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Abstract

This studyevaluaes the consumer economiageenhouse gas savingsd grid impactef electrification in
residential lowrise building across sixrepresentative homes typén six climate zones in California.
Consumer economics are evaluatadhree waysby comparingl)upfront installedcapital costs2) energy
bills, and3) lifecycle savingsetween gadired and electric technologies.

Prior research has suggestibat electrification of buildingslikely to bea lowercostgreenhouse ga&gHG

mitigation strategyover the longterm than a heavyreliance on renewable natural gaghis studytakes a
closer look at thenearterm consumer economics of building electrification than prior wadnsidering
both commonly available and besh-class electricequipment options, as well asxpected neaterm

increases in electric and natural gas

We confirm that the electrification of buildings represents an important opportunity to reduce greenhouse
gasemissions from buildings both in the near term and long teamd can lead t@onsumer capital cost
savings, bills savings and lifecycle savings imany circumstancesThe most promisingnearterm
opportunities forconsumercost savingamonglow-rise resdential building electrificatioroptions can be
found in all-electric new constructionand high efficiencyair sourceheat pumgs in homes where air
conditioning can be replaced with heat pumps.

However for electrification retrofits to succeed at scatbge market for building electrification technologies

should be further developed in Californiensuring contractes understandbestpracticesduring scoping

and installation oheat pumpequipmentwill be critical to the longerm success of an electdfition market

in California.Likewise, international markets Europe and Japan offer a wider range of kadficiency

electric technologies to choose frothan are available in the United Statdainally,California should

encourage the development adf NE GO NR FA G NBFRe&¢ KSIF G LlzY Itd pmvidd SNI KS |
consumers with moréow-cost and high efficienoglectricchoices

This report is available to download attps://www.ethree.com/wp-
content/uploads/2019/04/E3 Residential Building_Electrification_in_California_April_2019.pdf
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Executive Summary and Recommendatio _

ESExecutiveSummaryand
Recommendations

Study Overview

Greenhouse gas (GH@inissions attributable to buildings in California currently represent about a

j dzF NIISNJ onpiz20 2F (WY 22NRENQE 20 2 OKIA SOGA d & X AF2NY A | Q
wide 40% GHG reduction by 2030, greenhouse gas emissions from buildinmgsed to fall by 40% or

more over the next decad®C dzNIi KSNY 2 NB X G2 NBFOK [/ FfAF2NY Al Q& OF N

of building electrification are likely to be requiréd.

In 2018, E3 evaluated several lelgm energy and climate scenarider the California Energy
Commission (CEC), assessing how California could achieve its 2050 climalhgtatsilysis suggested
that electrification of buildingsslikely to bea lower-costGHG mitigation strategyver the longterm than

a heavyreliance on renewable natural géRNG)given current trends in the industryThe 2018 study
suggested that building electrification could be a lower cost carbon mitigation option thiaer
alternatives However, the studylid not include a detailed assessment of the customer economics of
building electrificationpr of the market barriers and opportunities for electrificatidmis study addresses

these issues.

L E3 estimate based on data from the California Greenhouse Gas Emission Inventory and the California PATHWAYS model.

2 SeeMahone et al(2018)

3The 2018 Intergovernmental Pared Climate Change report shows a dramatic increase in the levels of building electrification between 2030 and

Hnpn Ay GKS ao0SyrNhaz2a GKIFEG NB O2yaradSyid 6AGK [ e GekipsBgerigae2 OF ND 2y Y ¢
in Rogelj et al(2018)
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_ California Residential Building Electrification Market Assessment

The study was jointlyjuhded by Southern California Edison (SCE), Sacramento Municipal Utility District
(SMUD), and the Los Angeles Department of Water and Power (LADWP). Energy and Environmental
Economics, Inc. (E3) is the lead author of the study and completed the econotyisiarfarontier Energy
developed the electrification technology specifications and performed the building simulations of the
electric and natural gagueled homes. AECOM developed the installed capital cost estimates for the
natural gas and electrificatiotechnologies in each home type, including the costs of building retrofits,
labor and other installation cost®oint Energy Innovations served as an advisor to the satndyhelped

evaluate the current market for electric heat pump technologies

Methodology & Assumptions

This study evaluates thebnsumercosts and benefits of several typesadéctricair source heat pumps

for space heating and cooling (HVAC), heat pump water heaters, electric and induction stoves, as well as
electric and heat pump clottsedryers. Each of these electric technologies are compadididuallyto a

natural gas alternativdn addition, allelectric new construction is evaluated relative tsmaedfuel new
construction homeas well asa dretrofit packagé, where the gas funace,gaswater heaterand air

conditioner arereplaced with electriqieat pumpoptions.

The study evaluates electrification in two building types: sitfigieily homes and lowise multifamily

homes. It considers three vintages for each home type:1@® vintage homeghat are assumed to

require electric panel upgrades, 1990s vintage homes, and new construotdry LI @ Ay 3 A G K /
2019 Title 24 building cod®&lew constructiorhomes areassumed tanstallthe same size rooftop solar

panel in boh the gas baseline and alectric home, and as a restiie rooftop solahasa relatively minor

impact on the relative bill savings between these two optidmshe retrofit homes, wesought to compare
comparabé levels of thermal comfort in both the gas and electric HVAC alternatives. As a ttesult,

existinggasfired homes evaluated in the study are assumeckither already have, or be retrofitted to

ilPage

t



Executive Summary and Recommendatio _

include air conditioning to provide a likéor-like compaison to the heat pumps, which also provideth

heating andair conditioning.

Buildingsimulationsusedb w9 [ Q& . S hiLyUR aARKFSI ¢59-hNISQa 9 y S NHrBesirigdzd & A Y dz
family and lowrise multifamilybuildingprototypesare fromthe Califord I 9 Yy SNH& TitR XY A 4 & A 2 )
energycode.The six building types are simulated with both a natural gas baseline and an electric option

across six Californi@dimate zonesThese factors combined resulted in 72 unique building simulations.

Thesix climae zonesmodeledin this studyinclude: San Francisco (CZ3), San Jose (CZ4), Sacramento
(CZ12), Coastal Los AngelesD@LZDowntown Los Angeles @Y and Riverside (QH). These regions

cover many of the growing population centers of the state and, combidieectly represent51% ofthe

a 0 | boBs@holds Another36%2 ¥ (KS adl SQa K2dzaSK2f RA | NB F2dzyR
studied The remainind3: 2 F G KS & ($afe hQarther ramintBifodst dR desert climates

that arenot well covereddy the study area

The installed capital costs for both gas and electric technologies were developed é&xparienced

building technologycostestimator, usinga combination othe costS & G A YI (12 NR& YI NJ} SiG SE
public sources of equipmembsts. This study sought to overcome many of the shortcomings in publicly
available electrification technology datasets d¢ngatng an internally consistenand detailed cost build

up, reflecting regionallyspecificlabor costs and contractor marlgps, as well as the installation and

permitting costs ofetrofits and new construction fdooth gasfired and electric end uses.

The bill savings analysis is based on a forecassidential natural gas and electric retail raw@sder a
G OdzNNB Y i LRt AOe ¢ TadupfranNBphabdeds esidratés afdateti €l Zaitidys are
used to calculatehe lifecycle saving®f electric options over the expected usefulifetime of the

equipment or the buildingor more details on the study methodology, see Chapter

© 2019Energy and Environmental Economics, Inc. iijPage



_ California Residential Building Electrification Market Assessment

This studydoesnot assume any incentivéer gas or electric egpment, nor do we assume amgarket
transformation of the California building electrification mark&s such, this analysispresens our best

3dzSaa i GKS & OdzNidow-ise residdilialeleétrificathyhRnk fiithre, yapital costs

or installationcostsfor equipment maychange higher efficiency equipment may become available, and

020K yIFGdzNIt 3IFa FyR StSOGNAO NIGSa YIeé OKFy3aS RNJ
here. The California building market is changragidly, and future policies that are currently under
development, such as the implementation of SB 1477, could have a large impact on tefectsteness

results shown here.

Key Findings

GREENHOUSE GAS S&3AN

Electrification of buildings switching from fossil fuels to electricity use for space heating, water heating,

cooking, and clothes drying represents an important strategy to reduce greenhouse gas emissions. In
California, the electricity mix is already relatively clean and reneviablé YR 6& HAnpI MAJE: 3
retail electricity sales will be met with zemarbon resources (per SB 300This means that using

electricity to power our homes already reduces carbon emissions relative to-diseadf natural gas, and

these carborsavings will increase over time as the grid become cleaner.

Electrificationis found toreducetotal greenhouse gas emissionssinglefamily homes by~30%¢ 60% in
2020 relative to a natural gafueled home As thecarbon intensity of therid decreasesver time,these
savingsare estimated to increase t680% ¢ 90% by 2050, including the impad of upstreammethane

leakageand refrigerant gas leakageom air conditioners and heat pump# the state succeeds in

4The details of implementing and interpreting SB 100 have not yet been clarified by the state. In this analysis, wetirgatpfigition of SB 100 to
require about 96% zeroarbon generatin by 2050, which allows over 100% of fB8lifying retail sales to be met with zecarbon generation.

iv|Page



Executive Summary and Recommendatio _

achieving acompletely decarbonized grid by 2045¢ GHG savings would be even large205Q The
absolute level of greenhouse gas savings in buildings depends on the size of the home, the quality of the

building shell (which is generally better in newentres), and the climate zone where the home is located.

Figurel-1 illustrates the expected greenhouse gas emissieagngs from arall-electric singlefamily

homein Sacramento 2020, 2030 and 205@pmpared to anixed fuelhome,assuming no change in the
eFFTAOASYyOe 27T (2RI dedtic atd2niatfa® yalerd udesd Fhe fatgest sBurce of
greenhouse gas savings comes from eliminatingsiten combustion of natural ga€Emissions from

St SOGNROAGE RSONBLI asS 2 @&&arhdngedemtdn Ralz$he iickeasdirK@HGA (| (S Q
emissions fromefrigerant leakage associated with heat pumps in theel@ttric home is relatively small,

since the mixeduel home uses a conventional air conditionesich also results in GHG emissions from

leakedrefrigerant gasedNatural gas leakage is also assumed to decrease over time as well.

© 2019Energy and Environmental Economics, Inc. viPage



_ California Residential Building Electrification Market Assessment

Figurel-1: Annual GHG emissions fronmaixed-fuel and altelectric 1990svintagehome inSacramento
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Mixed fuel All-electric Mixed fuel All-electric Mixed fuel All-electric

2020 2030 2050

Electricity emissns are basedn the High Electrification scenario consistemith SB 100see the greenhouse gas methodology section for more
details. The 2030 and 2050 bars assume that the next generation €6WW refrigerants are used in all applicable heat psggtems modeled,
including air conditioners, HVAC heat pumps, heat pump water heaters, and heat pump clothes dryers. We do not estiresatrigfaiage from
refrigerators and freezers, but these fugitive emissions would be the same in both electriataral gas homes. We assume that by 2030, fugitive
methane emissions are reduced by 40%, as mandated by the CARBi&wElimate Pollutant Strategy and as previously set as a goal by the Obama
administration. We based our calculations of fugitiveigefrant emissions on CARB data as described further in Appendix C.

vi|Page
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Tablel-1: Greenhouse gas savings achiewattoss alvintages ofthe all-electric homes, annual % reduction relative
to the natural gasfueled homes

2020 2030 2050
Singlefamily 33%56% 52%72% 76%88%
Lowrise multifamily 25%46% 49%65% 74%85%

Percentages show the percent reduction of GHG emissions achieved inedecalc home relative to a natural géseled home. Ranges
represent the spread across climate zones and across vintages. Homes without AC in the mixed fuel case (new conslimetiezame 3) are
excluded.

GRID IMPACTS

In California today, the grid is a summer peaking systeith peak electricity demand driven by
residential and commerciair conditioning. This means that the summer peak lisaded to plan system
wide capacity additions and investmentResidential building electrificatio(as well as commercial
electrification though not studied here)will lead toan increase in winteelectricity demandacross all
climate zonesThis studysuggestghat even in a relatively higresidentialbuilding electrification future,
buildinga ¢antribution tostatewide winter electricity demand is likely temainlower than theresidential

summer peak demand levelat leastunder typical weather year conditions.

