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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 emissioris savings range for the Alternative View case, and the 
higher end for the Best Estimate case. Where no range is given, we use the same carbon savings 
number in both Best Estimate and Alternative View cases.

(2) Energy cost savings from the buildings, indxistry, and transport efficiency options are cilways 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, trar\sport 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/toime carbon. Technology costs for aU other options are assmned to be $30/tonne C in the Best 
Estimate case and $50/torme 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 cn a 7% real 
discount rate).

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

(b) Indiistry efficiency technology costs and dollar savings are derived from Table 4.7 of the 
industrial chapter. This table shows the annual energy savings ar\d investment costs for a 
single year of investment, which is sufficient mformation to calculate a Cost of Coi^served 
Energy (CCE). We took the investment costs from Table 4.8 and armualized them using the 
capital recovery factor bcised 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 high-effidency/low-carbon cases). We then multiplied this CCE by the TOTAL annvt^ 
energy savings in 2010 from ^e industrial sceriarios to get total annualized costs.

We increased the real discoimt 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 savirigs 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-carbpn 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% re:d discovint 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 gallorrs 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 armualized cost per year
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by the number of gallons saved per year to calculate the CCE in $/galloa 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 sceruirio. Finally, we multiplied the 
average CCE by the TOTAL exp^ted energy savings for light duty vehicles to get total 
annualized cost for each scenario.

In the Best Estimate case, the technology costs for other transportation modes (freight 
trucks, airplanes, trains, marine, and other) are assumed to be exactly equal to the price of 
fuel that is saved. This ass\jmption 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-effidency/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/torme C). We choose 
$50/torme C for the technology costs of dispatch 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/torme 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.

(f) Repowering of coal power plants with natural gas costs are derived from Figure 7.7 in the 
electricity supply chapter. This curve shows CcU-bon saved on the x-a^xis and incremental cost 
(S/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 increment^ cost is about $40/torme 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/torme 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.
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APPENDIX A-2

KEY OPPORTUNITIES FOR CARBON SAVINGS FROM END-USE
EFFICIENCY IMPROVEMENTS

Each of the three er\d-use efficiency chapters (Chapters 3-5) assessed the magnitude of carbon savings 
that coiild 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-14 list some of the key technologies.

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

Submarkets and Technologies 
with >2 MtC Estimated Reductions 
in 2010;

Carbon Reductions 
Estimated by High 

Efficiency/Low Carbon 
Case (in MtC)

Buildings

Miscellaneous electric uses: residential 15.9
Miscellaneous electric uses: commercial 8.5
Commercial lighting 6.6
Commercial electric space conditiorung 5.4
Residential lighting 4.4
Commercial gas space conditiorung 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 14.1
Air transport ^ 13.9
Freight rail' 2.5
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Table A-22. Illustrative Energy-Efficiency Buildings Technologies

ive glazings, variable

Residential Building End-Uses

• Miscellaneous electricity (efficient motors, variable speed drives)
• Lighting (halogen IR lamps, compact fluorescent lamps, motion sensors)
• Electric water heating (standby loss reduction, horizontal axis clothes washer, heat 

pump water heater - post 2000)
• Electric cooling (more/improved insulation, spectrally-selecti\ 

speed compressors, white roofs, reduced infiltration)
• Electric space heating (more/improved msvilation, reduced infiltration, low-E argon 

glazings, superwindows, improved compressors)
• Electric clothes dryers (heat pump clothes dryers at very low penetration)
• Refrigeration (improved insiilation, improved compressors)
• Gas water heating (standby loss reduction, horizontal axis clothes washer)
• Gas space heating (more/improved instdation, reduced infiltration, low-E argon 

glazings, superwindows, condensing furnaces)
• Electric cooking (improved insiilation)
• Freezers (more/improved insulation, improved compressors)
• Oil space heating (low-E argon glazings, superwindows, improved insulation, 

reduced infiltration, condensing furnaces)

Commercial Building End-Uses

• Miscellaneous electricity (variable speed drives, efficient motors, smart redesign)
• Lighting (electronic ballasts, motion sensors, halogen IR lamps, compact fluorescent 

lamps)
• Electric cooling (system controls, variable speed compressors, switching systems, 

white roofe)
• 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 pximp, 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)
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Table A-2.3. Illustrative High-EfficiehcyA.ow-Carbon Industrial Technologies

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

Motors
• Proper load matching
• Variable speed drives

Pulp/Paper
• Impulse drying
• Multiport cylinder drying
• On-machine sensors

Chemicals
• Pinch analytic techniques
• Advanced distillation control techniques

Petroleum Refining
• Utility system improvements
• Process/eqmpment modifications

Glass
• Oxy-fuel process
• Advanced burner technology
• Glass batch/cuUet preheater technology

Aluminum
• New aluminum production cell
• Materials recycling
• Improve furnace efficiency
• Titaniiom diboride cathodes

Iron/Steel
• Direct smelting/direct reduction
• Scrap preheating
• Hot connection
• Process controls

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

Cement
• Cement clinker replacement
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Table A-2.4. Key Transportation Technologies Based on the High-Efficiency/Law-Carbon Scenario

Light-Duty Vehicles
• Direct-injection stratified charge (DISC) gasoline engine
• Turbocharged direct-injection clean diesel engine (TDI diesel)
• Hybrid vehicles (gasoline ^d diesel)
• Gasoline fuel cell vehicle
• Materials substitution, advanced drag reduction, engine friction and pumping loss 

reductions, and transmission improvements
• Cellulosic ethanol as a blending component with gasoline

Truck Freight
• LE-55 diesel engine
• Turbocompound diesel engine
• Improved tires
• Advanced drag reduction
• Electronic controls

Rail
• Flywheels
• Alternative fuels
• Fuel cells
• Operational efficiency improvements 

Air
• Ultra-high bypass turbofans
• Material improvements
• Aerodynamic drag reduction
• Propfans
• Laminar flow control
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APPENDIX A-3

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

By the year 2010, ruamerous 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.

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 on 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.

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

• Construction methods in this time frame will consist primarily of factory-manufactured modules 
and components assembled onsite, enabling systems engineering to deliver greater energy 
efficiency, more affordable construction, and increased use of recycled materials.

• Adaptive envelopes will capitalize on changing climatic conditions to reduce energy use ^d 
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 combiiung the functions of several appliances into a single, highly effective 
device that puts to use waste heat and employs high efficiency componaits to perform dual 
functions.

• 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.

• Controls and communications capabilities will enable greatly reduced energy requirements by 
matching current and predicted weather conditior\s, utility rates, and internal envirorunental 
measurements to meet fluctuating occupant requirements while expending less energy.
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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 visage in 1990 from the
1994 Annual Energy Outlook (AEO)\ We treat 1997 as the base year, and 2010 as the year in 
which we are assessing the reservoir of potential savings. We examine a "snapshot" 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-2.8a-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 parameters 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 ^^d C-2.8.a-b show the input tables contaiiung 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 (lllTWh).

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 turnover on 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 accoimting framework to treat retirements of buildings and appliances 
existing in 1997 still existing in 2010. We assvime 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.

^The 1997 AEO starts its forecast in 1994 and does not present 1990.

^See Chapter 6 for details on primary energy conversions in die Business-as-usual, efficiency, and high- 
efficiency/low-carbon scenarios.

^ Krause, Florentin-, David Olivier, and Jonathan Koomey. 1995. Megawatt 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.
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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 honies and buildings built in the 1997 to 2010 period are assumed 
to have eqmpment with efficiencies equivalent to 1997 new equipment. For 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 in the 
Frozen Efficiency and Business-As-Usual cases, but is used in the efficiency 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 refrigerators. No 
retrofits, of equipment are allowed for refrigerators.

Other Changes In Service Demand

Overall growth in service demand is governed by the growth in number 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 nvunbers in 2010. 
We calculate our own forecast of end-use cortsumption 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 mtemally 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 distinguish 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 btuldings, 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 
AEO reference case forecast contains progress in refrigerator efficiency that our oum residential 
models do not -predict. We are working with EIA to fix this issue with their forecast.
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Frozen Efficiency Case: Existing Stock vs. New Energy Intensities

The ratio of new device or process intensities (kWh/device or per household) to base year stock 
inteirsities (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 kWhIyear (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 intei\sities 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 turnover 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 kWhIyear (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 intensitv 1997repbic.ment factor ^ stock growth factor) (1)

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

£ use in Froz. Eff. Case 2010 = 0.84 * (0.38 quads * 0.487 + 0.38 quads * (0.416 + 0.25) * |||)

= 0.32 quads site

Business-As-Usual Case Energy Use

To determine the Business-as-usual case energy use in 2010, we use the following formula:

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 vise (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

Ease in B.A.U case 2010 = 0.84 *(0.38 quads * 0.487 + 0.38 quads * (0.416 + 0.25) * )

= 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 orUy) 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 equipment is not retrofit, only replaced with new eqviipment 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 eqviipment and shell measures, the savings factors for 
eqviipment 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 use in 1997*(stock replacement factor
, „ l^.^ew device intensity in existing homes 1997 ^ _ , '------------stock deviTe intensity  W------------d-Svgs facto. A) ^

[existing

1997*(stock replacement factor [retrofit

E use in 1997*(stock growth factor) 

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

^new device intensity in new homes 1997 
stock device intensity 1997 

(3)

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.

645E use in Max. Cost Effective Efficiency Case 1010 = 0.84 *(0.38 quads* 0.487 + 0.38 quads* 0.028* ^ 

* (1 - 0.33) + 0.38 quads * 0.388* ^ * (2- 0.33 - 0) + 0.38 quads * 0.249* ^ *(1- 0.33 - 0))
940

0.27 quads site energy.

C-1.4



Appendix C-1

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

This calculation could just as esisily 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 mcirkets would respond to policies and 
programs associated with agressive commitments to reduce carbon emissiorrs. We began with 
the Brown's conclusion that about half of the techno-economic potenticil 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. W e 
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 ortiy homes where the longest lived equipment (i.e., a gas furnace) turn over are eligible 
for shell retrofits. This assumption ensures that equipment replacement for exper\sive 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.
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Cost of Conserved Energy (CCE)

CCE is calculated using the following equation:

Capital Cost x
CCE (e/kWh) (l-(Ud)-^)

Annual Energy Savings

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 aimualized cost by annual energy savings yields the CCE.

Out life-cycle cost analysis for-residential refrigerators results in a CCE of $9.90/MMBtu site 
($0.033/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.

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 
emissior^s. 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 cadculating the change in emissions per kWh saved. W e 
multiply this marginal carbon emissions factor by the electricity saved in the efficiency 
scenarios, and subtract these saved emissions from the BAU emissions.

'^US DOE. 1994. Emissions of Greenhouse Gases in the United States, 1987-1992. Energy Information 
Administration, U.S. Department of Energy, Washington, DC. DOE/ELA-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 armualized 
incremental costs for efficiency improvements in that year.

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

Cost of Energy Services = (£^xp^j+(£5xCC£) (5)

where

E-'^f = Energy use for end-use A using fuel f in any scenario (quadrillion Btu of primary energy per 
year in 2010).
Pf = price of fuel f (electricity, natural gas, or oU), in 1995$/MMBtu primary,
CCE = Cost of Conserved Energy (1995$/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.
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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 1(X) 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 no retrofits. About 10% of the residential 
buildings existing in 1997 are retired by 2010, while about 19% of the 
commercial 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 AE097 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 AE097, while if they are larger than 1.0, our methodology 
underforecasts demand compared to AE097.

UECs and EUIs The ratios of the UECs or EUIs for the different categories of houses are 
used along with opr simple stock accounting to capture the effect of stock 
turnover on energy use. All residenhal UECs are taken from the LBNL REM 
and LBNL REEFS residential forecasting models, while all commercial 
sector EUIs come directly from the AE097 model outputs.

Efficiency factors These are defined relahve to current practice in 1997. The first column in 
this section (with the heading "EFRCIENCY CASE") is the savings 
associated ivith 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 {S/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 techiucally cost-effective efficiency options up to 
that price cutoff.

Efficiency costs (Billion 
1997$/year)

The costs of improving efficiency are assessed cn an annualized basis. 
They are calculate by multiplying the armual energy savings by the CCE.

Total cost of energy services 
(Billion 1997S/year)

Total cost of energy services is the sum of energy costs and efficiency costs.
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Table C-2.1: Main results, buildings sector business-as-usual scenario, by fiiel

Fuel End-use
Primary Energy Use (Quads) 

1990 1997 2010
Carbon Emissions (MtC)

1990 1997 2010

Energy Costs 
Billion 1995 $ 

2010
Residential Electricity 10.2 11.9 13.0 162 183 213 102

Natural gas 4.5 5.2 5.6 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 20.4 253 285 319 . 149

Commercial Electricity 9.4 10.6 11.4 150 163 187 82
Natural gas 2.9 3.3 3.5 42 48 51 16
Distillate oil 0.5 0.4 0.4 10 7 7 2
Other fuels 0.4 0.3 0.3 7 6 7 2
Total 13.2 14.6 15.6 209 225 252 102

Total Elecuicity 19.7 -22.5 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 1.4 16 15 17 14
Total 29.9 33.7 36.0 462 511 571 251

(1) Other fuels includes LPG, renewables, coal, and kerosene.
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Table C-12-. Main results, residential sector business-as-usual scenario, by end-use

Fuel End-use
Primary Energy Use (Quads) 

1990 1997 2010
Carbon Emissions (MtC)

1990 1997 2010

Energy Costs 
Billion 1995 $ 

2010
Electricity Space heating 1.0 1.4 1.4 15 22 23 11

Space cooling 1.7 1.5 1.4 27 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 0.4 0.4 8 6 7 3
Clothes Dryers 0.6 0.6 0.6 9 9 10 5

, Freezers 0.5 0.4 0.2 8 6 4 2
Lighting 1.0 1.0 1.0 15 16 17 8
Other Uses 2.2 4.3 5.9 36 66 97 46
Total electric 10.2 11.9 13.0 162 183 213 102

Natural gas Space heating 3.1 3.7 3.9 45 53 56 20
Space cooling 0.0 0.0 0.0 0 0 0 0
Water heating 1.1 1.3 1.4 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 headng 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 0.2 0.3 0.3 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 0.4 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 19.1 20.4 253 285 319 149
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Table C-2 J: Main results, commercial sector business-as-usual scenario, by end-use

Fuel End-use
Primary Energy Use (Quads) 

1990 1997 2010
Carbon Emissions (MtC) 

1990 1997 2010

Energy Costs 
Billion 1995 $ 

2010
Electricity Space heating 

Space cooling 
Water heating 
Ventilation 
Cooking 
Lighting 
Refrigeration 
PC Off. Equip. 
non-PC Off. Equip. 
Other Uses 
Total electric

0.4
1.8
0.6
0.5
0.1
3.7
0.4
0.1
0.5
1.2
9.4

0.4
1.7
0.5
0.5
0.1
4.0 
0.4 
0.3 
0.6
2.1 
10.6

0.3
I. 5 
0.4 
0.6 
0.1 
3.8 
0.5 
0.3 
0.7 
3.1
II. 4

6
29
9
9
2

59
7 
2
8

20
150

6
26
8
8
1

62
7
4
9
32
163

6
25
7 
9 
1

63
8 
5
12
52
187

3
11
3
4 
1

28
3
2
5

23
82

Natural gas Space heating 
Space cooling 
Water heating. 

■ Cooking 
Other Uses 
Total eas

1.3
0.0
0.5
0.2
0.9
2.9

1.3
0.0
0.5
0.2
1.3
3.3

1.4
0.0
0.5
0.2
1.4
3.5

20
0
7
2
13
42

19
0
7
3
19
48

20
0
8
3

20
51

6
0
2
1
6
16

Distillate oil Space heating 
Water heating 
Other Uses 
Total oil

0.2
0.1
0.2
0.5

0.2
0.1
0.1
0.4

0.2
0.1
0.1
0.4

4
1
4
10

4
1
3
7

3
1
3
7

1
0
1
2

Renewables Wood 0.0 0.0 0.0
Other fuels Coal + kerosene 0.4

Totals 14.6 15.6 209 225 102
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Table C-2.4: Main results, buildings sector scenarios

Fuel

ro
in

Residenlial B.A.U.
Efficiency case 
High eff./low Cease

Commercial B.A.U.
Efficiency case 
High eff./low C case

End-use

Total

Index

Index

B.A.U.
Efficiency case 
High eff./low C case

1990= 1.0 
1991 = 1.0 
1992= 1.0

B.A.U. = 1.0 
B.A.U. = 1.0 
B.A.U. = 1.0

Primary Energy Use (Quads) 
1990 1997 2010

16.7
16.7
16.7

19.1 20.4
19.1 19.4
19.1 18.0

Carboit Emissions (MiC) 
1990 1997 2010

13.2 14.6 15.6
13.2 14.6 14.7
13.2 14.6 13.5

29.9
29.9
29.9

1.00
1.00
1.00

1.00
1.00
1.00

33.7
33.7
33.7

1.13
1.13
1.13

1.00
1.00
1.00

36.0
34.1
31.6

1.20
1.14
1.06

1.00
0.95
0.88

253 285 
253 285 
253 285

209
209
209

225
225
225

319
306
287

252
240
225

462
462
462

1.00
1.00
1.00

1.00
1.00
1.00

511
511
511

1.10
1.10
1.10

1.00
1.00
1.00

571
.546
512

1.24
1.18
1.11

1.00
0.96
0.90

Energy Efficiency Total Costs of
costs costs Energy Services

Billion 1995 $ Billion 1995 $ Billion 1995 $
2010 20102010 ----

149
139
130

102
94
88

0
5
10

0
2
3

251
233
218

N/A
N/A
N/A

1.00
0.93
0.87

0
7
13

N/A
N/A
N/A

N/A
N/A
N/A

.n.... .rr,ce„c, c™
(3) Efficiency costs are annualized in 2010.

149
144
140

102
96
91

251
240
231

N/A
N/A
N/A

1.00
0.96
0.92
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Table C-2J: Main results, residential sector BAU and efficiency scenarios, by end^Hise

Primary Energy Use (Quads) Carbon Emissions (MtC) Energy Service Costs (B1995 $)
BAU Efficiency HE/LC BAU Efficiency HE/LC BAU Efficiency HE/LC

Fuel End-use 2010 2010 2010 2010 2010 2010 2010 2010 2010
Electricity Space heating 1.4 1.4 1.3 23 22 22 11 11 11

Space cooling 1.4 1.4 1.3 23 23 22 11 11 11
Water heating 1.1 1.0 0.9 18 17 16 9 8 8
Refrigeration 0.9 0.9 0.8 15 14 14 7 7 7
Cooking 0.4 0.4 0.4 7 7 6 3 4 4
Qothes Diyers 0.6 0.6 0.5 10 10 9 5 5 5
Freezers 0.2 0.2 0.2 4 4 4 2 2 2
Lighting 1.0 0.8 0.7 17 15 12 8 7 6
Other Uses 3.87 5.33 4.7 97 90 81 46 43 41
Total electric 13.0 12.0 10.8 213 202. 185 102 97 93

Natural gas Space heating 3.9 3.8 3.8 56 56 55 20 20 20
Space cooling 0.0 0.0 0.0 0 0 0 0 0 0
Water heating 1.4 1.3 1.3 20 19 18 7 7 7'
Cooking 0.1 0.1 0.2 2 2 2 1 1 1
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
Total zas 5.6 5.5 5.4 81 80 79 29 29 29

Distillate oil Space heating 0.7 0.6 0.6 13 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 . 0.8 0.7 0.7 15 15 14 6 6 5

LPG Space heating 0.3 0.3 0.3 5 5 5 4 4 4
Water heating 0.1 0.1 0.1 2 1 1 1 1 1
Cooking 0.0 0.0 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 20.4 19.4 18.0 319 306 287 149 144 140

(1) BAU s Business-As-Usuol; EfFiciency = efficiency case: HE/LC s high efTiciency/Iow 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 eflidency scenarios, by end-use

Foci End-use

Primary Energy Use (Quads) 
BAU Efficiency HE/LC 
2010 2010 2010

Carbon Emissions (MtC) 
BAU Efficiency HE/LC
2010 2010 2010

Electricity Space heating 0.3 0.3 0.3 6 5 5 3 2 2
Space cooling 1.5 1.4 1.3 25 24 21 11 10 9
Water healing 0.4 0.4 0.4 7 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 3.8 3.6 3.3 63 60 56 28 25 22
Refrigeration 0.5 0.4 0.4 8 7 7 3 3 3
PC Off. Equip. 0.3 0.3 0.3 5 5 5 2 2 2
non-PC Off. Equip. 0.7 0.7 0.7 12 12 12 5 5 5
OtherUses 3.1 2.8 2.5 52 48 43 23 21 20
Total electric 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 healing 0.5 0.5 0.5 8 7 7 2 2 3
Cooking 0.2 0.2 0.2 .3 3 3 1 1 1
Other Uses 1.4 1.3 20 20 19 6 6 6
Total sas 3.5 3.4 3.2 51 49 46 16 16 16

Distillate oil Space heating 0.2 0.2 0.1 3 3 3 1 1 1
Water heating 0.1 0.0 0.0 1 1 1 0 0 0
OtherUses 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 91

Energy Service Costs (B1995 $) 
BAU Efficiency HEA.C
2010 2010 2010

(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 efTicicncy cases 
35% implementation of efndency resources

SHELL
EQUIPMEtfT

Ekx-lhcily S|ulc hcalint 
Sp4K:c ciH>ling 
Wilier hciUins 
Refriiscralion 
Cooking 
CIttihes Dryers 
Freezers 
Lighling 
aher Uses 
Toi.ll cIceUic

Naiural giis Space beating 
Spiiee ciH4ing 
Water beating 
Conking 
Clothes Dryers 
Other Uses 
Total gas

Distillate oil SpaLC healing 
Water beating 
Other Uses 
Total oil

LPG Space healing
Water heating 
Ciaiking 
Other Uses 
Total LPG

Renewables WihhI

Other fuels Coal * kcn>scnt

Totals

Base

year
energy

use
I9V7

Quails

04S 
U46 
033 
03M 
0.12 
o.m 
0 12 
032 
1.35 
3.73

3«S
000
1.27
O.IS
005
0(N
5.24

0.77

0 10 
000 
0K7

OW
007
003
001 
0.40

038

0.12

1094

End-use
lifetime

18
13
10
19
19
17
19
I

in

20
12
14
IV
17
10

20
14
10

20
14
19
10

20

20

Esisling Existing Retrofit New 
Existing New New New

Slock
facbtr
2010

Slock
facliv
2010

Stock Stock 
factor factor 
2010 2010

0.44 
023 
0 02 
049 
049 
043 
049 
OU) 
002

051 
0 19 
030 
049 
0 43 
0.02

0 51 
030 
002

031
030
049
002

051

051

013 
0.34 
056 
0 10 
0 10 
O 16 
O 10 
059 
0 56

007 
0.40 
029 
0 10 
0 16 
0.56

007 
0 29 056

007 
0.29 
0 10 
056

032
032
032
0.12
032
032
032
032
032

032
032
032
032
032
032

032
032
032

032
032
032
032

025 
025 
025 
025 
025 
025 
0 25 
025 
025

025
025
025
025
025
025

025 
0 25 
0.25

025
025
025
025

007 032 025

007 032 025

Other Other
Energy Energy
Service Service
growth growth

factor (I) factor (I) 
Ex. shells Newshdik 

2010 2010

1CH 
I 16 1.22 
089 
102 
105 
067 
095 
I .30 
1 14

109 
I tKI 
I (M UK2 
095 
097 
1 07

OK5

0 9.5
1 IK)
0 K6

105

1 24 
OKK 
OK7 
L06

084

OKI

105

MM 
I 16 
I 22 
089 
102 
105 
067 
095 
I 30 
1 14

iW
MK)
MM
082
095
097
107

0 85 
095 
MH) 
0 86

105

1 24 
088 
087 
M16

084

081

105

REFERENCE CASE (NO RETRORTS) 
Existing Esikiiiig New Existing New
Existing New New New New

cxptd avg exptiJ avg
UEC UEC UEC UEC UEC

MMBitt MMBiu MMBlu kWh MMBiu
19*17 I9*J7 1997 1997 2010 1997 20HI

32.1
.55 
168 
3 2 
2 0 
30 
2 0 
3 2 
13 3

746 
10 

336 
38 
3 7 
09

70S
336
10

746 
336 
3.8 
0 1

.305
44
133 
22 
2 0 
28 
16 
3 2 
133

65 3 
10 

297 
38 
3 2 
09

61 7
297
M)

653 
297 
3 8 
0 1

24 8 
4 3
1.33 
2 2 
20 
28 
16 
3 2 
13 3

424
10 

297 
38 
32 
0 9

438
29.7
10

65 3 
297 
38 
0 1

1.0

10

287 
4 2 
13 0 
2 1 
2 0 
28 
I 6 
3 2 
133

628
10

295
37
32

09

61 I 297 
10

646 
29 2 
3 7 
0 1

21.7 
38 
13 0 
2 1 
2 0 
28 
16 
3.2 
13 3

380
10

295
37
32
09

400 
29 7 
10

59 5 
292 
37 

.0 1

09 

0 9

EFFICIENCY CASE 
Ex no rclroiii Ex. w/rcUorn New 

New New New
shell shell

rcl.loncw savings savings
in 1997 faelor factor
2010 2010 2010

114
I54>
284-
334.
0*4

tvn
284
534.
3.34

74
(M
234.

184
04.
104.

74
2.34
MM.

74
234
184
104

04.

04

144.
14
04
04
04

'0*4

04
(N-
0*4.

44
04
04.
04
04.
04

44
(M
0*4.

44
04
0*4
0*4

284
74
04
04.
0*4
04
04
04
0*4

124.
04.
04
04.
04-
04

124
0*4
04

124.
0*4.
04.
(N

04

04.

Existing Retnirit 
New New

New
New

CCE CCE CCB 
VMMBtu S/MMBlu

906 
91)6 
941 
990 
N/A 
N/A 
13 19 
834 
1018

499 
N/A 
2.15 
2.38 
N/A 
3 III

4.99
2.15
3(K)

499
2.15
2.38
3.<X)

N/A

N/A

1007 
1007 
941 
990 
N/A 
N/A 
13 19 
H 34 
10 18

4.66 
N/A 
2 15 
2.38 
N/A 
3.(K)

4.66 
2 15 
3(K)

4.66
2.13
238
3(K)

N/A

N/A

12 15
12 15 
941 
990 
N/A 
N/A

13 19 
834 
1018

4.48

N/A
2.13
238
N/A
3(K>

448
2.15
3(8)

448

2 15 
238 
3(8)

N/A

Achievable
Fraction

0.35 
035 
0 35 
033 
035 
033 
033 
035 
035

035
0.35
035
035
035
035

035
035
035

0.35
035
035
035

035

035

(1) Energy service growth faeim used to normalize to AE097 end use consumption. Existing shell and new shell
(2) Energy prices in 2UlUare 7 67. 5 59. 7 90. and 12.57 S/MMBlu (1997 $) fiu electricity, natural gas. distillate oil, and LPG. respectively 
Other fuels arc assamed to cost the same as dislillalc oil. while rcncwahici arc assumed to cost twice as much as natural gas
(3) All UECs are taken friun the LBNL REM and LBNL REEPS residential forecasting nuxlcls.
(4) 1990 residential secior cartvin emissions = 253 million metric tons.
(5) Electricity ctuisumplMMi and prices measured as site energy at .3412 BtusAiWh.
(6) Oil and I PG efrictcncy costs and savings are assumed to he the saute as for natural g^s.
(7) Costs of conserved energy arc weighted averages of all nteasures up to the cost effective limit, and are expressed in $/MMBiu of site energy

It factors arc diffcrcniialcd in the spreadsheet f.ir potential future use. hut this differentiation is nol currcnlly used

>
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Table C-2.7.a (continued): Results for the U.S. residential sector reference and efTiciency cases 
35% implementation of efficiency resources

Eruiuse

Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity

Natunl giu 
Natural gas 
Natural gas 
Natural gas 
Natural gas 
Natuul gas

Space healing 
Spiu:e cmtling 
Water healing 
Refrigeration 
Conking 
Clothes Dryers 
Freezers 
Lighting 
Other Uses 
Total elccuie

Space heating 
Space ctMiling 
Water heating 
Cooking 
Clothes Dryen 
Other Uses 
Total gas

Distillateaiil Space heating 
Distillate oil Water beating 
Distillate oil Other Uses 

Total oil

LPCi Space hearing
LPG Water healing
l.PCi Cooking
LPG Other Uses

Total LPG

Renewables Wood

Other fuels Coal -f kerosen

Totals

Base

year
energy

use
IW7

Quads

045
046 
033 
03K 
012 
018 
012 
032 
I 35 
3.73

368 
0.00 
1.27 
O.IS 
005 
OOV 
5 24

0.77
010
01)0
087

029
007
003
001
040

0.58

012

10.94

35‘4 I(*«
Frozen Baseline Implement Implement. 

efrieicnc> B.A.U. Effic.casc Effie.case 
energy energy energy energy 

use use use use
2010 2010 2010 2010 

Quads Quads Quads Quads

0.50 
0 51 
0 39032

0 14 
021 
0.08 
035 
2.02 
452

399
002

1 40 
014 
0 05 
0 10 570

066 
010 
0t)0 
0 76

033 
0 09
0 03
001 
046

056

12 12

048
049 
03K 
0 31 
014 
021 
0 08 035 
202

4 46

388
002
1.39
014
005 
010 
558

065

010 
0.(M) 
0.75

032
009

0 03
001 
045

055

on

11 90

046
047 
034
030 
013

0 19 
008 
029
I. 79 
405

3 84 002

1 33 OIS 
007 
0 10 
5 51

064
0.09
0(X)
0)3

031

0 09 
003
001 
044

0.55

0.11

II. 38

043
042
027
027
012
0.16
007
0.17

1 37 
3 27

3.77
002 
1.21 
0.16 
0 II 
009 
5.37

0 62 
OIM 
OtX) 
070

03<»
OOK

0 03
001 
042

0.55

1042

35'4 KKM
Frozen Baseline Implement Implement, 

cfricicncy B.A U Eific case Ellic.casc 
energy energy energy energy

costs costs costs costs
2010 2010 2010 2010

Billuin 955 Billion 95$Billion 955 Billion 955

11.50 
II 77 
8 92 
7 26 
3 23 
4X0 
I X3 
KOI 

46 22 
103 53

21 (M 
Oil 
7.37 
0.75 
0 26 0.53 
30(15

492
074
OIX)
5.67

3 87 
I.OX 
0.36 
0 12 
543

590

0 83

151.41

10.98 
II 21 
K6>> 
7tW 
.3 20 
4 80 
I M3 
Kill 

46 22 
102 (N
2045 
0 II 7.33
074 
0 26 
05.3 
2941

4 84075 
out

5 59

.3 79 L07 
0 36 
0 12 
5 33

5K0

14X99

1054 
10 66 7.K2 
675 
.3 06
4 43 
1.74 
653 

41.01 
92 55

2025

on
7tXI
078
037
051
291)2

4.76
070
OU)

5 46

3 73 
101 
0 .34 
0 II 
5 19

5 80

0X2

I3KX4

9 7.3 
9 64 6.20 
6.12 
2.K0 
.3 74 
I 57
3 78

31 34 
74.92

19 87 
0 II 
639 
0X7 
0 58 
0 48 
28 29

461 
0 62 
OIX)

5 24

.3 60 
0 90
032 
0 II
4 94

580

082

120(8)

1(81% ImpIcincnUllun case 
Eiisiing Rcuom New

New New New
cfnciency efficiency cfticiency

COSiS C4IS(S CilSlS
2010 2010 2010

Billion 9.5.5 Billion 95$ Billion 955

0(M

0 14 058 
006 
(MX) 
(MX) 
002 
0.78 
.3.3(1

4 94

0.04
0.(K)
0.16
001 
(MX) 
0 01 022

001
001
()(M>
002

(MX)
(M)l
(MX)
0(X)
002

0 00 
().(X)

5 20

025 
0 16 03.3 
020 
I .33 
I 33
0 07 
042

1 X6 595

0 28 
(MX)

0 17 
0 02 
()(X)
001 
048

007 
0 01 
0(K) 
0 08

0 03 
0 01 
()(K) 
(MX) 
0 05

(MX)

(MX)

655

0 31 
021 
0 26 
0 16 
(MX) 
(MX) 
0()6

0 33
1 46 
2.7H

0 23 
()(X) 
0.14 
0 01 
(MX) 
(M)|

0 39

006
001 
(MX) 
007

0 04 
0 01 
()(X) 
OCX) 
005

(MX)

0(X)

3 29

35‘4
Implcmcni. 
Elite, case (dial 

cosli 
20)0

Bmnin955

1075 
10X4 
8.23 
6 90 
353

4 90 1.79 
707 

43 33 
9733

20 44
on
7.16 
080 
0 37 0.52 
29 40

481
071
(MX)
5.53

3 75 
102 
0.35 
0 12
5 23

.5.80 
082 

144 11

l(X)<l
Implemcnl

case
total
C(»SIS

2010

Bilhim 955

10.33 
10.15 
T.36 
6.54 
4 13 
507 
1.72 
.5.32 
3796 
KH 58

2043

on 
6 86 
091 
0 58 
0 50 29.38

4 76 
066 
(MX)

5 41

3 68 09.3 
0.33 
0 II 
5 05

5X0

(IK2

135(M

.3551 MKM
Base Fmzcn Baseline Implcmcni. Impicmeni 
year cfricicncy B A.U. Effic.casc Effic casc 

carbon cartxin carbon carbon carbon
emissions emissions emissions emissions emissions 

1997 2010 2010 2010 2010
MiC MtC MtC M(C MtC

22
23
17
19
6
9
6
16
66

183

5.3
0
IH
2

IS
2
0
17

5

1 ■

0
7

0

2

285

24

25
19 
15 
7 
10 
4 
17 
97 
217

58
O
20 
2

13
2
0
15

6
2
I
0
8

2

324

23
23
IK
IS
7

IQ
4
17
97
213

56
0
20
2

1
81

13
2 
0 
IS

5 
2

(1
K

0

2

319

22
23
17
14 
7
10
4
15 
90 
202

56
0
19
2
I

13
2
0
15

0

u
7

0

2

306

21
21
14
13 
6 
8 
3 
10 
72 
169

55
0
18
2
2
1

78

12
2 
0
14

2

270
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Table C-2.7.b: Input assumptions for U.S. residential sector reference and high efTiciency cases 
65% implementation of efficiency resources

Fuel

SHELL
EQUIPMENT

Emliue

Ela;lricily Sikkx heating 
Space uMiling 
Water healing 
RefhgcratMin 
CiaAing 
Clothes Dryot 
Freemen 
Ughung 
Other Uses 
Tiaal cicurh;

Natural gas Space healing 
Space ciKiling 
Water healing 
Ctaiking 
Clothes Drycn 
Other Uses 
Total gas

DiiUlUteoil Space heaUog 
Water heating 
Other. Usci 
Tiual 4iil

3 Space healing
Waia healing 
Ctaiking 
Other Uses 
ToUlLPG

RenewaMcs WooJ

Other ruelt Coal + kcmacne

Tmalt

Base
year

energy
use
IW7

Quatlt

045
046 
0)5

0 3K 
0.12 
0.18 
0.12 
032

1 35 
3.73

368
000
127
0.15
005
OUV
5.24

077
0.10
0(M>
0X7

02V
007
003
001
040

05H

0.12

1094

EnJ-ttie
lirctimc

yean

18
13
10
19
19
17
19

20
12
14
19
17
10

20
14
10

20
14
19
10

20

20

Eaiiting Eiisting Reinirit New
Esistmg New New New

Stock
ractor
2010

Stock
racltw
2010

Slock
ractnr
2010

SUKk
fik;l«»r
2010

046
025
002
049
049
0.43
049
OOO
002

051
O.IV
0.30
049
043
0.02

051
0.30
002

051
0.30
049
002

0 51

051

006 0 39 0 25
0 26 0 39 0 25
049 0.39 0 25
0 03 . 0 39 0 25
003 039 025
009 0.39 0 25
0 03 0 39 0 25
0 51 0.39 0 25
0 49 0.39 0.25

000
033
0.22
003
0(19
049

000 
022 
0 49

0(» 
022 
0 0.3 
049

0(M

oin

039
039
039
039
039
0.39

0.39 
0 39 
0.39

0.39 
039 
0 39 
0.39

0.39

039

0 25 
0 25 
025 
0 25 
0 25 
025

025 
0 25 
025

025 
025 
0 25 
0 25

025

0 25

Other Other
Encrty Enc(|y
Service Service
grtiwth griiwlh

raettaO) raciivdl 
Ex shells New shells 

2010 2010

KM 
I 16 
1.22 
0X9 
102 
1.05 
067 
095 
I 30 
1.14

I 09 
KM) 
KM 
0X2 
095 
097 
1.07

0X5
095
KXI
0X6

KIS 
I 24
0 MX 
0X7

1 06

0H4

0X1

105

KM 
1.16 
I 22 
0X9 
102 
105 
067 
0.95 
I .30 
1.14

109 
KHI 
KM 
0X2 
095 
097 
1 07

0X5
095
KM)
0X6

KIS 
I 24 
OXK 
0X7 
K»6

0 K4

1(15

REFERENCE CASE (NO RETRORTS) EFFICIENCY CASE
Existing Existing New Existing New Ea nn rcuiilil E». wAcImrn New ExUUng Rclmni New
Exuiing New New New New New New New New New New1:

exptJ avg shell shell Achievable
UEC UEC UEC UEC UEC rcl. to new savings savings CCE CCE CCE Fractiim

MMBtu MMBiu MMBIU kWh MMBIU in I9<i7 facltir facltir SAIMBlu S/MMBlu SMMfilu
I9‘>7 IW7 ^>>7 1997 2010 I9>>7 2011 2010 2010 2010

32 1 305 24K 2X7 217 MV' 141. 2X1. 906 1007 12.15 065
55 44 4 3 4 2 3X I5» 11. 71. 906 1007 12 IS 0 65
I6K 1.33 133 130 1.3 0 2X51. 01 (M. 941 9.41 9.41 065

32 22 22 2 1 2 1 3351 (M. 01. 990 990 990 065

2 0 20 2 0 2() 2 0 051 0*4 01. N/A N/A N/A 065

30 2X 2K 2X 2K 051. IH. 01. N/A N/A N/A 065
20 1.6 1.6 16 16 2X51. (M. 01 13 19 13 19 13.19 0.65
32 32 3 2 32 32 5351. (M 01 834 K34 834 065

133 133 13.3 13.3 13 3 331. 01. 01. lU.IS 10 IX lOIH 0.65

746 653 424 62 X 3X0 751. 41. 121 499 466 4.4X 065

10 10 10 10 10 (M. 01 (M. N/A N/A N/A 065

336 297 297 295 295 2351. 01. 01. 2 IS 2 IS 2.15 0.65
3X 3K 3K 37 37 IH5I. 01. (M. 238 2.3X 2.3X 065
37 3.2 32 32 32 01. m IM N/A N/A N/A 065
09 0 9 0 9 0 9 09 101. m (M. 3IX) 3(M» 3IMI 0 65

705 61 7 43X 61.1 400 71 41. 121 499 4.66 4.48 065
.336 29 7 297 29.7 29.7 231. IM (M. 2.15 2.15 2.15 065
1(1 Kl 10 K> K) 10*4 ir4. (M 3IM) 3 (HI 3(H) 065

74 6 653 653 646 595 71. 41. 121 4.99 466 448 065

33 6 297 297 292 292 231 0*4. IM 2 15 2.15 2.15 065
3X 3H 38 3 7 3.7 IK1 iM IM 2.38 2 3K 2.3H 0 65
0 1 0 1 (U 0 1 0 1 10*4 (M IM 3.00 3IX) 3IM) 065

K) 10 10 10 09 0*4 0*4 (M. N/A N/A N/A 065

10 10 10 10 09 (M. (M. 01 N/A N/A N/A 065

(I) Eneriy utvice fniwlb raciiin «kiI ui nmuliu In AEO 97 cail-uic u«
(2) En«»y price! in 2010 we 7.67. J.W. 7.90. wkI 12.J7 SAIMBlu (1997 t) fi» cicciricily. luluni gu. diclillwc iiil. wid LPO. reipcclively 
Olher fucU we uiumeil In eiiM ihe wune u iliriillwe nil. while cenewiihki we uiumed in cnil Iwke u much u> lulucul gw.
(3) All UECi we hiken fnim Ihe LBNL REM wul LBNL REEFS letiiknliul rnrecwiiing mnJcli.
(4) I990rc>iileiuialicelnrcwhi»einiuinni = 2.S3 milliim mclric buu.
(3) Eleciricily ciuuumplinn wul price! mewund u rile energy w 3412 BluiAWh.
(6) Oil wul LPG erricicncy cioU wid uvings ure uuumed hi he Ihe umc ui hu lulund gu.
(7) Cntls nf cnnccfvcd energy we weighted uvcrugci nf all mcoiurci up In Ihe enri cficclive limil. and ore expreued in S/MMBlu nf rile energy.

