














Figure 5: Maximum Technical Potential in 2000
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A supply curve of conserved electricity for the United States residential sector. Each step
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heating, refrigeration, lighting, and miscellaneous.
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Cost of Conserved Energy (cents/kWh)

Figure 6: Maximum Technical Potential in 2010
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implying a technical potential for energy savings of 70-75 baseload 1000 MW power plants
by 2010.10

Figure 7 indicates that electric water heating measures offer the largest potential
savings (in absolute terms) for costs less than 7.6¢/kWh of any single end use (slightly more
than 110 TWh, of which about 17 TWh, or roughly 15%, is attributable to fuel switching to
natural gas). Space conditioning measures are next most important in absolute terms, saving
about 100 TWh. Lighting measures save about 60 TWh, as do refrigerator and freezer
measures together. In percentage terms (relative to each end-use category's baseline usage),
water heating savings potential is the greatest (60%), followed by lighting (47%), refrigerators
(39%), and space conditioning (31%).

Table 15 presents a summary of residential electricity use and savings.by geographic
region. The number of households in the Southern region is projected to grow more quickly
than in the Northern region, but the total number of households in 2010 is still larger in the
North than in the South. Total electricity use is slightly larger in the North in both 1990 and
2010, but space conditioning electricity use is split almost exactly equally between the two
regions in 1990 and is slightly larger in the South by 2010. Total electricity savings costing
less than 7.6¢/kWh are slightly larger in the South, while space conditioning savings are
larger by a factor of 1.7 to 1. This substantial difference is caused by the larger number of
new homes in the South (because efficiency improvements are cheaper in new homes), the
cost effectiveness of spectrally selective glazings, and the prevalence of air conditioning in
the South.

Table 16 displays a breakdown of the energy savings and costs of appliance standards
implemented 1992-1994. Annual expected savings from these standards in 2010 are roughly
47 TWh/year, or about 5% of the frozen efficiency baseline. Of the 410 TWh of technical
potential savings costing less than 7.6¢/kWh, about 12% (or five percent relative to the frozen
efficiency baseline) are accounted for by the post-1990 standards.

1V. IMPROVEMENTS TO THE ANALYSIS: FUTURE WORK

In creating the database of conservation measures, we frequently were forced to make
compromises because of data limitations, weaknesses in computer tools, or resource
constraints. On balance, we believe that correcting for data omissions and methodological
limitations would increase the energy savings and decrease the cost of conserved energy, so
in that sense our analysis is conservative. This section describes some of the limitations of
this analysis, and presents our "wish list" for improving the conservation supply curves. As
we continue to update the supply curves on a regular basis, many of these limitations will be
corrected.

A. Multifamily and mobile home building-shell-related energy savings

The frozen efficiency baseline includes space conditioning energy use in multifamily
buildings and mobile homes. We do not include building shell measures for these end-uses,
because of an inability to easily simulate mobile home and multifamily building space
conditioning energy use, and uncertainty about the costs of improving

10This crude comparison is presented here only to establish the order of magnitude. More accurate calculations
would account for the time at which conservation measures save energy relative to the utility system peak
demand, and relate these "load shape characteristics" to baseload, intermediate and peaking supply resources.
See Koomey et al 1990 for more details.
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Table 15: Residential electricity use and savings potential by geographic region

North | South Total
Number of Households 1990 (millions) 533 40.7 94.0
Percentage of Total 56.7% 43.3% 100%
Number of Households 2010 (millions) 64.0 53.9 117.9
Percentage of Total 54.3% 45.7% 100%
TOTAL RESIDENTIAL ELECTRICITY CONSUMPTION
Total 1990 (TWh)* 455 373 828
Percentage of Total 55.0% 45.0% 100%
Total Frozen Efficiency Baseline Electricity Use 2010 (TWh)* 529 479 1008
Percentage of Total 52.5% 47.5% 100%
Total Savings Potential in 2010
for CCE £7.6 ¢/kWh (TWh) ** 190 214 404
Percentage of Total Savings Potential 47.1% 52.9% 100%
Energy Savings Potential as a Percentage of
Total Frozen Efficiency Energy Use in 2010 35.9% 44.6% 40.1%
SPACE CONDITIONING ELECTRICITY CONSUMPTION
Total Space Conditioning (SC) 1990 (TWh) 117 115 232
Percentage of Total SC Use 50.6% 494% 100%
Total Space Conditioning Electricity Use
Frozen Efficiency Baseline 2010 (TWh) 157 166 322
Percentage of Total SC Use 48.6% 51.4% 100%
Space Conditioning Savings Potential in 2010
for CCE<7.6 ¢/kWh  (TWh) 36.6 62.1 98.7
Percentage of Total Savings Potential 37.1% 62.9% 100%
Space Conditioning Savings Potential as a Percentage of Total
Frozen Efficiency Space Conditioning Energy Use in 2010 23.4% 37.5% 30.6%

(1) All non-space-conditioning electricity use is assumed to be proportional to the number of households
in the Northern and Southern regions.

