Unit energy consumptions were analyzed in three categories: ovens,
cooktops, and microwaves. Base year UECs for these three products were
estimated to be the same as 1997 new UECs given available information.

1997 New UEC

1997 new UEC was estimated estimated at 290.9 KWh (1.0 MMBtu) for
ovens, 234.4 KWh (0.8 MMBtu) for cooktops, and 143.2 KWh (0.5 MMBtu)

for microwaves. This new unit UEC was based an estimates from (LBNL,
1996)

Maximum Cost-effective .
Efficiency Potential

For electric cooking equipment we fmd that there is no cost-effective
approach to reduce energy use from the 1997 basehne (LBNL, 1996).

Achievable cost-effective
efficiency potential -
Efficiency Case

Not applicable

Achievable cost-effective
efficiency potential - High-
Efficiency Case

Not applicable

Incremental Capital Cost

Not applicable

Cost of Conserved Energy

Not applicable
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Background Information Sheet

Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for. Energy Efficiency Calculations: Residential Sector

Cooking (Gas)

Product/end-use description

Cooking involves the use of electric or gas appliances to prepare warm or
hot food. The types of appliances include ranges and ovens, and
microwaves. (US DOE, 1993)

Base Year Energy Use

Non-electric cooking accounts for an estimated 1% (0.2 quads) of
residential primary energy consumption in 1997. (Source: USEIA, 1996)

End-use Lifetime

The end-use lifetime for most cooking products is relatively long. For gas
cooktops and gas ranges the lifetime was estimated at 19 years. This is

based on data provided by the Assocxatxon of Home Appliance
Manufacturers. (LBNL, 1996)

Existing Average Unit Energy
Consumption (UEC)

1997 existing UEC was estimated at 2.0 MMBtu for gas ovens and 2.1
MMBtu for gas cooktops. This is based on data provided by the
Association of Home Appliance Manufacturers. (US DOE, 1993)

1997 New UEC

1997 new UEC was estimated at 2.0 MMBtu for gas ovens and 1.6 MMBtu

for gas cooktops. This is based an data provided by the Association of
Home Appliance Manufacturers. (US DOE, 1993)

Maximum Cost-effective
Efficiency Potential

The maximum cost-effective efficiency potential as measured in UEC was
estimated at 1.4 MMBtu, or a savings of 22% from the current 1997 levels.
This UEC was calculated as a shipments weighted of share of maximum

cost-effective potentials for efficiency improvements to cooktops and
ovens (LBNL, 1996).

Achievable cost-effective
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adoptlon level over
the analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiency Case

In our high-efficiency case, we assume that the achievable adoption

level over the analysis penod is 65% of maximum cost-effective
potential levels.

Incremental Capltél Cost

The incremental cost for adopt:ng the hxgh—efﬁaency model was
estimated to be $7.3 ($1995). This cost is the incremental cost between the
high-efficiency options compared to new 1997 equipment (LBNL, 1996). |-
Prices were adjusted to 1995 levels based on the personal consumption
price index (US DOC, 1996).

Cost of Conserved Energy

The CCE for the l’ugh-efﬁaency model was estimated at $2.4/MMBtu
($1995). The CCE is a ratio of the incremental capital expenditure
(amortized over the lifetime of the appliance) to t.he annual energy
savings expected from the purchase of the unit.
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Gas Cooking UEC and Cost Calculations
Source:

Koomey, Jonathan G.. Marla C. Sanchez, Diana Vorsatz, Richard E. Brown, and Celina S. Atkinson. 1997.

The Potential for Namral Gas Et‘ﬁcnency Improvements in the U.S. Residential Sector. Lawrence Berkeley Laboratory. DRAFT LBNL-38893. in process.

Source: LBNL. 1996. Draft Report on Potential Impact of Alternative Efficiency Levels for Residential Cooking Products.

Source: AHAM Fact book, 1996 :

Oven Gas

- Retail price Retail price CCE .

MMBtu Percent Savin ($1990 ($1995) ($1995/MMBw) Notes

Average Stock in 1997 (LBNL-REM runs for DOE,

1993) 2.01 n/a n/a na n/a

1997 New (LBNL-REM runs for DOE. 1993) 1.97 n/a S 573841 § 617.46 ‘n/a .
Maximum cost-effective energy efficienct oven (DOE. 1LCC model from
1995) ) 1.56 n/a S 580.59] S 624.71 n/a LBNL. 199
Difference between Max tech and 1997 new 0.41 20.8% S 6.74] S 7.26 1.72

Cooktop Gas

Retail price Retail price CCE
MMBuu Percent Savings ($1990) ($1995 ($1995/MMBm1) Notes

Average Stock in 1997 (LBNL-REM runs for DOE.

1993 2.1 n/a n/a na_ n/a

1997 New (LBNL-REM runs for DOE. 1993) 1.6 wa _|S 238.14] $ 256.24 na

Maximum cost-¢ffective energy efficienct cookiop LCC model from
(DOE. 1993) 1.3 na S 245.00] S 263.62 n/a LBNL. 1996
Difference between Max tech and 1997 new 0.23 14.8% S 6.86] S 7.38 3.11

Samration Sawration Max |Share of gas only

Shares Baseline (1997) Baseline tech econ case | - Max econ. case

Non gas cooking 82.0% 82.0% 82.0%

Baseline gas cooking 18.0% 18.0% - 18.0%

Gas Oven 9.4% 52.4%

Gas Cooktop 8.6% 47.6%

Total 100% 100% 18% 100.0%

2010 scenario

Oven saturation 43.0%

Cooktop 39.0%

Max econ. polenual case

Incremental  |% Savings

Summary Table (efficiency combination weighted encrgy Savings [relative to New | Iocremental Costy CCE ($199s/

bv saturation in households) (MMBtu) 1997 UEC ($1995) MMBtu) Notes

Gas Oven 04 20.8% 7 2

Gas Cooktop 0.2 14.8% 7 3

Weighted average MAX ECON POTENTIAL 03 18.0% 73 24

Weighted 1997 New UEC

Gas Oven 1.0

Gas Cooktop 0.7

Weighted average 1997 new 1.8
{Max Tech Efficiency UEC 14 |
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Gas Eficiancy Mensures (Kovmey ot o, 1997}

{3} Sundard Gas Oven {1990 Basetine
)Add electnc gio-bes 1gfabon 137
€)1 UELMI00 on wails & doar 007
] door seas 0.03
(ncrerrental
mergy Savings | Inererrarnai Cos{ Incremeras Cony CCE New UEC Fractron of Measure
| Measure (MMBea) (31990 151998 319%90MMBny | (MMBr tock 1
(8) Standard Ges Oven w Electrosse Lgmason (1990 .
Bascicne) 3 - b 3 - na I.q 100%! 19 00/
(b) Lirprove s Lanon an wals & door 007 3 95008 10.42 i34 133 100%| 1900
{€) Lrprove door saas 00 $ 400} § 46 194 11 19 00

US DOE. 1993. Techwmcal Sepport Doseswey: Energy Sficiancy Standards for Comsurns Products: Room A/C. Weter hestars. Dot hastuyg equipmet, mobd homs (ameces.
Kichan ranges and ovem, pool hassers, fisarescent laerp bellass & TV

New Modsl New Modei New Bassiine Lowest LCC  Shepmenss Inoremeegal lnoremacxsi CCE CCE
Bassiins Rossii  Baseline Rewnl UBC Lowam LCC Lowen LCC UEC 99y Porcruof  enargy w Com (31995 M (51993
Gas Cooittops - Prodact Classss 51990y (31993) (WOBroryesr) Ramad (319907  Rawai (51995) (MMBresyew) Milliorw Shpmena (MMBr) (31995 MBm) MBw)
Comvaional bamners (wout pewer card) H 1921 253.90 13 - 245.00 mn 132 s 2668 038 M0 1.410 1410
Cooventional burmars (with power cord) 3 245.00 m.n 132 H 245.00 . mn 132 Tie%
Tousl (or wegrmed average) LIS 3V) mn . v e 1 000 1000%
Bassirs Retas  Basciww Road UEC Lowam LCC Lowas LCC UEC 192) Parcmx of  enargy use Comt  “(SI993M (31993
Gas Ovars - Product Claees $1990) (31999%) OO@rwvear)  Raad ($1990) Rowadd (51995)  (MMBrwvesr) Milliow Shomern (MMBm  (3195) MBur MBm)
Siuandard oven W or wiomt calaivi line (wiost power o $ 4].00 354.79 9 ] 303.00 809 153 - 817 145 8 2730 LIS 1.350
Standard oven W or wow! Calaivie line | gower cord $ 303.00 8259 1.9 ] 303.00 e 133 @l 0.00 1.850 1.850
Seif-clean oven s 29.00 960.19 166 s £29.00 0.1 1.66 D% 000§ . L850 1.850
. Tctal (or waghisd svarage) s S 664,65 19 s 58059 67246 136 0.00 100.0% 0l n 1.3%0 1.350
LLCC o 6% » tis docRtmNS
CCE caicsistions
Capual recovery haar $0.10
- Rual discoun rae 0.07
Lilenme 9
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Background Information Sheet

. Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for- Energy Efficiency Calculations: Residential Sector

(Miscellaneous Energy)

Product/end-use description

Miscellaneous residential energy use involves end-uses in the home that
are not currently allocated to other end-uses, namely refrigeration, space

conditioning, lighting, cooking, and water heating. While miscellaneous

energy (particularly electricity) can encompass a variety of activities in

one's home, for the purposes of this study we have divided miscellaneous -

energy into the following categories shown in table 2 below:

Table 1: Miscellaneous Energy Use

Fuel Category Main end-uses in category
electricity electronics color televisions, Video cassette
' , recorders, cable boxes, computers
electricity motors Furnace fans, ceiling/ventilation fans,
pumps (e.g. pool, well), evaporative
cooler
electricity heating waterbed heaters, coffee makers,

crankcase heaters, irons, electric
blankets, spas/hot tubs, toasters
natural gas :
oil & other pool heaters, gas fireplaces
petroleum products

Base Year Energy Use

Miscellaneous electricity use was estimated at 23% of residential
primary energy use (4.4 quads) in 1997 (AEOQ, 1996). Natural gas and oil

-end-uses account for another quad of primary energy in 1997. Estimates by

main end-use category are shown in the table below based on (AEO, 1996;
LBNL, 1997) :

able 2: . 7 Miscellaneous Ene Use

End-use Category Share quads
: Primary

electronics 35.9% 1.6

" motors 37.4% 1.6
heating 26.7% .12
Total electricity : 4.4
natural gas 0.9
oil & other
petroleum products 0.1
Total Miscellaneous 5.4

End-use Lifetime

End-use lifetime was estimated at 12 years. This lifetime was
determined as the energy-use weighted average of the lifetimes of
various miscellaneous end-uses. '

Average Unit Energy Average UECs per household are derived from US DOE (1996).
Consumption (UEC) . '
New UECs are assumed to be the same as for existing homes.

1997 New UEC
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Maximum Cost-effective
Efficiency Potential -

The maximum cost-effectlve efficiency potential was determined as a
weighted average of cost-effective energy savings potentials for various
end-use categories. Potentials for each category were estimated from

‘existing studies as well as judgment by LBNL (see table 3)

Table 3. Estimated Maximum Cost-Effective Efficiency Potential

End-use Category

Potential energy

savings (percent)
electronics 25%
motors 53%
heating - 33%
i isc, %
natural gas : 10%

oil & other petroleum products  10%

Sources: US DOE, 1993; Webber, 1997; Meier, 1993; .Rieger, 1994; Stevens,
1996; Meier and Greenberg, 1994; Lamb, 1996

Achievable' cost-effective
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adoption level over
the analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
| efficiency potential - High-
Efficiency Case

In our high-efficiency case, we assume that the achievable adoption
level over the analysis period is 65% of maximum cost-effective
potential levels.

Incremental Capital Cost

The incremental capital cost varied depending on the particular
efficiency measures being examined. Due to the limited availability of
data, no attempt was made to average the total incremental cost for
miscellaneous energy. Instead, we directly éstimated the CCE based on
cost estimates for the few parts of miscellaneous electricity that have
been explicitly categorized (see below).

Cost of Conserved Energy

We have estimated an average cost of conserved energy of $0.03/KWh
($1990) or $0.035/KWh ($1995) for miscellaneous electricity, and
$6/MMBtu ($1995) for gas/oil measures. We analyzed the cost of
conserved energy for technical efficiency measures on televisions, video
cassette recorders, and waterbed heaters, and found all three of the CCEs |
in these cases to be below $0.03/KWh ($1995). The CCE is a ratio of the
incremental capital expenditure (amortized over the lifetime of the

appliance) to the annual energy savings expected from the purchase of
the unit.
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Miscellaneous Electricity UEC and Cost Calculations

Source: US DOE. 1993. Technical Support Document: Energy Efficiency Standards for Consumer Products: Room Air Conditioners, Water
Heaters, Direct Heating Equipment, Mobile Home Furnaces. Kitchen Ranges and Ovens. Pool Heaters, Fluorescent Lamp Ballasts & Television Set:
Source: Webber, C. 1997. LBNL Technical Analysis of Reduction of Standby Electricity Use in Televisions and Video Cassette Recorders ‘

Source: Meier, A. Home Energy Magazine, July/ August 1993 “What Stays On When You Go Out”

Source: Rieger, T. Home Energy Magazine, SeptemberfOctober 1994 "Waterbed Heating: Uncovering the Savings in the Bedroom™
Source: Stevens, D. Home Energy Magazine, March/April 1996 "Mechanical Ventilation for the Home"

Source: Meier, A & Greenberg, S. Home Energy Magazine, July/August 1994 "A Joumney through the Gray Literature”

Source: Lamb, Michael. Home Energy Magazine, July/August 1996 "Off is a Three-lerter word®

Source: Energy Audtor and Retrofitter, Nov/Dec 1987. "Saving the ‘Other’ Energy in Homes”

Source: Sanchez, M. 1997. ERG Master's thesis on Miscelleneous electricity

Determination of electricity share by end use (shares from Sanchez, 1997 applied to AEO, 1997 energy consumption)

Shares of Implied Misc. Total Misc
electricity use electricity electricity from
from LBNL based on AEO, 1997=44 .
Documentation | LBNL shares Quads b
35.9% 1.6 Electronics
374% 1.6 Motors
26.7% 1.2 Heating

Estimation of lifetimes and savings potential

End use

Lifetime Savings potential Notes
Electronics )
color television 11.5 25% DOE. 1993; Webber, 1997
cable boxes 10 20% judgemém
Video cassette re: 10 40% Webber, 1997
" |computers 8 25% judgement
other electronics 10 20% judgement
Motors )
Fumnace fans 15 60% Greenberg, 1997. Assumes taking advantage of VSD and improved fan
ceiling fans & 50% Greenberg, 1997 Blade redesign
Greenberg. 1997. Assuming one can redesign pool system (e.g. bigger pipes smaller pumps)
pool pumps 12 50% esp. for new homes. rights sizing approach. Not even forcing tech. change
well pumps 12 20% Greenberg, 1997. Highly application specific, 20% should be achievable
i - Greenberg, 1997. Air pumps - analagous: also assumning high efficiency lighting (elec.
aquariums 12 25% ballast switch). Lighting and motor savings
' Greenberg, 1997. Fans are forward curved, like furnaces-lower run ime but move a lot of
evaporative coole 10 50% air. Similar savings potential to furnace fans.
other motors 14 - 0% Stevens. 1996; Greenberg, 1997. Mostly shaded pole (very poor efficiencies) and poor fans
Heating B .
waterbed heaters 12 40% Rieger, 1994; Meier, 1993 -
coffee makers 8 5% judgement
spas/hot tubs 18 20% Meier & Greenberg, 1994
toasters & toaster 10 5% judgement
.|crankcase heater: 10 10% judgement
irons 8 10% judgement
electric blankets 12 - 10% judgement
other heating 12 10% judgement
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Background Information Sheet

Interlab Study on U.S. Scenarios of U. S. Carbon Reductions
Assumptions for Energy Efficiency Calculations: Residential Sector

~ Lighting

Product/end-use description

Lighting involves the use of electricity to pass electrons through a filament to

| produce light and heat (incandescent light) or to pass electrons through an

inert gas which then emits light. Significant savings are possible in
residential lighting systems with the replacement of traditional incandescent
lights. About 90% of lighting energy in residential buildings is from.
incandescent sources.

Base Year Energy Use

Lighting accounts for an estimated 5% (1.0 quads) of residential primary energy
consumption in 1997. (Source: US EIA, 1996)

End-use Lifetime

The end-use lifetime for lighting was estimated at 1 year. There are many
different lifetimes for lighting products, but incandescent bulbs typically last
for about 750 hours. At the average usage level of 2.1 hours/day, these bulbs
last about a year. '

Existing Average Unit Energy | The AEO 97 forecast assumes a per household lighting UEC of 927 kWh/year
Consumption (UEC) '
1997 New UEC New UEC is the same as the existing UEC.

Maximum Cost-effective
Efficiency Potential

The maximum cost-effective efficiency potential was estimated as the savings
potential from 2010 assuming the implementation of technically cost effective
lighting measures, including widespread use of halogen IR and compact
fluorescent technologies. The efficiency measures are ranked based on cost of
conserved energy for five separate usage categories (0-1 hours/day, 1-2
hours/day, etc.). The savings costing less than $0.08/kWh are 53% of the 1997

‘baseline, based on Koomey et al. (1997).

Achievable cost-effective
efficiency potential. -
Efficiencv Case

In our efficiency case, we assumne that the achievable adoption level over the
analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiencv Case

In our high-efficiency case, we assume that the achievable adoption level over
the analysis period is 65% of maximum cost-effective potential levels.

Incremental Capital Cost

The CCEs are directly calculated in Koomey et al. based an the increinental
costs of halogen IR and compact fluorescent technologies. Prices were adjusted
to 1995 levels based on the personal consumption price index (US DOC, 1996).

Cost of Conserved Energy

The weighted average CCE for high-efficiency lighting measures costing less
than $0.08/kWh is $0.03/kWh ($8.3/MMBtu). The CCE is a ratio of the
incremental capital expenditure (amortized over the lifetime of the
appliance) to the annual energy savings expected from the purchase of the unit.
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Lighting Effisency Calcnivvans Ovisnsure Name)
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Baékground Information Sheet

Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for Energy Efficiency Calculations: Residential Sector

Heating, Ventilation, and- Air Conditioning (Space Conditioning, Electric)

Product/end-use description

Heating, ventilation, and air-conditioning systems (also known as space
conditioning) in residential buildings are a significant energy use. Systems
fueled by electricity involved the use of either central or dispersed space
heating and cooling. The energy use of space conditioning is most significantly
affected by the climate (or number of days in which heating or cooling is
required), the efficiency of the shell of the home, and the efficiency of the
heating and cooling equipment.

Base Year Energy Use

Electric space conditioning accounts for an estimated 15% (2.9 quads) of
residential primary energy consumption in 1997. (Source: US EIA, 1996)

End-use Lifetime

The end-use lifetime for electric space conditioning is different for the building
shell and the space conditioning equipment. Lifetime for the shell was
estimated at 100 years. The weighted average lifetime for electric space
heating equipment was estimated at 18 years and the lifetime for electric
space cooling equipment was estimated at 13 years (Koomey et al., 1997a).

Existing Average Unit and In our forecast we divide energy consumption between existing and new sheils
New Unit Energy Consumphon and equipment. UECs are calculated for more than 30 different prototypes in
(UEQ) North and South climates, as given in Koomev et al. (1997a).

Maximum Cost-effective
Efficiency Potential

The maximum cost-effective efficiency potential was estimated as the savings
potential assuming the implementation of space conditioning measures costing
less than $0.08/kWh. The savings for equipment efficiency in existing
buildings was estimated at 11% for heating and 15% for cooling (relative to the

-| 1997 baseline efficiencies), while savings new buildings was estimated at 25%

for heating and 18% for cooling. Savings for existing shells are 14% for heating
and 1% for cooling, while savings for new shells are 15% for heating and 4% for
cooling. These savings can be directly added to the equipment savings because
the supply curves methodology avoids double counting of energy savings.

Achievable cost-effective
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adoption level over the
analysis period is 35% of maximum cost-effective potential levels

Achievable cost-effective
efficiency potential - High-
‘Efficdencv Case

In our high-efficiency case, we assume that the achievable adoption level over
the analysis period is 65% of maximum cost-effective potential levels.

Incremental Capital Cost

The CCEs are directly calculated in Koomey et al. based on the incremental
costs for space conditioning equipment and thermal shell measures. Prices were

adjusted to 1995 levels based on the personal consumptlon price index (US DOC,
1996).

Cost of Conserved Energy

The CCE is a ratio of the incremental capital expendxture (amornzed over the
lifetime of the appliance) to the annual energy savings expected from the

'| purchase of the unit. The weighted average CCE'for equipment efficiency

measures costing less than $0.08/kWh is $0.031/kWh ($9.1/MMBtu) for
existing buildings and $0.04/kWh ($11.7/MMBtu) for new buildings. The
weighted average CCE for shell efficiency measures costing less than
$0.08/kWh is $0.039/kWh ($11.4/MMBtu) for existing buildings and
$0.045/kWh ($13.2/MMBtu) for new buildings. The CCEs do not differ for
heating and cooling. '
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Background Information Sheet

Interlab Study on Scenarios of U..S. Carbon Reductions -
Assumptions for Energy Efficiency Calculations: Residential Sector

Heating (Space Conditioning, Gas)

Product/end-use description

Heating, ventilation, and air-conditioning systems (also known as space
conditioning) 'in residential buildings are a significant energy use. Systems
fueled by electricity involved the use of either central or dispersed space
heating and cooling. The energy use of space conditioning is most significantly
affected by the climate (or number of days in which heating or cooling is
required), the efficiency of the shell of the home, and the efficiency of the
heating and cooling equipment.

Base Year Energy Use

Gas space conditioning accounts for an estimated 19% (3.7 quads) of residential
primary energy consumption in 1997. (Source: US EIA, 1996)

Eﬁd;usé Lifetime

The end-use lifetime for electric space conditioning is different for the building
shell and the space conditioning equipment. Lifetime for the shell was
estimated at 100 years. The weighted average lifetime for gas space heating
equipment was estimated at 20 vears (Koomev et al., 1997b).

Existing Average Unit and
..New Unit Energy Consumption
(UEC)

In our forecast we divide energy consumption between existing and new shells
and equipment. UECs are calculated for more than 30 different prototypes in
North and South climates, as given in Koomey et al. (1997b).

Maximum Cost-effective
Efficiency .Potential

The maximum cost-effective efficiency potential was estimated as the savings
potential assuming the implementation of space conditioning measures costing
less than $6/MMBtu. The savings for equipment efficiency in new and existing
buildings was estimated at 7% (relative to the 1997 baseline efficiencies).
Savings for existing shells are 4%, while savings for new shells are 11%. These
savings can be directly added to the equipment savings because the supply
curves methodology avoids doubie counting of energy savings.

Achievable cost-effective
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adoption level over the
analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiencv Case

In our high-efficiency case, we assume that the achievable adoption level over
the analysis period is 65% of maximum cost-effective potential levels.

Incremental Capital Cost -

The CCEs are directly calculated in Koomey et al. (1997b) based an the
incremental costs for space conditioning equipment and thermal shell measures.

Prices were adjusted to 1995 levels based on the personal consumption price
index (US DOC, 1996).

Cost of Conserved Energy

The CCE is a ratio of the incremental capital expenditure (amortized over the
lifetime of the appliance) to the annual energy savings expected from the
purchase of the unit. The weighted average CCE for equipment efficiency
measures costing less than $6/MMBtu is $5.0/MMBLtu for existing buildings and
$5.4/MMBtu for new buildings. The weighted average CCE for shell efficiency
measures costing less than $6/MMBtu is $4.1/MMBtu-for existing buildings and
$3.9/MMBtu for new buildings.
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Improve wandows 10 double panc-wood frame

) : - locrmental CCE " =" Ebergy
Gas Beating Efficiency (Measure Code) Enduse Code Comt Category (¥MMBru) CCE VMMBru)  Savad (TBwu) Applicable Stock
19958
Improve Ceiling Insulation to R-19 ESNGFL 3219 chell 2.31 ) 325 18.65 '2017.47
Lmprove cuiling insulauos to R-19 ESNGFLC 321.9 shell PR || 3.28 176 1904.73
Improve ariling 1sulauon to R-19 ESNGFLR 321.9 sheil 281 3.28 14.1 15253
lmprove insulation to ceiling R-19 & reduce infilzation by 25% ESNGBL 580 shel! 315 3.65 6.56 442.19
Improve insulation W ceiling R-19 & reduce infiltrsuoa by 25% ESNGBLC $80 shell 318 3.65 6.19 4a7.4
Improve insul to ceiling R-19 & reduce infilration by 25% ESNGBLR 580 ahel 315 365 4.96 33
Lmprove insulauos to ceiling R-19 and reduce iafiltracon by 25% ESSGBL 759.13 shell 4.07 4.7 033 255
lmprove insulaton o ceiling R-19 & reduce infilratos 25% ESSGBLC 759.13 ahell 4.07 : 4.7 0.36 §1.13
Improve issulauos io ceiling R-19 and reduce infiltranon 25% ESSGBLR 799.13 ehell 4.0 47 0.42 2178
Reduce infiitation by 25% & add double pane-wood frame wiadow ESNGBT 334.%6 aheil 4.65 539 217 46492
Reduce infiltration by 25%. add doubie pane-wood frame window ESNGBTC 334.76 eheil 4.65 539 254 433.93
- Roduce infilnauce by 25% & add double pane-wood frame wisdow ESNGBTR 334.76 shell . 465 539 2.04 3518
Improve insulation to wall R-11 &reduce infiltration additional 25% ESNGBL 149231 shell 468 5.42 1137 442.19
Improve issulation to wall R-11 & reduce infiltratios additional 25% ESNGBLC 149231 ahell 4.68 542 .'10.74 417.48
Irprove iasulation to wall R-11 & reduce infilration additiosal 25% ESNGBLR 149281 shell 4.68 s.42 86 T 33431
Reduce iafiltrauon by 25% ESSGFT - 222.5] shell 5.01 5.50 29 132.27
Reduce infiltnuon by 25% ESSGFTC IR5) shell s.01 5.80 6.68 1864 85
Reduce infilauon by 25% ESSGFTR 222.5) shell 3.0l 5.80 3.24 905.89
Reduce iafilration by 25% & improve wall insalatios 0 R-11 ESNGFL 1492.31 ghell 5.02 5.8 4333 - 2017.47.
Roduce infiltration by 25% & improve wall insulaton to R-11 ESNGFLC 1492.81 ahell 5.02 5.8] 4563 1904.73
Reduce infilrauos by 2¢% & ungrove wall insulatios o l-ll ESNGFLR 149281 ahell 5.02 5.8 36.54 15253
Reduce Infiltration by 25%- ESSGBT 22251 shell $.13 5.94 0.07 2032
Reduce lafiltrauos by 25% ESSGBTC .51 shell 5.13 5.94 0.16 45.54
Raduce Infiltration by 25% ESSGBTR 222,51 ehell 5.13 5.94 0.08 2212
Reduce infilatratios by 25% & imyrove insulation to ceiling R-19 ESSGFL 759.13 ghell 5.7 6.10 1213 1044.21
Reduce iofilstrauop by 25% & imgrove insulauon to ceiling R-19 ESSGFLC 759.13 ashell 5.7 6.10 27.18 2339.74
Reduce infilstration by 25% & imrwove insulatios to ceiling R-19 ESSGFLR 759.13 shell 5. 6.10 . 13.2 1136.59
Improve window 10 Doubie Pane-Wood Frame, reduce infilration 25%  ESNGFT 334.76 sheil 5.9 6.13 10.81 212117
Improve wandow 1o doubie pabe-wood frame & recrease Iafilaoation 25% ESNGFTC 334.76 shell 529 6.13 10.21 2002.63
lmprove window to doubie paoe-wood frame & reduce infilatauon 25%  ESNGFTR 334.76 shell 529 6.13 8.17 . 1603.7
Improve insulaton to wall R-11 ESSGBL 735.73 shell 552 6.39 027 5.8
Improve insulation 10 wall R-11 ESSGBLC 735.73 shell 553 6.41 061 5113
Improve insulation 1o wall R-1] ESSGBLR T35.73 ahell 553 6.41 03 - 2175
Improve insulation to ceiling R-27, add 2-giz.low-E. argon windows ESNGBL . 665.94 sheil 56 - 6.9 424 442.19
Improve insulauon to ceiling R-27 & replace with 2-giz low-E. argon ESNGBLC 665.94 ghell 56 6.9 : 4 417.48
Improve 1msulaticn 10 ceiling R-27 & add 2-giz.low-E. argon wndows ESNGBLR 665.94 sheil 56 6.4 32 33431
Reduce ACH addiuopal 25% Add Ceiling R-27, 2-giz. low-E, argon ESNGFL 924.04 shell 6.1 1.07 2461 2017.47
Reduce infl additional 25%.Add Ceiliag R-27, 2-giz. low-E, argon ESNGFLC 924.04 ahell 61 - 1.07 223 1904.73
Roduce 1afl additional 25%. add Ceiling R-27,2-glz. low-E. argon ESNGFLR 924.04 shell 6.1 1.07 18.6 15253
Improve window t0 2-gix. low-¢. argon (Fom double-wood) ESNGFT 507.52 shell 6.58 1.62 13.19 2121.37
Lmprove window to 2-gl2. low-e. argon (from double-wood) ESNGFTC 307.52 shell 658 1.62 1245 2002.63
hwvow wradow 10 2-giz. low-e. argon (fom double-wood) ESNGFTR 507.82 shell 6.58 162 9.97 1603.7
duce iofiltr by a0 add 1 25% ESSGBT 22251 sheil 71 8.2 005 - 20.32
ld\te infiltration additiosal 25% ESSGBTC 222.51 shell 71 .22 0.11 45.54
iofilos by ap add: 125% ESSGBTR 22251 shell - 71 822 0.06 212
Raduce iafil ddi | 25% & improve issulation 1o wall R-11 ESSGFL 950.23 sheil 755 8.7 10.63 1044.21
Rach filatration addi | 23% & imywove insulation to wall R-11 ESSGFLC 958.23 aheil 155 8.74 23.92 2339.74
Roduce isfilaravos addi | 25% & imgwove imulation to wall R-11 ESSGFLR 958.23 ahell 1.5 8.74 11.62 1136.59
Reduce isfil by add 125% ESSGFT 2251 shell 3.09 9.37 1.84 3227
Reduce infiloauos by as sddivonal 25% BSSGFTC 22251 shell 1.09 9.37 4.13 1864.35
" Reduce 1afiltrsuon by addioaai 23% ESSGFTR 22.5] sbell’ - 8.09 9.37 2.01 . 905.89
Improve insulation to ceiling R-27 & Reduce infiltration additioeal 2%  ESSGBL 364.39 ghell 841 9.7 0.09 255
Improve issulation to ceiliag R-27 &Reduce mfiltauoe additicsal 2%  ESSGBLC 364.39 shell 8.41 9.74 02 T 5713
Improve insulatios 10 ceshag R-27 ESSGBLR 364.39 shell $.4] 9.74 0.1 2775
Improve windows 10 2-gi2. low- E. argos (from double-wood) ESNGBT 507.82 shell 10.26 11.88 1.8 464.92
Improve wpdow 10 2-glz. low-E. argon ({from doubie-wood) ESNGBTC  507.82 shell 10.26 11.38 1.75 41N
lmprove wiadow 10 2-giz. low-E. argos (from double-waod) ESNGBTR 507.52 ahell : 10.26 11.58 1.4 518
Improve issulstios W ceiling R-19 ESNGBT 386.65 abell 1047 1213 131 vy
Lmprove umulsuon w0 ceiling R-19 ESNGBTC 386.65 shell 10.47 1213 131 . a9
Lmprove 1mmlauos to ceiling R-19 ESNGBTR 30665 shell 10.47 - 1213 1.08 35S
Improve windows t0Suparwindow & ipcresse to floor R-§1 ESNGBL 131614 shell -1153 1335 - @ .19
Lprove window 0 superwindow (from 2-giz.low-E.argos). add floor R-11 ESNGBLC 131614 shell 1153 13.35 3.54 417.4
Loprove window 10 Suparwiadow (from 2-giz Jow-E.argos), sdd floor R-11 ESNGBLR 1316.14 sbell 1153 1335 3.07 334.31
Loprove madow 10 doubie pane-wood frame ESSGFL 171.63 shell 1266 . 14.66 1.14 1044.21
Improve window W0 doubie pane-wood frame ESSGFLC 171.63 whell 12.66 - 14.66 2.56 2339.74
Limprove window to double pane-wood frame ESSGFLR 17163 sheil . 1266 14.66 124 113659
Improve insuisuoa o floor R-11. floor R- 19, ceiling R-30 ESNGFL 1263.27 sbell 1252 1435 16.02 2017.47
Lmprove inmulauion 10 Noor R-11, floor R-19 & ceiling R-30 ESNGFLC 1263.27 shell 1282 . 1485 15.12 1904.73
Leprove iasulstion 0 floor R-11. floor R-19 & cailing R-30 . ESNGFLR 126327 sheil 1282 14.85 11 15253
Lmprove wsuistos 10 floor R-114& wall R-11 ESNGBT 2463.97 sbell 1299 15.08 711 464.92
Lmprove issulatios w0 floor R-114 wall R-11 ESNGBTC  2463.97 shell 1299 15.05 &N a9
Improve imsulsucs W floor R-11 & wall R-11 ESNGBTR 2463.97 shell 1299 15.08 - 5, 3518
Improwe ismulation w0 floor R-19 & cuiling R-30 ESNGBL 339.76 sbell 13.41 1553 | 09 442.19
Lmprove iamulation 1o floor R-19 & osiling R-30 ESNGBLC  3%9.7 ebell 13.41 15.53 01s da1a
Improve issulatios  floor R-19 & cailing R-30 ESNGBLR 339.7%6 shell 13.41 1553 068 33431
lmprove windows to 2-gix. Low-E. argon BSSGBL $26.58 shell 1422 16.47 0.08 255
lmprove windows to 2-gix. Low-E. argon ESSGBLC $26.88 ahell 1422 - 16.47 0.17 $7.13
Improve windows 10 2-giz. Low-E. argon ESSGBLR $26.88 sheil 14.22 16.47 0.08 - .78
Limprove imsulstion 1o ceiling R-19, wall R-11 & floor R-11 ESNGFT 2830.62 sheil 1431 16.57 3408 2121.17
laprove inmulsvos to, ceiling R-19, wall R-11 & foor R-1] ESNGFTC  2850.62 shell 1431 1657 3218 2002.63
Improve inmulstion 10 ceiling R-19. wall R-11 & floor R-11 ESNCFTR 2850.62 shell 1431 16.57 25.718 1601.7
ESSGBT 21255 sell 1448 16.77 0.02 2032

€-3.33



Appendix C-3

“Improve wiadows to double-wood frame

Inyrove wnadows 1o double-wood frame

Lmprove insulauos (o ceiling R-27 & floor R-19. add superwindow
Limprove 10mulauos 1o ceiling R-27 & floor R-19. add superwindow
lmprove insulatios to Ceiliog R-27 & floor R-19. add Suparwindows

Lmprove o ceiling R-27 & umprove 1o 2-giz. low-E., argoa (from double)
Improve criliag insuiauon to R-27. 2-gix & low-E. argos (fom double)
Improve 1o ceiliag R-27 & improve to 2-giz low-E. argoe (from double)

Improve window 10 double pane- wood {rame

Improve window 10 double pane-wood frame

Improve window to double pane-wood frame

Lmprove window 10 muperwindow (from 2glz. low-E. argon)
Improve window 10 suparwindow (from 2giz. low-E. argoo)
Improve wiadow o superwindow ({rom 2giz. low-E. argon)
lmprove insulaion to ceiling R-27 & floor R-19

Improve insulation W osiling R-27 & floor R-19

Improve insulauos 1o-ceiling R-27 & floor R-19

Improve wisdows to 2-giz. low-e. argoe (from double-wood)
Lmprove windows 10 2-gi2. low-e, argoa (from double-wood)
Lmprove windows to 2-giz. Jow-e. argos (from double-wood)
Improve wisdow 10 superwindow (from 1-glz. low-eargon)
Improve window to ssperwindow ({rom 2-giz. low-¢, argon)
loprove window 10 Superwiasdow (from 2-glz. low-eargon)
Lmprove window to 2-gizow-Eargon (from double) & add wall R-11

Improve wiadow to 2gizJow-E.argon (from Doubie) & add wall R-11

Sench to 2-giz ow-E_argon (from Double), Add Wall R-11
Improve misdow 10 Superwindow (from 2-giz Jow-E.argon)
lmprove window 1o superwindow ({rom 2-giz.Jow-Eargon)
Improve window o superwindow (from 2-giz.jow-Eargon) .
Ieprove to Condensing Gas Furnace: Ex. SF/North/no cig/Loose shell
Improve to condensing gas fursace. Ex. SF/Nonh/CAC/Loose shel!
Improve to condensiag gas furpace: Ex. SF/Narth/RAC/Loose shell
Improve to condensing gas furnace. Ex. SF/North/oo cig/Tight shell
Imgwove to condensing gas furnace. Ex. SF/North/CACTigie shell
Iogwove to condensing gas furnace: Ex. SF/North/RAC/Tight shell
loyrove 1o coadeasing gas furnace: Ex. SF/South/oo clg/Loose shell
Improve to cosdensing gas furdace: Ex SF/South/CAC/Loose shell
Improve to condeaming gas furace: Ex. SF/South/RAC/Locse shell
Improve 10 cosdeasiog gas furnace: Ex. MF/Nortivao clg
Improve  condeasing gas fursace: Ex. MF/NorthCAC
Improve 10 condensiog gas fursace: Ex. MF/NorthVRAC
Lmprove 10 condeasing gas furnace
Lmgwove 0 condensing gas furnace. Ex SF/South/CAC/Tight shell
Improve 10 condeasing gas furnace: Ex. SF/South/RAC/Tight shell
Improve 10 condensing gas furpace: Ex. MH/North/po cig
Iogwove 10 condensing gas fursace: Ex. MH/North/CAC
Lmprove w condeasing gas furnace: Ex. ME/North/RAC
Improve io coadeosing gas fursace: Ex MH/Southvoo clg
Improve v condeanag gas furtace: Ex. MH/SouhCAC -
lmprove to condensiag gas furnace: Ex. MH/Souh/RAC
Improve to condeasing gas furnace: Ex. MF/Soutvo cig
Linprove to coadensing gas furnace: Ex MF/South/CAC
Loprove 1o condensiag gas fursace: Ex. MF/South/RAC
Improve 10 s condensing gas boiler: Ex. MF/Nonthv/oo cig
Improve 10 » condeasing gas boiier. Ex. MF/North/CAC
lmprove 10 3 coademting gas boiler, Ex. MF/North/RAC
Improve 1o a condeming gas boiler: Ex. MH/Northvoo clig
Lmprove 10 3 condeasing gas borier, EX MH/North/CAC
bmprove 10 8 condensing gas boiler. Ex. MH/NortVRAC
Improve 0 condenmng borier. Ex. SF/Soutvno cig/loose sheil
lmprove 1o condeaming builer: Ex. SF/South/CAC/Loose shell
Iaprove to condeasing boiler. Ex. SF/SoutvRAC/Loose shell
Improve 0 coadensing boiler. Ex. SF/Nortveo clg/Tight shell
Improve 10 coadeasing boiler. Ex. SF/NarbwWCACTight shell
Improve W coadeasing boiler, Ex. SF/NartwRAC/Tight shell
laxprove 10 condensing boiler, Ex. SF/Southvoo cig/Tight sheil
Improve to coadeasiag boiler, Ex. SF/SauthCAC/Tight shell
Improve to coademmng boiler. Ex. SF/SoutVRAC/Tight shell
lprove 1 comdemnng boiler. Ex. SF/Narthvao clg/Loose sheil
Improve 10 condessing boiler. Ex. SF/Narth"CAC/Looee shell
Improve gas boiier 1o coademsiog boiler
Improve 0 @ cosdeasing gas botler, Ex. MH/South/ao clg
laprove 10 5 condeasing gas boiler, Ex. MH/Souh/CAC

" lmprowe to a coadossing gas boiler. Ex. MH/South/RAC
Improve 0 a condensing gas boiler, Ex. MF/Southvao clg
Improve 10 » condeaming gas boiler, Ex. MF/SouthVCAC
Leprove 0 3 condensing gas boiler. Ex. MF/South/RAC

Ezisting Shell uvags bdow 63MMBw
Existing Equipmens saviags below 65/MMBru

ESSGBTC ‘21258 shell
ESSGBTR 212.55 shell
ESNGBT 945.39 shell

ESNGBTC 945.39 ahell
ESNGBTR 945.39 shell
ESSGFL 497.14 ghell
ESSGFLC 497.14 shell
ESSGFLR 497.14 ghell
ESSGFT 212.5S shell
ESSGFTC 21255 shell
ESSGFTR 21255 dhell
ESNGFL 392.63 shell
ESNGFLC 392.63 shell
ESNGFLR 392.63 shell
ESNGFT 446,64 shell
ESNGFTC 446.64 shell
ESNGFTR 446.64 shell
ESSGBT 4%9.95 shell
ESSGBTC 439.95 shell
ESSGBTR 439.95 ahell
ESNGFT 498.75 shell
ESNGFTC 498.75 shell
ESNGFTR 498.7S shell
ESSGFT 1260.08 ghell
ESSGFTC ' 1260.08 shell
ESSGFTR 1260.08 shell
ESSGFL 348.92 shell
ESSGFLC 343.92 shell
ESSGFLR 348.92 shell
- ESNGFL 432.42 space conr
ESNGFLC 432.42 space cons
ESNGFLR 432.42 mpace con
ESNGFT 432.42 space con
ESNGFTC 432.42 space con:
ESNGFTR 432.42 mpace cone
ESSGFL 432.42 space com
ESSGFLC 432.42 space con
ESSGFLR 432.42 space con

EANGF 432 space cons
EANGFC 432 mpece con
EANGFR 432 space con
ESSGFT 432.42 space com
ESSGFTC 432.42 space con:
ESSGFTR 432.42 space con
EMNGF 432 ‘space con
EMNGFC 432 space con
EMNGFR 432 space con
EMSGF 432 space con
EMSGFC 432 space com
EMSGFR 432 mpace con
EASGF 432 space con
EASGFC 432 mpace com
EASGFR . 432 space com
EANGB 1245 space com
EANGBC 1245 apace con
EANGBR 1245 space coa
EMNGB 1245 space con
EMNGBC 1245 space con
EMNGBR 1245 space cons
ESSGBL - 1126.] space com

ESSGBLC 1126.] space cons
ESSGBLR 1126.] space coes
ESNGBT 1126.] space cons
ESNGBTC 1126.] space com
ESNGBTR 1126.1 space con
ESSGBT 1126.1 space coss
ESSGBTC 4126.]1 space cop
ESSGBTR 1126.] space cons
ESNGBL 1126.] spece com
ESNGBLC 1126.] space coos
ESNGBLR 1126.] space cowr

EMSGB 1245 space com
EMSGBC 1245 apace con
EMSGBR 1245 space con
EASGB 1245 spece con
EASGBC 1245 space con
EASGBR 1245 space coms
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14.48
14.48
14.72
1472
1472
14.78
14.78
14.78
15.68
15.68
15.68
1631
1631
16.31
16.72
16.72
16.72
16.74
16.74
16.74
16.717
16.77
1677
19.98
19.98
19.98
99.83
99.83

4364
41.64

4143
47.4
41.43

107.71

N

45.54
212
464.92
438.93
s
1044.21
2339.74
1136.59
832.27
1864 85

2017.47
1904.73
1525.3
2121.17
2002.63
1603.7
20.32
43.54
212
212117
2002.63
1603.7
$32.27
1864.35
905.59
1044.2}
2339.74
1136.59

. 2305.68

2176.83
1743.2
242419

anmn

18323
1193.39
2673.99
1298.96
1046.59

311.94
1133.31

95i.16
213128
103531

404.01

243.93

237.28

432.13

33119

601.31
658.49

- 41786

1035.99
308.78
112232
0

204
45.71

Ny
351.18
m2
16.26
36.43
177
353.78
33398
267.45

63.29
75.88
4815
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Iacrease insulation to celing value 30 & reduce inGiltration 25% -

Improve insulstios o onling R-30 & reduce infilrsuos 25%
Improve usulation o ceiling R-30 & reduce infilration 25%
Inprove insulation o ceiling R-30 & recuce Iafiltrauon by 25%