In general building electrification will contribute to a better utilization (higher load factof)the bulk

power grid. The regional and distribidn-level grid impactsmay have more localized impactBor
example, in regions without large air conditioning loads, such as San Francisco, the addition of electric
heating loads could trigger a new wintpeak demand period, necessitating local distribution grid

upgradesGrid planners will need to monitor éselocaltrends.

© 2019Energy and Environmental Economics, Inc. vilPage



_ California Residential Building Electrification Market Assessment

BUILDING ELECTRIHICNCONSUMER COSTS ANMINGS

Nearterm low-rise residential building electrificatiompportunities

All-electric new constructiois one of the most promising nederm applications for building electrification
efforts. Allelectric new construction iexpected to bdower cost than gafueled new construction homes
in homes that have air conditioningesulting in lifecycle savings of3 - $540year. These findings are

based on commonly available technology, withincentives or intervening policies.

Retrofits to electric & source heat pumps for space heating and cooling represent anothertear
savingopportunity inexistinghomesthat have air conditioningdigh capital costs of electric heat pump
retrofits in existing homes are often perceived as a barrier to electrificationthis assumption was not
borne out for homes that are otherwise alreadypgrading the air conditioning systeivhile HVAC systems
are highly capitaintensive in general, in most cases we found capital sasthgswhen replacing the
combination of an air conditioner and a gas furnace with a standalone heat pump HVAC unit., Bubther
of the simulatedsingle famiy retrofit homes(all of whichare assumed to havair conditioning see lifecycle

savings from switching from a gas furnace and air condititman electricheat pumpHVAC system

Nearterm dectrification barriers and market transformation needs

While electrification can be lower cost in many cagéeg incrementalupfront capital costgan be higher
for electrificationwhen retrofitting the HVACsystemin older homes that lack air conditionind his is
because air source heat pumps provide both aitditoningand space heatingvhen compared to just a
gas furnacehe costof the heat pumpis often higherln general, Californigs could benefit from having
access ta broaderrange of higkefficiency, loweitost heat pump optionsincluding thoseavailable in

international markets such as Japan and Euydges which lack a UL listing in the United States

vii| Page
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Anaher retrofit challengasthat older homeganrequire arelectrical panelipgrade to support new electric

loads Electrical panel upgradesin addb2,000- $4,000 incapital cossfor some older homethat lack 200

amp electrical panejslthoughthese are not expected to be required for the majority of existing homes.
Furthermore, older homes that require electrical panel upgrades willesgmt a decreasing proportion of

the housing stock over time as buildings are renovated or as panels are upgraded for other pupdses

asto addelectric vehiclecharging rooftop solaror to add rooms or auxiliary dwelling units to an existing

home The development of lowt YLISN} 3S &G NBGINR FA G NBloweradst sélufidngito LIdzY LI

the standard electrical panel upgragackageepresentimportant areas for market transformation.

This study also evaluates the consumer economics of heat puatgy heaters, electric stoves and electric
clothes dryersHeat pump water heaters are currently more expensive than conventional gas storage water
heatersfound in many existing homémit are comparable in cost timnkless gas water heatevghich have
become the norm in new constructicend in home renovationdHeatpump water heaterhave mixed
results for lifecycle costs betn generate lifecycle savings wheater heater retrofits are combinedith

heat pump H¥ACretrofits. Electric stoves and clothes dryen® not foundto generate lifecycle savindsr

Odza G 2 YSNE dzy m3nNsStcasasihd répfesentNd-useS that may benefit frordifferent electric

rate designs, or froma longerterm market transfomation effort.

Figurel-2 summarizes théill savings resultacross all six climate zon&s the simulatedpre-1978 and
1990s vintag&K 2 YS & A GK GKS AGaNBUONRBFAG LI O113ISET NBLX I OAy:
heat pumps, as well as thall savings results farew construction single family and lenige multifamily

homes

© 2019Energy and Environmental Economics, Inc. iX| Page



_ California Residential Building Electrification Market Assessment

Figure1-3 summarizes the lifecycle savings results across all six climate zones for the retrofit and new
construction homes. Lifecycle savings represent the difference between the annualized capital costs and

operating cats of gas equipment versus electric equipment.

Figure1l-2 Share ofsimulated householdswith bill savings from adoptingelectric end uses
results are weighted by thestimatedshare of households in each climate zone and utility service
territory

Single Family Low-rise Multifamily

Retrofit Package

(HVAC Heat Pump + HPWH)
| Bill Savings
® Bill Increase <= $100 per year
% Bill Increase > $100 per year
All-Electric

New Construction

The building simulation results are weighted using the share of households in each combination of climate zone anslde#ityiteed in section

2.2.1, to create this summary figuréverage biltosts of HVAC heat pumps are compared against a combined gas furnace and air conditioner
(AC) system excefior a new construction hme in San Francisco (Climate Zone 3) where we assume all homes do not h&ar Adrofit

homes, we show the average bill impact of electrifying HVAC and water heating systems at the same time. For new consérimokmmt an
all-electric home with H four appliances modeled electrified.

x|Page
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Figurel-3 Share of simulatedhouseholds with lifecycle savingsom adopting electric end uses
results are weighted by thestimatedshare of households in each climate zone and utility service
territory

Single Family Low-rise Multifamily

Retrofit Package*
(HVAC Heat Pump + HPWH)

m Lifecycle Savings

m Lifecycle Cost Increase <= $100 per year

24%** 2 Lifecycle Cost Increase > $100 per year

24%** __

All-Electric §\\\\\

New Construction

The building simulation results are weighted using the share of households in each combination of climate zone ans détyjtzed in
section2.2.1, to create this summary figure.

* We assumehat all consumers in retrofit homes have or would install air conditioning in the mixed fuel baseline.

** Thiscategorycorrespond to buildingsmodeledin San Francisco l{ate Zone 3 that we assumedvould not install air conditioningn the
gas baseline homé00% ofall-electricnew constructim single family and lowise multifamily homeshat includeair conditioningshow lifecycle
savings

Recommendations

California policymakers are already starting to evaluate policy options around building decarbonization.
The Final 2018 Integrated Energy Policy Report (IEPR) Update Volume Il, released by the CEC in January

2019, dedicates the first chapter of the repaot building decarbonization and includes an important set

© 2019Energy and Environmental Economics, Inc. xi|Page



_ California Residential Building Electrification Market Assessment

of policy recommendationsLikewise, the California Public Utilities Commission has recently opened a
new rulemaking proceeding on Building Decarbonization. Without presupposing the outcome ef thes
ongoing policy dialogues, we suggest a few broad policies to encourage higher levels of building

electrification in California.

Overall, building electrification represents an important strategy for reducing greenhouse gas emissions
in California. Addibnal strategies will need to be pursued in parallel if California is to meet its climate
goals including continued improvements in electric and natural gas energy efficiency in buildings, the
development of sustainable renewable natural das remainingnatural gas consumption in nen
converted buildings and in industrgnd mitigation of methane leaks and high global warming potential
gasesHowever, given the long lifetimes of buildings and building equipment, California cannot afford to
miss windows obpportunity to electrify building end uses where possilNearterm policies are needed

to encourage higher rates of building electrification, when benefits can be created for customers and for

society.

Electrificationcansupportsustainability and eqty policy goalsFor example, éat pump HVAC systems
provide a climateadaptation advantage, because they provid®th air conditioning and heatinghr
conditioning along with better building design and moresiteent communities,can helpprotect public
health in low-income and vulnerable communities heat waves become more severe under climate
change.Likewise,California is currentlyacinga historic housingaffordability crisisdriven largelyby a
housing supply shortagén this stuly we found that alelectric new homes can reduce building co&tg.
prioritizingthe construction ohew and affordablehousing andensuringthat these homesre designed

to be highly efficient California has a greater chance of meeting its climat&ypgloals while protecting

its most vulnerable residents.

5 SeeBailey et al(2019)
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Executive Summary and Recommendatio _

Despite the positive economic results for many honeesrent heat pump market penetrations arauch
lower than the economic potentiallhe following recommendations suggest waysatidress the maet
barriersto heat pumps, accelerating adoption so thatilding electrificatiormay occur quickly enough to

LX e | NBtS Ay YSSiAy3a (G4KS aidlridsSQa OftAYIFGS 321 fao

Our recommendations can be summarized into the followingpoints, which are elaborated on below

1. Incentivizeall-electric new constructiomnd update the building code

2. Incentivize higkefficiency heat pump HVA@articularlyin areas withhighair corditioningloads
3. Ensure efficient price signals are conveyed in electric and natural gas rates

4. Develop a building electrificatiamarkettransformationinitiative

5. Align energy efficiency goals and savings with Gadl@gopportunities

1. INCENTIVIZE AELECTRIC NEW CONETRONAND UPDATE THE BDING CODE

+ All-electric new constructionin residential lowrise homes appears to be among the most
promising nearterm ways to sae corsumers money and reduce GHG emissiams could be
incentivized in the nearterm to help transform the market It avoids the costs and hassle
associated with retrofitsand n most cases, we found that -@lectric new construction offered
lifecycle cost savings for residents. Savings coelidtger ifcapital costs were reduced, if higher
efficiency electric technologies were available, dhd costs of gas distribution interconnection
were more directly reflected in the cost of new construction.

+ Align building standards with GHG savingpportunities. Ly [/ I f AT2 Ny Al Qa 0 dzAf
current approach to assessing cost effectiveness (Time Dependent Validighdoes not fully
measureor fullyvalueGHGemissions saving$he CEC is working to update fA@V metrién the
next code cgle to allow the emissions benefits of building electrification to be appropriately
valued and considered in new construction design decisionsddition, the building code could
include aGHGemissiongerformance standardor new buildings. The estimad GHG emissions

© 2019Energy and Environmental Economics, Inc. Xii| Page



_ California Residential Building Electrification Market Assessment

from a building would bealculatedbased onthe efficiency and simulated performance of the

building, combined witla longterm forecast of emissions from electricity and pipeline gas, using

policy goals or verifiable commitments from liies. The GHG performance standacduld

become stricterin each code cyclé, & G KS adl dsSQa OftAYFGS 3F21fa 068
emissiongerformance standard is a technoleggutral way to encourage the decarbonization

of buildings.

+ New construd A 2y K2VYSa akKz2dzZ R 06S RSNBIOR@ERIficent 6S &S
electrical amperage and circuitry in the right places for future electric HVAC, water heating,
cooking, and clothes drying equipmeas well as for electric vehicles (EVs) wiparesible Gven
the long lifetime of buildings andheating equipment and the cost of upgrading electrical
infrastructure in existing buildingsmew construction is the ideal time to design buildingse
prepared for arall-electricfuture. In retrofit homes, kectrical panel upgrades to accommodate
room additionsglectric vehiclesand rooftop solar panels can be specified to ensure that there is
sufficient electric panel capacity for electric HYAC, water heating, cooking and<hinying.

+ Factor fugitive emissions from hig@WP refrigerants and natural gas leakage into GHG metrics.
Future building standards metrics should incorporate émissions fromhigh-GWP refrigerant
leakageas well agmethane leakage in the gas distributicystem and within houses. This will
yield abalanced and comprehensive perspective on emisdiams gas and electric technologies
and encourage best practices for using Io¥&NP refrigerants and reducing methane leakage.

2. INCENTIVIZE HIEFFCIENCWHEAT PUMP HVABARTICULARINY AREAS WITHIGHAIR
CONDITIONINGOADS

California should consider developing programs to incentivize:

+ Heatpump HVAC systems in residentialwv-rise retrofit homes, where central air conditioning
is needed/wanted.Higher efficiency heat pumps should be encouraged above existing code
minimums. Heatpumps provide both space heating and space cooling and are found to be cost
effective in homes where thegan serve both these purposeé/hile the 2015 federal code
minimum for heat pump HVAC systems encourages high efficiency heat pump installations, higher
efficiency heat pump HVAC products are readily available in the market and provide customer
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benefits.Heat pump HVAC systems with higher efficiencies (Heating Seasonal Performance Factor
[HSPF] of 10 or higher) create lifecycle savings for residential customers in homes that require air
conditioning.