E>iiling ihcll and new ihcU grirwita rocun we diffcrcniiaicd in die ipreoddicei fnr prucniiol fuiurc use. hui ihii difrcreiuialinn i! mu cuncnlly uied.

>D
O
IB
3
a



Table C-2.7.b (continued): Results for tbe residential sector, reference and high efficiency cases 
65% implementation of efficiency resources

Elulme

Elcuricily
Elcxlhcily
Eltxiriciiy
EtccUidiy
Ekxlricily
Elcuricily
Elcuricily
Elcuricily
ElcUncily

Spuce hciiiing 
Spiice ciMiling 
Wjicr healing 
RcfrigcrJliiut 
(\Kiking 
ritilhes Dryeri 
Freezers 
Lighiing 
Other Uses 
Toiul eleclric

Naiural gas Space healing 
Nulunil gas Space liMjing 
Natural gas Waler healing 
Nalund gas CtHiktng 
Natural gas Cltithcs Dryer 
NaiurJ gas Other Uses 

Ttiial gas

Disiillaie tiil Space healing 
Dislillaie oil Water healing 
Disiillaie tiil Other Uses 

Tttial oil

LPO
LPG
l.PCi
LPG

Space heating 
Water healing 
rooking 
Oiher Uses 
Total LPG

Renewables WimmJ 
Other fuels Ct»al ♦ keniscr 
Ttuals

Base

year
energy

use
1W7

Quads

045
046 
0J5 
03H 
0 12 
OIX 
0 12 
032 
1.35 
373

36H 
0(10 
1.27 
0 15 
0 05 0(19 
5 24

0.77 
0 10 0(10 
0X7

0 29 
0(17 
003
001 
040

0.5B

0.12

10.94

65‘l KXM
Frozen Baseline Implcmcni. Implemcni. 

cfricicncy B A U. Efftc. case Effic ease 
energy energy energy energy

use use use use
2010 2010 2010 2010

Quads (^ads Quads Quads

050 
0.51 . 
039 
032

0 14 
021 
O.OH 
035 
2 02 
452

399
002

1 40 
O 14 005 
0.10 
5 70

066 
0 lO 
OU) 
0 76

0 33 
0(19 
003 
0 01 046

056

on 

12 12

0.4X 
049 
03K 
0 31 
0 14 
0 21 
OOK 
035 
2 02
4 46

3KX 
0.02 
1.39 
0 14
005 
0 10 
5.5B

0 65 
0.10 
0(K) 
075

0 32 
009

0 03
001 
045

0.55

0.11

II 90

044 
0 45 
0 31 
0 2H 
0 13 
0 IX
0 07 
023

1 60 
3 69

3X0
002 
1.27 
0 16 , 
0 09 009

5 44

063 
0 09 
0 00 
0 72

031

0 OK 003
001 
043

055

0 II

10.93

' 042 
042 
027 
0 27 
0 12 
016 
007

0 17
1 37 
3 27

3 76
002 
1.21 
0 16 
Oil 
0 09 5^36

062
OOK
0(K1

0 70

0.30
OOK
003
001 
042

055

Oil

10.40

Frt>/cn
efficiency

energy
etisis

2010

Baseline 
B.A U. 
energy 

ci»kU 
2010

65<«. KXM
Intplemenl. Inipleinenl. 
Ellic. case EHie. case 

energy energy
ciikli ctisis
2010 2010

Billitii) 95$ Billion 95$ Billion 95$ BiHiuii95$

II 50 
11.77 
X92 
7.26
3 23
4 KO 
I K3 
KOI 

46 22 
103 53

21 (M
on
7.37 
075 
0 26
0 53 
3005

492
0.74
000

5 67

3K7

1 OK 
0 36 
0 12 
5 43

590

0 K3

151 41

I09K 
II 21 
K69 
709 
3.20 
4K0 
I.K3 
KOI 

46 22 
10204

2045 
Oil 
7.33 
074 
0 26 053 
29 41

4K4 
0 75 
(too

5 59

3.79 
107 
0.36 
0.12 
5 33

5.K0

0.K2

I4K99

10 10 
lO.IK 
70K 
646

2 94
4 11 
I 66
5 26 
36 54 
H4 34

20 (M 
0 II 
6.72 
0K2 
047 
0 49 
2K 65

4 69 
0 67 
01X1 
5.35

3 66 
(1«>6 
033 
0 II 5.07

5H0

0.K2

1.30 02

9 63 
9.63 
6 20 
6 12
2 KO
3 74 
1.57 
37K 
31 34 
74 HI

I9K2 
Oil 
6.39 
0K7 
05K 
04K 
2X 24

4 60 062 
OIMI

5 22

.3 59 
0*A> 
0.32 
0 II 
4 93

5K0

0K2

II9KI

I(N1% liiipiviiicntallun case
Eiisting Ketfulii New

New New New
cfriciency cfliciency efficiency

costs cosis costs
2010 2010 2010

Billi«m95$ Billi.»n95$ Billion 95$

0 02
0 II 
050 
0 02 
(MX) 
(MKl
001 
0 69 2.KK 
4 22

0(M1
(HK)
0.12
(MXl

(KMl
0(11

0 13

0(X1
001 
OtXI 
(Mil

0(K1
001
(MXl
(MMI
(MM

(MKl

(MKl

4.3X

0 32 
0 20
0 40 025

1 33 
I 33 
IMM 
052 
2.2K 
671

0.36 
OIK) 
021 
0 02 
(Ml) 
(Mil 
061

(MKl 
0 02 
(MX) 
(110

(M)4 
(MM 
(MX) 
(MX) 
0 06

0 00

0(K)

7 47

0 31 
021 
0 26 
0 16 
(MX) 
(MX) 
0 06 0.33

1 46 
279

024
(MX)

0 14 
0 01 
OIX)
001 
040

0 06 001 
(MX) 
007

(MM 
(MM 
(MX) 
(MX) 
0 05

(MX)

().(X)

3 .31

65‘J
Implement. 
Ellic. case total 

costs 
201(1

Billitin 95$

1052 
1052 
7.X3 
6.73 
3K0 
497 
I 76 
6.26 
40K5 
9.3 25

20 43 
0 II 
702 
0K5 
047 
051 
29 39

47K 
0 69 (MX) 
547

371 
09K 
0.34 
0 II 
5 14

5K0

0K2

1.39 K7

KXHJ.
Implcnu:nl

case
total
ctisis
2010

Billion 95$

10 27
10 15 
7.36 
654 
4.13 
507 
L72 
532 
37 96 
KK 52

2042
011 
6K6 
091 
(15K 
0 50 
29 3K

4.75
066
(MXl
5.41

3 67 093 
033 
0 II 
504

5.K0

0K2

1.34 97

6551 10051
Base Frozen Baseline Implement. Implement
year crficicney B.A.U. Eflic.easc Elfie.casc

earhon carhon earhon cartum earhon
emiskioru cmissittns Cfniskions cmissiitns emissions 

|9<J7 2010 201(1 2010 2010
Mt(^ MiC MtC MtC MtC

22
23
17
19
6

9
6
16
66
IK3

53
0
IK
2

1
76

15
2 
0 
17

1
0
7

0

2

2H5

24

25
19 
IS 
7
10
4
17
97
217

5K
O

20 ' 
2

13
2
0
15

6
2
1
0
K

0

2

324

23
23
IK
15
7
10
4
17
97
213

56
0 
20 
2
1
1

HI

13
2 
0 
IS

5 
2

0
K

0

2

319

22
22
16
14
6
9
4 
12 
HI 
IKS

55
U
IK
2
I
1

79

13
2 
0
14

5
1
0
0
7

0

2

2K7

21
21
14
13 
6 
X 
3 
10 
72 
169

54
0
IK
2
2
1

7H

12
2 
0
14

0
0
7

0

2

270

9K5
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Table C-2.8.a: Input assumptions for IJ.S. commercial sector reference and emdency cases 
35% implementation of efnciency resources

SHELL
EQUIPMEKT

Ekxificily

gjs

DiuillJic iM

Rcncwublcs 

OOicr fuels 
Tixals

Space heiding 
Spuu UMtIing 
Wider bciding Veniiliiiiun 
Cuuking 
Ughting 
Refngerjikia 
Ofi'ice et|uip.PCt 
Office equip -Dtin-PC: 
Other Uses 
TiiUlelccihc

Space heutiog 
Spiice cooling 
Wilier healing 
CtHiklng 
Other Uses 
TtNai gas

Space healing 
Water heaing 
aher Uses 
Total oil

Biomass

Ctial * kemsene

Base
year

energy
use
IW7

Quads

II12 
IIS2 
1117 
II17 
II113

I 3h 
II14 
HIM 
IIIV

II A3 
333

1.34 
003 
1148 
II19 
I 29 
3 33

O 19 1103 
0.13 
037

IMXl

031

734

End use 
iilciime

Eslsiing Eiluing Relrolll New
Esiaing New New New

Slock Shick Slock Slock
lacior factor lacior factor
2010 2010 2UI0 2010

04A 
04A 
000 
IMA 
033 
0 19 
033 
OIKl 
OIKI 
OIKl

II4A 
04A 
OIKl 
0 33 
OIKl

046
OIKl
0.00

0 06 
0 06 
0 32 
0 06 
0 17 
0 34 
0 17 
032 
032 
0 32

006 
0116 
032 
0 17 032

006 
0 32 
0 32

028 
028 
0 28 
0 28 
0 28 
0 28 
028 
0 28 
028 
028

028 
0 28 
0 28 
II 28 
028

0 28 
0 28 
0 28

0.31 
031 
031 
031 
031 
031 
031 
031 
031 
0 31

031 
031 
031 
031 
0 31

031 
0 31 031

0 46 006 0 28 0 31

006 028 031

outer
Energy
Service
gniwih

2010

0 96 
096

1 24 
I 116 
I II 094 
0.96 
I 12 
1.18 
I 49 
109, 
I III 102 
057 
0 98 
0 96
0 97 098
nil
HM

1 38
0 96
1 116 
I (II 
I IK)
I IK)
I III 10 
111)

Other 
Energy 
Service 
growth 

fachird) 
New shells

2010

REFERENCE CASE (NO RETROFtTS) 
Eslsiing Esisting New Eiisting New
Esisung New New New New

cipid avg cipid avg 
Intensity Inlcnslly Intensity Intensity Intensity
kBiu/sl kBiu/sf kBttt/sf LBtu/sf kBiu/sf

1997 1997 1997 1997 2010 1W7 2010

EFFICIENCY CASE
Es no retnilit Es. w/rcintfii New 

New New New
shell shell

rcl to new savings savings
in 1997 liurlor lactiir

2010 2010 2010

ElUling . New

CCE
S/MMBlu

Relmni
New

CCE
VMMBlu

New
New

CCE
S/MMBlu

096
1 34 1 36 1 36 1 44 1 .32

48<«- OX. (M. 4.11
4 11

4.11

096 599
3 38

5.38
3 32

3.21 (M. IPX-
4 11

4.11
4 11

1 24
2.32 160

1 60 1 38 1 38 2ir» irx. IPX. 941
. 941

941

M)6
2 36 2 03

205
2 13 2 13 m (M.

4 11 4 11 4 11
111

0 43
032

0 32 0 31
031 IM. ox. IPX. N/A N/A N/A

0 94
1741

17 32
1732 1729 1729 251 m. OX.

• 10 16 •Ml 16
•1016

0 96
199

2 03
203

2 19 2 19
3I« m. (PX.

4 62
462 462

1 12 1 13 1 13 1 13 1 13 1 13
IM' m. (PX. N/A N/A N/A

1 18
269 269 269

2 69 2 69
OX. ox. IPX. N/A N/A N/A

1 49
MI9
1181

9 19 9 19 9 19
9.19 9.19 331 01. IPX. 1018 1018 1018

102 17.43 13.38
15 38

1473
13 55

481. 01. (PX.
4 11 4 11

4.11

057 025"
0 30 0 30 0 30 0 49

481 m. (PX.
4 11 4 11 4 11

0 98 6 43 6 10
6.10

6 39 6 39
HVM. IPX. (PX.

9 V)
930 930

096
2 63

294
2 94 3 14 3 14

OX. ox. (PX. N/A N/A N/A

0 97
0 98IIM)

18 23 18 23
1823 1823 1823 MM. IPX. ox. 3181 3(NI 3(81

104
2 60 1 67

167
1 44 1 33

481. IPX. (PX.
4 11 4 11 4 11

1 38 0 73 0 43
0.43 042 042 Mil ox. (PX. 9.50 93(1

9 30
096
106

1 IKI

184
1 84

1X4
1 84 1 84

Mil. IPX. (PX. 3(HI 3(M> 3(81

1 IKI
1 1 1 IIKI 092 (M IPX. (PX. N/A N/A N/A

1 INIUNI
10
MNl

1 1
1 (N)

092 (FX (PX (PX. N/A N/A N/A

Achievable
Fraciion

II33 
035 
035 
033 
033 
033 
033 
0 35 1133 
033

II33 
035 
033 
033 
1133

033
033
033

038

033

(1) Energy service gruwUi facloa used lu nnmuliu Ut AEO 97 end-use consumplion. Esisling shell and new shell gniwih faciitn arc dilfcrcnUalcd in ihc spicadshcel fur pirtcnliai fuiurc use. bul this dtricrcniiallim Is mil currently used.

(2) Energy prices in 20III arc 7 03. 4 78. 5.77 $/MMBlu (1997 $) lur clcctriciiy, natural gas. and distillate oil, respectively Other fuels are assumed lit tnsi ihe same as distillate oil.

(3) All intensities arc taken frum NEMS AE097 data.
(4) 1990 cummercial sector earhuo emissions = 209 mlllinn mclrk loru.
(3) Eleclricily consumption and prices measured as site energy at 3412 BlusAWh.
(6) Oil eilicicncy citsu and savings are assumed to he the same as for natural gas.
(7) Costs of conserved energy arc weighted averages ol all measures up to the ctist clfcctivc limit, and arc eiprcssed in S/MMBlu of site energy.
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Table C-2.8.8 (conllnued): Results for U.S. commercial sector reference and efndency cases 
35% Implementation of efflclency resources

Base
year

energy
use

1997
QujJs

35» ll«W
Froaea Baielltie Implcmem. Impicmen 

L-llicicnc> B A U. Ellic. case Elfic. cas< 
encigy energy energy , energy

use use use use
20111 2010 2010 2010

OuaJs Quads Quads Quads

Elixlridly
Space hcalini 0 12

1)12
0 12 on 01)9

Spuee eouling
052 051

0 52 0 47
0.3M

Water healing 0 17 0 16 0 14
014

0 13
Ventilation 017 0.19

0 19 0 17 0 14
CtMiking 003 003 01)3

0 03
0.03

Lighting 1 26 1 32
132

1 22
MM

Rdrigenniun 0 14 0 15 0 16 0 15
0.12

OHiee ctjuip -PCs
(KIR 0.10

0 III 0 Ml 0 III
OtTice equip. non PCt 0 19 0 25

1)25
0 25

(125

Other Uses 0 65
MIR MIK 096

0 72

Total cleetfie 3 31
391 391 359 31X1

Nalural gas Space healing
134

1 42 1 36 1 25
105

Space etHiling
0.03 003 1103 003

0 02

Water l^aling
04R 050

0 52
049 0.45

CiMAing 0 19
1)22

0 23 0 23 0 23

' Other Uses 1 29 1 40 1 40 1 35
1.26

Total gas
333

3 57
354 335

3 01

Diulllaleuil Space kullni 0 19 0 17 0 16 ‘ 0 15 013

Water healing
DOS 005 005 DOS 005

Other Uses 0 13
1114

0 14
014 (111

Ttital oil
037 037

0 35
034

0 31

Renewables Biomass 01X1 01X1 (MX) OIX) OIXI

Other fuels Coal ♦ kenisene
031 035

0 34 1) 34
034

Totals 734 H21 R.I4 762 666

35*

Fm/cn Biisclinc Implcmcni. Im|ilcmcni
cHiticncy B.AXl Ellic.taw ttiiL-vase
cncriy cncuy cnerfy cncfgy

cosu uibu coktt CII8U
201(1 2010 2010 2010

Billitin95S Billi.w95S BillitniVSS Billion 93$

liM% InipIcmcnUUon case
Eii^iing Rcirtilii New

New New New
dliciency dlieicncy dlkieney

etisis CDSb C08U
2010 2010 2010

Billitw^n Billiun^n Billion

2 50 
II m
3 40 
391 
0 65 
27 74 
3 IK 
2 10 
525 

22 6A 
K2 4I

6 42 
0.14 
224 
0 99 
6 31 
16 Ml

095 
0.30 
0 76 
2 00

OIXI

IKK

10240

2 52 
1091 
294 
399 
063 
27.69

3 36 
2 10
5 25 
2266 
H2(I3

6 13 
0 14 
2 35 MM 
6 31 
15 97

0K7
027
076
190

0(KI

1K4

101.74

2 2R 
9HX 
2 K6 360 
0 63 2567 
3116 
2 10 525 
20 05 75.36

5 65 
O 12 
2 23 MM

6 09 
15 12

0K2
027

0 73
1 K3

OIX) 

1 M4 
94 15

1 H3 
7 97
2 72 
2K7 
0 63 
2190 
2 50 
2 10 525 
15 20 6297

4.74 
OIN 
2 02 MM 
5 6H 
13 56

071 
0 27
0 69
1 6H

01X1 

I X4 
XOIIS

35»
Impleiiicnl 
EOie. ease liMal 

eoMs 
2010

Billitm95$

001 
0 05
0 05 
0 02 
IMKI 
-I 01 OlM 
01X1

"iMXI

1 70 
0K6

0 13 
(MXI 
0 33 OIKI 
0 20
0 65

001 
O(X)
002 
003

OIXI

01X1

I 55

0 06 
0 24 
0 02 
009 
01X1 
-OK5 
007 
01X1 
OIXI 
091 
0 55

055
002
OIK
01X1
Oil
0K5

0 05 
01X1
001 
006

OIX)

01X1

I 46

006 
026 
1103 
0 III OIXI 
-0 94 
OOK 
01X1 
01X1 
Mil 
060

0 61 
0 02 
0 19 01X1 
0 12
0 94

005 
01X1
001
006

OIXI 
01X1 

I 61

233
1007

2 9(1
3 67 061 
2469 
3 12 
2 111
5 25 

21.32 
76 06

6 Ml 
0 13 247 
MM 
6 24 I59K

0 H6 027 
0.75

1 HH

01X1 

I X4 
9577

MKH'
tmpiemciu

ease
Uilal
eosls
2010

Billinn 95$

1 97 
K52 
2K2 
3 09 
0 63 
19 10 269

2 Ml 525 
IKK2 
64 9H

603

0 13 
271

1 IM 
6 10 1601

0H4 
02K 
0.73 
I K4

OIX)

I K4

H4 67

35? MX«

Base Fnizcn Baseline Implemcnl Implemcni 
year dlkieney B.A U. EMie.eu« Elite, ease 

cartMiii earbtin carNm earb»in eaib»m
emisslitns emissittnt emissions cmissioiu emissitins

1997 2010 2010 2010 2010
MIC MiC M(C MiC MIC _

6
26
fl
It

62
7
4
9
32
163

19
II
7
3 
19 
4K

4 
I 
3 
7

6
25
K
9

63
7
5
12
52
IRK

21
0
7
3
20
52

3
I
3
7

6
25
7
9

63
R
S
12
52
IR7

20
0
R
3

21)
51

3
I
3
7

0

7

252

5
24
7
9
I

60
7
3
12
4H
I7K

IR
0
7
3

21)
49

3
I
3
7

0

7

240

5
20
6 
7
I

53
6
5 
12 
3R 
153

IS
0
6 
3 
IM 
44

3,
6*

0

7

210
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Table C-2.8.b: Input assumptions for VS. commercial sector reference and high emdency cases 
65% Implementation of efficiency resources

Fuel

SHELL
EQIJIPMEKT

Etuiuse

Ela;ukiiy Space beuUng 
Spiice ctMtling 
Water healing Ventibiiun 
CtMikiog 
Lighting 
Rcrngcralioa 
Olfice C(|uip.-PCi 
Ofike ci|uip.-Doo-PCt 
Other Uics 
Total eleurk

NalunJ gai Space haulng 
Space cihUiog 
Water heaUng Calking 
Other Usca 
Ttiial gai

DUUllale ttil Space heaUng 
Water heating 

' Other Use*
Tiaal ml

Renewahles BUmiass

Other fuels CimI ♦ kerosene

Totals

Base Eilsllng Existing Rctmnt

year Existing New New

energy
use End use

ShK-fc Shicfc Stock
1997 lifetime factor factor factor

Quads years 2010 2010 2010

0 12 OS2 
0 17
0 17 
003

1 26 
0 M 
OtW 
OlV 
06S 
333

1.34 
0.03 
0 4H 
0 ly i.2y

3 33

0 19 OOS 
0 13 
0 37

0(l>

031

III
IS
9
IS
IS
12
IS
S

a
7

2010

Other Other
Energy Energy
Service Service
growth growth

factor <l) factor (I) 
Ei.shelh New shells 

2010 2010

046 OtMl 035 1131 096 096
1 54 1 36

136

046 (MMI 035 031 096 096 599
5 3X

53H

OtMl 046 035 031
1 24 1 24 2 32

160
1 60

0 46
(MMI 035 031 106 MI6 236

2 05 2 05
035

0 II 035
0 31

111 Ml 043
0 32 0 32

019 027
0 35

031
0 94

094 1741
17 32

1732

035 Oil
0 35

031
0 96

096 1.99 2(13 2113

IMKl
0 46 0 35

031
1 12

M2
1 13

M3
1 13

OIKI 046
0 35 0 31

MM lift 269
2 69 2 69

OIMI 046
0 35 0 31 1 49 1 49 9 19

919
9 19

109 MI9

1 IMI
MMI

046 0(M1 035 031 102 102 1745 15311 153H

0 46
OtMl 035 031

0 57 0 57 0 25 0 50
050

0(10 046 035
0 31

09H
0 9X

643
6 111 6 10

035 Oil 035 031
0 96 0 96 2 63 2 94

2.94

OtMl 046
0 35 0 31 0 97 0 97

IK2S 1X25 1X25

09K
0 9X

MMI MNl
046 (MHI 035 031 KM MM 260

1 67 1 67
OtMl (146

0 35
031

1 SK 1 SK 0 73 0 45
045

OtMl (146 035
0 31

096 096
1 X4 1 H4 1 K4

MI6 MI6
MMI MHI

0 46
(MMI

0 35
031 MMI MNl 1 1 1

MNl MMI

0 46
(MMI 035 031 MMI

1 IN)
1 1 1

Ml 10
MMI MHI

Esisiing Existing 
Existing New

New
New

Existing
New

Intcnsiiy Intensity Intensity Intensity 
kBtu/sl kBtu/sf kBiu/sf kBiii/sf

1997 1997 1997 1997 2010

1.44
S32
1 3K
2 13 
031 
17 29 
2 19 
I 13 
269 
9 19

1473 
(ISO 
6 39 
3 M 
IX2S

I 44
0 42
1 K4

UNI

(FITS)
iriENCY CASI

E
New Es nn tcunril Es w/reunlil

New Existing Retruni New

New New New New New New New

expid avg
shell shell

lotensiiy
rcl. Ml new

savinp savings CCE CCE CCE

kBlu/sf
in 1997

fiicior fiu;uir VMMBlu S/MMBlu S/MMBlu

1997 2010
2010 2010 2010

1 32
4X« 04. 04' 4.11

4 11
4.11

S2I 4K« 04. 04. 4.11
4 11

4.11

1 3X
20*X< 04. (M.

9 41
941

9 41

2 13
4H1i 04. 04.

4 II 4 11 4 11
031 04' 04' 04. N/A N/A N/A

1729 254. 04. 04.
• 10 16 -10 16 • 10 16

2 19
314 04. 04.

4 62
462 462

1 13
04- (M 04. N/A N/A N/A

269 (Mr 04' 04. N/A N/A N/A

9 19
334. (M. 04. lOIK

10 IX 10 IX

1355 4X4. 04. 04. 4.11
4 11 4 11

(149 4X4. 04. (M 4.11
4 11 4 11

639 104 (Mr 04 950 950 950

3 14
O'il (M. 04 N/A N/A N/A

1X25 104. (KX. 04.
3 (Ml

3(MI 3(MI

1 33
4X4' 04. 04

4 11 4 11
4.11

042 104 (M (14.
9 50 9 50

9.5(1

1 X4
IIM. O'!. (M.

3 (Ml 3 (Ml
3(MI

092 (M' 04. (M- N/A N/A N/A

(192 04. 04. 04 N/A N/A N/A

Achievable
Fraction

0.6S 
06S 
06S 
06S 
0 6S 06S 
065 
0 6S 
06S 
0 6S

0 6S 
063 
0 6S 
0 6S 
0 65

06S
065
06S

065

065

(1) Energy service growth faciun used hi nonnalize to AEO 97 end-use ctx
Existing shell unJ new shell growth teion an dirfercndaicd in the spreadsheet for potential future use. hut this iliffcrcniiaUiui is nol currently used.

(2) Energy prieei In 2(110 are 7.(13.4.7*. J 77 S/MIOBlu (I W7 ») Eu eleeltiedy. nalirral anil Jislillalc nil. rcspcclivciy Other ritcis are jisumed In tnsi the »amc u dlilillalc ml

(3) All Inlenaiuo nre lakcn fnim NEMS AEOV7 dala.
(4) lIWO uimmcn;ial leelm carbun emiuluni = 2(W mlllinn meuk unis.
(3) Eleatklly ennsumritun and ivkes measured as silc energy al 3412 BlusAWh
(6) Oil cirieicncy etuis and savings arc assumed in he Ihc same as (ni natural gas.
(7) Cnsu nf eunseived energy are weighed averages nf all measures up In ihe ensi cllcelivc llmil. imd ure cipresscd in t/MMBlu nf sue energy.
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Table C-2.8.b (continued): Results for ll.S. conunerciul sector reference and high efllciency cases 
65% Implementation of efficiency resources

End-me

ElctlriL'ily
Spju heulini

012
0 12 0 12 0 10

009

Space eaoiing 0 52 0 53
052 043 038

Water heating 0 17 11 16 0 14 0 13 0 13
Vcntilatiiin

0 17 0 19 0 19 0 16 0 14
Cooking

0 03 0 03 0 03
003 1)03

o lighting
1 26 1 32 1 32

1.14 KM

Rclrigcration
0 14 0 15 0 16 0 13 0 12

Office ct|uip.-PCs
0()R

0 10 0 10 0 10 0 10

Olfiee equip non PCs 0 19 0 25
025 025 025

cn
Other Uses

065 I.OK KI8
0 85

072

Total eleetrie
3.33 393

3 91
332 3(8)

Natural gas Space healing 1 34 1 42 1 36 1 16
KI5

Space ciNtling
003

0 03
003

0 02
002

Water heating
0.48

0 50 0 52 0 47
1)45

CtMiking
0 19

022 0.23
0 23

023

Other Uses 1 29 1 40 1 40
131

1 26

Total gas 3 33
357

3 54 3 19 3 01

DisiiMate ail Spaee healing 0 19 0 17 0 16 0 14
013

Water heating
005

0 05
005

0 05
005

Other Uses 0 13 0 14 0 14 ' 0 13 0 13

Total ail
0.37

0 37 0 35
0.32 0.31

Renewables Bianuss 0181 0(8) 018) 0(8) 0(8)

Other fuels Coal 4 kcriucne
0.31 035

0 34 0 34
1)34

Ttiiali 7.34 821
8 14 7 17

666

Bale
ycai

cncfiy
use
IW7

QuaJi

65« MNM. I 
Proicn Bawline Implcmcni lmrlenik'nl Fni/en

crikkncy B A.U. Elite. cai>c Elite, vaic 
energy energy energy energy

use ukC use use
20III 2010 2010 2010

Quails Quails Quail's Quads

ctl'ieieney

energy
eosis
2010

100'^

Baseline Implement. Impicmeni 
B .A U El lie ease EHie ease 
energy energy energy

easis easts easu
2010 2010 2010

Bi»ian9SS BillianVSS Billian9}| Billtan

2 50 2 52 2 07
HIM 1091 900
3 40 2 94 2 80
391 399 3 26
0 65 0 63 0 63
27 74 27 69 23 93
3 18 3.36 2 R0
2 10 2 10 2 10
525 5 25 5 25

22 66 22 66 17 81
82 41 82 03 69 64

642 
0 14 
224 
0 99 
6 31 
16 10

0 95 
0 30
0 76 
2 18)

018)

1 88 
102 40

6 13
0 14 
2 35
1 IM 
6 31 
15 97

087
027
0 76
1 W
0(81 

I 84 
101 74

523
0 II 
2 13
1 (M 
590 
14 40

078
0 27 
071
1 76

0(8)

I 84 
87.64

1 83
7 97 
272
2 87 
063 
21 90 
2 50 
2 ID 
5 25 
15 20 
62 97

4 74 
009 
2 02 KM 
568 
1.3 56

0 73 
0 27
0 69
1 68

018)

1.84 

80 05

IU0% liiiplcincnlallon ense 
Hiisiing Keiralil New 

New New New 
clliiieitey cilieieney cOieicney 

easts easis easts 
2010 2010 2010 

Billian 95$ Billian95$ Billian95$

0(8) 
018) 
0 (M 
0181 
0(81 
0 82
0 03 
0(8) 
0.18)

1 49 
0 74

OtMl 
018) 
029 
0(8) 
0 17
0 46

0(81 
0(8) 
0 02 
0 02

0(8)

0(8)

1 22

007 
0 29 003

0 II 
0(8) 
-KM 
1)09 
0(81 
0(81

1 12 
0 67

0 68 
0 02 1)22 
0181

0 1.3 105

006
018)
001 
1)07

0(8)

018)

1.79

0(16 
0 26
0 03 
0 10 
018) 
-0 94 008 
0(8) 
0(8)

1 01 
0 61)

061 
0(12 
0 19 0(8) 
0 12
0 94

005
0(8)
001 
0 06

018)

0(8)

I 61

65X
linpicment 
Elite, ease total 

easts 
2010

Billian 95$

2.16 
9 36 
2 86 
3.40 
0 63 
22.11 
2 92 
2 10 525 
20 16 
70 95

6 07 
0 13 
258 
KM 
6 18 1618)

0 85 027

0 74
1 86

018)

I 84 
«30 65

|(8)<X
Impleirteni

ease
talJ
easts
2010

Billion 95$

65'!' 1(8)51
Base Fra/cn Ba.iclinc Implemcnl. Implement
year cirieicney B.A.U. El lie ease Ellie.easc

earban earhtm earhtNi earhitn earltan
emissitiiu emissitms emissions emissions - emissions 

1997 2010 2010 2010 2010
MtC MtC MiC MiC MtC

197 
852 
282 
3 09063
19.10 
2 692.10

5 25 
1882

64 98

6 03 
0 13 271 
KM 
6 10 1601

0 84 
0 28
0 73
1 84

0(8)

I 84 
84 67

6
26
8
8

62
7
4
9
32
163

19
0
7
3 
19 
48

4 
I
.3
7

0

6

225

6
25
8
9
I

63
7
5
12
52
IHR

21
0
7
3
20
52

3
1
3
7

0

7

254

6
25
7 
9

63
8 
5 
12 
52 
187

20
0
8
3

20
51

3
7

0

7

252

5
21
6 
8 
1

56
7
5 
12
43
165

17
0
7
3
19
46

3
I
3
6

0

7

225

5
20
6 
7 
I

53
6
5 
12 
38 
153

15
0
6 
3 
18 
44

3
6

0

7
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Appendix C-2

Table C>2.9: Fbd cell cakulatioiis for high eOldency/Iow carbon caM 970716

Assume 200kW or smaller fuel cell uniu (also could use small advanced gas nubines)
InstaUedeleeoical capacity by 2010 5.33 GW
Capacity factor (decL load following) 75%
TWh produced 35.0 TWh.e
TWh gas used to produce elect. 77.8 TWh.f (=TWh.e/electrical efficiency)
C emissions fiom cogen gas use 3.8 MtC
C emissions displaced by cogen elea 4J based on marginal C burden of 127 gC/kWh.e

Sot aUofthe usable heat can be utilized in the buildings % of usable that is utilized 75%

Electricity {Hoduction rate 
Usable heat 
Utilized heat

To Space heating 
To Water heating

33%
67%

1.29 kWh.elect/kWh.usable themial output (=45%/35%)
27.2 TWh.theimal
20.4 TWh.theimal
6.74 TWh.thermal
13.7 TWh.thermal

Space heating 
2010

Site Energy 
use in high 

eff/low C case 
Quads site

Energy use 
TWh.eorTWh.f EfSciencv

Service
deirumd
(loads)
TWh.th

Loads
%

Cogen heat 
distributed 

TWh.th

Sue
Energy

displaced
TWh.eorTWKf

Primary
Energy

displaced
Quads

Carbon
saved
MtC

Electricity 0.10 29 98% 28 9% 0.6 0.6 0.01 0.1
Naniral gas 1.16 340 80% 272 81% 5.5 6.9 0.02 0.3

Oil 0.14 42 80% 34 10% 0.7 0.8 0.00 0.1
Total 1.40 411 334 100% 6.7 8.3 0.03 OJ

Site Energy Service Sue Primary
WaUr heating use in high demand Cogen heat Energy Energy Carbon

■ 2010 eff/low C case Energy use (loads) Loads distributed displaced displaced saved
Quads site TWh.eor TWh.f EfSciencv TWh.th % TWh.ih TWh.eor TWh.f Quads MtC

Electricity 0.13 39 90% 35 29% 4.0 4.5 0.04 0.6
Naniral gas 0.47 ' 138 55% ' 76 64% 8.7 15.9 0.05 0.8

Oil 0.05 14 55% 8 7% 0.9 1.7 0.01 0.1
Total 0.66 192 119 100% 13.7 22.0 0.10 1.5

SUMMARY OF COCES SA VISGS
MtC primary E

Electric generation 0.6 0.00
Use of cogen. heat 1.9 0.14

Total 2.5 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 (Dnufrio, and Pierre Radanne. 1994.
Energy Policy in the Greenhouse. Volume II. Part 3C. Fossil Generation: The Cost and Potential of Low-Carbon 
Resource Options in Western Europe.
El Cetrito, CA: International Ptojea for Sustainable Energy Paths.
(3) Electrical efficiency of fuel cell = 45% for electricity-only operation. Usable beat from fuel cell is 35% of total fuel input, 
leaving 20% of beat being unrecoverable. Of the usable heat, only 75% can be utilized in the buildings.
(4) Temperaniies of hot water (-160 deg. F) not high enough for absorpbon chilling, so we allocate heat to 
space and water beating only (Personal cotrununication with Ron Ftskum 4 June 1997,202/586-9154).
We allocate 1/3 of thermal energy to space heating loads and 2/3 to water healing loads (water beating is much less seasonal). 
We disnibute cogen thermal energy within space and water heating fuels using same ratio of 
loads as found in high 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 roormg

Resideniial
Efficiency case

Commercial Total
High efficiency/low carbon case 

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 0.04 0.01 0.06

Cprbon savings from electric cooling MlG/year 0.30 0.10 0.39 0.74 0.24 0.98
Increase in carbon emissions from gas healing MiC/year 0.18 0.03 0.21 0.22 0.06 0.28
Net carbon savings MiC/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 scenarios, corrected for stock turnover

Fuel End-use
Residential Electheity 

Natural gas 
Distillate oil 
Other fuels 
Total

Commercial Eteclridty 
Natural gas 
Distillate oil 
Other fuels 
Total

Primary 
Energy use 

BA.U 
case 

Quads 
2010

Primary 
Energy use 
untouched 

by efficiency 
Quads 
2010

Primary energy 
untouched

by efficiency correaed 
for stock turnover 

Quads
_______ 2010

13.0
5.6 
0.8 
1.1

20.4

11.4 
3.5 
0.4 
0.3
15.6

Primary 
Energy use 
untouched 

by efficiency 
BA.U. «1.0 

2010

Primary 
Energy use 
untouched 
corrected 

BA.U. • 1.0 
2010

2.2
2.5 
0.4 
0.5
5.6

1.9
0.7
0.1
0.1
2.8

1.9 
2.2 
0.3 
0.5
4.9

1.8
0.6
0.1
0.1
2.6

0.17
0.45
0.49
0.45
0.27

0.17
0.20
0.26
0.42
0.18

0.14
0.40
0.43
0.42
0.24

0.15
0.18
0.17
0.42
0.17

Total Electricity 
Natural gas 
Distillate oil 
Other fuels 
Total

24.3
9.1
1.1 
1.4 

36.0

4.0
3.2
0.5
0.6
8.4

3.6
2.9
0.4
0.6
7.5

0.17
0.35
0.41
0.44
0.23

0.15
0.31
0.34
0.42
0.21

(1) Other fuels includes LPG, rraewables, coal and kerosene.
(2) Untouched energy Ls that energy u.se associated with equipment that is not r^laoed during the 1997-2010 analysis 
period and hence Ls not given the opportunity to upgrade its efTiciency to the cost effecUve level. We do not consider 
early retirements becau.se they are usually uneconomic.
(3) We correa the Untouched energy by the ratio of new energy inteasities to stock energy intensities in 1997 
to determine the amount of energy that will .still be untouched after normal .suxdc turnover.
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Appendix C<3

Unit Energy
Consumption (UEO and 
Energy Use Intensity ^ 
(EUI)

APPENDIX C-3

INTERLAB STUDY 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 cn the

output from the US EXDE's Aimual Energy CXitlook 1997.

