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Abstract

Buildings account for 40 percent of U.S. energy arse are the dominant driver of daily and seasonal
electric load cycles. Understanding the possibigitrm evolution in these energy demands, their
potential response to climate policies, and them#l benefits of advances in the technologies tha
provide them are critical for informing climate-leaspolicy decisions. This document presents a new,
service-based approach to understanding the langeeolution of the U.S. buildings sector withireth
context of a long-term, global, integrated-assessmedel called MiniCAM. The buildings module
explicitly represents the demands for energy sesyisuch as heating, cooling, and lighting alort wi
the technologies to supply these services. Futgeasios for U.S. building energy service and energ
use are presented. Building final energy use is@®aver the 2icentury with a concurrent increase in
the fraction of energy supplied by electricity. Gaining carbon emissions lowers natural gas aed f
oil use, but results in little change in electyaitse.
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1.0 Introduction

People do not demand energy; they demand goodseamides that require energy: warm homes in the
winter, cool homes in the summer, cooked food agteifor perishable food (through refrigeration),
Internet access, television, and so forth. Demanthise energy-based goods and services begins a
causal chain that, among other things, leads tmocadioxide (CQ) emissions from burning fossil fuels
and, ultimately, to changes in the earth’s climbtederstanding the possible long-term evolutiothgse
demands, their potential response to climate mdjcand the potential benefits of advances in the
technologies that provide them are critical foonnfing climate-based policy decisions. In addititdme,
buildings sector is a key determinant of both epeigmand and the daily and seasonal demand profile
for electricity. This document presents an apprdaamderstand the long-term evolution of the U.S.
buildings sector by developing a service-baseddimgs module incorporated into a long-term (through
2095) regional and global integrated assessmengeih(i#dM), the Object-oriented Energy, Climate, and
Technology Systems {ECTS) MiniCAM (see Section 3.1).

IAMs have been used extensively to illuminate #lationships between the underlying socioeconomic,
technological, and other drivers of greenhousesgaissions and aggregate changes in the globaltelima
IAMs have traditionally focused on the supply-sadehe energy sector—considering, for example,
electricity generation technologies or crude aslorce supplies—while treating the demand for gnerg
in highly aggregate fashion. This lack of demancteredetail has hampered efforts to understand the
potential responses of the building sector to dienplicy and the potential benefits of advanceitting
energy technologies, such as heat pumps or salid-Bghting.

Several other modeling efforts have attempted grefmand-side details, but these were generally
constructed for other purposes. They generallyatdave the century-long time frame or the global
scope associated with MiniCAM. For example, the.UD&partment of Energy’s (DOE) National Energy
Modeling System (NEMS) (DOE 2004) and the U.S. Emvinental Protection Agency’s All-Modular
Industry Growth Assessment (AMIGA) Modeling Systédanson 1999) include demand-side details,
but are both U.S.-focused models that are solvetid @ and 50 years from today, respectively.

The new, service-based U.S. building sector-moedxpdicitly represents the demands for specific
building services (e.g., space cooling and lightisgd the technologies that provide these servidas.
detailed approach is representative of an incrgasemd toward hybrid modeling approaches that
integrate top-down and bottom-up modeling.

Using the buildings sector-module in MiniCAM asehicle, this document explores several issues that
pertain to the evolution of the U.S. building seawer the coming century. What are relevant trands
the U.S. buildings sector and where are these drimadling? How might climate policies alter these
trends or otherwise influence building energy detinaver the long-term? What is the role of new
technology in reducing demand for energy, and fbezeclimate impacts from this sector?
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This document is organized as follows:

Section 2.0 provides background on relevant hisabtrends in the U.S. building sector.

Section 3.0 presents MiniCAM and discusses thetstre of the building-sector module, along
with the basis for important methodological deaisio

Section 4.0 presents one long-term scenario acdsiss the basis for the trends embodied in the
scenario.

Section 5.0 demonstrates the building-sector modidier the imposition of a global carbon-
constraint.

Section 6.0 provides conclusions and additionahags for future modeling efforts.
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2.0 Current Trendsin the U.S. Building Sector

It is common to split energy demand into three@scbuildings, industry, and transportation. la th
United States, the buildings sector consumes that exeergy of the three. In 2003, the building secto
consumed 20 exajoules of delivered energy, or ryugfh percent of delivered energy in the United
States: With a U.S. population of 0.3 billion, this amaed to 70 gigajoules per capita. To give
historical perspective, in 1980, building energg usas 16 exajoules in total and 70 gigajoules ppita;
in 1960, building energy use was 9.5 exajoulestal and 53 gigajoules per capita. Therefore, on
average, individuals in the United States are uabaut 30 percent more delivered energy for bugjdin
services than they were 45 years ago, but perecapigrgy demand has roughly stabilized over the las
several decades (EIA 2005b). (Note that thesedigydo not include the full life-cycle energy costs
associated with buildings and building equipment.)

For simplicity, we use delivered energy as the imédr total building energy use in this analysis.
Delivered energy, also referred to as final eneiggthe sum of inputs of electricity, natural gas| oil,
and other fuels as delivered to the building. Tiaglects transformation losses, particularly for
electricity. Total energy requirements in termgomary energy will, therefore, be higher than final
energy value. As the building sectors move moreatdvthe use of electricity, the divergence between
delivered and primary energy will increase.

To put the trends and analysis to come into conieist useful to consider the counteracting fortted
ultimately drive building energy demand. Equati@rij is a simple heuristic identity intended fasth
purpose.

roorspace}{ Service }[Energy}
e

Energy= | populatio
gy=[pop d{ population|| Floorspace|| Service

(2.1)

In this identity, the evolution of building energge depends on the combined effects of four intiegc
terms. The derivatives of the first two terms caotighave a positive sign and this will probablyntioue

for several decades and perhaps beyond. The dimegfiithe change in the third element is ambiguous
(see below). The final term has a negative dexeatcross service demands, improved energy
efficiency has allowed American consumers to rexéivilding services with lower-energy requirements.

While simplistic, this identity illuminates a meagful dynamic in building energy use. Limiting the
growth in building energy demand can be viewed esmapetition between the underlying drivers of
building energy use—predominantly population andgapita floor-space growth—that drive service
demands and advances in the technologies thahesgyeto serve these demands.