(2) Five-sixths of the electricity savings from heat pump water heaters accrue in the South, and 1/6 in the North

(see text and Appendix 3 for explanation). Otherwise, all non-space-conditioning energy savings are assumed to be
proportional to the number of households in the Northern and Southern regions.
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Table 16: Savings in 2010 from post-1990 appliance efficiency
standards affecting electric end-uses

Cost of Savings in 2010
Year of | Conserved Energy| Savings in 2010 % of 2010
Appliance House Type| Standard ¢/kWh TWh/yr baseline
Central Air Conditioner SF 1992 5.6 1.96 0.2%
(CAC) MF 1992 8.7 0.37 0.0%
MH 1992 5.0 0.25 0.0%
All 1992 6.0 2.58 0.3%
Heat Pump (HP) SF 1992 2.6 2.64 0.3%
MF 1992 4.0 0.34 0.0%
MH 1992 2.8 0.02 0.0%
All 1992 28 3.01 0.3%
Refrigerator All 1993 24 27.52 2.7%
Freezer All 1993 34 342 0.3%
Clothes dryer All 1994 3.1 5.08 0.5%
Clothes washer All 1994 2.1 3.39 0.3%
Dishwasher All 1994 0.2 2,14 0.2%
Total from Standards 47.14 4.7%
Total less than 7.6¢/kWh 46.39 4.6%

(1) CAC and HP savings calculated using prototypes defined in Table 5.

(2) Electricity savings costing less than 7.6¢/kWh in the supply curves in Figures 5 and 6 include

the roughly 47 TWh savings from appliance standards.
(3) Standards for CACs/HPs are assumed to be the first measure in all shell

packages for housetypes with this equipment (for purposes of calculating energy
consumption). They are ranked in the supply curve by CCE, and do not always

come in below 7.6¢/kWh. However, 98% of the savings cost less than 7.6¢/kWh.

(3) In single-family homes, we switch all CACs w/electric furnaces to HPs. Savings from
the standards for the CACs in single-family homes that are switched to HPs are not
included in the savings in this Table. Similarly, savings from the HP standards for the switched CAC units
were not included (the CACs are switched directly to the most cost-effective HP).
These 'lost' savings are on the order of 0.5 TWh in 2010.
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existing mobile home thermal integrity. Savings from improvements in space conditioning
equipment are included for these end-uses.

Some research has been done on this topic, which should be extended to the national
level. Space conditioning energy savings in existing mobile homes have been estimated for
Colorado weather from Judkoff (1991, 1990). Savings in new mobile homes have been
estimated for the Northwest by Baylon et al. (1990). Multifamily costs and energy savings
have been estimated by the Northwest Power Planning Council (NPPC 1986, NPPC 1989),
while space conditioning loads for prototypes all over the U.S. have been estimated by
Ritschard and Huang (1989).

B. Shell measures for existing and new homes

Existing single-family buildings: Advanced window options (such as superwindows
and spectrally-selective glazing) have not been included for these buildings, and they should
be. Costs of window replacement should be calculated for two cases: (1) assuming that the
window would be replaced anyway, and estimating the incremental cost of upgrading the
window, and (2) assuming that the window would not be replaced anyway. Estimates of the
natural retrofit rate (i.e. because of breakage or window age) are currently being obtained
from window and renovation trade associations.

New single-family buildings: all wall insulation levels higher than R-19 are assumed
in our analysis to be reached using exterior sheathing, which is relatively expensive. Mass--
producible advanced wall technologies for new buildings, including I-beam construction
(used in Sweden--(Andrews 1990b, Schipper et al. 1985)), steel frame construction (Johnson
and Liebeler 1991), foam blocks (Gilmore 1987), or solid-core foam walls may reduce the
costs of achieving higher insulation values in walls.