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

Unit Energy Consumption (UEQ is the amount of energy required to operate an 
appliance or end-use for a specified period. In our study UEC is either specified in 
kilowatt-hours/year (Kwh), particularly for electric appliances or end-uses, or in 
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 EXDE test 
procedures. In air 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 Inforttmtion 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 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 calctilate trartsaction 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- 
effective potential 
(efficiency and high- 
effidency cases)

Energy Conversion 
Factors

Inflation corrections and 
Discount rate

The achievable cost-effective potential implidtly estimates what fraction of the 
maximum cost-effective potential is achievable for a specific appliance or end-use. 
For this study we scale the maximum cost-effective potential assuming 35%, 50%, and 
65% implementation of dem<ind-side resources.

All electridty end-use energy is converted to site energy assuming a conversion rate of 
3412 Btus/kWh. When primary energy is shown in the report, it is calculated using 
the appropriate conversion factors from the electridty utility chapter.

We adjust costs from other sources to 1995$ using chain-type price indices from the 
Statistical Abstract of the US Department of Commerce (US DCX!, 1996) for 1995 and 
before. The disccmnt rate for foe arutlysis is 7% real.

Incremental capital cost The incremental capital cost is foe additiotutl first cost to foe consumer for purchasing 
a high-effidency appliance or package of effidency measures for a particular end-
use.

Life cyde cost

Cost of coiuerved energy

Life cyde cost is foe first cost to a consumer of purchasing a particular appliance or set 
of effidency measures plus foe cost for operations and mainterunce of foe appliance 
(or effidency package) over foe useful lifetime of foe product.

The CCE is a ratio of foe incremental capital expenditure (amortized over the 
lifetime of foe appliance) to foe annual energy savings expected from foe purchase of 
foe urut. The CCE is iised to evaluate foe cost-effectiveness of a high-efficiency 
appliance or effidency package. If foe CCE is below foe average cost of electridty or 
natural gas, foe measure is considered to be cost-efiective.
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Appendix C-3

Background Information Sheet 
Interlab Study on Scenarios of U. S. Carbon Reductions 

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 cor\sists 
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 -13.3»oC. 
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 moxmt) versus side-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/yezu (3.2 MMBtu). This is based on output tom 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 on a shipment weighted average of the UEC of 
current models, based on calculations tom the LBL-REM model used 
in US DOE (1995).

Maximum 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% tom the UEC of current 1997 models. This UEC was based on 
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 asstjme that the achievable 
adoption level over the analysis period is 65% of maximvim cost- 
effective potential levels.

Incremental Capital Cost The average incremented 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 modd and the average retail price for 
models sold in 1997. Both prices are based on output tom 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 armual energy 
savings expected tom the purchase of the unit. The CCE for the 
high-efficiency model was estimated at $0.03/kWh ($9.9/MMBtu) 
($1995).
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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 cor\figuration. (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 EIA, 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 (UEC)

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 bcised on output from 
the LBL-REM model. Prices were adjusted to 1995 levels based on 
the personal consumption price index (US EKXZ, 1996).

Cost of Con^rved 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 for 
the high-efficiency model was estimated at $0.05/kWh 
($13.2/MMBtu).
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Background Information Sheet 
Intertab Study on Scenarios of U. S. Carbon Reductions 

Assumptions for Energy Efficiency Calculations: Residential Sector

Electric Water Heating

Product/end-Use description Water heaters are products that utilize oil, gas, LPG, or electricity 
to heat potable water for use outside the heater vqxm 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 
msulated 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. (I)OE, 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 El A, 
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 
government in baseline calculations for energy efficiency standards. 
(US DOE, 1993)

Existing Average Unit Energy 
Consumption (UEC)

Base year average UEC for electric water heaters in 1997 was 
estimated at 4924 kWh (16.8 MMBtu). This estimate is derived 
from Koomey et al. (1997).

1997 New UEC 1997 r\ew 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 ^ 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 Efficiency 
Potential - Water Heaters

EWHH lES ms Savings IC 
(%) (Kwh^ (°/n) (S19951

EWH w/ CW 61% 647 2.2 17% 231
EWH w/o CW 14% 286 1.0 7% 49
HPWH. w/CW 20% 2607 8.9 67% 688
HPWH w/o CW 5% 2423 8.3 62% 507
Total/Wtd 
Average 100% 1077 3.7 28% 311

Notes: EWHH = households with electric water heating, mS = 
incrementcil 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 cinalysis 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 incremented cost for adopting the high-efficiency 
packages was estimated to be $311 ($1995). The incremental costs, 
(listed in sununary 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) compart to 
new 1997 equipment (Koomey et al., 1997). Prices were adjusted to 
1995 levels based on the personal consumption price index (US 
DOC, 1996).
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The CCE for the average high-effidency package was the product 
of the weighted estimated CCEs for the four maximum cost 
effective efficiency poteritial 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 aimual energy savings expected 
from the purchase of the unit. The CCE for water heating indudes 
the present value of the water savings from the use of horizontal 
axis clothes washers.
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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 upon demand. Hot water is used to provide a 
variety of services in a household. Most hot water heaters are storage 
heaters coruisting of a cylindrical insulated storage taidc with electric 
heating elements or a gas burner. Several appliances or products use hot 
water, primarily showerheads and faucets, clothes washers, and 
dishwashers. R^uctions 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 consmnption. (Source: US EIA, 1996)

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

Existing Average Unit Energy 
Cor\sumption (UEC)

Average UEC for gas water heaters in 1997 is 33.55 MMBtu. This 
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 iK»t cost effective with gas water heaters, 
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 ovir efficiency case, we assxome that the achievable adoption level over 
the an2dysis period is 35% of maximuin 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 increment^ cost between 
the purchase of high-effidency equipment compared to new 1997 
equipment (Koomey et al., 1997). Prices were adjusted to 1995 levels 
based on the persoiial consumption price index (US DOC, 1996).

Cost of Conserved Energy

✓ ^

The CCE for the high-efficiency model was estimated at $2.15/MMBtu 
($1995). The CCE is a ratio of the incremental capital expenditure 
(amortized over the lifetiine of the appliance) to the annual energy 
savings expected from the purchase of the urut.
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Summan Tabk
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Background Information Sheet 
Interlab Study on Scenarios of U. S. Carbon Reductions 

Assumptions for Energy Efficiency Calculations: Residential Sector

Clothes Dryers (Electric)
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 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 coiaumption 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 Appliance 
Manufacturers. (US EXDE, 1990)

Existing Average Urut Energy 
Consumption (UEC)

Base year UEC was estimated at 881 kWh/year (3.0 MMBtu) for electric. 
This average is based on (Koomev 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 dryers.

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 on 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 on the 
personal consumption price index (US DOC; 1996).

Cost of Cor\served Energy The CCE for the high-efficiency iriodel 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 urvit.
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Background Information Sheet 
Interlab Study on Scenarios of U. S. Carbon Reductions 

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 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 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 
years. This is based on data provided by the Association of 
Home Appliance Manufacturers. (US DOE, 1990)

Existing Average Unit Energy 
Consumption (UEC)

Base year UEC was estimated 3.7 MMBtu for gas clothes dryers. 
This average is based on (Koomev 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 
pofentiaT - 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 (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 COE, 1993)

3ase Year Energy Use Electric Cooking accounts for an estimated 2% (0.4 quads) of primary 
residenticd 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 on 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 vmit UEC was based on estimates from (LBNL, 
1996)

Maximum Cost-effective 
Efficiency Potential

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

Achievable cost-effective 
efficiency potential - 
Efficiency Case

Not applicable

Achievable cost-effective 
efficiency potential - High- 
Efficiencv 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 il. 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 coruumption 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 Association 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 cn 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 sheue of maximum 
cost-effective potentials for efficiency improvements to cooktops and 
ovens (LBNL, 1996).

Achievable cost>^ffective 
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 $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 high-efficiency 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 the annual energy 
savings expected from the purchase of the unit.
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Gu Cooking UEC ud Cost CalcuUtioiis
Souice: Koomey. Jonaihao G.. Marla C. Sanchez, Diana Vorsalz, Richard E Brown, and Celina S. Aildnsoo. 1997.
The Potential for Natural Gas Efflciency Improvemenu in the U.S. Residential Sector. Lawrence Berkeley Laboratory. DRAFT LBNL-38893. in process. 
Source: LBNL, 1996. Draft Repon on Potential Impact of Alternative Efficiency Levels for Residenual Cooking Products.
Source: AHAM Fact book. 1996

MMBtu Percent Savines
Retail price 

($19901
Retail price 

($19951
CCE

($1995/MMBtul Notes

Average Stock in 1997 (LBNL-REM runs for DOE 
19931 2.01 n/a n/a n/a n/a

1997 New fLBNL-REM runs for DOE 19931_______ 1.97 n/a $ 573.84 $ 617.46 n/a

Maximum cost-effective energy efficienct oven (DOE 
19951 1.56 n/a S 580.59 $ 624.71 n/a

LCC model from 
LBNL. 19%

Difference between Max tech and 1997 new 0.41 20.8% $ 6.74 S 7.26 1.72

MMBtu Percent Savines
Retail price 

($19901
Retail price 

($19951
CCE

(S1995/MMBIU) Notes

Average Suxrk in 1997 (LBNL-REM mns for DOE 
19931 2.1 n/a n/a n/a n/a

1997 New /LBNL-REM runs for DOE 19931)_______ 1.6 n/a $ 238.14 $ 256.24 n/a

Maximum cost-effective energy efficienct cooktop 
(DOE 19931 1.3 na $ 245.00 S 263.62 n/a

LCC model from 
LBNL. i9%

Difference between Max tech and 1997 new 0.23 14,8% $ 6.86 $ 7.38 3.11

Shares Baseline M9971
Saturation
Baseline

Saturation Max 
tech econ case

Share of gas only 
• Max econ. case

Non eas cookine 82 0% 82.0% 82.0%
18.0% 18.0% 18.0%

Gas Oven 9.4% 52.4%
8.6% 47.6%

Total 100% 100% 18% 100.0%

2010 scenario
Oven saturation 43.0%
Cooktop 39.0%

Summary Table (elTideney combinatiOD weighted 
bv saturatioo in households)__________________

Incremental 
energy Savings 

(MMBtul

% Savings 
relative to New 
1997 UEC

Incremental Cost 
($19951

CCE ($1995/ 
MMBtu) Notes

Gas Oven 0.4 20.8% 7 2
0.2 14.8% 7 3
OJ 18.0% 7J 2.4

Weiehted 1997 New UEC
1.0

Gas Cooktop 0.7
Weighted average 1997 new 1.8

iMaz Tech Effiaencv UEC
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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

Base Year Energy Use

End-use Lifetime

Average Unit Energy 
Consumption (UEC)
1997 New UEC

Miscellaneous residential energy use involves end-uses in the home that 
are not currently allocated to other end-uses, namely refrigeration, space 
conditioiung, lighting, cooking, and water heating. While miscellaneous 
energy (particularly electricity) can encompass a variety of activities in 
one's home, for the pxirposes of this study we have divided miscellaneous 
energy into the following categories shown in table 2 below:

Table 1: Miscellaneous Energy Use
Main end-uses in category____________Fuel Category

electricity electronics

electricity motors

electricity heating

natural gas
oil & other
petrolpiim nirodurt-s

color televisions. Video cassette 
recorders, cable boxes, computers 
Furnace fans, ceiling/ventilation fans, 
pumps (e.g. pool, well), evaporative 
cooler
waterbed heaters, coffee makers, 
crankcase heaters, irons, electric 
blankets, spas/hot tubs, toasters

pool heaters, gas fireplaces

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

Table 2:1997 Miscellaneous Energy Use 
End-use Category Share quads

Primary
electronics
motors
heating
Total electricity

35.9%
37.4%
26.7%

natural gas 
oil & other 
petrolevim products 
Total Miscellaneous

1.6
1.6
1.2
4.4 
0.9

0.1
5.4

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 UECs per household are derived from US DOE (1996).

New UECs are asstuned to be the same as for existing homes.
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Maximum Cost-effective 
Efficiency Potential

The maximum cost-effective efficiency potential was detennined 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

electronics
motors
heating
Total electric misc.

Potential energy 
savings (percent) 

25%
53%
33%
33%

natural gas 10%
oil & other petrnlpnm 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 - 
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-effidency 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 
effidency measures being examined. Due to the limited availability of 
data, no attempt was made to average the total incremental cost for 
miscellaneous energy. Ii^stead, we directly estimated the CCE based on 
cost estimates for the few parts of miscellaneous electridty that have 
been explidtly 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 electridty, and 
$6/MI^tu ($1995) for gas/oil measures. We analyzed the cost of 
conserved energy for technical effidency 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 imit.
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Miscellaneous Electricity UEC and Cost Calculations
Source; US DOE 1993. Technical Support Document; Energy EfTidency Standards for Consumer Products; Room Air Conditioners. Water 
Heaters. Dited Healing Equipmem, Mobile Home Furnaces. Kitchen Ranges and Ovens. Pool Heaters. Fluorescent Lamp Ballasts & Television Sen 
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. My/August 1993 "What Stays On When You Go Out"
Source; Rieger. T. Home Energy Magazine. SeptembetfOctober 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 Journey through the Gray Literature"
Source; Lamb. Michael. Home Energy Magazine. July/August 19% "Off is a Three-letter word"
Source; Energy Author 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=4.4
Documentation LBNL shares Quads

35.9% 1.6 Electronics
37.4% 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% judgeittent
Video cassette rt' 10 40% Webber. 1997
computers 8 25% judgement
other electronics 10 20% iudeemem
Motors -
Furnace fans 15 60% Greenberg. 1997. Assumes taking advantage of VSD and improved fan
ceiling fans 15 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, tights sizing approach. Not even forcing tech, change
well pumps 12 20% Greenberg. 1997. Highly application specific. 20% should be achievable

Greenberg. 1997. Air pumps - analagous: also assuming high efficiency lighting (elec.
aquariums 12 25% ballast switch). Lighting and motor savings

Greenberg. 1997. Fans are forward curved. Uke fumaces-lower tun time but move a lot of
evaporative cook 10 50% air. Similar savings potential to furnace fans.
other motors 14 60% Stevens. 19%; Greenbere. 1997. Mostlv shaded pole (very poor efficiencies) and poor fans

Heating __________
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 heatert 10 10% judgement
irons 8 10% judgement
electric blankets 12 10% judgement
other heating 12 10% iudeemem
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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 
cor^sumption 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 bvilbs 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 
Consumption (UEQ

The AEO 97 forecast assumes a per household lighting UEC of 927 kWh/year

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 rarticed 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 Koomev et al. (1997).

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 CCEs are directly calculated in Koomey et al. based on the incremental 
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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Background 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)

Prcxduct/end-use description Heating, ventilation, and air-conditioning systems (also known as space 
conditioning) in residential buildings are a sigiuficant 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 nunte 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 conditioiung accoimts for an estimated 15% (2.9 quads) of 
residential primary energy consumption in 1997. (Source; US EIA, 1996)

End-use Lifetiine 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 (Koomev et al., 1997a).

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 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 conditioiung 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 arid 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- 
Effidencv 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 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 fiom the 
purchase of the uiut. 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)

Prcxluct/end-use description Heating, ventilation, and air-condihorung 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 condihoning accounts for an estimated 19% (3.7 quads) of residential 
primary energy consumption in 1997. (Source: US EIA, 1996)

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

Existing Average Unit md
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 Koomev et al. (1997b).

Maximum Cost-effective 
Efficiency Potential

The maximum cost-effective efficiency potenrial 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 double counting of energy savings.

Achievable cost-effective 
efficiency potential - 
Efficiencv Case

In our efficiency case, we assume that the achievable adophon 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 adophon level over 
the analysis period is 65% of maximum cost-effechve potenhal levels.

Incremental Capital Cost • The CCEs are directly calculated in Koomey et al. (1997b) based on the 
incremental costs for space condihoning equipment and thermal shell measures. 
Prices were adjusted to 1995 levels based cn the personal consumphon price 
index (US DOC, 1996).

Cost of Conserved Energy The CCE is a raho of the incremental capital expenditure (amortized over the 
lifehme of the appliance) to the armual energy savings expected from the 
purchase of the unit. The weighted average CCE for equipment efficiency 
measxires costing less than $6/MMBtu is $5.0/MMBtu 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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Cm Babiv EfliciTarT (Mtmwart Coa*)

br^nivt Ccilinf Inmlatios lo R-I9 
In^vr siliai iauiliuoD lo R-19 
In^vr oeiliai laniUuog to R-19
Ia^«c inwIuioB to ecilisf R-19 * raducc ia<ihn(ioa by 2S% 
ln^«* iaulauoa to ecilioi R-19 R raducc ioAlBcuoB by 2S% 
loprora iBBulauoB 10 cciliBi R-19 * raAicc iaTiIntioa by 25% 
lii^vc iBwliuoB 10 etiliBi R-19 aod raducc iBlUmiioB by 25%
In^ra iBBulauoB to ectliB( R-19 k raducc iaTihniioa 25%
In^ra iBBulitioB to eeiliBf R-19 lad raducc iafitoitioa 25%
Reduce iBrihniioB by 25% A idd double paac-«ood Inas wiadow 
Reduce iBfilmuoB by 25%. add double pcsc-wood bBOtc wudo*

• Reduce iBChnuoa by 25% A add double pcae-oaod CnoB wiMkrar 
iBvraee ianilaiioa to »ail R-11 Areduce iaTiteiuoa additinnal 25%
InViera iwilauoe to wall R-11 A raihicc laTilBwioa ^dMionl 25% 
lo^ee iBBulauoB to wall R-11 A raduee iBfilnboc additioBBl 25%
Raduce iafilauatioa by 25%
Reduce iafilttaliOB by 25%
Reduce iafitoauoa by 25%
Reduce lalilniioa by 25% A ititfiroee wall iaaulaiot to R-11 
Reduce iarihmioa by 25% A iovrove wall iaauiadoa to R-11 
Reduce iafiknuoa by 25% A unlove wall iaaulauae to R-11 
Reduce lanhrauoa by 25%
Raduce laTiltnuoa by 25%
Raducc laTiIntioa by 25%
Reduce ialilainuoa by 25% A imrrove iaaulatioa to ociltai R-19 
Reduce lalilwauoa by 25% A improve laeulauoa to eciliai R-19 
Raduce iafiiatiatioB by 25% A improve iaaulaiioa to eeiIiB| R-19 
Improve wiadow to Diwbic Pane-Wood Frame, reduee ialihraiioB 25% 
lii^ve wiadow to double paoe-wood frame A reefeaae laClamtiaB 25%
Inpnve wiadow to double paoe-wood frame A reduce ianiaoatioB 25%
Invnve iawlauoa to wall R-11 
Itr^ve iBBulatioa to wall R-11 
Iii^ve iaeuiatioD to wall R-11
Inyirove iaeulatioa to cciliaf R-27. add 2-|lx.low-E. aetoa wiadeert 
Intprove iaeulatioa to ceiliai R-27 A replace enth 2-tllJaw-E. arfoa 
In^vc lanilatioB to ceiliai R-27 A add 2-flzJow-^ trtoa enadewt 
Reduce ACH additioaal 25%Add Cnliag R-27.2-flx. low-E. aefoa 
Reduce iafl additioaal 25%>dd Ceiliai R-27. 2-fll. low-E. ar|OB 
Reduce lafl additioeal 25%. add Ceiliai R-27. 2-|la. low-E. ar|oa 
In^ve wiadow to 2-|lx. low-c. ar|oa (bom douMe-wood) 
lirprovc wiadow to 2-|lx. low-c. ar|oo (from double-erood)
Inyirovc wiadow ui 2-|iz. low-e. arfoa (from doubte-wood)
Rethaec iafiloauoB by aa addiiioaal 25%
Raduce laTihratioB additioaal 25%
Raduce ianilriuoB by aa additioaal 25%
Reduce iaTilainuoa addiuoael 25% A improve iaeulatioB lo wall R-11 
Raduce lafilMratioa addiuoael 25% A improve iaeulatioa to erall R-11 
Raducc iafilauilioB addiuoaal 25% A im(eovc iaaulaiioB to wall R-11 
Raduee iafilMiatioB by addiuoael 25%
Raduce lafilmuoa by aa addiuoaal 25%
Raducc laTilnaiioa by addiuoeal 25%
Inpnve iaauUtwa to ceiiiai R-27 AReducc iariltratioe addHioeal 25%
Iiqirovc iawlatioa to oeiliBi R-27 AReducc lafillnuae addiuoeal 25%
Iii^ve laeulatioB lo ceiliai R-27
leywove wiadcwt lo 2-|li. low. t arfoe (from douMe-anod)
In^ve wiadow lo 2-|la. low-E. aryoa (from doubie-amod) 
lo^ve wiadow to 2-|ta. low-E. ar|oa (from double wood)
Ininve iaaulaiioa le ceiliai R-19 
la^ve iawlauoa to ceiliBi R-19 
lo^ve iawlauoa to ceibaf R-19
Iniaiive wiadowe loSupawiodow A iatiaieir to floor R-ll 
la^ve wiadow 10 euperanadow (fmm2-tli.law-Eer|oal. add Hoar R-II ESNGBLC 
In^ve wiadow le Supwwiadow (from 2-tlzJaw-E.Wfoa), add IVier R-ll E5NCBLR

. iBcrmeatal CCE Eaer|y
EaduM Code Coot Cate|ory (SfMMBiu) CCE (SiMMBtu) Sevol (TBtu) Applicable Stock

1995$
ESNGFL 
ESNCFLC 
ESNCFU 
ESNCBL 
ESNGBLC 
ESNCBLR 
ESSCBL 
ESSCBLC 
eSSGBLR 
ESNGBT 
E5NCBTC 
E5NCBTR 
ESNCBL 
ESNGBLC 
ESNCBLR 
ESSGFT 
ESSGFTC 
ESSCFTR 
ESNGFL 
ESNCFLC 
ESNGFLR 
ESSCBT 
ESSGBTC 
ESSGBTR 
ESSCFL 
ESSCFLC 
ESSCFLR 
ESNGFT 
ESNCFTC 
ESNGFTR 
ESSCBL 
ESSCBLC 
ESSGBU 
ESNCBL 
ESNGBLC 
ESNCBLR 
ESNGFL 
ESNCFLC 
ESNGFLR 
ESNGFT 
ESNCFTC 
ESNGFTR 
ESSCBT 
ESSGBTC 
ESSGBTR 
ESSCFL 
ESSCFLC 
ESSCFLR 
ESSCFT 
ESSCFTC 
ESSCFTR 
ESSCBL 
ESSCBLC 
ESSGBLR 
ESNGBT 
ESNGBTC 
ESNCBTR 
ESNGBT 
ESNGBTC 
ESNCBTR 
ESNCBL

lo^ve wiadow to double peac-wood frame 
ta^ve wiadow lo double paae-amod frame 
Itipirnve wiadow to double pear wood frame 
In^vc iawlauoa to floor R-ll.floor R-19.eetliai R-30 
latprev. iMdauoe to floor R-ll. floor R-19 A oeiliBC R-» 
I^raae iawlauoa to floor R-11. floor R-19 A eeali^ R-30 
lavraae iBoulalioa to floor R-11A wall R-11 
Im^ae lewlatioa to floor R-11A wall R-11 
bt^veiewlauce to floor R-ll A wall R-ll 
In^ve iawilaiitia u floor R-19 A ceiliai R-30 
b^ve iaeulatiea to floor R-19 A cnliai R-30 
l^aove iiwlatioa lo floor R-19 A cealiai R-30 
lo^ve wiadowa to 2-(lz. Low-E. ar|OB 
Inpraae wiadowa to 2-gli. Low-E. arpoa 
Inpnve wiadoera to 2fll. Low-E. ar|0B 
Inpnve lowletioatoceiliBi R-19. wall R-ll A floor R-Il 
Inpnve lawlauoetooeUiai R-19. wail R-ll A floor R-ll 
In^ve iawlauoa to ceiliH R-19. wall R-ll AfloorR-11 
Imprave wiadowa to double paoe-wood frame

ESSCFL
ESSCFLC
ESSCFLR
ESNGFL
ESNCFLC
ESNGFLR
ESNGBT
ESNGBTC
ESNCBTR
ESNCBL
ESNGBLC
ESNCBLR
ESSCBL
ESSCBLC
ESSGBLR
ESNGFT
ESNCFTC
ESNGFTR
ESSCBT

321.9 ehcll 2.11 323 16.63 2017.47
321.9 diell 2.11 3.23 17.6 1904.73
321.9 dicll 2.tl 3.25 14.1 1323.3

510 ahell 3.13 3.65 6.36 442.19
5IOahcU 3.15 3.65 6.19 417.46
510 dicll 3.15 3.65 4.96 334.31

759.13 dMil 4.07 4.71 056 235
759.13 dMlI 4.07 4.71 0.66 37.13
759.13 ibeU 4.07 4.71 0.42 27.73
334.7« dMil 4.65 5.39 17 464.92
334.76 dieil 465 559 254 436.93
334.76 AmU 4.65 559 104 3515

1491SI bell 461 5.42 1157 442.19
I491II bell 466 3.42 .10.74 417.46
I491SI bcU 4.66 3.42 6.6 33451
222J1 bell 5.01 5.60 196 632.27
222J1 bell 5.01 5.60 656 1664.83
22L51 bcU 5.01 5.60 324 903.69

I491II bell 5.02 5.61 46.33 2017.47
149ZII beU 3.02 5.61 43.63 1904.73
1492-tI ahell 3.02 5.61 36.34 1325.3
222il bell 3.13 5.94 0.07 20.32
222.51 bell 5.13 3.94 0.16 4354
222.51 bell 3.13 3.94 0.06 2112
759.13 bell 3.27 6.10 1113 1044.21
759.13 bell 327 6.10 27.16 2339.74
759.13 bell 327 6.10 13.2 1136.39
334.76 bell 529 6.13 10.61 2121.17
334.76 bell 329 6.13 10.21 200163
334 76 bell 529 6.13 6.17 1603.7
735.73 bell 352 659 027 255
735.73 bell 353 6.41 0.61 37.13
735.73 ahell 353 6.41 0.3 27.75
665.94 bell 5.6 6.49 424 442.19
665.94 bell 5.6 6.49 4 417.46
665 94 bell 5.6 6.49 32 33451
924.04 bell 6.1 7.07 24.61 2017.47
924.04 bell 6.1 ' 7.07 2323 1904.73
924.04 bell 6.1 7.07 16.6 13235
507.12 bell 658 7.62 13.19 2121.17
507.12 bell 658 7.62 1145 2002.63
507.12 bell 656 7.62 9.97 1603.7
22251 bell 7.1 6.22 0.03 2052
22251 bell 7.1 6.22 0.11 43.34
22251 bell 7.1 622 0.06 2112
951.23 bell 755 6.741 10.66 1044.21
951.23 bell 755 6.741 23.92 2339.74
951.23 bell 755 6.74i 11.62 113659
22251 bell 6.09 9.311 1.64 63257
22251 bell 6.09 9.311 4.13 1664.63
22251 bell 6.09 951r 2.01 . 903.69
364.39 bell 6.41 9.741 0.09 235
364.39 bell 6.41 9.74 02 ■ 57.13
364.39 bell 6.41 9.741 0.1 27.75
507.12 ahell 10.26 11.66 1.63 464.92
507.12 bell 1026 11.66 1.73 436.93
507.12 bell 10.26 11.66 1.4 3515
316.65 ahell 10.47 1113 156 464.92
316.65 obeli 10.47 1113 151 436 93
31663 bell 10.47 iii; ' 1.05 3515

131614 bell -1153 1351 4in 442.19
131614 bell 1153 1353 3.64 417.a
131614 bell 1153 1353 357 33451
17163 bell 1266 14.66 1.14 1044.21
17163 bell 1166 14.66 256 2339.74
17163 ahell 1266 14.66 124 113659

1263.27 beU 1162 14.65 16.02 2017.47
126327 bell 1162 14.65 15.12 190473
136327 beU 1162 14.65 iin 15255
2463.97 bell 1199 15.05 7.11 464.92
2463.97 beU 1199 13.03 6.71 436.93
2463.97 beU 1199 13.03 357 3515

339.76 bell 13.41 1553 0.9 442.19
339.76 beU 13.41 1353 0.65 417.46
339.76 beU 13.41 056 33451
536.11 bell 1422 16.47 0.06 235
536.U bell 1A22 16.47 0.17 37.13
536.U bell 14.22 16.47 0.01 27.75

2tS0.62 bell ' 1451 16.37 34.05 2121.17
2S5062 bell 1451 1657 3113 200163
3tS0.62 beU 14.31 1657 23.75 1603.7
21255 bell 14.46 16.77 0.02 2052
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IavK>«< viodovtiedouMr-wood frame 
In^ix wiodoan lo doubtf-wood fnmr
In^Kt iauUuoa lo ocilini R-27 fr floor R-19. add (i^crviDdoar 
Inprooc laaulaiioa to edliat R-27 k door R-19. add at^crwiadow 

ioaulaiioa lo Cdliaf R-27 k floor R-19. add Supswiadowt 
Ioam«t loociliBi R-27 k ui^nove to 2-|lz. low-E arfoa (from double) 
ia^rc Cbliai l■ulauoB lo R-27. 2-|iz k lo«-£. arioa (from double) 
Ib^vc lo ccUiai R-27 A iii^ve lo 2-|la hw-E. vtoe (from double) 
Ib^vc wiadow to double paor-wood (rime 
iBvroee viadow to double peae-waod (nine 
b^«c wiado* 10 double paae-wood frame 
taprove wiadov lo aiperviodoar (from Tflz. low-E, Vfoa) 
laipioec wiadow lo aipswiadow (bom 2(lz. low-E. ar(oa)
Il^ieee wiadow to aiperwiadow (from 2|lz. low-E. «(oa)
Iw^w iaaulatioa to odliaf R-27 k floor R-19 
lavioeciiwlauoiioeeiliBf R-27A floor R-19 
la^iDwr iaaulauoa iD'Ocdiaf R-27 A floor R-19 
iB^rc wiadowa to 2-f ll. low.< ir|oa (from doublo-weod) 
l^m«« wiadowt to 2-|ll. krw-e, ar|oi (from double-wood) 
laamivc wiadowi to 2-tlz. low-e, ar|Oi (from douUewood)
Uaprorc wiadow to aiperwiadow (bom 2-|lz. low-ejr|oa)
Ii^ec wiadow to aaperwiadow (bom 2-pli. low-e. arfoa) 
la^w wiadow to Supmwiadow (from 2-|lz. low-eprtoa) 
la^oe wiadow to 2-ftiJow-Ejr|oa (fiom double) A add will R-Il 
la^ve wiadow to 2-fliJow-EortoB (fmm Double) A add wall R-11 
Switch to 2-tlzJow-Ejrioa (from Double). Add Wall R-11 
lafitove wimiow to Superwiadow (fiom 2-(lcJow-Ejrf oa) 
la^Kc wiadow to aupmwiadow (from 2-(lz.low-Ejr|oa) 
la^ve wiadow to auperwiodow (from 2-fli-low-EjrfOB) 
laairoie to Coadeaaiaf Gat Fivaace: Ex- SF/Nonh/ao cl(/Looac thdl 
bqaoee lo coadeatiai |at fiinact. Ex^ SF/NonhA!AC/Looae ihell 
fr^woKi to coadeatiai |at furoace; Ex. SF/Nonh/RAC/Looae thell 
Ii^iDue to coadeatiai fat furaace; Ex. SF/Nonh/ao ei|/n|bi thell 
Improiie to ooadeatiai fat furaace; Ex. SF/NonhCACfTiihi thell 
laieoiie to eoadeatiai |at furaace; Ex. SF/Nonh/RAC/Tiihl thell 
lafiraec to ooadeatiai fat furaace; Ex. SF/Soulh/ao el|/Laoic ahcll 
Inprove to eoadeatiai |at furaace; Ex. SF/SouihATAC/Looic thell 
fraproec tocoadcaeiBi |at furaace; Ex. SF/Souih/RAC/Looie thell 
Improve to eoadeatiai |at furaace; Ex MF/Nonh/ao cl|
Im^vc to eoadeatiai |w furaace; Ex MF/NonhCAC 
lamrove to ooadeatiai |ai furaace; Ex MF/Nonh/RAC 
Im^ve ID ooadeatiai |tt furaace
Iraprove u> ooadcatiBi |at furaace; Ex SFSoulhCAC/Ti|hi thell 
Improve to ooadcatioi |ac furaace. Ex SF/Souih/RA(2/Ti|hi thell 
laprove locoadcaciai |tt furaace; Ex MH/Nonh/ao el| 
la^ve to ooadeatiai |at furaace; Ex. MH/North^AC 
la^vc to ooadeatiai |at furaace; Ex MH/Nonh/RAC 
Improve to coadeatiBi |ic furaace; Ex MH/Soufri/ao cl|
Improve to eoadcatiBi |at friraace; Ex MH/SouthATAC 
laprove to eoadeatiai |ai furaace; Ex MH/Soiah/RAC 
laprove to ooadeatiai |at furaace; Ex. MF/South/ao d| 
laprove tocoadcatiBi |tt furaace. Ex MF/SouthATAC 
laprove to ooadeatiai lat furaace; Ex MF/South/RAC 
Itrieovc u a eoadeatiai |at builo-. Ex. MF/Nonh/ao el| 
la^ve to a ooadcatiBi |at boiler Ex. MF/NonhCAC 
laprove to a eoadewai |at boiler. Ex. MF/Nonh/RAC 
lopmvr 10 a ooadeatiai |at boiler. Ex. MH/Nonh/bo cl| 
laiaove to a eoadcaciai |at boiler Ex MH/Nonh^AC 
laprove to a ooadcBtiai |at boilo-. Ex MH/Nonh/RAC 
Im^ve to ooadcatiBi boiio-. Ex SF/South/ao cl|/Looec thell 
laprove to eoBdcatiBi builcr. SF/SouihCAC/Looec thell 
laprove to ooailcatio| boiler Ex. SF/Souih/RAC/Looee thell 
It^ve to ooadeatiai boilv. Ex. SF/Nonh/ao d|/ri|ht thdl 
la^ve to ooadcatiBi boilw. Ex. SF/NonhATACyriihl thell 
laprove to ooKicaiBi boils-. Ex. SF/NonhAtAC/Tiihi tbdl 
laprove p eoadeatiai boils. Ex SFSoulh/ao di/Tiibt thell 
It^rove p coadcatiBi boils. Ex. SF/SouthCAC/Ti|hi thell 
laprove peomicatiai boils. Ex. SFAoudiAAC/Ti(bl thell 
hpeove p eompsiai boils. Ex. SF/Nonh/ao d|/Looac thell 
la^ve p eoadeatiai boils. Ex. SF/Nonfa/CACAAoae dpi) 
la^ve pt boils P maileaeiBi boils 
la^ve p a eoadeatiai |at boils. Ex. MH/Soiah/ao cl(
I^rrove p a eenkmiBi pa boils. Ex. MH«o«ahCAC 
Improve p a roadeatiai pt boils. MH/So«ah/RAC 
laprove p a madraarai pa boils. Ex. MF/South/ao d| 
lapeove p a eoadeatiai pt boils. Ex. MFSotah^C 
laprove pa sndcatiBi |p boils. Ex. MF/Soiah«AC