There are three salient trends from the historieedrd. First, per-capita floor space, both redideéand
commercial, has been increasing for decades. Todsiglential floor space is approximately 800 squar
feet per capita and commercial floor space is ryugB0 square-feet per capita. Figure 2.1 shows the
historical record. Although it is unclear whetheisttrend will continue in incoming decades, reskers
are increasingly concerned with the impacts of iooletd growth on building energy demand (see Wilson
1999; Laurence 2004; Battles 2004; Gerencher 2006).

20ne exajoule is roughly equivalent to one quadnllBritish thermal unit (quad). 1 quad = 1.055jeukes.
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Figure2.1. Historical Per-Capita Floor Space (DOE 2005aYhBectors indicate a generally increasing
trend in floor space per capita.

The second salient trend is increasing electrificadf the U.S. building sector, as shown in Fig2u2
While natural gas is a principal energy source us&dlS. residential buildings, accounting for abbalf
of total delivered energy consumption in 2003,share of electricity has been steadily increasiomf
roughly 10 percent in the 1950s to approximatelpdfent today. Energy Information Administration
(EIA) projects that residential electricity demamidl match natural gas demand around 2020 (EIA
2005a). The commercial sector has exhibited sirtidards, with electricity becoming the dominant
delivered energy source in the early 1990s. Inangasectrification has been a function of increhse
deployment of cooling technology, increased usel@dtricity in heating applications, and increased
demand for services that demand electricity suapaiances, office equipment and information
technology.
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Figure2.2. Per-Capita Delivered Energy Use by Fuel, 195(220®e historical record shows
increasing electrification in both residential amimercial sectors.
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The final trend is the evolution of demands forrggealong individual service dimensions. Figure 2.3
shows energy demand per square foot by end use2@A; EIA 2005b). It is important to interpret

these trends with some caution, as there are suiadtancertainties in the underlying data. This is
particularly true for commercial data, where vaoias from year to year reflect both real-world tien

and methodological differences (Section 3.3.4). &llbeless, whatever trends do exist reflect a
competition between increased efficiencies on tieeland, and increased demand for services peresqua
foot on the other. In most cases, these two fanees fought roughly to a draw, with a few excepdion
Across both the residential and commercial sectbesgemand for energy for appliances, office
equipment, and similar services has been incredastgr than the growth in floor space. This treuilt
figure prominently in the scenario presented inti®act.0.
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Figure 2.3. Historical Energy Consumption Per Square FodEbg Use (EIA 2003; EIA 2005b).
Figures for heating and cooling are adjusted fonperature in the given year.

In concluding this section, we return to the idigntiith which it began: Equation (2.1). Figure 2.4
illustrates the full competition between forcedtie case of residential hot water consumption using
energy consumption data from the Residential En@mysumption Survey (EIA 2003’0)I’he figure
shows that the total energy demand for hot-watatifig has been steadily increasing since the early
1980s, as has the demand for hot water itselfhéstime time, if the effects of increasing squantaiye
per capita are stripped out, the trends are vdfgrdnt. The service demand per square foot haaired
relatively constant, and the energy per squaretfastgenerally been decreasing as a result of

PTo develop these estimates of service demandearlirelationship was assumed for those years wirerysdata
were not available. The stock efficiency datafeosen National Energy Modeling System'’s vintage thatse. The
stock efficiency was the average efficiency forexiisting and new water heaters including thosketuby natural
gas, electricity, fuel oil, and liquid petroleumsgalhe average efficiency for new gas water hedtemarkets, for
example, was calculated to be 0.49 in 1980, 0.3®80, and 0.56 in 2000, and the average efficiéoicgew
electricity water heaters in markets was takeret@.81 in 1980, 0.88 in 1990, and 0.88 in 2000indJa simple
vintage model, the NEMS database estimates th& sfficiency of all water heaters to be 0.49 in298.52 in
1990, and 0.55 in 2000.
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improvements in the efficiency of water heatersiclwhvere estimated to have increased by roughly 15
percent in the past two decades.

1.6

1980 1985 1990 1995 2000
Year

Total Energy Consumption

= = = Energy Consumption per Square Feet
Total Senice Demand

Senice Demand per Square Feet

Figure 2.4. Historical Service and Energy Demands for Hot &athe figure demonstrates the effect of
increasing floor space and energy efficiency ondiérmand for hot water on total energy hot
water energy demand

It is important to note that trends in floor spacel service demands depend on a range of socialpgic
demographic, and economic changes. For example gnoss domestic product (GDP) per capita and
median household income have been increasing; atiguldensities have shifted from the northern
census regions to the south and west; the sizeeaterage family has decreased over time; and
increases in energy prices have greatly exceededtd of inflation (Laurence 2004). Any future
scenario for building energy use has to considgreeexplicitly or implicitly, how these trends gfit
change over time and what other new trends migletrgenin the future.
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3.0 Buildings Sector in OPECTSMiniCAM

3.1 Overview of OYECTSMiniCAM

The analysis of long-term, U.S. building-sectorrggedemand in this document was conducted within
MiniCAM IAM, as implemented within the ®ECTS framework (Kim et al. 2006). Th&/BCTS
framework is an object-oriented architecture ttiatxgs for an implementation of MiniCAM model that
incorporates additional bottom-up technology detéihin a globally consistent economic market
framework.

MiniCAM is referred to as an IAM because it comlsimepresentations of emissions producing sectors
with a global climate model in order to allow arsagyof drivers of emissions all the way through to
concentrations, radiative forcing, and temperatiange. MiniCAM (Edmonds et al. 2004) is a partial-
equilibrium model that includes submodels of thebgl energy system and global land-use (Sands and
Leimbach 2003) and uses the MAGICC climate modeb({®y and Raper 2002). Population growth and
labor productivity are exogenous inputs. THEGTS MiniCAM as used here has 14 regions, 1 of whic
is the United States. The model looks forward f&880 to 2095 in 15-year time periods.

Decisions in MiniCAM are myopic: they are made lutbsa current market characteristics rather than
through an assessment, optimal or otherwise, afdéutonditions. Technologies are incorporated withi
this framework by exogenously specifying availaielehnologies at each point in time and allowing an
endogenous selection of specific technologies usipgce-based logit formulation. This selection
method is based on the least-cost selection oht#obies under the assumption that technology costs
and other non-modeled characteristics have atstatidistribution. Note that costs here represkeat
average annual costs of a technology, in whichaargytime costs (e.g., capital costs) are amorized
the lifetime of the equipment. The buildings modiglealibrated to historical data in 1990 and 265
each technology, and new technologies are allowedmpete in the future.