+ HVAGheat pumps to replace space heating currently prded by propanedistillate, or electric
resistance heatThe economic benefits of replacing high cost fuels with electric HYAC heat pumps
have been demonstrated in other studies. Replacing high cost heating fuels, including propane,
distillate, and electric resistance heat with high efficiency HVAC heat pu@psINB & Sy G a af 2
KFy3aAy3a FNUzZAGE 6KSy AlG O2YSa (2 al @ay3a Odzaizy

+ Encourage the installation of high efficiency HVAC heat pumps rather than standalone central
AC units whenever possibldhe capital cost analysis found tHdVAC heat pumps are generally
cheaper than the combined cost of a new gas furnace and standalone central air condgioter
bill savingsare seen immost home typesas well Incentives could take advantage ok#ecost
savings to encourage consumecsinstall an HYAC heat pump when replacing an air conditioner
whenever it makes sense for that building. This will give the home the option to use gas heating
or electric heatingwith the option to not replace the gas furnace upon failynghile providirg
high efficiency air conditioning during the summer.

+ Consider early replacement programs for older gas furnaces and gas water heaftese
programswould be designed tavoidthe practicalOK I f f Sy 3Sa | NRPdzyR 4SYSNAHS
of equipment upon fdure, when there is less time to retrofét hometo electric technologies.

Early replacement programs could also targie¢ oldest, leastefficient equipment,thereby
maximizingoill savings and GHG savings.

+ Targetincentives and lowcost financing to ladlords and lowincome consumers to overcome
capital cost barriers and ensure that clean energy benefits are enjoyed by all communities
Upfront capital cost barriers will prevent many consumers from investing in new equipment
unless they absolutely have when their existing equipment fails. This is particularly true for low
income customers.The CPUC could call for proposals or pilots for innovative business models
adzOK +Fa /2Yy9RA&A2Y QA LINRBLRAalFE F2N FAYFyOAy3a avl
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developing a utilityowned groundsource heat pump prografn Other financing options to

explore include o Af f FAYIFYOAY 3 LINRPINI Ya @A) SLINPKINT &tdld
Furthermore, incentives targeting landlords would allow renters to ttteantage of bill savings

from efficient heat pumps.

3. ENSURE EFFICIENTERIIGNALS ARE COMNBIEINELECTRIC AND NATURAS RATES

+ Design more efficient electricity rates: 2 R @ Qa St SOGNAOAGE NI GSa | NB
volumetric charges (i.&/kWh of use). However, many costs on the electric grid do not vary with
the quantity of electricity used, but are rather based on systeitie, and distribution levetosts
More efficient, costbased electric rates would remove disincentives for electiifon and could
better align customer choices with socially beneficial outcomes. While electric rates do not need
to be designed to preferentially encourage building electrification, they should at least be
evaluated to ensure that they do not discouragjectrification.For exampleglectric ratescould
collect more of thedfixed costs via fixed charges rather than volumetric rateghich tend to
penalize electrificationIn addition,in regions withtime-of-use (TOU) ratesghe TOU periods
should be ained with system costs as well as GHG emissions on the grid.

+ Higher carbon prices, or complementary policiagmed at reducingthe GHG emissions from
natural gaswould better alignOdza (i 2 FSANRNRAYA O Ay OSy i Acha@godsh i K G KS
This studyfindsthat electrification of water heating and HVAC resiitsubstantial GHG savings
Ay +ft OFrasSa |G G2RIFIeQa SYA&aaizy NIXiGSad az2NB2(
reduce emissions to near zero by 2086 comparable policy esis for the natural gas systetn
reduce GHG emissionget, carbon prices in Californranging between $12 and $22/tonne as of
early 2019 have been too small to effectively sigrialcustomers the GHG benefits associated
with fuelswitching to electrity. In 2016 the US Environmental Protection Agency (EPA)
calculatedamiNt y3S aaz20Alf O02aid 2F OFNDb2yé NBLINBaSyid

6 Petition of Consolidated Edison Company of New York Inc. for Approval of the Smart Solutions for Natural Gas CustomeiG&®d&-0606,
December 20, 2018.
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emissions of $42/tonne for emissions occurring in 2020, with a more recent study estimating an
order d magnitudelarger value represented a midnge estimatgRicke et al. 2018)

+ Considerequiring buildes, rather than ratepayers, to pay for the full cost of new gas
distribution hookups.Currently, utilities coverm portion of the cost of new gas hookups to
buildings, anticipating that these costs will be recovered from ratepayers through future
revenues These discounts can be up to 50% of the tetstimated installed costs toomplete a
distribution main extensiori However, continued natural gas distribution revenue growth is not
guaranteed in a carboenonstrained future, and these gas distributionefixcosts may become
shared among a shrinking base of natural gas customers. Ensuring that new gagpsaok
paid for by the builder at the point of construction could mitigate future cost increases for existing
gas customers.

4. DEVELOP RESIDENTIAUILDING ELECTRIHICAMARKETRANSFORMATION
INITIATIVE

Market transformation can mean many things to many people. In this context, we mean that the
residential building electrification marketvould benefit from having access to a wider rarafehigh
STFAOASYOed YR AGANBGNRFAGE NBFRe LINRPRdAdzOG&aX AyOf dzR
markets as well as a better trained workforce to ensure experienced installers and service prariglers

readily available and operating compeétigly across the stateand more information available to

consumers about electrification options, costs and benefits. A few recommendations describing what

such a market transformation initiative could include are described below:

+ Encourage the developant of retrofit-ready electrification technology options for older
homes.In general, 20-amp electrical service is needed to serve a home with both a heat pump
HVAC system and heat pump water heater. While most newer homes haxang®6ervicemany

78S ¥F2NJSEFYLXS tD39Qa DI& wdzZfS b2d mp FT2NJ 3L & YIAY SEGSyarzyay
https://mww.pge.com/tariffs/assets/pdf/tariffoook/ GAS _RULES 15.pdf
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older homes in California do ndtlata is not readily available on the share of homes in each
category) In this study, the electricabgmelupgradecosts triggered by the adoption of heat pump

HVAC antieat pumpwater heating units togethewere large enougha create net costs instead

of net saving$or some of the lowrise multifamily homes that were modeldthe panel upgrade

costs were applied to pr&978 vintage singlamily homes in this situationAn area for ofgoing

marketd NI YaAF2NXI GA2y A& ANBRB®S{ REIK 3 LN NS 2 6INB & ME
enough to fit in existing spaces and require lowerrent, to avoid the need for an electrical panel

upgrade irthese older retrofit homes.

+ Educate consumerabout building electrification options Consumers may have preconceptions
about electric technologies, based on earlier generations of electric heat pamgselectric
resistancestoves Some consumerare entirely unfamiliar with heat pumgechnologies; others
are unaware of newer options like ductless heat pumps and induction stdwasy consumers
are not aware of thenon-economicadvantage®f new electric technologiesuch as the option
for multi-zone temperature control with ductless heat pumps, or teath, safetyand
performance advantages of induction stoves over conventigaalstove Customers should also
be aware obther differences between electric and gas options, such as the potential for noise or
vibrations from an electric heat pump condensgrmpressor@nsumergenerally want to know
about reatworld experiences from a trusted source before they make important decisiopsva
electric technolog in their home. Ideally, they should have this informatimfore their existing
equipment fails

+ Workforce training and certification for electrification in buildings Currently, few
buildingcontractors and HVAC professionals are wetlsed in building electrification
technologies.Poorly installed heat pumps could create a customer backlash sigéie
technology.Workforce training, combined with a voluntary certification program for building
electrification, could providguality assurancé customers interested imaking the switch to
electric HVAC or water heatingimilarlywith CPUC guidae, utilities could considedirect utility
install programgo ensure electrification technologies are readily availaisghe truck, and that
high-quality installations can be ensure®uality control is needed for propersizing and
instalation ofthe rightheat pumpS |j dzA LIYSy i F2NJ SI OK Odzai2 YSNRA&A y S
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+ Coordinate withmanufacturers to bringemerging technologies to the US market, including very
efficient heat pumps, ultralow global warming potentiakefrigerants, and retrofitready or low
voltage options.Many high efficiencyheat pumpproducts availablén other countriesare not
available in the U.Sand manufacturers may be reluctant to invest in market expansiotheir
own given the relatively small size of the U.S market to&gte andiocal governments and
utilities could commit to purchasing initial trancheseaxfuipment for use in buildings they own
and operateto help bring new heat pump technologies to the U.S. market

+ Encourage lower global warming potential gases to be used inthmanps and encourage heat
pump innovation over time Higher incentives could be made available for appliances featuring
low-Global Warming Potential (GWP) refrigerants.

5. ALIGN ENERGY EFRNICNM5OALS AND PROGRAMSM/GHG SAVINGS OPHONITIES

+ Energyefficiency incentives should be aligned with GHG savings opportunitiistorically,
energy efficiency programs have been designed with separate goals for reducing natural gas and
electricity consumptionThese programfocus oncosteffective kWh and them energy savings
rather thancosteffective carbon savings. Energy efficiency programs for fuel substitution, (e.g.
switching from natural gas to electric end uses), have been effectively prohibited loytient
interpretation of the/ t | / Q&-LINE K B BeSRUBAHOWd update the thregrong testto
directly consider carbon savingsd allow incentive programs for electrification where cost
effective energy and carbon savings can be achievedhermore, California should pursue a
combined, alfuels approach to cosffectively reduce carbon emissions from buildingglucing
silos between natural gas and electrical efficiency programs

8The CPUC developed a standard to knbwh (i K S INRIYKAINRISS 4 G¢ Ay GKS maodbnad G2 RSGSN¥AYS 5KSGKSN
be used for projects involving fuel switching. The broad objectives of the-fivargy test, which are to ensure that energy efficiency programs: 1)
save aergy, 2) are costffective, and 3) not harm the environment, are valid. However, the definitions and application of the test have become
outdated, and so in practice, the thrgeong test has become a hurdle, preventing utilities from using energyeefficifunds to incentivize electric
end uses over the direct use of natural gas. The CPUC has issued a+18i1g-®5) seeking comments on possible revisions to the definition and
implementation of the thregorong test, but no decision has been reachedr more information on the threprong test, see the California Public
Utilities Commission, 2013 Energy Efficiency Policy ManuatlR@P4, Version 5, July 5, 2013, page84
http://www.cpuc.ca.gov/uploadedFiles/ICPUC Public Website/Content/Utilities_and Indus tries/Energy
Electricity and Natural Gas/EEPolicyManualV5PDF.pdf
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In summary many lowrise residential buildingwners and esidents couldalready see cost and GHG
savings fronelectrifyingspace heating and water heatipgven in the absence ofcentives or programs.
However,in order toincrease adoption rates dbw-rise residentiabuilding electrification optionsin
Calibrnia, the state will need to develop new policies gmbgrams such as those described above
educate and train both contractors and consumers about building electrification technologies, and

encourage market transformaticior building electrification tehnologies
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1 Introduction

1.1 Studymotivation

111 /' [ LChwbL! @ALS [ La! ¢9

California has established itself as a global leader in reducing greenhousmiga®ngGHGS)The state

has set ambitious targets to reduce emissions 40% below 1990 levels by 2030; @erat: Bill 3»f

2016 and to achieve carbon neutrality by 20@5xecutive OrdeB-55-18 of 2018. Recent analysis has
indicated that to meethese goals, California will need to significantly reduce emissions from direct fossil

fuel combustion in buildings, which currentpresent~10% of total statewide GHG emissiéns

Greenhouse gas emissions from electricity use in bugdingl I f NS Reé 2y GKS RSOt AyS
renewable portfolio standarénd energy efficiency efforts. Howev&HGemissions from natural gas

use in buildings has remained flat in recent decad&aifornia Assembly Bill 3232 (2018) calls for the
California Energy Commission to asdess to achieve a 40% reduction in GHG emissions by 2030 within

0KS adl 4§SQa NBaA RSy (i AchidvingthisRoalOr2oVildirgyNi2080f white dzindinivg y 3 & ©
on the path to carbon neutrality by 2045, viéquire amajor transformation of the existing building stock

and new constructionin California.

9 SeMahone et al(2018)
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1.1.2 BUILDING ELECTRIAICON IN THE CONTEXTC /! [ L Ch WvNHOUS&AS Dw9 9
REDUCTIONJALS

There are two primary strategies to mitigate direct GHG emisdions buildings: 1) natural gas energy
efficiency combined with extensive use of renewable natural gas (RNG), and 2) electrification of fossil fuel
end uses in buildings. Neither one of these strategies have seen wide adoption to date, and both face

implementation challenges.