Improve imsulatiot 0 cesling R-30 & roduce infilration by 25%

Lemprove insulatios to ceiling R-30 & reduce iafilration by 25%

Reduce infilration by 36%

Recuce infiltration by 25%

Reduce infilatration by 25%

. Recuce infiloation by 25%
Roduce infilrstios by 25%
Reduce iafilation by 25%
Improve insulstios 1o wall R-19
Improve insulation 1o wall R-19
Improve insulauos to wall R-19
Improve insulatios o foundation RS 2ft
Improve insulation to foundauos RS 2ft
Improve insulation 1o foundsuon RS 2ft
Improve insuistios 10 wall R-19
laprove imsulauos to wall R-19
Improve iosulation ¢ wall R-19
Lmprove foundauon 1asulation to R- S2 ft
Improve foundauon to R- $2 fi

" lmprove foundsiion insulauon to R-5.2 ft
Improve insulatios to ceiling R-38 & floor R-30
Lrprove insulation 1o ceiling R-38 & fNoor R-30
Improve insulation to ceiling R-38 & (loorR-30
Improve insulatios to floor R-30 & caling R-38
Improve 1nsulation to floor R-30 & caling R-38
Improve isulation to floor R-30 & caliag R-38
lmprove insulsuos W ceiliag R49
lmprove insulation W0 ceiliag R-49
Improve 1nsulatios 1o ceiling R49

Improve insulatios to ceiling R49 & add double pane-wood frame window NSNGB

Improve insulstios w ceiling R-49. add double pane-wood windows

. lmprove insulauon o ceiling R49, add double pane-wood frame windows NSNGBR

lemprove wiadow 10 2-glz. low-E. argon (from double-wood)
Lmprove windows to 2-giz, low-E. argos (from double-wood)
loprove windows to 2-glz. low-E. argon (from double-wood)
lmprove window 0 superwindow (from 2-glz. Low-E. argon)
Improve wiadows to suparwiadow (from 2-giz. Low-E. argon)
Improve windows 10 supawindow (from 2-glz. Low-E. argos)
Improve 1nmulatioa 10 ceiling R-30 & wall R-19

Lmprove issulatios 1o ceiling R-30 & wail R-19

Lmprove insulstios 1o ceiliag R-30 & wall R-19

Lmprove asulauos w osiling R-30 & wall R-19

Improve ismulation t oceiliag R-30 & wall R-19

Ioprove issulston to caling R-30 & wall R-19 -

improve window 0 2-glz. Jow E, argoa

Improwe windows to 2-glz. low E. srgon

Improve wiadows 1o 2-glz. low E, argos

Improve wiadows to 2qlz. low-E, argon

lmprove windows o 2-giz. low-E. argon

Improve wiadows to 2-glz, low-E, argon window

Bmprove o coudemsing gas fursace; New SF/North/eo ¢lig
Imsprove 10 coadensing gas furnace: New SF/ANorth/CAC
Improve 10 condeasing gas furnace: New SF/North/RAC
lmprove 10 coadeasing g furnace: New MH/Nartv/ao dg
Improwe 10 cosdeasing gas fursace; New MHNartv/CAC
Improve 10 condeasing gas fursace; Now MH/NardVRAC
lmprove 1o condessing gas furnace; New MF/Northvao cig
leprove W condenming gas furnace, New MF/Nart/CAC
lmprove to coadensing gas furmace; New MF/Noarth/RAC

300.65 shell
300.65 shell
300.65 ahell
300.65 abeil
300.65 ebell
300.65 shell
27457 shel)
27457 sbell
274.57 shell

" 27457 shell -

37457 shell
274.57 sbell
28431 abell
284.31 ghell
284.31 shell
376.39 shell
376.39 shell
376.39 shell
284.31 ahell
284.3) shell
28431 shell
37%6.39 shell
376.39 shell
37639 abeil
432.93 shell
432.93 shell
432.93 shell
432.93 shell
432.93 shell
432.93 shell
108.23 sheil
108.23 ahell
108.23 shell
$65.49 shell
565.49 ahell
$65.49 shell
618.11 shell
618.11 ahell
618.11 shell
607.08 shell

- 607.08 ahell

607.08 shell
503.38 shell
50338 shell
50338 shell
549.14 shell
549.14 wbell
349.14 shell
90.9 shell
9.9 shell
903.9 shell
903.9 sbell
903.9 sbell
903.9 shell
432.42 space com
€32.42 space con
432.Q2 space con

- 432.42 space cop

432.Q space cons
432.47 space com
432.42 mpace con
432.42 space cone
432.47 specx con

3si

579.56
494] 46
7
135.19
63.63
104.48
151.61
364125
149.95
17751
1463.19

135.19
63.63
104.43
151.61
364123
14995
$19.56
4541 .46
a7
17751
1463.19

135.19

63.68
104 .43
§79.56

. 454].46

57956
494] 46
427
135.19
6368
104.48
135.19

104.48
135.19
6368

© 104.48

- 1781
1463.19

151.61
364128
149.95
15161
364125
149.95
mst
1463.19

1956
4541 .46
Lry)
171
42281
115
3182
1250.53
40.64



ILmprove to condeasing gas furnace: New MH/Soutveo dg

Appendix C-3

432.42 epace con 1352

NMSGF 15.66 0
Lmprove 10 condensing gas_fursace; New MH/South/CAC NMSGFRC 432.42 wpace con 1352 15.66 0
Lmprove to condensing gas furtace: New MH/South/RAC NMSGFR 432.42 space con 1352 15.66 0
Improve 10 condensing gas furnace: New SF/South/no cig NSSGF 432.42 space cov: 1338 16.08 0.48
- lmprove 1o condensing gas furnace: New SF/South/CAC NSSGFC 432.42 space con 13.38 16.08 11.44
Improve 1 condeasing gas furnace: New SF/Sowth/RAC NSSGFR 432.42 space con 13838 16.08 047
Improve 10 condeasiag boiler; New MH/North/no clg NMNGB 1250.04 space coni- 22.74 26.34 0
lmprove 10 condensing boiler: New MH/NorthACAC NMNGBC 1250.04 space com 274 26.34 0
Laprove 1o cosdeasing boila. New MH/NortvRAC NMNGBR 1250.04 space con 2274 26.34 0
Improve w0 condeasing boiler, New MF/Nortvno dg NANGB 1250.04 space coa 25.59 29.64 1
Improve o coadeamng boiler. Now MF/North/CAC NANGBC 1250.04 space cons 2559 29.64 0
Improve 1o condensing bouer. New MF/NorthVRAC NANGBR 1250.04 space con 2559 29.64 1.09
Improve 10 condensing boiler. New MH/Southvo clg NMSGPB 1250.04 space con 43.83 $0.77 (]
Improve © condeasing boiler. New MH/South'CAC NMSGBC 1250.04 space com 43.33 50.77 0
Leprove w condeasing boiler. New MH/SouthvRAC NMSGBR 1250.04 spece con 43.83 50.77 1]
Improve 1o condensing gas furnace. New MF/Southv/eo cig NASGF 432.42 space con 54.36 62.96 0.19
Improve to condeasing gas furnace; New MF/South/'CAC NASGRC 432.42 space con 34.36 62.96 0.56
Improve to condensing gas furnace: New MF/SoutvRAC NASGFR 432.42 spece con 54.36 62.96 0.13
Improve to coadeasiag boiler. New MF/Southvoo cig NASGB 1250.04 space com 163.07 188.37 0
Lmprove 1o condensing boiler: New MF/South'CAC NASGBC 1250.04 space con: 163.07 18887 0
Lmprove 10 condensing boiier: New MF/South/RAC NASGBR 1250.04 space con 163.07 188.87 0
New Shell savings below YMMBn 3187 18375 -
New Equipment saviogs beiow 63/MMBru 539 55.85
1997 SMMBru
" Total Shell aavings below 65MMBru 400 191.46
Toal Equipment savings below 65MMBru 5a8 231.56
: 460 429.02
Frazen efficiency e 18 2010
Exsung : 2631.06
New 754.52
Total 3.386.00
% saviogs % Savings
Total Shell savings below 6SMMBru 5.7%
Toul Equpment saviags below 6SMMBru 1%
) 127%
BEXISTING - . EXSTING CCESMMBin % mving
Towl Shel! avings below 6S/MMBru Towa! Shell mvings below 63/MMBtu 40 41%
Tota! Equpment savings beiow 6S/MMBrn: Total Equipmeat savings below 63/MMBru a» &9%
NEW NEW 4.66 110%
Towl Shell mvings below 6/MMBru Towl Shell aavings below 63MMBw i 1L1%
Tatal Equipment savings below 6MMBru Total Equipmeat savings below 63MMBtu 5» 14%
4ia 1ns%
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151.61
364128
149.95

pa K

259.66

23782
701 .62
165.26
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Background Information Sheet

Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for Energy Efficiency Calculations: Commercial Sector

Heating, Ventilation, and Air Conditioning (Space Conditioning, all fuels)

. Product/end-use description

Heating, ventilation, and air-conditioning systems (also known as space
conditioning) in commercial buildings are a significant energy use. Space
conditioning energy use is affected by internal thermal gains from occupants and
equipment, the characteristics of the ventilation system, the climate, the

efficiency of the heating and cooling equipment, and the efficiency of the
building shell.

Base Year Energy Use

Space conditioning accounts for an estimated 28% (4.1 quads) of commercial
primary energy in 1997, with 2.6 quads of electricity and the rest
from oil and gas (Source: US EIA, 1996)

End-use Lifetime

The' end-use lifetime for space conditioning is different for the building shell
and the space conditioning equipment. Lifetime for the shell was estimated at
50 years. The weighted average lifetime for all space conditioning equipment is
estimated at 18 years (Koomey et al., 1997a).

' Existing Average Energy Use

In our forecast we divide energy consumption between existing and new shells
Index (EUI in kBtu/sf) and equipment. EUIs are taken from US EIA (1996).
1997 New Energy Use Index In our forecast we divide en consumption between existing and new shells |
(EUI in kBtu/sf) and equipment. EUIs are taken from US EIA (1996).

Maximum Cost-effective
Efficiency Potential

We used data from Sezgen et al. (1995) and piotted the total EUI (primary
energy terms) for all common combinations of commercial building systems
against the capital costs of the systems. The system types are: Ducted, Unitary,
Fan Coil, Heating Only, and Miscellaneous systems. We then grouped the
systems of common type together, and calculated the weighted average EUI for
the typical new system for each type. We then read the efficiency factors off
the graph by looking at the percentage reduction from the typical system for
switching to the best system of that type, and then weighted by the floor area
attributable to each system type. The cost of achieving a 50% reduction in EUI
for the ducted systems is $0.54/sf (19953). The cost of achieving a 40% reduction
in EUI for the unitary systems is $0.54/sf (1995$). Fan coils, heating only, and
Miscellaneous systems are assumed to be able to achieve 20% savings for a cost of
$0.22/sf. Controls are assumed to save an additional 10% an all systems for an
additional cost of $0.22/sf. The weighted average energy savings factor based
on these assumptions is 48%, whxch applies to all heating, ventilation, and air
conditioning energy use.

Achievable cost-effective
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adopnon level over the
analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiency Case

In our high-efficiency case, we assume that the achievable adoption level over
the analysis period is 65% of maximum cost-effective potential levels.

Incremental Capital Cost

The CCEs are directly calculated based an the EUls from the work documented
in Sezgen et al (1995). Prices were adjusted to 1995 levels based on the personal
consumption price index (US DOC, 1996).

Cost of Conserved Energy

The CCE is a ratio of the incremental capital expenditure (amortized over the
lifetime of the appliance) to the annual energy savings expected from the
purchase of the unit. The weighted average CCE for. HVAC end-uses is

$1.3/MMBtu. This cost applies to all heating, ventilation, and air condmomng
energy use.
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Commercinl HVAC

trest all commercial HVAC together. Osman bas created EUls using primary encrgy (10800 Btu/AWh) and adding up all fuel use.

The reference for this is :
Sczgen, A. Osman, Ellen M. Franconi, Jonsthan G. Koomey, Steve . Greenberg. and Asim Afzal. 1995. Technology data characterizing space conditioning in commercial building
Application 1o end-use forecasting with COMMEND 4.0. | awrence Berkeley [Lahoratory. 1.B1.-37065. December.

We pulled out the dats on the different system types from this report, estimated Ellls by system type (converting clectricity to primary energy).
and plotted the data by system type. We then used the graph of capital cost versus UL for each systemn type Lo estimate the percentage savings
that ¢an be purchased for a given cost/sf. Controls are assumed 10 save 10%. for an additional $0.20/s( capital cost.

New bdgs ' Weighted Total CCE
EUl Savings  Savings w/ Savings w/ Savings w/ Cost ‘Cost/sf Cost w/ 1995 $/MMBtu
primary E controls  conuols  controls 1992 $/sf 19958/sf controls '
% of floor area  kBtu/sfiyr kBuw/sfiyr  kBtu/sfiyr . 1995 $/sf

Ducted systems 26% 1483 50% 55% 8157 21.21 0.5 " 054 0.75 087
Unitary systems 26% 529 40% . 46% 2432 6.32 05 054 0.75 292
Fan coil systems (1) " 6% 40.6 20% 28% 1136 -~ 064 0.2 0.22 0.4} 358
Heating only 15% 415 20% 28% 13.29 1.98 0.2 022 : 0.4} 3.06
Miscellancous systems 10% 40.6 20% 28% 11.36 112 02 022 043 358

Unconditioned spacc 18% 0.0 0% 0% 0.00 0.00 0 0 0 -

100% 79.7 37.95 1.30°

(1) 2% of fan coil floor area uses district heat, and 4% uses standard plehgi:d cquipment (total = 6%)
(2) Assume miscellaneous systems have same EUI as fan coil systems.
(3) Controls assumed to save 10% for a cost of $0.20/sf.

Savings 48%
Costs 4.11 1995 YMMBtu site
discount rate : 7%
Lifetime ) 20 years '
CRF $0.09
controls savings 10%

controls costs 0.22 1995 $/sf

€-9 xipuaddy




Appendix C-3

Background Information Sheet

Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for.Energy Efficiency Calculations: Commercial Sector

Lighting

Product/ end-use description

Lighting involves the use of electricity to pass electrons through a filament
to produce light and heat (incandescent light) or to pass electrons through
an inert gas which then emits light. Significant savings are possible in |
commercial lighting systems with the replacement of - traditional

incandescent lights. Additional savings can be achieved in fluorescent
lighting as well. About 70% of lighting energy in commercial buildings is
from fluorescent sources, 12% from HID sources, and 18% from incandescents.

Base Year Energy Use

Lighting accounts for an estimated 27% (4 quads) of commercial primary
energy consumption in 1997. (Source: US EIA, 1996)

End-use Lifetime -

The end-use lifetime for lighting was estimated at 12 years. There are

many different lifetimes for lighting products, fluorescent ﬁ.xtures and
ballasts turn over on average about once every 12 years.

Existing Average Energy Use

EUTs for existing buildings are about 17 kBtu/sf. EUIs are taken from US EIA
-Index (EUI in kBtu/sf) (1996).
' 1997 New Energy Use Index New EUI is roughly the same as the exxstmg UEC.

(EUI in kBtu/sf)

Maximum Cost-effective
Efficiency Potential

The maximum cost-effective efficiency potential was estimated as the
savings potential from 2010 assuming the implementation of technically cost
effective lighting measures, including widespread use of halogen IR and
compact fluorescent technologies. The efficiency measures are ranked based

«an cost of conserved energy for different building types, each with its own

usage. The savings costing less than $0.08/kWh are 25% of the 1997
baseline, based on Vorsatz and Koomey (1997).

Achievable cost-effective
efficiency potential -
Efficiency Case

In our efficiency case, we assume that the achievable adoption level over
the analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiency Case

Inour high-efficiency case, we assume that the achievable adoption level |-
over the analysis period is 65% of maximum cost-effective potential levels.

Incremental Capital Cost

The CCEs are directly calculated in Koomey et al. based an the incremental
costs of halogen IR, fluorescent, and compact fluorescent technolog1es Prices

were adjusted to 1995 levels based an the personal consumption price index
(US DOC, 1996).

Cost of Conserved Energy

The weighted average CCE for high-efficiency lighting measures costing
less than $0.08/kWh is $-0.037/kWh (-$10.2/MMBtu). The CCE is a ratio
of the incremental capital expenditure (amortized over the lifetime of the

-appliance) to the annual energy savings expected from the purchase of the

unit. The negative CCE is caused by the labor savings associated with
switching to longer lived halogen IR lamps and compact fluorescents.
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Lighting Efficsency (Measure Name) Numbe

Halogen IR 55W
Halogen IR S5W
Halogen IR 55W
Halogen [R 55W
Halogen R S5W
Halogen [R S5W
Falogen IR S5W
Halogea R 55W
Haloges [R S5W
Halogen IR 5$5W
Halogen R 55W .
60W HIR flood + oocup. seasor
60W HIR food « occup. seasor
20W sepmrabie: ehec. ballast
20W sepurabie: eiec. ballast
20W screw-n CFL °
20W screw-in CFL
20W sarew-n CFL
20W screw-in CFL
20W sepurable; elec. ballast
20W separable; eiec. ballast
20W separable. eiec. ballast
20W separable; elec. ballast
20W sepurable; elec. ballast
MH + tape swuch ’
60W HIR flood « arg mEot Fysem
60W HIR flood + arg m@t system
MH + i1mne swich
MH + tme switch
MH « tzne swich
MH + tape swuch
MH « tme rwict
MH » tzne rwuct
MH » tme swich
MH » tmme ewitch
MH «+ tume rwucd
MH + tme swrich
60W HIR Nood « occup sensor
60W HIR Nood + occup sensor
60%W HIR flood « ocoup sensor
ELECV4F3ITVRS
ELECWVAFIITVRS
ELEC¥4FIITVRS
ELECVARIITVRS
ELECW4FIITVRS
ELECV4FIIT VRS
ELEC&/4FIITORS
ELECV4RITVRS
ELECW4FIITVRS
ELEC&4F3ITRRS

- ELECW4FIITVRS
s _
ELECAAFIIT ViS/ocoupmcy sensor
ELECAIFIIT V1S/occupancy sensor

R EE]

4 INCR_GRC
1 MH_RET

1 MH_RST

1 MH_LGO

1 MH_HLT

1 MH_SCH

1 MH_MSC

1 MH_SMO

1 MH_COL

1 MH_LDG

1 MH_WRH
3 INCR_LGO
3 INCR_RET
3 INCR_RST
] EMve_HLT
1 EM&/4_GRC
1 EM/4_RST
1 BM&/4_LDG
1 EMwe_COL
1 EM&4_RET
1 BM&e_LGO

"1 EMa4_SCH

1 EMae_MSC
1 BM&/a_SMC
1 EM&s_WRI
32 MH_GRC

1 ELAD_RST

1 Bl _LDG
2 MH_RET

2 MH_RST

3 MH_LGO

2 MHUAT

3 EMa4_RST
3 EMu4_LDG
3 MH_SCH

2 MH_MSC

2 MH_SMO

2 MH_COL

3 MH_LDG

2 MH_WRH

1 MV_HLT

1 MV_GRC

1 MV_COL

1 MV_LGO

1| MV_RET

1 MV_LDG

1 MV_WRH

Ligixmg
CCE Energy
(s CCE
Wh)  (centsAWh) (TWh)
EWh  199%AWY
-17.21 -19.93 0.15
-17.21 N 048
-17.19 - «19.90 0y
-17.18 -19.90 mn
-17.18 -19.90 057
-17.18 «19.90 228
1718 -19.90 128
-17.12 «19.03 2
-17.12 -19.03 05
«17.12 -19.83 093
-17.12 9.8 084
-3.85 446 °
-3.85 4.46 0
«1.96 -227 027
-1.96 227 086
-1.38 -.18 i
-1.58 -218 108
-1.88 218 1464
-1.38 -213 112
-1.78 «2.06 049
-1.78 «2.06 478
-1.78 -2.06 0.9%
-1.78 -2.06 4
-1.78 -2.06 124
-1.17 -1.36 001
-1.03 -1.19 0.01
-1.03 -1.19 0.01
Q.78 Q.90 007
Q78 /-0.90 [}
{478 0.90 0.02
Q78 .90 0.01
.52 .60 001
0.52 Q.60 0.01
082 0.60 002
Q.52 .60 0.01
Q.52 «0.60 0.01
082 0.60 003
0.02 002 0.06
0.02 .0.02 0.01
0.02 0.02 0
0352 0.60 052
0352 060 0.15
0356 0465 022
0356 055 09
03 047 036
058 047 1.59
051 047 2.18
0.66 076 059
066 0.76 0ss
0.66 0.76 1.41
056 0.76 03s
0.6 100 0
094 109 001
0.94 1.09 am
098 1.14 001
098 1.14 0
a9t 1.14 0
098 114 [}
105 122 ]
108 122 001
1.19 138 0
1.19 1N 0
1.19 138 ]
1.19 138 [}
1.19 138 [
1.19 138 001
1.3 139 0
1N 15 001
1.46 159 0.06
146 189 006
146 1489 009
146 169 [T}
144 1469 006
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MH. no delampng
MH. no delampung
HPS. o delampuag
HPS., oo delempng
HPS. no delampung
HPS. no delampung -
MH. no delampng
MH. po delampang
MH, po delampng

“MH, po deiwnpang

ELEC VIFAIT ViS/occupancy sensor
ELEC 43F3IT ViS/ocrupancy sensor
ELECAOFIIT V1S/urg mgm! rystem
ELECANFIITVISArg mgmi system
CCUT&2FMITIVES/RE
CCUTANFT I VES/RE
ELECAIFIIT VS/arg mpmdt system
ELECAIFYITViSAug mpnt system
CCUTA2FA0T 1 2/ES/RE
CCUT42FAITIVES/RE
CCUT42FAITIVES/RE
ELECV4F)ITVISArg mpn! sysiem
ELECV4FIITMSArg DED! fystem
60 W Halogen [R flood reflector
60 W Haloge DR flood reflector
60 W Haloges R flood reflector
60 W Halogen R flood reflector
60 W Haloget [R flood reflector
60 W Halogen IR flood reflector
60 W Halogen [R flood reflecior
60 W Halogen IR Mood reflector

" CCUTAIFAOTIVES/RE
CCUT42FTIVES/RE
CCUTA2FAOT I /ES/RE
CCUTMFWUITIVES/RE
60 W Halogen [R flood reflecior
60 W Halogea IR Nood reflector
60 W Halogen [R flood reflector

CCUTA2FAIT12/ES(RE + occupancy sensor
CCLUTA2F&ITIV/ES/RE + occupancy sensor

ELEC#4F3]T WRS/occupancy sensor
ELEC#4FIZT VRS /ocamancy sensor
ELEC#4PIIT VRS/occupancy sensor
ELECV4PIIT VRS/ocauspancy sensor
ELEC VAP IT VRS/ocoupancy sensor
ELECV4PYITVISArg mpn! fysem
ELEC#4F3ITViS/arg mgm! rysiem
ELECYVIP9$T 1 /ES/arg mgm! rysem
ELECVIF96T 1 2ESarg mpm! sysem
ELEC4P)IT ViS/ocoupacy sensor
ELECVPIIT ViS/occupancy sensor
ELECAIPIZT ViS/oocupancy sensor
6OW HIR flood + arg m@mt rystem
SOW HIR Nlood + 75 BED! System
60W HIR flood + arg mem! sysen

IMV_ILT

2 MV_GRC

1 MV_SCH

1 MV_MSC

1 MV_SMO

1 MV_RST

1 MV_COL

2 MV_LGO

2 MV_RET

1 MV_LDG

3 MV_WRH
3 BMY2_GRC
3 BMOZ_HLT
1 MV_SCH

3 EM82_SCH

3 INCR_HLT

4 EMAY_RST
4 DMY2_LGO
4 EM22_RET

a9t

Ligtmg

BEEENE

0.11
0.7s
166
0.17
0.49
037
0.18
058
038
0.46
0.15

02

E.8¢
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. ELECYP96T | /ES/urg mpmt system
ELECV2P96T | /ESarg mgm! sysed
60W HIR Nood + txne rvucs
6OW HIR Nood + tane swch
60W HIR flood + tane swiich
ELEC#4F3IT VISAmDe rvuch
ELECW4F3IT VISAme swach
ELECU4F)ITVISAane swuch
ELEC¥4P37T1/SAne forrich
60W HIR food + txbe rvich
6OW HIR flood + tipe swiuch
60W HIR flood + tihe rwuch
ELECW2P96T 1/ESAsne swrich
ELEC3/2F96T 1 /ESxne swiich
ELECV2P96T 12/ESAxne switch
ELECYIP96T 12ESAme swrch
ELEC/4P3IT VISAime swuch
ELECV4PIIT V1SAmDe rwich
ELEC¥4P3IT M1SAmme swiich
ELEC ¥4F3IT MS/rg mgmt system
ELECV4P3IT VISArg mgmt rysem
ELEC¥APIITVIS/urg mgmt fysiem
ELECY2IP6TI12ES . i
ELECY2P96T 12/ES .
ELECV4F3IT ViS/occupancy sensot
ELEC¥4F1IT ViS/occupmcy sensor
ELEC#/4F3IT ViSioccupancy seasor
ELEC 4F37T MS/ocaupancy sensor

ELECV2P96T 1VESA®De switch
ELECY2P96T 1 /ESAme swuch
ELECVIP96T 1/ESAmme rwich
ELECY2P96T 1 /ESAmme swich
ELEC32P96T | /ESAgme swrch
ELECW2P96T 1ZES
ELECYV2P96T 12/ES
ELECY2P96T 12ES
ELECVIPO6T 12ES
ELEC44PIITVIS
ELECW/4F3IITMS
ELECW4FITMVIS
ELEC#4FYITMS
ELECA/3P3IT MSAme swach
ELECAAFIITVISAmme rwich
ELECAIFIITVISARDe swich
ELECAIFIITVISAgDe swuch
ELECWVAFIITMS
ELECVAFIITIS
ELECWaFIITIS
ELECV2P96T L/ES/ury mgmt sysem
ELECWV2P96T 1/ESAurg mpmt system
- ELEC32P96T 12/ES/urg mpmt sysiem
ELECWVIPS6T 1/ES/urg mgmt symem
ELECV4FIITVIS .
ELECV4FIITINS
ELECVAPIITVISurg mpmi rystem
ELEC ¥4P32TViS/ug mgmt symem
ELEC#/4FIITVISArg mgmt symen
ELECV4FIITVISArg mgmt symem
ELECV4PIITAMS
ELECV4RITVIS
ELECAP32T MiS/occup. semwor
ELECAP3IITVMIS/occup. sensor
ELEC 433 2TMS/occup. sensar
ELEC3P3IT VIS/ocoup. seasar
" ELECAPIITVISAgDe swuch
ELECAFIZT MISAmne swch
BLECF3IITVISARDe switch
ELECAIFIITVISAry mgmt fymem
ELECAW3ITVMSAarg mpmt rysem
ELECAWPIITMIS/Arg mpmt system

CCUTA2F40TI2/ES/RE + cocupmncy sensor
CCUTAZPACTI VES/RE + Gccupancy aensor

1 BMVs_HLT
2 DMus_GRC

1 B MSC
2 B3 _SMO
2 A3 _WRH

- 1 Ban_CoL

1 ELAJ_RET
1 Bl _LGO
3 B4 _COL
3 ELV/Y_RET
3 BAN_LGO
3 EMe2_COL
3 BEMa)_RET

Lighimg

c-3

EERE

3

EBEEBEREREEES



Appendix C-3

Lignmg
CCUTARFAIT12/ES/RE + cccupancy sensor Y DMV LGO  Tas 352 036
_ﬂEU‘B:TW ssusor SEMue COL 715 L7 a0y
ELECV4FIIT V1S/ocaupancy semsar - S Ehiva_RET 159 [ &,4 0
ELEC /4P 1T V1S/occupency sensor SBEMwe LCO 199 [ &1) 003
ELEC V4P IT¥HISoccupascy sensor S Dive_HLT 7464 835 [
ELBC/AFYIT MIS/ocoupmcy sensor S EMu4_GRC 744 ' 888 0
ELEC#/4F3IT ¥iS/occupency sensor 4 EMa/a_RST 2185 9.09 0
ELECV/4F)ITMS/ocaupency semsor ¢ DMve_LDG 135 9.09 o
CCUTW2FATI VES/RE + org mgmt system 3 BM2_RST 85 9.96 001
CCUTA2FAITIV/ES/RE + Org mgmt systam 3 BM42_LDG [ 7] 99 . 005
ELEC&FI1ITVISarg mgmt synen 3 B _SCH 952 11.0 oo
ELECAFIITVSArg mgmt rysiem SELWVIMSC 952 11.08 o0
ELECAAPITYISarg mpmt sysiess SEAI MO 952 11.08 . G.l4
ELBCAAPICTVISArg mgm! syssm BN _WRH 9352 1.0 0.1
CCUTAFATIVES/RE + G0Cupancy sensor 3 D2 _SCH 114 1322 0.12
CCUTA2FAITILES/RE + occupency sensor 3 EMAI_MSC  11.4) 1332 0.04
CCUT4/2PAIT12/ES/RE + GoOupancy sensor 3 EMe2_SMC  11.41 1322 0.12
CCUTA2F40T] VES/RE + 0ooMpancy sensor 3 DMA_WRI 114 1322 00¢
60W HIR flood + arg mgmt fystes 4INCR_SMO 11.M 137N om
GOW HIR ficod + Rrg MEmI fysemn 4INCR_WRH 1.4 1N om
SOW HIR ficod + ory mEm! symem SINCR_HLT 11.34 137 0
CCUT42F&IT12/ES/RE + tme swuch 2 EM42_SCH 129 15.01 0.04
CCUTARFATT1VES/RE + tme rwnich 2 EMA2_MSC 1296 15.01 0.0
~ CCUTARF&TIVES/RE + ame rwitch 1 EMa2_SMC 1296 15.01 0.0y
© CCUTA2FATIVES/RE + ume swich 1 EMa2_WRE 1296 15.01 0.01
60W HIR (lood + oocup. seasor 3 INCR MSC 129 15.05 0
60W HIR flood « occup. sensar 3 INCR_SCH 1299 15.08 ]
60W HIR flood + occup. seasor J3INCR_COL 1299 15.05 0
CCUTAZF&TIVES/RE + irg B! system 4 EMe2_COL 137 1.7 0.1
CCUT2FAIT1VES/RE » org mgmt sysum ¢ EMA2_RET 137 15.87 026
CCUT42FTI VES/RE + org mpmt system M2 LGO 137 15.97 02
ELECA2FTIITMS +arg mpmt system 6 EMa42_RST 1077 1598 ]
ELECAFTIITMS «arg mgm: sysiem 6 EMa2_LDG 177 15.95 001
CCUTAF&TIVES/RE « ttne swnch 1 BMe7_COL 14D 16.56 o0
CCUT4A2F&0T1/ES/RE « ume swuch 2 EMA2_RET 143 16.56 0.09
CCUT42FOTI VES/RE + aume swuch 1 EMAZ LGO 143 16.56 0.04
ELECA2FT3ITMS «xme swiicd 6 EM42_COL 1436 16.63 001
ELECA2PTIZITMS +iane rwaich 6 DMa2_RET 1436 16.63 002
ELECA2FTIITMS «tune roaich 6 BMa2_LCO 143 16.63 001
ELEC42FT12TMS+arg mEpm!t system S EMa2_COL 146 16.91 0.02
ELEC/2FT 3ITMS +arg mgmt fystem $ EM42_RET 146 16.9) 00s
ELEC/2FT 32T S +arg st sysiem 8 EMA2_LGO 146 16.91 0.04
60W HIR flood + Lade swrch I INCR MSC 1435 17.20 0
60W HIR flood + (e swuch JINCR_SCH 1485 | 17.20 (]
W HIR flood + e switch 2INCR_COL 1428 1720 0
60W HIR flood + org mgm! rysem 4 INCR MSC 1397 1nn 0
60W HIR lood + arg m@m! synem 4 INQR_SCH 15.% 18.03 0
60W HIR flood + nrg mEDt sfystem 4INCR_COL  15.57 1503 0
CCUTA2FATIVES/RE « occupancy sensor 3 DM _HLTY 167 1884 001
CCUT42F40T1VES/RE + occupmncy sensor 3 BM42_GRC 167 1884 0
CCUTA2FTI VES/RE + trg mgmt system ¢ EM42_SCH 1631 nw 0.12
CCUTARFATIVES/RE » trg D@Dt systeD ¢ DMA2_MSC 1631 ne. o0
CCUTA2FATIVES/RE + g mgmt system 4 BM42_SMC 1631 1.9 008
CCUTA2FWT1/ES/RE « trg Mgt sysum 4 EMa2_WRH 1631 19 004
ssparsbie CFL + accummecy sensor 4 INC_COL 16.78 19.40 002
suparsdie CFL + occupancy seasor 4 INC_RET 16.78 19.40 001
sepurable CFL + otcupancy semsor 4 INC_RST 1678 19.00 0
sspurabie CFL + 0ooumancy semsor 4 INC_LDG 16.75 19.40 001
ssparsble CFL + occupancy sensor 4 INC_LGO 16.75 19.40 o7
ELBCA2FTIITMS +ifine switch 6 Dia2_SCH 16D 19.45 0.01
ELBCAFT3ITHMS i une fwiich ¢ EMA2_MSC 169 19.45 0
ELECA2FTIIT3AS «tmne swich ¢ EMA2_SMC 1679 19.45 001
ELECANIPT YITMS «me swich 6 DM2_WRE 1679 19.48 [ ]
suparable CFL. +» ocoupancy sesar 4 INC_GRC 169 195 0
supurable CPL + occupmacy saasar 4 INC_MLT 16.9 19.57 0
BLEC ¥2FT 1ITMS+ary mgmt symem s B2 SCH 17 1.7 om
ELBCA2PT 3ITMS+a5g gt fyme $ B2 MSC 17.m n 0.01
BLBC2PT XITMS +arg mgmmt Sysiem S DMa2_SMC  17. wn om
ELBCA2FTIITINS +arg mpmt sysiam s D2 W 17.R 19.71 001
CCUT4/2F40T 1 VES/RE 1 D2 AT 1782 04 053
CCUTWPUT I /ES/RE 1 Bd2_GRC 17.62 2041 ol
ELBCA2PIITVS L. ¢ D42 _RST 221 26.42 004
BECAIFIITVS 4 B4 LDG 2131 26.42 031
ELECA2FIITMS S BMe2_COL  23.08 26.71 007
' BLBCANPIITMS $ D442_RET  23.06 2%.71 0.18
BLECA2P3ITVS 5 D442_LGO 2308 26.71 018
ELBCA2PAITAVS 5 DMa2_SCH  23.% ns2 0.14
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ELECAIFIITMS

ELECAIFTI2TMS +octup. sensor
ELECA2FT32TIS wocoup. sedcx
ELECA2FT 3ITRAS voccup. sensor
ELECAFTIITUIS socomp. sensor
ELECA2FTIITUS vocoup. senscr
ssparsbie CFL + rg mgm! syvtem
asparsdle CFL + org mgm! sysies
ELECAPT I TMS vop. Setscr
ELECA2FT 3ITUS socoup. sensor
ELECA/2PT 32T3/15+0cup. sensar
ELEC#2FTIIT}S woccup. sensor
CCUTAFATIVES/RE + arg mpgme sysee
CCUTAIFWTIVES/RE « org mpint syste
separadie CFL + trg mgmt sysam
saparsbie CFL + trg mpm! rystem
suparabie CFL + arg mpm! system
ssparabie CFL + org mgmt rysiem
.sapurable CFL + org mpmt system
20W screw-in CFL + tzne swiich
20W screw-1n CFL « txne swich
20W screw-1n CFL « tmpe swich
20W screw- i CFL » tmne swrich
20W screw-ig CFL  ocoup sensor
20W screw-in CFL + occup sensor
20W sarew-15 CFL « occup sensor
20W screw-18 CFL + occup seasor
20W screw-ip CFL + arg mpmt symern
20W screw-in CFL + arg mpn! system
20W screw-ip CFL o arg mgm! synem
20W screw-1n CFL + nrg mgmt rystem
separable CFL + ume swuch
separable CFL + ume rwuch
saparsble CFL + ume swich
sepansbie CFL + ume swuch
separabie CFL + ume swicd
ELECY2P96T 1VESAmme swilch
ELEC32P96T 1/ESAmDe swuck
ELECWV4F3ITVISAme swiich
ELECV4F3IT M1SAmne switch
ELECAIFIT V1SAmme switch
ELECAIFITTVISAmne reiich
60W HIR Nood + 1zpe swuch
60W HIR flood + tane swich
ELECATIFIITWVIS
ELECW2FIZTVIS
separabie CFL + ume rwict

_ ouparable CFL » ame swuct

Savags costn g lemx than § ceatkWh
Bunness s unnl eleccIty use

CCE SMMBH
% sanags rel w0 1997

Laghting

5 EMAI_MSC 2376 ns 0.15
5 BMa42_SMC 2376 s 0.09
S Daa2_WRF 2376 7.9 0
S DMAI_RST %7 1.9 0
$ D42 LDG S9! wnn 1]
7 EMa2_COL 2498 19 a0t
7 DAA2_RET 498 U9 [}
7 Bi42_LGO 2498 29N o
§ INC_GRC 25.31 2.9 001
S INC_HLT 25.31 9.9 [/}
7 EMe2_SCH 2629 3048 001
7 BMA2_MSC 2629 30.45 0
T BMA2_SMC  28.29 30.45 001
7 EDM42_WRI  26.29 3045 [F}
4 EM42_HLT 263 31.04 001
4 D4 _GRC 263 31.04 003
S INC_COL 2868 .18 00
S INC_RET 2865 .18 0.13
S INC_RST 2865 s 001
§ INC_LDG 2865 1.8 002
$ INC_LGO 2865 n.1s 00s
3 INC_MSC 3.7 %.72 0
3 INC_SCH n? W.T2 001
3 INC_SMO 3.7 6.7 0.01
3 INC_WRM 3.7 36.72 0.01
4 INC_MSC 3406 39.45 0.03
& INC_SCH 34.06 39.45 0.02
4 INC_SMO  34.06 ¥%.48 0.04
4 INC_WRH  34.08 39.45 0.03
SINCMSC 424 49N 0.02
$ INC_SCH 4224 an 0.02
S INC_SMO  « 4224 Qan 0.03
SINC_WRH 414 an 0.03
3 INC_OOL 4238 49.09 0
© 3 INC_RET @238 49.09 003
3 INC_RST 4238 .09 0
3 INC_LDG @23 9.9 001
3 INC_LGO 42.38 49.09 001
2 EM&2_GRC 4562 S84 0
2 EML2_HLT 4562 s184 0
4 EMos_HLT 49.85 1.7 [}
4 EMaa_GRC 4985 57174 0
1 L4 HLT 64l 74.60 [+]
1 ELAI_GRC  64.4] 74.60 0
2 INCR_LDG 7488 8%6.60 0
2 INCR_.GRC 7418 86.69 0
I B LT M) 97.4) 0.13
2 EM42_GRC 841 97.41 00
3 INC_GRC  223.06 24.15 0
- 3 INC_HLT  228.06 264.13 0
23.47 619
4321

16

253%
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Background Information Sheet: Interlab Study on U.S.
Energy Efficiency and Greenhouse Gas Emissions
Assumptions for Energy Efficiency Calculations: Commercial Sector

Refrigeration

Product/end-use description

Commercial refrigeration involves cooling large volumes to a variety of
different temperatures.

Base Year Energy Use

Refrigeration accounts for an estimated 3% (0.5 quads) of commercial primary
energy consumption in 1997. (Source: US EIA, 1996)

End-use Lifetime

The end-use lifetime for refrigeration was estimated at 15 years.

Existing Average Energy Use EUIs for existing buildings are 2.0 kBtu/sf. EUIs are taken from US EIA
“Index (EUI in kBtu/sf) (1996). ' : ' :

1997 New Energy Use Index EUTISs for new buildings are 2.0 kBtu/sf. EUls are taken from US EIA (1996).

(EUT in kBtu/sf) '

Maximum Cost-effective
Efficiency Potential

The maximum cost-effective efficiency potential was estimated as the
savings potential from 2010 assuming the implementation of all measures
with a simple payback time of 5 years or less. The cost effective savings are
31% of the 1997 baseline, based on Westphalen et al. (1996).

Achievable cost-effective
efficiency potential -
Efficiencv Case

In our efficiency case, we assume that the achievable adoption level over the
analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
Efficiencv Case

In our high-efficiency case, we assume that the achievable adoption level
over the analysis period is 65% of maximum cost-effective potential levels.

Incremental Capital Cost

The incremental costs for efficient refrigeration equipment vary widely. All
were taken from Westphalen et al. (1996). Prices were adjusted to 1995 levels
based on the personal consumption price index (US DOC, 1996). :

Cost of Conserved Energy

The weighted average CCE for high-efficiency lighting measures with less
than a five year payback is $0.016/kWh ($4.66/MMBtu). The CCE is a ratio
of the incremental capital expenditure (amortized over the lifetime of the

appliance) to the annual energy savings expected from the purchase of the |.
unit. : )
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Refrigeration

Commercial Refvigeration !‘llld-cy Calcunlations
Westphalen, Detlef, Robert A. Zogg, Aathony F. Varone, and Matthew A. Foran. 1996. Fnergy Savings Potential for Commercial Refrigeration F.qulpmtnl Prepared by Arthur D. Litle, Inc.

for the Bujlding Equipment Division, Office of Building Technologies, UIS l)cpmmcnl of Encrgy. ADI. Reference No. 46230, June.
ASSUME 1995 $ (COU'I.DNT FIND IT IN THE REPORT)

Fquipmem  Total 1996  Total 1996 Usage % nvings cosl Savings 1996  Savings CCE CCE CCE
* ' inventory Primay 12 Fledricity perunit < Syear ST premium  Flectricity pcr' unit  1995$AWh 1995$&Wh $/MMBiu
. . (10005) T TWh kWhAunit " per unit TWh site
Ice makers 1200 102 94 7822 18% 146 1.7 1408 0010 0.010 . 287
Supermarkets Jo 326 00 999969 20% 36650 6.l 201744 0017 0.017 50
Centralized systems (exc. supermarkets): Walk-ios 880 180 16.6 18823 J0% 1000 50 5647 0.017 0017 490
Centralized systems (exc. supermarkets): Small grocery 20 26 24 119628 0% 1000 0.7 35888 -0.003 0.003 07
Vending machines 4100 134 123 3o0ns 2% 290 52 T 1263 0022 0.022 6.35
Self contained: Reach-in refrigerators 1300 54 50 sn 45% m 22 1720 0017 0017 5.03
Self contained: Reach-In freezers 800 63 6.0 74N “% 382 26 3290 0011 ool i
Self cootained: Beverage merchandisers 800 51 48 5981 55% 376 26 3290 0o0l1 0011 it6
Self contained: Othet 1150 54 50 4321 45% n 22 1944 0.015 0015 445
- Total 993.0 - 914 n% 281 0016 0.016 462
ADL primary E coaversion factor 10,867 BawAWh - THIS CONVERSION FACTOR IS ONLY USED TO CONVERT ADL TBUS TO KWH.
3185

Discoust rate 7%

Lifetime ' 20,00 years

CRF $0.09

(1) These systems consist of supermarket-style displey cases with liule' ptcly located condensing units (comgressor configuration is not paralicl as in supesmarkets).
(2) Other consists of roli-las, under-counter, over-couster, Bos-beverage merchandisers. ’

(3) % svgs and cost premium per unit for centralized systems Lakea from “combination of techaologies™ option

for walk in refrigerators and freezess (small grocery cest. system svgs and costs assumed to be the same as for Walk-ins) Supermaskets

(4) Othex savings and costs assumed (o be the same as reach-ia refrigerators. % machioe room B 5%
% displey case E 95%

£-2 xipuaddy
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Background Information Sheet

Interlab Study on Scenarios of U. S. Carbon Reductions
Assumptions for Energy Efficiency Calculations: Commercial Sector

Miscellaneous electricity, natural gas, and oil

Product/end-use description

Miscellaneous energy use in the commercial sector covers a wide variety
of end-uses including office equipment, telecommunications equipment,
pumps, cooking, and other uses (US EIA, 1996).

Base Year Energy Use

Miscellaneous energy. accounts for an estimated 24% (3.5 quads) of
commercial primary energy consumption in 1997. (Source: US EIA, 1996)

End-use Lifetime

The end-use lifetime for miscellaneous varies depending on the
particular end-use.