The approach used in MiniCAM to model future builglienergy use differs somewhat from detailed
building optimization models. In these detailed eisdtechnological details for a specific buildatga
specific location are adjusted to determine thstleast solution to some constraint (e.g., lowest
total-cost, zero net-energy consumption, etc.).l8Mhis not feasible to incorporate this high lesk
detail into an aggregate, global model operatingjirae scales up to a century, these detailed madels
provide valuable insights.

3.2 Conceptual Sructure of the U.S. Buildings Sector

For every MiniCAM region, energy demand is formeahi three individual components: transportation,
buildings, and industry. Prior to the enhancemdigisussed in this document, building energy demand
was based on a simplified, constant elasticityti@iahip with regional GDP and energy prices, along
with an exogenously specified autonomous rate efgnintensity improvement.

The conceptual structure of the new, U.S. buildisgstor module is shown in Figure 3.1. In the TSI
presented here, two building subsectors are asston#ie United States: residential buildings and
commercial buildings. There are no regional breédkaeach sector represents building energy demand
for the entire country. In essence, each sectan sggregate representative building. Associatéd wi
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each of these sectors is information such as ipace and building-shell thermal characteristieshEof
the two sectors demands a suite of building ensegyices.

Service Demands Technologies
Building Heatl Heating Tech ]\
Characteristics & caing cating Techs
Floor Space Cooling Cooling Techs ]
—>[ Residential Buildings ]— Lighting Lighting Techs ] >
Hot Water Hot Water Techs ] Fuel

Appliances & Other

Fuel Oil

U.S. Region ]
Heating Heating Techs
Cooling Cooling Techs
Lighting Lighting Techs
—>[ Commercial Buildings ]— ><—
Hot Water

Office Equipment Generic Tech

Other Generic Tech

S S S A S SN S S S
trrt . tiftft

]\

)

)
Hot Water Techs ]

)

))

)

—>[ Non-Commercial Other ]4—[ Generic Tech

Figure3.1. Conceptual Structure of the U.S. Building-Sedfmdule. The United States is split into two
aggregate building sectors, residential and comiadgraildings, each of which demands a
range of services. These services are supplieddncited technologies that require fuel
inputs to do so.

Both sectors demand heating, cooling, lighting, Boidwater, and an “other category” that captuties a
other demands, including demands for informatiamises such as those provided by computers and
televisions, as well as refrigeration, clothes veastand dryers, and so forth. The commercial sedsor
demands a “noncommercial”’ other category that ohetuenergy use that is categorized by the EIA as
lying with the commercial sector, but representsaled such as parking lot lighting. This additional
commercial category is included in the overall niphet is not presented further in this document.

Demands for these services in MiniCAM are expressxdn terms of input energy, such as electrioity
natural gas, but in terms of the actual servicesiged, when feasible. For example, lighting demeaua

be expressed in lumens; heating and cooling demanedsxpressed in terms of the heat-transfer desnand
of the sector. All service demands for “other” cgiees are simply indexed. By specifying demand for
services rather than input energy, MiniCAM is alelisentangle changes in the demand for serviogs a
the efficiency of the technologies that providesthservices.

A number of technologies might provide any serviea. example, lighting can be supplied by
incandescent lamps, fluorescent lamps, or, indheé, solid-state lighting. Heating can be suppbg
electric-resistance heating, electric heat pumasiral gas furnaces, natural gas heat pumps, @hdifu
furnaces. For this analysis, three primary fuedseeasumed to serve the buildings sector: elegtricit
natural gas, and fuel oil. Wood used in buildinig® ancluded in the model, but is not discussethis
document.
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3.3 Formulasand Assumptions

331 Floor Space

As discussed in Section 2.0, floor space is a pirdeiver of service and energy demand in the s
sector. In the building-sector module, floor sppeecapita is a constant-elasticity function ofame and
the price of floor space, as shown in Equation)(3.1

s=0gg | Pl (3.1)

wheresis floor spacegsis a calibration parametdris per-capita income (represented by per-capita
GDP),Psis the price of floorspace, and the tf#e are positive elasticities. Although the elasyici
parameters are calibrated to be consistent withipasmation, a range of possible parameterization
could feasibly fit the past. In addition, it istally impossible to project how the preferenceffoor
space might change over time, whether suburbaaizatill continue, or how prices might vary as more
buildings are constructed. Therefore, it is critibat floor-space scenarios used for the buildimgsiule
be considered just that—scenarios. The moduleti;tended as an exploration of the drivers offloo
space as much as an exploration of the implicatidpotential future floor space demands for buitdi
sector energy demand.

3.3.2 Service Demands

The core of the buildings module is the explicfinesentation of service demands. The formulation fo
heating and cooling is the most complex of theiserdemands, because it must consider the
implications of internal gains, building shellsdatclimate. Heating and cooling demands in both
residential and commercial sectors are based diollbeving specifications in Equations (3.2) and3)3

d, =o,,uaHDDP* -G (3.2)

d. =@ (0. uaCDDP* +G) 3.3)
Wheredy anddc are the demands for heating and cooling per sdoatef floor space in terms of the
thermal loads, the's are calibration coefficientg- is a “saturation” parameter that captures the
penetration of cooling technology over tinods the thermal heat characteristics of the bugdinis
building shell area per square fodfpD andCDD are heating degree days and cooling degree Bays,

andPc are the service prices (discussed below)Abeare price elasticities, artélrepresents the internal
gains from other demands, such as lighting.

Several aspects of this formulation bear notet,Rine demand for heating and cooling services on a
per-square-foot basis is independent of per-capitame. In this specification, the income effect is
indirect. Income affects floor space, and heatimgj @oling service per floor space is a functiothef
prices of these services. The prices for thesecgerare the weighted average of the prices fr@am th
different technologies that provide the servicesciassed below). Second, demand is temperaturerdriv
through heating and cooling degree-days. This magetsany changes in temperature that might occur
through climate change could be reflected in endegyands. However, for the version of the module
discussed here, heating and cooling degree-daysassumed invariant over time. Third, energy
demands are a function of the building shell théicharacteristics. This means that technological
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improvements might take place not only in the tetbgies that provide the services, but also in the
building shells, reducing the demand for heating @oling. Fourth, the demand for cooling is maedtifi
by a “saturation parameter” to capture increastilzation of cooling over time. This parameter is
implicitly assumed to be unity for heating in thaitéd States, meaning that heating technology is
assumed to be employed already in all regions wihenght be applicable. For this document, it was
assumed that all those needing cooling servicédwiable to use these service by 2020, meaninggha
in 2020 will be 100 percent.