Exittiai Shdl pviaft bdow &S/MMBni
✓y

Exmuai Epiipmem uviap below &S/MMBni

ESSCBTC 212.S5 thell 14.41 16.77 0.03 4364
ESSGBTR 212JS thell 1441 16.77 0.03 2112
ESNGBT 943.39 thell 14.7: 17.05 2.41 464.92
ESNCBTC 94SJ9 thell 14.72 17.05 2.27 431.93
ESNGBTR 94S J9 thell 14.7: 17.03 1.12 3316
ESSGFL 497.14 thdl 14.71 17.12 2.13 1044.21
ESSCFU; 497.14 diell 14.71 17.12 6.34 2339.74
ESSGFLR 497.14 thdl 14.71 17.12 3.08 1136.39
E5SGFT 212.SS diell 13.61 18.16 0.91 132.27
ESSGFTC 312.33 dPil 13.61 11.16 2.04 116413
ESSCFTR 212.33 dtdl 13.61 11.16 0.99 903.19
ESNGFL 392.63 dwU 16.31 11.19 3.91 2017.47
ESNCFLC 392.63 dmU 16 11.19 3.7 1904.73
ESIdCFLR 39263 didl 16 J1 11.19 2.96 13236
ESNCFT 446A4 thdl 16.72 19J7 467 2121.17
ESNCFTC 446.64 dpll 16.72 19.37 4.31 2002.63
E5NCFTR 446.64 thdl 16.72 19.37 3.43 1603.7
ESSCBT 439.93 thdl 16.74 19.39 0.04 20.32
ESSGBTC 439.93 thdl 16.74 19.39 0.1 4364
ESSGBTR 439.93 didl 16.74 19J9 0.03 2112
ESNGFT 496.73 thell 16.77 19.42 3.06 2121.17
ESNCFTC 491.73 didl 16.77 19.42 4.1 200163
ESNCFTR 491.73 then 16.77 1942 3.14 1603.7
ESSGFT 1360.01 thdl 19.91 23.14 4J3 132.27
ESSGFTC 1360.01 didl 19.91 23.14 9« 1164.13
ESSCFTR 1360.01 thdl 19.91 23.14 4.61 903.19
ESSGFL 341.92 thdl 99.13 113.63 0.29 1044.21
ESSGFLC 341.92 didl 99.83 115.63 0.66 2339.74
ESSGFLR 341.92 thell 9913 113.63 062 1136.39
ESNGFL 432.42 pace GOBI 3.74 4.33 26.19 2303.68
ESNGFLC 432.42 pace coai 3.74 4.33 23.39 2176.13
ESNGFLR 432.42 pace eoa. 3.74 4.33 2063 1743.2
ESNGFT 432.42 pace coa< 4.67 5.41 22.64 2424.19
ESNCFTC 432.42 pace ooa> 4.67 5.41 2168 ' 2211.72
ESNCFTR 432.42 pace eoa< 4.67 . 3.41 17.12 102.1
ESSGFL 432.42 pace con. 4.7 3.44 11.08 1193.39
ESSGFLC 432.42 paoecoBi 4.7 5.44 24.12 2673.99
ESSGFLR 432.42 pace ooa. 4.7 3.44 12.06 1291.96
EANCF 432 pace OOP 4.91 5.T7 9.13 104669
EANCPC 432 pace coa< 4.91 3.77 2.73 311.94
EANGFR 432 pace coai 4.91 3.77 9.91 1133.11
ESSGFT 432.42 pace cop

6.41 761 6.4 931.16
ESSGFTC 432.42 pace OOP 641 7.51 14.34 213163
ESSCFTR 432.42 pace cop • 6.41 761 6.97 103361
EXINGF 432 pace coa- 6.11 7.19 269 4CM.01
EMNGFC 432 pace OOP 6.11 7.19 1.36 243.93
EMNCFR 432 pace oop 6.11 7.19 162 237.21
EMSGF 432 pace coai 13J 13.64 169 432.13
EMSCPC 432 pace OOP 13J 13.64 1.07 331.19
EMSGFR 432 paeteoBi 13.3 13.64 167 4T.3
EASCF 432 pace OOP 13.17 17.37 1.73 601.3 r
easgfc 432 paoecop 13.17 17.57 1J9 631.49
EASGFR 432 pace cop 13.17 1767 16 417.16
EANGB 1243 pace oop 13.31 11.03 7.1 J033.9y
EANGBC 1243 pace cop

13J1 11.03 2.12 30171
EANCBR 1243 pace cap 13J1 11.03 7.7 112262
EMNGB 1243 paoecop 22.02 23.50 0 0
EMNCBC 1243 pace oop

2102 23.50 0 0

EMNGB R 1243 pace OOP 2102 23.30 0 0
ESSCBL 1126.1 pace COP 26.11 31.13 0.07 20.4
ESSCBLC 1126.1 pace cop 36.11 31.13 0.16 43.71
ESSCBLR 1126.1 pact OOP . 26.11 31.13 0.06 226
ESNGBT 1126.1 pace COP 21.49 33.00 166 371.93
ESNCBTC 1126.1 paoecop 21.49 33.00 1.19 331,13
ESNGBTR 1126.1 paoecop 31.49 33.00 0.93 U16
ESSCBT 1126.1 paoecop 39.62 34.31 0.03 16.26
ESSCBTC 1126 .1 pace COP 29.62 34.31 0.12 36.43
ESSGBTR 1126.1 paoecop 29.62 3461 0.06 17.7
E5NGBL 1126.1 paeecop 31.94 36.99 IB7 333.73
ESNCBLC 1126.1 paeecop 31.94 36.99 1.01 333.91
ESNGBLR 1136.1 paeteop 31.94 36.99 0.11 267.43
EMSCB 1343 paoeoop 43.64 3063 0 0
EMSCBC 1343 pace OOP 43.64 3063 0 0
EMSCBR 1343 paoecop 4364 3063 0 0
EASGB 1343 pace OOP 47.43 34.94 0.16 69.29
EASCBC 1343 pace cop 47.43 34.94 0.17 73.11
EASCBR 1343 paeeoop 47.43 34.94 0.11 a.i3

- - 4.10 107.71

4.99 111.71
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lame imblkn to oiiiat ''*!» 30 A mduec iaChiMioa 29%
I^m«t lonilMiei to enlio| R-30 A reduce ioTilffuiaa 29% 
l^(o«c —to eciluf R-30 A reAiec iafiteiliaa 29% 
tapnve ioBiluioe to eeiliat R-30 A redicc UTilmiei by 29% 
ii^ve iBulaiioa to ecilia( R-30 A reduce ioTilniMe by 29%
Ii^rave iawUliee to ecUiof R-30 A reAicc loTilniiae by 29%
Reduce iaTitoibee by 36%
Reduce iaCImioe by 29%

'Reduce iaClamiioe by 29%
Reduce iaCtoiiioi by 29%
Reduce ieClBMiai by 29%
Reduce iafilmtioa by 29%
Inpnoe ieeuletioe to well R-I9 
loprove ianletioe to wall R-19 
In^nvc iawlatioB to wall R-19 
]Bvro«e iaaulatioe to fauadatioB R92ft 
In^oc iaeulaiioB to fouBdauaB R9Ift 
In^Tc iBBulaiioB to feuBdaUDB R9^t 
InBOOve laeulaooB u> wall R-19 
lortove lawlaiioa to wall R-19 
lqm«e iBBulaiioe le wallR-19 
Io^«c fouBdauoB laeulatioB to R- 9 J ft 
Inprore fouodauoB to R- 9 J ft 
loBirTxx Coua^uoa lawlauoB to R-5^ ft 
Inamvt iaeulatioa to ceiliai R-31 A Hoor R-30 
In^vc ioBilaiioB to eciliai R-31 A floor R-30 
Improve iaeulaiioe to eealiat R-31 A IloorR-30 
In^ve iBBulalioB to floor R-30 A oaliB( R-31 
Improve iBBulatioe to floor R-30 A ceiliB( R-3t 
b^vr iBBulatioB to floor R-30 A ealiB( R-3S 
lo^ve laaulauoa to eeiliaf R-49 
In^rove ianilaiioe ut'oediat R-*9 
Inytrove laeulatwB to oetliBf R-<9
loarrove iaulalioB to <wli»| R-49 A add double paoe-wood frame wiadoe 
Improve iamilatioa u> eeiliat R-49. add double paoe-wood enadowa 

. InytTove iaeulauoB to eeiliat R-<9. add double paae-wood frame eriadowa 
lo^ve wiadow to 2-tlx. low-E. ar|OB (from double-wood) 
loynove wiBdowe to 2-flx. low-E. argoa (bom double-wood)
In^ve wiBdoun to 2-flz. low-E. ar|oe (from double-wood) 
lageove wiBdow to jupcrwiadow (from 2-flx. Low-E. aifOB)
Infiove wiedowi to wpwwiadow (from 2-(lz. Low-E, ir|OB) 
bvrove wiadoerc to n^owiadow (from 2-tU- Low-E. argoa)
Inwove iBBulatioB to eeiliBg R-30 A wall R-19 

boa to cailiag R-30 fr wall R-19
lBvn«< mlauea to oailiag R-30 fr wall R-19 
la^ve laeulBtioa u> eaibBc R-30 A wall R-19 
IngaoveiHdBiiaatoeailiacR-30 R wall R-19 
layiove iaeiilaiaia to eetliag R-30 R wall R-19 - 
Ii^vc wiadow to 2-glx. low E, argoB 
Ingirove wiadoen to 2-glx, lew E, argoa 
Improve wiBdean to 2-glx. low E. argoa 
laytrove wiadowa to 2-glL bw-E. argoa 
lay rove wiadmee to 2-glx. bw-E. argoa 
kiprove wiadowa to 2-tta. bw-E, argoa eriadow 
k^vit loeeadcaaaag gaa ftauaoe; New SF/Noath/ao clg 
l^iove toaeadeamag gaa ftaaaec; New SFWorah^C 
haptove to nnadeeaiag gaa hraaoe: New SFMaih^C 
kgeovc to ceedreaiag pe hnace; New MH/Necth/BO dg 
kyrove to madraaing gaa ftaBaer, New MH/Ncnh^AC 
kgaove to ceedraaiag gaa hraaec; New MH/Norih(RAC 
la^ve to nnadraaiag gaa ftaaecr. New MF/Nonh/ae clg 
la^ve to ceadraaiag gaa ftiraece; New MFMoih/CAC 
k^ve to eeadeaciag gaa Airoacc; New MFMorthfRAC

NSNCF 300.69 kell 3.03 351 4.64 97956
N5NCPC 300A9 abcU 3i)3 351 3954 4941 46
NSNCFR 300.69 dteU 3SO 351 3.42 427
I6NCB 300.69 dmU 3.11 3.60 1.09 139.19
NSNCBC 300.69 RmU 3.11 350 05 63.6*
NSNCBR 30063 dicU 3.11 3.60 0.*1 104M
NSSCF 274J7kcU 3.76 459 0.*9 191.61
NSSCIC 27457 keU 3.76 459 21.43 364159
NSSCFR 27457 dull 3.76 459 0.U 149.99
NSSCB 27457 dmll 3.16 4.47 1.02 17751
NSSCBC 27457 dtdl 3.*6 4.47 *59 1463.19
NSSGBR 27457 dwll 3.16 4.47 1.1* 204.U
NSNGB 2*451 bell 9.03 9*3 052 139.19
NSNCBC 2I4JI bell 9.03 9.13 059 63.6*
NSNCBR 2*4.31 bell 9.03 9.13 0.4* 104.4*
NSSCF 376.39 bell . 9.7 6.60 O.II 191.61
NSSCPC 376.39 ataell 9.7 6.60 19.39 364159
NSSCFR 376.39 ahcll 9.7 6.60 0.* 149.99
NSNCF 2*4 31 bell 9.72 6.63 2.32 97956
NSNCFC 2*451 bell 9.72 6.63 19.79 4941.46
NSNCFR 2*4.31 diell 9.72 6.63 1.71 427
NSSCB 376.39 abcll 9*4 6.76 0.92 17751
NSSCBC 37659 bell 9.*4 6.76 7.6 1463.19
NSSCBR 376J9 diell 9.t4 6.76 1.06 204.U
NSNCB 432.93 abell 6.43 7.49 0.73 139.19
NSNCBC 432.93 bell 6.43 7.49 0.39 63.6*
NSNCBR 432.93 bell 6.43 7.49 057 104 4*
NSNCF 432.93 bell 751 1.47 2.77 97956
NSNCFC 432.93 bell 751 1.47 23.59 4941.46
NSNCFR 432.93 bell 7.31 1.47 2.04 427
NSNCF 10153 bell 9.23 10.69 059 97956
NSNCFC 10I.23 bell 953 10.69 4.67 4941.46
NSNCFR I0(.3 bell 953 10.69 0.4 427

r NSNCB 969.49 bell 9.16 11.42 0.62 139.19
NSNCBC 969.49 abell 9.16 11.42 059 635*
NSNCBR 969.49 bell 9.16 11.42 0.4* i04.a
NSNCB 61* 11 bell 1059 1252 0.64 139.19
NSNCBC 61t.ll abell 1059 1252 05 635*
NSNCBR 611.11 abell 1059 12.22 0.49 104.4*
NSNCB 607.0* bell 13.27 19.37 05 139.19
NSNCBC 607.0* bell 1357 1957 053 63.6*
NSNCBR 607.0* abell 1357 1957 059 104.4*
NSSCB 90351 abell 14.67 16.99 0.49 - 17751
NSSCBC 9035* bell 14.67 16.99 4.09 1463.19
NSSCBR 90351 bell 14.67 1699 057 204.U
NSSCF 949.14 bell 19.6 lt.07 0.43 19151
NSSCPC 949.14 bell 195 1*07 1053 364159
NSSCFR 949.14 abell 19.6 . 1607 0.43 149.95
NSSCF 903.9 bell 19.*6 1*57 0.7 19151
NSSCFC 903.9 bell 19.16 1*57 1672 364159
NSSCFR 903.9 ball 19.*6 1637 059 149.99
NSSCB 903.9 bell 1657 16*4 0.79 17751
IBSCBC 903.9 beU 1657 16*4 659 1463.19
NSSCBR 903.9 beU 1657 16*4 0.92 204.U
ISNCF 432.42 maeeeooi 459 959 9.44 97956
NSNCFC 432.42 peea com 459 959 464 4941.46
NSNCFR 432.42 peoeeoai 459 959 401 427
NMNCF 432.42 paoeoam m _*.12 159 217.1
NMNCPC 432.42 lyacaooo. 7.01 612 2.67 42*.*1
NMNCFR 432.42 diaoeeoaa 7.01 • 1.12 0.79 1275
NANCF 432.42 paoe ooa. *53 9.U 0.19 3752
NANCPC 432.42 paoe ooai 153 9.** 6.39 129053
NANCFR 432.42 peee eom 153 9.U 051 4054
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In^w to eoadcauBi gw funacc; New MH/South/oo d| 
Ingirovc to csodcoiiBi |u luraace^ New MH/South^AC 
bsprove to coodeoiini |u fiiruce. New MH/Soulh/RAC 
IngiTDvt to ooBdeooiBi |U funacc; New SF^ot(h^o cl| 
Isgireve to ooadcBBioi pi funacc; New SFSoUhATAC 
In^ve to coodeacioi |u funacc; New SF/Sotih/RAC 
Inpove to coodcociai boiler. New MH/NonMo cl( 
ln^*e to coDdeoaiBi boiler. New MH/NorthCAC 
Ib^vc to eoodeoaiai boilo-. New MH/North/RAC 
Intimve to ooadcoBiai boilo-. New MF/NonMio d| 
lapoee toooodcaeiBi boilo-. New MF/NonhfCAC 
Ingmec to eoodeoaiai boiler. New MF/Ncnh/RAC 
In^ee to coadeoaiai boiler New MH/South/ao cl| 
In^ee to ooodeaaioi boilo; New MH/SoutMTAC 
In^ee to coadeaaiai boilo. New MH^outh/RAC 
In^vc to ooadeatiai pi funacc. New MF/South/oo cl| 
IntpiDTc to aoadeaaioi |at funacc; New MF/Souih/CAC 
ln^rt ui coademiBi pi funacc: New MF/SouiMRAC 
In^ee to eoadeaeiai boilo. New MFi^outhfao d| 
In^oe to coadeaaiai boilo. New MF/SouthCAC 
In^'K to coadcaaiDi boilo. New MF/South/RAC

NMSCF
432.42 apace coo. 13.32 15.66 0 . 0NMSGPC 432.42 quee coo. 1352 15.66 0 0

NMSGFR 432.42 qiaceeoBi 1352 15.66 0 0
NSSCF

432.42 tpaceoooi 13.K 16.0( o.*» 151.61
NSSGPC 432.42 ^uee ooa. I3.(( I6.0( 11.44 364155
NSSCFR 432.42 ^aoe oon 13.K I6.0( 0.47 149.93
NMNGB 1250.04 apace coai- 22.74 26.34 0 0
NMNCBC 1250.04 quee con 2174 26.34 0 0
NMNCBR 1250.04 ^aoc oou 2174 26.34 0 0
NANCB 1250.04 ^ueeoou 2359 29.64 1 239.6(
NANGBC 1250.04 quoe eo» 2559 2964 0 0
NANCBR 1250.04 quee coo. 2559 29.64 1.09 259.66
NMSCB 1250.04 quee cou 43.(3 50.77 0 0
NMSGBC 1250.04 qiaec coai 43.(3 50.77 0 0
NMSGBR 1250.04 quoeooai 43.(3 50.77 0 0
NASGF 432.42 fat coo. 54.36 6196 0.19 237.H
NASGPC 432.42 apaoc oou 5456 6196 056 701 62NASCFR 432.42 ^ace coa. 54.36 6196 0.13 165.26
NASCB 125004 qiaoc GOBI 163.07 1((.(7 0 0
NASGBC 1250.04 quoecoa. 163.07 ' ltt.(7 0 0
NASCBR 1250.04 fat ooa. 163.07 1U(7 0 0

New Shell taviaii below 6S/MMBt\i 

New Equipmcai uviop below &S/MMBni

3.17

5.39

13.73

55.(3

Toal Shell uviap below &S/MMBiu 
Toul Equipmcat uvinii below bVMMBtu

1997 S/MMBtu
4J0
SM
4M

191.46 
237.56 
429 02

Froiea efTicieocy loe lo 2010
Euiuai
New
Toial

% laviop

EXISTING

NEW

Toul Shell uviap below 6S/MMBtu 
toul Ei^uipmeDt nvia|i below SSIMMBni

Toul Shell uviap below &S/MMBtu 
Toul Eiiuipmeni uviagt below 6SfMMBtu

Toul Shell uviap below 6S/MMB1U 
Tual Ei)ujpnieai uvia|i below 6S/MMB1U

EXISTTNC CCXSMMBia 
Tual Shell uviap below 6S/MMBtu 4.M

Total Equiptneat nvia|i bdow 6S/MMBtu 439
NEW 4.66

Toul Shell uviap below 6S/MMBni 3X7
Toul Equipmeat nviaii bdow dSMMBtu U9

4.44

2631.06
754J2

33(6.00

% Saviaii
S.7»
T3«

117%

«aovb^
4.1%
4.9%
113%
1L1%
73%
1R5%
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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, ali 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 ^e ventilation system, the climate, the 
efficiency of the heating and cooling equipment, and the efficiency of the 
building shell.

Base Year Energy, Use Space conditiorung accounts for an estimated 28% (4.1 quads) of commercial 
primary energy consumption in 1997, with 2.6 quads of electricity and the rest 
from oU 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 a t 
50 years. The weighted average lifetime for all space conditioning equipment is 
estimated at 18 years (Koomev et al., 1997a).

Existing Average Energy Use 
Index (EUI in kBtu/sf)

In our forecast we divide energy consumption between existing and new shells 
and equipment. EUIs are taken from US EIA (1996).

1997 New Energy Use Index 
(EUI in kBtu/sf)

In our forecast we divide energy cor^umption between existing and new shells 
and equipment. EUIs are taken from US EIA (1996).

Maximum Cost-effecrive 
Efficiency Potential

We used data from Sezgen et al. (1995) and plotted the total EUI (primary 
energy terms) for all oommcn combinations of commercial building systems 
agamst the capital costs of the systems. The system types are: Ducted, Urutary, 
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 $0.54/sf (1995$). 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. Controk are assumed to save an additional 10% cn all systems for an 
additional cost of $0.22/sf. The weighted average energy savings factor based 
on these assvunptions is 48%, which applies to all heating, ventilation, and air 
conditioning energy use.

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- 
Efficiency Case

In our high-effidency 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 cn the EUb from the work documented 
in Sezgen et al (1995). Prices were adjusted to 1995 levels based cn the personal 
consumption price index (US DOC, 1W6).

Cost of Conserved Energy The CCE is a ratio of the incremental capital expenditure (amortized over the 
lifetime of the appliance) to the aimual 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 conditioning 
energy use.
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Comimrclal HVAC
I

treat all commercial HVAC together. Osman baa created Rins using-primary energy (lOROO BtuAWh) and adding up all fuel use.
The reference for this is
Sczgen, A. Osman, Ellen M. Francnni, Jonathan O. Knnmcy. Steve E Oreenherg. and Asim Afzal. I99S. Technology data characterizing space conditioning in commercial building 
Application to end-use forecasting with COMMliNI) 4 0. Lawrence Reiieley l.aboralory. I .ni.-.1706S. December.

We pulled out the data on the different system types from this report, estimated Ellis by system type (converting cicciricily to primary energy), 
and plotted the data by system type. We then used the graph of capital cost versus l-IH hrr each system type to estimate the penentage savings 
that can be purchased for a given cost/sf. ('ontrols arc assumed to save Ill'll, for an additional .fO 20/sf capital cost.

% of floor area

New bdgs
Ein

primary E 
kBtu/sf/yr

Savings Savings w/ 
controls

Savings w/ 
controls 

kDtu/sf/yr

Weighted
Savings w/ Cost 

controls 1992 $/sf 
kBtu/sf/yr

Cost/sf
l995S/sf

Total
Cost w/
controls 
1995 $/sf

CCE
1995 S/MMBtu

Ducted systenu 26% 1483 50% 55% 81.57 21.21 05 0.54 0.75 087
Unitary systems 26% 52.9 40% 46% 24.32 632 05 054 0.75 292
Fan coil systems (1) 6% 40.6 20% 28% 11.36 064 02 022 043 358
Heating only 15% 47.5 20% 28% 13 29 1 98 02 022 043 306
Miscellaneous systems 10% 406 20% 28% II 36 1.12 02 022 043 358
Unconditioned space 18%

100%
00
79.7

0% 0% 000 000
37.95

0 0 0
1 30

(1) 2% of fan coil floar area uses district beat, and 4% uses standard packaged equipment (total:
(2) Assume miaccllaneous systems have same ElII as fan coil systems.
(3) Controls assumed to save 10% for a cost of $0.20/sf.

6%)

Savings
Costa

4«%

4.11 1995 $/MMBlu site

>
TJ
•o(D
3
Q.
S’

o
CJ

discount rale 
Lifetime | 
CRF

controls savings 
conttols costs

7%

20 years 
$0.09

10%

0.22 1995 $/sf
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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 electroris through a filament 
to produce light and heat (incandescent light) or to pass electrons through 
an inert gas which then emits light. Significant savings eire 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 commercuil buildings is 
from fluorescent sovirces, 12% from HID sources, and 18% from incandescents.

Base Year Energy Use Lighting accoimts for em 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 fixtures and 
ballasts turn over on average about once every 12 years.

Existing Average Energy Use 
Index (EUI in kBtu/sf)

EUIs for existing buildings are about 17 kBtu/sf. EUIs are taken from US FT A 
(1996).

1997 New Energy Use Index 
(EUI in kBtu/sf)

New EUI is roughly the same as the existing UEC.

Maximum Cost-effective 
Efficiency Potential

The maximum cost-effective efficiency potential was estimated cis the 
savings potentiail from 2010 assuming the implementation of technirally cost 
effective lighting measures, including widespread use of halogen IR and 
compact fluorescent technologies. The efficiency measures are rardsed based 
on 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

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 of halogen IR, fluorescent, 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 $-0.037/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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tow HR Hood ( occup inior
MTW HR Hood ( occ\^ iduor
ELEC*/*nrT»RS
ELECVdDTTMU
ELEC4/dP!7TMlS
ELECWPJTTVRS
ELEC4/4F3rrVRS
ELEC «/«r!7T IRS
ELEC(/*F32T»R3
ELEC</dF3rr»RS
ELEC4/«nrTaRs
ELEC*/4nrT«,’RS
ELEC4/4F32TVRS
ws
ELECOnTTins/oczqiKiry umor
ELEC40F37TVlS/oceopBcy Moiar
HPS
HPS
IPS
KPS
EL£C4/4n7TVIlSA>cci4Mcy tan*
ELEC4/4n2TI/ltS/om^wcy iOMr
HPS
IPS
IPS
IPS
IPS

IPS /
HPS. DO dtUmpini 
IPS. DO d(lDDpiD|
IPS. DO dtlmpui 
IPS. DO dtlimpiat 
HPS. DO ddiapuf 
IPS. DO ddampui 
IPS. DO dtlMipuii

CCE
(cum OX

EoKOf
S(T(d

NumbK CodD Wh) (oMiAWh) (TWb)
kWb 19P3dAWh

1 wc.cac -17J1 •19.93 0.13

1 WC_».T -nil -19.93 0.49

I wc.ctx. -17.11 -19.90 049

i WC.BET •17.lt •19.90 2.73

1 INC.BST -n.ii •19.90 047

1 WC.LDG •17.lt •19.90 24t

1 INC_LCO •n.it -19.90 14t

1 INCJHSC -17.U •19.C3 241

1 MC.SOI -17.12 •19.13 04

1 MC.SMO -17.12 •19.13 093

1 WC.WIIH -17.12 •19.13 044

1 DdCRJJXi -343 •4.46 0

1 MOt.CRC -3.t3 -4.46 0

2 wc.cac •l.W •U7 047

2 WC.HLT •l.M •127 0J6

2 WCJdSC •l.U -2.11 347

2 WC.SCH •l.u •2.U 103

2 WC.SMO -l.tt •lit 144

2 WC.WRH -l.u -lit 1.12

2 WC.COL -1.7t •106 049

2 WC.llEr -I.7t -106 4.7t

2 WC.RST -l.7t -106 0.99

2 WC.LDC -1.7t -106 4

2 WC.LCO -1.7t -106 244

1 MH.CRC -1.17 • 1.36 OOl

4 WCR.LOC -1.03 -1.19 OOl

4 WCS.GRC -1.03 -U9 OOI

1 MH.RET -a7t -a90 007

1 MH.RST -a7t -0.90
-a90

0

1 MH.LGO -a7t 002

1 MH.HLT -a7t -a90 OOl

1 MH.SCH -0.32 -a60 OOl

1 MHJHSC ■0J2 -a60 0.01

1 MH.SMO -032 -a60 002

1 MH.COL •032 -a60 OOI

1 MHJDC -032 -a6o OOI

1 MH.WRH -032 -a6o 003

3 WCR.LCO 002 002 006

3 WCR.RET 002 002 0.01

3 WCR.RST 002 002 0

1 EM4/4.HLT 0J2 040 042

1 EM4/4.(aC 042 040 0.13

I E344/4.RCT 04« 043 042

1 EM4/4.LDC QM 043 049

1 EJd4/4.CXX. 03t 047 046

1 Bb44/4.RET 04t 047 149

1 EM4/4.LGO 04t 047 2.13

1 EM4I4.SCH 04« 0.76 049

1 EM4/4.MSC 04« 0.76 043

1 EM4/4.SMC OjM 0.76 141

1 EM4/4.WRI OM 0.76 043

2 MH.CRC OM 100 0

1 EUO.RST 0.94 109 001

1 tunjJDC 0.94 109 002

1 MH.RET 0.9t 1.14 OOl

2 MHjm’ 0.9t 1.14 0
2MH.LOO 09t 1.14 0
2MHJO.T 09t 1.14 0

3 EM«4.RST 103 142 0

3 BhUI4.UX3 103 142 OOl

2 MH.SCH 1.19 14t 0
2MHJHSC 1.19 IJt 0

2 MH.SMO 1.19 14t 0

2 MH.COL 1.19 IJt 0

2 MHJiXi 1.19 14t 0

2 MH.WRH 1.19 14t OOI

I MV.HLT 1J7 1J9 0

1 MV.CRC 1J7 149 OOI

1 MV.COL I4« 149 006

1 MV.LCO l-l« 149 006

1 MV.RET 14« 149 009

1 MV.LDC IM 149 OOI

1 MV.WRH IM

c
149

■3.40
006



Appendix C-3

MKao4«Uapu|

HPS. M dtlmpuf 
HPS. Be4tUapiB|
HPS.BodBlUFiiif 
HrS.D0 4tUa|iiiif
MKBOtfttaBfui
MKoodtlnpai
MH.DOdllB|U|
MHieMOfui 

-MH.BodMBput 
ELECOTIWliEiooci^mcy «™or 
ELEC«n<n:«*aa^iiBqf MOMT 
MH.Bedilnpia(

MliBOdtlapat
MH.DOdilnpiD|
BLECVZn«niCS>MntMCT Mvar 
ILBCianCTi:/ESA)on4Mry Monr 
BLEClOmrilCSAKCivacT n»or 
ELECVZP9Cm«A>ccivMcr Mwor 
ELECian<n:£SAKCi^»iicy latar 
OICtnnTTtnSioeapmcy uotor 
ELECWFjn‘MSA)cegp«c7 icuor 
ELECV3F3ZTVtSAiim|iBi lynto 
ELEC4/3F37TI/IS>tU| mpm cyncD 
carr«F40Ti:/ES/RE 
OCUT«F«Jn2/ES/1lE 
ELEC4/3F17TVIS/Br| mpi lyncm 
ELECVinmnS/tri o|ni (yntB 
CCUT«F4(7n2/ES/R£ 
CCirr4«F40TlI^ES«£ 
CEUT4;IF«T1MS/IIE 
ELECV4n7TVU«r| mpoi lyans 
ELEC4/4n2Ttns«r| B^i irncm 
60 W HtlO|ts n flood rtflictcr 
60 W Holoin 01 flood rtflKior 
60 W HBOfte m flood nflocioi 
60 W l^n n flood nflKior 
60 W Holo|co at flood nfltcior 
60 w Ikloin 01 flood rtfloaor 
60 W Htlofta Ot flood nfteaor 
60 W Hoiofcs at flood nflocior 
CCt.T*«F40Tl 2/ES/RE 
cnrr4nF4CTi2/Es/K£ 
CCin-«F«n2/ES/lt£ 
CCUT«F40T12«/RE 
60 W HolOfco at flood rtflKior 
60 W Hoiofca Ot flood itflccior 
60 W HBofto Ot flood rcfltcior 
OCUTdAFtOTlI/ES/ltf « ocnpucy Motor 
CO.T4«F«mTS/1t£ ♦ ocdupMcy Motor 
ELECVdF^TTIfltSMoci^itBcy uotor
El£C4/4nn'MS>BCBU^T HOtOC

ELECVdnZTVUAccupoBcy Motor 
ELECV4F17TVU>oecivHcy ttator 
ELBCVdniTM&ioca^wy mor 
ILECV4nZTIflSAir(BV0i lyaa 
ELECd'dnnMSBfi B|Bi tyata 
EL£CWMn:CMrt Bpii tyato 
ILBCian<Ti:>E$«t b^i tyMcm
■LBCtOnirvUMcoBMiCT toMor 
tUECVinmnUaeaifmej ttmor 
■LECVmTTUS/oociBBqr hmoc 
60W HDt flood * or| B^i tyatm 
60W HDt flood * o>f B^i lySMO 
60W HDt flood * oil B^i tyata 
■LECiancna/ESAMopMcy HMor 
BLBCWOCTIZCSAmipMqr MOMT 
BLBCKn(Tll«SMcaiMcy MBor 
ELBCian«n2«SAioB^iiDcy ttuoc 
fOW HDI flood * OOBII. Motot ^
60W HOt flood « occup M»v 
60*r HDt flood * oen^. ttator 
ELECtOFWTIlCSAri apt tytum 
■Lecaomni/ESBn apn iratm 
ELECWMT12C&ar| apoi ryata

2 MV JILT 1.74

UtfdBi

202 OOl

2 MV_0«C 1.74 202 004

1 MV.SCH 1.74 204 003

1 mvjhsc 1.76 204 006

1 MV JMO 1.76 204 OOl

1 MVJtST 1.74 204 0
2MV.OOL 1J2 211 009
2MVJiJO 1J2 211 001
2MVJIET 1J2 211 043
IMVJiW 1J2 211 006
2MV.WDH 1J2 211 009

3 mv2.atc 1.93 224 0

3 IMia.HLT 1.93 214 0
2MV_$C3I 2.1 243 017

2 3<VJMSC 2.1 243 009
2MVJMO 2.1 243 003

2 MVJtST 2.1 243 OOl

3 IMV3.LDC 111 202 0

3 EMV2.R5T 2.11 202 0

3 EMV2.LCO 2.11 232 001

3 EMV2.UT 2.11 232 003

3 EM1/2.COL 2.11 202 002

2 ELt/3Jfl.T 2J2 269 002

2 ELt/3.CRC 2J2 269 0

2 ELW.RCT 2J6 2.73 002

2 OMJJLOC 2.36 273 006

1 EM4/2.RST 2.43 201 0.14

1 EM4/2.LDC 2.43 211 0.79

3 ELM.HLT 2.49 201 002

3 EUn.GRC 2.49 201 009

1 EMdG.COL 2Jl 291 043

1 EMoa.RET 2J1 2.91 0.96

1 EM4/2.UX3 2JI 291 0J6

S EM4/4.RST IS* 294 OOl

3 EM4/4.LDC IS* 2.94 002

I INCRJJXi 241 302 044

I DKOt.CRC 2.61 302 0.11

I DR2R.U30 243 307 0.75

1 INCOt.RET 243 307 146

1 WC31.RST 243 307 0.17

1 Dtat.SMO 249 3.12 0.49

1 WCR.WRH 249 3.12 0J7

I WCR.HLT 249 3.12 0.11

1 EM4/2.SCH 2.74 3.17 041

1 EM«a.MSC 274 3.17 OJI

I EMV2.SMC 2.74 3.17 046

1 EM4a.WRI 2.74 3.17 0.13

I INOt J4SC 2J 304 02

1 IHCRJCH 2J 304 0.1

1 WCR.COL 21 304 007

2 EM4G.RST 3331 3.49 0

2 EMdn.LDC 301 349 002

3 EM4/4.HLT 301 307 OOl

3 EM4/4.0RC 301 307 0

3 EM4/4.CX)L 344 3.99 001

3 IM4r4.REr 344 3.91 003
3IM4/4.LCO 344 291 046

6 BM4/4.W.T 403 407 OOl

6 BM4/4.CRC 403 407 002

4 BMV2.HLT 4J3 304 0

4 BMia_GRC 4J3 304 007

2 BL40.C0L 4J7 306 ai3
SILMJUn' 4J7 306 004

2 ELV3JiX> 4J7 306 043

4 DK3tJ^ 406 301 004

4 DKXJIET 406 301 0J2

4 0«a.RST 406 301 0

3 IMia.SCH 44 303 002

3 BMV2J4SC 44 303 002

3 BMia.SMC 44 303 007

3 BMV2.WRI 44 303 ai2

3 DK3t.SMO 404 301 004

3 DKX.WRH 404 301 003

3 DiCRJILT 404 301 0

4 BMI/2.R5T 4.91 in 0

4 IMV2.LCO 4.91 3.77 006

4 BM1/2.RET 4.91 3.77 044



Appendix C-3

ELECtOncniCSAri opDi lyntm 
EL£CiamTi:;ES«r| mini lyatm 
«OWHDinoa<l*(B<ma 
MW Hn Ogod ♦ IB* nmct 
MW HDinood«IB* men 
ELECMdnTTMSAB* met 
ELECVdnm/BAB* nrtc# 
ELECMdnTTVSdB* mm 
BLECMnrrvoAB* mm 
MW HDt flooil * IB* mm 
MW HDt flood «IB* mm 
MW HOt flood* lb* mm
ELECinn<Tl»SAB* mm
EL£CV2mT12/ESdB* mam
ILECKnCTUSSAB* iwim 
iLECian<mGSdB* mm 
■LBCMdnTTIflMB* mm 
ELEC«*n7rMSAB* mm 
ELECMonTTMUB* mm 
ILECMdniTMSwi mpi lyatm 
■LECVonTTI/ISWi npii fyara 
ELECMonTTMSmri mB» >y<i«d 
ELECtamTi:«S 
ELECiaP9CTi:/ES 
ELECV*n7TlflSA>cn^C7 tootoi 
ELECManZTIOS/oixidimcy HDtor 
ELECMonTTVISiocci^cy uoior 
ELECvonZTI/ISAKX^Bcy Mma 
ELECV2F9£T12/CS 
iLECKneruJCS 
ELBClQWtfTll/ES 
EL£c»:n<Ti:/ES 
ELECIOT«Ti:/ES 
ELECinmTU/ESArnt i»Hm 
EUECI/VMTi:/ESdD* mm 
ELECVZmriZ'ESdrn* i«Mm 
ELECV2F9«TI2/ESdmt miim 
EL£CIOn<Ti:/E&lBc mm 
ELECIOTdTlMS
SLEctnneni/fs
tLBztfmeni/Es
ELECiaW«T12/LS
ELEC*/«n7rvis
ELEC*/*n7TlflS
ELECVdnXT’MS
ELECV*n7TMU
ELECM)F37TlflSdm< mm
ELECVSnTriflSdim* mom
ELECVjnTTUSAm* mom
ELECM]P37TVISA0Dt mum
ELEC*/«F3ITMS
ELECvonirvu
ELECMdFJTTMS
CLECV2WfTli/ESAr| m|mi lyim 
ELECV2n<nz/ESmr| mpni lyna 
ELECIon<n:/ESmr| mpai iraem 
BJCimfTl2/CS^ mpoi fyna 
ELECMdniTMS 
ELccMonirins 
BLECVdnTTMSmri npi irma 
BLEC4/4n7TlflSW| mpi oyna 
ELECVonn-M&ttii npi tyna 
ELECMonn'MSAri m^i lymcm 
ELBCMonZTIIQ 
ELECVonn-MS 
BLECvmTTM&Oeaip hbot 
■LBCVynTT-MS/oeaiii mmt 
■LECMVJZrtfl&boeufi. mar 
EucvsnrriflSiDcaii *»« 
ELECMBPITTUSAb* mum 
EUCVSnn'MSAB* mm 
CLECMjnZTMSdB* mum 
tLECtnrmins^rt ngmi ^«m 
ELECvyn7TVIS«r| mpoi ryatm 
BLECMmZTMSAn mpsi tymta 
CCUTdOTdOnMSfllE ♦ ooeiitMicy o 
OCUTWOOriMSfllf ^