Existing Average Energy Use EUIs for existing buildings are 10 5 kBtu/sf. EUIs are taken from US EIA
Index (EUI in kBtu/sf) (1996). '
1997 New Energy Use Index No EUI’s for miscellaneous energy for new buﬂdmgs are available.

(EUT in kBtu/sf) '

Maximum Cost-effective
Efficiency Potential

Little information was available to construct a detailed cost-effective

potential analysis for this end-use. We therefore assumed that

miscellaneous electricity, natural gas, and oil end uses are assumed to
have the same efficiency potentials and costs as in the residential sector.

Achievable cost-effective
efficiency potential -
Efficiencvy Case

In our efficiency case, we assume that the achievable adoption level over
the analysis period is 35% of maximum cost-effective potential levels.

Achievable cost-effective
efficiency potential - High-
| Efficiencv Case

In our high-efficiency case, we assume that the achievable adoption
level over the analysis period is 65% of maximum -cost-effective
potential levels. :

Incremental Capital Cost

inadequate information was available to construct incremental ¢osts for
efficiency improvements in the commercial misc. energy.

Cost of Conserved Energy

We have estimated an average cost of conserved energy of $0.03/KWh
($1990) or $0.035/KWh ($1995) for miscellaneous electricity, and
$6.00/ MMBtu ($1997) for gas/oil measures. These are CCE values which
are consistent with those derived from the analysis of miscellaneous
energy uses in the residential sector. The CCE is a ratio of the

incremental capital expenditure (amortized over. the lifetime of the | ~

appliance) to the annual energy savings expected from the purchase of |
the unit.
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APPENDIX C-4

C-4.1 ENERGY SAVING POTENTIAL FOR MISCELLANEOUS
ENERGY USES

This memo summarizes our calculations of the potential for energy savings for miscellaneous
energy end-use in b\.uldmgs (Miscellaneous end-uses include electricity required to operate
electronics, motors in pumps and ventilation systems, and gas or oil required for assorted
miscellaneous heating end-uses.) Based on our current calculations we have estimated that the
maximum cost effective potential for miscellaneous energy savings in both residential and
commercial buildings in 2010 is 33% for miscellaneous electricity and 10% for miscellaneous gas
-and oil end-uses. For our scenario calculations we used an average cost of conserved energy of
$3/MMBtu for miscellaneous energy.

Description of Calculation

We first developed an estimate of miscellaneous energy savings in the residential sector and
then applied similar savings estimates to miscellaneous energy savings potential in the
commercial sector. Our savings calculations for the residential sector invblved 1) characterizing
residential energy use, 2) collecting and analyzing existing literature on energy savings in
specific miscellaneous energy end-uses , and 3) extrapolating these potentials to all end-uses
based on best Judgmmt

The characterization of miscellaneous energy use in the residential sector was based on Sanchez
(1997) where we estimated 1997 miscellaneous electricity use by main category (electronics,
motors, heating) and applied these shares to 1997 energy use given in (US DOE, 1996). We then
determined energy savings for the main miscellaneous electricity end-uses based an judgment
and existing literature as shown in the detailed spreadsheet accompanying this memo.
(Documented information an potential energy savings was available for televisions, video
cassette recorders, and waterbed heaters, where we found all three of the CCEs in these cases to
be below $0.03/KWh (51995)). Savings estimates for non-electricity miscellaneous end-uses
were based on judgment. Table C-4.1 below shows the summary results of our calculations.

Table C-4.1 1997 Miscellaneous Energy Use and Estimated Energy Efficiency Potentials

End-use Category Primary Share of Primary Estimated
' Energy Use Energy Use * Energy

(Quads) (Percent) . Efficiency

: Potential

. (Percent)
electronics 1.6 29% 25%
motors 1.6 29% 53%
heating 1.2 22% ' 33%
Total electricity 4.4 80% 33%
natural gas ' © 0.9 17% 10%
oil & other petroleumn products 01 2% 10%
Total Miscellaneous 5.4 100% : 29%

While we feel that these estimates are both credible and conservative, the paucity of existing:
research literature on miscellaneous energy savings suggests that significantly more effort
would be required to develop more detailed and robust estimates of energy savings for specific
end uses, and that this is a subject clearly worthy of continued investigation.

v
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C-4.2 FUEL SWITCHING IN RESIDENTIAL BUILDINGSH T

Tlus memo summarizes our calculations of meacts from switching from electnmty—based to gas-
based water heating, cooking, and drying in residential homes that currently have gas space
conditioning and electric appliances for these end-uses. Based an cur current calculations we
have estimated that in the business as usual scenario fuel switching energy savings is 0.11
‘quads. The additional capital cost for these measures was estimated to be $27 billion in 2010 or
$2.7 billion on an annualized basis.

Description of Calculation

The calculation of energy savings and cost potential involved several steps: 1) characterization
of the U.S. residential building stock to estimate what percentage of homes that currently have
gas space conditioning would replace their electric water-heating, cooking, and drying
appliances within -an or before 2010, 2) estimation of the unit incremental cost and energy
savings for switching from electric water heating, cooking, and drying to gas systems for these
end-uses, 3) calculation of the electricity savings, increased gas use, and increased cost to the
appropriate segments of the residential building stock in our spreadsheet calculation model, 4)

calculation of total increase in capltal expenditures nationally for undertaking this fuel
switching measure.

Background analysis undertaken for estimated that by 2010 between 5 and 36% of residential
buildings would be candidates for replacing their electric water heating, cooking, and drying
appliances with gas appliances in 2010. These percentages reflect those buildings that have
gas space-conditioning systems and are expected to need to purchase a replacement appliance
during the forecast period and were derived from background analysis for (Koomey et al, 1997)
combined with end-use stock accounting calculations undertaken for this study. For each end-
use, the displacement of electricity by the gas end-use results in unit energy savings between
29% and 59% (Table C4.1). The incremental costs for the fuel switching includes any increase in
the cost of the gas appliance in addition to the additional labor and materials charges for
installing the gas system and are further detailed in the attached spreadsheet.

To estimate the electricity savings we calculated the business as usual electricity demand for
electric water-heating, cooking, and drying appliances but excluded the fraction of housing
stock that would be switching to gas appliances. After accounting for the increase in gas we
were then able to calculate the net energy savings from this option for each end use (Table C-
4.1). The additional national cost for the fuel switching was the product of the. incremental
capital cost per unit of electricity savings for each end use and the total electricity savings.
Similar calculations of energy savings and cost were undertaken for the 100% implementation of
maximum cost-effective efficiency technology scenario, thereby enabling the use of a business as
usual and efficiency scenario that includes fuel switching.
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- - Table C-4.2 Summary of Fuel Switching Calculations :
End-use - | Fraction of | Unit energy Unit Incremental U.S. Energy U.s.
Category 2010 . savings Energy | unitcost | Savingsin 2010 | incremental
_ housing from Fuel | Savings ($1995) BAU Case = | cost BAU Case
stock Switch from Fuel (Quads) | ($Billion 1995)
(Percent) (MMBtu) Switch : .
{Percent)
Water 5% 124 29% $1,266 0.02 $1.7
heating ' ' .
Cooking 22% 1.9 33% $1,391 0.01 - $13.0
Clothes 36% 4.7 59% $690 0.08 - $123
Drying ' -

C-4.3 DIRECT AND INDIRECT IMPACTS FROM HIGH ALBEDO
ROOFS

We used the Heat Island Group's latest DOE-2 analyses of direct effects of high albedo roofs
(Konopacki et al. 1997) and boiled their results down to two parameters in residential and -
commercial buildings: 1) the percentage change in total electrical cooling use (direct effects
only) associated with high albedo roofing, and 2) the number of kBtu that gas heating use goes
up per kBtu of site electricity saved in cooling. We divided the sector savings estimated by
Konopacki et al. by the 1997 cooling energy consumption for residential and commercial sectors
from the AEO97 to derive direct percentage savings factors shown in Table C~4.2.

To account for indirect savings from roofing associated with the decrease in ambient
temperatures caused by large-scale implementation of cool roofing, we add an additional 50%
to the coohng savings (so the commercial savings percentage becomes 3.4% mstead of 2.3%).
This savings reflects the results shown in Rosenfeld et al. (1996).

To estimate the electricity savings from high albedo roofs in 2010, we calculated the business-
as-usual electricity demand associated with cooling appliances that are expected to be

replaced during the analysis period, and applied the percentages shown in Table C-4.3 to that

demand. For simplicity, we assumed that roofs are replaced at the same rate as cooling

equipment in each sector (this assumption implies average roof lifetimes of 13 years for

residential and 18 years for commercial). The electricity savings were then multiplied by the
kBtu of gas demand increase associated with each kBtu of electricity demand reduced, and this
gas use was then added to the gas heating category. The capital cost is assumed to be zero,
because the incremental costs for these materials is negligible.

Table C4.3 Summary of High Albedo Roofing Calculations

End-use Direct Indirect Total kBtu gas use| Incremental
Category Cooling Cooling Cooling | increase per| unit costs
energy use | energy use | energy use kBtu ($1995)
savings savings savings cooling
(Percent) (Percent) | (Percent) | elect. saved
' (site)
Residential 5.7% 2.9% 8.6% 0.77 - $0
Commercial 2.3% 1.1% 3.4% - 0.66 $0
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Figure D-4.1 Projected Market Penetration and Power Generation From Black Liquor Integrated
Gasification Combined Cycle Use

The annual rate of carbon offset is of course a function of the assumption that all of the current
recovery boiler fleet is generating electricity at about 15% efficiency (a pessimistic assumption
as it reduces the net benefit) and that the offset for current coal-fired generation is valued at
2.51.107 tonne-C/Wh. On this basis, the 2010 displacement is 5.2 MtC equlvalent per year, and
the 2020 displacement is 8.7 MtC equivalent per year.

A conservative analysis could preserve the initial penetration rate predicated on 10-50% of the
_units to be retrofitted to black liquor gasification and assume that 50% is the maximum
penetration of this technology (instead of total substitution). Numbers of units replaced in these
blocks of time become 14, 29, and 42 respectively for 2000, 2005, and 2010. Such replacements
would generate half of the amount of carbon savings, or 2.6 MtC equivalent per year, by 2010.
Ultraconservative assumptions could slow the penetration again by 50%, ending at a final
penetration rate of 25%, resulting in carbon savings of 1.3 MtC equivalent per year by 2010.
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| APPENDIX D-4
KRAFT PULP RECOVERY BOILER REPLACEMENT RATE

The pulp and paper industry is already at the leading edge of a capital replacement problem in
* its kraft pulp mills that use chemical recovery boilers (sometimes called Tomlinson Boilers
after their developer). The majority of the fleet of boilers will reach 40 years of age over the
next two decades. While replacement with modem recovery boilers is possible, the industry
has invested in the development of an altemnative scheme in which the black liquor is gasified;.
the fuel gases, after removal of H,S (to regenerate the pulping chemicals), are fired in a
combined cycle; and the chemical smelt IS reprocessed into pulping chemicals. Making the
assumption that today’s recovery boilers generate steam that is used in a back
pressure/extraction turbine, the current electricity generation is at an efficiency of 15% which
will increase to 30% in the black liquor IGCC scheme. As the amount of black liquor is constant,
this assumes that the future industry will engage in significant energy efficiency investments to

allow it to proceed with approximately 25% less thermal energy input resulting from the
increased electrical output.

In-service dates of the recovery boilers shown in Figure 4.8, Section 4.4.2.1, has been

accumulated into 5-year bins. These are presumed to be a set of age cohorts separated by 5 years
~ as shown in Table D4.1.

As the first two age cohorts are already beyond 40 years, it is understood that the kraft pulp
mills are making life extension investments to keep them running until the new technology
arrives. For the purposes of market penetration, it is assumed that the 1950 cohort will be
retrofitted with 10% black liquor gasification, that of
1955 will be 25% retrofitted as part of life extension,
and that the 1960 cohort will be 50% retrofitted. The
1965 cohort maturing in 2005 will all be replaced by
black liquor gasification. The three partially

Table D-4.1 Age Cohorts of
Recovery Boilers

retrofitted cohorts will be finally replaced by 2005, -
2010; and 2015 respectively, adding to the fleet that Y_egr End Number

will be replaced in those years.

1950 16
The number of black liquor gasification units brought
- onstream in each of the five years from 2000 are shown 1935 14
in Figure D4.1 (the 1990 and 1995 cohorts are included : :
in the 2000 sum). And the 2005, 2010, -and 2015 cohorts - 1960 36
incorporate the total conversion of those units. The line
is the annual amount of electricity that will offset 1%5 39
fossil fuel generation outside of the industry (either
through self-use, thus displacing power purchases, or 1970 65
export of the incremental generation). .
1975 49
It was assumed that the 307 boilers in the data set up to '
1990 represent 80% of today’s black liquor heat output 1980 36
of 1094 TBtu. On this assumption each unit of the 307 .
units replaced is capable of generating an additional 1985 2
136 GWh/year (approximately 16 MW incremental
output per kraft boiler replacement). The resulting 1590 30
generation in each year is shown in Figure D4.1. - _
: : Total 307

’
.
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Based on the above detailed analysis of the chemicals and the food mdustnes (Major 1997), Onsite
estimates that half of th.lS boiler capacity could be replaced by ATS.
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Figure D-3.3 Total Remaining On-Site Generation Potential in the Chemical Sector

Existing
Cogeneratior
(9% of sites)

Cogeneration
Potential
Power Generatior (50% of sites)
Potential
{41% of sites)
TOTAL ON-SITE _ |
GENERATION - 31.3GW Source MIPD Database _ |
POTENTIAL . Total of 1,354 Sites |

A similar E/T ratio analysis was performed for the food sector plants represented in the MIPD
database. Results indicate a total remaining on-site generation potential of 34.5 GW of which 20 GW is
cogeneration potential (see Figure D-3.4). Note that this estimate of 20 GW of technical cogeneration
potential exceeds that presented in Figure D-3.2 for the food sector.

Figure D-3.4 Total Remaining On-Site Generation Potential in the Food Sector

Existing On-Site
Generation

(4% of sites)

Power . =
Generation Cogeneration
Potential Potential
(34% of sites) (62% of sites)
TOTAL ON-SITE . )
GENERATION 34.5 GW ‘ _ Source MIPD Database
POTENTIAL . ) Total 2,705 Sites
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Figure D-3.2 Cogenerétion Technical Potential for Five Major Industrial Sectors

30,000

20,000

10,000

Technical Potential. (MW)

Paper Chemicals Petoleum Food Primary Metals .

Average Cogeneration Unit Size (MW) 9.0 6.8 10.8 ’ 1.8 39

New On-Site Generation Potential in the Chemical and Food Sectors Based on E/T Ratio. Onsite
further investigated the total remaining on-site generation potential for two industrial subsectors,
chemicals and food, using the MIPD database for each subsector. Instead of referring to boiler capacity
for this determination, the ratio of the plant’s electnc to thermal demand was used. Recognizing the
coming competitive market in the electric power industry, this_analysis examines the technical
potential for both cogeneration and -on-site power-only applications. An indicator used to distinguish
cogeneration potential from power-only applications is the site’s E/T ratio:

Site Electric Demand
Site Thermal Demand

E/T Ratio =

Calculated E/T ratios were segregated into low, medium and high “bins.” Sites with low and medium

E/T ratios are assumed suitable for cogeneration while sites w1th ‘high E/T ratios suggest power-only
opportunities.

As shown in Fig. D-3.3, chemical sector results indicate a total remaining on-site generation potential of
-31.3GW of which 158 GW is cogeneration potential. The cogeneration potential of 15.8 GW is

approximately equivalent to the results obtained by the boiler analysis (as previously shown in Figure
D-3.2).
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For this analysis, it is assumed that the population of displaced industrial boilers fires natural gas.
This should provide conservative results since both oil and coal are frequently used in these
applications. Typical seasonally adjusted boiler efficiencies can range from 60-80%. Actual efficiencies
depend on heat recovery equipment (economizers, air preheaters), hours at part load operation and
maintenance to insure clean boiler surfaces and optimal combustion. Our analysis assumed a boiler
efficiency of 70% when determining industrial boiler emission offsets. o

120 1b/MMBtu (gas)
70% boiler efficiency

Industrial Boiler Emission Factor = X 3.412 MMBtwWMWh = 585 Ib/MW

A total emission reduction of 29,700,000 tons of CO, (8,100,000 tons carbon equivalent) is estimated for
the industrial boiler offset.

101,500,000 MWh x 585 Ib/MWh

= 29,700,000 tons .
2000 1b/h

Total Boiler Offset =

The equivalent emission factor for the industrial boiler offset in terms of electric generation is
calculated as follows: :

- 29,700,000 tons x 2000 Ib/ton
160,341,000 MWh

= 370 Ib/MWeh, or101 Ib/MWeh (Ce)

As described above, based on the difference between the baseline and ATS, Onsite arrived at an
additional carbon savings due to industrial ATS of 30 million (short) tons carbon equivalent, or 27 MtC
equivalent. Note that Onsite’s boiler offset assumes natural gas boilers, whereas most heavy industrial
boilers are coal, oil, or biomass-fired (DAC 1995). :

Onsite Sector-Specific Cogeneration Plus Power-Only Analysis. " Furthermore, ATS will have
applicability to industrial markets with little or no steam load which will increase the ATS
cogeneration capacity potential. Steam pressure is a function of process requirements. Steam pressure can
be as low as 15 psig for low temperature heating, and up to 600-700 psig for combined cycle applications
or applications where steam is used to drive a steam turbine. '

Estimation of Fraction of Boilers Suitable for ATS. Five industries dominate the industrial boiler
market: pulp and paper, chemicals, petroleum, food, and primary metals. These five industries
represent approximately 47% of the boiler population, 78% of total industrial steam capacity, and 86%
- of boiler fuel use. A combined technical potential of approximately 70 GW was estimated for these five
key industries based on installed boiler capacity as shown below in Figure D-3.2.
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Equivalent Full Load Hours. To estlmate annual emissions, the number of hours that the sources are
emitting must be estimated. Equivalent full load hours for U.S. generatmg plants were estimated based
on the EIA/AEO 1994 as follows (AEO 1994)

EFLH = 3,720,000, 000,000,000 kWh = 4580 hours .
812,000,000 kW

3,720, 000 bllllon kWh from AEO, 1994, Table F1, p. 165 (2010)
812 GW from AEO 1994, Table F1, p. 165 (2010)

Fuel Mix. The emission reduction estimate assumes that ATS will displace coal, oil and natural gas
from utility and non-utility sources. Nuclear and hydropower sources were excluded from the analysis.
The basis for the estimate is AEO 1994. :

* The overall fuel mix including all sources was first determined based on the AEO 1994 as follows: -

Coal _ (1886 utility + 54 nonutility) billion kWh

Coal = =
Total (3260 utility + 338 nonutility) billion kWh

= 54% ,

_ Oil Oil (74 utility + O nonutility)' billion kWh 2
= = - = o ,
Total (3260 utility + 338 nonutility) billion kWh

Natural Gas = NG _ (373 utility + 144 nonutility) billion kWh - 14%

Total (3260 utility + 338 noqutility) billion kWh

Then, the total generation mix from coal, oil, and gas is equal to:

54% + 2% + 14% = 70% .

The above calculated percentages were then adjusted to reflect the generation mix assuming that ATS .'
displaces only coal, oil and natural gas sources.

Coal = 222 _ 779, .
. 0% .
0il = 22 = 29%,
70%
Natural Gas = -14% = 20% .
70%

Industrial Boiler Offset. The total industrial boiler emission offset assumes that 25% of the total ATS

fuel input can be recovered as useful heat. The following calculations support the information presented
in Table D-3.7.

Total Heat Recovered from ATS = Fuel Inpuf X 25% , or

35,000,000 kW x 9000 Bruw/kWh x 4,580 hours

_ X 25% =101,500,000 MWh .
1,000,000 BwMMBu x 3.412 MMBuw/MW '
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Table D-3.6 CO, Emission Comparison Assuming 35 GW Displacement of U.S. Generation Mix and Industrial Sources with ATS (tonnes O

Emission Source

Combustion T&D Losses* Boiler Offset Combined
Electric Annual
Heat Rate Electric | Emission Emission ] Emission Emission

Generation Capacity, (HHV), Generation Generation, Factor, Emissions,| Factor, Emissions,| Factor, Emissions] Factor, Emissions

Technology MW Hours Btu/kWh Mix (1000) Mwh [ib/MWeh 1(X)0 tons Jib/MWeh 1000 tons [Ib/MWeh , 1000 tons Ib/MWeh , 1000 tons
Displaced Sources
Coal- 35 4,581 10,300 77.1% 123,690 598 36,990 30 1,855 101** 6,254 729 45,098
Boiler/Turbine . - :
Oil- 35 4,581_ 10,300 ' 2.9% 4,581 506 1,159 25 58 1014 232 632 1,448
Boiler/Turbine ’
Gas- ' 35 4,581 10,300 20.0% 32,070 337 5411 17 271 101** 1,620 455 7,301
Boiler/Turbine -
Total Displaced 100.0% 160,341 543 - 43,560 27 2,185 101** 8,105 672 53,847
Gas-ATS 9,000 100.0% 160,341 295 23,635 295 23,635
Emission * 30,213
Reduction

*T&D loss assumed equivalent to 5% of combustion emissions.
**Based on a CO,combustion emission factor of 160 Ibs/MWth (Ce) for an industrial boiler.
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Onsite then calculated the displaced emissions of industrial boilers and the 2010 electricity grid as
shown in Table D-3.6. The industrial ATS used for cogeneration can reduce CO, emissions by displacing
electric generating sources and industrial boilers. Onsite's analysis assumes that the displaced electric
generating sources include both utility and non-utility sources firing coal, oil and natural gas. The
emission reduction includes a combustion component and a T&D component. Power generated by ATS will
not incur a loss to transmit power over long distances since ATS will be located close to load centers.
With cogeneration, the ATS will displace industrial boilers by recovering heat in the gas turbine
exhaust for steam production.

- The target for ATS deployment is estimated at 35 GW by the year 2010. This target assumes that by the .
year 2010, there will be approximately 90 GW of potential for industrial gas turbines and competing
cogeneration technologies and that ATS can capture approximately one-third of this market.

Reduction in CO, emissions is estimated to be approximately 27 MtC ( converting from short tons in
Table D-3.6) equivalent assuming displacement of 35 GW of coal-, oil-, and gas-fired generating sources,
and including a T&D loss and industrial boiler offset. The details of this estimated reduction are shown
in Table D-3.6 that reflects reduction in tons of carbon equivalent. Some of the assumptions used to |
develop these tables are explained below.

assumes that the cost of ;gmty for non-utilities is 1.5 percentage points }ugher than that for utilities, while the cost of
debt to non-utilities is 0.75 percentage points higher.
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generating capacify, one-half of the installed boiler capacity was used to account-for boiler utilization

(see Onsite Sector-Specific Cogeneration Plus Power-Only Analysis Section on page 3.13)(load

fluctuations and redundancy).

. Onsite then calculated the equivalent electric generating capacity for these boilers from the
-electric/thermal (E/T) ratios. For those boilers that would produce electricity in the industrial ATS
range (140 MW), Onsite then estimated the fraction that could use ATS for this purpose. Total
cogeneration potential in the ATS size range is determined as shown in the following equations. Note
that Onsite assumes a simple-cycle industrial ATS with an E/T ratio of 0.6. The E/T ratio for
recuperative ATS is approximately 1.0. :

E _ 06 = Cogeneration Potential (MW) x 3.412 MMBwh/MW

T 700,000 MMBtwh x 0.5 Capacity Factor

The boiler capacity utilization factor of major industrial sectors was estimated at between 45-50%
based on the MIPD database. It was calculated as actual steam production divided by maximum annual

steam production. Capacity utilization efficiencies of cogeneration plants are generally higher and can
approach 85-50%.

700,000 MMBtw/h x 0.5 x 0.6
3.412 MMBuw/h/MW

Cogeneration Potential MW) = = 60,000 MW .

Onsite’s electric capacity potential is thus approximately 60 GW for the ATS and competitive
technologies given an eventual product portfolio from 1-25MW and system configurations that
typically comprise multiple turbine units. : '

‘Estimates in the Year 2010. Assuming industrial growth of 1.5% per year for the next 18 years (using a
1992 baseline), the estimated growth of the ATS market can be adjusted by the following factor:

Escalation Factor = (1 + 0.015)**%" = 13,

Then, total boiler capacity for the non-cogeneration steam market in 2010 is equal to

1.3 x 1,000,000 MMBtw/h = 1,300,000 MMBtuh

and the ATS c.ogeneration potential in 2010 is equal to

1.3 x 60GW = 78GW . -

Onsite also estimated that there will be an additional 12 GW of potential technical capacity for
industrial ATS cogeneration in 2010 in the commercial and light manufacturing sector. Altogether, the
ATS technical potential in 2010 is 90 GW. :
Based on the market projection estimates of Solar Turbines, and assuming that Solar Turbines captures
one-third of the ATS market by 2010, Onsite estimates that ATS will be responsible for 35 GW of
industrial electric cogeneration capacity (Carroll 1997, Major 1997). Presumably this proprietary Solar
Turbines analysis contains some of the same factors considered by the AEO analysis that Energetics
used, but this cannot be checked®.

¢ AEO97 statés that non-utility generators have a highl{ leveraged capital structure compared to that of investor-
owned regulated utilities. AEO assumes that the financial structure of non-utilities is 80% debt and 20% equity. It also
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will replace industrial boilers. First, electric utility . restructuring favors orrsite generation because
customers will have energy supply choices. In a competitive electric market, customers will always
seek low cost solutions. There are adequate natural gas supplies to support increased cogeneration in
place of boilers. Second, once environmental regulations on industrial emissions take a life cycle
approach and consider power plant emissions, ATS will be environmentally preferable. It has the
lowest emissions of both NOx and CO, per unit of energy (600 Ib CO,/MWh) (see figure 4.3.3) of any
power. technology. In the coming restructured electric utility industry, new capacity additions will be
required. Onsite states that efficient, environmentally benign cogeneration will have compelling
market value to end users, distribution companies, power marketers and the environmental community.
Onsite expects that future penetration, given the huge technical potential not yet served by
cogeneration, will exceed the historical industrial market penetration, particularly for smaller power .
technologies principally sized to meet internal energy requirements. If other sector impacts, such as
carbon ordered dispatching, are considered, the replacement of boilers by ATS cogeneration would be

greatly accelerated. Thus, Onsite contends that historically based estimates do not apply in this
situation.

New Industrial Cogeneration Potential Based on Installed Boiler Capacity. New cogeneration
potential is approximated by matching boiler capacity with the thermal ‘output of a gas turbine. This
steam boiler capacity estimate was drawn from the Major Industrial Plant Database (MIPD)
(Petroleum Information Corporation). The MIPD database consists of 20,000 U.S. industrial plants and
accounts for approximately 90% of all industrial energy use. Plants currently cogenerat:.ng were

excluded from the analysis. The resulting industrial cogeneration market potent1a1 is illustrated m
Figure D-3.1.

‘

Figure D-3.1 Industrial Boiler Market Cogeneration Technical Potential

Core Industrial ATS Range

- -

10,000

Technical Potential (MW)

Bader Capacty (1000 bihr) <2 %-% .10, 100-250 > 250

Cogeneration Capacty (MW) <22 22-44 44-88 ag-2 >2
Average Cogsneration Sze (MW) [oX] a3 - 86 139 28

The total boiler capacity for the non-cogeneration industrial steam market is approximately 1,000,000
MMBtu/h. The core market for the industrial ATS is indicated in Figure D-3.1 for boiler capacmes
between 25-250 MMBtu/h (equivalent ATS capacity is 2.2-22 MW). To account for multiple engine
installations, a portion of the far right column ( greater than 250 MMBtu/h) was included in the ATS
~market potential. Onsite estimates that a large percentage of the total boiler capacity
700,000 MMBtu/h, or 70%. could be an industrial ATS market These are boilers that fit the size range
for the ATS industrial gas turbine. A total ATS technical potential with GW for the ATS and
competitive, technologies was estimated for an eventual product portfolio from 1-25 MW and system
configurations that typically comprise multiple turbine units. When determining-equivalent electric
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Energetics’ analysis estimates that industrial-scale ATS will be used in 39 GW of this market (5% of
the total). Energetics notes that recent utility industry trends toward greatly extending plant lifetimes

where possible lowers their estimate. They note that carbon reduction policy changes could potentially
affect this trend. : :

Energetics also calculates carbon reductions for two types of biomass markets. First, there is the small
new capacity market comprising 1% of all new electrical generating capacity projected by AEO9 in -
which coal-steam and combustion turbine/diesel segments (utility and non-utility) will be replaced by
biomass (an assumption based on a law requiring that 1% of new electrical generating capacity in
California be biomass-fueled). This accounts for only 0.1 MtC equivalent or 0.2 GW of electrical
capacity. Second, there is the replacement of the existing biomass cogeneration capacity in the forest
products industry by ATS coupled to a biomass gasification equipment during the period 2000-2010. This
is much larger, comprising 2.4 MtC equivalent carbon reduction or 5 GW of no-carbon capacity.

Carbon Reduction Calculation. Table D-3.5 shows the electric capacity for new (nc) and replacement
(repl) capacity in these markets. In order to calculate the carbon reductions due to ATS, Energetics
calculated carbon reductions for displacement of coal steam and gas-fired combustion turbines
separately. CO, reductions were calculated by using the different heat rates (coal steam vs. ATS and
combustion vs. ATS), the projected generating capacity, and the estimated service load (6500 hours).
Carbon equivalent reduction is calculated from CO, reduction using the ratio of molecular weights of
CO,and carbon, ie., 44/12 = 0.27. .

Table D-3.5 Energetic's ATS Electric Generation Potential Capacity and Carbon Reduction Calculation |

ATS Industry
: Capacity CARBON
-Industrial ATS Market Penetration REDUCTION
(MW) ' (MMTCE)

NC-NONUTILITY coal-steam 879 0.8
combustion 14,581 3.1
NC-COGEN coal-steam 700 0.6
: combustion 3,900 1.1

- NC-DISTRIBUTED coal-steam 1,861 1.6 -

combustion 11,450 2.5
NC-BIOMASS coal-steam 52 0.0
combustion 291 0.0
RE-NONUTILITY coal-steam 782 0.7
combustion 2,833 0.6
RE-COGEN9,10 - coal-steam 3,067 2.7
combustion 10,633 3.0

RE-DISTRIBUTED coal-steam © 6,082 ' 1.8
gas/oil steam 16,410 0.7
" combustion 3,230 0.2

RE-BIOMASS11 Tomlinson 1,215 2.6
Hogged-fuel 1,150 2.4

TOTAL 79,114 244

Onsite New Cogeneration Analysis. This analysis, conducted for ORNL by Onsite Energy, Inc., (Major

and Davidson 1997) is a bottom-up analysis that begins with the steam draw capacity that is ¢urrently
- provided by boilers. It does not consider the cogeneration replacement market or the non-cogeneration
(power-only)ATS market. Onsite projects that there are several reasons why cogeneration increasingly
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strategies to pay for the additional capital costs for the on site system. This could dramatically
decrease the payback time. In-addition, as efficiency is further maximized, more "low carbon”
electricity (which would be less expensive in the HE/LC scenario) could be sold to the grid.

Energetics Analysis. An analysis conducted for DOE/OIT by Energetics, Inc., used a top-down approach
that relies upon the Annual Energy Outlook (AEO) reference case (developed using the NEMS model).
Energetics’ market analysis was based on the projected electricity generating capability data given in
the Reference Case Forecast in AEO96. Energetics used AEO96 instead of AEO97 because the later source
did not break out the non-utility market segment from electricity generation by utilities. Energetics first
divided the potential industrial ATS market into new capacity, which describes capacity additions
between 2000 and 2010, and replacement capacity which describes retired electrical capacity existing in
2000. Within these new and replacement market types, non-utility, cogeneration, distributed, and
biomass market components were estimated. These market components are described in the following
paragraphs. Although industrial-sized ATS can be as large as 90 MW in multiple units, this analysis
was limited to ATS in plants with less than 50 MW generating capacity Larger-scale ATS could be used

in higher capacity applications by industry, but because there is the potennal overlap with utilities,
they are excluded from this analysis.

Non-utilities (which exclude cogeneration by definition) are usually small power producers and are
specifically defined by criteria given in the Public Utility Regulatory Act of 1978; they include
industrial plants, commercial establishments, and institutions generating electrical power primarily
for on-site use. It is assumed that industrial ATS equipment will capture 73% of all new capacity
additions in the coal-steam boiler and combustion turbine/diesel portions of the non-utility market

between 2000 and 2010, and 73% of all capacity replacements within this period. Note that 73% of non- |

utility electrical generation is owned by industrial firms, according to EIA report; thus, 73% was chosen
to limit the market captured by the industrial (small-scale) ATS equipment. This can be considered a .
proxy for some estimate of how much non-utility electricity generating capacity is small scale and thus
a suitable market for direct substitution of industrial ATS equipment. Energetics also assumed that one-
third of the installed capacity in 2000 will be retired in the period 2000-2010, consistent with a 30-year
lifetime for this type of equipment. Total non-utility electricity generating capacity in 2010 is projected
as 66.5 GW in AEO96; Energetics’ analysis projects that 19 GW of this total (29%) will use industrial
ATS technology by 2010. The projected carbon emission reduction associated with industrial ATS use in
this market is based upon consideration of the lower heat rate of ATS equipment plus the switch from
coal to gas within the coal-steam market component.

Cogenerators include industrial plants requiring steam and electricity in their operations and other
establishments such as hospitals and universities requiring both heat and power. The AEO
cogeneration estimates are based on the asSumption that the historical relationship between industrial
steam demand and cogeneration will continue in the future. The data source for this historical data,
EIA’s Annual Non-utility Power Producer Report, consists of data from approximately 400 cogenerators
for 1989-1994. The analysis assumes that industrial ATS will compete successfully with other
technologies for new capacity in the coal- and natural gas-fired cogeneration market segments in the
period 2000-2010, and will also capture available equipment replacements within these market
segments. Equipment replacements are estimated based on an assumed useful lifetime of 30 years for this
type of equipment. Total cogeneration capacity is projected by AEO96 for year 2010 at 55.3 GW; the
total industrial ATS cogenerating capacity (coal- and natural gas-fired) in 2010 estimated in this
analysis is 18.3 GW (33% of the total). The projected carbon emission reduction associated with
industrial ATS use in this market is based upon consideration of the higher efficiency of ATS equipment
plus the switch from coal to gas in the existing coal-fired cogeneration market segment.

The distributed market component for Energetics‘ ATS analysis is the public utility system itself. Here,

Energetics assumed that small-scale ATS equipment will enter the market and displace some marginal
capacity that would otherwise have been supplied by large-scale plants owned by public utilities.
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: Table D-3.4 Results S
Case - MtC GwW TWh TcF
Efficiency ' ' 4-6 24-27 , 145-165 13
High-Efficiency/ Low-Carbon 16-25 45- 51 270-310 2.5

Table D-3.4 shows the results of the analysis. Note that the gas demand in the two cases corresponds to
12% and 25% of projected total gas demand in the industrial sector in 2010.

Comparison with Other Analysis. The estimates by Energetics and Onsite that we describe later in
this appendix’ are more optimistic than our analysis. Even though they are both only slightly higher
in carbon reductions than the high end of our HE/LC case, their authors have described them as
“optimistic business as usual” case. Furthermore, each of these analyses only considers part of the total
ATS market. It appears, however, that industry analysts have reason to be optimistic. 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 indicates that the ATS may penetrate far more rapidly than traditional energy
technologies.

Our results-are, however, quite optimistic compared to a recent report (Energy Innovations 1997) by a

group of energy efficiency-oriented non-profits.” While our analysis predicts as much as 310 TWh

additional CHP electric capacity in 2010, this new report, (by a coalition that includes the Alliance to

Save Energy and the American Coundil for an Energy Efficient Economy), predicts no additional
penetration of ATS-type systems by 2010. The report states that this is not due to technical issues but to

policy issues such as "utility restructuring and the lead time associated with permitting." However,

after -the report's publication, the industrial chapter author (Elliot 1997), stated that he made this

assumption (zero penetration by 2010) to simplify the calculation for the industry sector. He also stated

that more realistically, under the report's “innovation” scenario, that there could be roughly 100 TWh
additional ATS CHP generation by 2010. Beyond 2010, this report assumes that the policy issues that
delayed ATS penetration are resolved,’ and the ATS technology then penetrates rapidly. By 2020,

ATS is assumed to account for an additional 400 TWh capacity, and by 2030, more than 640 TWh. Thus,
'by 2020, the Energy Innovations report is even more optimistic than our HE/LC scenario. Our report does -
not address policy issues, but focuses on technical and economic potential. In light of this, we believe

that these two reports are in rough agreement as to the ATS's technical/economic potential (with

Energy Innovations slightly more optimistic). :

Additional Aspects of PSEM applied to ATS. If policy is designed correctly, industrial ATS users will
have strong incentives to use it as a PSEM technology. For example, one idea (Romm 1997) is to used
the savings from the additional energy efficiency gained by using ATS with CHP and other PSEM

* Though these two analyses, show similar carbon reductions, as shown later, they each take a very different
approach to estimating them. Energetics maximum technical potential does not explicitly include cogenerators that sell
power while Onsite’s technical potential allows for all cogenerators to sell power. Other estimates of the maximum
technical potential for cogeneration from boilers have been much lower than Onsite’s, however, according to a 1995
boiler study (DAC 1995), “The [maximum technical] potential for cogeneration calculated above 35 GW of capadity is
a function of technology used. Using the heat rates of 10,000 to 25,000 Btu/kWh in the ABMA database, the thermal or
steam to electricity ratios S/E (kWh steam/kWh electric) are ically in the order of 6 to 1 to 10 to 1. Gas turbines
with waste heat boilers have S/E ratios roughly 50% of this value (i.e., gas turbines can generate more electricity and
less process steam) as a result, the technical potential for cogeneration may be considerably higher than calculated
above.” ATS's heat rate is at least twice as good. If we substitute the ATS heat rate into the above, we arrive at a
total maximum technical capacity of at least 70 GW. Thus, under the high-efficiency /low-carbon scenario, Onsite’s

~ and our estimate of the new steam market is quite reasonable, and could be considered conservative.

? Several reviewers have commented that substantial penetration of ATS into industrial generation would require the
cooperation of tHe utility sector. One scenario that could be imagined in which they cooperate is that the utilities
themselves finance and service these industrial ATS's for CHP and power generation. .
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1997). This is the Energy-In to the steam boilers. We then calculate what the -available electricity is
assuming that the same amount of steam is needed. (This is a conservative assumption since it is likely
that less steam will be required in 2010 due to other efficiency measures—especially under the
efficiency HE/LC case’) This factor is probably the most uncertain since we are comparing the future
operating efficiencies of boilers (now estimated to be near 70% (Onsite 1997) even though most new
boilers are rated over 80%)( Roop 1997) with the future "steam-electric" efficiency of the ATS (now
estimated to be 80-85%). The difference between these two efficiencies gives us the electricity
available in quads that we convert to TWh. We obtain the corresponding GW hours by using the EIA
duty cycle found in AEO97's estimates of future industrial cogeneration potential. This is our maximum
CHP potential for 2010. It compares favorably to the estimates used as part of the EIA/NEMS
modeling (DAC 1995). We then subtract the cogeneration growth already included in the EIA/NEMS
BAU. After which we subtract the fraction of these boilers that are biomass boilers. These are mainly
the boilers assumed to be replaced in Section 4.4.3.1.

Then, for the high-efficiency /low-carbon (HE/LC) case we use Onsite's estimate of the total available
boiler sites appropriate for ATS as the market penetration. For the efficiency case, similar to Section
4.2.2, we assume that the penetration of ATS in these markets will be half that of the HE/LC case.
This efficiency case penetration (33%) is similar to Onsite's own estimate (38%) of the penetration in
their "optimistic business -as- usual” case. We then use the carbon intensity of the 2010 grid provided
by the Chapter 6 authors to convert from TWh to million metric tons of carbon equivalent (MtC). Since
coal, not natural gas will be marginal in the HE/LC case, it is not surprising that the offset carbon
intensity is higher than in the efficiency case. Finally, we account for the steam boiler fuel switching.
Since we have already subtracted biomass boilers, only gas, oil and coal boilers remain for comparison.
Again, the HE/LC gas preferentially replaces higher carbon steam boilers. In the efficiency case we

assume that the steam boilers are replaced by natural gas ATSs in proportion to their current

distribution (see footnote). In the HE/LC case, we assume that the coal and oil boilers are replaced
first..

The power-only portion of the calculation has far fewer steps. We begin with the total industrial
electricity demand for 2010 in the efficiency or HE/LC case. We then simply assume that the ATS will
capture a certain portion. There is no strict quantitative basis for this assumption, however our expert
reviewers agreed that 20% was a reasonable number for the HE/LC case and 10% for the efficiency case.

Given that the ATS is only commericialized in 2001, this implies a penetration much higher than 20%.

in the 2005-2010 time frame. It is important to remember that this is an artificial power-only market
which includes a component of CHP for which some of the steam is used for extra electricity. _As
mentioned earlier, we only take credit for transmission and distribution (T&D) Twh. We then convert
this to MtC using the appropriate carbon intensity for the efficiency or HE/LC case.

Finally, it is important to. note that we have focused on those ATS markets where ATS penetration is
most likely to result in substantial carbon savings. For example, we did not examine markets such as
cogeneration replacements, where ATS is likely to penetrate.

? For example, the ATS itself may further maximize system efficiency by replacing electricity used to drive motors that
drive equipment with direct power for the equipment. The "new steam” market could also include "district energy” type
combined heat and er sites where businesses group together and share electricity and steam from the same turbine.
A recent study (IDEA 1997) shows that of the nearly 6,000 current U. S. district heating installations that generate
1.1Q of energy, 8% are industrial.
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The values of 2 and b are not well known for the entire market. For analytic purposes we further assume
that this "CHP market” consists of all those applications, where the Energy-In (see Table D-3.3 4th
column), for the maximum potential combined heat and power market, equals the Energy-In for all
industrial steam boilers. This assumption, though more difficult to understand intuitively, also
simplifies the calculation. The sites where the Energy-In exceeds the energy for the steam boiler are
converted as potentially CHP (for the portion of Energy-In equal to the energy for steam) and partially
power-only (for the portion of Energy-In above that used for the steam boiler). We also assume that
the ATS in power-only markets will only save carbon due to avoidance of transmission and distribution
losses (7%). This conservative assumption also makes the calculation simpler since there is no need for
chapter authors to avoid double counting. As shown in tables D-3.3 and D-34, this causes the ATS
power-only carbon reductions to be much smaller than others’ estimates. This assumption amounts to
assuming that the power not being used due to CHP has the same average emissions (on a Ibs/MWh

~ basis) as the ATS. Table D-3.2 shows the assumptions and factors needed to work across the calculation
shown in Table D-3.3.

Table D-3.2 Assumptions and Factors Used in Calculation of 2010 ATS Electricity Generation and
Carbon Offsets for CHP and PO Markets -

Assumption/Factor . Efficiency High-Efficiencyl
: Low-Carbon

1-1992-2010 CHP scaleup factor (@1.5% per year) ' 1.3

2-Steam Boiler Duty-cycle (Hours pér year=52% 4581 hours
utilization) (Onsite 1997)

3-Difference between ATS CHP and Steam Boiler : _ 10-15%
Effidency (Onsite 1997)

4-Conversion from quads to TWh (= *293) _ 1/.003412
5-Power Duty-cycle Hours (AEO97) (Hours per year) 6607 hours

6-2010 NEMs BAU case additional Electricity generation . 51 TWh (8 GW)
from Cogeneration (AEO97)

7-Biomass Boiler Fraction (Forest Products) (DAC 1995) 38%

8-ATS penetration in the CHP market (Onsite 97) 35% 70%
9-Grid offset carbon factor (gm/kWh) (Chapter 6) 89 160

10-Fuel switching factor for conversion of boilers from oil or 1.28 1.53
coal?

11-ATS penetration in the Pdwer-only (e.g- ALL industrial 10% 20%
demand) .