In the nearterm, progress is needed on both fronta. the longrun, electrification in buildings appears

to be a lowercost GHG mitigation strategy from a societal perspective, particuiatlye supply of

renewable natural gas isflited, and limited progress is made on the commercializatiozadbon neutral

synthetic fuels and poweto-gas technologiest K+ G gl a | (S& 02y OfdzaAizy TNR°
several longerm energy and climate scenaritis the California Energy @onission (CEC), assessing how

California could achieve its 2050 climate goals. The High Electrification scenario was one of those

scenarios, and was among the lower cost, and lower risk scenarios evaluated.

In the High Electrification scenayithe salesshare of electric heat pumps for residential space heating
and water heating ramps up quickly, from less than 10% at present, to about 50% in 203018086

of all new sales in 204Figurel-1.). In this scenaripheat pumpsfor space heating and water heating
saved27 MMT Cee in 2050, relative to a 2058conomywide emissions target of 86 MM3tatewide
While this scenario assurdeghat equipment is only replaced at the end of its useful lifetimehieving

this level of adoption obuilding electrification by 205@ould stillrequire retrofitting at least half the
existing residential building stock, more than 7 million hometh electric heat pump space heating
Buildings, and the space heating and water heating equipment used in buildings, atvéohgnd slow

to changeg which is why any effort to electrify buildings would need to begin in the early 2020s, in order
to assurek NBIF a2yl ofS LI OS 2F GNIyaaAdAz2yAy3d GKS adalrkas
LIS2 L SQa K2YSao
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Figure 1-1. Residential Space Heating Technology Sales Share and Equipment Stock in the HigficElmrt
Scenario

Residential Space Heating Technology
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Source:Mahone, 2018.

The market share trajectorghown in the figure above lsased on what might be required to meet the
adlrasSqQa OfAYIFGS 3I2Kfazr NrGKSNI GKFy | RSGFAESR F

QX

barriers.

1.1.3 PREVIOUSTUDIES OF BDING ELECTRIFICATION

Other regions, including the U.S. Northeast and Northwest, have begun to explore the economic and

LINF} OGAOFE AYLXSYSyGlFGdA2y AaadzsSa | NRdzyR aoSySTAOA
measure (Regatory Assistance Project, NYSERDA, Northeast Energy Efficiency Partridrehiational

Renewable Energy Laboratory assessed the potential for electrificatiounildings, transportation, and

industry throughout the US, includingviewing the likelihood for future heat pump innovatiéh

10 SeeMai et al. (2018)
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However, Californidnasunique climate, building stock, and energy pricasmpared with the rest of the
US Several recent sidies have focused othe economics of electrification in California. The Rocky
Mountain Instituteanalyzedcase studies for founationallocations, including Oakland, amighlighted
three situationswhen building electrification igenerallyexpected tabe costeffective:1) whenreplacing

oil or propane 2) in new construction, an@®) whenreplacing both an air conditioner and a furnaéé\
recent study fronthe Natural Resources Defense Coymformed by Synapse Energy Econonatss
found the potential for bothcapital cost savings and bill savings from electrification in Califoanic
identified a set of next steps to encourage building electrification in the stafthis study confirms many
of the highlevel findings of thee previousstudies while taking a more detailed look at the consumer
economics of residential electrification acrassre heat pump technologieglimate zonesandbuilding

typeswithin California(Sectionl.1.5.

1.1.4 HISTORICAROLICBARRIERS TO BUILDENECTRIFICATION & W¢ Q{ /1 1 b D95

Historically, the California Public Utilities Commission (CPUC) areh@&€denergy efficiencyolicies
to reduce electricity consumptioand encarage onsite use of natural gasver electric heating This
made sensg because tctricity was largelygenerated from fossil fuels,in relatively inefficient
powerplants separated from the customer kyansmission and distribution lossegich furtherwasted
energy Meanwhile on-site combustion of natural gas for heating wescouraged because it wasore

efficient than conventional electric resistance heating fueled by a fossil power. plant

It was in this context thathe CPU@evelopeda standardknown asthe éthree-prongtest in the 1990s

to determine whether energy efficiency program funding could be used for projects involving fuel

11 SeeBillimoria et al(2018)
2] 2L AYES &l YO ¢F1FKFEAKAZ 50 DfAOLZ ad® 2KAGSRI 4gyBcGionids,Dgfcbdr GA2Yy 2 7F
2018.
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switching®® The broad objectives of the thrgerong test, which are to ensure that energy efficiency
progams: 1) save energy, &)e costeffective, and 3) not harm the environment, are valid. However, the
definitions and application of the test have becom#dated, and so in practice, the threggrong test has
become a hurdle, preventingtilities from using energy efficiencyunds to incentivize electric end uses
over the direct use of natural ga¥he CPUC has issued a rulingl3R1-005) seeking comments on
possible revisions to the definition and implementation of the thpgeng test, but no decisionas been

reached.

I FEATF2NY AL Q& Sy S NE@EIngh& stahdariisSnyfHaee-hddhg tBshdust Be updated

to reflectcurrent requirements for lowcarbon electricity onthegrid YR G2 NBFf S@im (G KS ai
climate goals.Today/ I f A ¥ 2 Ny A I Q & rel&tifefy deahvibabaL£50% faln Renefvable or

zero carbongeneration, andalmost nocoal generationThe grid will only get cleaners load-serving

entities comply withSenate Bill (SB)00, which requiresa 60% renewable portfolio standard (RPS) by

2030 andlL00% of retail sales to be servedasro carbon electricity by 2045

Meanwhile, increasingly efficient electric heat pumps aaeailable in the marketModern airsource
electric heat pmpsare 3 to 4times more efficient than electric resistanoe gas heates, especially in
/£ AF2NY A | .Ohis meand thea higliefficiehcyectric heat pumppowered by electricity from
a natural gas combined cycle power plamill generaly consume lessatural gas in total thathe onsite

combustion ofmatural gasn a conventionafurnace

9y SNH& STFAOASYOe Aa 2yS 1Se& O-2aohiwiteledirificatdd amd JA £ £ | NS
the use of low carbofuels(Mahone, 2018)The challenge at hand for regulators and policymakeiay

is to ensure thathe definitions and policies arourahergy efficiency in buildings and appliance standards

13 California Public Utilities Commission. 2013. Energy Efficiency Policy Manual]-B109 Versia 5, July 5, 2013, pages-28:
http://www.cpuc.ca.gov/uploadedFiles/CPUC Public WetsgContent/Utilities_and_Indus tries/Energy-
Electricity and Natural Gas/EEPolicyManualV5PDF-.pdf
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areupdated toreflecti KS a i I G S Q,dncl@ing\by énabfingrid ncouraginglectrification and

the use of lowcarbon fuels in buildings.

1.1.5 GOALS OF THIS STUDY

This report evaluates the factors affecting market adoption of electric end uses in residential buildings in
California, including retrofits of existing mdk&uel buildings, as well as new-alkectric constructionThe
key goal of this study is to provide a more detailed set of custeimmrsed analyses of building

electrification options than have been previously undertaken in Califoeeaents of this widy include:

€ An assessment of impacts of building electrification using detailed electric and natural gas rate
structures compared to hourly electricity demands;

€ A detailed breakdown of electrification and natural gas equipment capital costs, dabts, and
installation costs across different regions of California;

€ Scenarios to assess the changing dynamics in customer costs over time, with two scenarios of how
electric and natural gas rates may change over time, as well as sensitivities with éahreat
pump performance and lower capital costs over time;

€ A disaggregation of the impacts of building electrification by-esé, focusing on HVAC, water
heating, cooking and clothes drying in different building types and climate zones across the state;

€ An identification of priority actions and market segments for future utility or state programs to
encourage building electrification.

This studyfocuses on the economics of electrificatiaith current market and policy conditiorend is
not intended asa detailedprogram design assessmeiatr building decarbonizatiarn_ikewise previous
work!** has highlighted theneed for a more detailed assessment of the role of the natural gas syistem
GKS O2yGSEG 27F / IChlifomia Wilnkdd 0 éveldpfa hatltaligds trahsitlori siateify

building electrification proves to be a successful decarbonization strapegticularly for natural gas

14 SeeMahone et al(2018)
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customers and distribution utilitied he potential implications of this gas transition strategg outside

the scope of this study

1.2 Buildingelectrification market overview

In the United States, the use of electric space heating is highest in the South and Pacific Northwest. These
regions are characterized by mild winters and historically, chelaptricity and limited natural gas
distribution Figurel-2.). Historically, these regions have relied on lower efficiency electric resistance heat
and older technology heat pumps. However, as heat pump technology has improved, electric heat pumps
are becoming an increasingly attractive option even in very cold climates. Electric heat pump adoption
has grown in the Northern US, particularly in statks Maine and Vermont, largely displacing higher cost

heating fuels like fuel oil, wood, coal, and prop&ne

15Seel apsa et a2017)
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Figurel-2. ResidentialElectricSpaceHeat Market Share in the United States

Primary Heating Fuel (Plurality)
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Data from the AmeriaaCommunity Surve(2016).

While modern, higher efficiency heat pumps still represent a relatively small share of most segments of
the US heating market, they represent a growing share of HVYAC deployments in new homes, particularly
in the Southern US. ThEnergyL Y F2 NI GA2y ! RYAYA&UNI GA2yQa € GSai

Survey (RECS) estimates 12 million American households (10% of total households) currently use electric
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heat pumps as their primary space heating equipment, with 40 million househsldgelectricity as their

primary heat source. Over 70% of households relying primarily on heat pumps are in th&.South

In the US Northeast and Northwest, policymakers and utilities have begun to develop rebates and
incentives for electric heat pump agtion, including in New York, Washington, and Vermont. These
policies are generally viewed in the context of energy efficiency, with the added benefit of displacing fuel
oil or other expensive fuels; however, using electric heat pumps to reduce greenfasisenissions from

fossil fuels is increasingly part of the policy conversation in these regions. Further, policymakers are
increasingly interested in electric heating as a method for renewables integration and electric system

management’.

In Californiagdespite its moderate climate, the use of electric heat remains limited, outside of rural areas

that lack natural gas. Electric heat pump adoption in California remains limited largely due to the relatively

low cost of natural gas and widespread natural desdribution system in urban areas. The California

9y SNHe /2YYA&aaAirzyQa wuwunnd wWSAARSYGALFET 1 LILXAIFIYOS {1

heating accounted for only one percent of California households.

Many municipal utilities and Community @be Aggregators (CCAs) in California, including the
Sacramento Municipal Utility District (SMUD), Los Angeles Department of Water and Power (LADWP),
Marin Clean Energy, and Sonoma Clean Power have begun to offer incentives and programs for electric
heat pumps as a costaving and greenhousgas saving measur&ome of these programs focus on

incentivizing electrification in new homé&$s

16 From the EIA Residential Energy Consumption Sumipg://www.eia.gov/consumption/residential/data/2015/hc/php/hc6.8.php

17 SeeBillimoria et al. (2018)

BC2NJ I NBOSY(d &dzYYIFINE 2F LREAOASE |yR LINRPINI YA F2N odef iR ViBTIESEO T NIRT
P LILINR | OKS& F2NJ . dZAf RAy3 5SOFNB2yATIFGAZYSE ¢NIyaOSyRSyld 9ySNEHeEe T2N (K
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1.3 Reportcontents

The remainder of this report is organizedfakows:

+

+

Section2 describes the modeling approaelpplied in this analysis, includiagsumptions about
the California housing stock and heating fuel mxijlding energy simulations, customer
economicsgreenhouse gas impacts, and grid impacts.

Section3 presents the results of the analysis
Section4 identifies barriers teelectrification and potential solutions.

Section5 concludes withrecommendationsnd additional research needs.

Additionally, several appendices with additional technical details are included:

+

AppendixA: TechnologyCharacterizatiorand Screeningdescribes thecriteria for selectinghe
appliances modeled.

Appendix B: Building Simulation Descriptiondescribes the modeling of building energy
demands.

AppendixC. Additional Methods Detaifor greenhouse gas calculations

AppendixD: Market Adoption Barriers and Potential Solution@ovides a more complete list of
market barriers and solutiorthan the key examples discussed3ection 5

Appendix E Additional Resultsprovidesadditional charts and table®f results including site
energy savings results
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2 Modeling Approach

2.1 Methods Overview

This section describes the methods and modeling approach used in this study. At a highdestatted

with data on the existing housing and appliance stoakildBig simulations were used to develop
estimates of hourly energy demands. This informaticaswsed to estimate the bill impacts of building
electrification, which combined with estimates of the capital costs of building electrification, allowed us
to calculate lifecycle costs and savings. The building simulation data was also used to evauate th
greenhouse gas savings of building electrification and changes in hourly elediitigndthat could be
associated with high levels of building electrification in California. Each of these steps are described in

more detail below.