4 EMM7.LDC 4.91

Utfumi

3.77 0211

4 EMK.COL 4.91 3.77 0211
IINCXJjGO SJ2 4213 031

2 notjtET SJ2 433 02M
lOKsjirr 3J2 4213 0
1BM4I4.SCH SJ4 42T 032

2 BM4/4.MSC 3J4 4217 031

3 8M4/4.SMC SJ4 tin 033

3 IM4/4_WIU 3J4 tm niw

3 HCX.SMO 5J7 4.10 031

I DIC3t.WRH SJ7 4.10 031
2DiaiJtt.T SJ7 4.10 0

2 IMV3.Sa< SJ3 430 031

2 IMI/2.MSC 3JS 430 0

2 IMV3.SMC 3JS 430 031

2 BMV2.WU 3J3 430 03]

4 EM4f4.C0L 3^7 434 031

4 BM4/4.RET iAl 434 Oil

4 D44/4.UX3 3.47 434 034

4 IM4/4.0CL 3J1 431 03*

4 BM4/4.RET 331 431 033

4 EU4/4.UX3 331 431 OJ]

1 EMM2.M.T 333 4.41 Qft*

1 EMV2.CIIC 333 4.41 03

4 EM4/4.SCH , 331 4.4* 037

4 EM4/4.MSC 331 4.4* 02M

4 E244I4.SMC 334 44* 033

4 EJ44/4.WR1 331 4.4* 037

1 EMV2.LDC 3.9« 6.90 031

1 EMM2.RST 3.9* 4.90 033

1 EMM2.LCO 3.9* 4.90 0.19

1 EMI/2.CCX. 3.9* 4.90 02M

1 EMV2.RET 3.9* 4.90 1.14

2 EMV2.R5T 433 735 0

2 EMV2.LC0 433 735 031

2 Sdta.RET 433 733 0.11

2 EMI/2.LDC 433 733 0

2 EMI/2.C0L *33 733 0

1 DdK.SCH 432 733 039

1 EMin.MSC *32 735 03]

1 EMM2.SMC *32 733 0.19

I EMIC.WRJ 432 733 039

2 EM4/4.SCH 4.74 731 0.13

2 EM4r4.MSC 6.74 731 031

2 E244/4.SMC *74 731 033

2 E244/4.WJU 6.74 731 039

1 ELM3.SCH 7J)1 1.12 032

1 EUflJUSC 7i)l 1.12 0

1 ELM3.SMO 7211 1.12 02M

1 ELM3.WHH 7.01 1.12 03]

2 EM4/4.COL 7J32 1.1] 034

2 EJd4/4.«Er 7212 t.l] 034

2 EM4/4.LCO 72H I.1J 033

4 EMI/2.SCH 7.1 432 032

4 EMV2.MSC 7.1 432 iwiy

4 EMia.SMC 7.1 432 03*

4 EMI/2.WM 7.1 432 ail

2 EM4I4.RST 7.14 437 033

2 EMM4.LZX3 7.14 437 aid

S BM4/4_SCM 7.17 430 037

3 EM4/4J4SC 7.17 430 03]

S IMM4_SMC 7.17 430 032
5BM4I4.WU 7.17 430 02)6

2 IM4/4.HLT 731 437 03

2 BM4/4.0C 731 437 03*

2 EL4njCH 731 437 037

2 ILM3J4SC 731 437 03]

2 IL4n.S340 731 437 031

2 ILdA.WKH 731 437 ai2

i ELdn.COL 733 431 032

1 ELM3.RET 733 431 ai9

I ELinjjOO 733 431 037

3 ELV3.COL 739 434 0.1

3 ELM3.KET 739 43* 037

3 ELM3.LCO 739 434 033

3 BMV2.0X IM 432 0.1]

3 EM4/2.RET lJU 432 032

C-3.42



Appendix C-3
U(Mb|

CCUT4flF«TlWS«E*e 
ELECV4nrrVIS>oceiipK7 tonr 
ELBC4/4n7TVIS«cci^acT toMT 
ELEC4/4P3nviS/occ^iwy Mnr 
ILBCV4nzrMS*eaipaqt mbmt 
UiCVtmrmMKO^miri lonr 
ELEC4/4nZTVI&e(Bi^ac7 taor 
BUCV^ZTVtSAKxqaqr mm* 
ccmtamnwans. * »i b^i ntuo 
cctn’4aF4on:s/RE ♦ vt •}««

. BLK«3P3n'US*r| a^i iTsa 
ELBC4nP3n’MS«r| B^i il««a 
ELBCV3n2TUS«r| B^ iraa 
BLBCVSPin’MSBri B^i Iran 
CCUT«F«OrU/E»»E ♦ BrinifBinr «uor 
oarT4/zF4oru/ES/RE * • 
On;T4/lF«7n2/ES/KE * Q 
casr*artanvEsn£*c
«0W HIK nootf * api lyM
«W HDt need * ■! B^i fyM 
iOW Hn need * ail apt ITB<B 
OCUT4AFeOn2«snt£ * OB* mnicb 
CCUTd/IFeorillsniE ♦ OBt mch 
CCUTd/2F4(mi«Sni£ * OB* math 
CCUTe/2F40n:/ES/ll£ * OBC mcli 
«0W HDt need « eeav. lOiat 
dOW HR need * ocob Maior 
dOW HR need * eecop. momi 
CCUT4AF4(7nz/ES/K£ ♦ art a^i rynem 
pCirrartFeom/ES/ltE « art b^i ryiuffl 
Can’4/2Feonz/ES/ll£ « art a^> lyiini 
ELEC4/2FT]in/IS'Wt BtBt ryntiD 
ELEC4CFT]rrt/IS«wt BtBi lyntm
CCUTa/lFaOTll/ES/llE ♦ OB* rwacJi 
CCUTMFaOri^/ESRE * OBt nnica
CCUTa/lFaOriMSRE ♦ BBt fweca
ELBC«FT3mrtS-K«t mict 
ELEC4aPT32TUS-Kn< i«iica 
ELECV2FT3rrMS«aH neid 
ELEC4/lFT3:TMS'>art apt ryam 
ELEC«/3FT37n/IS«ert BtBi ry«cB 
EL£C4/tfT3rrt/lS4Wt BtBi lyacffl 
<0W HR need «lar tweca . 
to*/ HR need * las* rweca 
tow H(R need «IB« rvact 
tow hr need * art mpii ryaea 
tow HR need * art aval ryata 
tow HR need « art apai ryaa
can-4/:F4on2/ESR£-« 
CCVTW2F40T12/ES/lt£ * ecqipBcy wuer 
CCVrr«/3Fe0rilfES/1lE « at apii lyiina 
0CUT4/2F40T13/ES/1tE * at api tyettm 
CCUTa/lFaOno/ES/RE « art api rynta 
OaiTt/IFeoni/ES/llE * art a^i ryaum

i^aniMi CFL * nroipaicy mmol 
a^aMtCF1.«e 
OB—Wr CFL««
B|Bna(«CFL*o 
ELBCA/Vr3ZTMS«<B< raiaa 
BLBCWlfT37rMS«D* lauct 
CLBC4arT37rMS4<Bi fwiaa 
■LK4«T37rUS44at fwuca 
BfaiMe CFL * eeaBBBcy Haaa 
a^awMe CTL « amnaary ■aea 
■LK4nPr3ZTUS«att b|BI ayaa 
EUCW2Fr3ZTUS40r| a^i lyata 
IUC4/in'3}TWB«art afBi ryata 
■JE4/3rT37TMStatt a^ lyata 
ccirraaFdont/esRE 
CCUTW3F40T12«SRE 
nacwinTTwis 
ftBCVjniTMS 
ILBCV1F37TWIS 
■LK4/3F32rUS 
BLBC4aP37TVIS 
ILBC«3P3n-WC

3 BMW3:.LCO 744 442 024

S BMW4.COL IM 4.79 OOl

5 BM4/4.RET 7J9 479 0
S BMW4.|jCO 7J9 479 003
S IMW4_HLT 744 443 0
S IM4r4.ailC 744 443 0
4 BM4/4.RST 743 909 0

4 BM4/4.LDC 743 909 0
3 tkunjsr 44 9.94 OOl
3 IM4a.LDC 44 904 003
3 BUn^SOt 9J2 1103 007
3ILV3J4SC *J2 1103 003
3 BLW3.SMO 9J2 11.03 014
3 ILV3.WUI 942 11.03 oi
3 D44/2.SC3< 11.41 1122 012
3 Bk4W7 J4SC 11.41 IIS 004
3 BM4/2.S34C 11.41 1122 012
3 B»44r:.wR] 11.41 1122 004
4 MOt.SMO 11.44 1171 002
4 DtC3t.WRH 11.44 1171 003
4 wot JILT 11.44 13.71 0
3 Dd4/3_$CH 1194 13.01 004
: BU4/2J4SC 1194 13.01 OOl
1 E344T3.SMC 1194 13.01 003
1 EMW3.WIU 1194 13.01 OOl
3 DKRXSC 1199 13.03 0
3 INai_SCH 1199 13.03 0
3 MCH.COL 1199 13.03 0
4 EM4/3.COL 13.7 13.r 0.1
4 EM4/3.S£T 13.7 13.17 024
4 EM4/2.U30 13.7 13.47 02
t BM4/3.R5T 13.77 13.93 0
t BM4/3.LDC 13.77 13.93 OOl
2 EM4C.C0L 14.3 ItJt 002
2 E»«4«.RET 14.3 1404 009
2 EMW2.LCO 14.3 14.34 004
t E344C.COL 14.34 14.43 OOl
t EM40.KET 14.34 1443 002
t EM4/2.LCO 14.34 14.43 001
1 EM4/2.COL 14.4 14.91 002
1 EM4/2.II£T 14.4 14.91 003
1 EM4/2.LCO 144 14.91 004
2 DK31J4SC 14.43 17.20 0
2 OKR.SCH 14. t3 17.20 0
2 IHCT.COL 14.43 17J0 0
4 WCHXSC 13J7 1403 0
4 INCR.SCH 13J7 1403 0
4 DKR.OOL 13.57 1403 0
3 E344a.HLT 14J7 1414 OOl
3 EM4/3.GRC it.r 1444 0
4 EM4n.SCH 14.31 1449 0.12
4 E344/2.MSC 14.31 1449 003
4 BMWT^SMC 14.31 1449 oot
4 EI44/2.WIU 14.31 1449 004
4 WC.COL 14.73 19.40 002
4 INC.RET 14.73 19.40 OOl
dOiC.im- 14.73 19.40 0
dBicjJx: 14.73 19.40 001
4 MC.LCO 14.73 19.40 007

t D44r2.SCH 14.79 19.43 OOl

t BMW2J4SC 14.79 19.43 0

t BMW2.SMC 14.79 19.43 OOl

t IM4a.Wlt 1479 19.43 0
4VK.GKC 149 I9J7 0

4 HC.M.T 149 1907 0
IM4a.K» 17A 19.71 002

1 1344/3JtSC 17iB 19.71 001

1 1344/2.SMC I7in 19.71 nm
t l3t4a_WU 172B 19.71 OOl
I B344n.M.T 17.42 2041 043
1 B344n.CKC 17.42 2041 an
4 E344n_KST 2L41 24.42 004
4 BI44QJJ3C 2141 24.42 021
S B344/3.COL 23.04 24.71 007
3 Ei44n.i£r 23.04 24.71 0.11
3 BI440.LCO 2104 24.71 013
3 B344n.SO< 2174 no2
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5 EM4/2.MSC 23.74 27 J2 0.1S

3 EMda.SMC 23.74 VSl 0j09

S EMdn.WU 23.74 27 J2 002

3 EMV2.R5T 24 97 2192 0

3 EMW2.LDC M.97 2192 0

7 BMW2.COL 24.94 2193 OOl

7 D4«_REr 24.94 2193 0

7 EMW2_U30 2494 2193 0^7

3 iNc.cac 23.11 29.99 OOl

3 WC.HLT 23.11 29.99 0

7 B144/2.SCH 24.29 3043 OOl

7 EMW2.MSC 24.29 3043 0

7 EM4/2.SMC 24J9 3043 0.01

7 BI4V2.W 24.29 3043 Oi)l

4 BM4a.HLT 24.1 31.04 001

4 D44/2.C«C 24.1 31.04 003

3 WC.COL 11.43 33.11 003

3 INC.REI 2143 33.11 013

3 INC.HST 2143 3111 OOl

3 WC.LDG 2143 3111 003

3 WC.LOO 2143 3111 005

3 INC.MSC 31.7 34.72 0

3 INC.SCH 31.7 3172 001

3 D4C.SMO 31.7 34.72 OOl

3 WC.WRH 31.7 34.72 OOl

4 INC.MSC 34.06 39 43 003

4 INC.SC33 34.04 39.43 003

4 04C.SMO 34.04 39.43 oo«

4 INC.WKH 34.04 39.43 003

3 INC.MSC 42.24 4192 0.02

3 INC.SCH 4124 4192 003

3 INC.SMO r 42.24 U.92 003

3 INC.Wim 42J4 U.92 003

3 INC.COL 42.31 49.09 0

3 INC.RET 42.34 49.09 003

3 INC.RCT 42.31 49.09 0

3 INC.LDC 42.31 49.09 OOl

3 INC.LGO 4131 49.09 001

2 E34V2.GRC 43.62 3214 0

2 EMW2.HLT 43.62 3214 0

4 EM4/4.KLT 49.13 57.74 0

4 EM4/4.GRC 4913 37.74 0

1 EL4G.HLT 44.41 74.60 0

I EL40.GRC 4441 74.60 0

2 INCR.LDC 74.13 14.69 0

2 INCR.GRC 74.13 •4.69 0

2 EM4C.HLT M.1 9741 0.1t

2 EM4G.GRC 14.1 97.41 002

3 INC.GRC 22104 244.13 0

3 INC.HLT 221.06 244.13 0
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Background Information Sheet: Interlab Study on U^S.
Energy Efficiency and Greenhouse Gas Emissions 

Assumptions for Energy Efficiency Caicuiations: Commerciai Sector

Refrigeration

Product/end-use description Commercial refrigeration involves cooling large volumes to a variety of 
different temperatures.

Base Year Energy Use Refrigeration accoimts for an estimated 3% (0.5 quads) of conunercial primary 
energy corrsximption in 1997. (Source; US EIA, 1996)

End-use Lifetime The end-use lifetime for refrigeration was estimated at 15 years.
Existing Average Energy Use 
Index (EUI in kBtu/sf)

EUIs for existing buildings are 2.0 kBtu/sf. EUIs are taken from US EIA 
(1996).

1997 New Energy Use Index 
(EUI in kBtu/sf)

EUIs for new buildings are 2.0 kBtu/sf. EUIs are taken from US EIA (1996).

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 assvime 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 IXX, 1996).

Cost of Conserved Energy The weighted average CCE for high-efficiency lighting me^ures 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 armual energy savings expected from the purcheise of the 
unit.
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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, naturai gas, and oil

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

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

End-use Lifetime The end-use lifetime for miscellaneous varies depending on the 
particvdar end-use.

Existing Average Energy Use 
Index (EUI in kBtu/sf)

EUIs for existing buildings are 10.5 kBtu/sf. EUIs are taken from US EIA 
(1996).

1997 New Energy Use Index 
(EUI in kBtu/sf) .

No EUI's for miscellaneous energy for new buildings are available.

Maximum Cost-effective 
Efficiency Potential

Little information was available to cohstnict 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 - 
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 Inadequate information was available to construct incremental Costs 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 measvues. 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 armual energy savings expected from the purchase of 
the vmit.
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APPENDIX C-4
C-4.1 ENERGY SAVING POTENTIAL FOR MISCELLANEOUS 
ENERGY USES

This memo siaminarizes our calculations of the potential for energy savings for miscellaneous 
energy end-use in buildings. (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 calculatior« 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 
conunercial sector. Our savings calculatioris for the residential sector inVblved 1) characterizing 
residential energy use, 2) collecting and analyzing existing literature cn energy savings in 
specific miscellaneous energy end-uses , and 3) extrapolating these potentials to all end-uses 
based on best judgment.

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 on judgment 
and existing literature as shown in the detailed spreadsheet accompanying this memo. 
(Documented information on potential energy savings was available for televisioris, video 
cassette recorders, and waterbed heaters, where we found all three of the CCEs in these cases to 
be below $0.03/KWh ($1995)). 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-4.11997 Miscellaneous Energy Use and Estimated Energy Efficiency Potentials

End-use Category Primary 
Energy Use 

(Quads)

Share of Primary 
Energy Use 

(Percent)

Estimated
Energy

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 zas 0.9 17% 10%
oil Se other petroleum products 0.1 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 sigruficantly 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.
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C-4.2 FUEL SWITCHING IN RESIDENTIAL BUILDINGS .

This memo summarizes our calculations of impacts from switching from electricity-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 on our 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 cn 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 capital 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 bvuldings 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 C-4.1). 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 accovinting 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 wcis the product of the incremental 
capital cost per xmit of electricity savings for each end use and the total electricity savings. 
Si^ar 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^ Summary of Fuel Switching Calailations
End-use

Category
Fraction of 

2010 
housing 

stock 
(Percent)

Uiut energy 
savings 

from Fuel 
Switch 

(MMBtu)

Unit 
Energy 

Savings 
from Fuel 
Switch 

(Percent)

Incremental
vmitcost
($1995)

U.S. Energy 
Savings in 2010 

BAUCase 
(Quads)

U.S.
incremental 

cost BAU Case 
(SBUlion 1995)

Water
heating

5% 12.4 29% $1,266 0.02 $1.7

Cooking 22% 33% $1,391 0.01 $13.0
Clothes
Drving

36% 59% $690 0.08 $12.3

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 eil. 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 vise 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 AE097 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 l<u:ge-scale implementation of cool roofing, we add an additional 50% 
to the cooling savings (so ^e commercial savings percentage becomes 3.4% instead of 2.3%). 
This savings reflects the resvilts shown in Roservfeld et aL (1996).

To estimate the electricity savings from high albedo roofe 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 assvimed that roofs are replaced at the same rate as cooling 
equipment in each sector (this assvunption 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 electriaty 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 C-4J Summary of High Albedo Roofing Calculations
End-use

Category
Direct 

Cooling 
energy use 

savings 
(Percent)

Indirect 
Cooling 

energy use 
savings 
(Percent)

Total 
Cooling 

energy use 
savings 
(Percent)

kBtu gas use 
increase per 

kBtu 
cooling 

elect, saved 
(site)

Incremental 
vinit costs 
($1995)

Residential 5.7% 2.9% 8.6% 0.77 $0
Commercia.1 2.3% 1.1% 3.4% 0.66 $0
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RBCovcry Boiler Re place monc with Black Liquor Gaeification 
and PcFMfor Generation
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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 assromption 
as it reduces the net benefit) and that the offset for current coal-fired generation is valued a t 
2.51.10'^ tonne-C/Wh. On this basis, the 2010 displacement is 5.2 MtC equivalent 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 amoimt of c^on 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 pxilp 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 tv/o decades. While replacement with modem recovery boilers is possible, the industry 
has invested in the development of an alternative 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 losed 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 sigiuficant 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 D-4.1.

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 p\irposes 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 
retrofitted cohorts will be finally replaced by 2005,
2010, and 2015 respectively, adding to the fleet that 
will be replaced in those years.

The number of black liquor gasification units brought 
onstream in each of the five years from 2000 are shown 
in Figure D-4.1 (the 1990 and 1995 cohorts are included 
in the 2000 sum). And the 2005, 2010, and 2015 cohorts 
incorporate the total conversion of those units. The line 
is the annual amoimt of electricity that wiU offset 
fossil fuel generation outside of the industry (either 
through self-use, thus displacing power purchases, or 
export of the incremental generation).

It was assumed that the 307 boilers in the data set up to 
1990 represent 80% of today's black Uquor heat output 
of 1094 TBtu. On this assumption each unit of the 307 
units replaced is capable of generating an additional 
136 GWh/year (approximately 16 MW incremental 
output per kraft boiler replacement). The resulting 
generation in each year is shown in Figure D-4.1.

Table D-4.1 Age Cohorts of 
Recovery Boilers

Year End Number

1950 16

1955 14

1960 36

1965 39

1970 65

1975 49

1980 36

1985 22

1990 30

Total 307
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B^ed on the above detailed analysis of the chemicals and the food industries (Major 1997), Onsite 
estimates that half of this 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
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A similar E/T ratio analysis was performed for the food sector plants represented in the MIPD 
database. Results indicate a total remairung 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 techrucal 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
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Figure D-3^ Cogeneration Technical Potential for Five Major Industrial Sectors
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New On-Site Generation Potential in the Chemical and Food Sectors Based on EIT Ratio. Onsite 
further investigated the total remaining on-site generation potential for two industrial subsectors, 
chemicals food, using the MIPD database for each subsector. Instead of referring to boiler capacity 
for this determination, the ratio of the plant's electric 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-ordy applications is the site's E/T ratio:

E/T Ratio = Site Electric Demand 

Site Thermal Demand

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 with high E/T ratios suggest power-only 
opportunities.

As shown in Fig. D-3.3, chemical sector results indicate a total remciining on-site generation potential of 
31.3 GW of which 15.8 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 assiomed that the population of displaced industrial boilers fires natural gas.
This shoidd 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 combvistioa Our analysis assumed a boiler 
efficiency of 70% when determining industrial boiler emission offsets.

Industrial Boiler Emission Factor = ^ 2.412 MMBtu/MWh = 585 Ib/MW
70% boiler efficiency

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

Total Boiler Offset = 101,500,000 MWh X 585 Ib/MWh 

2000 Ib/h = 29,700,000 tons .

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

29,700,000 tons x 2000 Ib/ton 

160,341,000 MWh = 370 lb/MWeh,orl01 Ib/MWeh (Ce)

As described above, based on the difference between the baseline and ATS, Onsite arrived at an 
additioiial 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 r» 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 tiubine.

Estimation of Fraction of Boilers Suitable for ATS. Five industries dominate the industrial boiler 
market: pulp and paper, chemicals, petrolevim, 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 mstalled boiler capacity as shown below in Figure D-3.2.
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Equivalent Full Load Hours. To estimate annual emissions, the number of hours that the sources are 
emitting must be estimated. Equivalent full load hours for U.S. generating plants were estimated based 
on the EIA/AEO1994 as follows (AEO1994):

3,720,000,000,000,000 kWh
EFLH = ----------------------'—------------  = 4580 hours.

812,000,000 kW

3,720,000 billion kWi from AEO, 1994, Table FI, p. 165 (2010)
812 GW from AEO 1994, Table FI, 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 - 54 nonutility) billion kWh _
Total (3260 utility + 338 nonutility) billion kWh

Oil =
Oil _ (74 utility -i- 0 nonutility) billion kWh

Total (3260 utility + 338 nonutility) billion kWh
= 2% ,

Natural Gas =
NG (373 utility + 144 nonutility) billion kWh

= 14%.
Total (3260 utility + 338 nonutility) billion kWh 

Then, the total generation mix from coal, oU, 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 = — = 77% ,
70%

Oil = — = 2.9%,
70%

Natural Gas = = 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 Input x 25% , or 

35,000,000 kW X 9000 Btu^;Wh X 4,580 hours
1,000,000 Btu/MMBtu x 3.412 MMBtu/MW

X 25% = 101,500,000 MWh.
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Table D-3.6 CO, Emission Comparison Assuming 35 GW Displacement of U S. Generaiion Mis and Industrial Sources with ATS (tonnes O
Emission Source

•T4D loss assumed equivalent to 5% of combustion emissions.
••Based on a CO,combustion emission factor of t60 Ibs/MWth (Ce) for an industrial boiler.

Combustion T&D Losses* Boiler Offset Combined

Generation
Technolosv

Electric 
Heat Rate

Capacity, (HHV),
MW Hours Btu/kWh

Generation
Mix

Annual 
Electric 

Generation, 
(1000) Mwh

Emission
Factor,

Ib/MWeh
Emissions, 

10110 tons

Emission
Factor,

Ib/MWeh
Emissions, 
1000 tons

Emission
Factor,

Ib/MWeh
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, 1000 tons

Emission
Factor,

Ib/MWeh
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a Vva se w
Displaced Sources
Coal- 35 4,581 10,300 77.1% 123,690 598 36,990 30 1,855 lOH^ 6,254 729 45,098

Boiler/Turbine

Oil- 35 4,581 10,300 2.9% 4,581 506 1,159 25 58 lOH^ 232 632 1,448

Boiler/Turbine

Gas-' 35 4,581 10,300 20.0% 32,070 337 5,411 17 271 lOH^ 1,620 455 7,301

Boiler/Turbine

Total Displaced 100.0% 160,341 543 43,560 27 2,185 lOH^ 8,105 672 53,847

Sources ___  —
GflS“ ATS 9,000 100.0% 160,341 295 23,635 295 23,635

Emission
Reduction •
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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 CO2 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 dose 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 captiure approximately one-third of this market.

Reduction in CO2 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 indudihg 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 assumptiorrs used to 
develop these tables are explained below.

assumes that the cost of equity for non-utilities is 1.5 percentage points higher than that for utilities, while the cost of 
debt to non-utilities is 0.75 percentage points higher.
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generating capacity, 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 (1-40 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 assvimes a simple-cycle industrial ATS with an E/T ratio of 0.6. The E/T ratio for 
recuperative ATS is approximately 1.0.

^ _ Qg _ Cogeneration Potential (MW) x 3.412 MMBtu/h/MW 

T 700,0(X) MMBtu/h 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 maximvim annual 
steam production. Capacity utilization efficiencies of cogeneration plants are generally higher and can 
approach 85-90%.

Cogeneration Potential (MW) = 700,000 MMBtu/h x 0.5 x 0.6 

3.412 MMBtu^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 1-25 MW 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 mcirket can be adjusted by the following factor:

Escalation Factor = (1 + 0.015) (2010-1992) 1.3 .

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

1.3 X 1,000,000 MMBtu/h = 1,300,000 MMBtu^ 

and the ATS cogeneration potential in 2010 is equal to

1.3 X 60 GW = 78 GW.

Onsite also estimated that there will be an additional 12 GW of potential technical capacity for 
industrial ATS cogeneration in 2010 in the commerced and light maniifacturing 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, Oiisite 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*.

‘ AE097 statfe that non-utility generators have a highly 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 u^ty. restructuring favors orr-site generation because 
customers will have energy supply choices. a competitive electric market, customers will always 
seek low cost solutions, livere are adequate natural gas supplies to support increased cogeneration in 
place of boilers. Second, once envirorunental regulations on industrial emissions take a life cycle 
approach and consider power plant emissions, ATS will be enviroiunentally preferable. It has the 
lowest emissions of both NOx and CO2 per unit of energy (600 lb C02/MWh) (see figure 4.3.3) of any 
power technology. In the coming restructured electric utility industry, r«w capacity additions will be 
required. Onsite states that efficient, environmentally benign cogeneration will have compelling 
market value to end users, distribution compaiues, power marketers and the environmental commxmity. 
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 cogenerating were 
excluded from the analysis. The resulting industrial cogeneration market potential is illustrated in 
Figure D-3.1.

Figure D-3.1 Industrial Boiler Market Cogeneration Technical Potential

30,000

20.000

10,000

Technical Potential (MW)

Core Industrial ATS Range

BsMr Capacty (1000 Uhr) <25 25-50 50-100 _ 100-250 >250

Coonralan Capaoty (MW) <22 22-44 44-aS aS-22 >22

Avtrag* Cognration Siz* (MW) Q6 33 36 13 9 328

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 capacities 
between 25-250 MMBtu/h (equivalent ATS capacity is 2.2-22 MW). To account for multiple engine 
instcillations, 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 indxistrial ATS market These are boilers that fit the size range 
for the ATS industrial gaS turbine. A toted ATS technical potentied 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 midtiple turbine units. When determining-equivalent electric
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Energetics' analysis estimates that industrial-scde 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 AE096 in 
which coal-steam and conJjustion 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 Z4 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 reductior\s due to ATS, Energetics 
calculated carbon reductions for displacement of coal steam and gas-fired combxistion turbines 
separately. COj 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 calcvilated from COj reduction using the ratio of molecular weights of 
COj and carbon, Le., 44/12 = 0.27.

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

■Industrial ATS Market

ATS Industry 
Capacity 
Penetration 
(MW)

CARBON
REDUCTION
(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-BIOMASSll Tomlinson 1,215 2.6
Hogged-fuel 1,150 2.4
TOTAL 79,114 24.4

Onsite New Cogeneration Analysis. This analysis, conducted for ORNL by Onsite Energy, Inc., (Major 
and Davidson 1997) is a bottom-up aruilysis that begins with the steam draw capacity that is currently 
provided by boilers. It does not consider the cogeneration -replacement market or the non-cogeneration 
(power-ordy)ATS market. Onsite projects that there are several reasons why cogeneration increasingly
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strategies to pay for the additional capitcd costs for the on site system. This cdiald 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 arudysis conducted for DOE/OFT by Energetics, Inc., used a top-down approach 
that relies upon the Annual Energy Outlook (AEO) reference case (developed using the NEMS model). 
Energetics' meirket analysis was based on the projected electricity generating capability data given in 
the Reference Case Forecast in AE096. Energetics used AE096 instead of AE097 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 desoibes capacity additions 
between 2000 and 2010, and replacement capacity which describes retired electrical capacity existing in 
2000. Within these new and replacement market t5rpes, 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 % 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 potential overlaip 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 cill 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 (smaU-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 assiuned 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 eqmpmenL Total non-utility electricity generating capacity in 2010 is projected 
as 66.5 GW in AE096; 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 an^ysis 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 AE096 for year 2010 at 55.3 GW; the 
total industrial ATS cogenerating capacity (coal- and rutuial gas-fired) in 2010 estimated in this 
analysis is 183 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 cogeiieration 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
Case MtC
Efficiency 4-6
High-Efficiency/ Low-Carbon 16- 25

GW 
24-27 
45- 51

TWh
145-165
270-310

TcF
1.3
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 geis 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 orUy considers part of the total 
ATS nuirket. It appecus, 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 
additioncil CHP electric capacity in 2010, this new report, (by a coalition that includes the Alliance to 
Save Energy and the American Council for an Energy Efficient Economy), predicte 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 a<«mpp«; that the policy that
delayed ATS penetration are resolved,® and the ATS technology then penetrates rapidly. By 2020, 
ATS is assiuned 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 cn 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 ofPSEM 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 anal^es, 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

ermal or

’ 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-effidency/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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Appendix D*3

1997). This is the Energy-/n to the steam boilers. We then calculate what the-available electricity is 
assimiing 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 vb the electricity 
available in quads that we convert to TWh. We obtain the corresponding CW hours by using the ElA 
duty cycle found in AE097s 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 (DAC1995). We then subtract the cogeneration growth already included in the EIA/NEMS 
BAU. After which we siibtract 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-effidency/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 effidency case. Finally, we account for the steam boiler fuel switching. 
Since we have already subtracted biomass boilers, orily gas, oil and coal boilers remain for comparison. 
Again, the HE/LC gas preferentially replaces higher carbon steam boilers. In the efficiency case we 
assxime 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 effidency case. 
Given that the ATS is orUy commericialized in 2001, this implies a penetration mudi higher than 20% 
in the 2005-2010 time frame. It is important to remember that this is an artificial power-only market 
which indudes a component of CHP for which some of the steam is used for extra electricity. As 
mentioned earlier, we orUy take credit for transmission and distribution (T&D) Twh. We then convert 
this to MtC using the appropriate carbon intensity for the effidency 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 effidency by replacing electridty used to drive motors that 
drive equipment with direct power for the ^uipment. The "new steam" market c^d also indude "district energy" type 
combined neat and power sites where businesses group together and share electridty and steam from foe same turbine. 
A recent study (IDEA 1997) shows that of foe nearly 6,0t)0 current U. S. district heating installations that generate 
I.IQ of energy, 8% are industrial.

D-3.3



Appendix D-3

The values of a and b are not well known for the entire market. For analytic purposes'we further assume 
that this ”CHP market" cor^sists of all those applications, where the Energy-In (see Table D-3.3 4 th 
column), for the maximum potential combined heat and power market, equals the Energy-In for all 
industrial steam boilers. This assumption, though more diffiailt 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 d\e portion oi 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 orUy 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-3.4, this causes the ATS 
power-only carbon reductions to be much smaller than others' estimates. This assumption amoimts 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 assumptiorrs 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-Efficiency/
Low-Carbon

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

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

3- Difference between ATS CHP and Steam Boiler 
Efficiency .(Onsite 1997)

4- Conversion from quads to TWh (= *293)

5- Power Duty-cycle Hours (AE097) (Hours per year)

6- 2010 NEMs BAU case additional Electricity generation 
from Cogeneration (AE097)

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

1.3

4581 hours

10 -15%

1/.003412 

6607 hours 

51 TWh (8 GW)

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 
coal^

1.28 1.53

11-ATS penetration in the Power-only (e.g. ALL industrial 
demand)

.10% 20%

12-2010 Industrial Electricity Demand TWhr (scaling from 
AE097 BAU of 1289 by results of Chapter 6)

1183 TWh 1094 TWh

13-Transmission and Distribution losses 7%

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

For the efficiency case, we assumed the non-biomass boilers wereteplaced in the same proportion as their current 
distribution (DAC 1995.) (Natural Gas-48%, Oil-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 43^.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 moije electricity per Btu than its 
competitors), but cogeneration market growth is constrained'. AE097 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.

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
Food

.51

.58
.49
.42

This constrained growth is partly due to technical reasons, traditional cogeneration systems require that steam and 
electricity be matched (or else the efficiency drops off). The new ATS overcomes this problem by rurming efficiently at 
a wide range of E/T ratios. Cogeneration has also b^ constrained by enviromnental 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 gmeration. When policies to promote CHP are instituted, however, this fraction 
can grow dramafically. (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 generating system have been made for 15MW 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 i\eed for fresh air, suggesting a change in ventilation standards may 
be appropriate in some older buildings.

Related issues arise in corrsideration of fan and pump design. 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 ruirrow operating range of pressure and flow. Outside of this range, the efficiency can drop 
substantially. Therefore, it is important to match a fan or puir^ 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 on 
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 accomparued by substantial 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 
effidencyof 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 regulations may be a major 
impediment to the expanded adoption of industrial cogeneration.

In a cogeneration system, the thermal energy generated by the combustion of fossil 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 comiiKn 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 on 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 ana typical boiler configuration, the gas turbine with 
HRSG appears to be the most cost effective application. In 1994, manufacturing cogeneration accounted 
for 158 bUIion 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 CO2 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 efficiency 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 rated load. Below 
that the efficiency drops precipitously, emphasizing the importance of matching equipment to load, as 
discussed for motors bdow.

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. As in the example of the compressor, loads may vary over a 
broad range dxiring 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 oommon practice is to 
oversize motors in ventUation 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 
applicatioi\s. However, it is also oommon to design fan and pun^ applications that consume more 
energy than is actually reqiiired to accomplish the fluid movement task at hand. Power consumption by 
a fan or pump is proportional to the product of flow rate and pressure drop. The pressure drop is the 
pressxrre loss caus^ by friction as the fluid flows drrough 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 irrstance, 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 bad. Thus, substantial savings may be 
possible if flow rates can be reduced in a given process, say in building ventilation. The recent switch to
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both in power consiomption and in population. Therefore, we have addressed power supply oincems 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 sets of windings, each 
eormected to a separate AC line. The three windings are offset to improve uiuformity of the magnetic 
forces exerted on the rotor. Two power characteristics are important for optimum motor performance. 
The voltage must be unifonn in all three phases and the voltage wave form must be smoothly 
sinusoidcd.

Unfortunately, the voltage can vary .substantially between the three phases of a polyphase motor. 
This can resvdt 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 wiring, 
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. ^ergy 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 ^rvice motors. Electrical code 
standards for wire gauge are based on safety corKems, primarily limiting PR heating 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 constniints 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 notAed v-belts, which are more flexible -th<m standard v-belts. Further 
improvement is possible with thin synchronous belts that have' cogs or teeth that engage mating teeth 
in the ptilley. Belt drive efficiency up to 99% is possible with such systems.
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Table D*2.8^, 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
5.1-20 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-

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 Association (NEMA). The minimum 
requirement is shown for one common motor type.