12-2010 Industrial Electricity Demand TWhr (scaling from 1183 TWh 1094 TWh
AEO97 BAU of 1289 by results of Chapter 6)

13-Transmission and Distribution losses ' 7%

As shown in the tables D-3.3 and D-3.2, we begin with the current sream demand and scale it up at
* 1.5% per year for both cases. We then convert this to Btus assuming a duty cycle of just over 50% (Onsite

! For the efﬁaemg case, we assumed the non-biomass boilers were—r?laced in the same proportion as their current
distribution (DAC 1995.) (Natural Gas-48%, Qil~36% and Coal—16%) For the HE/LC case, we assumed that oil and
coal boilers would be replaced first (Oil—69% and Coal--31%).
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APPENDIX D-3

METHODOLOGY: ESTIMATES OF CARBON REDUCTIONS
RESULTING FROM ADVANCED TURBINE SYSTEMS
: TECHNOLOGY

Details of Section 4.3.2.1 Analysis. We divide the 2010 market for ATS into three segments:

Power-Only—the steam from the ATS is fed back into electricity generation.
Cogeneration—traditional "combined heat and power” (CHP) where ATS is optimized for steam
production.

* New Steam-—new "combined heat and power" (CHP) where electricity generation is the priority
and steam is used as needed.

Traditional power-only and cogeneration are already included to some extent in the EIA BAU case for
2010- The power-only ATS would be competing in the IPP market that is projected to grow rapidly. ATS
~would also be competitive in the cogeneration market (producing more electricity per Btu than its
competitors), but cogeneration market growth is constrained'. AEO97 predicts that in 2010, there will
be 333 TWh of industrial cogeneration capacity in the U.S., a growth of 51 TWh over the best estimates
of current industrial cogeneration capacity. f

As explained in Section 4.3.2, most of the growth over the BAU for the ATS is in the third "new steam”

market. This "new steam” market explains much of the additional penetration of the ATS. However,

from an analytic point of view, this new market is difficult to analyze. There is no "existing
technology” with which to compare  ATS's new steam applications for calculating the carbon
reduction. It has aspects of both traditional cogeneration and power market analyses. Therefore, we

decomposed this "new steam” market into CHP (cogeneration assuming heat/power balance) and
power-only markets.

" New steam = a*CHP + b*PO
Note that the power-only market here is broader including some high E/T ratio sites where there is
little steam demand. The CHP market is also broader than cogeneration because it is not limited. to

actual sites where the steam and electric needs are matched. Table D-3.1 shows the Onsite sector-
specific values for a and b based on the analysis presented at the end of this appendix.

Table D-3.1 CHP and PO Market Fractions From Figures D-3.3 and D-3.4

Sector a (CHP) b (PO)
Chemicals S1 .49
Food 58 42

! This constrained growth is partly due to technical reasons, traditional cogeneration systems require that steam and
electricity be matched (or else the efficdency drops off). The new ATS overcomes this problem by running efficiently at
a wide range of E/T ratios. Cogeneration has 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 éeneration. When policies to promote CHP are instituted, however, this fraction
can grow dramatically. (Major 1995). Finland, Denmark and the Netherlands have each achieved a contribution of
about 30% of electricity production based on CHP.
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station electric generatmg system have been made for 1SMW industrial ATS projected to be
commercially available by the year 2000 (Major and Davidson 1997).
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smoke free offices has reduced the need for fresh air, suggesting a change in ventilation standards may
be appropriate in some older buildings. '

_Related issues arise in consideration of fan and pump de51gn The efficiency of fans and pumps are the
‘ratio of the theoretical power required to maintain a given flow rate against a given pressure drop to
the actual power required by a particular fan or pump. The efficiency of this equipment is highest
within a narrow operating range of pressure and flow. Outside of this range, the efficiency can drop
substantially. Therefore, it is important to match a fan or pump to a particular set of operating
requirements. It is common practice to adjust pump performance by reducing the impeller diameter. this
too is accompanied by reduced efficiency. As an alternative, pump speed can be varied to adjust flow
rate. This can allow operation at higher efficiency while matching load. The use of speed control an
fans can be equally important, permitting operation near optimum efficiency over a range of flow
conditions. Current practice relies on throttling (restricting flow by valves or dampers) to achieve flow
control. This is obviously accompanied by substannal friction losses and, less obviously, by operation of
fans and pumps at sub-optimal efficiency.

The development of economical adjustable speed drives for AC motor systems may provide the largest :
potential efficiency opportunity. On average, adjustable speed drives result in 15% to 40% reduction in
energy consumption, and only about 10% of appropriate opportunities for adjustable speed drives have
been exploited (Resource Dynamics Corporation 1992).

Cogeneration

An important strategy for reducing greenhouse gas emissions is to implement improvements in the
efficiency of energy conversion processes. Fossil fuel is used at many industrial sites to raise steam for
process heating and other process requirements. Depending on the relative electricity demand (steam to
electricity ratio, KWh/Btu) and the price of electricity, such industrial sites may be candidates for the
cost effective application of cogeneration. However, NO, emission regulatxons may be a major
xmpedm‘\ent to the expanded adoption of industrial cogeneration.

In a cogeneration system, the thermal energy generated by the combustion of fossﬂ fuels is first used to
generate electricity before it is used to provide process steam. The advantage of such an approach is.
that little additional fuel is required for the electricity generation over that required for simple steam -
production. Thus, the efficiency for use of the thermal energy available from the fuel is higher than
with separate electricity generation and steam production, and the net green house gas emissions can be
reduced by the application of cogeneration. There are two common alternatives for the power
generation side of cogeneration: a Rankine cycle (steam turbine) with turbine exhaust steam directed to

meet process requirements and a Brayton cycle (gas turbine) with steam raised in a heat recovery steam
generator (HRSG) using the hot turbine exhaust gas.

The economics of a cogeneration system depend an the steam requirements of the plant and can vary
tremendously, depending on the industry. Local steam load, need for backup power charges, and on site
electrical equipment may be required. Based on a typical boiler configuration, the gas turbine with
HRSG appears to be the most cost effective application. In 1994, manufacturing cogeneration accounted
for 158 billion kWh. A relative penetration cogeneration index shows that paper and chemicals have
. much higher than average cogeneration. The penetration index developed shows substantial variation
in penetration by industry and by state. (Boyd, Molburg and Thimmapuram, 1996)

A new generation of advanced turbine systems (ATS) is likely to be _commercially available before 2010.
Estimates of a 22% lower CO, emission relative to the best available gas-fired-combined cycle central .

’
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Gear-based transmission systems are of two basic types, worm gears and helical gears. Worm gears
provide inexpensive means of large speed reductions for power applications below about 15 HP.
However, worm gears result in high friction losses, particularly for large reduction ratios. Worm gear
efficiency is typically 70% to 80%. Helical gear systems are more efficient and are more economical for
higher power applications. Helical gear effidency is 90% to 96%. For high reductions, efficiencies of
both gear types are greatly reduced. A worm gear operating at a reduction of 60:1 will have an

efficiency of 50% to 65% In contrast, a helical gear train at that reduction ratio remains over 90%
efficient.

The efficiency of helical reducers drops slightly at part-load down to about 20% of ratéd load. Below

that the efficiency drops precipitously, emphasizing the importance of matching equipment to load, as
discussed for motors below.

One of the most important loads, pumps, are most often directly coupled to the motor via flexible or
rigid couplings between the motor and pump shafts. These generally result in little efficiency loss,

though failure to properly align the shafts can result in reduced efficiency and accelerated bearing
wear, which leads to higher frictional losses

Motor and Load Issues

When the load presented to an electric motor is below the rated load of the motor, the motor will draw
less current and perform less work. For instance, the motor operating an air compressor will draw more
current as the pressure builds in the storage tank. Since both power output and power input are reduced
in part load operation, these changes do not reflect a precipitous decline in efficiency (the ratio of
output to input). However, some change in efficiency does normally accompany part load operation.
Peak efficiency is normally achieved at about 75% of full load. As the load increases to full rated load,
a slight decline in efficiency (1% to 2%) occurs. At loads exceeding rated load some additional decline
is experienced. The more troubling effect is the rapid decline in efficiency at part load, particularly
below 40% of rated load. A 10% decline in efficiency (from 85% to 75%) is representative of operation
at 25% of rated load. It has been estimated that one third of motors are operated below 50% of rated
load (Nadel, Shepard et al. 1992, p. 162).

Proper sizing of motors is not an easy task. Asin the'exa_r.np'le of the compressor, loads may vary over a -

broad range during normal operation. In addition, transient loads must be taken into account, and the
aging of equipment changes load. For instance, the buildup or scale in piping systems increases pumping
load. Finally, it may be prudent to design a system for growth. In addition there is a tendency to
oversize motors by the application of formal or informal safety factors. A very common practice is to
oversize motors in ventilation systems. Motors in owner or consultant designed ventilation systems
frequently operate below 35% of rated load (Nadel, Shepard et al. 1992, p. 163).

Fans and pumps are the most common motor loads, constituting over 40% of industrial motor loads
(Resource Dynamics Corporation 1992). As noted above, it is common to oversize motors for these
applications. However, it is also commnon to design fan and pump applications that consume more
energy than is actually required to accomplish the fluid movement task at hand. Power consumpuon by
a fan or pump is proportional to the product of flow rate and pressure drop. The pressure drop is the
pressure loss caused by friction as the fluid flows through its conduit. However, the pressure drop is
proportional to the square of the flow rate. Therefore, the power consumed is proportional to the cube
of the flow rate. For instance, a flow rate reduction from 1 unit to 0.8 units (20% reduction) results in a
power requirement of about one half, (0.8)°, of that at full load. Thus, substantial savings may be

possible if flow rates can be reduced in a given process, say in building ventilation. The recent swm:h to
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both in power consumption and in population. Therefore, we have addressed power supply concems as
they pertain to AC motors

AC motors are of two basic types: single phase and polyphase (generally three phase). While
fractional HP motors essentially all single phase, sales of integral HP motors are fairly equally split
between single and polyphase units. A three phase motor simply has three séts of windings, each
eonnected to a separate AC line. The three windings are offset to improve uniformity of the magnetic
forces exerted on the rotor. . Two power characteristics are important for optimum motor performance.

The voltage must be uniform in all three phases and the voltage wave form must be smoothly .
sinusoidal. :

Unfortunately, the voltage can vary substantially between the three phases of a polyphase motor.
This can result from a plant electrical layout that imposes more load on one phase than on the others,
which leads to a greater voltage drop in one phase before it reaches the motor. A modest phase voltage
unbalance can severely impact motor performance. ACEEE notes that a 2% unbalance in phase voltage
can result in a 25% increase in losses (Nadel, Shepard et al. 1992, p. 66). .This would reduce the
efficiency of a 90% efficient motor to 87.5%. Unbalanced phase voltage also results in reduced motor
~ torque, requiring derating to protect the motor from over heating. Since unbalanced phase voltage

generally reflects deficiencies in plant electrical layout, the cure lies in modifications to plant wmng,
including conductor sizing, redistribution of plant loads, and proper overcurrent protection.

- AC motors are ideally suited to operation with smooth sinusoidal input voltage. However, certain
loads cause distortions in the voltage waveform that can affect motor operation. These distortions can
result in reduced or pulsating torque, motor vibration, increased losses, overheating, .and damage to
electronic controls. Among the loads that can cause these distortions or harmonics are adjustable speed
drives (ASD). If adjustable speed drives are used on a substantial fraction of total plant load and
~ particularly on large motors, great care should be taken to properly install the ASD. Energy efficient

* motors are less susceptible to operating problems associated with harmonics, providing additional
- incentive for EEM installation. :

AC and DC motors are also adversely affected by low voltage. That is, even if the voltage is balance

. across phases, it may be below the motor design specification because of electrical power losses in the-
plant distribution wiring or motor feed wires. While voltage deviations of 10% are generally -
acceptable, larger deviations can result in reduced efficiency and reduced service life. The solution is to

provide adequate wire size for the distribution and feed cables that service motors. Electrical code

standards for wire gauge are based on safety concems, primarily limiting I’R heatmg losses to prevent

risk of fire. However, larger wire sizes may be recommended by overall economics, since increased wire

size reduces electrical losses. If these reduced losses also improve motor efficiency and operation, the

economics of increased wire size are further improved. However, increasing wire size in existing plants

may be difficult or uneconomic because of constraints imposed by existing conduits.

Power Transmission Efficiency Issues

Mechanical transmission systems are generally required to transfer the motor torque to the driven load.
In most cases the motor speed must be matched to the desired load speed by the intervention of a drive
train of gears, pulleys, or both. About one third of motor applications employ belt drive systems, which
are highly efficient if properly selected and installed. V-belts are about 90% efficient, with losses
resulting from friction on pulleys, slippage, and belt flexing. Some improvement in efficiency is possible
through the use of notched v-belts, which are more flexible -than standard v-belts. Further
improvement is possible with thin synchronous belts that have cogs or teeth that engage mating teeth
in the pulley. Belt drive efficiency up to 99% is possible with such systems.
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Table D-2.8.2, Hypothetical Savings from Comprehensive Motor Replacements

Horsepower  Standard Efficiency High Efficiency Energy Savings (TWh/yr)

1/6-1 0.55 0.75 60
1.1-5 0.76 0.84 15
51-20 0.87 0.91 4
21-50 0.89 0.93 7
50-125 0.92 _ 0.95 11
>125 0.94 0.96 12

Source: Efficiency values from manufacturer’s data as reported in (Nadel, Shepard et al. 1992 Table 2-
3).

In addition to the statistical allowance for variation, a minimum criteria for high-efficiency motors
has also been adopted by the National Electrical Manufacturer’s Assocdiation (NEMA). The minimum
requirement is shown for one common motor type.

Figure D-2.8.2, Minimum Efficiency Criteria for High Efficiency Motors

Efficlency

75

0 50 100 150 200
Horsepower

Source: NEMA MG 1-1987, TEFC, 4-pole, 1800 RPM as cited in Resource f)ynamics Corp. (1992).

Efficiency Opportunities in Power Supply, Controller, and Feed

Alternating current or AC motors consume about 90% of the power provided for motor drive. In addition,
the market for AC motors is growing at the expense of DC motors. DC motors offered the advantage of
economical speed control and high starting torque. As recently as 1987, about 50% of motors over 1 HP
sold were DC motors, though this corresponds to only 2.5% of the market because of the large number of
fractional HP motors sold. (Resource Dynamics Corporation 1992). ACEEE notes that the development
of economical speed control for AC motors has reduced the DC motor market to less than 5% (Nadel,
Shepard et al. 1992)p.32. While this appears to be inconsistent with the 1987 sales, the ACEEE data
may include small, DC motors for portable power applications. In any case, AC motors are dominant

D-2.33




Appendix D-2 -

high-efficiency motors have been available for two decades and are included in the current motor .
population®. The resulting errors tend to cancel. For this hypothetical comprehensive replacement’

program, the total savings is 109 Twh/yr out of the total motor power consumption of 1570 Twh/yr for
the current motor population. ' :

High efficiency or energy efficient motors are more efficient than standard motors because they reduce
one or more of the four types of losses associated with motor operation: electrical losses (rotor and stator
losses), magnetic losses (core losses), mechanical losses (fricion and windage), and stray losses.
Electrical losses are due to the familiar conversion of electrical power to heat due to current flow
through conductors of non-zero resistance. These are known as I'R losses because they are proportional

to the resistance, R, and to the square of the current, I. These electrical losses are controlled by reducing
conductor resistance through increased conductor wire size.

Magnetic or core losses result from the build-up and break-down of magnetic fields in the laminated iron
cores in response to currents. Hysteresis and eddy current losses result. While these are small compared
to the electrical losses, considerable effort has been invested in new magnetic materials to reduce
similar core losses in transformers. These new materials, along with larger cores and thinner
laminations can reduce magnetic losses. Magnetic losses are roughly equivalent to rotor and to stator
electrical losses at very low load, but are far less than electrical losses at full load. '

' Frictional losses result from bearing friction and from windage, the consumption of motor power for
intentional and inadvertent air movement due to motor rotation. These are nearly independent of load,

depending primarily on rotational speed. Changes in motor frame and fan design can reduce windage
losses. . .

An important advantage of energy efficient motors is thdt they maintain (or increase) their éfficiency,

advantage at part load. This is particularly important in view of the prevalence of motor oversizing,
as discussed below.

Table D-2.8.2 provides some indication of the relative efficiencies of standard and high-efficiency
motors. Since the term “high-efficiency” is vague, the industry has made some effort to specify
requirements for motors carrying that designation. Because of manufacturing and materials variations, -
motor efficiency can vary considerably and must be described by a statistical distribution applicable to-
a given motor. Motor efficiency is nearly normally distributed about a mean or nominal efficiency
value. The standards specify that the minimum efficiency at full load and rated voltage must be close
to the nominal efficiency for that motor. Standards in place in 1991 required that the losses associated
with the minimum efficiency be within 20% of the losses associated with the nominal efficiency. Thus,
for a given design to claim 95% efficiency (5% loss), any particular moter of that design must not have
losses greater than 1.2x5% or 6% ( 94% efficiency). A more restrictive class, with maximum losses 10%
greater than nominal losses, has also been established.

? Several sources cited by ACEEE (Nadel, Shepard et al. 1992) suggest that about 3% of current motors are EEMs
on a horsepower-weighted basis. .
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An overview of the distribution of motors and energy consumption by motor size is essential for
targeting an efficiency program. Based on an assumed 3% growth rate in motor population since 1977,
ACEEE (Nadel, Shepard et al. 1992) estimates the current population of motors over 1/6 HP at about 1
million units. Motors of less than 1 HP constitute 30% of the population and consume about 15% of the -
energy. Conversely, motors exceeding 1 HP, though only 10% of the motor population, consume 85% of
the electrical energy consumed for motor drive. Figure D-2.8.1 provides a summary of the population
-~ and energy use estimates by motor size classification. ' In fact, motors larger than 50 HP consume about
60% of motor drive power consumption. This has led ACEEE to conclude that most of the potential for
energy conservation lies in the large motors. Given the size of the embeded motor population, this
seems fortunate for planning an energy conservation strategy. However, as noted below, the
replacement of standard motors with high-efficiency motors results in a far higher percentage
efficiency improvement for fractional HP motors than for large motors. Therefore, at least for the
motor replacement strategy, the fractional HP motors are still an important target for conservation

programs.

Figure D-2.8.1 Comparison of Motor Population and Energy Use by Horsepower

(Nadel, Shepard et al. 1992 Fig. 6-1)
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| Energy Efficient Motors

As noted above, energy efficient motors (EEMs) present only ane of several important options to reduce
energy consumption by motor systems. In fact, the direct substitution of EEMs for equivalent size
standard motors for the existing population characterized in Figure D-2.8.1 would result in about a 7%
reduction in power consumption. This estimate is based on the assumption that the current motor
population efficiency is at a level representative of new standard motors in the respective size classes.

~

! One of the few comprehensive surveys of U.S. motor populations was completed by A.D. Little in 1977.
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D-2.8.1 Technology Examples Available Before 2010

Ele'ct_'ric Motor Applications

Energy use by Electric Motor Systems Systems employing electric motors convert only a portion of the
energy consumed into useful mechanical work. This fraction of useful work is the system efficiency. To
understand the energy conservation opportunities presented by these applications, it is essential to
trace the energy conversion processes throughout the system, which includes power supply and controls,
electric motor, power transmission, and the load (the driven equipment).

Table D-2.8.1 shows a schematic of an electric motor application and lists some of the factors associated
with each component that affect system efficiency.

Table D-2.8.1 Efficiency Losses in Electric Motor Applications

Component Energy Efficiency Issues
Power Supply *Voltage unbalance (uneven voltage between phases) can increase motor losses
+ and damage motors.
*Deviations from design voltage can reduce motor efficiency and motor torque'
even if balance is maintained between phases.
Voltage

*Harmonics (deviations from simple sinusoidal voltage form) can reduce motor
efficiency and adversely affect mechanical operation. Adjustable speed
drives can introduce harmonics.

Motor Controller r

Power Feed

*Power losses in motor feed cables can Iead to low voltage at the motor. Low
voltage can reduce efficiency.

*High starting currents (five to seven times normal operating currents) may
push the limits of feeders, resulting in low voltage.

* A high power factor can increase losses in distribution lines and transformers
and can lead to undervoltage and the associated problems of low motor torque
and efficiency.

*Motor energy losses include electrical resistance losses, magnetic field losses,.
mechanical (frictional) losses, and stray losses due largely to minor design
compromises and manufacturing irregularities. These are addressed by high-
efficiency motors.

*Motor efficiency is often reduced by rewinding.

*Energy efficient motors are typically 1% to 5% more efficient than standard
motors for large motors. For fractional HP motors the difference may be 40%.

Transmission
;1

Cp

~*Drive train efficiency, including belts, gears, etc., can be as high as 95%, but

may be below 50%.

eHelical gears are more efficient than worm gears in most applications.
Helical gear efficiency drops at part load applications.

e About 1/3 of drives use belts and pulleys. These are typically 90% to 99%
efficient if properly selected and installed.

Load

eOversized motors are very frequently selected. Motor efficiency declines
rapxdly at loads below 40% of rated load About 20% of motors over 5 HP are
in this category.

eFans and pumps account for most motor power consumption. Optimal. selection
of fans and pumps and associated control systems can reduce motor drive
requn'ements substantially. Use of variable speed controls rather than
throttling is-a particularly important strategy..
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wide range of industrial applications are dlscussed here as an example of non-process specific efficiency
applications. The second major type of efficiency application is cogeneration, sometimes also referred .
to as combined heat and power (CHP). Cogeneration is the joint production of useful steam and
electricity, either for on-site use or sales back the to electric grid. This section also discusses
cogeneration as an energy efficiency option.
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benefits that include ‘energy conservation, cost savings, and enhancement of the competitiveness of US
industry in the world market (Argonne National Laboratory 1995, Chang et al. 1996).

Clean Metal Casting

It is necessary to develop a technology for clean metal processing that is capable of consistently
* providing a metal cleanliness level fit for metal casting. The technology to economically produce sound

castings and lower energy use will be important for the survival of many steel/iron/aluminum foundries
(American Foundrymen's Society 1995, Cast Metal Coalition 1997). The technology is expected to
improve casting product quality by (1) removing or minimizing oxide defects and allowing the
production of higher integrity castings, (2) reducing the incidence of macroinclusions in castings, and (3)

reducing reoxidation of the metal during pouring. The required technology is summarized below (DOE
1996a, b):

- o Use of inert and reactive gases for reducmg hydrogen and inclusions (oxides, carbides), and
minimizing hydrogen absorption.

o Use of alloying elements and cover media to reduce melt oxidation.

* Reduced pressure techniques.

e Development of specific apparatus and procedures for measuring air entrainment during
pounng

¢ Phase separation technology mcludmg knowledge of sedxmentatxon ﬁltratlon and fluxing
* techniques.

Metal Penetration in Iron and Steel Castings'

Penetration defects cost American iron and steel foundries about $65 million per year. Penetrauon in
castings is caused by mechanical pressure of metal forcing itself into the sand mold and most penetration
defects are caused by pool casting design and poor molds. In the past years, it has been found that the.
probability of penetration occurring in cast iron increases with 1) higher pouring temperatures, 2) -

higher silicon and carbon levels, 3) higher casting heights, and 4) faster pouring speeds (Lane et al.
1996).

Further research is underway on steel castings and, while comman principles apply to the two metal
groups, there are some important differences, especially regarding the conditions under which chemical
penetration can occur. However, prevention of penetration in both iron and steel is a combination of
mold practice and casting design. If both are done correctly, nearly all cast penetration problems can be
eliminated. Research in this area should be planned to establish methodology to determine interfacial
gas composition, develop computer models of liquid metal oxidation, and determine effects of iron/steel
composition at the mold/metal interface (DOE 1995).

D-2.8 TECHNOLOGY EXAMPLES FOR CROSSCUTTING TECHNOLOGIES

There are a variety of crosscutting technologies, i.e., those that are not process or product specific, in

operation in industry. Some include the lighting and HVAC examples that are in common with

- commercial applications and are not discussed here (see chapter 2). 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. Motor systems, on the other hand encompass a
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PC and workstation users. Overall, the mean improvemént was at least 25%, regardless of either |
performance criteria or computer platform (Lensen 1996, Lensen et al. 1996).

Optimized Coreless Induction Melting

Most foundries can dramatically reduce a major portion of their energy costs without spending a single
capital equipment dollar, simply through proper 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), wasting valuable energy dollars daily. For instance, a
foundry melting 1000 tons/month could easily reduce its monthly melting costs by $5/ton simply by
altering its melting practice. ' ' ' '

Four major variables were considered the most important in determining power required for melting: (1)
charge makeup, (2) fumnace cover, (3) power application, and (4) furnace condition. These variables
were found to be significant in determining the power consumption during coreless induction melting. In
some cases, optimal material use resulted in higher energy use (22% more) and 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 condition resulted in
15.4% less energy consumption for melting the charge (Horwath et al. 1996). A better recognition of the

impact of these variables will trigger operational changes to better control the melt power
consumption.

D-2.7.2 Technology Examples Beyond 2010 Requiring Further R&D

The R&D issues/opportunities described below are critical to the developtrient_ of the metal casting
industry and must be addressed to achieve further energy savings after 2010.

Eleétrpmagnetic Casting

An.electromagnetic field in a casting is brought about by an inductor that produces a time-varying
magnetic field. The field induces eddy currents in the liquid metal that, together with the field, give

rise to an EM force (Lorentz force) that 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. EM stirring
can produce better metallurgical results, improve internal quality of the casting, and even reduce
meniscus instability and surface defects (Beitelman and Mulcahy 1994, Chang et al. 1995). Therefore, a
study of EM stirring is needed to design and fabricate EM stirrers, optimize the existing casting
processes and improve the quality of products. '

The benefit from EM stirring will be reduced wastage per cast. Thus, less metal will need to be melted
and poured per cast part. As a minimum, we expect that the present average yield of 55% for the
industry will increase to 65%, a saving of 130,000 tons per year, with an associated energy savings of 25
trillion BTUs per year (American Foundrymen's Society 1995).

EM Confinement. In the presently dominant sheet-forming process, thick steel slabs are cast and then
hat-rolled. The hot-rolling stage is very capital- and energy-intensive and adds greatly to the cost of
the final product. Twin-roll casting with EM confinement has the potential -to cast thin sheets by
eliminating the hot-rolling stage and it gives the sheet product an enormous economic advantage over
products made by competing methods (Saucedo and Blazek 1994, Blazek et al. 1994). Because there is no -
contact with liquid metal, EM confinement bypasses fundamental problems of solid dams and provides
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Steelmaking

Steelmaking processes currently utilize computer technology primarily to implement prespecified
procedures in a timely manner. There is very little feedback in these systéms 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 re51dual elements: '

Thermomechanical - Processing

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. '

D-2.7 TECHNOLOGY EXAMPLES FOR METAL CASTING

- Metal casting is not a single industry segment according 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 implications. :

D-2.7.1 Technology Examples Availabie Before 2010

The technologies described below can lower energy use and are not currently in widespread use in the
metal casting industry. '

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 working 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 of the computer for improving both casting designs and production lead time.

Two kinds of information are produced by the casting analysis and simulation function: (a) results
predicting the 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. '

Benefits have already been realized based on the proportion of parts being cast with the software
(Hickie 1996, Cooley.1996). An average of 25% improvement was found in the casting yield among the
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foamy slag to increase the power input and reduce electrode consumption. The technology is used in
Europe and Japan; in the US, use is mainly by one company, Nucor. Existing AC units can be modified
for DC operation, but new installations that incorporate scrap preheating systems and other energy
saving features provide substantial advantages over modification. .

DC arc furnaces have several advantages over AC furnaces: 1) more even distribution of temperatures
due to the central location of the electrode, 2) lower rate of refractory fumnace lining wear due to less
arcing to the side walls, 3) increased bath stirring, 4) less electrical network disturbance (Center for
Metals Production 1987), and 5). a lower rate of electrode consumption. Reduced electrode consumption is
important from an electrode cost perspective, as well as reduced downtime.

Thermomechanical Processing

Regardless of whether steel is made by BOF, EAF, or any of the specialty processes discussed earlier,
the ingot or the continuous cast steel product generally has to be thermomechanically treated to
achieve the desired microstructures and mechanical properties for usage. The plate, sheet, bar, and
pipe products undergo different rolling, annealing, forging, and pickling treatments dictated by the
steel composition and properties desired. : :

Process Controls

At present, thermomechanical treatments are predominantly based on empirically developed technical
information and the practice is largely dictated by tradition and accomplished by a trial and error
approach. The time and temperature sequence for an annealing line is set, based an trial and error, to
achieve a given hardness. The systems have almost no intelligent processing (with feedback) to obtain
microstructural control in the sheets. As a result, the steels are normally over annealed (with regard to
time at temperature). This is especially inefficient in processes where the continuous annealing lines
operate at 50-200 m/min. Significant advances in thin strip casting have been made in Japan and the
process, if implemented, can result in reduction in intermediate rolling steps and lower energy
consumption, a decrease in industrial scrap generation, and lower unit cost of the product.

Hot Connection

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 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). '

D-2.6.2 Teéhnology Examples Beyond 2010 Requiring Further R&D

Ironmaking ' :

Activity will be largely dictated by the viability of different ironmaking processes that are under
development. R&D effort should focus an developing a process scheme that incorporates both
ironmaking and steelmaking 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 steelmaking operations
and simultaneously produce power in a combined cycle that includes both gas and steam turbines
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Injection of hydrocarbons into the lower section of the furnace also has the advantage of improving
furnace stability and hot metal quality. Pulverized coal injection allows substitution of lower grade,
lower cost coal for metallurgical coal, which is used for coke making.

All active U.S. fumnaces inject one or a combination of supplemental fuels. Natural gas is injected at
rates up to 250 Ib. per ton of iron (125 Ib./ton average) at 25 furnaces (Hogan and Koelble 1996a). Current
coal injection designs, of which there are three basic types, theoretically can inject at a rate of up to 400
Ib/ton of hot metal (Carmichael 1992). In the US as of 1993, 15 furnaces incorporated coal injection
systems. These include some of the largest furnaces totaling over one third of 1993 North American hot
metal production (Gardner et al. 1996). Injection rates currently range up to 375 Ib. /ton of iron. Four more
furnaces are scheduled to start coal injection in 1997. '

Steelmaking

Steelmaking operations are generally conducted in two stages, melting of the iron/scrap in a basic
oxygen fumace (BOF) or in an electric arc furnace (EAF) and subsequent refining operations. Some of the
major concemns are the variability in feedstock composition (especially, scrap quality and trace
elements in scrap which may impart deleterious properties to the final product), availability of
sufficient scrap material, and costs involved in front-end separation and/or preparation of the scrap

material as a feedstock for EAFs. Directly reduced iron, hot briquette iron, and iron carbide constitute

less than 5% of the feedstock in EAF operations but are expected to increase substantially in the next 15
years.

Scrap Preheating

Energy consumption in electric arc furnace 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 <300 kWh/tonne liquid steel (Scheidig 1995). The potential energy
savings is roughly 90 kWh/ton of liquid steel. This is based an a 76 ton furnace, with an annual
capacity of 900,000 tons. For a DC Fuchs shaft furnace compared to a conventional DC furnace, energy
savings of 13.5% are estimated and reduced electrode consumption of 29%. Baghouse dust-reduction is.
estimated at 30% (Haissig 1994). .

In addition to energy savings, scrap preheating with furnace offgases has other advantages. 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.

A British study of scrap preheating involving modification of an existing furnace found an energy
saving of about 25 kWh/liquid tonne. The plant-specific investment required had an actual payback
period of over four years (Dept of Energy 1987).

Use of DC, Rather Than AC EAFs

DC EAFs are similar to more widely used AC EAFs except that they are powered by DC current and
have one large electrode in the furnace roof, rather than three, and a smaller one in the furnace floor.
DC arc furnaces.require slightly less energy for heating than AC designs due to better heat transfer and
less radiant heat loss (Center for Metals Production 1987). In operation, the top electrode is covered by
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.Direct Smelting Processes

Direct smelting takes iron ore and coal and directly converts them to hot metal without the use of coke.
Several processes (COREX, HISMELT, AUSMELT, ROMELT, Cyclone Converter fumnace, etc.) are under
development in the U.S. and abroad (Nilles 1996). All of these processes have goals of high
productivity, simplicity of engineering, ability to use a wide range of coals, ability to scale-up to a
level equivalent to a blast furnace, and environmental compliance with minimum cost. All produce hot
metal with compositions comparable to that from a blast furnace.

Typical examples of direct smelting processes are:

e The COREX process is commercially available and the C-2000 module at Posco's Pohang
Works in Korea has successfully demonstrated hot metal production at a rate of 2000 t/day

with acceptable steel composition (Steel times 1997). Several COREX C-2000 modules are
under construction in Korea, India, and South Africa.

e Cycdlone converter furnace technology is being examined in a 20 t/h pilot plant in Holland.
Independent evaluation of a cyclone converter furnace is also being made by Centro Svﬂuppo
Matenah (CSM) in Italy with a pilot unit of 3-5 t/h (Steel Times 1997).

Top Gas Power Recovery Turbines, Compression/Expansion

Due to its energy content, blast furnace top gas is used as fuel in various facility stoves, furnaces, and
boilers after cleaning. In large, newer blast furnaces which operate at higher pressures, installation of
an energy-recovery turbine in the gas cleaning system can contribute to the facility’s electricity needs.
A gas expansion turbine using the excess pressure can recover both pressure energy and some sensible heat
energy from the gas. Energy savings are estimated at 0.6 GJ/tonne crude steel (De Beer, et al. 1994).

Coal or Natural Gas Injection

Pulverized or granulated coal, residual oil, or natural gas can be injected directly into the blast furnace . -

to partially substitute for coke inputs, thus reducing CO, production and toxic emissions of coke
production. The injection of oil or natural gas has operational benefits, and has been practiced for many
years. Interest in very high levels of injection is more recent, encouraged by the diminishing
availability of domestic coke. Coke remains essential to blast furnace operation, since coke layers are
essential for supporting alternating layers of ore and maintaining bed permeabﬂ.lty

Operation based an all coke requires about 1000 Ib of coke per ton of hot metal (THM). Coal injection
rates range from about 200 to 400 Ib per THM, with each ton of coal displacing approximately one ton of
coke. There is a tendency for this coke replacement ratio (mass of coke displaced per unit mass of coal
injected) to drop at higher levels of injection. Typical values are 0.8 to 1.0. The reduction in net energy
consumption and CO, emissions are realized as a result of the fact that about 1.39 tons of coal are
required to produce a ton of coke. Thus, even at a coke replacement ratio of 0.8 tons of coke displaced per
ton of coal injected, the injection of that ton of coal avoids the use of 0.8 x 1.39 = 1.11 tons of coal for coke
productxon for a net reduction in coal use of 0.11 ton. This substitution increases the oxygen reqmrement
of the iron reduction process. The net savings, given the increased oxygen production needed, is
estimated at 3.76 GJ/tonne of coal injected (De Beer et al. 1994).

., -
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D-2.6.1 Technology Examples Available Before 2010
Ironmaking

The current practice for primary production of iron is by blast furnace processes which involve reaction
of iron ore with a reductant (traditionally coke) and a flux (limestone) at elevated temperatures in a
shaft furnace. The process normally takes about 6-8 h to produce liquid metal from a given charge. The
industry currently is in a state of flux regarding ironmaking process alternatives to the blast furnace.
Direct reduction and direct smelting are the two approaches that are being examined in a variety of
processes under development in the U.S. and abroad. The drivers for the alternate processes are the
elimination/minimization of coke and coke oven batteries (which are environmentally unacceptable

without significant investments for compliance) and increased reaction rates thereby improving the
iron production rate.

Gas-Based Direct Reduction Processes

" These processes include MIDREX, HYL, SPIREX, Iron Carbide, and CIRCORED, which all involve

direct reduction of iron ore pellets/fines with natural gas/hydrogen as a reductant to produce a solid or,
sometimes, liquid iron-rich product. :

Coal-Based Direct Reduction Processes

. 14
These include the Rotary Kiln, Grate Car, Fastmet, Comet, Circofer processes, involving intimate
mixing of-iron ore fines and coal at elevated temperatures to accomplish the reduction process. The

processes differ in details with regard to feedstock, type of reactor, operational features, and level of
development.

Typical examples of direct reduction processe.s are:

e Qualitytech Steel Corporation, Corpus Christi, Texas, has begun construction of an iron carbide
facility, expected to be operational by July 1998. The facility will annuaily convert 1.2
million tons of high-grade iron ore fines, by deoxidizing the ore and adding a carbon bond, to .
create iron carbide for use by electric furnace steel makers. Only one other facility worldwide.
manufactures iron carbide on a large scale. '

* Kobe Steel and Midrex Direct Reduction Corp. have developed a production approach for
molten iron that reduces the process from hours to minutes (Metals Industry 1996). Midrex (a
subsidiary of Kobe Steel located in Charlotte, NC) hopes within five years to commercialize
the process. With this approach, pellets made of iron ore fines and pulverized coal are
heated to 1300-1500°C using natural gas as a reductant. A reduction time of 6-10 minutes is
claimed, compared to the 6-8 h with a traditional blast furnace. Because the product is in
molten form, there are savings in downstream steelmaking operations and the material can be
cooled to iron shot or ingots without reoxidation.

o A rotary hearth process called COMET is'being developed by the Belgian steel research
organization and a demonstration plant is under construction at Sidmar's plant near Gent

(Steel Times 1997). The process produces high-grade sponge iron from ore fines and coal,
without pelletxzmg the charge materials.

v
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Carbothermic Reduc’:tiqn Process

Direct reduction processes for aluminum production have long been the subject of research by the
aluminum industry. Several carbothermic production methods have been patented, for instance, and one
was even brought into production by the Pechiney Company in France, but none are currently operating.
One problem with carbothermic reduction of alumina in electric furnaces is low yields as the result of
formation of solid aluminum carbide and aluminum suboxide, and aluminum vapors that react with
carbon monoxide as they leave the furnace. Vaporization and carbide formation can be reduced by
adding a metal to the furnace, thus forming an alloy. Aluminum can then be extracted through a
separate purification process. Direct reduction has the potential to reduce energy consumption as much
as 25% below that of conventional Hall-Herault cells (Energetics 1990).

Titanium Diboride Cathodes

Wettable titanium diboride cathodes have the potential to significantly reduce energy use in aluminum
production. Because of its good electrical conductivity, titanium diboride cathodes can significantly
reduce voltage drop at the cathodic aluminum interface. Potential energy savings are estimated as
high as 30% over conventional cells (DOE 1990). Though most of the major aluminum producers have
conducted research on titanium diboride cathodes, the high cost of production and early failure of the
components have kept them from commercialization. .

D-2.6 TECHNOLOGY EXAMPLES FOR IRON AND STEEL

(Prepared b‘y Ken Natesan, Energy Technology Division and Leslie Nieves, Decision and Information |,
Sciences Division, Argonne National Laboratory.) :

Iron and steel industry comprises of the ore based integrated steel plants and the scrap based “mini
mill”. Steel production via integrated plants has been decreasing, while that of the Electric Arc
Fumace (EAF) based mini mills has been increasing. 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 100% scrap, but the range of products that can be produced in mini-mill is somewhat | )
limited by scrap quality issues. :

As technologies introduced for mini-mills are adopted in the integrated mills and mini-mill begin to
backward integrate into the manufacturing of iron (rather than relying exclusively an scrap) these
distinctions begin to blur. Most of the issues the iron and steel industry face are generic in nature, such as
process development, process efficiency, raw material availability and flexibility, process control,
environmental compliance, sensors and monitors, and intelligent processing. The following sections

identify some currently available technologies, if implemented, can have a significant impact on the
industry. :

. Technology and R&D discussions in this section are grouped by their relationship to the topics of
ironmaking, steelmaking, and thermomechanical processing. However, many of the issues faced by the
iron and steel industry are generic in nature, such as process development, process efficiency, raw
material availability and flexibility, process control, and environmental compliance.
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" Research needs identified by the DOE include the development of alternative pre-treatment

technologies for scrap, the development of lower-cost aluminum purification technologies, and

statistical analysis to characterize the composition of waste streams from smelters. A critical review
of the U.S. recycling industry infrastructure could also identify 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.

Improve Furnace Efficiency

Improving energy efficiency of melting and holding furnaces offers significant 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 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. As the combustion products are exhausted through the non-firing bumner, a heat storage
material absorbs energy. In the firing cycle this stored energy is released to the cool intake air, with
the result that again less heat is rejected to the atmosphere.

Oxygen assisted combustion uses oxygen in a dual-firing bumer to increase furnace melt rates, reduce
energy use, and reduce emissions. Oxygen assisted combustion has been used for more than 30 years in
the aluminum mdustry (Heffron et al. 1993), but often results in problems such as large dross formation,
excessive refractory consumption, and less than expected energy savings. Low flame luminosity with

* oxygen assisted bumners can also reduce radiative heat transfer. Advanced bumer designs incorporate

more precise gas, air, and oxygen control to produce a high temperature, high lu1:mn051ty flame. Energy
savings from oxygen assisted combustion can be substantial.

D-2.5.2 Techn_ology Examples Beyond 2010 Requiring Further R&D

Many advanced technologies have been researched that could provide dramatic reductions in energy -
use in the aluminum manufacturing process. Because of the inherently high energy requirements of the
Hall-Herault process, the most dramatic energy savings and emissions reductions are likely to result
from new or improved smelting technologies. These include the development and commercialization of

inert anodes, carbothermic reduction processes, aluminum chloride processes, and wettable titanium
diboride cathode components.

Inert Anodes

Inert anodes offer a variety of advantages over traditional carbon anodes, including increased cell
productivity, reduction in cell shorting due to undulations in the molten metal, and higher ‘metal
purity. The most promising materials presently being evaluated are ceramic/metal composites
consisting primarily of nickel oxide and nickel ferrite with a copper/ nickel metal phase (Windisch and
Strachan 1991). Energy savings from inert electrodes are estimated at 11% over current production
methods (Energetics 1990). In addition, inert anodes have the potential to substantially reduce COz

~ emissions during smelting. -

v
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Improving Hall-Heroult Cell Efficiency

The primary starting material for the production of aluminum is bauxite, contammg high
concentrations (45 - 60%) of aluminum hydroxide. Bauxite is mined and, through the Bayer process,
converted into alumina (aluminum oxide) which is ground to a powder and then reduced to aluminum by
the Hall-Heroult process.

In the Hall-Heroult process the alumina is dissolved in steel boxes, or cells, in a mixture of molten
cryolite. Direct electrical current is passed through the mixture, reducing the alumina to aluminum and
oxygen. The oxygen combines with carbon at the system anode forming carbon dioxide. The aluminum,
. which is heavier than cryolite, sinks to the bottom of the cell and then can be tapped off.

Modern aluminum smelting cells consist of a steel shell lined with refractory insulation. These are then
lined with either a rammed mix of pitch and anthracite coal or coke baked in place by the passage of
electric current, or prebaked cathode blocks cemented together. The carbon lining acts as a cathode in
the system. Cell relining, which normally occurs every 2 to 4 years, is an appreciable part of production
expense, including not only the cost of labor, collectors, lining, and msulanon materials, but also loss of
electrolyte materials absorbed by the spent lining. :

Anodes, either prebaked or Soderberg, are suspended from a superstructure above the cell and connected
to a movable bus so that their vertical position can be adjusted. The cell is brought into operation by
first lowering the anode until it contacts the carbon cathode lining of the cell. Current is then passed
through the cell to increase the temperature. Cryolite is added and the anode raised until the cell fills
to the appropriate height. During operation of the cell a crust forms on the surface of the molten bath.
Alumina is added on top of the crust, where it preheats and water is removed. The crust is then broken
and the alumina stirred into the bath.

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
densxty (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 10 years (Energetics 1997). The pnmary barriers to
adoption of high-efficiency technologies may be economic, however.

Materials Recycling

Remelting aluminum scrap requires only a small fraction of the energy required to smelt aluminum from
alumina. Recovery of old scrap (discarded aluminum products) has increased from less than 200 metric
tons per year in 1970 to more than 1,600 metric tons in 1992 (Aluminum Association 1993). In 1993,
aluminum recovered from old scrap was equivalent to about 25% 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. 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 pothmng)
is also inhibited by a lack of knowledge of byproduct characteristics (Energetics 1997).
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'Recovering and Reusing Waste Heat from Oxy-Fired Furnaces

Recovery and reuse of waste heat from the oxy-fuel process will further increase energy efficiency of
the process. Preheating the batch and cullet, described above, is one method to recover heat from the
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.

i’roducing Oxygen More Efficiently for Oxy-Fuel Firing

A Thermal Swing Adsorption (TSA) oxygen production process has been demonstrated in the laboratory
with enrichments of up to 89% (Mathur). The process is based an 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.