Figure2-1. Analysis steps schematic

Consumer GHG and Grid

Building
Simulations

Costs and
Savings

Impacts

* Greenhouse gas
savings

e Capital cost, labor,
and installation
costs

e Monthly bill

* Technology
screening and
efficiency
assumptions

* Changes in hourly

-dHourIyéenergy E?gj!ggtserdcurrent & electricity demand
emands _

» Site energy .sla_l\t;ier::y_c(,:le costs and

consumption g
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2.2 California Housing Stock and Market Potential

2.2.1 HOUSING STOCK

LY wnamnX /FEAF2NYALFQa LRLMA I GA2Yy 2F od YATEA2Yy N
Department of Finance (D) forecasts will grow to 50 million people by 2050, in approximately 16 million
households?® The majority of households live in sindmily dwellings althoughmultifamily housing

comprises the majority of new constructiéhCalifornia also includeabout 0.6 million mobile homes,

which are not pictured, and are not studied here, but which are included in the California PATHWAYS
model. The characteristics of the building stock over time determine the characteristics of thenfar

new appliances and the potential for electrification.

Figure2-2: Projectedresidentialhousing stocKor single family, lowrise multifamily and highrise multifamily
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SourceBased orR019datafrom the E3 Californi@ATHWAY®odel, residential buildingtockrollover assuming a 7 mean life and that new
housing keeps up with population growth

The California PATHWAYS mgdéhhone et al. 20183imulates thestate building stock using historical
and projected countyfevel population based on the DOF forecast. It assumes a-sitioker of housing

units, treating substantial building shell upgrades and retrofits as new buildings for the purposes of

19 Seehttp://www.dof.ca.gov/Forecasting/Demographics/projections{version available in 2016 was used; more recent data is now available)
20 Seenttp://www.dof.ca.gov/Forecasting/Economics/Indicators/ConstructionPermits/
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modeling bulding energy demanddg-{gure2-2). A 75yr meanlifetime is assumed for turnover and shell
upgrades. The proportion of existing appliances is determined from the Residential Appliance Saturation

Survey (RASS)

The rate of ew construction relative to existing homes is a key metric for assessing the potential for
electrification, as logistical barriers to electrification are generally much lower for new construction than
for retrofitting existing housing. New buildings natllygrovide a decision point for installing an efficient
technology, whereas retrofits may require cumbersome or costly adjustments to features such as ducts,
electrical wiring, and appliance placement.-éliictric new buildings can avoid the costs inhdran
supporting dual fuel capability. Previous studies have identified new buildings as a priority for building
electrification?? Following the assumptions in PATHWAYS, new construction is expected to represent
about one half of the building stock by 2Q50is meanghat meeting the adoption rates in the High
Electrification Scenario (Sectiaril.2?) will require retrofitting at least half the exisg residential building

stock, more than 7 million homes.

California housing construction has not kept up with population growth, with a current shortfall estimated

at more than 3 million home%.This is reflected ibuilding permit datawith the 117,00uilding permits

issued in 2017 for new construction or substantial modifications exceeding that of any year in the last
decade, which averaged 74,000. This number is short of the approximately 100,000 annual new homes
required to keep up with populationrgwth at constant household size, with no allowance for turnover

of the existing housing stock. In this study, we assume that building turnover and new construction will
eventually rise commensurate with a -y&ar turnover of the existingpuilding stock am population

growth. We note that if this does not occur, even more retrofits may be needed than we estimate here to
NEFOK GKS adlrisSqQa OtAYIFGS 32rtad /2y@SNBRStE&s K2dz

212003 California Residential Appliance Saturation SEGEYMAXENERGY, Itron, and RoperASW 2004)
22 SeeBillimoria et al(2018)andHopkins et al. (2018)
23 SeeWoetzel et al(2016)
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faster turnover of existing buildgs ¢ many of which are currently overdue for upgradescould

potentially accelerate transition tobuilding electrification.

The two tables below show the sharetbe residential existindqousingand new construction housing
stock for single family detached and lowrise multifamily that are assumed to be located ieach
combination ofclimate zone and utility service territpmodeled in this studyeight combinations)The
tables illustratethe estimated share of housing in each region in 2@B8se shares may change slightly
over time as new housing is constructed in different parts of the sfesesstimatedshares are used
to weight the resultsof the building simulations to come up with estimates of total impacts from
residential lowrise building electrification. The data forTable2-1 and Table2-2 are derived from tle
estimated housing sharesom the California PATHWAYS model (as illustrateHignre 2-2) and a

geographic mappintp climate zone and utility.

Table 2-1. Share of lowrise residentialexisting housing (as of 202@ssumed by climate zone and utility in the
modeledstudy area

) Retrofits
C;g]naé[e Major City Utility Single Lowrise
Family Multifamily
Cz03 SanFrancisco PG&E 17% 4%
Cz04 San Jose PG&E 8% 2%
Cz12 Sacramento SMUD 7% 2%
CZ06 Coastal LA SCE 10% 3%
Cz06 Coastal LA LADWP 2% 1%
Cz09 Downtown LA SCE 12% 3%
Cz09 Downtown LA LADWP 13% 3%
Cz10 Riverside SCE 11% 3%
Total 80% 20%
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Table2-2. Share of lowrise residential new construction housing (as of 2020) assumed by climate zone and utility in
the modeledstudy area

. New Construction
C;I(’)nnaé[e Major City Utility Single Lowrise
Family Multifamily

Cz03 San Francisco PG&E 14% 9%
Cz04 San Jose PG&E 6% 4%
Cz12 Sacramento SMUD 6% 4%
Cz06 Coastal LA SCE 7% 5%
Cz06 Coastal LA LADWP 1% 1%
Cz09 Downtown LA SCE 8% 5%
Cz09 Downtown LA LADWP 9% 6%
Cz10 Riverside SCE 9% 6%

Total 61% 39%

2.2.2 APPLIANCE STOCK

The existing fuel mix and appliance population in California homes also provides a starting point for
analysis. Most urbanized areas in California are predominantly natural gas heating, with electric heating
(typically cheaper electric resistance heating) and propane (Liquefied Petroleum Gas, or LPG) in many
rural areag(Figure2-3). Overall, 86% of singfamily homes were dbnated to use natural gas as their
primary heating fuel in 2009, with a somewhat lower proportion in multifamily homes, particularly high
rise apartmentsTable2-3). This data is used to populate the 2015 PATHWAYS equipment stock and when
estimating statewide impacts (except for SMUD, where udjigcific datandicated a higher prevalence

of electric resistance space and water heafing

© 2019Energy and Environmental Economics, Inc. 15|Page
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Figure2-3: ResidentialSpaceHeating Fuel Market Share in California
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Table2-3: Heating Fuel Prevalence by Housing Type in Califétnia

SingleFamily Townhouse i 5+ Unit Mobile Home
Detached Apartment
Electric (Resistance) 5% 13% 19% 30% 4%
Electric (HeaPump) 2% 3% 3% 5% 4%
Natural Gas 86% 78% 69% 53% 73%
LPG 3% 1% 1% 1% 8%
No central space heating 4% 5% 8% 11% 11%

These building types are mapped to the categories used elsewhere in this. igpatefamily detached are single family hom@swnhouses and 2
to 4 unit apartmentsare grouped togethet & &NA236S a dzf G A F I Y &rd B+udit apagndent bulidings Zhigi§eanultifamily)are not
considered in thiseport.

The prevalence of air conditioning also indirectly plays a keyinoassessing the potential for building
electrification, as heat pumps have a similar design and building footprint to central air conditianérs

can provide both cooling and heating functionality. The Residential Appliance Saturation Study (RASS)
provided data on air conditioning prevalence by home type and climate Zddeerall, it estimated that

54% of low-rise homes in California were equipped witlentral air conditioning and another 4% with

room conditioning, with a greater proportioof centrd air conditioningin singlefamily and in warmer
climates in Southern California and inland in the Central Valley2088 RASS showed a clear trend
towards increasingentral air conditioning prevalence in newer home vintagegh over 90% of new

singk family homes includingentral air conditioning statewide pe&00Q but this trend was not

explicitly modeled in this studff.

As California temperatures continue to warm due to climate ch&hges possible that more people will
adopt air conditioning to remain comfortable and avoid adverse health impacts with heat stress. This

study does not take into account the fact that the AC saturation rate may continue to increase in California

24 These data were based on the 2003 California Residential Appliance Saturation StudiKEASSENERGY, Itron, and RoperASW 26@4jing

fuel prevalence showed little change in the 2009 vergigalmgren et al. 2010)

2 These datavere from the 2003 RASS (see above).

26 Data available fronittps://webtools.dnvgl.com/RASS2009/Default.aspx?tabid=@cross all home types statewide, over 80% of new homes
included catral air conditioning after 2000. However, large regional variation remained, which much higher prevalence of new hangeselathl

air conditioning in climate zones 3 and 5.

27 SeePierce, Kalanskgnd Caya2018)
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over time, which could also make heat pump HVAC systems economically attractive to a larger number of

households in the state.

2.3 BuildingSmulations andEnd Use Technologies

2.3.1 BUILDING SIMULATIQ®OLS AND ASSUMPTEON

Building simulations and hourly energyonsumption

The hourly energy consumption of natural gas and electric technologies in heasesvaluated using
industry-standard building simulation tool$wobuilding types were evaluated: sindgémily (SFandlow-

rise multifamily (LRMF). For eachtloése building types, a base case mitedl home was modeled with
natural gas providing space heatjngater heatirg, cooking and clothes drying. This base case was

compared to an upgraded alectric home, with gas appliances converted to electric appks.

Frontier Energy used KS bl A2yl f wSySglofS 9ySNH& [ 062Nl {2N
5SLI NIYSyd 2F 9ySNHe&Qa O9ySNHeéetfdza aAYydZ FGA2y Sy
assumptions were mostly based on the 2014 Building Americad4i8imulation Protods?®, with a few

exceptions. Water heater hourly draw profiles and lighting energy use reflect the most current algorithms

and data incorporated in the 2016 and 2019 CBREE software, which is used to demonstrate
compliance with the ifle 24, Part 6 energy code. This is documented in the 2016 Residential Alternative
Calculation Method Reference MaritfaCertain modeling capabilities desired for this analysis were not

available within BEopt, and therefore the energy model input filesewexported and additional edits

were made using EnergyPlus before running the simulations. EnergyPlus was used directly to apply the

28 Seehttps://www.energy.gov/sites/prod/files/2014/03/f13/house_simulation _protocols 2014.pdf
29 Seehttps://www.energy.ca.gov/2015publications/CE@00-2015024/CE€400-2015024-CMFREV 3. pdf
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California water heater draw profiles and also make adjustments to other water heating inputs that could

not be done in Bapt.

Ly Fff o6dZAfRAY3I aAYdzZ FdA2yas 6SHFGKSNI FAfSa 6SNB
meteorological year data. The key modification from the Title 24 building specifications was a modification
of the heating and cooling sgint schedules, to conform with observed California datae Title 24
schedulesnclude uncharacteristic setbacks. The project team settled on a heating and cooling setback
schedule based on a review of relevant literature, including California NestRdatmore details about

the thermostat set point assumptions and othienilding simulation parameters ségpendixB: Building

Simulation Descriptions

2.3.2 BUILDING TYPES ANDMATE ZONES MODELED

Two building types are modeledcross six California climate zor(gee Table2-4 and Figure2-4). The
assumptions about each hontgpe are described belowWe designedeach case as acomparison
betweena mixed fuel homewith natural gas space heating, water heating, cooking, and clothes drying

and an aklelectric home.

We attempted tocompare options with similar levels of comfort and aesthetiaracteristics whesver
possiblein order toprovidethe most fair comparisanFor instance, wenly compared retrofit homes in
which airconditioning would be found in the mixed fuel home, for comparison wittelgctric home
containing artHVAC heat pumproviding cooling serviceBor new constructioypwe excludedechnology
options like packaged terminal heat pumps (PTHRa) may be ing&pensive butare seen as less

aesthetically desirable.