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

Horsepower

Source: NEMA MG 1-1987, TEFC, 4-pole, 1800 RPM as dted in Resource Dynamics 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 IX motors, though this corresponds to only 2.5% of the market becatise of the large number of 
fractiorud 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
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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 becairse they reduce 
one or more of die four types of losses associated with motor operation: electrical losses (rotor and stator 
losses), magnetic losses (core losses), mechanical losses (friction and windage), and stray losses. 
Electrical losses are due to the familiar conversion of electrical power to heat due to current flow 
tfirough conductors of non-zero resistance. These are known as PR losses because they are proportional 
to the resistance, R, and to the squcue 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, cor^siderable 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 corrsumption 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 that they maintain (or increase) their efficiency 
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 
reqviirements 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 motor 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 nonunal 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 consiimption by motor size is essential for 
targeting an effidenq^ 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 90% of the population and consume about 15% of the 
energy. Conversely, motors exceeding 1 HP, diough 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 oonsumption. This has led ACEEE to oonolude 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 corrservation 
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 ordy cme of several important options to reduce 
energy consumption by motor systems. In fact, the direct substitution of HMs for equivalent size 
standard motors for the existing population characterized in Figure D-2.8.1 would resiilt in about a 7% 
reduction in power consumption. This estimate is based cn 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 

Electric Motor Applications

Energy use by Electric Motor Systems Systems employing electric motors convert only a portion of the 
energy consumed into useful mechaiucal work. This fraction of useful work is the system efficiency. To 
understand the energy conservation opportvinities presented by these applications, it is essential to 
trace the energy conversion processes ttu’oughout the system, which includes power supply and controls, 
electric motor, power transnussion, 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

•Voltage unbzdance (imeven voltage between phases) can increase motor losses 
arid damage motors.

•Deviatiorrs from design voltage can reduce motor efficiency and motor torque 
even if balance is maintained between phases.

•Harmonics (deviations from simple sinusoidal voltage form) can reduce motor 
efficiency and adversely ciffect mechanical operation. Adjustable speed 
drives can introduce harmorucs.

Motor Controller 
Power Feed

El

•Power losses in motor feed cables can lead 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 xmdervoltage and the associated problems of low motor torque 
and efficiency. ______________ ____

Electric Motor •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- 
effidency motors.

•Motor effidency is often reduced by rewinding.
•Energy effident motors are typically 1% to 5% more efficient than standard 

motors for large motors. Forfractional HP motors the difference maybe 40V
Transmission

n
•Drive train efficiency, induding belts, gears, etc., can be as high as 95%, but 

may be below 50%.
•Helical gears are more efficient than worm gears in most applications.

Helical gear efficiency drops at part load applications.
•About 1/3 of drives use belts and pulleys. These are typically 90% to 99% 

effident if properly selected and installed.___ ______
Load •Oversized motors are very frequently selected. Motor effidency declines 

rapidly at loads below 40% of rated load. About 20% of motors over 5 HP are 
in this category.

•Fans and pumps account for most motor power consumption. Optimal selection 
of fans and pumps and assodated control systems can reduce motor drive 
requirements substantially. Use of variable speed controls rather than 
throttling is a particularly important strategy. ________
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wide range of industrial applications are discussed 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 (Argoime National Laboratory 1995, Oiang 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 deaiUiness level fit for metal casting. The technology to economically produce sound 
castings and lower energy use will be important for die survival of many steel/iron/aluminum foundries 
(American Foundrymen's Society 1995, Cast Meted 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):

• Use of inert and reactive gases for reducing hydrogen and inclusions (oxides, carbides), and 
minimizing hydrogen absorption.

• Use of alloying elements and cover media to reduce melt oxidation.
• Reduced pressure techniques.
• Development of specific apparatus and procedures for measuring air entrainment during 

pouring.
• Phase separation technology including knowledge of sedimentation, filtration, and fluxing 

• techniques.

Metal Penetration in Iron and Steel Castings

Penetration defects cost American iron and steel foundries about $65 million per year. Penetration in 
castings is caused by mechanical pressure of meted forcing itself into the sand mold and most penetration 
defects are caused by pool casting design and poor molds. In the past years, it tuis 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 common 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 pkrmed to establish methodology to determine interfacial 
gas composition, develop computer models of liqiud metal oxidation, and determine effects of iron/steel 
composition at the mold/met^ 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 conimcn 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 risers. Overall, the mean improvement 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. 11 
has been estimated that foundries are orUy 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/montt\ 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) furnace cover, (3) power application, and (4) furnace condition. These variables 
were foimd 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%. Fximace condition (i.e., hot, medium, or cold) interacts with the 
charge to significantly ^fect energy cor^sumption. 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 development of the metal casting 
industry .and must be addressed to achieve further energy savings cifter 2010.

Electromagnetic 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 metcil 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, Qumg 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 Foimdrymen’s Society 1995).

EM Confinement In the presently dominant sheet-forming process, thick steel slabs are cast and then 
hot-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 potent!^ 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 dkns 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 systems to either enhance process 
efficiency or improve the product quality. Key process parameters should be identified so that 
interactive logic and high-speed computer systems can be used to control/modify/maintain these 
process parameters to obtain a quality product. Such an intelligent-processing approach is essential for 
the production of so called "cleaner steel” with low residual elements.

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 ^m 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 Available 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 woridng foimdries, 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 fourui 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 mairUy 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 furnace lilting 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 consumptioit. Reduced electrode consumption is 
important from an electrode cost perspective, as well as reduced downtime.

Thermomechanical Processing

Regardless of whether steel is made by EOF, 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 urtdergo 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 on 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 
consximption, 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 minimcil 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 ml ling 
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 HSI r^erence plant defined in 1982 (Etierme 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 Technology Examples Beyond 2010 Requiring Further R&D 

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

D-2.25



Appendix D-2

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. furnaces inject one or a combination of supplemental fuels. Natural gas is injected a t 
rates up to 250 lb. 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 furnace (BOF) or in an electric arc furnace (EAF) and subsequent refining operations. Some of the 
major concerns 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 EAJ 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/torme liquid steel (Scheidig 1995). The potential energy 
savings is roughly 90 kWh/ton of liquid steel. This is based on 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 (Burgmaim and Pelts 1995). If zinc levels are 
enriched to above 25%, the dust may be an acceptable input to zinc refiiung, 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 sustiiinable annual production.

A British study of scrap preheating involving modification of an existing furnace found an energy 
saving of about 25 kWh/liquid torme. 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 fumaces-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 smeltmg 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 furnace, etc.) are under 
development in the U5. 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 envirorunental compliance with minimum cost All produce hot 
metal with compositions comparable to that from a blast furnace.

T)qjical examples of direct smelting processes are:

• 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 
imder construction in Korea, India, and South Africa.

• Cyclone 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 Sviluppo 
Material! (CSM) in Itcdy with a pilot unit of 3-5 t/h (Steel Times 1997).

Top Gas Power Recovery Turbines, Compression/Expansion

EHie to its energy content, blast furnace top gas is used as fuel in vcuious 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 COj production and toxic emissiorrs 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 permeability.

Operation based on aU coke requires about 1000 lb of coke per ton of hot metal (THM). Coal injection 
rates range from about 200 to 400 lb 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 CO2 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 
production for a net reduction in coal use of 0.11 ton. This substitution increases the oxygen requirement 
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 iromnaking 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 envirortmentally xmacceptable 
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
(

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 
developrnent.

Typical examples of direct reduction processes are:

• Qualitytech Steel Corporation, Corpus Christi, Texas, has begun construction of an iron carbide 
facility, expected to be operationeil by July 1998. The facility will annually 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 reductiori 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.

• A rotary hearth process called COMET is being developed by the Belgian steel research 
organization and a demonstration plant is unda construction at Sidmar's plant near Gent 
(Steel Times 1997). The process p^uces high-grade sponge iron from ore fines and coal, 
without pelletizing the charge materials.
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Carbothermic Reduction 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 brou^t 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 eduminum carbide and alriminum suboxide, and alununvon 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 HaU-Herault cells (^ergetics 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 pOE 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 by Ken Natesan, Energy Technology Division and Leslie Nieves, Decision and Information 
Sciences Division, Argorme National Laboratory.)

Iron and steel industry comprises of the ore based integrated steel plants and the scrap b^ed "mini 
mill". Steel production via integrated plants has been decreasing, while that of the Electric Arc 
Furnace (EAF) based mirri mills has been increasing. At present, the production capacity of the mini 
mills is comparable to some of the smaller integrated plants. Miru-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 on scrap) these 
distinctiorrs 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 complimce, 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 
iroiunaking, steelmaking, and thermomechaiucal 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 envirorunental compUance.
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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 critic^ review 
of the U.S. recycling industry infrastructure could also identify ways to eiihance aluminvim recycling 
rates (Energetics 1997). Given the magnitude of energy savings associated with recycled aluminum 
versus virgin aluminum, enhanced recycling may offer d\e 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 combvistion products through heat 
exchanger tubes allowing the preheating of inlet combvistion air and recovery of heat that would 
otherwise be exhausted to the atmosphere. Heat regenerators accomplish heat recovery through a 
paired bumer/exhaust system in which the burners alternate in the firing mode in cycles lasting ^out 
20 seconds. As the combustion products are exhausted through the non-firing bvuner, 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 burner 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 industry (Heffron et al. 1993), but often resvdts in problems such as large dross formation, 
excessive refractory consumption, and less than expected energy savings. Low flame luminosity with 
oxygen assisted burners can also reduce radiative heat transfer. Advanced burner designs incorporate 
more precise gas, air, and oxygen control to produce a high temperature, high luminosity flame. &ergy 
savings from oxygen assisted combustion can be substantial.

D-2.5.2 Technology 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 commercicilization 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 caibon anodes, including increased cell 
productivity, reduction in cell shorting due to imdulations in the molten metal, imd 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 substcmtiaUy r^uce CO^ 
emissions during smelting.
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Improving Hail-Heroult Cell Efficiency

The primary starting material for the production of aluminum is bauxite, containing 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 r^uced 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 die 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.

Modem aluminum smelting cells consist of a steel shell lined with refractory insulation. These are then 
lined with either a rarrmied 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 insulation materials, but ^o 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 brou^t 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 increctse the temperature. Cryolite is added and the anode raised imtil 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 aluihina stirred into the bath.

The current U.S. composite baseline energy intensity for alurrunum smelting is estimated at 15.2 
kWh/kg of alurrunum, 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 dorhestic 
smelters through a variety of techniques including enhanced potline controls, better anode rod 
connections, improved cathode block materials, and increases in anode size resulting in lower current 
density (Newsted et aL 1992, Jeltsch and Franklin 1992)

Additioncd research to design dimensionally stable cells and to optimize materials use for internal 
control of cells, and to use sigrud analysis to analyze cell voltages in potlines are seen as areas which 
can improve smelting performance in the next 10 years (Energetics 1997). The primary barriers to 
adoption of high-efficiency technologies may be economic, however.

Materials Recycling

Remelting aluminum scrap requires orUy 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 potlining) 
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 cuUet, 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 199^, have been proposed, and need to be tested and evaluated.

Producing Oxygen More Efficiently for Oxy-Fuel Firing

A Thermal Swing Adsorption (TSA) oxygen production process has been demonstrated in the laboratory 
with eimchments of iqj to 89% (Mathur). The process is based on synthetic chemicals that can 
reversibly bind oxygen at low temperatures and release it at elevated temperatures. The operation is in 
a temperature range of 70 to 220°F, so low grade waste heat can be used to drive the process, and the 
external energy required for produce oxygen can be reduced.

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 ICXX) 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 conknned in the production of oxygeiv Cor\sidering 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 focxised on 
reducing heat loss through the stack. However, potential for energy savings wovdd be even greater by 
recovering heat from the melted glass and from reducing heat loss through the wall. From increasing 
energy efficiency point of view, research in these two area should be erduinced.

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 cor^umption 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 bem limited by 
capital 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.

D-2.18



Appendix D-2

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;

• Energy efficiency and conservation;
• Recycling;
• Environmental protection, including control of nitrogen oxides, sulfur oxides and particulate; 

solid waste reductions; and waste water reuse;
• Irmovative 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 
efficiency wiU be discussed according to the vision document.

Optimizihg 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 improving the electrode control 
system (Glass Industry Working Group date?).

Improving Furnace Design and Operation to Maximize Combustion 
Efficiency

In recent years, furnace energy efficiency hats significantly increased through adoption of new 
refractory, oxy-fuel process, new burners and other technologies. However, the basic design of 
conventionail 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, bunia arrangement, firing strategy, etc. The m^el 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. La 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 furrrace.

There is a need to develop conunerdally 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 shoiild have 
higher energy efficiency and flexibility, and lower pollution emissions, so that they can be btiilt 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 commercicil 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 burners 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. Descriptiorrs of three different types of burners follow.

Air Products and Chemicals Inc. (Allentown, PA) has developed clean-fire High Radiation (HR) oxy- 
fuel burners {Chemical Engineering 1995), and has demonstrated this technology in a glass 
manufacture's furnace. These burners produce flames that have higher radiation and better bath 
coverage than conventional oxy-fuel brimers. Increased flame radiation is accomplished through a 
proprietary soot generation process. The system's design provides twice the radiation and creates 
poteritial cost savings by reducing fuel and oxygen reqviirements, each by v^) to 10%. The key to the 
burner's performance is a proprietary oxygen-proportiorung system, which uses a diverter valve that 
can introduce oxygen in stages. This enables glass producers to cut NO, enussions 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 ah oxygen lance, typiccilly located between the burner 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 on application of the Flat Jet oxy-fuel burner to three 
different furnaces and glass types (Geiger 1996). The Flat Jet oxy-fuel burner is designed to produce a 
low momentunv 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 himace. The cullet is fed from the top and encounters waste heat—the hot 
combiistion gases rising from below. Preheating cuUet and batch reduces the amount of energy and 
oxygen required in the overall melting process, ^cause 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. Coming, Inc has been granted a license to the technology 
{GRID 1996).

D-2.4.2 Technology Examples Beyond 2010 Requiring Further R&D

In January, 1996, the glass industry issued "A Clear Vision For A Bright Future" to meet the challenges 
by the year 2020. The document presented the goals of the industry and the research priorities that
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D-2.4.1 Technology Examples Available Before 2010

Considerable energy savings may be achieved by the year of 2010 by partially adopting current 
commercially available technolo^es, such as the oxy-fuel process, advanced burner 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- 
attairunent areas, requiring Best Available Control Technology or Best Available Retrofit Control 
Technology. Particulate stack emissions are reduced by mherently lower gas velocities over the melt 
and reduced flue gas volvimes.

Oxy-fuel glass melting has a number of significant operational improvements over conventional 
furnaces. Varying the individual brriner inputs lon^tudin£illy 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. Cor\figurations for placing oxy-fuel burners in a melter can allow more 
precise thermal input and more closely control Ae melting process. Where previously glass quality has 
been affected by marginal melting conditions, oxy-fuel conversions have b^ reported to also improve 
quality.

In the oxy-fuel process, oxygen or oxygen-eruiched 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 COj 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 fimn oxy-fuel conversions are typically 10-15% 
for well designed soda-lime regenerative furnaces, and at least 30-40% for direct fired or regenerative 
boro-silicate or lead glasses (Ross 1996).

The reasons for converting to oxy-fuel cire different for each segment of the glass industry. The cost of 
purchasing oxygen for fimnace 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 
importot 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 requires 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 amovmts of heavy oils without the detrimental effects outlined above then more resid could be 
handled in the highly efficient FCC with and subsequatf decreased utilization of the less efficient 
hydrotreaters.
The largest energy demand in the alkylation units are in the refrigeration units used to keep the HF 
temperature dowir. 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 
dowiL

Refining 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 
refitting practice will likely be necessary. As indicated in the previous section, metals, sulfur, and 
rtitrogen, 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 rtitrogen as early as possible in 
refuting process. An incentive also exists to reduce the amoimts of energy usri 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, and rtitrogen 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% rtitrogen and greater than 90% of met^ with the coke that is sent to 
the regenerator and burned to provide 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 Surrset 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 fiiral products. The «gments include container, flat glass, wool and textile fiber, specialty, 
lighting, and hand glass. The major common energy intensive stage of the glass industry is the glass 
furnace. There are nearly 500 furnaces in over 200 plants in the glass industry (ignoring the smaller 
hand glass segment). While there are other stages of product firmhing which also require significant 
amounts of energy, the examples below focus on the glass furnace as the primary area of concern for 
energy efficiency. Other process and product specific areas of energy efficiency are also possible.
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electricity and steam at desired pressiire levels and to a 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 syst^ recovers the sulfur from the fuel gas in the elemental state and thus reduces SO2 
emissions dramatically. The cleanup system can also be sized to clean 15? 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 Hj. 
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 governed 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 on a 
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 cire: (1)
hydroprocessing; (2) catalytic cracking; and (3) alkylation.

In hydroprocessing, much energy is utilized in heating cp 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 dramatically. 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 nr^tr in the 
future will impact the savings achievable because of their impact on FCC as well as overall refining 
operations. Expected increases in coke generation provides opportunities to generate more heat and/or 
as discussed in a following section. Higher coke lay down on the FCC catalyst will turn 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, captiore 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 piarsued 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 vmdoirbtedly 
substantial additional opportunities to achieve eidranced 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 trarisfer 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.

Coke/Residue Gasification for Cogeneration/Hj Production

The gasification technology that exists today provides refiners with a unique opportimity, 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 caii be used for producing 
electricity, process steam and H2. The integration of a coke/residue gasifier with a cogeneration plant 
and Hi 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 
carbonaceoxis residue^. The gasifier converts the various residues into a clean syngas composed of Hj 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 climates it will likely be difficult to 
justify this additional capital cost.

Distillation

Approximately one-fourth of the energy used in refirung is in the distillation process (DOE 1990). 
Accordingly, a number of studies have been undertaken to identify opporturuties 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 burners, 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 puirq» (as discussed earlier). Other recommended actions to improve distillation 
energy efficiency indude (1) Selective introduction of vapor recompression into the overhead reflux 
condenser subsystem, e.g., in the deproparuzer column (Flores, 1984) ; (2) improving heat recovery and 
integration between the crude and vacuirm distillation uruts (estimates of reduction of distillation 
energy usage range from 10-20%) (Levine et al, 1995); and (3) substitution of reboUers heated by the 
mam column bottom for the stripping steam in the stripping colurrms (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 on 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 orUy 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 prc^uct 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 problem (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 sigi\ificant fouling 
mitigation in the near term (3-7 years) is extending laboratory experimental data to field operating 
Conditior\s and incorporating various mitigation technologies in retrofitting the existing heat exchange 
equipment and/or pursuing more rigorous raainterrance 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 cor^unction with 
chemical additives. In the long-term, research on developing mitigation measures which can be 
ernployed 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 pursviit 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 cleaixing 
(which is generally very expensive), installation of fouling prevention devices, etc. It is clear that 
these costs could e^ily exce^ energy saving values.

Mid-Term Improvement Opportunities

Major opporturuties to reduce energy usage in the nud-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 periodiccilly imdertaken to meet market/environmentcil dictates. Examples of 
process/equipment modification opportunities are as follows.

Fired (Process) Heaters

As indicated previously, over 60% of the energy used in refineries is obtained from buming gaseous fuels in 
refinery heaters. Several approaches that seek to alter furnace designs and control md 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 burners, 
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 burners are generadly more expensive than conventional burners, 
however.) Another approach is to improve heat transfer tlurough improved luminosity. Efficiency gains 
in the 5 to 10% range are possible. A variety of luminosity erdiandng techruques have been tried with 
varying degrees of success. Also, the use of oscillating (pulsed) coirdjustion, in which the fuel flow is oscil­
lated while the ciir flow remaiirs 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 refiners is used for generation of 
steam. One route for improving boiler efficiency is throu^ improved sensors and controls. For example, 
balancing the burners in a multi-burner boiler and reducing excess air can cut fuel use by 10 to 25%. In
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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 provide dividends. Stripping steam is often sent 
through a restriction orifice at a constant rate initially set to be proportion^ to some maximum feed 
rate. Controlled reduction of stripping steam can have several benefits besides the obviovis direct 
energy cons\imption. 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. Fxirthermore, less steam 
means less sour water from the tower overhead and consequently less energy requirement in the sour 
water stripper.

The opportunities for reduction of steam usage dted 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 
refirung process. The fuel gas is derived from the various conversion processes in the refinery. The heat 
content of the gases'combustion products can, imder 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 combustiorv 
generating excess steam, and flaring (burning) the gas into the atmosphere. The excess g^ (energy) 
problem, if it exists in a refinery, is generally exacerbated in the summer when the light en^ 
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 c«in 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 rettgeration systems to recover the heavier 
hydrocarbon products from the fuel streams, as described previously.

Equipment Maintenance
Aggressive maintenance programs to keep equipment operating in optimal condition can reduce energy 
consumption substantially. A major opporhmity exists with regard to controlling heat exchanger 
fouling.

Heat Exchanger Fouling Minimization. Heat exchangers, including furnaces, are the workhorses in 
refineries. A typical modem day refinery is equipped with hxmdreds of heat exchangers in variable 
sizes. The overall energy efficiency of refineries is heavily dependent on 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 burning 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 enagy 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 generi 
have not and do not receive the same level of attention as the critical refining process siabsystems 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. Reducing tower overhead temperatures by reducing pressure (through more 
cooling) also reduces tower bottom temperatures. This in turn opens v^) the temperature difference 
between the reboiled fluid and the energy source for the distillation 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., deetharuzer, deproparuzer and debutanizers) 
reduce the reboiler duty for a corrstant separation. Similarly, lower temperature operation of absorbers 
reduces the amoxmt 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 maxiinize 
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 
systerrls associated with these processes. Proper cooling of the absorber-deetharuzers 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 demorrstrates this phenomenon.

Lower cooling water temperatures can be achieved by revamping cooling towers using modem fill, 
material to get a closer approach to the wet bulb temperature. Additional/erd\anced 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 opportvmity 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 aiiunonia 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 mciin column 
overhead wet gas stream, and the unsat gas plant sponge absorber light cycle oil streams. The enhanced 
cooling not ordy provides direct energy savings but also indirect savifigs from erd\anced 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 u^ at several different pressirres 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 prKsures to the desired intermediate 
levels and in so doing produce electrical power supporting..pxirchased power. The steam used in 
condensing turbines that drives pumps, blowers, etc. can be replaced by the new generation of more

D-2.8



Appendix 0*2

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 resvilt 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, SOj and NOx emissions 
are expected to be reduced by 35 and 45%, respectively, due primarily to reduced residual oU firing; 
also, particulate matter emissions will be halved. However, COj emissions from the refining site are 
expected to rise sirbstantially - 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 reductior\s 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 
dted in the following sections. The implementation of refining process/configurations modifications to 
reduce energy areas will require that the industry provide strong envirorunental 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 substanticil improvements in energy utilization efficiency. They are broken 
down into three categories, namely: (1) near-term, straightforward improvement opportunities; (2) 
process/eqmpment 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 number 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 economk; 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 coiild 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. 
Measure usage of energy for key equipment/systems can be compared with allocated energy values
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D-2.3 TECHNOLOGY 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 refiiung industry to change 
i'amatically; 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 envirorunental regvilations. The 
quality of the crude slate processed has declined. The deteriorating crude quality eind the market 
pressures to produce more "white products" per barrel processed motivate4 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 (EIA, 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 dted above. The 1997 EIA outlook, taking into accovint 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 greei^oiise gas, COj), the energy efficiency of 
key (highest energy consuming) refirung 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) reducing 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 mvist be shown to be economically viable and be demonstrated to have 
acceptable risk (in accordance with the industry's standards). A nvunber 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 ciforementioned studies dte 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 indirstiy today 
were not addressed. It is dear 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 
resxilt in a decrease in energy efficiency or an increase in CO2 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 ccmsumption can be attained if better 
column controls are applied.

Industry does not have a consistent basis on which to compare the various options for distillation 
control Since distillation controls are not fully xmderstood, they may be applied where not needed or 
not applied where needed. Current research is involved in performing det^ed simulations of a range 
of dis^ation 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 techiuques 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

NyIon-6 is currently produced from caprolactam. The chemical synthesis of caprolactam from cumene is 
a complex, mvilti-step process that is energy inter\sive and generates considerable waste. Nylon-6 could 
also be produced from caprolactone. However, the current market price for caprolactone makes this 
route imeconomicaL

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 h<is 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 polyxirethanes) that can be converted into valuable- 
chemical feedstocks. However, processes that can orUy 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 thermochenucal 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 chenucals of use to the chemici industry.

Because the process can address a wide variety of recycled matericds, 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 aimuaUy. (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 or 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 cherrucal engineering processes, and they typically require heat, high pressure, or 
both. Because of these requirements, the industry in 1994 u^ 5.3 quads of energy (second only to 
Petroleum Refirung) 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" techruque 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 process is used to provide 
needed heat to another). In the classic caise 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 lairger system would save more energy but wcHjld have an 
excessively long payback period; a smaller system might pay back sooner but wovdd save less than the 
optimal amount of energy.

Pinch optimization was originally applied to any new or existing system where there was available 
waste heat at a higher temperature *an required. Today's applications are much broader, extending 
to water, emissions, and site integration, with benefits including capital and energy cost reductions, 
emissions reduction arid 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 thvimb"; 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 commoa 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 to 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 future 
process needs.

The technology is coming on the scene at an opportvme 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 wovild represent 
approximately 8 gigawatts of mstalled 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 pxilp have been removed with a chlorine bleaching 
process. However, the envirorunental impacts of chlorine has led to significant effort to find 
alternative methods to produce a desirable soft white fiber. Among these have been ozcme 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 polyoxometaiate 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 pvilp 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 
tfiese sulfur containing compounds may be quite small and environmentally berugn. 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 
smtable 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.
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thicker film of condensate is left in the drum. The multiport cylinder drying concept utilizes a different 
method to remove the condensate from the drier. This has been shown to reduce the condensate film 
thickness mside the drier to 25-30% of conventional technology which improves heat transfer and 
increases drying.

On-Machine Sensors for Paper Properties

While many people thmk of paper in terms of three grades, brown, white, and tissue, papermaking 
involves literally hundreds of grades. Each grade is designed 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 on spot 
samples individually tested in a paper testing laboratory to determine whether the operation was on 
grade at the time ^e sample was tested. Significant off-grade material can be produced between 
samples.

The development of new sensors to provide real-time feedback on whether the process and product are 
within specification can save the energy of reprocessing off-grade material and allow the use of greater 
amounts of recycled fiber. 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 proportior^s of recycled fiber utilized. In particular, the 
stiffness properties of the paper sheet can be measirred 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+ bUlion 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 F*roducts Industry of the Future was developed by the industry in 
collaboration with the Department of Energy's Office of Industrial Technologies, and is Ccdled "Agenda' 
2020 - A Technology Vision and Research Agenda for America’s Forest, Wood, and Paper Industry". 
Two of the major concerns of this document are Envirorunental 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 one which generates a high 
fraction of its own energy. Traditionally, about 40% of the energy used in a mill is generated from 
bunting the lignin solids. Lignin is that portion of the wood which holds the fibers together and makes 
them stiff. The pulping process separates the ligrtin from the pulp fiber. The hgitin is a dilute solution 
which is evaporated and burned 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 electricity 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 ^virorunentally friendly change the balance of energy forms that a mill uses. Mills
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EXAMPLES OF ENERGY SAVING TECHNOLOGIES
FOR THE FUTURE

D-2.1 TECHNOLOGY EXAMPLES FOR PULP AND PAPER
The Forest Products Industry, as the association is now knowrv consists of wood products manufacturing 
and paper manufacturing, and in 1994 consumed more than 3 quads of energy (14.6% of all manufacturing 
energy coraumption). Paper manufacturing was also one of the most energy intensive indxistries in the 
Uruted States in 1994, using more than 18,500 Btu per dollar value of shipments. The manufacturing of 
paper reqviires 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 wo^, 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 on 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% pxilp 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 lb. per Ib. of paper to about b lb. 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 orUy 60 drying units by 2020.

Multiport Cylinder Drying

The evaporative drying in a paper mill is accomplished by winding the continuous sheet of paper 
serpentine over a series of rollers. The rollers are pressurized vyith steam inside which condenses on the 
inside of the roller. The accumulating condensate must then be removed from the drum or it builds 
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 iqj'the condensate from the roller and 
convey it out of the'drum. 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 consvunption (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 model 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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DETAILS OF THE NEMS AND LIEF MODELS
This appendix describes the prcxredure used to create the LIEF and NEMS model scenarios presented in 
the industrial chapter. The UEF model runs on a PC platform and is available, with the input files for 
each scenario, upon request The NEMS industrial model run 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 AE097, 
compiled for a SUN workstation instead of a IBM 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 standalone mode and compared to the LIEF model 
scenarios.

Calibration of the UEF Model to the AE097 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 
UEF 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 run. 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 nms in five year time steps the change 
was made effective in the time step 2000-2005. The growth rates of energy intensity between this am 
and the calibrated UEF 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-Effidency/Low-Carbon case the penetration rate in the UEF model, which was set at 3% 
for purposes of calibration to AEO was changed to 6% for each industry sector. Since the UEF model 
runs in five year time steps the change was made effective in the time step 1995-2000. This timing 
differs slightly from the effidency 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 run and the calibrated UEF BAU were 
calculated for *e 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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RESIDUAL BIOMASS MAKEUP AND GENERATION RATES
Residue generation is specific to the feedstock composition and manufacturing process. For kraft 
pulp die feedstock mix for the United States was 73% softwood, 27 % hardwood (USDA, 1990). 
The ^sumed 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/toime of kraft pvdp respectively. Pole timber, in contrast has a lesser diameter criterion 
and resiilts 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 cm diameter), and have a much higher ratios of 225/3.63 t/t, softwood/hardwood to 
pulp product. Stand conversion activities are region specific (Larson, 1991).

Additiorwl biomass collection from forest management operations in the form of pre-commercial 
thiimings, harvest residues, and residue acquisition from sawmill and other operatior^s 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 Bern, 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 Carolina

1000

In the example of the New Bern mill, although more complex, the effective first generation 
plant based on a Frame 6B gas turbine and current gasification systems compared well with a 
stand alone plant at 1750 $/kW total plant investment and an overall efficiency of 30%.
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The current cost of IGCC is approximately 50% oyer the Ntl' plant cost. A proposal is for the 
industry to form a "buyers' club" diat orders 5 or 6 units with government capital cost buy down 
to create die Nth unit rapidly without any one customer being penalized by either cost or 
operational difficulties as the learning curve is followed. A sum of 300 M$ 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.

REFERENCES
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ADVANCED ALUMINUM PRODUCTION CELL
All primary aluminum is produced by the Hall-Heroult process, which has evolved and 
improved continuously since it was first commercialized in the early 1890s. In this process, 
aluminum oxide (alumina, or AljOj) 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 chcirged carbon (c) anode. The oxygen reacts with the carbon anode to form COj, as 
shown below (Haupin 1995);

2AI1O3 (liquid) + 3C(„iid) = 4Al(iiquid) + 3CO2 (g„)

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 ceU 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 proportioned 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):

• inert anodes to replace consumable carbon anodes, and
• • sloped wettable cathode surfaces to replace the molten aluminum cathode, eliminating

vmdulating cathode surfaces and allowing reduction of the inter-electrode distance.

Since the early 1980s, the aluminum industry has done substantial R&D on inert anodes and 
wettable solid cathodes. The Department of Energy has co-sponsored R&D on an advanced cell 
incorporating an inert anode, a wettable cathode and other important modifications to the 
Hall-Heroult process. Recently, the industry has demorrstrated the technical feasibility of a 
wettable soUd titanium diboride-graphite (TiBj-G) cathode in a prebaked cell. Preliminary 
results of short term tests of TiBj-G elements inserted in production cell cathodes indicate 
significant reductions in energy cemsumption because the inter-electrode distance and thus the 
voltage was decreased substantially (Dillich 1997). Improved wettable cathodes depend iqxn 
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 COj (as is carbon) during the electrolytic decomposition of AI2O3. Pilot 
scale tests are currently being conducted using a novel cermet material as the anode and T1B2-G 
as the cathode. Progress on inert anodes depends iqxn 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 CO2 emissions associated 
with generation of this electricity), the use of inert anodes will eliminate the process CO2 
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 
perfluprocarboris CF4 and CjF^. Wettable cathodes alone will significantly reduce anode effects 
and this is reflected in the carbon reductions under Ihe efficiency scenario. Although 
perfluorocarbon emissions are small by weight, they have a much higher global warming
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potential (GVVP) and thus account for about one third of the carbon emissions from the current 
cell tedmology (Margolis 1997). At a typical proportion of 90% CF^ and 10% CjFs , these 
emissions have an equivalent weighted average GVVP of 6770, compared to 1 for COj (GWP is 
6,500 for CF^ and 9,200 for C2F4) (Gibbs and Jacobs 1996; IPCC 1994).
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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 vehicle from 
moving;

• aerodynamic drag, the force of air fiction on the body surfaces of the vehicle;
• rolling resistoce, the resistive forces between the tires and the road; and
• 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 conditioner,
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 relatively inefficient process. Energy is 
lost becaiise 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 combrjstion 
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 on 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 miiumize frontal area by shaving off urtused 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 imderside; reduce or eliminate obstructions 
to air flow by removing radio antermae 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 urUikely for the time period of this study.
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The effect of the vehicle's shape and smoothness cn drag is characterized by the vehicle drag 
Coefficient Cq, a nondimensioni measure of how'the vehicle compares aerodynamically to a flat 
siirface of the same frontal area directly facing the airflow. In today's automobiles, a 10% Cp 
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 to increased
fuel economy will depend on the relative values of the three tractive forces and accessory loss. 
As vehicles evolve and the balance offerees change, reducing may yield a higher or lower 
fuel economy benefit. Also, the ratio is dependent on the driving cycle; in this case, the cycle 

- referred to is the Federal Test Procedure. At a lower speed cycle, for example, reducing Q 
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 borne by the tire; depending on 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 con^xnmds 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 this is an approximate 
value that will change as vehicle design changes.

3. Reducing Tractive Forces: Inertial 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 redesigiring 
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).

E-2.2



Appendix E-2

5. Turning Fuel Energy into Motive Power—Improving Engine Efficiency

The process of luming fuel's chemical energy into shaft power is inefficient. To begin with, spark 
igrution (SI) engines, 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.■* Aiul for several 
recisons, SI engines caimot 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, me^anical 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 ipm 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. Fovirth, 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 dty driving and 
steady state cruise on the highway). The hi^ power that these engines are capable of is vised orUy 
during strong accelerations, at very high speeds or when climbing steep grades. Ai^ dvuing stop-and-go 
driving conditions typical of dty driving, a substantial amount of time is spent at idle, where effidency 
is zero. Typical modem spark ignition engines have an efficiency of about 18 to 20% an the dty part of 
the Enviroiunental Protection Agency driving cyde, and about 26 to 28% on the highway part of the 
cycle.

The complex nature of engine effidency losses implies that engine designers have a wide variety of 
pathways to explore in the search for higher efficiency. These range from measvires that would 
improve thermodynamic effidency (measures that will improve spark timing, allow increased 
compression ratios, and promote faster combusticm — for ex2unple, advanced electronic controls and 
better cylinder design) to measures that attack mechanical friction (lighter valve-trains, advanced 
coatings on pistons, improved lubricants) and aerodynamic losses (increased number of valves per 
cylinder, deactivating cylinders at light loads, variable timing for valve operung).

6. Turning Fuel Energy into Motive Power—Improving Automatic Transmissions

Automatic transmissions match the speed and power required 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 effidency. Energy is lost within the transmission itself, through hydraulic 
losses in the torque converter, and in the engine because die transmission may not have the capability to 
keep the engine at its maximum efficient point - either because it has a firute number of gears, or 
because it lacks the sensing technology or sensitive controls that wovild 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 dowiishifts or smoother 
engine operation.
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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 trar\smission shift points and sense when shifts shoxold occrrr.

7. Another Potential Source of Energy Savings—Sacrificing Vehicle Capabilities

Fuel consumption may also be reduced by sacrificing consurner amenities-redudng the size of the 
passenger compartment (and, consequently, the size and weight of the vehicle), using a less powerful 
CTigine 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 lodes and windows, and so forth. Most modem 
attempts to reduce fuel consmnption do not contemplate sacrificing these amenities, but some types of 
vehide redesigns may achieve higher effidency 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 
\ised for other consumer amenities such as acceleration performance, and tradeoffs between fuel

. economy and other, competing ameiuties are a constant feature of vehicle design - with fuel 
economy often the loser in today's marketplace. Examples include;

• 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 effidency can be used to increase power a t 
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-v<ilve engines has involved higher power, rx) change in displacement, 
and little fuel economy increase.

As noted earlier, the balance of energy losses will vary from vehide 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 
vehide in question gets 27.7 mpg on the EPA test cyde (22.7 mpg dty; 38.0 mpg, highway);

• Engine efficiency: the fraction 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 improvement. Raising engine 
^dency from 24 to 25% would reduce fuel consumption by 4%.

• Of the energy that is converted by the engine to actual shaft horsepower;

^ braking and idling loss: 16% (dty), 2% (highway), 11% (composite) is lost because it 
cannot be used when the vehide 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 
ineffidencies. 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 piomp), and some hurt (may need a heat pump to generate cabin 
heat);

=> energy for motive po^ver: 63% (city), 84% (highway), 71% (composite) is actually used to 
overcome the tractive forces on the vehicle.

The three tractive forces play different roles at different speeds:

=> rolling resistance accoxmts for 28% of total tractive forces in the city, and 35% cn 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

.=> inerfiafwez^ftrj/orce 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 accelfrate, and 
the gears can be adjusted 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 bum 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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DOCUMENTATION OF TECHNOLOGY BENEFITS USED IN 
EFFICIENCY AND HIGH-EFFICIENCY CASES

THE

The EIA NEMS model has a very comprehensive list of automotive technology improvements 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 to a Cj of 0.22
• Direct Injection Diesel Engines
• Direct Injection Stratified Charge piSC) 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 coimnerdalized 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 Cq 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 
Cd and do not appear to have tradeoffs su^ 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 Cd of 0.20, but it includes wheel covers and an imdeibody cover. These covers could affect maintenance 
and heat rejection, but deleting them would raise the Cq to about 0.22 according to Toyota (1994). The 
Cd value of 0.22 was also cited by a few manufacturers as potentially achievable with improved 
dimensional control and better body part fit and firush. Hence, both the efficiency and high-efficiency 
cases were derived with a Cd of 0.22 as the limit, which provides an additional 2.3% gain in fuel, 
efficiency at constant performance. Costs were based on an EEA derived algorithm for drag reduction 
that increases marginal costs per Cq increment, and was estimated at $256 per cars relative to the 
baseline 1990 car with a Cd of 0.36.