Discussion of Energy Savings in the Glass Industry

The estimation of energy savings by using the oxy-fuel process does not include energy consumption in
the production of oxygen. It is estimated that about 2 MMBtu is required to produce one ton of pure
oxygen. If an energy input for melting one ton of glass of 6 MMBtu and a heat content of 1000 Btu/ft’ for .
natural gas are assumed, approximately 0.5 ton of oxygen is required to melt one ton of glass. Therefore,
about 1 MMBtu per ton of glass is consumed in the production of oxygen. Considering this factor, the
total energy savings by using the oxy-fuel process is not as significant as calculated above, unless waste
heat in the process can be recovered for the use in the production of oxygen, such as the TSA process.

In a regenerative glass furnace, a rough heat balance indicates that about 37% of the energy input goes
_to the melted glass, 23% to the stack and 40% through the wall. Most of current research is focused an
* reducing heat loss through the stack.” However, potential for energy savings would be even greater by
recovering heat from the melted glass and from reducing heat loss through the wall. From increasing
energy efficlency point of view, research in these two area should be enhanced.

In the forming process, cullet is generated and circulated back to the melter. Technologies to reduce
cullet generation in the forming process can increase production efficiency and reduce the cullet amount, -
so that the energy consumption per ton of glass will be decreased.

D-2.5 TECHNOLOGY EXAMPLES FOR ALUMINUM

Aluminum smelting is highly capital intensive, with capacity cost estimates ranging from $3,000 per
metric ton for expansion of existing facilities to $5,000 per metric ton for new facilities (BOM 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
capltal constraints.

D-2.5.1 Technology Examples Available Before 2010

A variety of technologies exist, however, that have the potential to incrementally reduce energy
intensity in the aluminum industry in the timeframe to 2010.

.
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will ensure its continuing competitiveness. To build a strong foundation for the future of American glass,
the industry has identified the following areas for technology improvements:

¢ Production efficiency, including improved manufacturing processes and new techniques that
maximize glass strength and quality;

o . Energy efficiency and conservation;
Recycling;
Environmental protectlon, including control of nitrogen oxides, sulfur oxides and particulate;
solid waste reductions; and waste water reuse;

¢ Innovative uses of glass.

The industry has set a goal to reduce process energy consumption from the present level by 50%. This
indicates that energy savings of 63 trillion Btu per year will be achieved according to the current level
of 170 trillion Btu per year. In the following, R&D needs relevant to the improvement of energy
effidency will be discussed according to the vision document.

Optimizing Electric Boost to Reduce Total Energy Consumption

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 1mprovmg the electrode control
system (Glass Industry Working Group date?).

Improving Furnace Design and Operation to Maximize Combustion
Efficiency

In recent years, furnace energy efficiency has significantly increased through adoption of new
refractory, oxy-fuel process, new bumers and other technologies. However, the basic design of
conventional fuel-fired furnaces has remained unchanged for many years. There is a need to improve:
the furnace design to.integrate the newly developed technologies and optimize furnace performance. -~

Computer modeling can provide a cost-effective tool for testing new design ideas, such as furnace
configuration, bumer arrangement, firing strategy, etc. The model should include the dynamics of

“combustion, heat transfer between the gas phase and the melting phase, mixing and reaction in the
batch and glass melt. In order to develop a reliable model, thorough. understanding of chemical and -
physical processes in the melting phase is essential. - Physical properties and kinetic data need to be

-acquired and validated. Finally, the model should be evaluated against data measured in a typical
glass furnace.

There is a need to develop commercially viable rapid glass melters that speed up the melting process,
reducing the size of the batch and the time required to produce glass These melters should have
higher energy efficiency and flexibility, and lower pollution emissions, so that they can be built in
close proximity to consumers to reduce transportation costs.

Heat losses from the furnace wall and openings consists of more than one third of the energy required in

. the melting process. New port designs and better insulation materials are needed to increase the furnace
heat efficiency. -
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Currently, approximately 15% of the large commercial furnaces in the U.S. have been converted to the

oxy-fuel process (Ross 1996). By the year 2010, an additional 35% of the large commercial furnaces may
be converted to the oxy-fuel process.

Advanced Burner Technology

Adoption of newly developed burners in the oxy-fuel process further improves the energy efficiency of
the process. Replacement of conventional burners with the new bumers is less complicated and requires
less cost and downtime. - It is anticipated that the new burners will be 100% used in the oxy-fuel process
by 2010. Descriptions of three different types of burners follow.

Air Products and Chemicals Inc. (Allentown, PA) has developed clean-fire High Radiation (HR) oxy-
fuel bumers (Chemical Engineering 1995), and has demonstrated this technology in a glass
manufacture's furnace. These bumers produce flames that have higher radiation and better bath
coverage than conventional oxy-fuel burners. Increased flame radiation is accomplished through a
proprietary soot generation process. The system's design provides twice the radiation and creates
potential cost savings by reducing fuel and oxygen requirements, each by up to 10%. The key to the
bumner's performance is a proprietary oxygen-proportioning system, which uses a diverter valve that

can introduce oxygen in stages. This enables glass producers to cut NO, emissions by an additional - 30-
40%, relative to traditional oxy-fuel burners.

A full-scale, field demonstration was undertaken at Owens-Brockway (Los Angeles) with Praxair's
oxy-fuel burner system technology in a container-glass furnace (Geiger 1996). The technology uses a J-L
burner configuration developed by Praxair. A major portion of the oxygen for combustion in this system
. is diverted to an oxygen lance, typically located between the bumer and the glass surface, The oxygen

introduced through the lance is diluted to low concentration by mixing it with furnace atmosphere
- before reacting with fuel. This results in staged combustion of the fuel and a flame with much lower
peak temperatures than the flame of conventional oxy-fuel burners, so that reduced NO, emissions and
improved glass quality can be achieved. '

BOC Gases (Maumee, OH) presented results: an application of the Flat Jet oxy-fuel bumer to three

different fumnaces and glass types (Geiger 1996). The Flat Jet oxy-fuel bumer is designed to produce a_
low momentum, highly laminar flame that has a well-defined envelop over a wide operating range. .
Use of this burner in a conversion of a lighting products furnace to oxy-gas firing has resulted in 35%

increase in daily pull rate, 30% decrease in fuel use, and improvement of product quality.

Glass Batch/Cullet Preheater Technology

With Gas Research Institute support, a dual batch/cullet preheater technology has recently been
developed. The batch/cullet preheater uses the oxy-gas furnace's waste heat to preheat cullet and
batch before feeding it to the furnace. The cullet is fed from the top and encounters waste heat--the hot
_combustion gases rising from below. Preheating cullet and batch reduces the amount of energy and
oxygen required in the overall melting process. Because there is no consolidation of batch (briquetting)
required as a first step in the so-called "raining bed” preheater, heat transfer is more efficient, leading

to smaller units that are less expensive. Commg, Inc. has been granted a license to the technology
(GRID 1996)-

D-2.4.2 Technology Examples Beyond 2010 Requmng Further R&D

In January, 1996, the glass industry issued "A Clear Vision For A Bnght Future” to meet the challenges
by the year 2020. The document presented thee goals of the industry and the research priorities that
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D-2.4.1 - Technology Examples Available Before 201'0

Considerable energy savings may be achieved by the year of 2010 by partially adopting current
commercially available technologies, such as the oxy-fuel process, advanced bumer and batch/cullet
preheating technology. '

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 (20 ton/day) furnaces have been converted to oxy-fuel combustion technology (Geiger 1996). The
advantages of oxy-fuel over air-fuel combustion system are reduced NO, and SO, emissions, lowered
particulate carryover, improvements in glass quality, and higher throughput and energy efficiency.

Anticipated or recently enacted air emission regulations will be a significant driving force for oxy-fuel
conversion in the near future, especially for NO, and particulates. In particular, oxy-fuel provides a
viable option for resolving the NO, "new source” issues of increasing production in Ozone non-
attainment areas, requiring Best Available Control Technology or Best Available Retrofit Control

Technology. Particulate stack emissions are reduced by inherently lower gas velocities over the melt
and reduced flue gas volumes.

Oxy-fuel glass melting has a number of significant operational improvements over conventional
furnaces. Varying the individual burner inputs longitudinally and flame length laterally, to establish
desirable- thermal profiles of the melter, will use energy only where needed, and avoid excessive
temperature in other areas. Configurations for placing oxy-fuel bumers in a melter can allow more
precise thermal input and more closely control the melting process. Where previously glass quality has

been affected by marginal melting conditions, oxy-fuel conversions have been reported to also improve
quality.

In the oxy-fuel process, oxygen or oxygen-enriched air is used in combustion in the melting furnace.
Energy input with oxy-fuel firing is reduced because the energy required for heating the 79% of inert.
nitrogen in the air-fuel process is avoided. This results in further efficiency improvement by reducing .
the volume of combustion products, which remove BTU's from the system. The atmosphere of oxy-fuel
furnaces is different from conventional furnaces. Water and CO, concentrations in the oxy-fuel furnace
are much higher than in the conventional furnace. This results in higher heat transfer efficiency from
the combustion gas to the melting batch because the radiative emissivities of water and CO, are much
higher than nitrogen. It is reported that fuel savings from oxy-fuel conversions are typically 10-15%
for well designed soda-lime regenerative furnaces, and at least 3040% for direct fired or regenerative
boro-silicate or lead glasses (Ross 1996). '

The reasons for converting to oxy-fuel are different for each segment of the glass industry. The cost of
- purchasing oxygen for furnace conversion must be justified by specific benefits and other desired
attributes. Meeting the NO, requirement is the most significant reason for converting to oxy-fuel. Other
important reasons, in descending order, are capital cost reduction, energy savings and production
increase. In the container segment, NO, reduction is the dominant reason for conversion to oxy-fuel. The
oxy-fuel process has become the preferred process in the fiberglass industry, with capital reduction

being the leading reason. The flat glass segment is the only segment that hasn't adopted the oxy-fuel
process.
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expense of increased coke and dry gas make. This reqmres catalyst coolers in order to keep the
temperature of the catalyst bed down (which comes from increased coke bum) and higher compressor
capacity to handle the increased dry gas yield. If catalysts were designed to more properly handle
higher amounts of heavy oils without the detrimental effects outlined above then more resid could be
handled in the highly efficient FCC with and subsequent decreased utilization of the less eff1c1ent
hydrotreaters.

The largest energy demand in the alkylahon units are in the refngeratxon units used to keep the HF
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 300°F. This is a relatively low temperature for the refiner and 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 go
down.

Refi_ning' Process Modifications

In order to more effectively process the lower quality (higher metal, nitrogen and sulfur) crudes while
maintaining or enhancing product yields and energy utilization efficiency modifications of current
refining practice will likely be necessary. As indicated in the previous section, metals, sulfur, and
nitrogen, adversely affect catalyst performance (product yields) and energy utilization in key
processes, such as fluid catalytic cracking and hydrocracking and hydrotreating processes. An incentive
exists therefore to remove or reduce the levels of metals, sulfur, and nitrogen as early as possible in
refining process. An incentive also exists to reduce the amounts of energy used in the crude and vacuum
distillation, towers, the major consumers of energy in the refinery process. An example of a potentially
attractive process modification that has been suggested is to input the crude directly into a thermal
cracking unit bypassing the atmospheric and vacuum towers. (Bartholis et al, 1986) The objective is to
initially crack the heaviest (aspheltenes) molecules in the 1000+ fraction of crude into lower boiling
point products while simultaneously removing the major portion of the metals, sulfur, arid nitrogen from
the crude in the coke that would also be generated from this fraction. An equally important parallel
objective is not to alter the molecular structure of the material boiling at’ <1000°F. The products
emerging from the Thermal Cracking Unit are then processed through the catalytic cracking,.
hydrocracking and hydrotreating units to generate the product yields desired. Hydrogen requirements -
are expected to be less in these processing steps as is the catalyst volume needed. Also enhanced product
yield and selectively can be anticipated. These improvements are expected to be derived from the
removal of 30-50 % sulfur, 50-80% nitrogen and greater than 90% of metals with the coke that is sent to
the regenerator and bumed to prov1de the heat for the cracking process. Major energy savings and
reduced gaseous emissions would evolve from such a process. The technology can also be used as a field

upgrader (Dawson et al, 1995), thus facilitating utilization of heavy US crudes, e.g., California
Midwest Sunset crudes.

D-2.4 TECHNOLOGY EXAMPLES FOR GLASS

The glass industry is comprised of several major product segments each with their own processes for
producing final products. The segments include container, flat glass, wool and textile fiber, specialty,
lighting, and hand glass. The major comman 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 furhace as the primary area of concem for
energy efficiency. Other process and product specific areas of energy efficiency are also possible.
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electricity and steam at desired pressure levels and to a H, plant. If desired, the syngas can also be fed
into the fuel gas system and used as the fuel for fired heaters. The conventional cleanup process used in
the gasification system recovers the sulfur from the fuel gas in the elemental state and thus reduces SO,
emissions dramatically. The cleanup system can also be sized to clean up segments of the primary fuel
gas stream as well. Any excess electrical power generated in the cogeneration plant can be fed into the
utility grid stream. Incorporation of a cogeneration plant also provides the capability to optimize the
steam utility system. The syngas generated from the low-value residual waste thus supplants natural
gas normally needed to augment the refinery’s fuel gas supply and that used for the production of H,.
The technology is already being introduced into various refineries.( Ladeur and Bijwaard, 1993;
Quintana et al) _

D-2.3.2 Technology Examples Beyond 2010 Requiring Further R&D
Long-Range Opportunities Requiring Further R&D

For the longer term there are a number of research directions in regard to novel refinery process
development/improvement that have the potential to produce breakthroughs in regard to refinery
efficiency and hence reductions of emissions of NOx, SOx and CO,. As indicated, the quality of the
crude supply is expected to continue to deteriorate in the future in regard to sulfur metals and API
gravity level (increased resid content). To process such crudes more energy in general will likely be
needed since process complexity will increase. To counteract the pressure on increasing refinery
complexity and energy utilization, new approaches to refining need to be developed. A number of R&D
directions have been identified that hold considerable promise. Examples of several promising

- directions that can have major impacts on enhancing refinery efficiency and reducing gaseous emissions
are briefly described below.

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 of activation for a process and thereby increase the kinetics
and/or product selectivity. If it accomplishes either or both of these tasks, the energy demands ana -
given process should decrease either due to lower heat demand (lower energy of activation) or from.
greater throughput. Three major process areas which impact the energy utilization efficiency in a - -
refinery and thus that could benefit from improvements in catalyst technology are: (1)
hydroprocessing; (2) catalytic cracking; and (3) alkylation.

In hydroprocessing, much energy is utilized in heating up heavy oils and resids to temperatures where
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 temperatures and
pressures) could reduce the energy used by decreasing the reaction temperature of this process.
Currently the hydrotreating reactions take place at temperatures of 660-750°F. Work on various
catalysts and catalysts combined with various solvents has shown that significant hydrotreating
activity can be attained at 570°F. In addition, the hydrogen selectivity of some of these catalysts is
equal or superior to that of commercial catalysts. Improved hydrogen selectivity would reduce
hydrogen consumption per barrel of oil converted and hence less hydrogen will need to be generated and
compressed.

Energy usage could be improved for catalytic cracking 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 come along with these resids are used as FCC
feeds the selectivity (in terms of ‘gasoline yield) drops dramatica_lly. ~This gasoline loss comes at the
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in a following section. Recent studies suggest that it may be possible to increase desired product yields
from 2-6% per barrel of crude processed with appropriate modifications of equipment and operating
conditions and in so doing producing an essentially similar reduction in energy usage and emissions. The
expected shift to lower quality (lower API gravity and higher sulfur) crudes expected to ocaur in the
future will impact the savings achievable because of their impact an FCC as well as overall refining
operations. Expected increases in coke generation provides opportunities to generate more heat and/or H,
as discussed in a following section. Higher coke lay down an the FCC catalyst will tum the FCC into an
exporter of energy that will require installation of additional heat recovery equipment such as catalyst
coolers, CO boilers, etc., that can be used for generation of additional steam, air preheat, etc. or for
production of electric power. Judicious integration of the excess heat into the refinery utility system
would thus reduce consumption of other fuels such as gas and electricity purchased from utilities. The
FCC thus stands in sharp contrast to the catalytic hydrocracker which is a major consumer of energy.

| Process Heat Integration

Process heat recovery and integration is one of the most effective means for reducing energy usage in the
_refinery. The objective is to identify, capture and utilize the waste heat that is generated when process
streams are cooled and/or that result from the combustion of the variety of fuels used in the refinery
(e.g., from fired heaters). At times the industry has in fact pursued process heat recovery and
integration vigorously when economically justified (e.g., under high-cost energy conditions such as -
occurred in the 1970s). An example of such a success is given in (Robertson, 1990), wherein it was
reported that EXXON had improved energy refinery energy efficiency by about 25% between 1969-1981;
a significant fraction of the improvement was due to enhanced heat integration. There are undoubtedly
* substantial additional opportunities to achieve enhanced integration assuming a lower ROI can be
‘justified and the issue of capital availability can be resolved. The application of pinch technology
analysis to streams within a process and hence between processes can be used to develop a composite
heat availability/recovery balance sheet that can be used to identify which equipment can be most
advantageously modified, added, or relocated to debottleneck the heat recovery system and thus to
achieve the highest energy recovery and the “biggest bang for the buck.” (Robertson, 1997, 1990) One of
the most promising opportunities where heat integration can substantially reduce energy use is between
the crude and vacuum distillation towers. Several studies (Sunden, Clayton) have indicated potential
energy saving in excess of 10% with payback less than 2 years. '

Requisite heat exchanger modifications can be achieved by adding heat transfer area or installation of
devices that will improve heat transfer such as turbulence promotors, auto fouling devices, extended
surface tubing, plate heat exchangers, etc. The introduction of these and other evolving new heat
exchanger improvement technologies will require that the risk issue be adequately addressed in order
not to degrade refinery reliability. i

Coke/Residue Gasification for Cogeneration/H, Production

‘The gasification technology that exists today provides refiners with a unique opportunity, albeit a
costly one, to simultaneously improve energy utilization, reduce emissions, and add value to the bottom
of the barrel by converting the coke and waste residues to a synthesis gas that can be used for producing
electricity, process steam and H,. The integration of a coke/residue gasifier with a cogeneration plant
and H, production system would provide refiners with an enhanced capability to process the lower
quality petroleum feeds (expected in the future), to meet changing market product demand and
environmentally mandated specifications. The technology would also allow the refiner to become an
exporter of energy and provide an inherent capability to dispose of various problem liquid/solid
carbonaceous residues. The gasifier converts the various residues into a clean syngas composed of H, and
CO which can then be split into several streams that can be fed to a cogeneration plant to produce
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single burner boilers, excess air control can lead to similar gains. The technology to automate excess air
firing is available.

Recouperative systems such as air preheaters and feedwater preheaters can capture waste heat. For
~many industrial-scale boilers, air preheaters are however not cost effective and they also can impact
NOx emissions. Installation of additional boiler tubes at the back end of the boiler can also improve heat

recovery but with the current price of energy and current investment chmates it will likely be difficult to
justify this additional capital cost.

Distillation

Approximately one-fourth of the energy used in refining is in the distillation process (DOE 1990).
Accordingly, a number of studies have been undertaken to identify opportunities to reduce energy usage
in the distillation system. As an example, an energy analysis was conducted to identify where, within
the overall distillation system, the highest potential - exists to reduce energy consumption (Rivero,
1989). Not surprisingly, the equipment/subsystems with the highest improvement potential identified
were the fired heater, condensate reflux system, the crude preheating train, and the effluent cooling
train. The opportunities identified underscore the importance of enhancing combustion efficiency and
improving waste heat recovery. The result is consistent with the most frequently recommended
modifications to the distillation processes, summarized in (Levine et al, 1995; Mix et al, 1978) namely,
(1) improving the fired heater combustion efficiency through modification of the bumers, applying ad-
vanced control technology, and use of a recuperative air preheater; (2) incorporating staged crude
preheat; and (3) replacement of stream ejector vacuum pumps with efficient electrically-driven
mechanical vacuum pumps (as discussed earlier). Other recommended actions to improve distillation
energy efficiency include (1) Selective introduction of vapor recompression into the overhead reflux
condenser subsystem, e.g., in the depropanizer column (Flores, 1984) ; (2) improving heat recovery and
integration between the cude and vacuum distillation units (estimates of reduction’ of distillation
energy usage range from 10-20%) (Levine et al, 1995); and (3) substitution of reboilers heated by the -
main column bottom for the stripping steam in the stripping columns (Rivero et al, 1989)

A more limited opportunity exists to improve the efficiency of the distillation tower (process) itself,
for example, by optimizing the number of trays, using more efficient packings, etc. The greatest
potential for improving distillation efficiency would require major revamps of towers to essentially . .
alter the distillation process by increasing the number of heat-integrated (internal) and condensing

. steps, thus reducing the loads on the fired heater and main condenser. Although the improvements in
distillation efficiency that can be achieved in this manner is limited, it should be noted that small
increases in efficiency can have major impact an the consumption of energy because of the amount of
high-quality energy used. Major opportunities thus exist to reduce the energy consumption in the
refinery distillation processes; a 10% reduction in energy usage would reduce overall refinery energy
consumption by about 2%.

Fluid Catalytic Cracker (FCC)

As indicated previously, substantive reductions in total industry energy usage can be achieved through
modification of key processes to increase efficiency and/or increase product yields per barrel processed to
meet market demand. This approach not only reduces energy usage and emissions but also improves

. competitiveness. The FCC presents an especially attractive opportunity because it is now and is likely to
continue to be a key process for meeting future demand for “white products”. As an example, the FCC
currently produces approximately 40% of the gasoline pool. The product slate yields from the FCC can be
adjusted through modification of operating parameters in the riser reactor, e.g., residence time, and/or
equipment such as feed nozzles, injection locations, etc., and by utilizing improved catalysts as discussed
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cost penalties are in the range of 8 to 10 times that of the US refineries. The fouling problém (energy
inefficiency) will become more critical as more heavy oil and residuum is processed in the future.

It is estimated that the energy penalty due to fouling can be reduced by a factor of two with an
accelerated deployment of mitigation technologies. The key to achieving significant fouling
mitigation in the near term (3-7 years) is extending laboratory experimental data to field operating
conditions and incorporating various mitigation technologies in retrofitting the existing heat exchange
equipment and/or pursuing more rigorous maintenance procedures, e.g., increased frequency of heat
. exchanger cleaning, operating heat exchanger equipment below threshold fouling conditions, and use of
optimally designed physical devices such as enhanced tubes and tube inserts in conjunction with
chemical additives. In the long-term, research an developing mitigation measures which can be
employed before the process lines go into operation can generate even larger dividends. The long-term
solution of the refinery fouling problem will require the development of prediction models and
comprehensive data bases. An added benefit from an aggressive effort to control fouling is that this

will facilitate additional heat integration of process equipment, thereby further increasing the energy
efficiency. '

A major factor impacting the pursuit of an aggressive program to minimize fouling is the economic
justification. The energy savings must be balanced against other costs, e.g., down time for cleaning

(which is generally very expensive), installation of fouling prevention devices, etc. It is clear that .
these costs could easily exceed energy saving values.

Mid-Term Improvement Opportunities’

Major opportunities to reduce energy usage in the mid-term also exist through retrofitting and/or
replacement of existing equipment nearing the end of its useful life and during major refinery revamps
that are periodically undertaken to meet market/environmental dictates. Examples of
process/equipment modification opportunities are as follows. '

Fired (Process) _Héaters

As indicated previously, over 60% of the energy used in refineries is obtained from burning gaseous fuels in
refinery heaters. Several approaches that seek to alter furnace designs and control and greater heat
recovery can be used to improve process heater efficiency. One of these, “heat release profiling”, seeks to
match heat release with load and the flame shape with process tube configuration: Radiant bumers,
which can be constructed to conform to the shape of the load and thus can concentrate heat where it is
needed can also be used. (Radiant bumers are generally more expensive than conventional bumers,
however.) Another approach is to improve heat transfer through improved luminosity. Efficiency gains
in the 5 to 10% range are possible. A variety of luminosity enhancing techniques have been tried with
varying degrees of success. Also, the use of oscillating (pulsed) combustion, in which the fuel flow is oscil-
lated while the air flow remains constant, a technique now being evaluated, is realizing efficiency gains
of 5 to 10% in process heater applications. Also possible are re-radiation plates which have been
reported to produce similar gains. The use of recouperators to recover energy, e.g., air preheat, is possible,

especially for higher temperature processes; cost and an increase in NOx emissions constrain the use of
this approach.

Boilers

As indicated previously about 20% of all energy used by petroleum'reﬁnefs is used for generation of
steam. One route for improving boiler efficiency is through improved sensors and controls. For example,
balancing the bumers in a multi-bumer boiler and reducing excess air can cut fuel use by 10 to 25%. In
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efficient electrical motors thus generating a net reduction in energy usage. Similar benefits can be
derived by replacing the steam ejector system on the vacuum still with a mechanical system driven by
efficient motors. The opportunity also exists to use low-grade steam to preheat boiler feedwater in
many refineries. More vigorous maintenance of steam traps, valves, and rapid repair of other steam
leaks can also generate significant steam savings. '

Increased attention to stripping steam usage can also prbvide dividends. Stripping steam is often sent

through a restriction orifice at a constant rate initially set to be proportional to some maximum feed -

rate. Controlled reduction of stripping steam can have several benefits besides the obvious direct
energy consumption. For atmospheric pipestills, reducing the stripping steam to the minimum required
to achieve the flash point or IBP specifications can help unload the vapor rate at the top of the
fractionator. This in turn can make the fractionation more efficient in the top of the tower and reduce
the reflux or pumparound requirements to meet separation specifications. Furthermore, less steam

means less sour water from the tower overhead and consequently less energy requirement in the sour
water stripper.

The oi:porttmities for reduction of steam usage cited can be best accomplished in conjunction with
introduction and integration of a state-of-the-art cogeneration plant into the refinery and optimizing
both steam and electricity use as discussed in a subsequent section.

Fuel Gas System. The refinery fuel gas system supplies about 1/2-2/3 of the energy consumed in the
refining process. The fuel gas is derived from the various conversion processes in the refinery. The heat
content of the gases’ combustion products can, under certain conditions, actually exceed the total energy
requirements of the refinery; then the refinery is faced with the situation of having excess energy.
Traditionally, the excess fuel gas problem has been dealt with by tolerating inefficient combustion,
generating excess steam, and flaring (bummning) the gas into the atmosphere. The excess gas (energy)
problem, if it exists in a refinery, is generally exacerbated in the summer when the light ends
separation systems are overtaxed, thus generating additional losses of propane and other higher
heating value products into the fuel gas system. A number of opportunities can be pursued to “recover” a
greater fraction of the fuel gas (excess energy). Examples of potential solutions include (1) generating
additional electrical energy via an on-site cogeneration plant to reduce electrical purchases from
utilities; (2) sale of the gas to a utility (if one exists near by); (3) isolating and utilizing high hydrogen

containing streams as feed to the hydrogen plant, thus supplanting the usual methane (purchased gas) . -
feed; and (4) utilizing waste heat’ driven absorption refrigeration systems to recover the heavier:

hydrocarbon products from the fuel streams, as described previously.

Equipment Maintenance

Aggressive maintenance programs to keep equipment operating in optinial condition can reduce energy
consumption substantially. A major opportunity exists with regard to controlling heat exchanger
fouling. :

Heat Exchanger Fouling Minimization. Heat exchangers, including furmnaces, are the workhorses in
refineries. A typical modem day refinery is equipped with hundreds of heat exchangers in variable
sizes. The overall energy efficiency of refineries is heavily dependent an the feed/effluent heat
exchangers that recover thermal energy from high temperature processes. Foulant buildup impedes
heat transfer, and the lost energy must be compensated by buming additional gas or liquid fuels in
furnaces. Thus, fouling' of equipment significantly reduces the efficiency of process operations and
increases capital and operating costs. The resulting economic and energy costs for the US refineries are
well known: 0.2 quads of energy (about 6.5% of the total energy consumed in refining) and more than $2
billion are lost each year due to fouling (Leach and Holuska, 1981). The total worldwide energy and
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based on efficient, established (allocated) performance criteria and/or targets. Estimates of energy
savings that can be realized through such action range from 1-4% (Robertson, 1997; ANL, 1997)

Utility System Improvements

The principal utility systems in a refinery are the cooling, steam, power, and fuel-gas systems. They
are integrated with virtually every process subsystem. Relatively speaking, these systems in general
have not and do not receive the same level of attention as the critical refining process subsystems since
they basically support these systems, and their impact on the overall refinery operating profit margin
is relatively small. The potential for energy savings, however, is substantial (Robertson, 1997).

The lowest water temperature available from the cooling water system can impact the energy
utilization/separation characteristics (operation) of the distillation towers substantially. Operating
the distillation towers at the lowest possible temperature reduces the amount of energy required to
perform a separation. Reducding tower overhead temperatures by reducng pressure (through more
cooling) also reduces tower bottom temperatures. This in tumn opens up the temperature difference
between the reboiled fluid and the energy source for the distillatior tower.

Cooling Water. Perhaps the most overlooked opportunity for saving energy lies within the cooling
water system. Reduction in light ends from towers (e.g., deethanizer, depropanizer and debutanizers)
reduce the reboiler duty for a constant separation. Similarly, lower temperature operation of absorbers
reduces the amount of light hydrocarbons lost to fuel gas. Cooling the feed to the suction of a compressor
may knock out additional liquid and is more efficient, so lowering the suction and intercooler
temperatures will improve efficiency even if no additional liquid is formed. '

-The cooling water temperature is especially critical in the summer. Refineries generally maximize
gasoline make in the summer. This leads to additional light hydrocarbons made from coking, cracking,
and reforming processes. Ethane and ethylene can “lift” additional hydrocarbons from the light ends
systems associated with thése processes. Proper cooling of the absorber-deethanizers can reduce the
light hydrocarbon losses that often wind up in the flare, thus improving product recovery. The larger
flares observed at refineries in the summer demonstrates this phenomenon

Lower cooling water temperatures can be achieved by revamping coohng towers using modern fill -
material to get a closer approach to the wet bub temperature. Additional/enhanced cooling

capability can be achieved by judicious use of the new generation of more efficient waste heat-driven

absorption chiller systems to either further cool waste streams or to cool process streams directly. Such

systems also provide an opportunity to utilize low-grade heat that is in excess in many parts of the

refinery. A Climate Wise Program demonstration of the use of a waste-heat ammonia absorption

refrigeration system (WHAARP) is currently under way at the Total Refinery in Denver (ANL, 1997)

‘The chiller is being used to cool the net gas/treat gas stream in the reformer unit, the FCC main column

overhead wet gas stream, and the unsat gas plant sponge absorber light cycle oil streams. The enhanced

‘cooling not only provides direct energy savings but also indirect savings from enhanced product recovery .
and debottlenecking and improved operating characteristics of the FCC wet gas compressors.

Steam Systems. Steam is used for a number of purposes throughout the refinery and accounts for about
20% of energy use. It is used as stripping agent, in vacuum jets,.as a heating medium, and in powering
~ turbines and pumps. Steam is used at several different pressures and temperatures. Several
opportunities exist to increase steam (energy) utilization efficiency. For example, as an alternative to
using letdown valves, back-pressure turbines can be used to reduce pressures to the desired intermediate
levels and in so doing produce electrical power supporting. purchased power. The steam used in
. condensing turbines that drives pumps, blowers, etc. can be replaced by the new generation of more
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400,000 bbl/day refinery that .is being made to meet current and future product volume and quality
demands is described. The refinery crude supply is expected to shift to a higher proportion of Middle
East crude, increasing the sulfur intake (to the refinery) by about 45%. The changes in refinery output as
a result of the extensive modifications are (1) the white product make will increase by 10% and (2) fuel
oil production will decrease by 40%. With regard to environmental emissions, SO, and NOx emissions
are expected to be reduced by 35 and 45%, respectively, due primarily to reduced residual oil firing;
also, particulate matter emissions will be halved. However, CO, emissions from the refining site are
expected to rise sybstantially — by about 22% - because of the use of greater amounts of hydrogen in the
refining process. The global emission level of CO, resulting from the refining and the combustion of the

products produced is, however, expected to remain essentially constant, because of the higher hydrogen
content of the refinery’s products. :

The above example serves to underscore the complexity/uncertainties in generating projections relative
to levels of energy efficiency improvements and the magnitude of emission reductions that can be
~achieved. Nevertheless, it seems clear that there are a number of steps and/or technology options
that, if implemented, could reduce energy usage and help reduce emissions. Specific opportunities are
cited in the following sections. The implementation of refining process/configurations modifications to

reduce energy areas will require that the industry provide strong environmental stewardship and that
an appropriate investment climate exist.

Examples Of Technologies And Changes In Operations That Would Likely
Improve Energy Efficiency Utilization '

The current ambiance in the refining industry is such that energy utilization improvement programs
have a lower priority relative to requisite environmental and general process optimization activities.
Nevertheless, based on the argument that “it is just good business and good citizenship” to be energy
efficient, the following sections contain examples of process/technology/operating improvements. that
could potentially generate substantial improvements in energy utilization efficiency. They are broken
down into three categories, namely: (1) near-term, straightforward improvement opportunities; (2).
process/equipment modifications; and (3) long-range opportunities requiring further R&D.

D-2.3.1 Technology Examples Available Before 2010

Near-Term Improvement Opportunities

- There are a munber of equipment, maintenance, and operational improvements that can be considered
relatively straight forward and that can be made to improve overall system energy utilization
efficiency. Such improvements generally can be expected to have longer pay-backs than current
industry standards. They are likely to be difficult to justify under current economic conditions of low
fuel costs, limited availability of capital (from cash flow) and management preoccupation with
meeting environmental regulatory mandates, etc. Nevertheless, under an “appropriate investment
climate” their implementation could produce substantial energy savings. -

Monitoring Overall Energy Performance

- Every refinery could promote energy efficiency stewardship by rigorously pursuing a program to monitor
equipment/process/overall refinery energy performance to identify (as early as possible) when a
system or piece of equipment begins to become inefficient so that corrective actions can be initiated.
Measured usage of energy for key equipment/systems can be compared with allocated energy values
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D-2.3 TECHN_OLO_GY.EXAMPLES FOR PETROLEUM REFINING

The amount of process energy used in refining petroleum crude oil to supply the US marketplace depends
upon many factors and not surprisingly therefore has varied over time. Key factors impacting energy
use and its utilization efficiency are (1) the quality of crude slate processed; (2) the cost and
availability of fuel and energy; (3) product slate produced to meet market demand; (4) refinery
configuration (complexity and size); (5) capital availability; and (6) environmental dictates (product
specifications). Over the past three decades these factors have forced the refining industry to change
dramatically; these changes in turn have impacted energy utilization. Over the time period of 1969 to
1974 energy used /bbl processed declined at a rate of 0.8%/yr. (Haynes, 1976). In 1975, energy use was
about 3.2 quads. The oil supply disruptions and high price of oil in the 70s motivated the industry to
continue efforts to minimize energy usage. By 1983, energy utilization had dropped to 2.6 quads (DOE,
1990). Since 1985 the refineries have become more complex and plant size has increased. Gasoline is
tending to become a commodity whose specifications are being set by environmental regulations. The
quality of the crude slate processed has declined. The deteriorating crude quality and the market
pressures to produce more “white products” per barrel processed motivated refiners to add more
advanced processing capability, thus increasing refining complexity and energy utilization per unit of
“output. By 1990 energy usage had again risen to a level of about 3.0 quads. Since 1990, energy usage has
' remained relatively constant; projected 1997 utilization is 2.941 quads (ELA, 1996)

Potential For Future Reductions In Energy Utilization

The potential for reducing energy utilization in the future will continue to be impacted in large measure
by the various factors cited above. The 1997 EIA outlook, taking into account market and crude supply
factors, projects that the energy usage in the industry can be expected to increase by 0.3%/yr. To reverse
this trend (and thus to achieve reductions in the critical greenhouse gas, CO,), the energy efficiency of

key (highest energy consuming) refining processes and energy supply systems must be improved. Such
' efficiency improvements can be achieved via various steps, e.g.s., (1) introduction of more efficient
equipment; (2) redudng process activation energies (through improved catalysts); (3) improving
equipment integration to recover more heat; (4) adopting improved process control, etc. Before such
steps are taken, however, they must be shown to be economically viable and be demonstrated to have
acceptable risk (in accordance with the industry’s standards). A number of studies have identified the-
key processes that must be addressed and processes and technology innovations/modifications that’
have the potential to substantially reduce energy consumption (Haynes, 1976; DOE, 1990)

The most energy intensive processes in a refinery considering both specific energy use for the process
stream and percentage of total energy use in the refining process were identified as; distillation;
catalytic hydrocracking, reforming and hydrotreating; alkylation; and hydrogen production. While

the aforementioned studies cite numerous technology options that could improve the processes energy
efficiency utilization, the issues of the economic viability and risk involved in retrofitting these.
modifications/components into the spectrum of plant configurations that exist in the industry today
were not addressed. It is clear that the cost/benefit ratios for incorporating the candidate
technologies/processes are highly site specific and are very sensitive to future market and
governmental dictates. '

An important parallel issue is that while refiners can make improvements/modifications to improve
energy utilization, they may also be forced to modify refinery processes/configurations to be able to
refine crudes of lower quality and comply with environmental dictates. While such changes may not be
driven by energy issues, they will very likely impact energy usage as well as emissions. They could
result in a decrease in'energy efficiency or an increase in CO, emissions, a major greenhouse gas. A clear
example of this is given by Ladeur and Bijwaard (1993), wherein a major $2.2 billion revamp of a -
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that an overall average 15% reduction of distillation energy consumption can be attained if better
column controls are applied. -

Industry does not have a consistent basis an which to compare the various options for distillation
- control. Since distillation controls are not fully understood, they may be applied where not needed or
not applied where needed. Current research is involved in performing detailed simulations of a range
of distillation columns with varying degrees of control difficulty to assess the control performance of
various control options. It is expected that the refinement of distillation control techniques resulting
from this research will yield energy savings of 288 trillion Btu by the year 2010. (DOE, 1997)

D-2.2.2 Technology Examples Beyond 2010 Requiring Further R&D

Biological/Chemical Caprolactam Process

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 price for caprolactone makes this
route uneconomical.

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 the process is now
available to be optimized for possible scale-up to pilot plant scale. It is estimated that by the year
202, this technology can provide annual energy savings of 12 trillion Btu. (DOE, 1997)

Flexible Chemical Processing of Polymeric Materials

Waste textiles and recycled waste materials from automobiles, .appliances, and furniture contain
polymers (such as nylon-6, nylon-66, PET, and polyurethanes) that can be converted into valuable

chemical feedstocks. 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 feedstocks. 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 sythesis gas,
which can be converted to a variety of chemicals of use to the chemical industry.

Because the process can 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) :
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D-2.2 TECHNOLOGY EXAMPLES FOR CHEMICALS

The chemical industry is almost too complex to. characterize as a single industry. Some products - -
chlorine and other industrial gases - are made electrolytically ar using electricity to compress and
liquify 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. 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.

D-2.2.1 Technology Examples Available Before 2010

~ As with paper, the most promising technologies for the near term are those that economize on the use of
heat or cooling or bring the two in better balance. Examples are:

Pinch Analytical Techniques

The “pinch” technique was originally a method for optimizing heat recovery in thermal processes and
was first applied in the 1970s. It has more recently been applied as a general optimization tool. '

Energy savings occur because of the heat recovery process (waste heat from one pfocess is used to provide
needed heat to another). In the classic case of heat exchanger networks, the pinch point helps to define
the best match between available and needed heat, allowing the heat exchange system to be optimally

-sized for greatest cost effectiveness. A larger system would save more energy but would have an

excessively long payback period; a smaller system might pay back soorier but would save less than the.
optimal amount of energy. - o o

Pinch optimization was originally applied to any new or existing system where there was available

waste heat at a higher temperature than required. Today’s applications are much broader, extending

to water, emissions, and site integration, with benefits including capital and energy cost reductions,

emissions reduction and improvements in yield and operability. A slight drawback to broad-
application of this analytical method is its complexity for use by energy managers who prefer to use -
“rules of thumb”; however, the energy savings sometimes prove a stronger motivation.

In early applications, energy savings averaging 30%, with capital cost savings in new plant designs and
one year paybacks in retrofits are common 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 widespread in the chemical industry, and its use has broadened further since then. (WEC,
1995)

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 are- often over-refluxed to ensure that the product purity specifications are met.
That is, more energy than necessary is used to meet the product specifications. As a result, industry
commonly uses 30% t6 50% more energy than is necessary to produce its products. It has been estimated
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are using less steam energy and more electrical energy; the BLGCC process fits right into the futufe
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. If the new technology is
implemented as these old boilers are retired, between approx. 2005 and 2020, it would represent
approximately 8 gigawatts of installed power generation.

Biomass Gasification

The pulp and paper industry is already utilizing nearly all of the available wood residues. The
residues from lumber manufacture and residues from pulping (e.g., bark, shives, etc.) are used in hog-fuel
boilers to generate extra stream and electricity for the mill. This offsets fuel fired (e.g., natural gas or
oil) boilers and purchased electricity.  If these boilers were also converted to gasification type

technology, biomass gasification combined cycle (BGCC), then they would complete the industry steam
needs and generate an extra 2 gigawatts of electricity.

A larger impact from this technology may be realized if additional forest residues which are not now
utilized were brought to a BGCC facility; then as much as 30 gigawatts of electricity could be

generated. A life cycle value of this would have to include significant transportation costs to collect
these residues; this is not yet established. :

Polyoxometaiate Bleaching
. /

Traditionally, the last remnants of lignin from the pulp have ‘been removed with a chlorine bleaching
process. However, the environmental impacts of chlorine has led to significant effort 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%. -

Sulfur-Free Pulping

The general public perception of the pulp and paper industry derives from the “rotten egg” or “stinky
cabbage” odors which come from sulfur by-products formed during pulping. The actual emissions of
these sulfur containing compounds may be quite small and environmentally benign. Nevertheless, these
odors are unpleasant and bothersome to a mill’s neighbors. Although tremendous strides have been

made to reduce these emissions, the particular compounds are so odiferous that alternatives are being
sought which can achieve the same performance. :

Anthraquinone is one compound known to produce a high quality pulp and improve the yield of pulp
from wood, thus conserving the use of wood. However, anthraquinone is currently too expensive to be
used to replace sulfur.' The basic building blocks of anthraquinone are within the wood itself. If a
suitable manufacturing process can be developed, anthraquinone can be manufactured reasonably and in
sufficient supply to impact the entire industry. Alternative sulfur substitutes are also being sought.

v’
’
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thicker film of condensate is left in the drum The muluport cylmder drying concept utilizes a different
method to remove the condensate from the drier. This has been shown to reduce the condensate film
thickness inside the drier to 25-30% of conventional technology which improves heat transfer and
increases drying.

On-Machine Sensors for Paper Properties

Whlle many people think of paper in terms of three grades, brown, white, and tissue, papermaking
involves literally hundreds of grades. Each grade is desxgned and manufactured to optimize ' its
performance in the customers application. To achieve its various performance characteristics the paper
grades differ in thickness, strength, moisture content, stiffness, porosity, smoothness, and many other
parameters. The individual parameter are controlled through multiple process controls which are
intended to be constant but, in fact, are not. Current technology for some properties relies an spot
samples individually tested in a paper testing laboratory to determine whether the operation was

grade at the time the sample was tested. Slgmhcant off-grade material can be produced between
samples.

The development of new sensors to provide real-time feedback ‘an 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. Recycled fiber is weaker than virgin fiber. In paper grades where strength is .
important the amount of recycled fiber which can be used is limited by the need to keep a safety margin
between the process target and customer specifications. The safety margin allows for normal process
variability while producing an acceptable product. With an on-line sensor for strength properties the
process variability can be reduced and greater proportions of recycled fiber utilized. In particular, the
stiffness properties of the paper sheet can be measured using an ultrasonic sensor in real time this
information can be used to reduce refiner energy in the process. A 10% reduction in refiner energy at a
single mill saves 70+ billion Btu/yr. Reducing the normal off-grade production rate by 50% (from a
typical 5% to 2.5%) can save an additional 118 billion Btu/yr.

D-2.1.2 Technology Examples Beyond 2010 Requiring Further R&D

The Vision process for the Forest Products Industry of the Future was developed by the industry 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 concems of this document are Environmental Performance and Energy Performance.
Some of the ways these objectives might be met are with the following technologies.