1) Singlefamily homesare assumed to be @ne- or two-story detached homewith the squarefootage
of the homedepending on the vintagd.he older prel978 vintage homes are assumed to be constructed

before the California building code went into effect and include poor levels of building insulation and

© 2019Energy and Environmental Economics, Inc. 19|Page
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single pane windows. These homes are assumed to be sitigle two-bedroom, 1,400 square foot

homes.¢ KS mMdpnQa @Ay il 3S K2 ¥ S8aty, thréeBedrdod 2,807 SoRareifet 60 S & A
homes buil to comply with thel1992 building code, with minimal building insulation and doytdee
windows.New construction homes are the largest homes modeled, at 2,700 square feet with two floors

and four bedreams. New construction homes are designed to meet the 2019 Title 24 building code
requirements, including the requirements for new rooftop solar @\8 kW solar array per home is
assumed)New construction homes are assumed to install the same size rostiap panel in both the

gas baseline and alectric home, and as a result the rooftop solar has a relatively minor impact on the

relative bill savings between these two optioflsK S H>Xmnn aljdzr NB F220 6mdpdpn Q2
square foot (new condtdzOG A2y 0 K2YSa |NB o0l aSR 2y GK&nily € AF2N

prototypes used in the Title 24, Part 6 development process.

2) Low-rise multifamily (LRMFhomesare assumed to be twstory apartment buildings with six to eight

units, depending on the building vintage. Like the sirfgimily homes, the LRMF new construction

buildings have minimal insulation for the older vintage construction, meet the 1992 bugjldiode
requirementsF 2 NJ G KS mMpdpnQad @AYy dlF3aS K2YSas FyR | OKAS@GS ¢
new construction, including the use of rooftop solar W5 kW per unit is assumedyew construction

homes are assumed to install the samesgiaoftop solar panel in both the gas baseline aneelttric

home, and as a result the rooftop solar has a relatively minor impact on the relative bill savings between

these two optionsThe prel978 vintageand the new constructiobuildingprototypesboth includefour

one-bedroom 780 squarefoot units, and four twebedroom 960 squarefoot units. The 1990s vintage

building includes six threbedroom 1,500 squardoot units. The prel978 and the new construction

vintage homes are based on the Californi 9 Y SNH& / 2YYA&daA2y Qa Ydzf GAFI YA

24, Part 6 development process.
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Table2-4 Modeled building typesand vintages

Low-Rise
Multifamily
Retrofit
(Pre-1978) 6,660 sf
(No Insulation 1,400 sf 8 units (780 sf/unit + 960
single pane sf/unit)
windows)
Retrofit
(1990s)
2,100 sf 9,000 sf

(T24 building code 6 units (1500 sf/unit)

1992 construction)

New Construction nim ﬂim
6,660 sf
(2019 T24 building 2,700 sf 8 units (780 sf/unit + 960
code) sf/unit)

For each of thesix building types evaluate@@as described iTable2-4 above, building simulations are

performed across six California climate zones. The climate zones were selestedetgent a sample of

the largest population centers in California acrdss service territories of the participating utilities (SCE,

{a!5 FYR [!'52t0X gA0K (GKS AyOfdzaAz2y Zdvicaterdtoryp 2 NIl K S|
for completeness Overall, these six climate zones represent abbfit 2 F GKS aidlGdSQa K
covering the regions around: San Francisco, San Jose, Sacramento, Coastal Los Angeles, Downtown Los
Angeles and RiversidBata from the Residential Appliance Saturation Syrsuggest that62%of the

households irthe sixclimate zones we studiedavecentral orroom air conditioningn our study are,

compared to 68% statewigasuggesting that our study area is moderately representative of thesidee

air conditioningsaturation rate We estimate that the climate zones included in this study are broadly

© 2019Energy and Environmental Economics, Inc. 21| Page
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representative of abou®g: 2 F G KS a il An&Ressmiér dizildhg @edctifigadon for the
remainingu 022 2 F (0 KS & (ilargelgrQal, retesens & orritiak @ea for further study.

Figure2-4® / I t AT2 NY Al Qa ,sixisluflyRreafiBate/zdndsevaluatéd arkeshgd&ddn blue and grey

Building Climate Zones
California, 2017

ﬂ Building Climate Zones

ﬂ County Boundary

Scurce. California Energy Commission

Y9

30Poorly covered climate zones which may be quitesiislar to those modeled include the climate zones 1 and 2 along the northern coast, the
northernmost Central Valley in climate zone 11, the mountainous climate zgrentihe southeastern desert climate zones 14 and 15. We note
that many of these climate zones include rural households that lack natural gas infrastructure and use expensive prigune @séstance heating
(Figure2-3), so may be good candidates for heat pump retrofits as shown in previous studies.
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For each climate zone, the electead natural gas residential rates for the corresponding mafiities
are evaluated in the customer bill savings calculations: PG&E, SMUD, SCE and LADWP electric rates, and

PG&E and SoCalGas natural gas rates are applied, as shbainig®-5 below.

Table2-5 Hectric and gas utilities irthe six climate zones

| GBf WIO®WS A dzl G SR

al 22NJ / o

| YN o {ly CNIYy t Dg 9 t D3 9
| Y%nn {FLy Ww2a t Dg 9 t Dg 9
| YMH { I ONJ Y S, {a!5 t Dg 9
| Yanc [ 2FL&adGlrt  {/9 k [ {2/ £t DI ¢
| Y%n ¢ 526y i26y {/9 k | {2/ tDI ¢
| Yamn WA @S NA A {/9 {2/ fDF ¢

2.4 Upfront equipment costs and efficiencies

For this study, we found thagxistingdata sourcen natural gas and electriequipment costsvere

lacking in key respects. The existing data sources that we evaluated gedefaidtincludeestimates of

the labor and installation costsf buildingelectrificationretrofits, focusing only oequipment costs. For

example, the U.S. National Energy Mbdg System (NEMS) data assumésfai { S F2NJ f A1 S¢ NBI
equipmentand does not include estimates of retrofit costs. In addition, some data sets did not include a

comprehensive set of cost data for a range of natural gas and electric technologies.
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Given the need for a comprehensive and internatiysistent set of installed equipment cost data across
a range of building types and regions of California, we decidectdate newestimatesof installed
building equipment technology costs using a pasional cost estimatdirom AECOM.Of course, no
single point cost estimate of installed building equipment willapplicableacross all buildingseven if
those cost are specific to a given building type and geograptijdingsare heterogenousin paticular,

retrofit and equipmentinstallation costs vary based on many factors.

The costestimation approach relies on a combination of published equipment costs and market and
professional experience. yEreating this bottorrup estimate of installed cafal costs using the same
cost estimator, we hope that we have at least captured the most common sets of cost drivers in an

internally consistent way.

The allin, installed capital costs of electric equipment are compared to the cost of natural gas esipm

using cost estimates. Capital costs, including installation, labor and retrofit costs were developed using
Californiaspecific information about labor rates and standard industry mak. In the case of heat pump

HVAC systems, which provide both hagtand cooling, the costs of the electric heat pump are compared

to the cost of a natural gas furnace plus an air conditioner, in regions of the state where air conditioning

is prevalent. In retrofit situations, the electric heat pump HVAC system is adstomeplace a gas

furnace, plus a portion of the cost of a new air conditioner. This adjustment is made to reflect the fact

that there is still some useful economic life remaining in an air conditioner if it is replaced when the gas
furnace fails. The gding principal here is to minimize early retirement of equipment where possible
ASYySNIftte |aadonbyRy2dAie ANBENBHQABTAIG aAddza G6Az2yasz S

is replaced upon burnout of the gas furnace.

We assume that homeshat do not currently have air conditioning (primarily those in the San
Francisco/Climat&one 3, in this study), will iadopt air conditioning in gaieled homes. However,

existing homes that currently have window AC units are assumed to upgrade mtral @&C system when
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they replace the HVAC system. This assumption attempts to ensure that we are comparing similar levels
of thermal comfort in both the gakieled and electric homes in areas where air conditioning is commonly

needed.

Capital costs ar estimated for heat pump HVASystems heat pump water heaters, electriesistance
and induction stoves and electriesistanceand heat pump clothes dryers separatdfpr allelectric new
construction homes, the avoided cost of natural gas infrastmgc(both inthome and for interconnections
to the utility) is included in our cost modélrhe avoided ithome natural gas piping infrastructure is

reflected in the equipment capital cost estimates developed by AECOM.

An additional cost saving is applisgbaratelybased on an estimate of the avoided natural ggsng cost
associated with the service and meter connection. In practice, these avoided costs will be highly site
specific and could vary widely depending on the size and location of the housiegtpfbe estimated
avoidedcosts of natural gas infrastructure and interconnection to the ut{litytside of the avoided gas
piping in the building itselfire based on estimates from thdraft 2020California Title 24 Building Reach
Code*andinclude

€ Singlefamily residence: $6,000
€ LRMF: $6,000 (cost is shared b§ 6nits, resulting in $750 or $1,000 per household)

Gas interconnection costs will vary greatly depending on the location of the building, making it difficult to
come up with a sigle, central estimate. If anything, these avoided gas infrastructure costs may represent
conservative estimates. However, it is important to note that in this study, the avoided gas infrastructure

cost savings within the building itself are included in¢lqgipment capital cost estimate$his study does

31|

QX
u»
¢

2y S aFGRE Rediderdtial Buldiny Gas $ervice InstallatioréCosisl § SR W ydzt NBE Hy I Hampod
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not attempt to estimate theavoidedsocietal costs of gas interconnections for new construction, which

are shared among all gas ratepayers and would not be a cost or benefit to individual customers.

In retrofit homes moving from gas to electric end uses, the individual replacement of one end use or
appliance is not assumed to trigger the need for a complete electrical panel upgradE9' Revintage
homes are assumed to trigger the incremental cost of aepapgradeto 200Awhen both the HVAC and
domestic hot water systemare electrified at the same tim The following panel upgrade costre

applied?3;

D

Singlefamily: $4,256

D

Lowrise multifamily: $2,744

Hourly labor rates vary by region of the state and are estimated based-oncalsts for experienced and
licensed contractors. These labor rates vary from $65/hour to $95/hour depending oregien The

total cost estimates also reflect a mauk for overhead, whictvariesbetween 15% to 20% depending on

the region of the state. Design and engineering costs are 10% of the project cost. Permit, testing and
inspection costs are 1.25% of project costs, while contractor profit and market factors are used to reflect
local marketconditions in some markets and vary from 0% in Sacramento and Riverside to 8% in San

Francisco.

To illustrate the categories included in the capital cost estimates for each technology, an example is
provided below for @990s vintage singliamily home hat retrofits a gas furnace to an electhtvVAC

heat pump.

32 Seethe City of Palo Alto 2019 Title 24 Energy Reach Code Cost Effectiveness Analysis:
https://cityofpaloalto.org/civicax/filebank/documents/66742
33 See the Palo Alto Electrificati®inal Reporthttps://www.cityofpaloalto.org/civicax/filebank/documents/55069
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Figure2-5. Example of installed equipment capital codata developed for this analysisSinge familyHVAC heat

pump retrofit, 1990s vintageQimate Zone 6

Demolition

Remove existing furnace
Labor 680
Disposal 500

1,180
Installation

Furnace Included in heat pumg
New Furnace, equipment price
Heating included in split system heat pump
Miscellaneous supplies
Labor

Air Conditioner
New Air Conditioner, equipment price$ 5,400
Ducted split heat pump AHU in attic
3-ton 18 SEER/14 EER, 10 HSPF, t $ -
Concrete pad, precast $ 100
Refrigerant piping and refrigerant  $ 400
Miscellaneous supplies $ 400
Labor $ 1,360

Controls
Thermostat & wiring $ 400

Gas and Electrical Supply
New electrical circuits to equipment $ 190

Panel and main service modification  Not required

Gas supply piping Not required
Labor $ 340
Ductwork modifications $ -
Miscellaneous supplies $ 250
Labor $ 680
$ 9,520
Subtotal $ 10,700
$ -
General Conditions and Overhead $ 1,605
Design and Engineering $ 1,231
Permit, testing and inspection $ 169
Contractor Profit/Market Factor $ 274
Recommended Budget $ 13,979

© 2019Energy and Environmental Economics, Inc.
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2.4.1 TECHNOLOGIES MODELED

Existing mechanical system types are selected to represent typical construction practices for each building
type and vintageln the building models used in this study, appliances are replaced at the end of their
useful IFS OGANBLI I OS 2y 0dzaNy2dzié0 FyR NBLI I OSR gA0K
comparable gas technologylhe electricupgrade case applies the electric technology that best
complements the existing conditions while considering cost, techniealbiéity, market feasibility, and
occupant acceptance. In most cas#ise gas upgrade assumes replacement with the same type of
equipment as is existing. All applicable building codes are assumed to be met in both the electric and gas

upgrade cases.