Advances in windows are proceeding at a pace more characteristic of the computer
industry than the generally more sedate building industry. Cheaper coatings and noble gas
fillings are becoming the norm, and the goal of producing a window that would yield a net
heat gain facing any direction on any northern U.S. house (R-8, including frame effects) is
now within reach (Bakke 1990, Feder 1990, Gilmore 1986, Jones 1990, Warner 1990). New
technologies on the horizon include chromogenic glazings that allow electronic control of
window transmissivity (Moore 1987, Selkowitz and Lampert 1989) and innovative heat
recovery schemes using controlled window infiltration (Pop Sci 1989).

Ventilation with heat recovery (which replaces uncontrolled infiltration as a means of
preserving indoor air quality) is a technology that has matured in the past decade and is used
widely in the Northwest (Lubliner and Young 1990). It has not been included in our
conservation potential estimates. Both whole-house and room units are available (Cons. Rpts.
1985).  Use of a tightly sealed shell with mechanical ventilation can achieve substantial
further reductions in heating load due to infiltration, at a small cost in additional energy to
operate the ventilation (Feustel et al. 1987).!1 Early results with these devices were mixed
(Fisk and Turiel 1983, Turiel et al. 1983), but further experience has proved their reliability.

1 Ventilation with heat recovery may also help to achieve capital cost savings in the heating system--see section
Iv.C
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C. Capital cost savings for advanced shell measures

Substantial improvements in shell efficiency can result in capital cost savings for
space conditioning equipment. In the limiting case for space heating, the furnace can be
eliminated altogether, and replaced with a larger water heater, as has been done by Bigelow
Homes near Chicago (Andrews 1990a, Donovan 1988). Assessing these potential capital cost
savings requires a whole-system analysis approach much more complicated than the one used
in this study. EPRI (1987) has taken the first steps towards systematizing such an analysis.

D. Window orientation/passive solar features/landscaping

Few data exist about window orientation in new homes, but simple calculations
suggest that using shading (awnings, trellises, shade screens, thermal curtains, or overhangs)
and allocating more windows to the south and west side of northern houses (and more to the
northern side of houses in the south) can reap substantial energy savings benefits. In the
absence of data, our analysis assumed that window area is spread equally on all four walls,
and that there are overhangs on all windows.

No other passive solar options are considered here, in spite of the potential energy
savings available from these options (Kahn 1991), because costs for these improvements are
more difficult to estimate than for simple changes in insulation levels. Both energy savings
and costs of passive solar buildings are dependent on the complete building design and not
just on the characteristics of the components.

Many analyses suggest that landscaping can have major effects on energy use (Huang
et al. 1990, Meier 1991), but little information is available on the applicability of such
measures to new and existing homes. Data are needed on the number of trees now planted
around houses, the kind of trees typically planted, and the window orientation. More research
is needed on these issues to assess the potential for reducing energy use using landscaping.

E. Internal loads

Changes in space conditioning loads due to improvements in appliance efficiency are
not included in the supply curve analysis. In general, improvements in appliance efficiency
will increase heating loads and decrease cooling loads. The LBL residential energy model
(LBL REM) does keep track of these interactions, and as LBL REM and the supply curve
model become more closely integrated, we expect to include these effects. The importance of
heat pump water heaters and dryers in the technical potential case make a detailed assessment
of the effects of internal loads imperative.

F. Infiltration

The data on baseline infiltration in both new and existing buildings of all types are
based on small sample sizes that are heavily weighted towards buildings in California and the
Northwest (CEC 1990, Kolb and Baylon 1989, Modera 1986, Sherman et al. 1984). Many
local government agencies and non-profit organizations perform pressurization tests using
blower doors to measure infiltration rates and perform retrofits of houses in their region.
These data have never been compiled in a systematic format for the U.S. as a whole, but such
a compilation is urgently needed for national-level policy analyses. Measuring savings from
specific infiltration reduction measures are also needed, because the available measured data
are scanty and inconclusive (Butterfield 1989, Schlegel 1990).

G. Duct leakage
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Duct leakage, which can be substantial in centrally-conditioned homes (Brook 1991),
has not been included in the analysis. Modera's (1991) latest unpublished results on the effect
of duct leakage on furnace and central air conditioning efficiency indicate that the nominal
efficiency of furnaces should be multiplied by a factor of 0.65 to calculate actual efficiency of
heat delivery, while the comparable number for cooling is 0.66. This huge correction factor
indicates that the importance of duct leakage has traditionally been underestimated in
conservation potential analyses. We will include this correction factor in future updates of the
supply curves whenever Modera's detailed work is published. RECS (US DOE 1989a)
indicates that 70-80% of all existing U.S. houses have ducts, so this issue is potentially an
important one. Omitting this factor represents a conservatism, in the face of uncertainty about
current data and about the effects of recent changes in duct sealing practice.