Black Liquor Gasification

The pulp and paper industry-is a highly energy intensive industry but also ane which generates a high
fraction of its own energy. Traditionally, about 40% of the energy used in a mill is generated from
burning the lignin solids. Lignin is that portion of the wood which 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 bumned in a boiler designed to recover the pulping chemicals and heat from
the combustion to make steam. The steam is used to supply the mill’s needs plus some is used to generate
electricity for the mill. The energy efficiency of the electncxty generation is about 25%.

In the’ black liquor gasification combined cycle (BLGCC) process a little less steam is generated to
supply the mill but significantly more electricity is produced, 2-3 times more. Trends in process changes
to make mills more environmentally fnendly change the balance of energy forms that a mill uses. Mills
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APPENDIX D-2

EXAMPLES OF ENERGY SAVING TECHNOLOGIES
FOR THE FUTURE

i D;2.1 TECHNOLOGY EXAMPLES FOR PULP AND PAPER

The Forest Products Industry, as the association is now known, consists of wood products manufacturing
and paper manufacturing, and in 1994 consumed more than 3 quads of energy (14.6% of all manufacturing
energy consumption). Paper manufacturing was also one of the most energy intensive industries in the
United States in 1994, 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 to make paper or board. 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, bleach the pulp and dry the paper
products. Much of this energy source (over 51%) comes from the reprocessing of lignins from the wood,

bark and unusable portions of the tree. In lumber and wood products, the fraction of biomass energy
sources is even higher — nearly 70%.

D-2.1.1 Technology Examples Available Before 2010

In paper manufacturing especially, any technology that will economize on 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 an the use of heat. Longer
term options alter the balance between steam and power. The most promising near term options are:

: Impulse Drying

In the papermaking process, a dilute slurry of <1% pulp fibers and 99% water are laid down on a moving
wire. Removing the 99% water is a very energy intensive process which includes draining, pressing, and

finally evaporative 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 from about 1.5 Ib. per Ib. of paper to about b Ib. per Ib. of paper.

The technology uses pressure and heat to superheat water in the sheet and increase the normal
hydraulic forces for expelling water from the sheet. The energy saved in the evaporating section more
than offsets the extra heat required to superheat the sheet. The total energy savings for full
implementation .of this technology could be approx. 0.25 quad/yr. The net energy savings have been
estimated to be about 12 trillion Btu annually from a market penetration of only 60 drying units by 2020.

Muitiport 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 inside which condenses on the
inside of the roller. The accumulating condensate must then be removed from the drum or it builds up
and interferes with the heat transfer from the steam to the roller to the paper. Current technology
implements a “shoe” in the bottom of the hollow roller to pick upthe condensate from the roller and
convey it out of theedrum. As the shoes wear they become less effective at removing condensate and a
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- cumulative energy savings in 2010, in percentage terms, was used to calculate energy and carbon savings
from the AEO industrial baseline energy consumption (Table A6) and carbon emissions (Table A19).

NEMS Model Runs

Several standalone NEMS industrial model were performed to compare to the LIEF model scenarios.
The two that were presented reflect a doubling of the NEMS industrial mode! retirement rate and a
doubling of the slope of the TPC, representing an acceleration of the technology improvement in the
process industries. Both of these changes were achieved by means of the NEMS model input file
(available on request). Since these runs only effect the NEMS process industry sectors it was necessary
to compare those sector specific results to the corresponding LIEF sectors. The reduction in total energy

use in the sectors for which both models had similar levels of (dis)aggregation was computed and
- compared on a percentage basis.
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| APPENDIX D-1
DETAILS OF THE NEMS AND LIEF MODELS

This appendix describes the procedure used to create the LIEF and NEMS model scenarios presented in
the industrial chapter. The LIEF model runs on a PC platform and is available, with the input files for
_each scenario, upon request. The NEMS industrial model nm use a standalone version of the
workstation model used by EIA. The version used for this study is the same as that used for the AEO97,

compiled for a SUN workstation instead of a [BM RISC workstation. The full output (and input) files
from the NEMS runs are also available on request

Three basic steps were used to perform the scenario analysis with LIEF; calibration to AEO and
modification of the input files to represent the efficiency and high-efficiency/low-carbon case. In

-addition the NEMS industrial model was run in a sta.ndalone mode and compared to the LIEF model
scenarios.

Calibration of the LIEF Model to the AEQQ? Industrial Forecast

The LIEF model was run using all of the macroeconomic growth rates and energy prices from the 1997
AEO. Growth rates for the value of shipments were taken from supplemental Table 23. Industrial
Sector Macroeconomic Indicators. Industrial delivered energy prices were taken from Table A3. Since
LIEF requires an aggregate weighted fossil fuel price, the AEO fuel consumption in Industry (Table A2)
for each fossil fuel was use to construct the weighted average fossil fuel price. Based on these inputs
the LIEF model was nin. A technology penetration rate of 3% was found to provide the same overall
decline in energy intensity in LIEF as for the AEO forecast.

Efficiency Case

In the efficiency case the capital recovery rate in the LIEF model, which is set at a default of 33%, was

changed to 15% for each industry sector. Since the LIEF model runs in five year time steps the change

was made effective in the time step 2000-2005. The growth rates of energy intensity between this nm_
and the calibrated LIEF BAU were calculated for the period 1995-2010 for each industry and for each.
energy type, fossil and electric.

High-Efficiency/Low-Carbon Case

In the High-Efficiency /Low-Carbon case the penetration rate in the LIEF model, which was set at 3%
for purposes of calibration to AEO was changed to 6% for each industry sector. Since the LIEF model
nums in five year time steps the change was made effective in the time step 1995-2000. -This timing
differs slightly from the efficiency case. Since the falling prices imply that the idealized energy
intensity does not differ greatly from the average energy intensity, increasing penetration rates in the
earlier time step has very little effect. Most of the effect comes in the period 2000-2005, when the CRF
is lower. The growth rates of energy intensity between this nm and the calibrated LIEF BAU were
calculated for the period 1995-2010 for each industry and for each energy type, fossil and electric.

Presentation of Results
The average annual growth rates based on the three 5-year time.steps, 1995-2010, were assumed to

apply for the 13-year period 1998-2010. The cumulative effect of the lower energy intensity, for each
industry and erfergy form, was computed by compounding the computed annual growth rates. The
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APPENDIX D-5 -
RESIDUAL BIOMASS MAKEUP AND GENERATION RATES

Residue generation is specific to the feedstock composition and manufacturing process. For kraft
pulp the feedstock mix for the United States was 73% softwood, 27 % hardwood (USDA, 1990).

The assumed average rate is 2.8 dry tonnes residue generated per tonne of kraft pulp produced
" (the 1990 value). Data from the SE shows that saw timber (with larger diameter bark and
slabs as residues) results in softwood and hardwood residue generation rates of 0.062 and 0.22
. tonne/tonne of kraft pulp respectively. Pole timber, in contrast has a lesser diameter criterion
and results in 0.007 t/t and 0.068 t/t for softwood and hardwood respectively. Additional
residues come from stand conversion activities (salvageable dead trees, cull trees, and trees less
than 12.5 an diameter), and have a much higher ratios of 2.25/3.63 t/t, softwood/hardwood to
pulp product. Stand conversion activities are region specific (Larson, 1991).

Additional biomass collection from forest management operations in the form of pre-commercial
thinnings, harvest residues, and residue acquisition from sawmill and other operations could
increase the fuel available by 100% which would allow a typical 750 ton/day pulp mill to
produce 35 MW of electricity for export to the grid to offset utility generation (Weyerhaeuser,
Stone and Webster, Amoco, and Carolina Power and Light, 1995). For the New Bermn, N.C,,
region this study developed the supply curve shown in Figure D-y. The technology for increased
recovery of residues and pre-commercial thinnings in plantation forestry is developed and there
is experience in its deployment. The developed calculations remained at the first third of the
supply where the feedstock can be obtained at under $21/BDt.

Figure D-5 1 Example of Biomass Shed Developed for a Specific Weyerhaeuser Mill in New
Bern, North Carohna

0 200 400 600" 800 " 1000

In the example of the New Bemn mill, although more complex, the effective first generatioﬁ
plant based on a Frame 6B gas turbine and current gasification systems compared well with a
stand alone plant at 1750 $/kW total plant investment and an overall efficiency of 30%.

P
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The current cost of IGCC is approximately 50% over the Nth plant cost. A proposal is for the
industry to form a "buyers club” that orders 5 or 6 units with government capital cost buy down
to create the Nth unit rapidly without any one customer being penalized by either cost or
operational difficulties as the leamning curve is followed. A sum of 300 M$ has been proposed-a
50% buy down on 6 units with a total combined electricity production of 420 MW (with an

electricity export of 50%, retaining 50% for self use). This cost is predicated on the $100 million
of capital cost for the unit assumed at 750 tons per day.
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APPENDIX D-6 -
ADVlAN-CED ALUMINUM PRODUCTION CELL

All primary aluminum is produced by the Hall-Heroult process, which has evolved and
improved continuously since it was first commerdialized in the early 1890s. In this process,
aluminum oxide (alumina, or Al,O;) dissolved in a molten cryolite solvent is decomposed into
molten aluminum (Al) at a negatively charged pool of aluminum (the cathode) and oxygen at a

'positively charged carbon (c) anode. The oxygen reacts with the carbon anode to form CO,, as
shown below (Haupin 1995):

2A1:O3 (liquid) + 3C(sol.id) = 4Al(liquid) + 3COZ (gas)

The carbon anode is continuously consumed in the process. In pre-bake cells, the anode must be
replaced every 2 to 3 weeks (Emad 1996). A direct short in the cell will occur if the anode comes
into contact with the molten metal. Maintaining the correct anode-cathode distance to avoid
the short is difficult because the surface of the molten aluminum undulates. In practice,
therefore, the anode and the cathode are kept at a distance of about 4 centimeters apart. The
voltage requirements of the cell and thus the cell’s thermal efficiency are proportional to inter-
electrode distance. Currently, heat losses resulting from the extra inter-electrode distance
account for approximately 40% of the energy consumption of a typical cell (Evans 1995). The
anode-cathode distance performance could be significantly improved in an advanced cell
incorporating (Kenchington 1997):

e ' inertanodes to replace consumable carbon anodes, and

> . sloped wettable cathode surfaces to replace the molten aluminum cathode, eliminating
undulating cathode surfaces and allowing reduction of the inter-electrode distance.

Since the early 1980s, the aluminum industry has done substantial R&D an inert anodes and
wettable solid cathodes. The Department of Energy has co-sponsored R&D an an advanced cell
incorporating an inert anode, a wettable cathode and other important modifications to the
Hall-Heroult process. Recently, the industry has demonstrated the technical feasibility of a
wettable solid titanium diboride-graphite (TiB,-G) cathode in a prebaked cell. Preliminary
results of short term tests of TiB,-G elements inserted in production cell cathodes indicate
significant reductions in energy consumption because the inter-electrode distance and thus the
voltage was decreased substantially (Dillich 1997). Improved wettable cathodes depend upon
materials development, process development and design. Another key technology in the
advanced cell is an inert or “dimensionally stable” anode. With this type of anode, oxygen is
evolved rather than CO, (as is carbon) during the electrolytic decomposition of Al,O,. Pilot
scale tests are currently being conducted using a novel cermet material as the anode and TiB,-G
as the cathode. Progress on inert anodes depends upon advances in materials development and
processes and cell design. This R&D also features Bayer process improvements and advanced
cell design and controls including electrode pack design and materials and controls for
‘management of Heroult cells. (Dillich 1997).

In addition to reducing cell electricity requirements (and reducing the CO, emissions associated
with generation of this electricity), the use of inert anodes will eliminate the process CO,
emissions from smelting (those associated with anode consumption). The use of inert anodes will
also eliminate anode effects, conditions of anode overvoltage that lead to emissions of the
perﬂuorocarbons CF, and C,F,. Wettable cathodes alone will significantly reduce anode effects
and this is reflected in the carbon reductions under the efficiency scenario. Although
perfluorocarbon emissions are small by we1ght they have a much higher global warming
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potential (GWP) and thus account for about ane third of the carbon emissions from the current
cell technology (Margolis 1997). At a typical proportion of 90% CF, and 10% C;F, , these
emissions have an equivalent weighted average GWP of 6770, compared to 1 for CO, (GWP is
6,500 for CF, and 9,200 for C,F,) (Gibbs and Jacobs 1996; IPCC 1994).
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APPENDIX E-2 B
ENERGY USE AND REDUCTION IN LIGHT-DUTY VEHICLES

Understanding how an automobile uses energy is an important first step in evaluating the wide array of .
technologies available to improve fuel economy. Briefly, vehicles use energy primarily to produce

power at the wheels to overcome three tractive forces that would otherwise prevent the ve}ucle from
moving:

e aerodynamic drag, the force of air fiction on the body surfaces of the vehicle;

» rolling resistance, the resistive forces between the tires and the road; and

e inertia and gravity forces, the first the resistance of any mass to acceleration, the second the
downward restraining force of gravity on the vehicle’s mass when it is climbing a grade.

In addition, the vehicle must produce energy to power accessories such as heating fan, air éonditioner,
lights, radio, and power steering. And, unless the engine is turned off, during idle and braking the
engine energy is largely wasted because it is not being used to provide motive force.

To obtain motive power, the automobile must transform the chemical energy in its fuel into power at the
wheels. First, the engine translates the fuel’s chemical energy into shaft power. Some of this- power is
then bled off to power accessories and the remainder is transformed by the transmission and other
drivetrain components into power that can drive the wheels. '

The transformation from chemical energy to motive force is a relanvely inefficient process. Energy is
lost because moving parts in the engine create friction; because air and fuel must be pumped through the
engine, causing aerodynamic and fluid drag losses; because much of the heat generated by combustion
cannot be used for work and is wasted; and because slippage in the transmission causes losses. As
discussed later, a conventional vehicle drivetrain generally will be able to transform about 14 (city) to
23 (highway) percent of the fuel energy into usable power at the wheels.

To reduce fuel consumption, vehicle designers can work to reduce all of the forces acting an the vehicle

(the tractive forces) and the accessory power, as well as the losses in turning fuel into motive power.
Each of these are treated in turn, below.

.1. Reducing Tractive Forces: Aerodynamic Drag

Aerodynamic drag is the resistive force of the air as the vehicle tries to push its way through it.
The power required to overcome the aerodynamic drag force increases with the cube of vehicle
speed,’' and the energy/mile required varies with the square of speed. Thus, aerodynamic drag
principally affects highway fuel economy. Aside from speed, aerodynamic drag depends primarily
on the vehicle’s frontal area, its shape, and the smoothness of its body surfaces. To minimize drag,
vehicle designers thus seek to minimize frontal area by shaving off unused space, redesigning
seating arrangements, and finding ways to make the vehicle’s side structure thinner; smooth
vehicle surfaces by flush-mounting windows, achieving better fit of body panels, even changing the
texture of vehicle paint or adding panels to the vehicle’s underside; reduce or eliminate obstructions
to air flow by removing radio antennae or putting cowlings on outside mirrors; redirect airflow with
front air dams and other devices; and change the vehicle’s basic shape both to smooth airflow (e.g.,
by increasing the slope of the windshield) and eliminate problems associated with issues such as
boundary layer separation and flow regimes, subjects for aerodynamic specialists. There are also
more arcane measures that can be taken, but these are unlikely for the time period of this study.

I
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The effect of the vehicle’s shape and smoothness on drag is characterized by the vehicle drag
coefficient Cp, a nondimensional measure of how the vehicle compares aerodynamically to a flat
surface of the same frontal area directly facing the airflow. In today’s automobiles, a 10% C,
reduction typically will result in a 2 to 2.5% improvement in fuel economy, if vehicle performance is
held constant.” The same ratio holds for a reduction in frontal area, although the potential for such
reductions is limited by interior space requirements. Note that the ratio of reduced C,, to increased
fuel economy will depend on the relative values of the three tractive forces and accessory loss.

As vehicles evolve and the balance of forces change, reducing C, may yzeld a higher or lower
fuel economy benefit. Also, the ratio is dependent on the dnvmg cycle; in this case, the cycle
referred to is the Federal Test Procedure. At alower speed cycle, for example, reducing C,

would have less effect because aerodynamic forces are less important.

2. Reducing Tractive Forces: Rolling Resistance

Rolling resistance is the resistive force between the tires and the road, and depends on the design
and materials of the tire (and road) and on the weight bome by the tire; depending an how it’'s
measured, rolling resistance may also include friction losses in wheel bearings and seals. The

primary source of tire rolling resistance is internal fiction in the rubber compomds as the tire
deflects on contact with the road.

Rolling resistance may be reduced by:

(1) redesigning tires and tire materials to minimize the energy lost as the tire flexes,
(2) lowering vehicle weight (see below), and
(3) redesigning wheel bearings and seals.

A major concern in tire redesign is to avoid compromising tire durability and handling capabilities.

The rolling resistance coefficient (RRC), like the aerodynamic drag coefficient, is a measure of the
resistance to a vehicle’s movement—in this case, of the tires. A reduction in rolling resistance of 6%
will typically yield a fuel economy improvement of about 1%. As with the Cp, this is an approximate
value that will change as vehicle design changes.

3. Reducing Tractive Forces: Inértial Force (Weight Reduction)

Inertial force is the resistance of vehicle mass to acceleration or grade-climbing, and is largest in city
driving, with its frequent speed changes, and hill-climbing. Inertial force is reduced by making the

vehicle lighter, e.g., by reducing waste, using lighter, stronger materials, and possibly by redesigning

the vehicle interior or structure.- An added benefit of reducing vehicle weight is the resulting reduction

in rolling resistance, which varies linearly with weight. Starting from current vehicles, a 10% weight

reduction will yield as much as a 6% increase in fuel economy, at constant performance.”

4. Reducing Accessory Power

Accessory losses may be reduced by improving the design of air conditioners, water and oil pumps, power
steering, and other power equipment, or by reducing the work these accessories must do (for example,
heating and cooling loads can be reduced by providing insulation and coating window surfaces with
coatings that reflect unwanted solar radiation).
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5. Turning Fuel Energy into Motive Power—Impfov‘ing Engine Efficiency

The process of tuming fuel’s chemical energy into shaft power is inefficient. To begin with, spark
* ignition (SI) engmes, the dominant passenger car and light truck powerplant in the United States, have
a theoretical maximum efficiency of about 45% (for a compression ratio of 10:1, and the stoichiometric
air-fuel ratio needed to allow current emission control systems to operate properly.* And for several
reasons, SI engines cannot achieve this theoretical efficiency level.

First, even the 45% maximum efficiency assumes an ideal cycle where combustion is instantaneous and
occurs precisely at the point where it can do the most work; the finite time of the combustion process
allows some fuel to be burned at less than the highest possible pressure and some heat to be lost through
the cylinder walls before it can do work. Second, mechanical friction associated with the motion of the
piston, crankshaft, and valves consumes a significant fraction of total power. Friction is a stronger
function of engine speed than of torque; therefore, efficiency is degraded considerably at light load and
high rpm conditions. Third, aerodynamic frictional and pressure losses associated with air flow
through the air cleaner, intake manifold and valves, exhaust manifold, silencer, and catalyst are
significant, especially at high air flow rates through the engine. Fourth, SI engines reduce their power
output by throttling the air flow, which causes additional aerodynamic losses called “pumping losses”
that are very high at light loads.

Because of these losses, production spark ignition engines are significantly less efficient than their
theoretical maximum even when they are operating at their most efficient operating point. Further, in
real world driving they often operate under conditions that push their efficiencies even lower. For
example their maximum efficiency point generally occurs at relatively high loads, whereas most
driving is under light load conditions, when pumping losses are highest (e.g., during city dnvmg and
steady state cruise an the highway). The high power that these engines are capable of is used only
during strong accelerations, at very high speeds or when climbing steep grades And during stop-and-go
driving conditions typical of city driving, a substantial amount of time is spent at idle, where efficiency
is zero. Typical modern spark ignition engines have an efficiency of about 18 to 20% on the city part of

the Environmental Protection Agency driving cycle, and about 26 to 28% an the hxghway part of the
cycle. '

- The complex nature of engine efficiency losses implies that engine designers have a wide variety of

pathways to explore in the search for higher efficiency. These range from measures that would

improve thermodynamic efficiency (measures that will improve spark timing, allow increased
compression ratios, and promote faster combustion — for example, advanced electronic controls and
better cylinder design) to measures that attack mechanical friction (lighter valve-trains, advanced
coatings an pistons, improved lubricants) and aerodynamic losses (increased mumber of valves per
cylinder, deactivating cylinders at light loads, variable timing for valve opening).

6. Turning Fuel Energy into Motive Power—lmproving Automatic Transmissions

Automatic transmissions match the speed and power requ.ired at the wheels to the speed and power
- output of the engine, choosing gear ratios that keep the engine operating in speed ranges that allow the
engine to maintain high efficiency. Energy is lost within the transmission itself, through hydraulic
losses in the torque converter, and in the engine because the transmission may not have the capability to-
keep the engine at its maximum efficient point — either because it has a finite number of gears, or
because it lacks the sensing technology or sensitive controls that would allow the perfect choice of shift
points. Also, the vehicle designer may deliberately move shift points from the true (efficiency)
optimum to gain an improvement in other attributes, for example, less frequent downshifts or smoother
engine operation. :
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C

Transmission improvements can come from reducing torque converter losses with better design and
materials, increasing the number of gears (or ultimately moving to continuously variable transmissions),
and improving the electronics that control transmission shift points and sense when shifts should occur.

7. Another Potential Source of Energy Savings—Sacrificing Vehicle Capabilities

Fuel consumption may also be reduced by sacrificing consumer amenities—reducing the size of the
passenger compartment (and, consequently, the size and weight of the vehicle), usmg a less powerful
engine that cannot provide the same acceleration (and that may cause greater noise and vibration),
designing transmission shifts that achieve higher efficiency at the cost of more harshness, reducing the
number of accessories such as air conditioning or power locks and windows, and so forth. Most modemn
attempts to reduce fuel consumption do not contemplate sacrificing these amenities, but some types of
vehicle redesigns may achieve higher efficiency only at the cost of such a sacrifice.

» Maintenance of consumer amenities is not the goal of vehicle designers, however—their goal
generally is improvement. All technologies with the potential to enhance fuel economy can be
used for other consumer amenities such as acceleration performance, and tradeoffs between fuel

-.economy and other, competing amenities are a constant feature of vehicle design — with fuel
economy often the loser in today’s marketplace. Examples include:

e Structural redesign using supercomputers can be used to increase structural stiffness at constant
weight rather than to reduce weight at constant stiffness. Anecdotal evidence suggests that
increasing structural stiffness is virtually a universal goal for car designers, and all new models
have increased stiffness;

* Technologies that increase engine power density and efficiency can be used to increase pbwer at
constant displacement, with a lesser or zero fuel economy improvement, rather than downsize
the engine to achieve the same power with improved fuel economy. Generally, replacement of

2-valve engines with 4-valve engines has involved higher power, no change in displacement,
and little fuel economy increase.

~ As noted earlier, the balance of energy losses will vary from vehicle to vehicle according to each
vehicle’s design, and will shift as technology advances. ‘Nevertheless, an examination of the energy

losses in a typical 1995 mid-size car will provide an indicator of target areas for saving fuel. The .

vehicle in question gets 27.7 mpg on the EPA test cycle (22.7 mpg city; 38.0 mpg, highway):

o Engine efficiency: the fracnon of fuel energy that emerges as shaft horsepower—is about 22% )

on the dty part of the test and 27% on the highway, 24% composite. In other words, three

quarters of fuel energy is lost in the engine, a tempting target for m\provement Rzusmg engine

efficiency from 24 to 25%.would reduce fuel consumption by 4%.
e Of the energy that is converted by the engine to actual shaft horéepowef:

= braking and idling loss: 16% (city), 2% (highway), 11% (composite) is lost because it
cannot be used when the vehicle is braking or idling. Systems that turn the engine off during
braking and idle (engine off or electric drivetrains), or store the energy produced (hybrid
systems can do this), can recover much of this 11%; .

= transmission loss: 10% (city), 7% (highway), 9% (composite) is lost by transmission

inefficiencies. This is the target for improved transmissions or, for electric vehicles,
avoiding the need for a transmission;
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= accessory loss 11% (city), 7% (highway), 9 to 10% (composite) is-.used to power the
accessories. Aside from conventional strategies to improve accessory efficiency or to reduce
heating and cooling loads, electric vehicles have a different mix of accessories—some.

differences help (no oil pump), and some hurt (may need a heat pump to generate cabin
heat);

= energy for motive power: 63% (city), 84% (highway), 71% (comp051te) is actually used to
overcome the tractive forces on the vehicle.

. o The three tractive forces play different roles at different speeds:

= rolling resistance accounts for 28% of total tractive forces in the city, and 35% an the

highway, 31% composite. Both improvement to tires and weight reduction work to reduce
this large fiction of tractive forces;

= aerodynamic drag accounts for 18% (city) and 50% (highway), 30% composite; and

.= inertia (weight) force accounts for 54% (city) and 14% (highway), 40% composite. Weight
reduction directly attacks this force, or some of the energy used to overcome it can be
recovered by regenerative braking.

! More precisely, the relative speed of the vehicle and the air. If the vehicle is heading into the wind, the relative

speed is the sum of vehicle speed and windspeed; with a tailwind, the relative speed is the difference of the two
speeds.

/

? One way- to- hold performance constant is to change the ratio of the highest transmission gear; at high speeds, a -
reduced Cp, means that the engine need not deliver as much power to the wheels to maintain speed or accelerate, and
the gears can be adjustcd accordingly.

* Including a less powerful engine, since a lighter vehicle is easier to accelerate and take up steep grades.
* Stoichiometric defines a balance of air to fuel that allows just enough oxygen to complete burn the fuel and no

more. Avoiding an excess of fuel is important to minimizing engine-out emissions of hydrocarbons; avoiding an
excess of air provides the oxygen-free exhaust that allows current NOx catalysts to operate.
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APPENDIX E-3

DOCUMENTATION OF TECHNOLOGY BENEFITS USED IN THE
EFFICIENCY AND HIGH-EFFICIENCY CASES

The EIA NEMS model has a very comprehensive list of automotive technology impfovements that are
likely to be introduced in the future. A few technologies are not considered by NEMS because they

represent a more optimistic view of future improvement potential than the "average" view of the auto
manufacturers. The technologies are:

Advanced drag reduction toa C40f 0.22 °

Direct Injection Diesel Engines

Direct Injection Stratified Charge (DISC) Gasoline Engines
Hybrid electric power trains with the gasoline or diesel engine
Fuel cell based powertrains

Most of these technologies with the exception of the fuel cell could be introduced in some niche markets
in the 2001-2005 time frame. The fuel cell could conceivably be commercialized before 2010, although
"average" expectations are that it will be ready for the market only around 2015. The assumptions .
regarding each technology are documented below, and were derived primarily from an analysis
developed by EEA for the Office of Technology Assessment (OTA) in 1995(EEA, 1995).

Advanced Drag Reduction

Based on the work for OTA, most of the auto manufacturers interviewed believed that a Cp of 0.25 was
a realistic average for a family sedan, although some models such as sports cars could attain lower
levels. However, some prototypes displayed at auto shows have demonstrated much lower values of
Cp and do not appear to have tradeoffs such as severely restricted headroom due to sloping rooflines, or
restricted trunk room with a sharply tapered rear end. One example is the Toyota AXV that attained
a Cp of 0.20, but it includes wheel covers and an underbody cover. These covers could affect maintenance
and heat rejection, but deleting them would raise the Cp, to about 0.22 according to Toyota (1994). The
Cp value of 0.22 was also cited by a few manufacturers as potentially achievable with improved
dimensional control and better body part fit and finish. Hence, both the efficiency and high-efficiency
cases were derived with a Cp, of 0.22 as the limit, which provides an additional 2.3% gain in fuel.
efficiency at constant performance. Costs were based an an EEA derived algorithm for drag reduction

that increases marginal costs per Cj increment, and was estimated at $256 per cars relative to the
baseline 1990 car with a C,, of 0.36. :

Direct Injection Diesel Engines

Direct Injection (DI) Diesel engines are at a much higher state of technological maturity than the other
technologies discussed, and are already available in the U.S. market an one model in 1997. In
turbocharged form, a DI diesel can improve fuel economy by 40% (on a per gallon basis) relative to a
naturally aspirated gasoline of equivalent technology, based on actual test data from European DI
diesels not yet sold in the U.S. market (U.K. DOT, 1995). Although DI diesels are being sold today,
they are currently eligible for a waiver from the gasoline engine NO, emission standard; it is not yet
clear whether such a waiver will exist in the future or how low the emission standards for diesel will
be.

There are a number of technologies under development to reduce diesel engine emissions and the
technologies include (1) use of very high pressure fuel injection to atomize the fuel more finely (2)
electronic control of injection rate to tailor fuel delivery to the combustion process (3) exhaust gas
recirculation to reduce NO, emissions (4) use of variable geometry turbocharging to provide sufficient
air over a wide range of engine speeds and (5) use of a lean NO, catalyst. All of these technologies are
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likely to be used together to reduce NO, and particulate emissions simultaneously, and the efficiency
scenario assumes that the emission reductions available from this set of technologies will allow diesels
to meet future standards without an emission penalty. The cost increase relative to a gasoline engine of

equal torque is estimated at $1100, which includes a $150 for emission control technology to meet future
standards (VW, 1995).

Direct Injection Stratified Charge (DISC) Engines

The DISC gasoline engine has recently been introduced in Japan, and can be considered a viable option
for US. introduction in the next few years. The DISC engine is similar to a lean-burn engine
conceptually, and the direct-injection of fuel allows better tailoring of a stratified charge that can
support combustion even under very lean total air fuel ratios. New DISC engines from Toyota introduced
in Japan shows a benefit in fuel economy of about 26% relative to similar conventional engine on the
Japanese test cycle (Toyota, 1996a). The Toyota engine incorporates both DISC and variable valve
timing (VVT) and Toyota's opinion was that a similar design engine would show a benefit of about 20%
an the US. cycle. Of course, VVT itself can provide a 8% benefit in fuel economy an conventional
gasoline engines, but it's benefits are reduced to about half that level (or 4%) in conjunction with a
DISC, based on EEA's engmeenng analysis of pumping losses. Hence, the DISC technology can
potentially provide a 16% benefit in fuel economy without VVT. The incremental price is based on the
current incremental price in Japan for Toyota's DISC engine and is estimated at about $300 (Toyota,
1996b).

Like the DI diesel, the DISC engine also has some difficulty in meeting NO, emission standards. It is
more reliant than the diesel on the successful development of a lean NO, catalyst, which has been
developed for use in Japan. Thelean-NO, catalyst is very susceptible to sulfur poisoning, but fuel sulfur
levels in Japan are very low, less than a tenth of the levels for U.S. (non-California) fueis. The
a.ssumption in this scenario is that fuel sulfur levels in the U.S. are reduced and more sulfur tolerant
lean-NO, catalysts are developed, allowing the DISC engine to meet future NO, emission standards.

Auto manufacturers interviewed by EEA appear to be optimistic that these developments will occur in
the near future. ,

Hybrid Drivetrains

Hybrid electric/i.c. engine drivetrains were extensively analyzed in the OTA report, and the OTA
analysis utilized "expected average" values for the efficiencies of drive motors, electrical generators
~ and electric power storage media. These average efficiencies were utilized in a lumped parameter
simulation model (one that utilizes cycle average calculations rather than second-by-second
calculations) to derive the fuel efficiency of hybrid vehicles. The OTA analysis indicated that a series
hybrid design utilizing the same aerodynamics, body structure and tires as a conventional vehicle
would attain a fuel efficiency of 48.5 MPG (EPA composite), while the conventional vehicle using an
overhead cam, 4-valve engine with variable valve timing would attain 38.8 MPG. Hence the gasoline
engine hybrid offers a 25% benefit in fuel economy over an advanced gasoline engine powered vehicle,
or a 33% benefit over a vehicle without VVT (which accounts for an 8% fuel economy benefit).

The same simulation - model revealed that the DI diesel engine powered hybrid would obtain only a
10% benefit over a conventional vehicle powered by a DI diesel, i.e. a 54% benefit over a conventional
vehicle powered by a conventional gasoline engine (1.4 x 1.1 - 1).

Costs for both hybrid vehicle types were derived from data in the OTA report.
In the high-efficiency case, a re-evaluation of the "expected average” efficiencies utilized for motors,
generators and power storage media was performed. Even at the time the OTA report was completed,

some reviewers believed that the average efficiencies selected for the OTA report were too
conservative.
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The re-evaluation suggested that the efficiencies could be increased to reflect more recent technology
advancements, as follows:

OTA :
Efficiency Case (%) High -Efficiency Case (%)
Generator (Continuous) 91 : 94
Battery In/Out 80 86
Motor - Urban 82 . 85
Motor - Highway 90 93
Regenerative Braking B 80 83

These higher efficiencies were utilized in the simulation model to re-evaluate hybrid vehicle fuel
~ economy. The new efficiency values increased gasoline/hybrid vehicle fuel economy estimates from
48.5 MPG to 54.45 MPG, a 12% increase. A nearly identical % increase in fuel economy was observed for
diesel hybrid vehicles, which is not surprising since the changes relate only to the electrical
components in the vehicle. Hence, the net effect of this re-evaluation is that the gasoline hybrid

vehicle was estimated to be 49% (1.33 x 1.12) more efficient! than a conventional vehicle, and the

diesel hybrid to be 72% (1.54 x 1.12) more efficient than conventional vehicle. Costs were unchanged for
this scenarios from the efficiency scenario.

Fuel Cells

As with other technologies, the analysis of fuel cell efficiency was derived from data in the OTA
report. In that report, the methanol fuel cell and reformer were estimated to have a cycle average
efficiency of 45%, i.e. the system was a little more efficient than a turbocharged DI diesel engine at

%. At this efficiency, the simulation model revealed that the equivalent vehicle would have a fuel
economy of 66.7 MPG, which is 72% better than the 38.8 MPG attained by an advanced conventional'
vehicle with similar technology. More recently, the technology has been extended to utilizing gasoline
as fuel with some modest loss in efficiency. It was assumed that the loss could be held to about 2%, so
that the gasoline fuel cell vehicle would be 70% more efficient than .the conventional vehicle, in the
efficiency case (Borroni-Bird, 1957).

The efficiency case utilized average efficiency values for motors and power storage media consistent. -

with those used for the hybrid vehicle, and the high-efficiency case derived for the fuel call utilized
similar assumptions on efficiency increases for these components as those used for hybrids. The fuel cell
vehicle, however, does not have a generator, and utilizes the power storage media a little less than
the i.c. engine powered hybrid vehicle, so that the net efficiency gain was estimated at 8.2% relative
to the efficiency case, using the simulation model. Hence, the fuel cell vehicle attains 84% better fuel
economy than the conventional vehicle (i.e. 1.7 x 1.082) in the hxgh-efﬁaency case.

No cost data was utilized for the fuel cell vehicle due the extreme uncertainty in costs. However, a

strong research effort was estimated to reduce the lead time to commeraahzatxon from 15 years to 10
years, so that its introduction into the market could occur in 2007.
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APPENDIX F1
INPUTS AND OUTPUTS OF THE ORCED MODEL

The ten tables presented in this appendix show the inputs and outputs for each of the five main runs of
the Oak Ridge Competitive Electricity Dispatch (ORCED) used in this study. For each rum, the first
page shows the input sheet, with those values that are input rather than calculated in bold. The

second page shows the outputs, highlighting the key results for each case. The identifying name can be
found in the top left of each page. The five cases are:

AEO 2010 (our approximation of the EIA’s AEO ‘97 results)

Restructure Case (using pricing on the margin and minimizing avoided costs)
Efficiency Case (intermediate demand-side efficiency)

High-Efficiency /Low-Carbon Case (maximum demand-side efficiency)

Alternative Technology Case (using advanced production technologies defined by DOE's Offlce
of Fossil Energy)

ORCED is a production-costing model that uses load-duration curves rather than chronological loads as
inputs. The model is run twice for each year of simulation, once for an onpeak season and a second time
for an offpeak season.

For each season, the model has available to it 26 generating units. The first 25 units are characterized
in terms of capacity, forced and planned outage rates, fuel type, heat rate, variable O&M costs, fixed
O&M costs, and annual capital costs (based on initial construction cost, year of completion, and
capitalization structure). The last unit is an energy-limited hydro unit, for which the inputs include, in
addition to those noted above, the plant’s capacity factor (equivalent to its maximum energy output for
the year). This treatment of hydro as energy-limited ensures that hydro displaces the most expensive
energy (i.e., at the top of the load-duration curves).

The model dispatches these 26 generating units separately for the two seasons. Although the
calculation process is the same for the two seasons, the results differ because of differences in the load-
duration curves and because all the planned maintenance is assumed to occur in the offpeak season.

The plants are first dispatched against the load-duration curve on the basis of bid price, the default for
which is variable (fuel plus variable O&M) costs. (If the user bids a zero price for a unit, the generator
is treated as a must-run unit and is dispatched first by the model.) Because plants are not available

100% of the time, we also model forced outages an a probabilistic basis. Thus, the higher-cost plants
will see demands not only from customers, but “equivalent demands” based an the probability that
plants lower (i.e., less expensive) in the dispatch order will be undergoing a forced outage. The model
creates an equivalent load-duration curve for each plant, which extends the amount of time the plant
runs based on the forced-outage rates of the plants lower in the dispatch order.

INPUTS

The inputs at the top of the Input sheet (lines 1 through 13) are global inputs that determine the two
load-duration curves, the number of generators that will be treated probabilistically (vs derated), the
cost and carbon emissions per million Btu for each fuel type, and the financial characteristics of the
generator owners (book and depreciation lifetimes, capxtahzatmn ratios, and return on bonds and
COmmOn equity).
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This portion of the sheet also allows the user to specify either the cost of unserved energy or a price
elasticity. In the former case, whenever demand exceeds supply, customers pay and suppliers receive
that rate for all the energy sold during that time period. If the elasticity option is used, the price of
electricity increases beyond the cost of the most expensive unit then online until demand and supply
equilibrate; the lower the elasticity value, the larger the price increase required to reduce demand to
the level of available supply. ; '

The user can also specify an uplift charge (analogous to that used in the UK), which is added to every
kWh sold, a tax an carbon, or an annual capacity payment in $/kW-year. These various unserved
energy, price elasticity, uplift charge, and capacity-payment options allow' cne to test different
structures for a competitive bulk-power market.

The model includes a user input on fuel plus O&M startup costs. This factor is used to ensure that low-

capacity-factor units recover all their variable costs, including those associated with startup,
shutdown, and no-load operations.

Rows 18 through 44 include the user inputs on the 26 generators that are used by ORCED to meet system
load (as specified by the two load-duration curves). For each of the first 25 generators, the user
specifies unit capacity, whether the plant is available for use during this particular analysis, forced -
and planned outage rates, fixed O&M costs, initial plant cost and year of completion (which are used by
the fixed-charges rate routine to compute the annual unavoidable fixed cost), heat rate and fuel type
(which determine the unit’s fuel cost), variable O&M cost, and bid price (input as OP to use the unit’s

fuel plus variable O&M cost). Line 44 allows the user to input assumptions for an energy-limited hydro
unit.

OUTPUTS

The Output sheet summarizes the results of the particular analysis. Key results are shown in the region
A2:N11. These results show the system’s overall variable cost per kWh, variable plus avoidable fixed
cost per kWh, and total cost per kWh, as well as the average price of electricity, all computed at the
generator busbar. The summary information also shows system reliability as measured by reserve
margin and the loss of load probability and amounts of unserved energy in the two seasons. The amount
of unserved energy, in combination with the assumed onpeak price elasticity, determines the cost of.
unserved energy (N46). The model calculates the number of plants that "are unprofitable relative to
avoidable fixed costs (G3) and relative to total fixed costs (G4), with details shown in the region
A47:D75. The summary shows the distribution of system capacity, energy production, and cost by type
of generation. Finally, the summary shows total carbon emissions for this analysis year (N41). -Since
ORCED is modeling 2% of the national total, this value (as well as overall sales and peak) should be
multiplied by 50 to get national totals for these values. - :

The middle part of Output shows operating results, revenues, and: costs for each of the 26 generators
specified in Input. These results show each unit’s output, capacity factor, and time. on the margin for

the year of analysis. These operating results are then used to determine revenues, variable costs, fixed
costs, and net revenues.

The lower left portion of this Qutput sheet (A47:D75) shows the earnings for each generator relative to"
variable and avoidable fixed costs (but not unavoidable fixed costs, which are primarily related to

capital costs). Negative numbers reflect losses per kW, and show the capacity surcharge that would be
necessary to keep them operating. :

The chart shows the generating price of power at the busbar for the peak and offpeak seasons. These

prices are higher during the fraction of each season when higher-cost plants are required to operated to
meet demand. - : :
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INPUTS AND OUTPUTS OF THE 2010 ELECTRICITY SECTOR
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460 1 10.0% 8.4% 12,800 Gas 0.068 022 oP [ X] 140 1986 1 9 3.42
360 1 3.6% 4.0% 11,460 Gas 1.000 0.01 oP 1m"e 384 1098 3 44 ,208
-380 1 3.6% 4.0% 10,672 Gas 1.000 0.01 oP 1ne 406 2002 .3 ' 60 282
350 1 3% 2.9% 1,793 Gas 1.000 0.0 oP 169 542 2008 3 66 2.07
80 1 25.0% 15.0% 10,280 Other 1.000 127 opP 65.8 2,361 2008 4 260 1.27
1600 Peak CF Non-peak CF )
1,600 1 65.0% 40.0% Hydro 0.10 10 400 1067 1 1] 0.10
16,700
1090 1001 1992 1903 1004 1005 1606 1997 1008 1900 2000 2001 2002 2003 2004
1127 1171 1.203 1238 126 1208 1.326 1.387 1300 1.426 1.468 1508 1.540 1585 1.648
0.848
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Appendix F-2

A 1 8 1T 1 © | ¥ 1 ¥ ] & T R T 71 [ 1T x 1 € T W1
1_|Restructure Case .

| 2 ] Peak Offpeak # of UnprofRabie plants % of Totad Cap tact Avoidable Vanabief

[ 3 ] Annual ssason  ssason  Against avoid O&M 9 Capacity Generatior % e/kWh e/kWh

|_4_|Reserve Mugn 6% 6.6% 5.8%  Against all costs 12 w/ urservy Hydro 10.6% 7.5% 43.8% 0.38 0.10

| S _ILOLP, % of pencd 0.90 225 0.56 Average Price, ¢AWh 2.87 289 " Nuclear - 11.9% 15.4% 70.6% 202 073

| 8 _[LOLP, day/10 Year 38.01 8228 20.50 Avg. Variable Cost 1.48 1.47 Coal I37.1% 47.5% 78.9% 1.80 1.58

_7__‘ Load factor 65.7% 73.0% 71.3% Avg. Vark-Avoid OAM 218 219 (o] 3% 0.3% 5.1% 4.81 3.46
8_{Peax Demand, MW 14,167 14,167 12,572 Total Cost 251 - 253 GasST  10.3% 3.4% 20.1% .28 273

91 Energy, GWH 81,548 22,858 58,800 Maxloss, VavalkW  (415.17) GasCC  16.6% 215%  T709% 296 73

10 | Generation, GWh 81,500 2,035 58,874 Starf-up Cost, IMW L] GasCT 0.9% 4.2% 26.0% 4.51 237
11 |{Unserved Energy, &~ 37 -~ 14 # plarts Probabilistic 10 Other 0.3% 0.3% 60.0% 7.47 1.27

E Round err not in UE 2 [} .2 . .