Finally, the module allows for the effects of imtal gains in reducing heating loads and increasing
cooling loads. For this analysis, it was assumatl@0 percent of lighting energy demands, 50 peraien
appliances energy demands, 10 percent of hot wategy demands, and 80 percent of office equipment
energy demands lead to the internal gains.

The demands for all other services are based on@ifsed generic formulation, as seen in Equation
(3.4):

di=¢ o Pi_ﬁ (3.4)

This formulation is a simplified version of the tiag and cooling formulations, and the same logical
structure applies.

333 Technology Choice

Many building services can be provided by multiiglehnologies. For example, lighting might be
provided by incandescent bulbs, fluorescent larapd,solid-state lighting. The MiniCAM framework is
highly flexible in this regard; therefore, techngiles can easily be added or subtracted from thautaod
The technologies included in the version of the ut@dh this document are shown in Table 3.1.

Every model with multiple technologies must incladeapproach to manage choices among discrete
options such as these. ThEELTS MiniCAM uses a price-based logit formulatiarskd on the price at
which they can provide the service. This price figrection of technology cost and performance
characteristics along with the price of input fuedgether, these factors define a price of progdire
service; for example, cost per lumen of lightingost per British thermal unit of heat energy tfaned
in or out of a building for space heating or coglifihese service prices change over time as teotpol
cost and performance improve and as fuel pricesgeh@More details on the price-based technology
choice mechanism could be found on Clarke and Eds)dtD93).
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Table 3.1. Technologies Included in the Buildings ModBle

Residential Heating

Commercial Heating

Gas Furnace

Gas Heat Pump (beginning in 2020)
Electric Resistance Heater

Electric Heat Pump

Fuel Oil Furnace

Wood Furnace

Residential Cooling

Gas Furnace/Boiler

Gas Heat Pump (beginning in 2020)
Electric Resistance Heater

Electric Heat Pump

Fuel Oil Furnace/Boiler

Commercial Cooling

Electric AC

Residential Lighting

Electric AC

Commercial Lighting

Incandescent
Fluorescent
Solid State (beginning in 2020)

Residential Hot Water

Incandescent
Fluorescent
Solid State (beginning in 2020)

Commercial Hot Water

Gas Water Heater

Gas Heat Pump Water Heater (beginning in 2020)
Electric Resistance Water Heater

Electric Heat Pump Water Heater (beginning in 2020)
Fuel Oil Water Heater

Residential Appliances & Other

Gas Water Heater

Gas Heat Pump Water Heater (beginning in 2020)
Electric Resistance Water Heater

Electric Heat Pump Water Heater (beginning in 2020)
Fuel Oil Water Heater

Commercial Office Equipment

Generic Electric
Generic Natural Gas
Generic Fuel Oil

Generic Electric

Commercial Other

Generic Electric
Generic Natural Gas
Generic Fuel Oil

@some services are served by real-world technologliese others, such as aggregate multiple senéces,
supplied by a generic technology.

Fuel prices change over time in MiniCAM for two seas. One reason is the normal supply and demand
workings of the energy markets. A second reastimaisfuel prices are the primary means by which
constraints on carbon emissions make their waytedbnology choice. Carbon emissions are constitaine
by placing an additional cost on fossil fuels basedheir carbon content.

Because the technology options in MiniCAM are déseythe primary technological response to changes
in technology characteristics or fuel prices it etween these discrete technologies rather tha
changes in the characteristics of the technoldgesiselves. So, for example, when the price of
electricity increases through a price on carbonsamers will switch toward solid-state lightingrito
fluorescent or incandescent lighting, but they wilt use more efficient versions of any of these
technologies. This is a common characteristic ofl@®that are based on discrete technologies. The
treatment of intra-technology switching in thisadigm can be generally handled by adding multiple
technologies with different characteristics. Fonglicity this has not been done in this analysig,hay

be explored in future work.
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3.34 Data and Assumptions

Two classes of inputs are needed to model futuitdibg energy use: (1) historical data on the bnid
stock, energy consumption by end use, stock effigées of equipment providing services, and the
nonenergy costs of this equipment; and (2) scemasamptions for all these over 100 years into the
future. Historical data used in this study serwed purposes. First, trend analysis based on histiatiata
provided valuable insights on the key drivers adrgy service demands. Secondly, historical datden
characteristics of the current building stock axhhologies were used as starting points for clity
the model.

The Energy Information Administration’s Residentadergy Consumption Survey (EIA 2005c¢) and
Commercial Building Energy Consumption Survey (CEECEIA 2003) are the two major sources for
historical data on the floor space of building &taad energy consumption by end use in the United
States. The two surveys are national sample sutheysollect energy-related building charactesssti
data and energy consumption and expenditures diatadidential and commercial buildings in the
United States. Data on stock efficiencies and nergncosts of technology equipment providing the
services mainly come from Technology Forecast UgxlatResidential and Commercial Building
Technologies — Reference Case (2003 Installed BBssjgant Consulting 2004) and National Energy
Modeling System’s (NEMS) detailed reference cada tibles (DOE 2004). These data were
supplemented with additional sources, including&BQildings Energy Databook (DOE 2005b) and U.S.
Lighting Market Characterization (Navigant Consuiti2002). Technology assumptions are provided in
Table A-1 of the Appendix.

The process of collecting and reviewing the histdrdata showed that in the United States there are
severe data gaps and limitations. For example, CBE&dllects total energy consumption for natural gas
electricity, and fuel oil, but does not collect amge consumption data for these sources. The end-us
energy consumption data were estimated in CBECSsing statistical modeling. The methodologies
used in different survey years were different, emu the estimated end-use consumption data were no
consistent. Overall, compared with end-use consiamplata, it is much more difficult to get relialulata
on the stock efficiencies and nonenergy costsefcnnologies providing the services, a challengeisha
compounded by the need to aggregate multiple téobies into the discrete representations useddn th
building-sector module. For example, estimatesiefrtonenergy costs of different lighting technaésgi
such as incandescent, fluorescent and solid-stéajewith lamp, operating hours, and other factbrs.

this reason, technology dataparticularly cost information are best interpreted in comparison to other
technologies within the sector rather than in altedlerms. That is, what matters is the relativerage
cost of fluorescent technologies relative to setiate lighting.