2.4.1.1 Heating, Ventilation andAir Conditioning(HVAC) Bstems

In the gasfueled homesmodeled the HVAC systernonsists of a natural gas furnace and an air
conditioning unit. The size and type of the gas furnace and air conditioner vary based on the home type
and the climate zoneThenatural gas baseline home is assumedieetthe code minimum requirements

for HVAC equipmeni 2018 Homes with window air conditioning are assumedbégoetrofitted to central

air conditioning in order to ensure a comparable level of home comfort with the electric heat pump
alternative.Overall, the building simulatiorsmuggesthat in the California climate zones modeled here,
HVAC heat pumpmay perform better thantheir rated efficiencies, due to theelatively mild climate
compared to the efficiency rating test conditionBelow we present the rated efficiencies of the
equipment modeledthe & I O K A figiéhéesvary by home type and climate zoaed are generdly

higher.

Three types of electric air source heat pump HVAC systems are evaluated:

+ Packaged terminal heat pump3:hese are selfonditioned units which can provide both space
heating and cooling. They are often found in hotels but are increasingbideyed as lowcost
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options for small apartments and condd®ackaged terminal heat pumps (PTHPS) are generally
only appropriatefor smaller homesnd are modeled here with a COP of 3.3.

+ Mini-split heat pumps:These heat pumps have an outdoor compressondenser and one or
more indoorfan coilunits. Ductless miréplit heat pumps can be installed in homes without ducts,
which can make them good options for some retrofit situatiddini-split heat pumps utilize a
variable speed compressor ar@in achieve very high efficiencies. The base case modeled
efficiency in this study is an HSPF of 11 (@ated COP of 3.2although actual performance will
vary by climate and use patters

+ Ducted split heat pumpsA ducted split heat pump also has an outdoor ceegsor/condenser,
but only one indoor air handling unit which pushes air throughout the home via ducts, in the same
way that a central air conditioning system and furnace wotltk base case modeled efficiency
in this study is an HSPF of 10 & rated C® of 2.9, although actual performance will vary by
climate and use patterns

The various HVAC systems used in the homes modeled are summairtigdra2-6.

Figure2-6 Modeledgas and electritiVAC system technology, price range and efficiency

Gas Home Electric Home
( in ) (1 & =B
= | | 1=
5+ 5 HE
@ Packaged . ] )
Terminal Mini-split Ducted Split
Gas Furnace + AC Heat Pump Heat Pump Heat Pump
_ $ $$% $ - $$
(ﬁzk-ﬁf} ($7k-$8k) ($18k-$20k) ($9k-$17k)
~ 3.3 CopP 11 HSPF (~3.2 COP*) 10 HSPF (~2.9 COP*)
\ sgfglégé/fzszcgfﬁ) \11 EER 21 SEER/13 EER 18 SEER/14 EER

Ranges reflect the range of prices across climate zones as a result of labor cost differences.

© 2019Energy and Environmental Economics, Inc. 29|Page



_ California Residential Building Electrification Market Assessment

In addition to thedcommon hidp-efficiency products modeled in the base case, we also evaluate the

LISNF 2 N I y G5O 2174 & ¢ ¢ Ladaiegiddi techngl®pproguct for the ducted splitVAC

heat pumpsand minisplit HVAC heat pump$he Besin-Clasgproductrepresents tle highest efficiency
FgFrAtlofS Ay G2RF&Qa /It ATF2NY Aprodudt tepidséis ledpéctddS @ ¢ K S

technology advances in future products

Table2-6. andTable2-7: Lowrisedescribe the rated efficiencies applied in this analysis to HYAC equipment

for the standard product as well as the two higledficiency tiers.

Table2-6. Singlefamily HYAC New Construction Efficiencies

Seasonal AHRI Rating
Ducted split air source heat pum| # Speedd SEER EER HSPF

Common High Eff Product 2| 18 14 10
Bestin-dass Product variable| 21 15 13
Emerging Tech Product variable| 25 18 16

Table2-7: Lowrise Multifamily HYAC New Construction Efficiencies

Seasonal AHRI Rating
Mini-split heat pump # Speeds| SEER EER HSPF
Common High Eff Product variable| 21 13 11
BestIn-Class Product variable| 30 15 14
Emerging Tech Product variable| 36 18 17
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BestIn-Class performanceassumptions arebased on productsin the AirConditioning, Heating, &
WSTNRIASNI GA2Y LyaidaAaiddzi 8andaresdlettedleiér to maxdh Nidsk prodctsi A 2y
with the highest available HSPF or go slightly beyond. For the Emerging Technology option, the project team

reseached trends in system performance and technology.

An IEA study from 20%istated that heat pump COP performance (for both cooling and heatingypected
to increase by 20% in 2020 and 50% in 2030. Assulmrp20target has been methis translates ¢ an
additional 25% increasmoving to 2030.For this analysis the Emerging Technology performance was
assumed to be 20% better than the B&sClass, applyingslightlymore conservativémprovement factor

than the IEA study tbetter represent the nexb years.

2.4.1.2 DomesticHot Water(DHW)

In existing, natural gafsieled homes, thdase caselomestic hot wateisystemis assumed to be a code
minimum gas storage water heater withuaiform energy factorYEF of 0.63. In new constructiogas

fueled homes, cosistent with the requirements of the California Title 24 building code, gas tankless water
heaters are assumed, with efficiencies of UEF 0.81. In the electric retrofit and electric new construction

alternatives, heat pump water heaters are evaluated, vaithase case efficiency of UEF 3.0.

34 Seehttps://www.ahridirectory.org
35 Seehttps://webstore.iea.org/technology-roadmap-energy-efficient-buildingsheating-and-cooling-equipment
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Figure2-7 Modeled gas and electric water heating systems: technology, price range and efficiency
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Ranges reflect the range of prices across climate zones as a result of labor cost differences.
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applied in this analysis to water heaters for the standard product as well as the two-eificEmcy tiers.

STFTAOASYOe 2F odn ! 9Cs

Table2-8. Heat Pump Water Heater Efficiencies

RatedEfficiencies
Technologydass UEF COP
Common High BéfiencyProduct 3.0 3.5
BestIn-Class Product 3.4 4.3
Emerging Tech Product 4.1 5.0
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BestIn-Class performance was based on the Sandeat pump water heatef® For this performance
category, theSanden COP was reduced by 15% relative to the rated value of 5.0 to better align with results
from the CBECRes software, whictvasused to demonstrate compliance with the Title 24, Part 6 energy

code.TheEmerging Technology performance viiesed on the Sanden product without any derating.

Flexible water heatingensitivity assumptions

Water heater production can be optimized to save energy while still meeting service dethanks to

the heat storage capability of wateBmart control technologganenable water heatesto shiftelectricity
demandsto avoid the high electric rates under a tiroé-use (TOU) rate scheduM/e perform aflexible
water heatingsensitivity analysisto evaluate the impacbf this technologyon consumer economic¢s
assuning that the heat pumpwater heater runs at minimal power during the peak hquasd is able to
shift all heating demandsto hours beforethe highest priced TOU period. For the purposes of this
sensitivity we assume that energgmands are shifted prior to the peak TOU period rather than after the
peak TOU period however, since ofpeak TOU rates are generally symmetrical before and after the peak
TOU rate, this assumptiaioes notaffect the consumer cost result®ther researt hasdemonstrated

that the use offlexible heat pump water heateris afeasibletechnology option and can provide

customers withbenefits inthe context ofTitle 24 building code complianéé

2.4.1.3 Cooking

Natural gas stoves are compared acost andefficiency basigo electric resistance stoves, which are
assumed in lowisemultifamilyhomes, and electric induction stoves, which are assumeslifglefamily

homes. In practice, an induction or electrésistance stove could be installed in any type of hontese

36 Seehttps://www.sandenwaterheater.com/products/
37 SeeGrant and Huesti€2018)
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assumptionsreflect the fact that electric resistance stoves are generally considered a lesseimigh

product than induction stove

Figure2-8 Modeled gas, electric and induction cookstoves: price range and efficiency

Cookstove
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ELECTRIC INDUCTION
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$1,400 - $1,700 - $1,900 -
$2,200 $2,100 $2,300

0.4 EF cooktop 0.74 EF cooktop 0.84 EF cooktop
0.058 EF oven 0.11 EF oven 0.11 EF oven

Ranges reflect the range of prices across climate zones as a result of labor cost differences.

2.4.1.4 Clothes Drying

The cost and performance of natural gas clothes dryers are compared to electric resistance clothes dryers
in low-risemultifamily homes, and to electric heat pump clothes dryersfiglefamilyhomes. In practice,

an electric resistance or heat pump dies dryer could be installed in any type of home, but this
assumption is applied because heat pump clothes dryers are generally a higher cost product, and so are

more likely to be found ithe singlefamily homes modeled
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Figure2-9 Modeled gas, electric and heat pump clothes dryers: price range and efficiency
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2.4.1.5 All-electric New Construction

For allelectric new construction homes, the avoided cost of natural gas infrastructure (bbitmire and

for interconnections to the utility) is included our cost model

In allelectric homes, regardless of whether the home is new construction orfigttbe customer bill
savings are also adjusted, to reflect the fact that the customer is no longer obligated to pay any of the
fixed fees associated with the natural gas rates. The fixed fees on the natural gas rate schedules are not

avoided for homeshat continue to have one or more natural gas appliances or end uses.
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2.5 CustomerCosts and Savings

2.5.1 ELECTRICITY AND NRAU GAS RETAIL RATESRRENT AND FUTWBRHE
ASSUMPTIONS

To calculate the consumer bill impacts of electrification, we use the houesggrtonsumption data from

the buildingsimulation result@nd apply the gas and electric rates appropriate for each utility service area
to come up with an estimated cost of consumer utility billeth categories of rates are assumed to start

at the 2018rate schedulesand escalate over timgusing the best information about neterm rate
escalation Escalation of natural gas rates between 2019 and 2022 is based on the currently filed General
Rate Cases (GRCs) for PG&E and SCG. The GRCifa@@ied in full,implies a cumulative 32% real
increase in residential gas rates between 2018 and 20BRiring this same time period, PG&E rates
would likelyincreaseby a cumulative 6% real based on its filed GR&@om 2023 through 2025, gas rates

are assumd to escalate at 4% real per year, corresponding to historical rate increases between 2013 and
20184° Escalation of electricity rates from 2019 through 2025 is assumed to bpe2%ear above
inflation, basedon estimates provided by the electric utilitiggrticipating in this studyreflecting the

need for transmission and distribution upgrades as well as compliance with SB 100.

After 2025, both natural gas and electric rates are assumed to escalate acoaservative 1% real
escalation for longerm rate trajectoriesbeginning in2026 - 2050 This 1%escalation is based ate

HandyWhitman Indexfor constructionbetween 1971 ad 2016and does not presupposgpecificnew

38 Seehttps://www.socalgas.com/documents/regulatory/bilkinserts/FINAL _Printer Proof SCGC GRC Refpptiie SCG 2019 GRC, &hd 46

table IS@3 and9 E® nn G{dzYYINE£éd 28 | aadzyYSR y2 OKIy3S5a A yhanfeidiofal rdvende2 OF G A2y 1
requirement is directly proportional tthe change imesidential rates.

39 Seehttps://www.pge.com/pge global/common/pdfs/about-pge/companyinformation/regulation/2020-GeneratRate CaseSummary.pdffor

the PG&E gas 2020 GRC, Ex. 12, TaifleHxX 11, Tabl2-5; and Ex. 17, Table 1-71AWe assumed no changes in cost allocation from 2019 through

2022, so that thehange irtotal revenue requirement is directly proportional tiee change imesidential rates.