H. Long-term fuel switching to homes near gas supply

We consider fuel switching in homes that already have gas service, but do not assess
the potential for extending gas mains into areas that are close to the existing distribution
system, or for ensuring that as many new developments as possible have gas service. In the
long-term, such fuel switching could in many cases be cost effective, especially where electric
space heating and water heating are switched to gas simultaneously. A more comprehensive
study is needed to assess the size and cost-effectiveness of this additional fuel-switching
potential.

I. Integrated appliances and advanced appliances

No attempt has been made to include the potential energy savings from integrated
appliances that combine the functions of space conditioning and water heating, or those of
televisions and video cassette recorders.

Ground-source heat pumps, which are extremely efficient compared to air-source
models, have not been included in our technical potential estimates. Solar water heaters and
solar pool heaters are not included, though these are cost effective in some applications. Gas-
fired air conditioners are currently in use for commercial applications, and may yield
additional cost-effective fuel switching potential in residential space conditioning by the mid-
1990s.

J. Treatment of appliance standards

Appliance standards implemented after 1990 (e.g. the 1993 refrigerator/freezer
standards) have been treated in this study as having a positive cost to society (relative to the
1990 standard). This cost is used to rank the standard in the supply curve.'? A utility
considering programs to increase the efficiency of refrigerators would "receive" these energy
savings at zero cost, even though the customer would have to pay something for them. Care
must therefore be used in extrapolating these national results to specific utility service
territories.

K. Lighting end-use

Lighting has been characterized in a relatively detailed fashion, considering that the
available data are somewhat scanty. We expect some of these data to change as we

12These standards are always the first measures "implemented" regardless of CCE, even though the measures are
shown on the grand supply curve ranked by CCE. This convention ensures that all energy savings for improving
efficiency beyond the appliance standards are calculated correctly.

39



accumulate more information in conjunction with LBL's analysis of possible lighting
efficiency standards. Technical improvements and cost reductions for compact fluorescent
lamps, partly influenced by utility incentive programs, will be assessed in more detail.

L. Miscellaneous end-uses

More investigation is needed into the components of and the savings from the
Miscellaneous end-use category. In particular, pool heaters, furnace fans for non-electric
furnaces, computers, VCRs, and other high saturation electronic devices need more careful
study.

M. Load shape characteristics

Once measured or calculated, load shape characteristics for each measure (as
represented in simplest form by conservation load factors (Koomey et al. 1990) or in more
comprehensive fashion by average monthly or weekly load shapes) could be included as fields
in each record of ACCESS's database. This addition would improve the program's usefulness
in least-cost utility planning analyses, because it would allow more accurate characterization
of the coincident load savings attributable to the efficiency resources.

N. Additional data needs

Improved data are needed on the costs of switching to heat pumps (HPs) in existing
homes with electric resistance (ER) heating and central air conditioner (CAC) cooling. We
assumed that $600 would suffice to pay for retrofitting and reoptimizing the ventilation
system, and that a standard HP would cost an additional $100 over the cost of a standard
CAC. Since the lifetime of the CAC is 12 years and the lifetime of baseboard heaters is
roughly twice that, we assumed that HPs would be installed at the rate of retirement of
baseboard heaters, thus avoiding the costs associated with early retirement of equipment.
Further research is needed to test the accuracy of these assumptions, although the measure is
so cost effective that even a several-fold increase in capital cost would keep the CCE below
7.6¢/kWh in all cases.

Information on the costs of fuel switching for water heaters, ranges, and dryers is often
anecdotal. These costs are site-specific, and we know little about the extent of constraints on
fuel switching and on the cost penalties imposed by such constraints.

V. CONCLUSIONS

This analysis has demonstrated that there are significant, cost-effective energy
efficiency resources available in the U.S. residential sector. The technical potential for energy
savings in the U.S. residential sector by 2010 is roughly equivalent to 70-75 1000-MW power
plants, at an average cost of conserved energy of 3.4¢/kWh (using only those efficiency
resources costing less than 7.6¢/kWh). These savings represent about 40% of the frozen
efficiency baseline. If conservation resources up to 14¢/kWh are considered, the total
technical potential is about 48% of the frozen efficiency baseline. Potentially large efficiency
resources have not been included in the analysis due to lack of data or lack of resources,
including building shell improvements for mobile homes and multifamily buildings,
expansion of the gas supply network, landscaping and passive solar techniques, and advanced
space conditioning shell technologies for new homes.
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