The total demand for services responds to the patavhich these services can be delivered. For
example, the more expensive it is to heat a hdbedpwer people will set their thermostats. This
service-price response is captured in the service-glasticity parameters from Equations (3.12)3

and (3.3). This service-price response encompassgshe long-term adjustment in service demands; i
does not encompass long-term adjustments in emlergand, as these are based not only on adjustments
in service demand, but also fuel and technologychivig, which are an endogenous component of the
model. For the scenarios discussed in Sectioreds@rvice price elasticity of 0.4 was assumed adias
board.
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This service-price elasticity was informed by thelfprice responsiveness in the Annual Energy @utlo
(AEO 2003) NEMS residential and commercial buildsggtor models (Wade 2005) and the battery of
research that helped inform the assumptions in NENhI 1993). In the AEO2003 NEMS, own-price
elasticities range from 0.10 for initial year, dham responses (commercial electricity) to 0.60lémg-
run responses (residential distillate oil). Thel4ugce elasticities cited in Dahl (1993) exhibit a
substantially higher range than this, underscatieguncertainty in appropriate choice of parameters

Fuel-price elasticity numbers are a useful inpuhts analysis, but they are not perfectly traredbér
because the focus here is on service prices rttherfuel prices. Several countervailing factors
complicate the link between fuel-price elasticigesl service-price elasticities. Service pricetuhe
capital and other costs in addition to energy cdstthis basis, service price elasticities shdadchigher
than energy price elasticities. On the other hiordy-run fuel-price elasticities include fuel and
technology changes over time that will lead todarchanges in energy demand than in service demand.
All other things being equal, this would imply thabhg-run fuel-price elasticities should be largen
long-run service-price elasticities. Using shortxtduel-price elasticity numbers should elimindtege
fuel and technology changes, but may not be reptatiee of the long-term behavior that is captured
the buildings model. Taking these factors into aotothe assumption of 0.4 for service-price etéstis
should be viewed as non inconsistent with histbdega, but there are a range of other serviceepric
elasticities that could meet this same qualifigatio
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4.0 A Scenario of the U.S. Building Sector

This section presents the results from one illtisgascenario using the building-sector moduleni t
OYECTS MiniCAM. A discussion of aggregate resultprissented, followed by a discussion of results in
each service demand area.

4.1 Aggregate Results

This scenario assumes moderate population grovethicbust economic growth. As shown in Figure 4.1,
by 2095 total U.S. population is assumed to in@dgsapproximately one-half from today with an
annual growth rate 0.5 percent, while GDP per eapiassumed to almost triple from today with an
annual growth rate of 1.3 percent.
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Figure4.1. The Future U.S. Population and Gross DomestiduitoAssumptions Underlying the
Scenario Discussed in this Document

Associated with this economic and population groarthincreasing trends in total and per-capitarfloo
space, as shown in Figure 4.2. By the end of theucg per-capita residential floor space has risem
roughly 800 square feet today to more than 130@rsgiget by 2095. In the commercial sector, floor
space expands from roughly 250 square feet petacaquiay to roughly 400 square feet per capita in
2095. This growth may seem substantial, but isisters with historical trends (Figure 2.1); however
is critical in century-long projections not to sitpextrapolate from the past under the assumptiahthe
underlying dynamics will not change. Nonethelelemrfspace is a fundamental driver of building eger
demand and it is highly uncertain, so it shouldtesidered here as a scenario parameter and not a
prediction. A range of floor-space scenarios cdadatonsidered equally likely given what we knoweapd
about the potential movements and preferencestbgaroming century, which might include an
expansion of urban sprawl or perhaps movement toaekrd cities with smaller dwellings.
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Figure4.2. The Future Commercial and Residential Floor-Sgarogections Underlying the Reference
Scenario in this Chapter. These projections aretiomally tied to United States GDP
growth, but the parameterization of this relatiopsthould not be considered a prediction;
the floor space projections are a fundamental smeaasumption.

These two forces—population growth and growth inqapita floor space—constitute the first two terms
of the identity in Equation (2.1). Together, theése forces imply that total residential floor space
increases by 135 percent and commercial floor sipaceases by 140 percent from 2005 to 2095. Fhis i
a large part of the challenge faced by new teclgylAdssuming no change in service demand per dinit o
floor space, new technology would need to be &t &35 percent more efficient and 140 percent more
efficient in the residential and commercial sectorshe end of the century simply to keep pace tieh
growth in floor space. Any increases in service dednper square foot would exacerbate this
requirement.

Table 4.1 shows the energy technology shares arage technology efficienciéthat emerge in this
illustrative scenario. Average efficiencies areb®ult of (1) the technology cost and performance
assumptions that were used, and (2) any price-gdiaboices among these technologies that occur
within the model.

Table 4.1 shows that the efficiency gains in tHerence case are quite substantial. Despite these
substantial improvements in installed efficienotat energy consumption almost doubles in the
residential sector and more than doubles in thenoential sector in this scenario (Figure 4.3).

% The unit % means energy out (J) by energy in, wiiadonverted from such units as seasonal enefijeeicy
ratio used for central cooling systems, coefficigiperformance, or heating season performancerfased for
heat pumps and chillers in their heating modes,aaamaial fuel utilization efficiency used for gasrfaces and
boilers. The units for appliances, office equipmeand the other catetegory are in Appendix A.
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Table 4.1. Aggregate Fuel Shares and Efficiencies by Euel.