Direct Injection Diesel Engines

Direct Injection pi) 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 cn 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 cn actual test data from Eviropean DI 
diesels rujt yet sold in the U.S. market p.K. DOT, 1995). Although DI diesels are being sold today, 
they are currendy eligible for a waiver from the gasoline engine NO, emission standard; it is not yet 
clear whether su^ a waiver will exist in the fuhire 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 indude (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 U.S. introduction in the next few years. The DISC engine is similar to a lean-bum engine 
conceptucilly, 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 (WT) and Toyota's opinion was that a similar design engine would show a benefit of about 20% 
on the U.S. cycle. Of course, WT itself can provide a 8% benefit in fuel economy on 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 engineering analysis of pmnping losses. Hence, the DISC technology can 
potentially provide a 16% benefit in fuel economy without WT. 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. The lean-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) fuels. The 
assumption in this scenario is that fuel sulfur levels in the U.S. are reduced and more sidfur 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 calcvilations 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 MTC (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 gasoUne engine powered vehicle, 
or a 33% benefit over a vehicle without WT (which accounts for an 8% fuel economy benefit).

The same simulation model revealed that the DI diesel engine powered hybrid would obtciin only a 
107o benefit over a conventional vehicle powered by a DI diesel, i.e. a 54% benefit over a conventional 
vehicle powered by a conventiorud 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, 
scane 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:

Generator (Continuoiis) 
Battery In/Out 
Motor-Urban 
Motor - Highway 
Regenerative Braking

OTA
Efficiency Case (%) 
91 
80 
82 
90 
80

High -Efficiency Case (%) 
94 
86 
85 
93 
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 
compoi^ts 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 conventiorval vehicle. Costs were unchanged for 
this scenarios from the efficiency scenario.

Fuel Cells
As with other technologies, the aneilysis 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 
40%. 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 attairied by cin 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 assxrmed that the loss covild 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, 1997).

The efficiency case utilized average efficiency values for motors and power storage media consistent, 
with those used for the hybrid vehicle, and the high-effidency case derived for the fuel call utilized 
similar assumptions on effidency 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 vehide, so that the net effidency gain was estimated at 8.2% relative 
to the effidency 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 high-effidency case.

No cost data was utilized for the fuel cell vehide due the extreme xmcertainty in costs. However, a 
strong research effort was estimated to reduce the lead time to commercialization from 15 years to 10 
years, so that its introduction into the market could occur in 2007.
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4-valve engine benefits of 5 percent).
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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 nm, 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 
foimd 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-Effidency/Low-C^bon Case (maximum demand-side efficiency)
• Alternative Technology Case (using advanced production technologies defined by DOE's Office 

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 uruts. The first 25 units are characterized 
in terms of capacity, forced and plaimed 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 urut 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 maximiim 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 seasoris. 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 agamst 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 on a probabilistic basis. Thus, the higher-cost plants 
will see demands not only from customers, but "equivalent demands" based on 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, capitalization 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 unseryed energy or a price 
elasticity, ii 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 experrsive unit ^en ordine 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 on carborv or an annual capacity payment in $/kW-year. These various unserved 
energy, price elasticity, uplift charge, and capacity-payment options allow one 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 ensvire 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 vised 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 vised by 
the fixed-charges rate routine to compute the annual unavoidable fixed cost), heat rate and fuel type 
(which determine the vmit'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 cire 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 mformation also shows system reliability as measured by reserve 
margin and the loss of load probability and amoimts of unserved energy in the two seasoivs. The amount 
of unserved energy, in combination with the assumed onpeak price elasticity, determines the cost of 
unserved energy (N46). The model Ccdculates 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 emissiorvs for this analysis year (N41). Since 
ORCED is modeling 2% of the national toted, 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 fartor, and time on the margin for 
the year of analysis. These operating resvdts are then used to determine revenues, Vciriable costs, fixed 
costs, and net revenues.

The lower left portion of this Output 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. -

F-1.2
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Appendix F-2

1 2010 AEO
Paak Oltpaak 101 UnprollaM plaiis %af Total Cap fact Avoidabi* 1

3 Annual aaaann 8 Capadty Ganaratlor % c/kWh c/kWh
_4_ Rwarv* Margin 10.7% 10.7% 11.2% Again«a8eoala 18 w/unaarv Hytto 9.8% 7.8% 43.8% 0.38 0.10

LOLP, % o( pariod 0.13 0.34 0.07 Avaraga Prloa. cAtWh zso 2.50 Nudaar 11.1% 15.5% 70.6% 202 0.73

« LOLP, day/10 Yair 4.80 12.40 2.41 Avg. Vartabla Coat 1.43 1.43 Coal 36.9% 80.8% 78.0% 1.78 1.57
7 Load taetof 02.8% 60.7% 68.9% Avg. VatWAvoM 08A4 1.90 1.90 OH 3,1% 0.1% 1.0% 11.59 4.44

i Paaa Oamand. MW 14,885 14,888 12.882 Tout Coat za^ ^81 Qaa^ST 9.5% 1.8% 10.7% 3.74 2.74
0 Enargy, GWh 80,703 22,423 38J70 Max loaa, $/avai KW (9.71) GaaCC 13.3% 172% 73.6% 221 1.8?

21 Oanaration, GWh 80,700 22.410 88.371 Slwt-up Coat. 3MW 40 Gaa^:T 14.8% 5.4% 20.7% 293 Z26

11 Uraarvad Enaigy. G1 8 3 2 • plana PnbaOitlattc 10 Omar 1.5% 1.6% 80.0% 251 1.27

11 Round arr not In UE (2) 1 (2)
12 Ran Output Capae Tima on Ravanua Var. '.Start AvoldaPla Unavoidabla TolMNai

111
AvoktaPM Caroon releai

14 Nama Caoadlv MWyr Factor Maroin.% MS Con MS xd C*t MS FxdCslMS Ray MS MS SAtW oat. */KWn Million Tons
1£ Nudaarl 1.000 708.00 79.6% ax 168 51 90 26 0 X.91 33.80 2.02 0.00
16, Nudaar2 800 838.80 79.6% o.x 134 41 72 144 (122) 21.53 33.80 2.02 O.X
17 Coall 960 748.60 76.6% 0.x 156 84 11 25 X X.07 84^5 1.46 1.82

ii CoaC 880 718.96 84.7% 0.x 152 96 10 13 34 , 46.x 64.42 1.67 1.57
1» CoaQ 850 719.96 84.7% . o.x 152 96 10 8 37 45.53 63.25 1.69 1.59

» Coal4 600 490.60 83.1% o.x 105 68 7 18 12 X.M 60.12 1.72 1.11

2L CoalS 800 496.98 82.7% 0.40 105 68 7 0 X X.M 58.08 1.75 1.12

2. Coa««7 850 648.28 76.3% 3.70 138 96 13 18 12 X.02 44.59 1.91 1.48

» CoalS 480 330.40 73.4% zee 71 57 7 3 4 7.x 20.73 ?21 0.79

Ji Coa»4.i0 450 186.72 41.5% ;2.44 46 34 7 3 1 4.x 11.53 2.54 . 0.47
28 Coal-Adv. 400 334.40 83.6% o.x 71 45 13 111 (X) 12.31 36.82 1.98 0.72
M. an 800 4.79 1.0% 0.U 3 2 3 2 (4) (2.07) (4.97) 11.59 - 0.01

iL GaaSTi 600 137.54 22.9% 16.52 36 31 6 4 (3) O.X 1.59 3.06 0.17
28 GaaST2 300 25.92 5.2% aoi 10 8 5 2 (5) (2.68) (6.42) 5.43 0.03
28 GaaST3 460 2.08 0.5% o.x 2 1 4 0 (3) (3.49) (9.29) 28.31 0.00
30 GaxCCl 300 98.17 32.1% ai7 25 21 3 14 (13) O.X 4.05 2.83 0.12
31 GaaCC2-Naw 420 290.81 99.2% 8.x 64 52 12 ; 20 (20) (0.06) (0.17) Z53 0.29

». aasCC3.naw 420 321.04 76.4% 7.48 70 57 12 23 (22) 0.x ^53 Z45 0.31

». GaaCC4-Adv 420 361.45 86.1% O.X 77 53 11 32 (») 12.28 33.61 2.03 0.29
GaiCCS-Adv 800 521.31 86.9% 0.27 110 71 16 65 (42) X.04 44.13 1.90 0.38

» GaaCTl+2 450 0.80 0.2% 0.21 1 0 3 4 (8) (2.06) (5.41) 40.68 O.X
38 GaaCT3.naw 650 17.37 Z7% 276 6 6 8 24 (X) (5.X) (9.71) 8.86 O.X
iL QiaaCT4Hia«r . 650 81.59 12.6% 1127 25 20 8 33 (M) (2.53) (4.22) 3.91 0.11
JS. GaaCTSVVay. 650 385.02 60.9% 18.M 91 72 11 56 (49) 8.44 14.06 Z3B 0.38
38 250 150.00 60.0% O.X 32 17 16 88 (X) (1.35) (8.97) Z51 O.X
40 Hydro 1.600 700.00 43.8% 166 6 16 0 144 143.x 89.91 0.36 O.X

Totalt

Un«*fv«d Energy 
Toiatt w/ UnMnvd

18,2X 9,223 57% 2.X1 1,152 X2 739 (X2) 487 12.62
AvoidabI* Total

a54 2 2 w/oUE 1,534 Z273 Avg. CarPon itg/MWhr 156
9,X3 2.022 1,154 w/UE 1.536 i274 Tima wtd marginal cost Z40

Softby N«in«
JL
48 Nama

Avoidaot*

'4m n*v8(W Caoacltv
Raaarva

Maroln
SO Hydro K.91 1.5X 11%

.SL Coall B4.as 950 17%
JL CoaQ M.4a XO 23%

CoaO x.as 550 29%
54 CoaM x.ia ex 33%
JL CoalS x.x 6X- 37%
JL Coal8+7 44J9 850 43%
JL GaaCC5.Ady 44.13 ax 47%
JL Coal-Adv. x.sa 4X 50%
58 Nudsan X60 1.0X 57%
60 Nudsara X60 sx 82%
61 QaaCC4.Adv X.81 . 4X 68%

Coa« X.73 450 68%
<3 OaaCT5.Ad». 14.x 550 72%
64 CoaO.10 11.53 450 75%
68 GasCCI 4.x 3X 77%
J6 GaaCC3.nsw a.x 420 80%
67 QaaSTI 1.x ax 84%
JL GaaCC2-Naw (ai7) 4X 87%
JS. 6aaCT4via« (4.23) 850 92%
J1 on (4.97) SX 96%
71 QaaCTl-rO ■ (i41) 450 98%

aZl Gassra (5.43) SX 102%
Ranawapls (8.97) ax 103%

74 GaaST3 (9J0) 4X 108%
7S GaaCTa-niw (9.71) ax 111%

Tim* wtd Uhmtv E Priet I6.d4
UriMfV E. C08t/kWh 38.42

Prto* iner**** to pay avotdad lo*a*s 0.02

Marginal Powar Coata and Prieaa
10.00

0.00

aoo
—~ — Paak Ssaion Priea

----------- Ol-Ssaaon Pnca

-

0.00

L,

T =

0 10 30 M 40 SO SO 70 SO 80 100 !
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RallQ,ol OIPpaak lo paak M.7%
Paak kacUon of yaar 23«
Load Padof. % 6S 7%
Paak Saaaon Load Factor 73.0%
on Paak Saaaon Load Factor 71 
Carbon Tax. SAiatilc tone OM
Capacity Paymant.lMW 0
UpW Charga. (AWh 0
Umaivad Enargy. fAWti 0
Non-ganard. Plica, (/kWh 3.13
Plica Elatllclly(nol uaad H 0) 0.06
Oalaun Unaaivad E caic (akiraya riow

Capacity 
Ad|uat Factor

Kama_________ Caoaenv (Ololl

FualTypa
Gaa

Coal
OI

Hydro 
Oltiar 

Vaarol Study 
Yaar oil 
Slait-upCoat.|4ylW 
MlnCapaclyw/piobab 
Min Outaga Rata «r/ probab 
Max f Planta wtti prob.

For cad Plannad
niitAQa

Rale Rata

IMM8TU kg C/MBTU 
2.60 
1.34 
3.00 
0.70 
0.00 
OiM 

2010 
1006

CAPITALIZA1 lOU ExWIng 4PP ExkUng IPP Naw IPP Ranaw 
12 3 4

Paak Saaaon LDC
Saaaon Paak Shouldar 2 Shouldart Min (100%)

Cball
Caai2
Coal3
Coal4

Coai0*7

Ji

Ji
Ji
JL
Ji

_41
Ji

JL
JL
Ji
40

CoalOtIO
Coat-Adv.
OOl
aaaSTI
aaaST2
OaaST3
aaaCCI
aaaCC2-Na«
QaaCCS-naa
QaaCC4-Adv
QaaCC6-Adv
QaaCTla2
QaaCTOnaw
QaaCTOMW
aaaCTO-Adv
Ranawabla
LImItad Enarg
Hydro
olal CapacOy 
yaar
GDPdalaloi
1067=100

IjOOO
000
000
060
060
000
000
060
460
460
60

600
600
600
460
300
200
200
000

1,000
460
360
360
360

60
1600

1,600
16.700

1000
1.127
0.040

loot
1.171

0.2%
0.2«
7.0%
0d%
0d%
0.0%
0.6%
0A%
0.6%
0.4%
4.1%

11.0%
0.7%
0.7%
0.7%
0.0%
6.6%
6.6%
60%
60%

100%
3.6%
3.0%
3.0%

26.0%
PeakCF

66.0%

teo2
1003

120% 
120% 
140% 
60% 
60% 

10.3% 
100% 
12.3% 
12.3% 
10.0% 
120% 
60% 
0.0% 
0.0% 
00% 

13.0% 
70% 
70% 
70% 
70% 
0.4% 
4.0% 
4.0% 
3.0% 

16.0% 
Non-paak CF 

40.0%

1003
1036

1447 Term (Yaara) 30 30 20 20 % ol Season 0 6 06 100
26.72 TaxUla 20 20 12 ft. Templale ralk 100% 04% 63% 42%
21.40 Inc. Tax Rala U% 30% 30% Ralb lo Paak 100% 64% 63% 42%

0 Prop. Tax lalr 6% . 6% S% ft% Demand MW 14.167 13.266 7.471 6,000

0 Oabl% 40% 30% 30% 30% on Peak Saaaon LDC
0 Ini areal Rala 0.0% 10.0% 10.0% 10.0% % ol Season 0 2 00 100

Pralari Equity 14% 0% 0% 0% Tamplals talk 100% 06% 60% S0%

Ralurn Rala 10.0% 10.0% TO.0% 10.0% Ralb lo Peak 100% 66% 68% 60%

40 Common Equ 30% 70% 70% 70% Demand MW 12.672 10,736 7264 6.266

0 Ralurn Rala UjO% 14.0% 14.0% 142%

00% V«yFCRby< TRUE TRUE FALSE FALSE
10 Include In Avc FALSE FALSE TRUE TRUE Fractional change lo atari year 020

VarlaUa Fixed - Plant Conalrucllon - CaptUcallon UnavoMabls Vartebto

HaalRala Fuel Price 06M Coat BkJ Price or OSMCoal Nominal CcnabucUon Sbuclura FUsdCoat Coel

(BTlVkWh) Fuel Tvd# Otoati OP. cAwti SAWyr CoslAW Year to Use const SAW-vr ftAwh

10.460 Nuclear 1000 0.00 OP 00.0 000 1073 1 26 0.73

10.400 Hiiftaar 1.000 0.00 OP 00.0 2,760 1066 1 160 0.73

0,000 Coal 0.033 0.21 OP 11.7 400 1063 1 26 1.28

0,700 Coal 1.000 0.22 OP 11.7 370 1076 1 16 1.61

0.000 Coal 1.000 0.22 OP 11.7 300 1073 1 10 1.63

0.000 Coal 1.000 0.23 OP 12.4 000 1001 1 31 t.66

10,000 Coal 1.000 0.24 OP 12.4 300 1000 1 0 1.68

10000 Coal 1.000 0.32 OP 162 600 1000 1 21 1.68

10,600 Coal 1.107 0.32 OP 162 300 1070 1 8 1.07

11000 Coal 1.107 0.36 OP 10.3 300 1070 1 6 206

0.000 Coal 1.000 026 OP 33.0 1210 2000 3 222 1 63
10,100 OH 0.040 0.60 OP 0.0 127 1073 1 4 3.06

10O00 Qaa 0.061 0.13 OP 0.4 170 1070 1 6 266

10,100 Qaa 1.004 0.13 OP 0.4 160 1070 1 4 266

10000 Gaa 1.111 0.13 OP 0.4 220 1007 1 0 308

0.006 Gaa 0.061 0.10 OP 10.0 470 1002 2 46 2.48

7,760 Gaa 1.000 0.06 OP 20.0 462 1006 3 66 2.06

7010 Gaa 1.000 0.06 OP 20.0 477 2001 3 68 2.02

0004 Gaa 1.000 0.06 OP 20.0 636 2006 3 66 168

6017 Gaa 1.000 0.06 OP 20.0 016 2000 3 76 1 66
12,000 Gaa 0.000 022 OP 0.0 140 1006 1 6 342

11,400 Gaa 1.000 0.01 OP 11.0 304 1006 3 44 ,2 08
10,073 Gaa 1.000 0.01 OP 11.0 406 2002 60 2.82

7,703 Gaa 1.000 0.06 OP 10.0 642 2006 3 66 2.07

10000 Olhar 1.000 127 OP 66.6 2,301 2006 4 260 1.27

Hydro 0.10 10 400 1667 1 0 0.10

1004 1006 1696 1607 1668 1066 2000 2001 2002 2003 2004

1003 1006 1.324 1.367 1200 1.420 1.406 1200 1240 1.606 1.846

>
X)
■o
to
3
aS‘

T1
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RMtructurt C>M

RmmMwTfi 
LOLP. Hotpwod 
LOLP, my/IO Yw 
Load (actor 
Paak Dantand, MW 

Enarfly, GWh 
Qanantion, GWh 
Unaarvad Enaigy. Gt 
Round aiT not in UE 
Plant
Nama_____________

Annual
t.6%

o.oe
36.01 
65.7% 

14,167 
61.548 
81 .SOB 

37 
2

Caoacitv

6.6%
2.25

82.26
73.0%

14,167
22.856
22,635

23
0

Output
MWyr

Otipaak t ol Unprallabla planta 
aaaaon AgatnM avoid O&M 

5.6% Againat all eoala 
aS6 Avaraga Phea, aAWh 

20.5B Avg. Vahabla Coat 
71.3% Avg. VaiiMvold 06M 

12.572 Total Coat 
S8.6S0 Max loaa.,S/aval kW 
56,874 Start-up Coat. SMW 

14 a planta Prooabmatlc 
2

Capae Tima on Ravanua Var. +Slart AvoidaPla Unavoidabla

12 ml unaam 
2.87 zaa
1.45 1.47
2.16 2.19
Z51 2.53

(415.17)
40
10

%ol Total
Caoadtv Ganarador

Cap tact AvoidaPla 
% c/kW^

Vanabia
c/kWh

hty<»o 10.6% 7.5% 43.8% 0.36 0.10
NudMr 11.9% 15.4% 79.6% 2.02 0.73

Coal 37.1% 47.5% 78.9% 1.80 1.56
OU 3.3% 0.3% 5.1% 4.81 3.4fl

Gaa-ST 10.3% i4% 20.1% X26 2.73
Qa*CC 16.6% 21.5% 79.9% ^96 1.73
Gaa-CT 0.9% 4.2% 26.0% 4.51 2.37

Othar 0.3% 0.3% 60.0% 7.47 1.27

Factor Margin, % MS Coat MS ad Cat MS Fad Cat MS
Total Nat AvoidaPla Nat Rav AvoidaPla Carbon raiaaa 
Rav MS MS S/kW aat, t/kWh MHIion Tons

16 Nuciaan 1.000 796.00 79.6% 0.x 1X 51 X 26 22 46.69 81.17 ^02 O.X
16 Nuclaar2 800 636.60 79.8% 0.x 152 41 72 144 (105) 38.96 81.17 2.02 o.x
JL Coall 900 709.20 78.6% 0.x 169 T9 11 23 7945 111.74 1.45 1.53

JL CoaC 690 719.96 84.7% 0.x 171 96 10 13 S3 86.91 91 55 1.67 1.57
It CoaQ 850 719.96 84.7% 0.x 171 « 10 8 57 65.07 90.38 1.69 .1.59
20 CoaM 600 406.80 83.1% 0.x 119 68 7 16 23 43.55 87.35 1.72 1.11
21 Coal5 600 497.11 82.9% 0.31 119 69 7 0 43 42.53 85.30 1.75 1.12
22 Coa»r7 650 648.17 78.3% 3.M 157 96 13 18 30 48.43 71.93 1.91 1.49
23 CoaS 490 329.78 734% 3.78 81 57 7 3 14 17.14 48.08 Z2^ 0.79

JL Coa»4i0 450 251.56 55.9% 12.23 66 46 7 3 11 1444 3845 Z43 . 0.63
A Coal-Adv. 90 41.80 83.6% o.x 10 6 13 (8) (8.40) (201.01) 5.02 O.X
26 Oill 500 25.45 5.1% 3.83 19 8 3 2 2 4.37 10.51 4.81 O.X
27 GaaSTi 600 223.x 374% 16.06 66 51 6 4 6 1048 20.51 2.56 0.28
26 GaaST2 500 77.16 15.4% 9.46 29 20 5 2 2 4.31 10.32 3.66 0.10
29 GaaST3 460 11.96 i7% Z37 10 4 4 0 2 1.91 5.08 7.86 0.02
30 QaaCCt 300 137.91 46.0% 6.22 38 X 3 14 (8) 8.03 25.07 2.73 0.17
31 GaaCC2-Noi> 200 146.58 nj% 4.21 37 26 17 - (6) (8.37) (38.60) 3.37 0,14

QaaCC3-naw 200 153.64 78.9% 4.17 38 27 17 - (7) (8.50) (37,37) 3.31 ■ 0.15
QaaCC4Ukdv 800 690.48 66.3% l.X 185 101 74 . (10) (10.38) (14.91) Z90 0.55

JL QaaCC5-Adv 1.000 669.91 87.0% 0.10 207 118 102 - (13) (13.11) (15.06) ^89 0.64

.» GaaCTl*2 450 5.44 1.2% O.M 8 2 3 4 (1) 2.92 7.67 10.35 0.01
36 GaaCT3-na« 350 36.02 10.3% 5.91 16 0 20 • (13) (12.92) (39.95) 9.23 o.x
37 GaaCT4.na«r 350 96.62 27.3% 11.96 31 24 22 . (14) (13.72) (42.42) 5.39 0.13
36 GaaCT5-Adv. 390 252.38 72.1% 8.48 65 46 29 (10) (9.98) (30.89) 3.38 0.25

JL RanawtPla 50 X.X 80.0% 0.x 7 3 16 (12) (12.48) (415.17) 7.47 O.X
40 Hydro 1.600 7D0.X 43.8% 196 6 16 0 176 175.51 109.70 O.X o.x

Totala

Unaarvad Enargy 
Totala ml Unaarvad

Sort by Nat RavanuWkW

15.1W 9.305 62% 2.338 1,160 563 284
AvoidaPla

291
Total

575 12.47

4.24 19 19 wloUE 1.783 i047 Avg. Carbon kglMWhr 153
9.309 1387 1.199 vr/UE 1.7B2 2.066 Tima old marginal coat 

Tima wtd Unaacv E Pnca

^63
20.59

46
49 Nama

AvoidaPla 
^ Rav/KW Capaotv

Raaarva
Maran

JS. Coal) 111.74 900 8%
51 Hydro 109l70 1.800 18%
52 Coal2 91.55 880 24%

CoaD 90.38 850 30%
54 CoaM 87.38 800 34%

-a CoalS 8840 800 38%
56 CoaS*7 71.93 880 44%
57 Nuctaar2 81.17 800 50%

J1 Nuoatn 81.17 1.000 . 57%
59 CoaS 48.08 460 60%

JSS, Caa»4l0 3845 480 83%
61 GaaCCi 25.07 300 86%

GaaST) 2041 600 >0%

JSL ONI 1041 500 73%
64 aasST2 1042 500 77%
65 QaaCT)-.2 7.87 460 80%
66 QaaST3 5.06 450 83%
67 QaaCCA.^ (14.91) 800 89%
66 QaaCCS-Adv (15.08) 1,000 98%
66 QaaCTS-Adv. (M49) 380 98%
70 GtaCC2-Naw (38.80) 200 100%
71 QaaCC3-naiv (3747) 200 101%

JL (3aaCT3-naw (39.86) 380 103%
72 OaaCT4-naw (42.42) 380 106%
74 Coal-Adv. (201.01) SO 106%
75 Ranaarapla (415.17)_ SO 107%

Unaaiv E. CoaUkWh 
Prica incraaaa to pay avoided loaaea

52.45
0.12

Marginal Powar Coats and Piieaa

aw

i.w

-Peak Sation Coat 
' Peak Saaaon Pnca 
-06-Saaion Coat 
- 06-Saaaon Pnca

11

40 50 60
Parearil at Parted
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Cau ID EflIciMicy Cm*
PmK Damand U10J.4S03
RalkiolONpaaklopaak 00.4%
PaakfeacUonolyaar 26%
Load Factor. % 06.8%
Paak Saaaon Load Factor 72.1%
pO-Paak Saaaon Load Factor 71.6%
Carbon Tax. SAwIrIc ton C 0.00
Capacity Payinanl.lftW 0
UpU Charga. tAWh 0
Unaoivad Enargy. t/kWIi 0
tkxwganaral. Prlca. ««Wh 1.10
PitcaElaillclty(natuMdltO) OM
OalauO Unianwd E catc (ahraya rtow

Capacity 
Adjuat Factor 

Nama CaPKiy 10 loll

$MMBTU kg CAtBTU
CAPITALIZA1KXJ Exialing ■ 

1FualTypa

Qaa 1.60 14.47
Coal iM 26.72

04 2.00 21.40
Nuclaar 0.70 0

Hydro 0.00 0
Olhar 0.00 0

Yaar of Study 20t0
Yaar of 6 1006
Start up Coat. $AIW 
MlnCapaclyw/piobab 
MlnOut^ Rata w/ probab 
Max 0 Plania wUi prob.

Fbrcad Plamwd
Oul^ Ouli«o Had Rata

____ Rata_________Rata (BTU/kWhl Fual Tvpa

Tarm (Yaara) 
Tax Ufa 
Inc. Tax Rata 
Prop. Tax rati 
Dabl% 
hlatatl Rala 
Pralarr Equity 
Return Rata 
Common Equ 
Rat urn Rata 
VaryFCRbyr

40 
0

OjO%

to InchidalnAvc FALSE

20
20

20%
6%

40%
00%
14%

10.0%
20%

11.0%
TRUE

Fuat Price 
Adjuatmanl

IPP Extoting 
2

20
20

24%
6%

20%
10.0%

0%
10.0%

70%
14M

TRUE
FALSE

Variable
OOUCoal

a*wti

IPP New
3

20
12

26%
6%

30%
10.0%

0%
10.0%

70%
14.0%

FALSE
TRUE

Bid Price or 
OP. artcarii

IPP Renew Paak Season LDC
4 Saaaon Paak Shouktor 2

20 % of Season 
6 Tamplalsialk 

26% RaltoloPaak 
6% Demand MW

0
tOO%
100%

t3.t03

6
02%
03% 

12.282

Shouldar I
06 

63%
63% 

8.088

30% Ofl-Paak Saaaon LDC
10.0% %ol Season 0 2 80

0% Tamplalsralk 100% 06% 60%
10.0% RaltoloPaak 100% 86% 68%

70% Demand MW 11.837 8.060 8.788
14.0%

FALSE

TRUE Fractional cbanga to Start yaar OJO
Fixed - Plant Conslrucllon- CaptUiallon UnavoUaUa 

OSMCost Nominal Construction Slruclura Fixed Cost 
SAWyi Cosl/kW Year to Uaa const $AiW-yr

Mln(t00%)
too

42%
42%

6.600

too
60%
60% 

6.841

Jt
-*t

M.
M
Jt
-2t
[F
Jt

Jt
JL
Jt
Jt
Jt
Jt
Jt
JL
Jt
Jt
J2.
-IL
it
*»
it

-*tJL

NuclaarS 
Coalt 
COM2 
Coal3 
CoaM 
CoM8 
C0MO47 
CoMO 
Coa»*10 
Coal-Adv. 
081 
OaaSTI 
OasSTl ‘ 
QasSn 
OasCCI 
OasCCl-Naa 
aaaCC3-na« 
aasCC4-Adv 
QasCC6-Ady 
OasCTUS 
OasCTSHiaar 
aasCT4-nsw 
aasCT6-Adv 
Ranawabla 
Umllad Enarg 
Hydro 
olal Capacity 
yaar

GOP delator 
I887=:t00

1.000
000
000
860
060
000
800
660
460
460
60

600
000
600
460
200
200
200
760
660
460
260
260

0
60

1800
1.800

16.850
1000
1.127
0.040

loot
1.171

8.2%
OM
7JO%
00%
0.6%
0.0%
0.0%
6.6%
80%
0.4%
4.1%

11.0%
0.7%
0.7%

•7%
0J%
6.6%
60%
6.6%
6.6%

100%
2.6%
2.0%
20%

26.0%
PeakCF

66.0%

1002 
1202

120%
120%
140%
80%
0.8%

100%
100%
12.2%
120%
10.0%
120%
60%
0.0%
60%
4.0%

12.0%
70%
70%
70%
70%
6.4%
40%
4.0%
2.0%

16.0%
Non-paakCF

40.0%

1083
1026

10.460 
10.400
0.600
0.700
0.000
8.000

10.000
10O00
10.600
11000
0.600

10.100
10.000
10.100
10O00
0.066
7.760
7.010
0004
0.017

12.000
11.460 
10,072
7,702

10060

1004
1062

Com

Com

Com

Com

Com

Com

Com

Com
Com
08

Qaa
Oaa
Qaa
Qaa
Gas
Qaa
Qaa
Qaa
Qaa
Qaa
Qaa
Qaa

Other

Hydro

t005
1086

1.000
1000
0033
1.000
1.000
1000
1000
1.000
1.107
1.107
1.000
0.040
0.061
1004
1.111
0.061
1.000
1.000
1.000
1.000
0.000
1.000
1.000
1.000
1.000

1006
1.220

0.00
0.00
dot
002
002
002
004
0.22
0.22
0.21
006
000
0.12
0.12
0.12
0.10
0.06
0.06
0.06
0.06
002
0.01
0.01
0.06
107

0.10

1807
1.367

OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP

1008
1.300

00.0
00.0
11.7
11.7
11.7 
12.4 
12.4 
162 
162 
102
32.0 
00 
0.4 
0.4 
0.4

10.0
20.8 
20.0 
20.0 
20.0
0.0

11.0
11.0
10.0
062

1000
1.420

600
2,760

400
270
200
600
200
600
200
200

1210
127
170
160
220
470
462
477
630
016
140
204
400
642

2,201

2000
1.406

1072 
1080
1002
1070

1073 
1001 
1000 
1000 
1070 
1070 
2000 
1072 
1070 
1070 
1007 
1002 
1060 
2001 
2006 
2000 
1000 
1000 
2002 
2000 
2000

1067

200t 2002
.640

26
180
28
t6
to
31
0

2t
8
8

222
4
8
4
0

45
65 
68 
88 
76
0

44
60
66 

260

2003
1.606

Varlabla
Coal

ariiwti
0.73 
0.73 
128 
1.61 
1.63 
1.66 
1.68 

' t.68
1.07 
2.00 
t.63 
306 
260 
206
3.06 
2.48
2.06 
2.02 
1.68 
t.66 
342

:2 08 
282 
'2.07

1.27

0.10

2004
1.046

>
■o
■o
«3
Q.



Appendix F-2

etticaney Cat*

PaMiv* Margin 
LOLP. % of pared 
LOLP. day/10 Yaar 
Load tacior 
Paak Damand. MW 

Enargy. GWh 
Ganaration. GWh 
Unaatvad Energy, G1 
Round arr not in UE 
Plart
Name_____________
Nuctaan
Nudaarg
Coall
CoaQ
CoaO

20 Coau 
CoaB 

aJCoaH+7

Annual
8.3%
0.68

24.71
85.7%

13,183
78,835
75,812

22
0

Caoaeily

Paak
aaaaon

8.3% 
1.50 

54.53 
73.1% 

13,183 
21.088 
21,054 

14 
, 0 

Output 
MWvr

Onpaak * at Unprotlapla planta 
aaaaon Agatnat avoid O&M 

7.7% Againat all ooata 
0.40 Avaraga Prlea, cAcWh 

14.74 Avg. Variabla Coat 
71.8% Avg. VanMvakt O&M 

11,837 ToUICoat 
54,787 Maxloa8.$/avaikW 
54,750 Start-up Coat $MW 

O f ptaraaProbabillatlc 
(0)

Capac Tima on Ravanua Var. +Start Avoidabla Unavoldabta

G I H 1I I I J 1 - K 1 L 1 H 1 N

%ol Total Cap tact Avoidaoie VaruM*
9 Caoaeitv Gensratlor % c/kWh e/kWh

12 w/ unaarv
Hy*b 11i% S.1% 43.8% 0.36 o.to

ZQ2 ZS4 Nuclear 128% 16.6% 70.6% Z02 0.73
1.43 1.44 Coal X.3% 51.2% 70.2% 1.80 1.58
2.09 Z^^ Oil 25% 0.3% 4.5% 5.03 3.53
ZA7 2.48 Gaa-ST 10.9% 3.8% 21.1% 3.22 2.72

(417.96) Qa»CC 14.0% 18.1% 78.5% 2.96 1.78
40 QaaOT 21% 1.6% 12.0% 6.56 Z9Q
10 Olhar 0.4% 0.3% 60.0% 7.47 1.27

Factor Margin. % M» Coat MS xd Cat M5 Fad Cat MS
Total Nat Avoidabla Nat Rav Avoidable Carbon ralaaa 
Rev MS MS WM oat, a/kWh Million Tone

Coal6 
CoaB«10 

25 ICoal-Aov.
081
GaaSTi 
GaaST2 
GaaST3 
GaaCCi 
GaaCC2-Naw 
GoaCC3^ 
GoaCCa-Adr 
GaaCC5-Adv 
GaaCTl»2 
QaaCT3-ne>» 
QaaCT4-naw 
GaaCTS-Adv. 
Ranavrobla 
Hydro

1,000
800
aoo
850
850
800
800
850
450
450

SO
500
800
500
450
300
200
200
750
550
450
350
350

0
50

IJpO

708.00
838.80 
700.20
710.95
719.96
408.80 
407.19 
848.91
327.01 
273.17

41.80
22.72

240.85 
77.58

0.31
150.43
14^2S
150.85 
847.40 
478.45

4.22
33.87

100.U

30.00
700.M

79.8%
70.8%
78.8%
84.7%
84.7%
83.1%
82.9%
78.1%
72.7%
80.7%
83.6%
4.5%

40.1%
15.5%
Z1%

50.1%
71.1%
75.3%
88.3%
87.0%
0.9%
0.7%

28.7%
0.0%

80.0%
43.8%

0.00
0.00
0.00
0.x
0.x
0.x
0.x
4.x
4.x

11.M
0. x
3. x 

X.47 
10.43
210
9.x
4.87
4. x
1. x
0.07
0.x
8.14

13.87
0.x
O.X

Totaia 14.2X

Unaarvad Enargy 
Toiaiaw/Unaenrad

257
8.X7

188 51 90 26 20 48.73 X.70 2.02 0.00
150 41 72 144 (107) 37.x X.70 ^0^ O.X
167 TO 11 23 54 77.x 109.19 1.45 1.S3
170 96 10 13 52 84.25 X24 1.67 1.57
170 06 10 8 55 X.41 X.07 1.60 1.59
118 68 7 18 24 42.37 84.M 1.72 1.11
117 60 7 0 41 41.35 X.X 1.75 1.12
155 95 13 18 29 48.78 X.48 1.91 1.49
80 56 7 3 13 18.30 45.73 Z21 0.78
71 SO 7 3 10 13.39 X.M 2.40 . 0.69
10 6 13 . (9) (8.50) (M3.48) 5.02 O.X
12 7 3 2 0 2.14 5.14 5.03 0.04
68 55 6 4 4 8.02 16.x ^a5 0.31
27 20 5 2 0 2.20 5.x 3.65 0.10
7 3 4 0 (0) (0.13) (0.X) 9.19 0.01

41 33 3 14 (9) 5.x X.78 2.71 0.18
36 26 17 (7) (8.72) (X.X) 3.41 0.14
37 27 17 . (7) (6.X) (X.44) 3.34 . 0.15

153 06 69 - (11) (11.20) (17.18) 2.90 0.52

. ”3 65 56 • (8) (828) (17.31) ^89 0.35
5 2 3 4 (3) 1.x ^X 12.13 0.01

14 9 20 . (15) (14.87) (4S.X) 9.66 0.05
31 25 22 . (15) (15.X) (47.X) 5.27 0.14

. . . 0.00 O.X
7 3 16 (13) (12.54) (417.X) 7.47 O.X

102 6 16 0 169 180.37 105.K 0.36 O.X
2.138 1.062 X3 284 269 553 11.97

Avoidabla Total
12 12 w/oUE 1.586 1,869 Avg. Caroon kg/MWhr 158

2.150 1.094 w/UE 1,597 1,881 Tima wld marginal coat Z63

Sort by Nat Rav
46
46 Nama

Avoidabla

>4at navAW Caoacllv
Raaarva

Mardn
50 Coall 109.19 9X 7% 10.x
51 HyrPe 10S.M 1.K0 19%

CoaB X24 850 X% 9.x
S3 CoaO X.07 850 32%
54 CoaM 84.M KO X%

6.xCoaB X.M 8X 41%
56 CoaB+7 m.48 XO 47%
57 Nuctaan x.70 1,0X X% 7.x

JL Nuelaar2 x.70 BOO 81%
56 Coats 48.73 480 X% 6.x
60 CoaBatO X.X 480 K%

.21 GaaCCi X.78 3X 70%
62 GaaSTi 18.x ax 78% ^ S.X

tt. GaaST2 S.X sx 79%
64 0«1 8.14 sx 82% 4.x

QaaCTU2 2.x 4X 86%
GasCT5-Adv. . . K% 3.x

SL GaaST3 (024) 4X 80%
GaaCC4.Adv (17.18) 780 X% 2.x

66 GaaCC5-Adv (17.31) 550 00%
70 GatCC2-Naar (X.X) 200 101%

1 XJL GaaCC3Hisar (X.44) 200 102%
72 (jaaCT3wiaar (48X) 350 108%

aZl GaaCTa^war - (47.X) 350 107% O.X
_74 Coal-Adv. (Xi46) 50 108%
75 Ranaartbla 1417. W) X 108%