13 |Plamt Outpt  Capac  Timeon Revenue Var. +Start Avoidable Unavoidable Total Net  Avoidable Net Rev - Avoidable Carbon reieas
14 |[Name Capacity MwWyr ___Factor Margin, % M$ CostMSxdCatMS$ FxdCatMS$S Rev MS MS $/KW __ ost_e/kWh Million Tons
15 |Nuciear1 1,000 796.00 79.6% 0.00 190 5t 0 28 2 48.69 81.17 202 0.00

(16 |Nuctear2 800 63680 79.6%  0.00 152 4 7 144 (105 3898 6117 202 0.00

[ 17 [Coalt %0 70020  T8.8% 0.00 109 ™ 1 3 56 7925 111.74 1.48 1.53

| 18 [Coar as0 719.98 84.7% 0.00 1m 98 10 13 53 85.91 91.55 1.67 1.87

| 18 [Coad 850 719.96 84.7% 0.00 .1m 96 10 8 57 65.07 90.38 1.69 1.59

[ 20 {Coale 600 408.60 83.1% 0.00 19 [} 7 18 25 43.55 87.35 1.72 1.1

| 21 |Coals 600 497.11 82.9% 0.31 119 [} 7 Q L) 42.53 85.30 178 1.12

| 22 ICoaiB+7 850 648.17 76.3% 3.08 157 [ 13 18 30 48.43 71.93 1.91 1.49

| 23 |Coai8 450 29.78 73.3% .78 a 57 7 3 14 17.14 48.08 a2 0.79

| 24 |Coal+10 450 251.58 $5.9% 1223 ] 46 7 3 1 1424 38.25 243 . 0.63

A CoakAav. 50 41.80 83.6% 0.00 10 L] 13 . @ (8.40) (201.01) 5.02 0.09

| 26 [0 500 25.45 5.1% 3.83 15 ] 3 2 2 437 10.51 4.5 0.05

| 27 [GasST1 600 23.00 37.2% 18.08 ] 51 [} 4 ] 1028 20.51 2.8 0.28

| 28 |GasST2 500 T7.1¢ 15.4% 9.48 29 20 5 2 2 4N 10.32 .68 0.10

| 29 |GasST3 450 11.98 27% 237 10 4 4 0 1.9 5.08 7.88 0.02

| 30 |GasCC 300 137.91 48.0% a2 ¥ 0 3 4 8 8.03 25.07 27N 0.17

31 |GasCC2-New 200 148.58 73.3% 421 7 F- 17 - (8) 6.3N (36.60) .37 0.14

| 32 [GasCC3-new 200 183.84 78.9% 417 38 27 17 - M (6.50) (37.37) 3.3 - 018

| 33 GasCC4-Adv 800 890.48 86.3% 1.08 108 1 74 - (10} {10.38) (14.91) 29 0.55

| 34 |GasCCS-Acv 1,000  869.91 87.0% 0.10 207 118 102 - (13)  (13.11)  (15.08) 2.89 0.84

| 38 | GasCT1+2 450 5.44 1.2% Q.98 8 2 3 4 (1) 292 7.67 10.35 0.01

| 38 |GasCT3-new 50 38.02 10.3% LX) 16 ] 20 - (13) (12.92) (39.95) .23 0.08

[ 37 |GasCTa-new %0 . 9862 273%  11.98 N 2 2 - (14) (13720 (42.42). 5.39 0.13

| 38 [GasCT5-Aav. 50 252.38 72.1% 8.49 e 48 29 - (10) (9.98) (30.88) 3.38 0.25

| 39 [Renewadie 50 30.00 60.0% 0.00 7 3 18 . (12) (12.48) (41547 7.47 0.00
40 {Hydro 1,600 700.00 43.3% 198 [} 18 0 1768 175.51 ' 108.70 0.38 0.00

41 | Totals 15,100 9,208 2% 2,338 1,180 583 284 201 578 12.47

42 | Avoidabie Total ’

| 43 |Urearved Energy 424 19 19 whoUE 1,783 2,047 Avg. Carbon kg/MWhr 153

_4_4_1 Totais w/ Unserved 9,300 2,287 1,199 wi UE 1,782 2,088 Time wid marginal cost 283

48 ) ’ i Time wid Unserv E Price 20.59

1 Unserv E. Cost/kWh 52.45
&7 [Sort by Net R AW Price increass to pay avoidad losses 0.12
L] Avoxdabie Reserve|
40 iName Not RevAW _ Capacty _ Margin| Marginal Power Costs and Prices

| 50 |Coall 111.74 900 % 10.00 ;

| 81 [Hyaro 100.70 1,800 18%

L& Coal2 91.55 850 24% 9.00

[ 59 [Coatd 90.38 850 0% | =——===Peak Season Comt

| 54 |Coald 87.35 00 uU% . =~ ~== Pesk Season Pnce| . ’

55 [Coas 85.30 600 8% ey——————+-.-. Of-SeasonCoxt | !

(56 |Couse7 1.0 850 ' 44% : — - — - Oft-Season Prca ‘ I

| 57 |Nuciear2 6117 800 - 50% 7.00

| 58 |Nuciear? 61.17 1,000 57%

| 50 [Coni8 4608 - 450 00% 800

[ 80 |Coal+10 828 450 a% =

| 81 ]GasCCH .07 300 5% ; 5.00

[ 82 |GasST1 20.51 000 0% 3

[ &3 Jou1 10.81 500 % : -I

¢4 |GasST2 10.32 500 ™ 400 K=

| 65 |GasCT142 - 187 450 80% L:l—l

[ 68 |GassTa 5.08 450 8% .00 -

| 67 |GasCCa-Ay (14.91) 800 8% - =3

68 |GasCCS-Aav (15.08) 1,000 8% 200 i,

[ 80 |GaaCTS-AQN. {30.89) %0 %% o

| 70 |GasCC2-New (38.90) 200 100%. 1.00

| 71 GasCC3-new (37.37) 200 101% :

[ 72 |GasCT3-new (39.96) %0 103%

13| GasCT4-new e 380 o o 0 10 20 2 © S0 ®© n 20 % 100

[ 74 |CoakAav. (201.01) 5 106% . %% s _

73 |Renewable (41817 S0 107%|

.
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) I ) | T I D I E | F ) I | | S T J T K T T | [s] | A
| 1 [Case D Efficlency Case ’ CAPITALIZAT IOU-Existing * IPP-Existing - IPP-New IPP-Renew Peak Season LDC .
_L Peak Demand 13163.4503 Fuel Type SMMBTU kg CMBTU ' ; 1 2 3 4 Season Peak Shoulder 2  Shoulder 1 Min (100%)
| 3 ] Ratia 'of Off-peak (o peak 88.4% Gas 2.5 14.47 Term (Yeals) 30 30 20 20 % ol Season 0 [ 1 [ 100
|_4 | Peak Faclion of year 26% Coal 134 26.72 Tax life 20 20 12 8 Templaie ralk 100% 23% 63% 42%
. L8 JLoad Factor, % 65.8% o 3.00 21.49 Inc. Tax Rate I8% 3% 3% 38% Ralio to Paak 100% 83% 53% 42%
_!_‘ Peak Season Load Factor 73.1% Nuclear 0.70 0 Prop. Tax rat¢ % % 8% 8% Demand MW 13,183 12,282 6,088 6.500
na Off-Peak Season Load Factor 71.6% Hydro 0.00 0 Debt % - 40% 30% 0% 30% Off-Peak Season LDC ’
1 8 | Carbon Tax, $netric ton C - 0.00 Other 0.00 0 Interest Rale 8.0% © 10.0% 10.0% 10.0% % of Season 1] 2 [ ] 100]
_® JCapachty Payment,$AW 0 Yeas of Study 2010 Prelesr Equity 4% o% % 0% Templale ratk 100% 8% 88% - 50%
| 10 Juplit Chasge, sAWh 0 Yewol$ ., 1068 Return Rate 10.0% “10.0% 10.0% 10.0% Ratio to Peak 100% 86% 58% 50%|
[ 11 JUnserved Energy, ¢AWh © Slant-up Cost, SMW 40 Common Equ % 0% 70% 70% Demand MW 11,837 9.050 6,789 6,841
| 12 Non-general. Price, s/kWh 3.18 Min Capacly w/ probab 0 Relwin Rate 11.0% 14.0% 14.0% 10.0% )
3 | Price Elasiicity(not used i 0) 0.08 Min Oulage Rale w/ probab 00% Vary FCRby - TRUE TRUE FALSE FALSE
14 ]| Delaull Unserved E caic (aiways slow Max # Piants with prob. 10 Include in Aw  FALSE FALSE TRUE TRUE Fractional change to siarl year - 0.30 :
1 Capacity Forced Planned Valable Fixed - Plani Conslruction -  Captiization Unavoldable Vaslable
Adjust Factor Oulage Oulage  Heal Rale Fuel Pice O8MCost Bid Price or O&M Cost Nominal Conatruction Stuciwe  Fixed Cosl Cost
17 |Name Capacily Ot Rale Rale (BTUAWh)  Fuel Type Adjusiment ghwh OP ghwh  $AW-yr  CosiAW Year to Use const $AW-yr mv_h%
_]L Nuclear 1,000 1 82% 122% 10,460 Nuclear 1.000 0.00 op 0.0 800 1973 1 26 073
4!1 Nuclear2 800 1 8.2% 122% 10,460 Nuclear 1.000 0.00 oP 900 2,750 1088 1 180 ‘073
_20;1 Coalt 900 1 7.0% 142% . 9,600 Coal 0433 an opP 1"w7 490 1083 1 26 128
kil Coal2 850 ] 5% 8.8% 0,700 Coal 1.000 022 op "7 370 1978 1 15 1.69
| 22]Coal3 850 1 65% .8% 9,800 Coal 1.000 022 op 1"y 300 1073 1 10 1.63
| 23 |Conld 600 1 6.6% 103% 9,900 Coal 1.000 023 op 124 60 1981 1 31 + 166
| 24 CoalS 600 1 4.6% 10.3% 10,000 Coal 1.000 0.24 op 124 0 1080 ] 0 1.58
| 28 |Coalé7 850 1 8.6% 12.3% 10,200 Coal 1.000 0.32 oP 162 500 1680 A | 21 168
| 26 |Conis 450 1 25% 123% 10,600 Coal 1.167 0.32 opP 152 300 1970 1 8 197
_E Coal$+10 450 1 6.4% 10.9% 11,200 Coal 1.167 038 oP 163 300 1870 1 8 200
| 28 |Coal-Adyv. 0 1 4.1% 12.3% 9,600 Coal 1.000 02s oP 336 1,818 2008 3 222 1.63
’_p_ ol i 500 1 11.6% 8.2% 10,100 ol 0.840 0.50 oP [ X/ 127 1973 1 4 3.06
_& GesST1 600 1 9.7% 6.0% 10,000 Gas 0.951 0.13 oP 2.4 170 107¢ 1 (] 250
31 |Gae8T2 800 1 9.7% .8% 10,100 Gas 1.084 0.13 oP 24 150 1070 1 4 208
_E‘ QasSTI 450 1 0.7% 6.0% 10,200 Gas .11 0.13 oP 04 220 1067 1 0 3.08
| 33 |GasCCH 300 ] A% . 13.0% 9,865 Gas 0.651 0.10 OoP 100 470 1062 2 45 248
| 34 |GasCC2-Newn 200 1 8.6% 7.5% 1,760 Gas 1.000 0.08 oP 89 452 10090 3 65 2.06
_£‘ GaesCCI-new 200 1 8.5% T5% 7818 Gas 1.000 0.08 oP 2009 L 144 2001 3 68 202
F! GasCC4-Adv 760 1 8.5% 75% 8,284 Gas 1.000 003 opP 266 838 2008 3 68 168
_l'[_‘ GasCC8-Ady 880 1 5.5% 7.6% 6,817 Gas 1.000 0.05 oP 2066 [ }1] © 2000 3 75 1.66
| 38| GasCT1+2 450 1 10.0% 5.4% 12,800 Ges 0.969 022 oP 60 140 1088 1 '} 3.42
| 39 |GasCT3-new 350 1 3.6% 4.0% 11,460 Gas 1.000 0.01 OoP 1.9 34 1088 3 44 12.08
| 40 |GasCT4-new 350 1 3.6% 4.0% 10,073 Gas 1.000 0.01 " OP 1.0 408 2002 3 50 282
| 41 |GasCT6-Adv [} ] 38% 3% 1,793 ‘Gas 1.000 0.08 opP 160 642 2008 3 66 207
| 42 | Renewable 60 1 26.0% 15.0% 10,280 = Other 1.000 127 op 655 2,361 2008 4 260 127
43 1600 Peak CF  Non-peak CF
1,600 1 66.0% 40.0% Hydro 0.10 10 400 1957 1 1] 0.10
16,850 .
1900 1001 1902 . 1993 1004 1005 1906 1007 1908 1000 2000 2001 2002 2003 2004
1.7 1171 1203 ' 1238 - 1263 1208 1.32¢ 1.367 1.380 1.426 1.485 1.5608 1.548 1.605 1.646
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Appendix F-2

L) [ 8 1 ¢t 1 o 1 € [ ¥ J G 1 W 7 1 [ 3 1 X [ 1T & 1

|1 jEfticiency Case ’ :
[ 2] Peak Offpsak # of Unprofiabie plarts %ot Total Cap fact Avoidable Vanabie{
E1 Annual ssason  season  Against avoid O&M 9 Capacity Gensratlor % e/kWh &/KWhi
[ 4 |Peserve Margin 8.3% 3% 7.7%  Against all costs 12 wi/ urmendy Hydro  11.2% 8.1% 43.8% 0.38 0.10
[ 8 JLOLP. % of perod 0.68 1.50 0.40 Average Price, eAWh 282 284 Nuclear 128%  16.6% . 79.6% 202 0.73
[ 8 |LOLP. aay/10 Yesr 4.7 5463  14.74 Avg. Veriabie Cost 1.4 1.44 Coal 303% 512% 79.2% 1.80 1.58
[ 7 |Load tactor 85.7%  73.1%  71.6% Avg. Vari-Avoid O&M 209 PR ol 15% 0.3% 45% 503 2.53
[ 8 |PeaxDemand. MW 13,163 13,163 11,637 Total Cost- 2.47 248 Gas-ST  10.9% 3.8% 21.1% L] 272
[ 9 | Energy. GWN 75835 21,068 54,767 Maxloss, Yavai kW - (417.96) GasCC  140%  18.1% 78.5% 298 1.78
[ 10 | Generation. GWh 75,812 21,054 54,759 Star-up Cost, SMW 40 GasCT 81% 1.6% 12.0% 6.56 29

11 Unserved Energy, GV 2 14 9. # plants Probabilistic 10 Other 0.4% 0.3% 60.0% 7.47 1.27
LﬂoummmlanE 0 .0 {0)

13 |Plamt Output Capac Time on Revenus Var. +Start Avoidable Unavoidable Total Net  Avoidable Net Rev  Avoidable Carbon releasy
14 |Name Capacty _ MWyr _ Factor Margin % M$S CostMSxiCatMS FxdCstMS$ Rev M$ MS S/KW _oat e/kWh Million Tons
[ 15 [Nuciesr 1,000 79600 79.6% 0.00 188 51 90 2 2 48.73 58.70 2.02 0.00
[ 16 |Nuciear2 800  836.80 79.6% 0.00 150 4 2 144 (10m 3738 58.70 202 0.00
[ 17 |Coan? 900  700.20 78.8% 0.00 167 ™ 1 2 S4 7.43 109.19 1.45 1.53
[ 18 |Coa2 850 1998  84T% 0.00 170 ] 10 13 s 8425 89.24 1.67 1.57
19 |Coatd 850 TI0.98  84T% 0.00 170 ] 10 8 55 63.41 88.07 1.69 1.59
20 |Coan 600 40860  83.1% 0.00 118 68 7 18 24 4237 84.98 172 1.1
[ 21 |Coals 600  497.19°  82.9% 0.33 17 69 7 0 41 4135 82.93 1.75 1.12
| 22 |Coal8+7 850  646.91 78.1% 430 185 95 13 18 2 48.76 89.46 1.9 1.49
[ 23 |Coai8 460 7.0t T2.7% 483 80 58 7 3 13 16.30 4573 221 0.78
[ 24 [Coame10 450 27317 60.7%  11.99 7 50 7 3 10 13.39 .99 240 . 0.69
[ 28 |CoarAav. S0 4180 83.8%  0.00 10 [ 13 . (C)] (8.50)  (203.48) 5.02 0.08
| 26 jout 500 2712 45% 388 12 7 3 2 ] 214 5.14 5.03 0.04
| 27 1GasST! 600  240.65  40.1% 2047 68 L) 8 4 4 8.02 16.00 2.85 0.31
| 28 |GasST2 %00 77.58 15.5% 1043 27 20 5 2 ] 220 528 3.85 0.10

- [ 29 |GassTa 480 9.31 21% 210 7 3 4 ) ) (0.13) (0.34) 9.19 0.01
[ 30 |GascC1 00 15043 %0.1% 9.38 4 a3 3 14 @ 5.00 20.78 . an 0.18
| 31 [GasCC2-New 200 14225 7Ma% 487 38 2 17 . v} (6.72)  (38.60) 2.41. 0.14
| 32 |GasCC3new 200 15065  73.3% 483 kY4 7 17 - m (6.86)  (39.44) 3.34 B RE
[ 33 |GasCCaALy 750 647.40  86.3% 1.03 153 3 7] - (1) (11200 (17.16) 290 - 052
| 34 |GasCCS-Aav 550 47845  87.0% 0.07 N3 6s 5 - (8 (828)  (17.31) 289 0.35
[ 38 |GasCT142 450 -] 0.9% 0.82 s 2 3 4 3 1.00 262 1213 0.01
| 38 |GasCT3-new 350 3387 2.7% 614 14 9 20 . (15)  (14.867)  (45.36) 9.68 0.08
[ 37 | GasCT4new 380 10030 28.7%  13.87 3 ] 2 - (15)  (15.30)  (47.32) 5.27 0.14
| 38 |GasCT5-Aav. 0 - 0.0% 0.00 - - - - - . . 0.00 0.00
[ 39 | Renewabie 50 3000  60.0% 0.00 7 3 18 . (13)  (12.54) (417.96) 7.47 0.00

40 |Hvaro 1,600  700.00  43.8% 192 8 10 0 189 169.37 105.86 0.36 0.00
[41] Totals 14,250 8,654 1% 2,138 1,082 %03 284 209 553 11.97
42 | . . : Avoidable Tota!
43 |Urwerved Energy 257 ’ 12 12 wioUE 1,586 1,889 Avg. Carbon kg/MWhr 158
[ 44 | Totais w/ Unserved 8,657 2,150 1,084  w/UE 1,597 1,881 Time wid marginal cost 2.83

3 Time wid Unserv £ Prce 19.79

48 | Unserv E. CostkWh  51.82
47 [Sort by Net RevenuwkW Price increase 10 pay avoided loases Q.11
| 49 | Avoidabie Reserve|
| 49 {Name Not RevAW _ Capactty  Margin| . Marginal Power Costs and Prices
| 0 [Coait 109.19 900 ™ 10.00 . -
51 Hyaro 108.86 1,000 19% ’ |
| 52 |Coar2 : 89.24 a50 25% 9.00 .
| $3 |Coatd 88.07 850 2% e Paak Season Cost
s4 |Coals 84.98 a0 - 8%| - o= = Peak Season Price
(58 |coats T a2 00 41% 8.00 - e eesOf-SeasonCost ||
_.'L Coa+7 60.48 .C 4T% — « == = Off-Season Pnca
S7 |Nuciean $8.70 1,000 55% 7.00
58 |Nuciear2 58.70 00 1%
.59 |Coal8 48.73 480 85%. 6.00 -
| 60 [Coan+10 35.99 450 88%
[61}casccH 20.78 00 0% 3 500
| 62 |GasST? 16.00 000 ™% E B
| 63 |GasST2 s.26 500 %
[ &4 Jout s.14 500 2% 4.00
[68]cancT142 202 50 88% ‘“:.L']_
[ 68 |GasCTS-Acv - . 6% 3.00 : — n
| 67 |GassT3 {0.34) 450 0% L H—-~
(68 |GasCCanar (17.16) 750 28% 200 L .
(o0 |Gasces-acv (1731)  ss0 %% = e—]
| 70 | GaaCC2-New (38.60) 200 101% 1.00
| 71 |GasCC3-new (30.44) 200 102% :
[ 72 |GaeCT3-new (48.38) 350 105%
| 73 | GasCTa-new - (47.32) aso0 107% 0.00 o " - - p - - = - o
| 74 |CoatkAay. (203.46) 50 108% x » .‘°, ) Period
73 | Renewable {417.96) 50 108%
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[ola Capacity 13,600

) | I . | [+] I D | I I F 1 [« B | | | 1 I J 1 K I T I | | N I O ~ P
| 1 [Case ID High EfficlencyLow Carbon ’ CAPITALIZATI0U-Existing IPP-Exisling IPP-New IPP-Renew Peak Season LDC -
| 2 |Peak Demand 12102.87069 Fuel Type  $MMBTU kg CMBTU 1 2 3 4 o Season Peak Shoulder2 Shoulder 1 Min (100%)
| 3 | Ratio of Off-peak to peak 88.0% Gas 2.59 14.47 Temm {Years) 30 30 20 20 % of Season (] [ [ 100
Peak fracuon of year 25% Coal - 1.34 2572 Texlile - 20 20 12 6 Template ratk 100% 03% 83% 42%)
Load Factor, % 65.7% o 3.00 21.49 Inc. Tax Rate 36% 36% 6% 36% Ralio to Paak 100% 83% 53% 42%
Peak Season Load Factor T72.6% Nudear 0.70 0 Prop. Tax rate 8% 5% 5% 6% Demand MW 12,103 11,2687 6,365 5,044 |
7_]OH-Peak Season Load Factor 72.0% Hydro 0.00 0 Debl % 48% 30% 0% 30% Off-Peak Season LDC .
Carbon Tax, $/netric ton C 50.00 Other . .0.00 0 Inerest Rate 8.0% 10.0% 10.0% 10.0% % of Season ] 2 98 100|
Capacity Payment $&W 0 Year of Study 2010 Preterr Equity 14% % % 0% Template rati 100% 86% 58% 49%
Uplitt Charge, ¢AWh 0 Yearof$ . 1995 Relum Rate 10.0% 10.0% 10.0% 10.0% Ratio to Peak 100% 86% 59% 49%
11 JUnserved Energy, ¢AWh 0 Start-up Cost, MW 40 Common Equ 30% 70% 70% 70% Demand MW 10,651 9,154 6,252 5251
12 | Non-generat. Price, &&AWh 3.18 Min Capacity w/ probab 0 Retum Rate 11.0% 14.0% 14.0% 14.0%
3 | Price Elasticity(nol used if 0) 0.05 Min Outage Rale w/ probab 0.0% Vary FCRby*  TRUE TRUE FALSE FALSE
Detault Unserved E calc (always slow Max # Planis with prob. A0 Incdludein Avc  FALSE FALSE ~ TRUE TRAUE  Fractional change 10 slart year 0.30
Capacity Forced Planned Variable Fixed - Plant Construction — Captilization Unavoidable Vasiable
Adjust Factor Oulage Ouage Heal Rate Fuel Pice O&M Cost Bid Price of O&M Cost Nominal Construction Struclwe  Fixed Cost Cost
7 Namo Capadity (0101) Rate Rale _ (BTUAWN) _ Fuel Type Adjusiment ¢hwh _OP, g/wh $KW-yr CosVkW Year to Use const $AW-yr wh
| 18 [Nucleart 1,000 1 8.2% 12.2% 10,460 Nuclear 1.000 0.00 oP 90.0 800 1973 1 26 0.73
P_!l Nuclear2 600 1 8.2% 12.2% 10,460 Nuclear 1.000 0.00 oP 90.0 2,750 1988 1 180 ° 0.73
| 20 |Coall 800 1 T7.0% 14.2% 9,600 Coal 0.833 0.21 op . "n7 490 1983 1 26 2.51
| 21 1Coal2 850 1 6.5% 8.8% .9,700 Coal 1.000 0.22 op A7 370 1978 1 15 278
A Coald 8560 1 6.5% 8.8% 9,800 Coal 1.000 0.22 oP 1.7 300 1973 1 10 2.79
| 23 |Coad 600 1 6.6% 10.3% 9,900 Coal 1.000 0.23 oP 124 680 1981 1 N 282
24 |CoalS 600 1 6.6% 10.3% 10,000 Coal 1.000 0.24 oP 124 380 1960 1 (1] 2.86
E_E Coalf+7 . 850 1 8.5% 12.3% 10,200 Coal’ 1.000 0.32 oP 15.2 500 1980 1 21 2.99
| 26 JCoalb . 200 1 8.6% 12.3% 10,600 Coal 1.167 032 - op 15.2 300 1970 1 8 3.33
| 27 {Coal+10 0 1 6.4% 10.9% 11,200 Coal 1.167 035 oP 16.3 300 1970 1 8 3.53
| 28 |Coal-Adv. 50 1 4.1% 12.3% 9,600 Coal 1.000 0.25 oP 33.6 1,818 2008 3 222 2.76
| 29} (s '} ] . §00 1 11.6% 5.2% 10,100 [o]]] 0.840 0.50 oP 6.0 127 1973 1 4 413
| 30 |GasST1 600 1 0.7% 6.8% 10,000 Gas 0.951 0.13 OoP 94 ' 170 1976 1 [} 3.31
| 31 |GasST2 . 500 1 0.7%, 6.8% 10,100 Gas 1.084 0.3 oP 9.4 150 1970 1 4 3.69
| 32 |GasST3 450 1 0.7% 8.6% 10,200 Gas 1111 0.13 oP 9.4 220 1967 1 1] 3.80
| 33 JGasCCH 300 1 6.8% 13.0% 9,665 Gas 0.951 0.10 oP 100 470 1992 2 45 3.18
| 34 |GasCC2-Neun 200 1 6.5% 7.5% 7,760 Gas - 1.000 0.05 oP 209 452 19989 3 55 2.62
| 35 1GasCCI-new 200 1 6.5% 7.5% 7618 Gas . 1.000 0.05 opP 289 ’ an 2001 3 58 2.57
| 38 | GasCCA4-Adv ‘400 1 5.5% .1.5% 6,204 Gas 1.000 0.05 oP 268 538 2005 3 66 213
| 37 | GasCC5-Adv 950 1 6.5% 7.5% 5,817 Gas 1.000 0.05 opP 26.6 615 2009 3 75 , 1.98
"”‘1 GasCT1+2 450 1 10.0% 6.4% 12,800 Gas 0.969 0.22 oP 6.0 140 1986 1 9 © 438
| 39 |GasCT3-new 350 1 3.6% 4.0% 11,460 Gas 1.000 0.01 oP 1.9 364 1998 3 44 1 3.80
| 40 | GasCT4-new 350 1 3.6% : 4.0% 10,873 Gas 1.000 0.01 opP 1.9 406 2002 3 50 3.61
| 41 |GasCT5-Adv 0 1 3.8% 3.9% 71,793 Gas 1.000 0.05 opP 16.9 542 2008 3 66 263
| 42 |Renewable 60 1 25.0% 15.0% 10,280 Other 1.000 127 - opP 65.5 2,361 2008 4 260 1.27
43 |Limited Energy Peak CF Non-peak CF _ :
Hydro 1,600 1 6§5.0% 40.0% 1026000.0% Hydro 0.10 - 10 400 1957 1 ) 0.10
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A 8 [ < 1 © 1 E 1T ¥F 1 & 1 W] 1 [ J ] K 1 C 1T ™ ] N
1 _|High Efficency/Low Carbon ) R .
wa . Peak  Offpeak # of Unprofitable plants % of Total Cap fact Avoidable Vanabie|
K - Annual season_ sesson  Against avoid O&M 11 Capacity Generatior % ¢/kWh $/KWh]
|_4+ Reserve Margin 12.4% 12.4% 12.6%  Against all costs 15 w/ unserw Hydro 11.8% 8.8% 43.8% 0.38 0.10
| 3 _[LOLP, % of period 020 0.4S 0.11 Average Price, &/kWh 3.49 3.49 Nuclear 132% 18.0% 79.6% 2.02 0.73
8 _[LOLP. daw10 Year 720 18.54 - 4.09 Avg. Varabie Cost 209 2.10 Coal 38.0% 48.8% 78.0% 3.01 278
|_7_|Load factor 85.7% 72.8%  72.0% Avg. Van+Avoid O&M 281 282 o] ™% 0.1% 1.0% 12.60 5.52
8 |Peak Demand, MW 12,103 12,103 10,851 Totai Cost 321 32 Gas-ST  11.4% 39% 19.9% 3.8 344
| 9 | Energy, GWh 69,686 19.301 50,384 Max loss. SYavail kW  (358.00) Gas-CC 15.1% 21.1% 81.7% 341 225
10 | Ganeration, GWh 69.658 19,295 50,363 Start-up Cost. ¥MW 40 Gas-CT 8.5% 1.0% - 69% 10.14 378
[ 11 |Unserved Energy. G' 8 4 2 s plants Probabiistic 9 Other 0.4% 0.4% 80.0% 7.47 127
| 12 }Round e nat in UE 21 2. 19 .

13 | Plant Outpst Capac Timeon Revenus Var. +Start Avoidable Unavoidable Total Net  Avoidable Net Rev  Avoidable Carton releas
14 |Name Capacity MWyr __ Factor Margin, % MS$ CostMSxdCSIMS FxdCStMS Rev MS  MS$ $AW o8t ¢/kWh Milion Tons
| 18 |Nuciean 1,000 796.00 79.6% 0.00 237 51 90 26 70 96.18 120.80 2.02 0.00
| 16 [Nuciear2 800 838.80 79.6% 0.00 190 41 72 144 ((1s] 7693 ° 120.80 2,02 0.00
| 17 |Coait 900 70920 78.8% 0.00 21 . 1568 11 23 21 44.75 63.10 268 1.53
18 [Coal2 as0 719.68 84.7% 0.19 214 174 10 13 18 30.34 42.14 292 1.57
| 19 [CoaiS as0 718.71 84.2% 0.69 213 175 10 8 20 28.69 39.85 295 1.58
.20 |Coni4 600 484 .54 80.8% 3.35 145 120 7 18 [4)] 17.77 35.83 3.00 1.08
| 21 |CoalS 800 465.09 77.5% 4.07 140 117 7 [1) 16 16.26 32.60 3.04 1.0
[ 22 |Coai6+7 as0 536.40 83.1% 2.89 168 141 13 18 (8) 12.02 17.85 327 123
|23 |Coai8 200 49.98 25.0% 7.55 18 15 3 2 (2) (0.11) (0.68) . 4.03 0.12
[ 24 |Coaif+10 0 - 00% 000 - - - - - - - 0.00 0.00
| 28 | Coal-Adv. 50 41.70 83.4% 0.03 12 0 13 - (10)  (10.43) (249.49) 828 0.09
26 JOdlt © 500 484 1.0% 1.07 4 3 2 (4) (1.48) (3.55) 12.60 0.01
27 |GaaST1 600 235.55 39.3% 23.75 78 68 8 4 ] 3.88 7.74 3.58 0.30
| 28 |GasST2 $00 St27 10.3% 8.49 21 17 5 2 ) (0.37) (0.89) 474 0.07
| 29 |GasST3 450 2128 47% 4.47 10 8 4 0 2 (1.88) (4.99) 8.53 0.03
| 30 |GasCC1 300 152.48 50.8% 9.73 49 42 3 14 (10) 327 - 1358 3.40 0.19
| 31 [GasCC2-New 200 174.00 87.0% 0.00 52 40 17 - (5 {4.90) (28.18) 3.72 0.17
| 32 | GasCCl-new 200 174.00 87.0% 0.00 .52 39 17 - (5 (4.80) (27.59) 372 - 07
| 33 | GaaCC4-Adv 400 348.00 87.0% 0.00 104 65 37 - 2 1.80 5.17 3.34 0.28
| 34 |GasCCS-Adv 950 828.50 87.0% 0.00 248 143 97 - 7 8.63 8.02 .31 0.61
[ 38 |GasCT1+2 450 1.57 0.3% 0.44 2 1 3 4 (5) (1.48) (3.89) 26.00 0.00
| 38 | GasCT3-new 350 8.41 2.4% 1.92 S 3 20 - (18)  (18.14)  (56.09) 3143 0.01
| 37 |GasCT4-new 350 68.88 19.7% 11.18 25 2 2 - (18) (17.81) (55.07) 717 0.09
1 38 | GasCTS-Agv. 0 - 0.0% 0.00 - - - - T - - 0.00 0.00
|_39 | Renewable 50 30.00 60.0% 0.00 9 3 18 - (t11) (10.68) (356.00) 7.47 0.00
[ 40 ] 1,600 70000  43.8% 228 8 _ 18 0 204 203.88 127.41 0.38 0.00
[ 41 | Totais 13.600 7.952 58% 2,430 1,459 501 278 192 470 : 10.18

.42 ] : " Avoidable Total

|43 |Unserved Energy 0.73 4 4 woUE 1,960 2238 Avg. Carbon kg/MWhr 148

|_44 (Totais w/ Unserved 7.953 2,433 1483 w/ UE 1,983 2242 Time wid marginal cost 3.38

| 45 | ' ' Time wid Unserv E Price 2.8

48 | ' Unserv E. CostkWh 55.90

| 47 1Sort by Net Revenue/kW Price increase to pay avoided losaes 0.10(

| 48 | Avoidable Reserve|

| 49 [Name _ Net RevikW _ C Margin Marginal Power Costs and Prices

50 | Hydro 127.41 1,600 13% 10.00 -

31 [Nucieart 120.80 1,000 21%

| 82 | Muciear2 120.80 800 28% 9.00

[ 53 |Coalt 63.10 900 36% = Psax Season Cost

| $4 | Coal2 42.14 850 4%, = — Peak Season Price

[38]coa 39.85 850 50% 8.00 e Oft.SessonCost ||

| 58 |Coai4 35.63 600 55% — - — - Of-Seeson Price

[ o7 |Conis 32.60 600 50% 7.00

| 58 |CoaiB+7 17.85 850 67%

[ 39 |GascCCt 13.59 300 69%. 6.00

(60 | GasCCs-Ady 8.02 950 ™% < _H

| 81]GassT1 7.74 600 82% o0l

| 62 | GaaCCa-Adv 517 400 85% g IL

| 63 |Contf+10 . - 85%

64 | GasCTS-AGV. . . 85% 40 o

[ 88 [Comi (0.68) 200 87%. ——

ﬁ_‘m (0.89) 500 91%. 3.00 1 — =~

| 67 ot (3.55) 500 95% .

[ 68 |GasCT142 . (3.89) 450 9% 200

[ 69 |GasST3 . (4.94) 450 102%

| 79 | GaeCC3-new (27.59) 200 104% 100

| 71 | GasCC2-New . (28.16) 200 106% :

| 72 | GasCT4-new (85.07) 350 109%

| 73 |GasCT3-new (58.09) 350 1% 0.00

| 74 |Cont-Adv. (249.49) 50 112% Q 10 0 0 wmﬂ WQ 70 80 - 90 100
75 | Ranewabie (356.00) 0 1zwl : ‘
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A 1 8 1 (] I 4] | E 1 _F | a L I | r 1 J I, K 1 L 1 | | N | o 1 | I

[ 1 |Case 1D Al Technology CAPITALIZAY I0U-Existing IPP-Existing IPP-New  IPP-Renew Peak Season LDC }
| _2 |Peak Qemand 14134.3902 Fuel Type  $/MMBTU kg C/MBTU 1 2 3 4 Season Peak Shoulder2 Shoulder t  Min (100%)
__3_1 Ratio of Off-peak to peak 80.7% Gas 259 . 14.47 Tem (Years) 30 30 20 20 % of Season 0 s 96 100
Peak lraction of year 25% Coal 1.34 25.72 Taxlle .20 20 12 § Templale rati 100% 84% 53% 42%
toad Faclor, % 65.7% Gil 3.00 - 21.49 Inc. Tax Rate 36% . % . 6% 36% Ratio to Peak 100% 4% 53% 42%
Peak Season Load Factor 73.0% Nudear 0.70 0 Prop. Tax raté 5% 6% 6% 8% Demand MW 14,134 13,228 7.452 5,887
7 _|Oti-Peak Season Load Factor 71.3% Hydro 0.00 0 Debl% 48% 0% 0% 30% Off-Peak Season LDC . s
Carbon Tax, $/metric lon C 0.00 Other - 0.00 0 Inlerest Rate 8.0% 10.0% 10.0% 10.0% % of Season 0 2 9 - 100
9 ]Capacily Payment $AW 0 Year of Study 2010 Preferr Equily 14% " 0% 0% 0% Template rali 100% 85% 58% - 50%
10 JUplift Charge, ¢AWh 0 Yearol$§ 19958 Relurn ARate 10.0% 10.0% 10.0% 10.0% Railio o Peak 100% - 85% 58% 50%
11 Junserved Energy, ¢AWh 0 Start-up Cost, MW 40 Common Equ 38% 70% 70% 70% Demand MW 12,538 10,707 7,242 8,225
[ 12 INon-generat. Price, eAWh 3.18 Min Capacity w/ probab 0 Retum Rate 11.0% 14.0% 14.0% 14.0%
| 13 |Price Elasticity(not used if 0) 0.05 Min Qwutage Rate w/ probab 0.0% Vary FCRbys TRUE TRUE FALSE FALSE
rl Delault Unserved E calc (always slow Max # Pianis with piob. 10 Indudein Avc  FALSE FALSE TRUE TRUE Fractional change to star year 0.30
(15] Capacity Forced  Planned Vanable - Fixed - Plani Construction—  Capliization Unavoidable Variable
| 16 | ~ Adjust Factor Outage Outage  Heat Rate Fuel Price  O&M Cost Bid Price or O&M Cost Nominal Construction Struciwe  Fixed Coslt Cost
17 |Name Capacity {0to1) Rate Rate __ (BTUAWN)  Fuel Type Adjusiment ¢hwh _OP, ¢/kwh $AW-yr CoslkW Year to Use const $/&W-yr thwh
| 18 [Nucleart 1,000 1 7 8.2% 12.2% 10,460 Nuclear 1.000 0.00 op 80.0 800 1873 1 26 073
_ﬁ‘ Nuclear2 800 1 8.2% 12.2% 10,460 Nuclear 1.000 0.00 op " 800 2,750 1988 1 180 073
| 20 |Coalt 800 1 71.0% 14.2% 9,600 Coal 0.833 0.21 opP 1.7 490 1983 1 26 1.28
| 21 |Coal2 as0 1 6.5% 8.8% 8,700 Coal 1.000 0.22 oP 1"w7 370 1978 -1 15 " 151
| 22 1Coald 850 1 6.5% 8.0% 9,800 Coal 1.000 0.22 oP "z 300 1873 1 10 . 1.8
r?L Coal4 600 1 - 6.6% 10.3% 9,900 Coal 1.000 0.23 oP 124 680 1981 1 3 1.55
_Ll_' CoalS 600 1 6.6% 10.3% 10,000 Coal 1.000 0.24 opP 124 380 1960 ] 0 1.58
| 25 |CoalB+7 8s0 1 8.6% 12.3% 10,200 Coal 1.000 0.32 opP 15.2 5§00 1880 1 21 1.68
| 26 ]Coni8 450 1 T 8.5% 12.3% 10,600 Coal 1.167 0.32 oP 15.2 300 1970 1 8 197
| 27 ICoal9+10 450 1 '6.4% 10.9% 11,200 Coal 1.167 0.35 opP 163 300 1970 1 8 2,09
| 28 [Coal-Bralich 50 1 4.1% 12.3% 6,805 Coal 1.000 0.20 op 260 1,377 2008 3 168 1
29 10U ' 500 1 11.6% 8.2% 10,100 ol 0.840 0.50 oP 6.0 127 1973 1 4 3.05
30 |GasST1 600 ] 0T%, 6.8% 10,000 Gas 0.951 0.13 op 9.4 170 1976 1 [} 2.59
| 31 |GasST2 §00 - 1 9LT% - 68% 10,100 Gas 1.084 0.13 oP 94 150 1970 1 4 2.96
-E GasST3 450 1 8.7% 6.0% 10,200 Gas 111 0.13 or 9.4 220 1967 1 ] 3.06
| 33 |GasCC1 300 1 6.0% 13.0% 9,665 Gas 0.951 0.10 opP 10.0 470 1892 2 45 2.48
L GasCC2-New 550 1 5.6% 75% 1,760 Gas 1.000 0.05 oP 28.9 452 1999 3 55 206
| 35 {GasCCI-new 200 1 6.6% 7.5% 7,618 Gas 1.000 0.08 oP 289 471 . 2001 3 58 202
| 36 |GasCC4-Bral’ 800 1 5.6% 7.5% 5,668 Gas 1.000 0.015 opP 16.0 669 2005 3 84 , 1.49
37 |GasCC6-Bral 800 1 5.5% 1.5% 5,538 Gas 1.000 0.015 oP 16.0 774 2010 3 25 “1.45
| 38 1GasCT1+2 450 1 10.0% 5.4% 12,600 Gas 0.969 0.22 . OP 6.0 140 1986 1 ] 13.42
39 |GasCTI-new 350 1 3.6% 4.0% 11,460 Gas 1.000 0.01 oP 19 364 1998 3 44 298
-_0-1 GasCT4-Bral 350 1 3.6% 4.0% 8,699 Gas 1.000 0.012 op 176 525 2005 3 64 2.26
41 |GasCT5-Bral 0 1 3.8% 3.9% 8,533 Gas 1.000 0.012 op 176 © 564 2010 3 69 222
42 |Renowable 50 1 25.0% TO15.0% 10,280 Other . 1.000 1.27 oP 65.5 2,361 2008 4 260 127
[43 | Limited Energy Peak CF Non-peak CF . '
FE Hydro 1,600 1 55.0% 40.0% Hydro . .10 10 400 1957 1 0 0.10
| 45 Jolal Capadity 15,000
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[ 4] (X1 3 1%  SI%  Aganst al costs 10 w/ Hydo  107%  7.5%  4318% .36 . Q10
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Appendix G-1

'APPENDIX G-1
" NGCC REPOWERING TECHNOLOGY DATA

G-1.1 CANDIDATE PLANTS

_The approach used in this analysis was to identify the appropriate combined cycle gas turbine
technology for the three groups of coal-fired boilers:

* dual fuel—gas and coal can be burned in the existing boiler at the site
e multi-fuel—gas, oil and coal are available for different boilers at the site
e coal only—coal is the only fuel currently available at the site.

The data for each group included the total annual megawatts (MW) output for each plant site, the
current fuel requirement, and an estimate of how the total nameplate capacity of each current unit
would be redistributed when repowering occurred. A constant value of 1.77 was used for the ratio of the
gas turbine to steam turbine capacity, at the repowered plant site. The information on the current units
at each plant site was then summed to establish the required gas turbine and steam turbine capacity. -

G-1.2 COST OF CONVERSION

The approach used to generate the cost data was based on the SOAPP CT/CC program; these data
provided a first order approximation of the turbine repowering costs by evaluating a limited number of
cases based on the use of specific machines. Cases were developed for single GE 6B, 6FA, and 7FA gas
turbines and one and three Westinghouse 501F gas turbines (Table G-1.1). It should be pointed out that
these costs are general and do not take into account the specific problems that would be encountered at
individual sites. As a result, the costs are probably somewhat low relative to actual projects because
they do not include removal of the old boiler and any associated asbestos removal requirements. Theu'
main value is that they are consistent with one another.

These values were used for the smaller site repowering cases with the exception of the GE 7FA and
Westinghouse 501F numbers. The GE7FA data used was an average of the data obtained from SEPRIL'
and Gas Turbine World?, because the SEPRIL data was not available for a reheat systems. The
Westinghouse 501F numbers were used to provide background information in the speculative exercise of
guessing what the future price of the GE H machine might be. The values that are included in Table G-
1.1 are arbitrary estimates of what repowering projects based on these machines would cost.

For the steam turbine repowering cases, the site repowering numbers were adjusted by deleting the costs
of the steam turbine and accessories, steam bypass system, steam turbine electrical systems, condenser
and accessories, circulating water system, water treatment system and waste water treatment system, as

- well as half the cost of buildings. The remaining costs were increased by 10% to cover refurbishment. -

! SEPRIL is a joint-venture consulting arrangement between Sargent & Lundy Consulting Engineers and the
Electric Power Research Institute (EPRI) to market and further develop the SOAPP analytic tool.
? Gas Turbine World 1996 Handbook

G-1.1
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The smaller systems did not include reheat, while the .larger Westinghouse systems did. All costs are
expressed in 1997 dollars. The units are equipped with dry low NO, bumers and SCR systems so that
NO, emissions are less than 9 ppm. .

The ratio of steam turbine repowering costs to site repowering costs were in the range of 0.69 to 0.77. It
was decided to use a constant of 0.75, since the cases were not exactly parallelL

‘The costs that were developed for the GE units were used for the development of the generic repowering

project cost data. Similar equipment from other vendors would have about the same ratings, heat rates
and prices. The high performance GE “H” models that are scheduled to be available in 1999 were
selected as the prime building block for the large repowering projects. Other vendors are expected to
offer competitive equipment in the same time frame. These units will be the most efficient units
available after 2000 and will likely be priced at the lowest cost per kilowatt of capacity. They will
operate with a higher outlet temperature, and therefore produce higher pressure steam (1800 psig)
compared with the 1400-1500 psig steam produced with the FA models.’ This will result in improved
steam turbine performance. These combined cycle ratings were then used to select the equipment that
would have to be installed to closely match the previous total output from the plant site.