2005 2050 2095
Residential Services Electricity | Natural Gas| Electricity | Natural Gas| Electricity | Natural Gas
Residential Heating Energy Fraction 8% 71% 23% 58% 39% 48%
Efficiency (%) 1.37 0.87 1.67 1.01 2.01 1.13
Residential Cooling Energy Fraction 100% 0% 100% 0% 100% 0%
Efficiency (%) 2.80 - 3.50 - 4.39 -
’ g Energy Fraction 100% 0% 100% 0% 100% 0%
Residential Lighting Efficiency (lumen/watt) 25 - 88 - 129 -
’ ; Energy Fraction 21% 69% 26% 65% 30% 61%
Residential Hot Water Efficiency (%) 0.88 0.56 0.97 0.71 126 1.15
Residential Energy Fraction 14% 80% 22% 74% 34% 64%
Appliances & Other Efficiency (Index) 1 1 1.17 1.17 1.37 1.37
Commercial Services
Commercial Heating Energy Fraction 8% 80% 18% 73% 36% 59%
Efficiency (%) 1.27 0.76 1.87 0.89 2.51 1.11
Commercial Cooling Energy Fraction 100% 0% 100% 0% 100% 0%
Efficiency (%) 2.79 - 3.49 - 4.37 -
T, Energy Fraction 100% 0% 100% 0% 100% 0%
Commercial Lighting Efficiency (lumen/watt) 56 - 92 - 173 -
Commercial Hot Energy Fraction 17% 74% 25% 67% 38% 58%
Water Efficiency (%) 0.88 0.81 2.10 1.34 3.18 2.30
Commercial Office Energy Fraction 100% 0% 100% 0% 100% 0%
Equipment Efficiency (Index) 1 -- 1.25 -- 1.57 --
Commercial Other Energy Fraction 46% 32% 26% 69% 26% 72%
Efficiency (Index) 1 1 1.17 1.17 1.37 1.37

) Where more than one technology is available fohdael (Table 3.1) the weighted average is shown.

The 2005 values are estimated using historical &&ea also note (a) on previous page.
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Figure4.3. Building Energy Consumption in the lllustrativee®ario. Although energy consumption per
square foot decreases, largely through energyieffig, this is outweighed by the increase
in floor space, leading to an increase in totargyneonsumption in both the commercial and
residential sectors.

The resulting fuel mix continues an increasingdreaward electrification in both sectors, as shawn
Figure 4.4. The primary drivers of electrificatiare a movement toward electric technologies pdatityu
in heating because of the relatively higher efficiethese technologies can provide along with a
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substantial increase in the demand for appliarafése equipment, and similar demands that areelgrg
met by electricity.

Residential Commercial
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Figure4.4. Total Delivered Energy by Fuel in the Residerdiadl Commercial Sectors in the Illustrative
Scenario. Both sectors continue the historicaldr@nncreasing electrification.

4.2 Resultsby Service Demand

Underlying the aggregate changes in energy usehareges in the energy required for individual bodd
services per square foot of floor space (Figurg @n8l the demands for the services themselves
(Figure 4.6). The demands for energy result froenabmbined effect of the last two terms in
Equation (2.1), changes in unit of service perrfigmace and the efficiency at which services are
delivered. In this scenario, energy demands pearsdoot are decreasing for all service categ@xespt
for the “other” categories in both residential (kgopces and other) and commercial (office equipnaek
other) sectors. The remainder of this section dses results and drivers for each major serviceddm
area.
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Figure4.5. Delivered Energy Per Square Foot in the Resideatid Commercial Sectors in the
lllustrative Scenario
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Figure4.6. Service Demand Per Square Foot in the ResidemtdCommercial Sectors in the
lllustrative Scenario

Heating and Cooling Demands: Overall, unit energy demands for heating and cgadiecrease over the
century. There are three major trends that conmtoiggve this result. First, improved building shell
technologies decrease the required service denfianidsth services. The thermal characteristichef t
building stock in this scenario, for example, asswamed to improve by 50 percent from today to tite e
of the century. The effect is larger in the rest@d@sector because much of heating and coolind ina
commercial buildings is driven by internal gainthea than external thermal loads.

The second factor is increasing internal gains fappliances and other services in the residerdgcibs
and office equipment in the commercial sector. gimavth in internal gains in the commercial secsor i
particularly large. Internal gains asymmetricaltieat heating and cooling loads, decreasing thenéor
and increasing the latter. To some extent, thisbeageen in the service demand results. Heatingceer
demands decrease more substantially than do casirvice demands due to the effects of internalsggai
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The service demands as reported are the demantgefenergy service as seen by the technologyishat
with internal gains taken into account. The heasiegyice demand as shown, for example, has been
reduced from the value it would have been withotdrnal gains.

The final trend is improvements in the efficiendyttte underlying service technologies. The aggeegat
trend is due in large part to increases in techgyédficiency, although in some sectors, fuel shiitg,
which manifests itself as a change in technologyeshin this model, also plays a role. Cooling
technology remains entirely electric as it is tobay heating switches from gas technologies today t
much more even balance of electricity and natuaallyy the end of the century. This change is driven
partly by the relative growth in natural gas anetgicity prices and partially by decreases indbst of
more efficient heat-pump-based electric heatingrielogies. The slight increase in residential cupli
through 2020 is due to a continued penetratioroofieg technologies into the marketplace (Sailat an
Pavlova 2003).

Hot Water Demand: Hot-water service demand per square foot sliginitydases over the century in
these scenarios, with energy consumption for hoeémdecreasing substantially. This decrease igdriv
by improvements in the efficiency of hot water gouoent, which include a move toward more efficient
electric- (heat pump) based technologies, along,witthese scenarios, the adoption of natural gas
heat-pump technologies.

Appliances, Office Equipment, and Other Demands. The demand for energy for electricity-based
services such as office equipment, appliancesirdadmation technology is an important characterist
of this scenario. The demand for these serviceSmas the increasing historical trend. This trend
manifest through scenario construction by assuitiiagthe use of these technologies continues to
increase over the century. As a result, the tatatgey demand for these services almost doublestbger
century in the residential sector and more tharblsuin the commercial sector. To be clear, thas is
scenario assumption rather than an endogenoustaitfhe model. At the same time, it is assumed tha
the efficiency at which these various servicessagplied increases by almost 40 percent over the
century. The efficiency increase does not fullyrten the service demand increase, resulting in a
substantial increase in the energy demand peotifitior space for these services. Note that viritiast
certainly include the addition of new “other” engiervices not anticipated today. Consequentlygetie
substantial uncertainty in the demand for othergneervices.

Lighting Demand: The role of technology in reducing the energy neslito supply building services is
clearly demonstrated in lighting. The per-squai-ftemands for both residential and commercial
lighting services increase, but the energy demandguare foot in both sectors dramatically de@®as
The basis for this decrease in the long term tsufate solid-state lighting, which has substaryiddigher
efficiency than incandescent and fluorescent lightUnder the illustrative scenario with solid-stat
lighting technology, the stock efficiencies of desitial and commercial lighting equipment improiwe
fold in the residential sector and three-fold ia tommercial sector. The result is a dramatic deserén
the energy demand per square foot, along with ene@se in the service per square foot associatbd wi
lower prices of the lighting services.