Time vrtd Unaerv E Prca 19.79
Unurv E. Coat/kWh 51.82

Price Increase to pay avoidad loaaea ____ 0.11

Marginal Powar Coata and Prices

Peak Season Coat
-----— Paak Season Pnca
..............Olt-Season Coal
----------- Off.Season Pnea

UL

40 X W 
Paraanlor Period

F-2.6



■n

lO

_L Case 10 High EmdancyA.OBr Carbon CAPITALIZA1 lOU-Exisling IIPPExisling IPP-Naw

_2_ PaakOamand 12102J780 Fuel Type 8A4MBTU kgOMBTU
1 2 3

_L Ratio olOlf-paak to paak 88.0% Gas 2.59 14.47 Term (Years) 30 30 20

Paak fraction ot year 25% Coal 1.34 25.72 TaxUla 20 20 12

_L Load Factor. % 65.7% Oil 3.00 21.49 Inc. Tax Rale 36% 36% 36%

_a_ Paak Season Load Factor 72.8% Nudaar 0.70 0 Prop. Tax ratf 5% 6% 6%

7 Ott-Peak Season Load Factor 72.0% Hydro 0.00 0 Debl% 48% 30% 30%

J. Carton Tax. t/hatric ton C 60.00 Other 0.00 0 InlaraslRata 8.0% 10.0% 10.0%

_L Capacity Paymanl.$AW 0 YearotSludy 2010 Prelarr Equity 14% 0% 0%

-la Upklt Charge. cAiWh 0 YaarolS 1995 Return Rata 10.0% 10.0% 10.0%

11 Urwarvad Energy. «AiWh 0 Starl-upCost.VMW 40 Common Equ 36% 70% 70%

12 Norvganerat. Price. triiWh 3.16 Min Capacity Ml/probab 0 Return Rata 11.0% 14.0% 14.0%

J2 Pitcu Elaslicity(nol used ii 0) 0.05 Min Outage Rale Ml/probab 0.0% VaryFCRby TRUE TRUE FALSE

14 Oataufr unsaned E calc (atwaya stow Max 1 Ptania with prob. .10 InctudafriAvc
FALSE FALSE TRUE

15 Capacily Forced Ptarmad Variabla

Adlust Factor Outage Outage Heat Rata Fuel Price
bSMCosI Bid Price Of

^7 Nahm PjuiAritv (0101 1________ Rale Rate IBTU/kWh) FueITvDe Adiusimant C/kwh OP. c/kwh
ji Nuclaarl 1,000 1 8.2% 12.2% 10,460 Nuclear 1.000 0.00 OP

ja Nuclaar2 800 1 8.2% 12.2% 10,460 Nuclear 1.000 0.00 OP

20 Coall 800 1 7.0% 14.2% 9,600 Coal 0.833 0.21 OP

s - Coal2 850 1 6.5% 0.8% 9,700 Coal 1.000 0.22 OP

22 Coal3 860 1 6.5% 8.8% 9,800 Coal 1.000 0.22 OP

- ■23 CoaH 600 1 6.6% 10.3% 0,900 Cral 1.000 0.23 OP
aa
24 Coats 600 1 6.6% 10.3% 10,000 Coal 1.000 0.24 OP

_25 Coal6*7 850 1 8.5% 12.3% 10,200 Coal 1.000 0.32 OP

26 Coats. 200 1 8.6% 12.3% 10,600 Coal 1.167 0.32 OP

27 CoalOtIO 0 1 6.4% 10.9% 11,200 Coal 1.167 035 OP

2S CoaFAdv. 50 1 4.1% 12.3% 9,600 Coal 1.000 0.25 OP

29 out 500 1 11.6% 8.2% 10,100 OH 0.840 0.50 OP
—a
30 GaaSTI 600 1 9.7% 6.8% 10,000 Gas 0.951 0.13 OP

31 GasST2 500 1 9.7% 6.8% 10,100 Gas 1.084 0.13 OP

32 OaaSTS 450 1 9.7% 8.8% 10,200 Gas 1.111 0.13 OP

— ■33 GaaCCI 300 6.8% 13.0% 9,665 Gas 0.951 0.10 OP
ft

34 aasCC2-Naa 200 1 6.5% 7.6% 7,760 Gas 1.000 0.05 OP

aa OaaCCS-new 200 1 6.5% 7.5% 7,618 Gas 1.000 0.05 OP

36 QasCC4-Adv 400 1 6.5% .7.5% 6,284 Gas 1.000 0.05 OP

37 OaaCC5-Ady 950 1 6.6% 7.8% 5,817 Gas 1.000 0.05 OP

ja GaaCTU2 450 1 10.0% 6.4% 12,800 Gas 0.969 0.22 OP

M GasCTS-near 350 1 3.6% 4.0% 11,460 Gas 1.000 0.01 OP

40 aaaCT4-naar 350 1 3.6% 4.0% 10,673 Gas 1.000 0.01 OP

41 GaaCT5-Adv 0 1 3.8% 3.0% 7,793 Gas 1.000 0.05 OP

42 60 1 25.0% 15.0% 10,280 Other 1.000 1.27 OP

43 Linxted Energy PeakCF 1Non-peak CF
Hydro 1,600 1 65.0% 40.0% 1028000.0% Hydro 0.10

45 olal Caoacitv 13.600

IPP-Rwmw Paak Smmo LOG
4 SaMonPaak Shoi*tor2

20 %oiSaaaon 
6 Tanvlala ratk 

36% Ratio to Paak 
6% OamandMW

0
100%
100%

12.103

6
03%
93%

11.267

Shoiidaf 1 
05 

63% 
53% 

6.365

0
100%
100%

10.651

2
66%
86%

0.154

0.30

96
60%
50%

6.252

30% OtI-Paak Saaaon LOG 
10.0% % ol Saaaon 

0% Tampiala ralk 
10.0% Ratio to Paak 

70% DamandMW 
14.0%

FALSE
TRUE Fractional chanoa to aUrt yaar

Fixed -PlantConstruction- Captlkralion UnavoldaUa 
OOMCost Nominal ConsInrcOon Stnrctura Fixed Cost

5/kW-vf Cosl/kW_______ Year
600 1073

Min (100%) 
100 

42% 
42% 

5.044

100 
40%
49% 

5.251

In Use const 54iW-vr
00.0
00.0
11.7
11.7
11.7
12.4
12.4 
16.2
15.2
16.3
33.6 
6.0 
9.4 
9.4 
0.4

10.0
28.0
28.9
26.6 
26.6
6.0

11.9
11.9
16.9
65.5

2.750
490
370
300
680
380
500
300
300

1.816
127
170
150
220
470
452
477
536
616
140
364
406
542

2.361

1088
1083
1978
1973
1081
1960
1980
1970
1970
2006
1973
1976
1070
1067
1092
1999
2001
2005
2009
1986
1998
2002
2008
2008

1957

26
180
26
15
10
31
0

2t
8
8

222
4
6
4
0

45
55
58
66
75
9

44
SO
66

260

Variable
Cost
0.73
0.73
2.51
2.76
2.70
282
2.86
2.99
3.33
3.53
2.76
4.13 
3.31 
3.ra
3.80
3.18
2.62
2.57
2.13 
1.98 
4.35 
380 
3.61 
2.63 
1.27

0 10

TJ■o
(D
aa.«a

■n
■

ro



Appendix F-2

HIsh efflaancy/Low CaiDon
_L Padi Oflpaak AolUnproWablaplanla %olToid Cap feet Avoidable Variable

Annual season season Agdnat avoid O&M 11 Capadlv Ganacadcr % e/VWh cAtWh
4 1^4% 12.4%' 12.6% Against all coata 15 w/unsarv Hydro 11.8% 8.8% 43.8% 0.38 0.10

_T LOLP, % d poflod 0.20 0.45 0.11 Average Price. e/kWh 3.49 3.49 Nudaar 132% 18.0% 79.6% 2.02 0.73

J. LOLP. dayyiO Year 720 18.54 4.09 Avg. VartaUa Coat 2.09 2.10 Cod 36.0% 46.8% 76.0% 3.01 2.78

_L Load factor 65.7% 72.8% 72.0% Avg. Vaii+AvoM 08M 231 2.82 CM 3.7% 0.1% 1.0% 12.60 5.52

_L Pad) Oemaivt MW 12.103 12.103 10.851 Told Cod 321 322 Gaa-ST 11.4% 33% 19.9% 3.96 3.44

_L Enarw.QVVh 69.686 19.301 50.384 Max loaa. Vavail kW (356.00) Gas-CC 15.1% 21.1% 81.7% 3.41 225

JJL Oanaradcn. QWh 69.658 19295 50.363 Start-up Cost VMW 40 Gas-Cr 8.5% 1.0% 6.9% 10.14 3.78
11 Unaarved Energy. O' 6 4 2 1 planta PiabaPilidic 9 ether 0.4% 0.4% 80.0% 7.47 127

Rouk) air not in UE 21 2 19
13 PM Output Capac Tima on Ravanua Vtf. +Stai1 AvcMaUa Unavcidalila Told Nat Avoidable Net Rev Avoidabla Caroon rdaai
14 Name Caoacilv MWvr Factor Martin. % MS Cost MS xd Cst MS Pxd Cst MS Rav MS MS $/VW »8t, e/kWh Mllion Tons

Nudaan 1.000 796.00 79.6% 0.00 237 51 90 26 70 96.16 120.80 2.02 0.00
Nudaar2 800 636.80 79.6% 0.00 190 41 72 144 (87) 7833 120.80 2.02 0.00

17 Coall 900 70920 782% 0.00 211 158 11 23 21 44.75 63.10 2.68 1.53

Jt Coae 650 719.66 84.7% 0.19 214 174 10 13 18 30.34 42.14 2.92 1.57
Coal3 850 715.71 842% 0.69 213 175 10 8 20 28.69 39.85 2.95 1.58

20 CoaM 600 48434 80.8% 3.35 145 120 7 18 (1) 17.77 35.83 3.00 1.08

il Coals 600 465.09 77.5% 4.07 140 117 7 0 16 1626 32.60 3.04 1.05

2. CoaW+r 650 536.40 63.1% 22.89 166 141 13 18 (6) 12.02 17.85 327 123

2. CoalS 200 49.98 25.0% 7.55 18 15 3 2 (2) (0.11) (0.68) 4.03 0.12

Ji Coa»+10 0 - 0.0% 0.00 - - - - . - - - 0.00 0.00

il Coal-Adv. 50 41.70 83.4% 0.03 12 10 13 • (10) (10.43) (249.49) 826 0.09

il 0*1 500 4.84 1.0% 1.07 4 2 3 2 (4) (1.48) (3.55) 12.60 0.01

2 GasSTI 600 235.55 39.3% 23.75 78 68 8 4 0 3.88 7.74 3.58 0.30

il GaaST2 500 5127 10.3% 8.49 21 17 5 2 (2) (0.37) (0.89) 4.74 0.07

il GasST3 450 2126 4.7% 4.47 10 8 4 0 (2) (1.88) (4.94) 633 0.03

2 GaaCCI 300 15Z48 50.8% 9.73 49 42 3 14 (10) 327 1339 3.40 0.19

il GaaCC2.Naw 200 174.00 87.0% 0.00 52 40 17 (5) (4.90) (28.18) 3.72 0.17

2 GaaCC3.naw 200 174.M 87.0% 0.00 52 39 17 (5) (4.80) (27.59) 3.72 0.17

2 QaaCCa-AOv 400 348.00 87.0% 0.00 104 65 37 2 1.80 5.17 3.34 028

ii QaaCCS-Adv 950 826.50 87.0% 0.00 246 143 97 7 8.63 8.02 3.31 0.61

il GaaCTU2 450 1.57 0.3% 0.44 2 1 3 4 (5) (1.48) (3.89) 26.00 0.00

il QasCT3wiaw 350 8.41 2.4% 1.92 5 3 20 (18) (18.14) (56.09) 31.43 0.01

il GaaCT4www 350 68.88 19.7% 11.16 25 22 22 (18) (17.81) (55.07) 7.17 0.09

2 GaaCTS-AtIv. 0 - 0.0% 0.00 . - - ■ - - - 0.00 0.00

2 Ranawabla 50 30.00 60.0% 0.00 9 3 16 (11) (10.68) (356.00) 7.47 0.00
40 Hvdro 1.600 700.OT 43.8% 228 8 16 0 204 203.88 127.41 0.36 0.00

Unserved Energy 
Totali Uneerved

Totais 13.600 7.952 58% 2.430 1,459 501 278
Avoidabla

192
Told

470 10.18

0.73 4 4 w/oUE 1.960 2238 Avg. Carbon KgfMWhr 146
7.953 2.433 1,463 WUE 1.963 2242 Tima wld maigmal cost 328

Sort by Net Revenue/kW
ail
49 Name

Avoidable 
^Jat Rav/kW Caoaalv

Reserve
Marain

il Hydro 127.41 1.600 13%

il Nudaan 120.80 1.000 21%

2 Nudaai2 120.80 800 28%

2 Codi 83.10 900 38%

J* Cod2 42.14 850 43%
Cod3 39.85 850 50%
CoaM 35.63 600 55%

2 CodS 32.60 600 59%

2 Coa»r7 17.85 850 67%

2 GaaCCI 13.59 300 69%
60 GaaCC5-Adv 8.02 950 77%

il GaaSTI 7.74 600 32%

2 GaaCC4-Adv 5.17 400 85%

2 CodOtlO . - 85%

2 GaaCT5-Adv. . . 85%

2 Cod8 (0.68) 200 87%

2 (SaaST2 (0.89) 500 91%

2 Oil (3-55) 500 95%

2 QaaCT1+2 (3.89) 450 99%
GtaST3 (4.94) 450 102%

2 GaaCC3uaw (27.59) 200 104%

2 GaaCC2-Naw (28.16) 200 106%

2 GaaCT4uaw (55.07) 350 109%

2 GaaCT3-naw (56.09) 350 112%
J4 Cod-Adv. (249.49) SO 112%
75 Ranawabla 1358.00) so 112%

Time wid Unseiv E Price 22.63
Unserv E. Cost/VWh 55.90

Price increeee to pay avoided lossesO.ia

10.W

9.00

8.00

7.00

6.00

* 5.00
«

4.00

3.00 

2-00

1.00 

0.00

Marginal Power Coats and Prices

Peek Seeson Cost 
— — Peak Soeson Price
............ Off-Season Cost
--------- Off-Season Price

tna
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1
Case ID AK.T* 
Peak Qemand

1
-fi.
_L
_L
_S_
_!«
Ji

n14

14134.SM2
M.7%

2S%
65.7%
73.0%
71.3%
0.00

RalioolOHpeaklopaak 
Peak baclion oi yeai 
Load Factor. %
Peak Season Load Factor 
Olt-Paak Season Load Factor 
Caibon Tax, SAietric ton C 
Capacity Paymartt.SAW 0
Upkit Charge, «kWh 0
Unsatvsd Energy, «AWh 0
Non-general Price, «AWh 3.10
Price Elaslicity(not used ii 0) 0.05
Oebuk Unseived E calc (always slow

Capacity 
Adiusi Factor 

Name Capacity (Ololl

Fuel Type
Gas 2.50
Coal 1.34

Oil 3.00
Nuclear 0.70

Hydro 0.00
Other 0.00

Year ol Study 2010
YearolS 1005
Start-up Cost. $MW 
Mn Capacity wl probab 
Min Outage Flats w/ probab 
Max 4 Ptants with prob.

Forced Planned
Outage Outage

0A4MBTU kg CTMBTU
CAPITALIZA1 lOU-Exisling 

t
30 
20 

36% 
6% 

46% 
8.0% 
14% 

10.0% 
38% 

11.0% 
TRUE 

FALSE

14.47 Term (Years) 
25.72 Tax Ills 
21.40 Inc. Tax Rale 

0 Prop. Tax raU 
0 bebl%
0 InleresIRats 

Pralerr Equily 
Helurn Flals 

40 Common Equ 
0 Return Flals 

0.0% VaryFCRby 
10 Include In Avc

Heal Rale
Rale Rats (BTU/kWh)

Fuel Price 
Fuel Type Adjuslment

IPP-Exisling
2

30
20

36%
6%

30%
10.0%

0%
10.0%

70%
14.0%

TRUE
FALSE

Vanabis
O&MCosI

c/kwh

IPP-New
3

20
12

36%
6%

30%
10.0%

0%
10.0%

70%
14.0%

FALSE
TRUE

Bid Price or 
OP.cAwh

IPP-Ranew Peak Season LDC
Season Peak Shoulder 2

20 %ol Season 
5 Templale ralk 

36% Ratao lo Peak 
6% Demand MW

0
100%
100%

14,134

5
04%
64%

13,226

Shouldarl 
06 

53% 
53% 

7,452

30% OH Peak Season LDC 
10.0% % oi Season 0

0% Templale ralk 100%
10.0% Ratio lo Peak 100%

70% Demand MW 12,538 
14.0%

FALSE

TRUE Fractional change to start year
Fixed - Plant ConsIrucUon - CapUixalion

OtMCost Nominal Construction Structure
VkWvr CoslAW Year

2
05%
85%

10,707

0.30

06
50%
58%

7,242

Min (100%) 
100 

42% 
42% 

5,887

100 
50% 
50% 

8,225

navoidaUe 
Fixed Cost 

lo Use const SArW-yr

Variable
Cost

s/kwh
>

TJ
■o
O
3

a5*
■n

■
lo

■n

ro

Jl
Ji
20

m\
ii
ii

Ji

Ji
in

S3

in
[3B
Jl
Ji
-36

-11
42
43

-it
ii

Nuclearl
Nuelear2
Coall
Coal2
Coal3
CoaM
Coal5
Coal6+7

CoalO+10 
CoaFBraltch 
OU1 
OasSTI 
OasST2 
OasST3 
GasCCI 
aasCC2-Ns« 
GasCC3-new 
QaeCC4-Brai 
QasCC5-Bral 
GasCTU2 
QasCT3-new 
GasCT4-Bral 
GasCT5-Bral 

lewabto

Limited Energy
Hydro
otalCaoacilv

1,000
800
800
050
850
800
600
850
450
450

50
500
600
500
450
300
650
200
000
000
450
350
350

0
50

1,600
15.000

8.2%
8.2%
7.0%
6.5%
6.5%
6.6%
6.6%
8.6%
8.5%
6.4%
4.1%

11.6%
0.7%
0.7%
0.7%
6.8%
5.6%
6.5%
5.5%
5.5%

10.0%
3.6%
3.6%
3.8%

25.0%
PeakCF

55.0%

12.2% 
12.2% 
14.2% 
8.8% 
8.6% 

10.3% 
10.3% 
12.3% 
12.3% 
10.0% 
12.3% 
5.2% 
6.0% 
6.8% 
6.8% 

13.0% 
76% 
7.5% 
7.5% 
7.5% 
5.4% 
4.0% 
4.0% 
3.0% 

15.0% 
Non-peak CF 

40.0%

10,460
10.460 
0,600 
8,700 
8,800 
8,000

10,000
10,200
10,600
11600
6,805

10,100
10,000
10,100
10,200
8,665
7,760
7,618
5,688
5,538

12,800
11.460 
0,688 
8,533

10,280

Nuclear

Coal
Coal
Coal
Coal
Coal
Coal
Coal
Coal
Coal
OU
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas

Other

Hydro

1.000
1.000
0.833
1.000
1.000
1.000
1.000
1.000
1.167
1.167
1.000
0.840
0.851
1.084
1.111
0.851
1.000
1.000
1.000
1.000
0.068
1.000
1.000
1.000
1.000

0.00
0.00
0.21
0.22
0.22
0.23
0.24
0.32
0.32
0.35
0.20
0.50
0.13
0.13
0.13
0.10
0.05
0.05

0.015
0.015

0.22
0.01

0.012
0.012

1.27

0.10

OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP
OP

80.0 
80.0 
11.7 
11.7 
11.7 
12.4 
12 4 
15.2
15.2
16.3 
26.0
6.0
8.4
8.4
8.4

10.0
28.0
28.0
16.0
16.0
6.0

11.0
17.6
17.6
65.6

800
2,750

480
370
300
680
380
500
300
300

1,377
127
170
150
220
470
452
477
688
774
140
364
525
564

2,361

1873
1888
1083
1878
1873
1881
1860
1080
1070
1070
2005
1873
1076
1870
1067
1802
1888
2001
2005
2010
1886
1888
2005
2010
2008

1057

26
180
26
15
10
31
0

21
8
8

168
4
6
4
0

45
55
58
84
65
0

44
64
68

260

0.73
0.73
1.28
1.51
1.53
1.55
1.58 
1 68 
1.67 
2.09 
1.11
305
2.59 
266
306 
248 
206 
202 
1.48

■ 1.45 
I 3.42 
2.98 
2.26 
2.22 
1.27

010
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APPENDIX G-1

NGCC REPOWERING TECHNOLOGY DATA

G-1.1 CANDIDATE PLANTS

.The approach vised 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
• multi-fuel—gas, oil and coal are available for different boilers at the site
• 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 tha t 
these costs are general and do not take into account the specific problems that would be encountered a t 
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. Their 
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, circvilating 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 emits are equipped with dry low NO, burners 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. 11 
was decided to use a constant of 0.75, since the cases were not exactly parallel

The costs that were developed for the GE units were used for the development of the generic repowering 
project cost data. Similar eqvupment 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 reqiurements 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 
requirements to process the steam 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 imits, the heat 
rates identified should be approximately correct, if the units are run at somewhat less than full 
capacity to match the previous site nameplate rating, since the heat rate only degrades slightly, about 
10%, down to about 75% of capacity.

A 1996 PowerGen paper 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.

^ Coman, James-C. and Thomas C. Paul. Power Systems for the 21” Century - H Gas Turbine Combined Cycle. 
* 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^ GIW WITS GTW WITS
GE6B 59.8 56.5 7770 8065 619 712
GE6FA 107.1 98.8 7150 7655 790 585
GE7FA 253.5 244.9 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 GE GE
1999 press press

release release
1-7H 360
2-7H 350
3-7H 340
4-7H 330
5-7H 320
6-7H 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 modem 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

Wolk Integrated Technical Services (WITS).
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Table G-1^ Summary of NGCC Data - Site and Steam Turbine Repowering

Existing 
plant 
nameplate 
rating, MW

Combined cycle 
equipment 
selected

New site 
heat rate 
BTU/kW

New plant 
rating 
MW

Projected 
investment for 

site repowering 
$, millions

Projected 
investment for 
steam turbine 
repowering 
$, millions

0-60
60-110
110-230
230-260
260-370
400
400-510
510-650
650-800
800-1050
1050-1200
1200-1450
1450-1600
1600-1850
1850-2000
2000-2250
2250-2400
2400-2650
2650-2800

1- 6B
1- 6FA ■
2- 6FA 

7FA
1-6FA+1-7FA

T-7H
1-7H+1-6FA
1- 7H+1-7FA

2- 7H
2- 7H+1-7FA

3- 7H
3- 7H+1-7FA

4- 7H
4- 7H+1-7FA

5- 7H
5- 7H+1-7FA

6- 7H
6- 7H+1-7FA

7- 7H

7770
7150
7150
6840
6940
6320
6500
6500
6320
6400
6320
6320
6320
6320
6320
6320
6320
6320
6320

60

no
220
260
370
400
510
650
800

1050
1200
1450
1600
1850
2000
2250
2400
2650
2800

42.7
64.4

128.8
109
174
144
208
253
280
389
408
517
528
637
640
749
744
853
840

31.9
49.3 
98.6
81.3 

131 
108 
157 
189 
210 
291 
306 
387 
397 
478 
480 
561 
559 
621 
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 sectioru

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 one 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 eaA of the plant sites is 
different, specificstudies 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 FixedA^ariable O&M Data for Fossil Fuel Plants
Fixed O&M Variable O&M

EPRI 1993 TAG $/kW-vr. Mills/kWh
225 MW Combined Cvcle 26.5 0.4
300-500 MW subcritical high sulfur 
coal boilers with limestone scrubbers

38.6-47.2 1.4-3.0

300-400 MW supercritical high sulfur 
coal fired boilers with limestone

43.1-46.6 2.8-3.0

scrubbers
SEPRIL Papers
Gas fired steam plants 8 1.7
Oil fired steam plants 14 3.0
Repowered 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 operating 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 armual 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

OVERLAP IN UTILITY CARBON EMISSIONS REDUCTION 
ESTIMATES: ERI 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, 
envirorunental externality benefit and O&M performance benefit) was then converted into rank-ordered 
Ccirbon 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 
efficiency improvements on reductions in utility sector carbon emissions.

In the executive summary of this report, carbon supply cxirves 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 
EXDE/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 22.5
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 requiremmts) 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 boal 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 site 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 duplication 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):

• 22.5 GW of coal-fired capacity identified by DOE/EIA was removed, totaling 11.2 MtC.
• 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 >S0.04/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; 22.5
GWs of DOE/EIA Identified Retirements

s/tc # plants GW MtC

0-50 23 3.5 2.7
51-100 15 8.3 4.4
101-150 15 3.6 1.8
>150 56 8.8 2.5
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).
’ These cases are essentially equivalent since the NGCC plant characteristics (e.g., capital cost, heat rate) are 
approximately equal.
* The cost of repowering was used as a proxy for the most expensive plants to operate, since the cost of 
convasion was based on heat rate and fixed/variable operating costs.
’ 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 alternative coal-fired plants 
(existing and new).
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(ERI). - -

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 rardc-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-2J2 Distribution of Candidate Repowered Capacity Deleted From ERI Coal/Gas Study; 45
GWs of Eneiw Efficiency Retired Coal Plants

$/tC # plants GW MtC

0-50 6 6.9 7.1
51-100 23 18.5 14.3
101-150 17 13.2 4.9
>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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METHODOLOGY

Figure G-3.1 defines the methodological 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

Cod-R red

Multi-Fud 
Power Plants
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Infrastructure Costs
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Infrastructure Costs, 
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Assess T echnicd/Boonomic
Cost of Convadon

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:*

• dual-fuel powerplants (319 units, 130 plants, 86 GW);
• multi-fuel powerplants (122 units, 29 plants, 15 GW);
• 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 iiutially presvnned 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. Ln those multi-fuel sites

‘ Following this assessment of power plants, it was detennined that 67.5 GW (or approximately 20 
percent) of the candidate coal-fired capacity needed to be delete 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 
bum coal, and do not have natural gas supply infrastructure, except in those instances where i t 
is used as start-up fuel.

G-3.2 TECHNICAUECONOMIC 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 operatior\s 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 (NOx) 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 $l/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 econonuc 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 presum^ that new transmission capacity was 
necessary (except in the partial repowering sensitivity analysis). While some 
unused/underutilized capacity does exist in the system, it is either regionally or seasonally 
constrained.

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-repow^ring, 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. Tlie 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 
trairsmission capacity to meet the cumulative gas requirement of aU 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 cn the 
requirement to deliver 11 TCP 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 on its respective pipeline routing and volume of gas required. Based on 
the methodology employed, the hook-up/transnussion 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 on 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 SO2/NO, credit) for each plant was then divided by the reduction in carbon 
emissions arising from the repowering.

G-3.6 VALUE OF ENVIRONMENTAL EXTERNALITIES

There is considerable debate in the literature regarding the value of environmental 
externalities. In this study, the market value for SOj and NO, were included, not their 
estimated damage effects. For SOj values of zero (0) and $100/ton were used, where zero 
represents a market saturated with allowances; at the high end, $100/ton represents the 
current spot market price.

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.

DOE/EIA, An Analysis of Carbon Mitigation 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. consvuned 19,657,487 MCF of natural gas (EIA "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 ccmsuined 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-41 1995 Gas Consumed By End-Use Sector

End-Use Sector
Gas Volume

(MCF)
Percentage

(%)
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 toted 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

State

Before Conversion
Percent
To 1995 

Consumption

After Conversion
Candidate 

Gas Use 
(MCF)

Percent
To Total 
Utility

1995
Consumption

(MCF)

Candidate 
Gas Use 
(MCF)

Percent
To 1995 

Consumption
AL 5,008 63.75 321,577 1.56 436,350 135.69
AK 0 0.00 430,231 0.00 0 0.00
AZ 3,014 11.64 120,126 2.51 262,415 218.45
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 Consumption (continued)

State
ID
IL
IN
lA
KS
KY
LA
MN
MD
MA
MI
MN
MS
MO
MT
NE
NV
NH
NJ
NM
NY
NC
ND
OH
OK
OR
PA
RI
SC
SD
TN
TX
UT
VT
VA
WA
WV
WI
WY
TOTAL

Before Conversion
Candidate 

Gas Lfse 
(MCF)

0
7.111 
9,015 
1,889 
2,137

590
11,891

0
14,844
3,445
1,282
4,342
3,274
2,723

115
884

2,257
9

20,096
569

3,838
263

1
1.112 

21,521
0

12,885
0

2,840
0

2,055
25,312

0
0

14,036
0

346
2,640

119

Percent 
To Total 
Utility

194,798

0.00
17.55
67.26
60.34

9.62 
113.93

3.87
0.00

89.43
5.19
4.43

93.95
7.95

27.09 
31.17
66.10 
5.86 
0.42

51.90 
2.04
1.63 
8.71

50.00
20.88
13.91 
0.00

50.38
0.00

22.30
0.00

96.61
2.86
0.00
0.00

68.59
0.00

166.54
26.51

113.94
4.14

1995
Consumption

(MCF)
63,777

1,078,543
535,311
262,313
368,342
224,046

1,717,914
5,429

194,099
362,301
970,851
353,076
288,067
279,078

57,827
136,384
111,004

19,899
590,797
215,147

1,140,488
202,726
45,378

896,072
568,153
145,867
721,433

70,137
151,915
34,292

256,843
3,802,489

156,824
7,275

247,198
220,427
148,364
380,489

97,706

Percent 
To 1995 

Consumption

21,577,890

0.00
0.66
1.68
0.72
0.58
0.26
0.69
0.00
7.65
0.95
0.13
1.23
1.14
0.98
0.20
0.65
2.03
0.05
3.40
0.26
0.34
0.13
0.00
0.12
3.79 
0.00
1.79 
0.00 
1.87 
0.00 
0.80 
0.67 
0.00 
0.00 
5.68 
0.00 
0.23 
0.69 
0.12

After Conversion
Candidate 

Gas Use 
(MCF)

0.90

0
482,571
725.753
198.049 
179,799 
574,104 
108,469

0
179,798
100,162
470,880
204,618
61,757

337,261
110,378
96,655

112,979
24,283
43,906

183,864
152,159
363,021
189,374
805,303
185,964
25,590

654,898
0

193.049 
17,498

372.753 
825,981 
220,013

0
169,085
63,736

517,437
298,029
285,730

11,488,320

Percent 
To 1995 

Consumption
0.00

44.74
135.58

75.50 
48.81

256.24
6.31
0.00

92.63
27.65
48.50 
57.95 
21.44

120.85
190.88
70.87 

101.78 
122.03

7.43
85.46
13.34

179.07
417.33

89.87 
32.73 
17.54 
90.78
0.00

127.08 
51.03

145.13
21.72

140.29
0.00

68.40
28.91

348.76
78.33 

292.44
53.24
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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 TCP of natural gas was consumed in 1995. This 
includes the 19.7 TCP from the end-use sections in Table G-4.1 combined with the natural gas consumed 
in operatior^s. 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 TCP load from these power plants.

Table G^-3 Natural Gas Consumed By End-Use Sector After Power Plant Conversions
End-Use Sector Gas Volume (MCP) Percentaee (%)
Residential 4,850,318 15.6
Industrial 8,579,585 27.5
Electric Utilities 14,684,827 47.1
Commercial 3,031,077 9.7
TOTAL 33,052,827 100.0

If Table G-4.1 is recalculated based on 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 G-4.3). 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 TCP of natural gas consumed in the U.S., this gas travels through a 
sophisticated network 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 TCP of natural gas is transported through states to deliver gas to 
the end-use customers. Table G-4.4 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
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
IL 2,446,381 1,388,479 1,057,902
IN 2,041,013 1,475,557 565,456
lA 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

NJ 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
OH
OK
OR
PA
RI
SC
SD
TN
TX
UT
VT
VA
WA
WV
WI
WY

579,325
2,817,908

810,112
882,385

2,718,075
251,800

1,053,357
638,002

4,027,113
860,534
431,245

18,429
1,055,691
1,140,487
1,724,557
1,195,087

384.208

636,351
1,975,801
1,872,345

741,523
1,982,831

151,700
906,316
604,039

3,758,529
3,265,069

388,831
9,335

850,457
882,990

1,777,613
811,591

1,025,093

-57,026
842,107

-1,062,233
140,862
735,244
100,100
147,041
33,963

268,584
-2,404,535

42,414
9,094

205,234
257,497
-53,056
383,496

-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 vp 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.

G-4.5



Appendix G-4

Table G-4.5 Power Plant Hook-Up Distance Distribution

Distance
Less than 5 
Between 5 and 10 
Between 10 and 15 
Between 15 and 20 
Between 20 and 25 
Between 25 and 50 
Greater than 50
TOTAL PLANTS

Miles
235

83
44
25

6
7
4

404

Percentage (%)
58.17
20.54
10.89
6.19
1.49
1.73
0.99

100.00

Cumulative 
Percentage (%)

58.17
78.71
89.60
95.79
97.28
99.01

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 acconunodate 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 cpmplicates 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 trar^smission 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

With the distances and average mileage costs computed, the final step is to compute the total costs. 
The task 3 plants have no 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 
OGJ numbers were discounted 20%.
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Table G-4.6 Average Cost Numbers Per Mile
Diameter
(Inches)

6
8

10
12
16
20
24
30

Cost
(SOOOs)

441
541
642
742
942

1,142
1,342
1,642

Percentage 
Change (%)

22.68
18.48
15.60
26.99
21.25
17.53
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 discoimt being factored into the cost equation. The 
intercormection 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 upstream and dowr\stream effects from converting these power 
plants. The numbers presented represent ball park figures. To compute exact numbers would take 
sophisticated models combined with proprietciry 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 19% 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 19% 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 trar\smissioh infrastructure does not have the capacity to handle the load from these 
404 plants.

Power plants pose problems to i\atural gas transmission systems. The combined cycle units ramp very 
quickly and the electric utility companies are never sure of when their peeik 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 G-4.2
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Figiire G-4.1 shows how dispersed the power plarits- are ih 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 G-4.1 Graphic Display of Power Plants

1
$

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 on average day power plant consumption in relationship to 
the main natural gas supply areas. The reason being that erne way or another the gas must come from 
one of these key supply areas.

In lieu of guessing on pipeline routes and locations, the natural gas requirements for each plant were 
matched with pipeline throughputs. Besides guessing cn where to build pipelines, one would have to 
guess on 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 case, the GIS 
computed distances from the power plants to supply regions. The seven largest producing 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 Largest Seven States

State
Gas Production

(MCF)
Percent

(%)
TX 6,330,048 32.45
LA 5,108,366 58.64
OK 1,811,734 67.93
NM 1,625,837 76.26
KS 721,436 79.96
WY 673,775 83.41
CO 523,084 86.10

Besides the major 7 producmg states, the U.S. receives approximately 2.8 TCP of gas from Canada. 7 
nodes were created for the domestic production and three nodes in Canada. Figure 
G-4.2 contains a map of these nodes.

Figure G-42 Major Production Nodes
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The GIS computed the distance from each power plant to i(s 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 consumeis of natural gas, and are the markets for which a majority of the 
existing transmission lines were built, so the increases in trar\smission capacity that will be required to 
accommodate plant conversions can be expected to roughly follow past patterns of construction locations 
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 Une 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 armual 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 adding an MCF/Day mile to the existing transmission 
capacity, $2,250.

Table G-4.8 Pipeline Throughput Estimates
Diameter
(Inches) MCF/Dav

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 plant distance by its daily
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gas flow reqiiirements (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 provides an upgraded 
trai^smission cost of $64.75 billion for case 1 and $67.38 billion for case 2.
The number of miles of pipeline that would need to be constructed is based on the average diameter 
pipeline that is built. Taking the average MCF/Day values in Table G-4.8 allows us to compute the 
needed number of pipeline miles. Table G-4.9 shows how the miles vary significantly depending on 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 comprised 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 G-4.9 Miles of Pipeline Required
Diameter MCP/Dav Miles

6 15 1,918,519
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 37,374
36 865 33,269
42 1175 24,492
48 1500 . 19,185

Between 1991 and 1994, the U.S. added 3.65 TCP 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 TCP 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 cn the distance that the nahiral 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 nred to be a very sizable investment to interconnect these power plants to the system and
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accommodate their loads. Table G-4.10 provides the total 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 deliverabUity/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 on 
the high-side.*

Table G-4.10 Transmission Costs Summary (SBillion)
Site Repowering Steam Turbine

Repowerine
Interconnection 2.78 2.82
Transmission 64.75 67.38
Total 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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