G-1.3 CAPITAL COST

Table G-1.2 summarizes the new combined cycle equipment that would have to be installed at each
plant site to enable it to nominally match its previous nameplate rating. Investment requirements for
both site and steam turbine repowering are also provided. This had to be done by ranges since the gas
turbines have specific output ratings. In this analysis, the steam turbine that most closely matched the
reqﬁir_ements to process the stéam generated in the newly installed heat recovery steam generator
(HRSG) was selected for continued service.

For the site repowering cases, the new combined cycles will operate at essentially the heat rates
indicated. Where the total capacity exceeds the nameplate capacity of the existing units, the heat
rates identified should be approximately correct, if the units are run at somewhat less than full |

capacity to match the previcus site nameplate rating, since the heat rate only degrades slightly, about
10%, down to about 75% of capacity.

A 1996 PowerGen papez: by Sullivan of Westinghouse and others suggested than the reuse of old
equipment would lead to an increase in heat rate of 125-250 Btu/kWh for reheat units and 200-400
Btu/kWh for non reheat units, compared with the heat rates in Table G-1.2.* It was assumed that all
units less than 500 MW are non-reheat units and all units above 500 MW are reheat units.

3 Cornan, James.C.-and Thomas C. Paul, Power Systems for the 21”"C'éntury - H Gas Turbine Combined Cycle.
4 Sullivan, Thomas M., et al, The Sui Generis - Application of Repowering, PowerGen 1996.
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Table G-1.1 _Advanced Gas Turbines Data

MW in combined cycle Full load heat rate, | $/kW installed turnkey

Model operation HHV basis basis

CT Model GIW WITS® CTW WITS GCTW WITS
GE 6B 59.8 56.5 7770 : 8065 619 712
GE6FA - - 1071 98.8 7150 7655 790 . 585
GE7FA 253.5 2449 6840 7085 465 404
. ' - 435 435
Westinghouse '

1-501G 322.1 6869 385

3-501G ‘ 983.6 6873 315
GE 7H- 400 6320 '

available in G GE

1999 press press

_ release release

1-7H : _ 360
2-7H ' 350
3-7H . 340
4-7H ' 330
5-7H 320
6-7H 1 . 310
7-7H - ' 300

Therefore it was decided to add 300 Btu/kWh to the heat rates for the units below 500 MW, and 200
Btu/kWh for the units above 500 MW.

G-1.4 STEAM TURBINE INTEGRATION

Most of the large modern steam turbines in the U.S. operate with inlet steam conditions of 2400 psig and
© 1000°F, with a single reheat to 1000°F. In addition, there are a number of very large supercritical units-
with inlet steam conditions of 3500 psig and 1000°F, with a single reheat to 1000°F. The inlet steam
conditions for combined cycle plants are 1400-1500 psig and 1000 °F with a single reheat to 1000°F.
Therefore, the repowered plants will be running at much less severe conditions. Since about two-third’s
of the total power output would be coming from the new gas turbines, only about one third of the prior
steam turbine capacity that existed at that

5 Wolk Integrated Technical Services (WTTS).
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Table G-1.2 Summary of NGCC Data - Site and Steam Turbine Repoweting

Projected
Existing , Projected investment for
plant - Combined cycle | New site | New plant | investment for steam turbine
nameplate equipment heat rate rating site repowering repowering
rating, MW . selected BTU/kW MW $, millions $, millions
0-60 1-6B 7770 60 42.7 319
60-110 1-6FA 7150 110 64.4 49.3
110-230 - 2-6FA 7150 220 128.8 98.6
230-260 7FA 6840 260 109 81.3
260-370 1-6FA+1-7FA 6940 370 174 131
400 ’ 1-7H 6320 400 144 | 108
400-510 1-7H+1-6FA 6500 510 208 157
510-650 1-7H+1-7FA 6500 650 253 189
650-800 2-7H 6320 800 280 210
800-1050 2-7H+1-7FA 6400 - 1050 389 291
1050-1200 3-7H 6320 - 1200 408 ’ 306 -
1200-1450 . 3-7H+1-7FA 6320 . 1450 517 387 -
1450-1600 4-7H 6320 1600 528 397
1600-1850 4-7H+1-7FA 6320 . 1850 637 478
1850-2000 5-7H 6320 2000 640 | 480
2000-2250 5-7H+1-7FA 6320 2250 749 561
2250-2400 - 6-7H 6320 2400 744 559
2400-2650 6-7H+1-7FA 6320 2650 - 853 621
2650-2800 7-7H 6320 2800 840 630

plant site is required. In this analysis, the steam turbine that most closely matched the requirements to
process the steam generated in the newly installed HRSG's was selected for continued service. For those
plants that have only one steam turbine, it will be run at about 1/3 of capacity.

The major issue when repowering a steam turbine and maintaining its full output is associated with the
balance of steam flows. In coal fired boiler plants, a large amount of steam is extracted from the higher
pressure sections of the steam turbine for use in feedwater heaters to improve the overall cycle
efficiency. This reduces the steam flow to the low pressure section of the turbine. Combined cycle plants
do not normally use feedwater heaters so that there is no extraction for feedwater heating. ' As a result,
the low pressure section may be limiting. In this analysis, most of the repowered steam turbines are
operating at substantially below their full load capacity, and should not be limited in the low pressure
section. The mismatch is usually most severe in the front high pressure section.

The impact of these mismatches in the steam turbine is an approximate loss in steam turbine efficiency
of 3-5%. Since the steam turbine provides only ane third of the total power, the loss in overall plant

efficiency is in the range of 1-2%. This loss can be overcome by redesigning the steam path. The most
likely changes would be the new front end buckets and diaphragms. The nominal cost of a revamp of a
300-500 MW unit would be in the range of $6-8 million. Since the equipment at each of the plant sites is
different, specific studies must be done on each individual steam turbine that is to be reused to develop
a firm estimate of the actual cost of refurbishment to achieve optimum performance.
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G-1.5 O&M COSTS
The 1993 EPRI Technical Assessment Guide (TAG) and recently published papers by SEPRIL® were
reviewed to determine the fixed and variable O&M costs for repowered natural gas combined cycles and

natural gas, oil and coal fired boilers. This data is presented below in the Table G-1.3.

Table G-1.3 leed/Vanable Q&M Data for Fossil Fuel Plants

Fixed O&M Variable O&M
EPRI 1993 TAG _ $/kW-vr. Mills/kWh
225 MW Combined Cycle . 26.5 0.4
300-500 MW subecritical high sulfur - 38.6-47.2 1.4-3.0
coal boilers with limestone scrubbers
300-400 MW supercritical high sulfur 43.1-46.6 2.8-3.0
coal fired boilers with limestone
scrubbers
SEPRIL Papers .
Gas fired steam plants 8 - 1.7
Qil fired steam plants ' 14 3.0
Répowered combined cycles :
350-800 MW : ' 12-15 1.7-2.0
100 MW 25 1.7-2.0

It is reasonable to assume that the savings from oper‘ating a repowered coal plant as a natural gas
combined cycle will reduce annual fixed O&M costs by $30/kW and a variable O&M costs by about of 1
mill/kWh or $1/MWH. The fixed O&M costs of the repowered combined cycle would be about the
same as an oil fired boiler, but the variable O&M would be about 1 mill/kWh lower. The annual fixed
O&M for the repowered combined cycle plant would be about $4-7/kW higher than a gas fired boiler,
and the variable O&M would be about the same.

$ Sapocy, Dale and Stanley Pace, Using the SOAPP Software for Strategic Analysis to Achieve a Competitive Edge,
American Power Conference 1997 '
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APPENDIX G-2 B

OVERLAP IN UTILITY CARBON EMISSIONS REDUCTION
ESTIMATES: ERlI COAL/GAS REPOWERING ANALYSIS VS
ORNL ELECTRICITY MARKET MODELING

G-2.1 ISSUE

In this report, U.S. Carbon Reductions by. 2010 and Beyond, two separate analyses repowered (ERI)
or retired (ORNL) coal-fired power plants and replaced them with natural gas combined cycle (NGCC)
plants. As a result, there was potential duplication in the cost-effectiveness and carbon reduction
curves reported. This memo documents the degree of overlap and the corrective action taken. '

G-2.2 BACKGROUND

Energy Resources International, Inc. (ERI) performed a static analysis of the cost and feasibility to
repower coal-fired power plants with NGCC. The analysis was static in that 1) it repowered plant
sites with NGCC holding 1995 plant load constant, and 2) it did not re-dispatch plants. The cost of
repowering each plant (including conversion, gas hook-up, transmission infrastructure, gas price,
environmental externality benefit and O&M performance benefit) was then converted into rank-ordered
carbon reduction cost-effectiveness ($/tC). The ORNL electricity market model (described in Section 6)
was used initially to examine the impact of end-use (building, transportation, industrial) energy
effideney improvements on reductions in utility sector carbon emissions.

In the executive summary of this report, carbon supply curves are derived which link the results
reported in the ORNL (Section 6) and ERI (Section 7.2) analyses. Since both studies examined the
replacement of coal-fired capacity with natural gas combined cycle (NGCC) technology—in the ERI
study as repowering and in the ORNL study as greenfield—the quantity of carbon removed by .
replacement of coal-fired capacity with NGCC was double-counted. '

G-2.3 CORRECTIVE ACTION

Retirement of coal-fired “capacity in the ORNL model occurred in two steps: 22.5 GW defined by

' DOE/EIA as uneconomic (>$0.04/kWh); and 45 GW due to reduced load (arising from increased end-use

efficiency) and a $50/ton carbon tax. To meet 2010 load requirements (including replacement of the
retired coal-fired capacity), the ORNL model added the following new capital stock:

Technology: GW

combined cycle # 4 ' 225

combined cycle #5 47.5
total 67.5

In addition to this new capital stock, existing coal-fired plants were re-dispatched in the ORNL
market model (to meet 2010 load requirements) based on 1) revised operating costs ($50/ton carbon tax),
2) revised load shape (due to end-use energy efficiency improvements), and 3) revised mix of power °
plants (mix of toal and gas plants). :
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Since the ORNL model replaced 67.5 GW of coal-fired capacity with new (greenfield)' NGCC
‘technology, this is essentially equivalent to sife repowering’ coal-fired capacity with NGCC (as done
in the ERI study).®> Consequently, the carbon reductions derived from replacement of 67.5 GW of coal-
fired with NGCC is duplicative, as originally represented in the U. S Carbon Reductions by 2010
and Beyond report.

_To correct this duphcat:on in utility carbon emissions reduction, 67.5 GW of coal-fired capacity (41.1
MtC) was deleted from the ERI coal/gas repowering analysis (Section 7.2):

e 225 GW of coal-fired capacity identified by DOE/EIA was removed, totaling 11.2 MtC. .
e 45 GW of the most expensive coal-fired capacity to operate (non-fuel O&M) was removed,* totaling
29.9 MtC.

The 22.5 GW was removed as follows: the actual units retired by EIA (since their 1995 operating costs
were >30.04/kWh) were deleted from the ERI coal-fired power plant inventory. The characteristics of
these deleted units are summarized below by carbon cost-effectiveness ($/tC).

Table G-2.1 Distribution of Candidate Repowered Capacity Deleted From ERI Coal/Gas Study' 25
GWs of DOE/EIA Identified Retirements

S/tC # plants GW MtC
0-50 23 : 35 2.7
51-100 15 8.3 , 4.4
101-150 15 . 3.6 1.8

>150 56 8.8 25
Total 109 24.1 11.2

Within the $0-50/tC range, there were 23 plants, 3.5 GW, and 2.7 MtC identified in the ERI coal/gas
study as deleted by EIA (and ORNL) as not cost-effective to operate in the future. Due to differences in
plant representation (within the ERI and ORNL studies), the same amount of capacity (3.5 GW) in this
cost-effectiveness range would only result in approximately 1.5 MtC of reduction in the ORNL model.’
So, the potential carbon reduction overlap at the <$50/tC level ranges from 1.5 MtC (ORNL) to 2.7 MtC

! Greenfield is a term-of-art in the power industry, which refers to a “new” plant; not a repowered or
‘refurbished plant at an existing site.- :

? Site repowering is reuse of the existing power plant site (only); versus steam turbine repowering where the
existing steam turbine, ancillary equipment and boiler island are reused to reduce costs (but for which there
* is an efficiency loss due to non-optimum integration of the combustion and steam turbines).
3 These cases are essentially equivalent since the NGCC plant characteristics (e.g., capital cost, heat rate) are
approximatel y equal. ' '
4 The cost of repowering was used as a proxy for the most expensive plants to operate, since the cost of
conversion was based on heat rate and fi xed/ variable operating costs. '

3 The ERI inventory includes actual plants (with their related design and operating characteristics/costs),
whereas the ORNL model has 26 “categories” of plants, of which 10 represent altemative coal-fired plants
(existing and néw).
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(ERI). L -

Identification of the potential overlap for the 45 GW of capacity retired by the ORNL market model
due to load reductions (end-use energy efficiency) and imposition of a $50/tC tax was more difficult due
to differences in plant representation in the ERI and ORNL studies. In the ORNL market model, 45 GW
of coal-fired capacity was retired based on highest operating cost (non-fuel O&M) of the three coal-
_fired power plant categories defined in the model However, these retirements were done
incrementally, taking into account load shape/dispatch requirements and mix of fixed and variable
O&M. To approximate this retirement procedure in the ERI study, coal-fired power plants were rank-
ordered by 1995 non-fuel O&M cost. Then 45 GW of the most expensive plants were identified by
moving down the rank-ordered cost curve. The following table summarizes the distribution of deleted
coal-fired power plants (in the ERI study) by cost-effectiveness range.

Table G-2.2 Distribution of Candidate Repowered Capacity Deleted From ERI Coal/Gas Study: 45
GWs of Energy Efficiency Retired Coal Plants

$S/tC # plants GW MtC
0-50 6 6.9 7.1
51-100 23 . 185 14.3
101-150 17 132 49 '
>150 39 9.2 3.6
Total 85 45.3 29.9

Based on this investigation of overlap, within the $0-50/tC range, there were 6 'plants comprising 6.9
GW and 7.1 MtC that were double counted in both the ERI and ORNL studies.

' G-2.4 SUMMARY

In the <$50/tC range of the cost-effectiveness curve, there was a total of 29 plants, 10.4 GW and 9.8 MtC . -

of overlap between the ORNL and ERI analyses. The carbon overlap in the <$50/MtC range comprises.
almost 24% of the total estimated overlap in carbon reduction. "
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APPENDIX G-3 .-
METHODOLOGY

Figure G-3.1 defines the metﬁodological steps performed in conducting the coal/gas repowering
analysis. Each step is described in more detail in this Appendix. Some elements of the
methodology are described . in even greater detail in Appendices G-1 and G-4.

Figure G-3.1 Methodological Steps

: Estimate Cabon (otha AP)
— ; " Emissions
Dud-Fud _ | Estimate NG Demand :
Powe Plats (w/fixed MW, kWh) Assess NG Ddiveability,
Infrastructure Costs
Y
Estimate CE (¥ton cabon),
. Daive MC aurve :
Multi-Fud _
Power Plats o - .
Assess T echnical/Bconomic mﬁwﬁ&?
— Cost of Convasion -
Cod-Fired Daive MC curve
Powe Plats

G-3.1 POWERPLANT POPULATION ANALYZED

The candidate powerplants for repowering with natural gas combined cycle were the

population of coal-fired plants greater than 50 megawatts (MW). Three categories of coal-
fired powerplants were assessed:' :

e dual-fuel powerplants (319 units, 130 plants, 86 GW);
e multi-fuel powerplants (122 units, 29 plants, 15 GW);
e coal-fired powerplants (711 units, 245 plants, 230 GW).

Dual-fuel plants are those designed to bum either coal or natural gas. They were assessed
separately since it was initially presumed that they have adequate natural gas hook-up and
transmission supply infrastructure to operate at current design capacity, and may be able to
expand generation capacity without additional infrastructure costs. Multi-fuel plants bum
coal, natural gas and/or petroleum at the same site, but generally in single fuel boilers; only a
small proportion of multi-fuel plant sites have dual-fuel boilers. In those multi-fuel sites

' Following this assessment of power plants, it was determined that 67.5 GW (or approximately 20

percent) of the candidate coal-fired capacity needed to be deleted, as- discussed in Appendix G-2. The
remainder of this discussion, however, pertains to the entire inventory of candidate coal-fired power plants
(including the 67.5 GW of capacity deleted). '
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where gas is consumed it was again presumed (as with dual-fuel) that they have adequate
natural gas hook-up and transmission supply infrastructure to operate at current design
capacity; however, here it was presumed that additional transmission infrastructure would be
required to expand natural gas usage at the plant. Coal-fired plants have boilers that can only
burn coal, and do not have natural gas supply infrastructure, except in those instances where it
is used as start-up fuel.

G-3.2 TECHNICAL/ECONOMIC COST OF CONVERSION

For each plant type (dual-fuel, multi-fuel and coal) the investment cost of converting, them to
natural gas combined cycle (NGCC) was derived by correlating the nameplate capacity of each
plant site with the closest NGCC system commercially available (See Appendix G-1). The.
capital cost of repowering the plant—both steam turbine repowering and site repowering—was
estimated together with the cost associated with hook-up and transmission infrastructure to
deliver natural gas to the plant site. These investment costs were then adjusted for 1) the
fixed/variable operations and maintenance (O&M) savings (credit) that would result from
using natural gas (relative to coal), 2) the credit for reducing sulfur dioxide (SO,) and nitrogen
_oxide (NO,) emissions with the fuel switch, and 3) the coal/gas price differential and increase
in real natural gas prices due to increased gas demand from the power sector after repowering.

Current industry estimates for NGCC with a state-of-the-art General Electric (GE) H-frame
turbine were used. A credit of $30/kW and $1/MWh was included to represent annual savings
* (coal-to-gas) in fixed O&M and variable O&M costs, respectively. A “partial” repowering
case was examined, wherein it was presumed that up to approximately 2 trillion cubic feet
(TCF) of new utility. gas demand, no additional gas transmission infrastructure would be
required.? Thus, hook-up and transmission costs were excluded from the repowering investment
cost,

G-3.3 NATURAL GAS DEMAND

Based on the existing nameplate rating of the plant, an appropriate NGCC system was selected
with the objective of achieving the equivalent of 1995 plant-level generation (See Appendix G-
1). A corresponding heat rate—ranging from 7770 Btu/kW for 60 MW, to 6320 Btu/kW for >400
MW-—was assigned and gas demand for the repowered unit/plant derived. The increase in gas
demand was derived by subtracting 1995 gas consumption from the estimated value after
repowering. In addition to estimating the quantity of gas demand, the analysis also included
the physical and economic efficiency improvements that would result from NGCC-repowering.

G-3.4 NATURAL GAS DELIVERABILITY AND INFRASTRUCTURE
COSTS

To ensure natural gas deliverability to the candidate repowered plants—since gas requirements
at these plants are annual, baseload—it was presumed that new transmission capacity was
necessary (except in the partial repowering sensitivity analysis). While some
unused/underutilized capamty does exist in the system, it is either regmnally or seasonally
constrained.

2 While “partial repowering” actually refers to repowering a portion of the steam turbine (ST) to meet a
load requirement more cost-effectively, in this static analysis 1) it was determined that (based on the data)
such an option was not cost-effective, and 2) is was not possible to ensure that the balance of plant, after
partial ST-repowéring, would be capable of meeting 1995 generation (kWh) at the plant.
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To determine the required transmission capabilities and infrastructure cost of delivering gas to
the repowered NGCC plants a geographic information system (GIS) was used. The GIS
permitted examination of each pipeline link between the repowered plant and the closest gas .
supply region to 1) identify the least-cost route, and 2) tabulate the cost of expanding existing.
transmission capacity to meet the cumulative gas requirement of all repowered candidate
plants.

Since the ranking of cost-effective NGCC-repowered power plant was not known in advance of
the GIS analysis, the cost of expanding the transmission infrastructure was based on the
requirement to deliver 11 TCF of gas, or the equivalent of repowering all candidate plants (both
those repowered and the set of plants deleted from the inventory, since the GIS was conducted
before these plants were deleted and could not be redone—see Appendix G-2). The cost to each
plant was then based an its respective pipeline routing and volume of gas required. Based an
the methodology employed, the hook-up/transmission costs allocated to each plant are a
conservative estimate of the ultimate infrastructure delivery cost.

G-3.5 TOTAL COST OF CONVERSION

The sum of conversion and hook-up/transmission costs represents total investment cost. This
value was then adjusted for the O&M credit discussed above. In addition, several alternative
coal/gas price differentials were included to reflect 1) the fuel price difference between coal
and gas, and 2) an approximation of the gas price increase from higher utility demand for
natural gas. :

Based an a special Energy Information Administration (EIA), National Energy Modeling
System (NEMS) simulation,’ the 1995 coal/gas price differential was $0.72/MMBtu (1994
dollars); in 2010 this differential increases to $1.18/MMBtu, which reflects both an increase in
natural gas prices and a decrease in coal prices. The increase in natural gas prices is partially
attributable to increased utility demand from NGCC (merchant) plants constructed to meet new
load growth and displace nuclear power plants not re-licensed.

‘The total cost of repowering (conversion, hook-up/transmission, gas/coal price differential,
"~ O&M credit and SO,/NO, credit) for each plant was then divided by the reduction in carbon
emissions arising from the repowering.

G-3.6 VALUE OF ENVIRONMENTAL EXTERNALITIIES'

There is considerable debate in the literature regarding the value of environmental
externalities. In this study, the marker value for SO, and NO, were included, not their -
estimated damage effects. For SO, values of zero (0) and $100/ton were used, where zero
represents a market saturated with allowances; at the hxgh end, $100/ton represents the
current spot market pnce

For NO,, the low end represents estimates of a saturated NO, market; $2,000/ton represents a
nationwide average for NO,, with values approaching $10,000/ton in nonattainment areas.
The ultimate value will be a function of implementing the forthcoming recommendations from
the Ozone Transport Assessment Group (OTAG), and subsequent regulatory action by EPA.

3 DOE/EIA, An Analysis of Carbon Mi_tigation Cases, Service Report SR/OIAF/96-01 (June 3, 1996).
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NATURAL GAS DELIVERABILITY AND
INFRASTRUCTURE ASSESSMENT

" In 1995, the U.S. consumed 19,657,487 MCF of natural gas (ELA “Natural Gas Annual 1995”). The break
~‘down of natural gas by end-use sector is shown in Table G~4.1. Electric utilities accounted for 16.3% of -
total gas consumed in 1995 and approximately 10% overall of total U.S." generation. Interestingly, over
55% of natural gas consumed by electric utilities is utilized in the states of Texas, Louisiana, and
California, respectively. Texas alone consumes 33% of the natural gas consumed by electric utilities.

Table G-4.1 1995 Gas Consumed By End-Use Sector

Gas Volume Percentage
End-Use Sector (MCEF) - (%)
Residential 4,850,318 - 24.7
Industrial ' 8,579,585 43.6
Electric Utilities 3,196,507 16.3
Commercial 3,031,077 15.4
TOTAL : 19,657,487 100.00

Table G-4.2 displays the relative size of the proposed electric utility power plants-to the total U.S.
consumption, and total electric utility consumption. The proposed plants account for a minor percentage
of total U.S. 1995 gas consumption (only 0.9%) and account for a small fraction (4.14%) of total natural
gas consumption by electric utilities.  These 404 plants, in 1995, consumed a very small percentage of
natural gas and were easily accommodated by the natural gas transmission infrastructure.

Table G-4.2 State Comparison of Conversion Impacts On Natural Gas Consumption

Before Conversion After Conversion
Candidate | Percent 1995 . Percent Candidate Percent
GasUse | To Total | Consumption To 1995 Gas Use To 1995

State (MCF) Utility (MCF) Consumption (MCF) Consumption
AL 5,008 63.75 321,577 . 156 436,350 135.69
AK - 0 0.00 430,231 0.00 .0 0.00
AZ 3,014 11.64 120,126 2.51 T 262,415 218.45
AR _ 0 0.00 257,068 - 0.00 130,965 . 50.95
CA -0 0.00 1,925,110 ' 0.00 . 0 0.00
co © 1,901 95.64 283,591 ' 0.67 228,654 . 80.63
CT . 0 0.00 132,273 0.00 15,714 11.88
DE 3,255 - 12.08 60,662 . 5.37 34,532 56.93
DC 0 0.00 - 32,988 0.00 0 0.00
FL ' 3,543 1.14 515,598 0.69 412,543 80.01
GA 4,637 | 59.34 370,385 1.25 432,241 116.70
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Table G-4.2 State Comparison of Conversion Impacts On Natural Gas Consuml;tion (continued)

Before Conversion

After Conversion

Candidate | Percent 1995 Percent Candidate Percent .
Gas Use | To Total | Consumption To 1995 Gas Use To 1995
State (MCF) Utility (MCF) Consumption (MCF) Consumpton
ID 0 0.00 63,777 0.00 0 0.00
JIL 7,111 17.55 1,078,543 0.66 482,571 44,74
IN 9,015 67.26 535,311 1.68 725,753 135.58
IA 1,889 60.34 . 262,313 0.72 198,049 75.50
KS - 2,137 9.62 368,342 0.58 179,799 48.81
KY 590 113.93 224,046 0.26 574,104 256.24
LA 11,891 3.87 1,717,914 0.69 108,469 '6.31
MN 0 0.00 5,429 0.00 0 ~0.00
MD 14,844 89.43 194,099 7.65 179,798 92.63
AMA 3,445 5.19 362,301 0.95 100,162 27.65
1MI 1,282 4.43 970,851 0.13 470,880 48.50
MN 4,342 93.95 353,076 1.23 204,618 57.95
MS 3,274 7.95 288,067 1.14 61,757 21.44
MO 2,723 27.09 279,078 0.98 337,261 120.85
MT 115 31.17 57,827 0.20 110,378 190.88
NE 884 66.10 136,384 0.65 96,655 70.87
NV 2,257 5.86 111,004 2.03 112,979 101.78
NH 9 0.42 19,899 0.05 24,283 122.03
NJ 20,096 51.90 590,797 -3.40 43,906 7.43
NM " 569 2.04 215,147 0.26 183,864 85.46
NY 3,838 1.63 1,140,488 0.34 152,159 13.34
NC 263 8.71 202,726 0.13 363,021 179.07
ND 1 50.00 45,378 0.00 189,374 417.33
OH 1,112 20.88 896,072 0.12 805,303 89.87
OK 21,521 13.91 568,153 3.79 185,964 32.73
OR 0 0.00 145,867 0.00 25,590 17.54
PA - 12,885 50.38 721,433 1.79 654,898 90.78
RI 0 0.00 70,137 0.00 0 0.00
SC 2,840 22.30 151,915 1.87 193,049 127.08
SD 0 0.00 34,292 0.00 17,498 51.03
TN 2,055 96.61 256,843 0.80 372,753 145.13
X 25,312 2.86 3,802,489 0.67 825,981 21.72
UT 0 0.00 156,824 0.00 220,013 140.29
VT 0 0.00 7,275 0.00 0 0.00
VA 14,036 | 68.59 247,198 5.68 169,085 68.40
WA 0 0.00 220,427 0.00 63,736 28.91
wvVv 346 166.54 148,364 0.23 517,437 348.76
WI 2,640 26.51 380,489 0.69 298,029 78.33
WY 119 | 113.94 97,706 0.12 285,730 292.44
TOTAL 194,798 4.14 21,577,890 0.90 11,488,320 53.24

G-4.2




Appendix G-4

If these candidate plants were all converted, the impacts on the natural gas transmission infrastructure
would be very substantial. Table G-4.2 shows that 21.6 TCF of natural gas was consumed in 1995. This
includes the 19.7 TCF from the end-use sections in Table G~4.1 combined with the natural gas consumed
in operations. These 404 converted power plants would cause a 53% increase over 1995 total natural gas
consumption levels. Such an increase would require a substantial investment in the natural gas
transmission infrastructure to accommodate the extra 11.5 TCF load from these power plants.

Table G-1.3 Natural Gas Consumed By End-Use Sector After Power Plant Conversions

End-Use Sector Gas Volume (MCF) Percentage (%)
Residential _ 4,850,318 _ 156
Industrial 8,579,585 27.5
Electric Utilities 14,684,827 . 471
Commercial 3,031,077 9.7
TOTAL 33,052,827 . 100.0

If Table G4.1 is recalculated based an the natural gas requirements for the converted power plants
while the other sectors remain constant in demand, the electric utility sector would consume close to
" half of the natural gas in the U.S (see Table G4.3). This 47% increase from the 1995 16%-level and
would require a significant investment to be made in the natural gas infrastructure. The next section
will attempt to’quantify the investment required.

Although there is 21.6 TCF of natural gas consumed in the US., this gas travels through a
sophisticated'netwo'rk of interstate and intrastate pipelines. There are approximately 1.2 million
miles of natural gas pipeline utilized in the system comprised of: transmission (264,900), distribution
(935,000) and field (62,200). Almost 65 TCF of natural gas is transported through states to deliver gas to
the end-use customers. Table G4.4 shows the state-by-state receipts and deliveries of natural gas. The
net column represents the receipts minus the deliveries. A negative net means that the state delivers
more gas then it receives. These are usually the natural gas production states. -
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“Table G-4.4 State Natural Gas Flows

- JIL

G-4.4

State ' Receipts (MCF) Deliveries (MCF) Net (MCF)
AL 3,253,871 3,389,137 - -135,266
AK 0 65,283 -65,283
AZ 994,103 . 879,201 114,902
AR 2,614,855 2,546,781 68,074
CA 1,690,530 . 0 1,690,530
CO 699,431 844,388 -144,957
cT 410,639 259,486 151,153
DE 54,864 3,030 51,834
DC 29,860 0 29,860
FL 523,721 34 523,687
GA 1,439,907 1,075,834 364,073
ID 962,961 887,158 75,803
2,446,381 1,388,479 1,057,902

IN 2,041,013 1,475,557 565,456
IA 1,444,142 1,188,548 255,594
KS 1,140,230 1,458,930 -318,700
KY 3,689,277 3,507,584 181,693
LA 2,169,716 5,553,146 -3,383,430
MN © 5,533 0 5,533
MD . 864,322 652,253 212,069
MA 554,296 . 98,974 455,322
MI 1,382,220 716,019 666,201
MN . 1,762,668 1,434,132 328,536
MS 5,623,521 5,832,741 -209,220
MO 1,544,992 1,274,401 270,591
MT 590,603 569,852 20,751
NE 1,030,750 1,054,114 -23,364
NV 355,804 247,692 108,112
NH 31,742 5,521 26,221
CINT 1,296,464 712,420 584,044
NM 343,196 1,470,532 -1,127,336
NY 2,006,959 886,014 1,120,945
NC 913,692 696,000 217,692
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Table G-4.4 State Natural Gas Flows (continued)

State Receipts (MCF) Deliveries (MCF) Net (MCF)
ND 579,325 636,351 . -57,026
OH 2,817,908 1,975,801 842,107
OK 810,112 1,872,345 -1,062,233
OR 882,385 741,523 140,862
PA 2,718,075 1,982,831 735,244
RI 251,800 151,700 100,100
sC 1,053,357 906,316 147,041
SD 638,002 604,039 33,963
TN 4,027,113 3,758,529 268,584
X 860,534 3,265,069 -2,404,535
UT 431,245 388,831 42,414
VT 18,429 9,335 9,094
VA 1,055,691 850,457 205,234
WA 1,140,487 882,990 257,497
WV 1,724,557 1,777,613 -53,056
WI 1,195,087 811,591 383,496
WY 384,208 1,025,093 -640,885
TOTAL 64,500,578 61,813,655 2,686,923

G-4.1 INTERCONNECTION COSTS (PLANT HOOK-UP)

There are two cost components in estimating the servicing of these electric utility plants. The first
component is the cost of hooking up these power plants to their nearest natural gas transmission line,
and the second component is upgrading the transmission system to handle the increased natural gas .
load. : -

The first component (connecting power plants to their nearest transmission line) was completed through

a geographic information system (GIS). The three classes of power plants (dual fuel, multi-fuel and
_coal only) were grouped into two categories: 1) power plants that did not have a gas hook-up all ready,
and 2) power plants that” were already hooked-up but need to be expanded. A program was used to
compute the distance from each power plant to its closest transmission pipeline. Publicly available
data sets were utilized for the power plants and natural gas transmission pipeline files. Table G-4.5
displays the distance distribution for these power plants. 58% of the power plants are less than 5 miles
from transmission lines and over 95% of the power plants are within 20 miles of transmission lines. The
power plants are well-positioned for hook-up to the natural gas system.
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Table G-4.5 Power Plant Hook-Up Distance Distribution

_ Cumulative
Distance Miles Percentage (%) Percentage (%)
Less than 5 ' 235 _ 58.17 58.17
Between 5 and 10 83 2054 78.71

-{Between 10 and 15 44 10.89 89.60
Between 15 and 20 25 6.19 95.79
Between 20 and 25 6 1.49 97.28
Between 25 and 50 7 1.73 99.01
Greater than 50 -4 0.99 100.00
TOTAL PLANTS 404 100.00

“The converted power plants were assigned pipeline diameter sizes. These represent the pipeline
diameters that would be required to meet the power plant load under peak day conditions. The Oil and
Gas Journal (OGJ) computes pipeline construction costs. An analysis of five years of data was used to
create average costs per mile for each specific pipeline diameter. The analysis was required because of
the large range in costs from various projects. For example, in 1996 the costs for an 8” pipe diameter
ranged from $84,623 and $12,810,000. The costs vary because of factors such as: terrain, right-of-way
costs, population, number of major road crossings, number of major waterway crossings, and number of
pipe bends. '

There are many uncertainties associated with the costs of expanding the North American natural gas

. transmission infrastructure to accommodate any particular plant conversion. Costs of building pipelines
increases when the terrain being crossed is rocky, mountainous, or requires a water crossing. Building in
populous areas increases right of way costs, construction costs, and complicates routing. '

There are economies of scale that can be achieved when a large capacity pipeline is built as opposed to
building a small capacity line. If the necessary increase in transmission capacity due to a plant
conversion coincides with an increase in demand due to other markets, the cost of the share of capacity

. increase due to the plant conversion is usually smaller than it would be if a pipeline dedicated to the
plant were built. o

With the distances and average mileage costs computed, the final st_ép is to compute the total costs.
The task 3 plants have ro pipelines already attached. There costs are computed by multiplying the
distance to the nearest transmission pipeline by their respective cost per mile. For the tasks 1 and 2
plants, they already have transmission connections, however, after conversion the annual gas
consumption at these plants increase from .19 TCF to 3.4 TCF. This increase requires major upgrades and
renders most of the pipelines insufficient. Without being able to analyze each pipeline, some rules of
thumb were applied in computing costs. If the gas consumption at a plant was 10 times or less, than the
(o @] numbers : were - discounted 20%.
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Table G-4.6 Average Cost Numbers Per Mile

Diameter Cost Percentage
(Inches) ($000s) Change (%)
6 41 |
8 ‘ 541 22.68
10 642 18.48
12 742 15.60
16 942 26.99
20 - 1,142 21.25
24 1,342 17.53
- 30 1,642 22.37

If the gas consumption at a plant was between 10 and 20 times, than the OGJ numbers were discounted -
10%. The costs for these task 1 (dual-fuel) and 2 (multi-fuel) plants is computed the same as the task 3
(coal only) plants with the exception of the discount being factored into the cost equation. The

interconnection costs to hook-up all 404 of the power plants is $2.78 billion for case 1 and $2.82 billion
for case 2.

G-4.2 TRANSMISSION UPGRADE COSTS

It is a difficult task to estimate the upstreém and downstream effects from converting these power
plants. The numbers presented represent ball park figures. To compute exact numbers would take
sophisticated ‘models combined with proprietary information from the transmission companies. The
analysis presented below is a simplified approach in cost estimation. The necessary assumptions and
inputs are provided.

Demand for natural gas has been, and is forecasted to continue to increase. Natural gas consumption rose
by 3% in 1996 and 4% in 1994, continuing its upward trend which began in 1991. The electric utility
sector increased its use of natural gas by 7% in 1995 and decreased 9% in 1996 due to price increases. The
future demand for natural gas looks strong. With lower prices and increased supply from Canada;
continued growth is projected in all end-use sectors. The current transmission excess capacity can easily
be used up by this increased demand. Because of the healthy outlook for natural gas, we are assuming
that the current transmission infrastructure does not have the capacity to handle the load from these
404 plants.

Power plants pose problems to natural gas transmission systems. The combined cycle units ramp up very
quickly and the electric utility companies are never sure of when their peak times will occur. For this

"reason most power plants purchase firm contracts. The utility companies need the generation in
conjuncture with their customers loads and not the pipeline’s convenience. This is yet another reason to
assume the current transmission infrastructure can not handle the .load from these 404 power plants.
This becomes apparent from the 53% increase in gas consumption shown in Table G4.2.

G-4.7



Appendix G-4

Figure G4.1 shows how dispersed the power plants. are in tasks 1-3. There are concentrations in the
Midwest and northeast regions, however, the 404 power plants are widely dispersed in the U.S.

Figure G4.1 Graphic Display of Power Plants

Without comprehensive knowledge of future demand growth from all sectors of natural gas
consumption, and knowledge of the route that will be followed to build capacity for any given plant, '
estimates for adding capacity for any particular plant are best considered as a wide range. The
methodology used in this analysis focuses an average day power plant consumption in relationship to
the main natural gas supply areas. The reason being that one way or another the gas must come from
one of these key supply areas.

In lieu of guessing an pipeline routes and locations, the natural gas requirements for each plant were
matched with pipeline throughputs. Besides guessing an where to build pipelines, one would have to
guess an what cost numbers to use in constructing the pipelines as well. The cost of building the
transmission pipelines varies widely. For example, in 1996, the construction costs for an 8 inch pipe
vary between $84,623 and $12,810,000. Each power plant was given a fraction of a pipeline’s capacity
based on its average day consumption requirements.

As with the interconnection costs, a GIS was used to help compute distances. In this éase, the GIS

' computed distances from the power plants to supply regions. The séven largest produdng states account
for over 86% of U.S production. Table G-4.7 contains 1995 production for each of the seven states.
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Table G-4.7 1995 Natural Gas Production for the I_.afgest Seven States

Gas Production Percent
State " (MCF) (%)
TX 6,330,048 32.45
LA - 5,108,366 ' 58.64
OK 1,811,734 e 67.93
NM 1,625,837 76.26
KS 721,436 79.96
WY 673,775 83.41
e 523,084 86.10

Besides the major 7 producing states, the U.S. receives approximately 2.8 TCF of gas from Canada. 7
nodes were created for the domestic production and three nodes in Canada. Figure
G4.2 contains a map of these nodes. '

Figure G-4.2 Major Production Nodes
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The GIS computed the distance from each power plant to its closest node. This provided an estimate of
how far the natural gas would have to travel. The plants that are being considered for conversion are
dispersed across the United States, with a majority of the plants in the northeast and Midwest. These
are areas that are current consumers of natural gas, and are the markets for which a majority of the
existing transmission lines were built, so the increases in transmission capacity that will be required to
accommodate plant conversions can be expected to roughly follow past patterns of construction locahons
and costs.

“To estimate the costs of adding this capacity to the existing system, the analysis used the average cost
of adding capacity during the most recent 5 year period for which data is available, 1991 through 1995.
This cost was determined by calculating the historical average cost of adding a MCF/Day/Mile (e.g.
the capital cost of adding transmission line capacity to carry a million cubic feet of gas one mile in one
day) from the construction costs reported in the Oil and Gas Pipeline Journal in its annual pipeline
economics report. This report summarizes data reported to FERC on pipeline construction costs and
includes the length, diameter, and construction costs of pipelines built by in the United States and

. Canada. This is the infrastructure that will have to be augmented to accommodate the conversion of

plants considered by this report.

Table G~4.8 shows the values used in estimating the capacity of pipelines of a given diameter. The

actual capacity of a pipeline is determined by a multitude of factors including compression of the gas,

its temperature, specific gravity. The data in the table are typical values for throughput that is
achieved using standard technology. These values were used to estimate the carrying capacity of new

transmission lines added during the 5 year period reviewed. Multiplying the MCF/Day value for a

given pipeline diameter by the length of the line gives the number of MCF/Day miles for the pipe.

This calculation was performed for all 8” and larger pipelines longer than 1 mile built during the past 5

years. The construction costs for 408 pipelines during the 1991 and 1995 were reviewed. The average cost

of adding this capacity was estimated by summing the costs of building these lines to the costs of

building compressors added during this period. Dividing these costs by the total number of MCF/Day

miles implemented yields the average cost of addmg an MCF/Day mile to the existing transmission .
capacity, $2,250.

Table G-4.8 Pipeline Throughput Estimates

Diameter

(Inches) MCF/Day

6 15
8 30
10 50
12 70
16 125
20 225
24 - 350
30 600
34 770
36 865
42 1175
48 : 1500

’

Computing the upgrade transmission cost is performed by multiplying the plént distance by its daily
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gas flow requirements (annual total/365) and $2,250. The average day was used in lieu of the peak - day
since the plants peak on different dates and times. Performing this estimation prov1des an upgraded
transmission cost of $64.75 billion for case 1 and $67.38 bilion for case 2.

The number of miles of pipeline that would need to be constructed is based on the average d1ameter
~ pipeline that is built. Taking the average MCF/Day values in Table G4.8 allows us to compute the
needed number of pipeline miles. Table G4.9 shows how the miles vary significantly depending an the
pipeline diameter size. If all the pipeline constructed for the power plants was 6 inch diameter pipe, it
would take 1,918,519 miles of pipeline to handle the gas requirements for these plants. The 48 inch
diameter pipe would only require 19,185 miles of pipe.

The U.S. natural gas industry is compnsed of a variety of pipe diameters. The higher end diameter

pipe serves well for long distance transportation routes while the smaller pipe diameters feed into
local distribution companies, industrial users, and electric utility plants. A weighted average pipeline
diameter was computed across the five year OGJ data set. . Assuming that historical construction
patterns would be followed, the average size diameter is just under 30 inches which means that 52,323
miles of new pipeline would need to be constructed to handle the increased gas load. This compares
with 1,200 miles of pipeline that were built in 1994 and 1,500 miles of pipeline built in 1995 (OGJ).

Table G4.9 Miles of Pipeline Required

Diameter MCE/Dav Miles
6 15 | 1918519
8 30 959,259
10 50 575,556
12 70 411,111
16 125 230,222
20 225 127,901
24 350 82,222
30 600 47,963
34 770 . 37374
36 865 33,269
42 1175 24,492
48 1500 19,185

Between 1991 and 1994, the U.S. added 3.65 TCF of natural gas at a cost of $6.5 billion. If you took the

ratio of gas added per dollar and applied it to the 11.5 TCF that the plants would require, the cost
would be $20.5 billion. This is significantly lower than the $64.75 billion computed. The increased cost
is based primarily anthe distance that the natural gas will be required to move. Between 1991 and
1994, most of the natural gas projects were short distances, were well thought out and provided the most
economic sense. The location of the repowered plants requires substantial more investment and
applying the simple ratio does not work.

G-4.3 SUMMARY

There would need to be a very sizable investment to interconriect these power plants to the system and
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accommodate their loads. Table G-4.10 provides the t_ofal cost estimates to interconnect the power
plants with the transmission lines and includes the costs to upgrade the system to handle the total
additional load. ' ) \ _ .

Since this deliverability/infrastructure assessment (which examined the impact of total repowering of
coal-fired power plants) was completed before the incremental repowering analysis was requested, per
- plant costs were used to compute the total cost’of repowering, recognizing that the estimate may be an

“the high-side.! '

Table G-4.10 Transmission Costs Summary ($Billion)

Site Repowering|  Steam Turbine
Repowering
Inf_erconnection 2.78 2.82
Transmission 64.75 67.38
otal 67.53 70.20

! The actual hook-up and transmission cost for any individual plant or group of plants is a function of their location,
current/projected pipeline utilization rate, and geographic factors. Since the timing for repowering, and thereby the
sequence and location of the repowered plants is not known at this time, no assessment can be made of the likely
economies of scale possible. It is possible that the transmission cost could-be greater than the system average.
estimated above if it the pipeline load is at its maximum and there are no other plants to share the expense of
expanding pipeline capacity. '
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