Figure 4.7 shows the mechanisms that drive inangdigjhting efficiency. In the residential sectthmee
phases are apparent. The current phase in whidinigis predominantly supplied by incandescenbsul
is followed by a period in which fluorescent teclugies become dominant, which is then followed by
the emergence of solid-state lighting. Over thegdatiod, the efficiency of the system transitidresn
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that of incandescent lights (typically not morertl28® lumen/watt) to that of a combination of fluscent
and solid-state lighting. In this scenario, solidts lighting is assumed to achieve efficienciesvar
170 lumens/watt. The commercial sector story islamrexcept that we begin with largely fluorescent
use, with a transition to solid-state technologies.
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Figure4.7. Technology Shares for Residential and Commetagditing in the lllustrative Scenario

To illustrate the importance of solid-state ligigtimnd to demonstrate the value of the modelinggtre
more generally for exploring the value of demardkgechnologies, a scenario was constructed intwhic
solid-state lighting did not materialize and wasréfore not an option. Energy demand for lightinthw
and without solid-state lighting is presented igufe 4.8. Without solid-state lighting, the stock
efficiencies of residential and commercial lightiguipment improve approximately 400 percent and
100 percent from 2005 through 2095, respectivammared with 600 percent and 200 percent with
solid-state lighting scenario. The energy demandé&dhting in both building sectors still decreasel
the energy demand per square foot is higher tresdénario with solid-state lighting. Under thensc®
with solid-state lighting, the per-square-foot gyetlemand for commercial lighting in 2095, for
example, is 13.6 million joules, compared with Bidlion joules with solid-state lighting. The total
annual energy savings for building lighting at émel of the century is 1.1 exajoules of delivereergn
and the reduction of carbon emissions in 2095 imillion tons.
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5.0 Climate Policy and Building Energy Demand

MiniCAM is an integrated assessment model, desigpedifically to explore the impact of technologdica
advances on the climate challenge over a centumy4ione horizon. To explore these impacts on the
buildings sector, the model was run for a climaikcy scenario where carbon dioxide emissions were
constrained to follow a path resulting in stabiiiaa of atmospheric concentrations at 550 parts-
per-million by volume (ppmv).

In MiniCAM, emissions reductions are achieved kacpitg an additional cost—a carbon price—on
carbon-emitting fuels. The price makes its way tigiothe energy system, causing price-induced
reductions in energy use, fuel switching and chamge¢echnology adoption. The scenario described
above was run for a policy case where global cadioxide emissions are constrained to follow a
550 ppmv stabilization path consistent with thoE@/@ley et al. (1996). The carbon price increaasesa
roughly exponential rate until the concentratioig¢d is approached near the end of the century.

Figure 5.1 shows the U.S. total carbon emissiotis and without the carbon constraint along with the
associated price on carbon. In the climate polégnario, U.S. carbon dioxide emissions peak in 2020
and decline thereafter. For simplicity, the climptdicy was applied to all world regions beginning
2005.
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Figure5.1. U.S. Carbon Emissions With and Without the Caistr

Figure 5.2 shows the associated energy priceshvitiluence service demands and technology choices.
Not surprisingly, fuel prices increase as the aairst on carbon becomes more stringent through the
century, and the increases are substantial. Ofritapoe, the increase in fuel oil and natural gésepr
(roughly 70 percent by 2095) is far more substattien the increase in electricity (roughly 20 @et).
Electricity is less influenced by the carbon phlieeause, as a secondary fuel, there are multipieto
zero-carbon options (e.g., wind or solar powerJearcpower, electricity from biomass, and fossil
electricity equipment with carbon capture and gierechnology) for producing electricity, many of
which are assumed to experience substantial cdgperfiormance improvements over the century.
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Figure5.2. Energy Prices With and Without the ConstrainGambon Emissions

Within MiniCAM, there are two main avenues by whitle buildings sector might respond to these price
changes: (1) reductions in service demand, andh@)ges in the technologies for supplying these
services. Changes in technologies may also resitiel switching. Figure 5.3 shows the aggregate
results of these responses across fuels. Overalgasing prices must decrease energy demand as
compared to the reference case. However, as FigBiidlustrates, stabilization accelerates thetshif
toward electricity. In both the residential sea@od commercial sector, electricity demands barely
change, and natural gas and fuel oil demands gitpdierease. The basis for this electrificatiolses in
large part from the fuel price changes in respoogkee climate policy. As discussed above, thegsriaf
fuel oil and natural gas increase more than treemf electricity. Hence, in addition to an overall
decrease in service demand, there is also a ehitrtl electricity. This results in a significantdease in
direct fossil fuel use. Fuel switching is most impat for heating demand, as other demands aradsire
largely electricity-based.
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Figure5.3. Total Delivered Energy Consumption in the BuigBrSector With and Without the
Imposition of the Carbon Constraint
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6.0 Conclusionsand Discussion

This document has used a newly constructed, detailéding-sector module within the®@8CTS
MiniCAM to explore national building sector energgmand evolution over the coming century. The
module is based on explicit representations ob#reices that building users demand and the
technologies that provide these services. This rdetailed approach represents another step toward
“hybrid” integrated assessment modeling. It conwlgsadvantage of allowing exploration of the impac
of specific technologies on future energy use aedbsts of stabilization of carbon emissions,ahgr
forging a stronger link between research and deweémt planning efforts and integrated assessment
modeling. While this link has been available fopgly-side technologies, the demand side has until
recently received only limited treatment within ¢pterm, century-scale modeling.

This module has been employed to explore one sicesfathe future evolution of the U.S. building tmrc
and its associated energy and carbon emissiongimpa conclusion, we would like to highlight tlere
themes that have emerged from this exercise.

First, several factors may combine to put substhapward pressure on building energy demand. For
one, the U.S. population continues to grow ananast published scenarios, will be higher by the @nd
the century than it is today. In addition, theresesxa strong trend toward greater floor spacegpita.
Finally, the demand for a number of services assedibroadly with appliances, office equipment, and
information technology has increased substant@ibyr the last several decades and seems likely to
continue to increase, perhaps quite substant@hgry the coming century. In the scenario presenésd,
the energy required to support these demands iputstating energy demand by the end of the century.
In fact, in the scenario here, these are the @yices that demand more energy per unit of flpace
over time, a behavior that is consistent with ré¢estorical experience in the U.S. (Figure 2.3)efe is
only a limited amount of information available dretbreakdown of these services (Wenzel et al. 1997,
Kawamoto et al. 2001), and further analysis ofdnisal trends in this area is warranted.

The second theme is that these increasing tremdsesehallenge for energy efficiency. If energy
efficiency were, for example, to fully balance #féect of the factors sited above, it would require
substantial increases in the efficiency acrosbdad. In the scenario presented in this document,
substantial efficiency gains are not sufficientlezrease total building energy demand. The scenario
assumed that over the century, the total U.S. aojoul and total floor space will increase by royghd
percent and 140 percent, which results in a 40gp¢iacrease in energy demands despite substantial
efficiency gains (see Table 4.1).

The final theme is an increasing electrificatiortte# building sector. Previous, more aggregatdesud
using earlier versions of MiniCAM attributed thisamge to a “preference for electricity.” The aguto
presented in this document allows for a more cattgg@mpse of the forces that drive the change. In
general, they are three-fold. The first driver larger increase in the price of fuel oil and nakgas
relative to electricity, changing the cost balabetveen electric and fossil-based technologies. The
second factor is the emergence of more advancettieleechnologies, particularly for heating, tleah
allow for substantial efficiency improvements abdivese of today. The third factor is the substantia
increase in the demand for services associatedapjthances, office equipment, and information
technology that are largely served by electricity.
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This trend toward electrification was found to b@isger in the scenarios with a constraint on carbo
emissions. While the prices for all fuels increage@ response to the imposition of the emissions
constraint, the increase in the electricity pricswnore modest than for fuel oil and natural gasibse,

as a secondary fuel, there are multiple low- co&rbon options for producing electricity, many of
which are assumed to experience substantial cdgp@rfiormance improvements over the century. This,
combined with the availability of high efficienceating technologies further accelerates the trewdrd
electrification.

The new buildings module represents a substaméiplferward in integrating demand-side detail iato
long-term, global IAM. However, there are a numbfkepossible additional avenues for expansionsdo th
module. These include: (1) inclusion of a greaaaige of technologies that could be available in the
future, such as gas-cooling technologies; (2) eitplbnsideration of government programs, such as
energy star and appliance standards, which mayiplagrtant roles in future energy use; and (3) iekpl
consideration of different building vintages thall allow for a better understanding of shell efincies
over time. Further work could also consider monglieitly the connections between building energg us
and the electric generation system through dematedrsanagement and time of day pricing.

The model presented here incorporates a physibabgd representation of building energy use so that
energy end use technologies can be explicitly sgpried. Both building shell characteristics andrimel
thermal loads are explicitly included. Future woduld explore more fully the effect of integratadhole
building design by including such options as datilgg to reduce lighting demands.
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Appendix A

2005 2050 2095
Residential Efficiency |[Non-energy Cost| Efficiency| Non-energy Cost | Efficiency | Non-energy Cost
Gas Furnace 0.87 2.8 0.96 2.5 0.96 2.3
Gas Heat Pump - - 1.75 11.8 2.19 9.4
Electric Resistance
Residential Heating Heat Furnace 0.98 2.8 0.99 25 0.99 2.2
Electric Heat Pump 2.14 9.5 2.68 7.6 3.35 6.0
Fuel Oil Furnace 0.82 3.0 0.92 2.7 0.96 2.4
Wood Furnace 0.58 4.0 0.65 3.6 0.73 3.2
Residential Cooling Electric AC 2.80 7.0 3.50 5.6 4.39 4.4
Incandescent 15 1.3 19 1.2 20 1.1
Residential Lighting Fluorescent 75 0.9 94 0.8 100 0.7
Solid State - - 143 1.3 205 0.6
Gas Water Heater 0.56 5.9 0.70 5.3 0.88 4.7
Gas Heat Pump
Water Heater - - 2.20 17.1 2.76 13.6
; : Electric Resist Water
Res'g&;‘tt:' Hot Heater 0.88 3.9 0.96 35 0.96 3.1
Electric Heat Pump
Water Heater - - 2.75 11.7 3.45 9.3
Fuel Oil Water
Heater 0.56 6.5 0.70 5.8 0.88 5.2
Residential Generic Electric 1.00 70.0 1.17 62.5 1.37 55.9
Appliances & Other Generic Natural Qas 1.00 40.0 1.17 35.7 1.37 31.9
Generic Fuel Oil 1.00 40.0 1.17 35.7 1.37 31.9
Commercial
Gas Furnace/Boiler 0.76 1.0 0.85 0.9 0.95 0.8
Gas Heat Pump - - 1.75 11.1 2.19 8.8
Commercial Electric Resistan_ce
Heating Heat Furnace/Boiler 0.98 2.4 0.99 2.2 0.99 1.9
Electric Heat Pump 2.14 10.4 2.68 8.3 3.35 6.6
Fuel OIl
Commercial .
Cooling Electric AC 2.79 6.7 3.49 5.3 437 43
. Incandescent 15 1.1 17 1.0 20 0.9
C?_T;’:t?r:;'a' Fluorescent 75 0.7 94 0.7 100 0.6
Solid State - - 143 1.1 205 0.5
Gas Water Heater 0.81 2.0 0.91 1.8 0.96 1.6
Gas Heat Pump
Water Heater - - 2.20 8.0 2.76 1.6
Commercial Hot Electric Resist Water
Water _Heater 0.88 1.4 0.96 1.3 0.96 1.1
Electric Heat Pump
Water Heater - - 2.63 6.4 3.29 5.1
Fuel Oil Water
Heater 0.76 1.9 0.85 1.7 0.95 1.5
Commercial Office Generic Electric
Equipment 1.00 120 1.25 107 1.57 96
Generic Electric 1.00 20.0 1.17 17.9 1.37 16.0
Commercial Other | Generic Natural Gas 1.00 20.0 1.17 17.9 1.37 16.0
Generic Fuel Oil 1.00 20.0 1.17 17.9 1.37 16.0

Note: For lighting technologies, the unit of efficiencisdumens/watt and the unit of nonenergy costs is

$2000/million lumen-hours.
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