40 The historical natural gas rate increases areutated based on the average residential retail gas price in California reported by the Energy

Information Administration (EIAjttps://www.eia.gov/dnav/ng/hist/n3010ca3A.htm

36| Page


https://www.socalgas.com/documents/regulatory/bill-inserts/FINAL_Printer_Proof_SCGC_GRC_Reg.pdf
https://www.pge.com/pge_global/common/pdfs/about-pge/company-information/regulation/2020-General-Rate-Case-Summary.pdf
https://www.eia.gov/dnav/ng/hist/n3010ca3A.htm

Modeling Approach _

investments, changes in load and gas throughputpther measures associated wittomplyingwith
[t A TAirae pdlic goal*

In addition tothe 1%per year reakscalatiorrate, we also assuma rising arbon price trajectorghrough

2030 Thiscarbon price trajectory isbasedonthe 20019/ L 9t w & | A FKdachhd$u@dmS & O0Sy |
2018%$)in 2030.The carbonpricedzd SR (2 RSGOGSNX¥YAYS | OFNb2y LINAROS | R
are assumed to already reflethe currentmarket price forcarbon We chose theCEighcarbon price
scenariobecauseof the key role otapandtrade policyin meeting/ | £ A T 2030€lknkt&goabased

on the adopted2017CARB Scoping Pl&n

In this analysis, we have not attempted to forecast how the cost of wildfires may affect future electricity
NI §Sas y2N KFE@S ¢S GNASR G2 S dodgieilclimite gowillafied 02 & U
rates. Renewable natural gas and electrification are both likely to increase natural gas rates, which could

lead to more favorable economics for electrification than are shown here.

To address the sensitivity of our rétsuto higher neaterm electric rate increases, we include a sensitivity

analysis wherelectric rates increase at the same rateragural gas rates. The rate escalation schedule

from SoCalGashowing a cumulative 32% increadmove inflationfrom 2018through 2022)s appliedo

the electric rates for SCE, PG&E, and LADMI® the rate escalation schedule from P@E Il & NI (S
(showing a cumulative 6% increasaove inflationfrom 2018 through 2022) is applied to the electric rates

for SMUDPG&R & tri fafe€areincluded in thefirst groupdue to the higher estimated potential for

“1This escalatin rate is likely conservative, depending on how California implements its building decarbonization strategy. Maho(20&8)al.

showed complying with 80 x 50 requires large declines in gas throughput (i.e., from gas efficiency and building ebedfrifitzgtitutiorof expensive

renewable natural gas for fossil natural gas, or both; this would tend to exert large upwards pressure on volumetris.gasrtagmoreGovernor

. N2 érgténtExecutive Order-B5-18, established a carbon neutrality target for 2045 6 KA OK A& Y2NB aA0GNAOG GKIFy yn E
adl 68504 SEralGAy3 3F2+t 2F Ly ymx: NBRdAOGAZ2Y Ay DI D SYkrstatdmlifdgoasSt 26 mdd.
may also increase electricity rates beyond that modeled here as well.

42 https://efiling.energy.ca.gov/GetDocument.aspx?tn=216271

43 https://www.arb.ca.gov/cc/scopingplan/scoping_plan 2017.pdf
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nearterm rate increasesThe results of this sensitivity analysis are preseraietgside the main results

in the Consumer Bill Impacg&ection3.3.5and the Lifecycle Costs and Savings se@idrh

Theo &S Ol a4 S rateNsbcalMiBarsSnaBoyisapPlied in this studyor electricity and gas are

summarized irFigure2-10.

Figure2-10: Residentiainatural gas and electricity rateseference scenarigreal 20183%)
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Rates are averaged over delivered natural gasdoe customers and electricity for all end uses.

The above escalation rates are applie®@@l8residentialelectric and gas rate scheduls each utility

to come up with future rate schedulewhich are summarized Fable2-9 andFigure2-11. We emphasize

GKIFG FdzidzZNE NXY S RSaAdIya FyR 0O2ad |ff20l.Faw2zy &aoOK
electric rates, bth the SCE TOGD4-9 rate (filed with the2018 GR¢and thePG&E HOU OPTION B rate

schedule have a 4p#®pm peak, representing the typical peak demand of the grid after residential solar
ISYSNI GA2Y NI YLA R 2lécticrates &eSnigiter tilad @&herdzipdaking dt $08HAM

per kwh. SMUD-R-TODhas the lowest rates and a much shorter period of peak rates {§pm). LADWP

R1(A) is the only tiered and flat schedule. Depending on the monthly consumption of the consumer, the
LADWRP rate in most cases is higher than SMWD lower than PG&E and SCHe SCE TGM4-9
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schedule is the only one that features a highly differentiated TOU structure in winter. Furthermore, on
this rate schedule, SCE credits customers (on &Yér basis) whose consumption is below the monthly

baseline, represented by the fad line inFigure2-11.

Residential natural gas retail rates for PG&E and SoCalGas are modeled for northern California and
southern California respectively. Both rates faata tiered structure subject to daily baselines and are
subject to regional and seasonal gas price variations ZDA8 PG&E & residential rate averaged $1.3

or $1.8 per therm depending on daily usage. PB&8SoCalGas GR ratas30% lower than PG&Bf

$0.9 or $1.2 per therm on average depending on daily usage.

Table2-9: Electric and gas rate schedules applied in this study for each utility service territory.

Utility ElectricityRate Schedule Name

SCE TOUD-4-9 (TIMEORUSE DOMESTIC) (Filed)

PG&E ETOU (RESIDENTIAL FMEISE) OPTION B

SMUD 1-RTOD (RESIDENTIAL TORDAY)

LADWP R1(A)(RESIDENTIAL STANDARD TIERED FLAT RA
PG&E RESIDENTIAL SCHEDULE G

SoCal Gas RESIDENTIAL SERVICE GR
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Figure2-11: 2018 hourly electric rates for each utility service area.
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Red linsrepresentsummer rates, and blue liseepresentwinter rates. Southern California Edison (SCE) gives credits (per kWh base) for customers
whose consumption is below its monthly basejimelicated by the faded line in the SCE chddte thattime shown is basedroPacific Standard
Time, so the summer peak would be one hour earlier in Pacific Daylight Time.

2.5.2 LIFECYCLE CO&NDSAVINGS

Lifecyclecostsreflect the cost ofownership ofan applianceincluding both capital and operating costs
spread ovelits lifetime (maintenance costs/savings are not estimated in this stug calculate lifecycle
cost as the monthly present value of the total capital costs and bill costs of an appliance throughout its

lifetime. Lifetimes of the modeledappliance are assembled frontdata supporting the National Energy
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Modeling Systemapplyingthe average estimated lifetime in this studgee Table 2-10). A single
equipment lifetime is assumed for HVAC systeimslding both the air conditioning and gas furnace
system$. For the alelectric home lifecycle analysis, a-g€ar lifetime is asumed, consistent with the

I TEAT2NYAL OYySNH@ /2YYAA4A2Yy Q8 6AGES wn NBAARSYGA

We apply a3.35% aftettax real discount ratdo the annualizedcapital costs and bill cost§his is
equivalent to & 8% nominal discount rate thaeflectsa typicalhome equity line of credit or mortgage

rate that a consumemay haveaccess to when renovating or purchasamgome

Table2-10: Assumed equipmentifetimesfrom data supporting the NationaEnergy Modeling System (NEMS).

9 lj dzA LIY
EATSHA

Heat Pump

Gas Fired Furnace 18
Central AC

Gas Water Heater 13
Heat Pump Water Heater 13
Cookstove 12
Clothes Dryer 13
All-Electric Home (for bill impact calculation only) 30

2.6 GreenhousdGasEmissions

Greenhouse gasmissions from homes includamissions from three categoriedirect emissions from
natural gacombustion ér other fuels, not assessed her@)directfossil fuel combustioemissions from

electricity consumptiopand fugitiveemissiongrom either methane in thenatural gas systeror high-

44 Seehttps://www.eia.gov/analysis/studies/buildings/equipcosts/pdf/appendixa.pdf [Accessed on July 26th, 2018]
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GWP refrigerantteaked from air conditioners, heat pumps, refrigerators and freeZdre methodology

for calculatingeach of these is described below.

2.6.1 COMBUSTION EMISSICNROMNATURAL GAS

The emissions intensity of natural gasnsdeled aghat of fossil natural ga.053 tonnes/mmBTEtHigh
Heating Valupwhen calculatingGHGs¢ 2 | OKA S@S  [térh dlifiseNgials ) tise emidsiang 3
intensity d natural gas, and/othe total consumption of natural gas, will need to decline dramatically.
However asdescribedn Sectior2.5.1, we take a conservativapproachandassume neither an increase

in the cost of natural gas the base scenarjoor a decrease in the emissions intensity of natural gas, to

avoid a presumption about how the natural gas industifO2 YLJX @ A GK (GKS adlradsSqa

2.6.2 INDIRECT FOSSILIEGBMBUSTION EMISSEFROM ELECTRICITY

For the 2030 timeframendirect fossil fuel combustion emissions from electrieitg calculated based on

hourly marginal electricitgmissiongates Theseemissions rates are based on the simulated performance

of the Western Electricity Interconnect under a future in which California achieves a 60% RPS by 2030. For
2050, greenhouse gasnissionsare calculated based on a longn average emissions rate for electricity

from the California PATHWAYS High Electrifinatcenario. This is a scenario in which California achieves
the electricity sector goals of SB 100 by 2045 and sees high levels of energy efficiency and electrification
across the building and transportation sectdviore details are found idppendixC. Additional Methods

Detail

We do not attempt to quantify the upstream methane leakage emissions associated with natufiabdas
electricity generation. These emiss® would not change our resultsgnificantlyand will become
YySIAEtAIAGES A [/ FEAF2NYAI Q& dihlednpliarBeOdtBeS1®0. £ Saa NBf A
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2.6.3 FUGITIVE EMISSIONSMETHANE

The national infrastructure for natural gas has leaks at maegssbf the production and distribution
process. These leaks have outsized impacts on the climgigctsof natural gas use, since methane, the
chief component of natural gakas ahigherglobal warming potential (GWRhan natural gag® This
meansthat each 1% leakage of natural gas volume translates to a 9% increase in effedBt¥G
emissions'® The rate of leakage in the national natural gas infrastructure has been widely stédied
recentwidely-cited study byAlvarez et al(2018)estimated a national average leakage rate2d#% of
consumptionacross the entire national natural gas supply ch@ARB also maintains an inventory of
greenhouse gas emissions in California which inclddés about methane leakage, but since California
imports approximately 90% of its natural gas it is more accurate to use a national average leak rate. The
California Energy Commission recently estimated the betliremeter leakage rate for natural gas
infrastructure in singléamily homes to be 8% (Fischer et al. 2018)vhich we add to the 2.3% figure to

arrive at a total leakage rate of 2.8%.

Methane leakage is assumed to be reduced 40% by 2030, consistent with thenZalfs Resources
Board Shorlved Climate Pollutant Strategy amitevioudy proposed EPA regulation®n methane
leakage from oil and gas wellsder the Obama Administratiéh California imports ~90% of its natural

gas and most fugitive methane emisssohappen during production, so federal regulations, or lack

45 While we use the 109r GWP in this report in accordance with CARB and other GHG inventory protocols, we nctevleational GWP metrics
cannotuniversally equate shotived climate pollutants like methane withriglived GHGs like GOA shorter time horizon GWP may sometimes be
appropriate when considering netgrm and peak warming, but even the 290GWP can underestimate the primacy ot @Dthe longterm goal

of climate stabilizatiorfAllen et al. 2016)

46 The masdased 106year GWP of methane is 25 times higher than.G8is is basedn the IPCC Fourth Assessment Refbdrster et al. 2007)
and is used in the California GHG inventory, although more recent research is consistent with a somewhat higher GyvBt(segmreet al(2016)
However, when calculating the GHG emissions from natural gas leakage, théasadrGWP (not the more commonly reported miaased metric),

is the relevant GWP number, because this accounts for the difference in molar roesgsesn Chland CQ The molabased GWP of methane is 9
times that of C@

47The Obama administration primusly set a goal to reduce methane emissions from the oil and gas sector to 40 to 45 percent below 2012 levels by
2025, and the EPA began instating regulations to help achieve this goal while President Obama was in WJf8&016) Under the Trump
administration, many of these regulations have been rolled bakT(sllefson 2018)
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thereof, are likely to have a big effect on fugitive methane emissions associated with natural gas use in
California homesNote thatmethane regulation®n new oil and gas wellsave been rolledack under

the current administrationand no new regulations on existing wells are currently under consideration

new federal methane regulations are not put in place by 2Q8(@, assumption abouta future 40%

reduction in methane leakage mayove to be optimistic.

2.6.4 FUGITIVE EMISSIONSKIGHGWP REFRIGERAGASES

Leakage is also an issue with the refrigerants used in air conditioning units and heat guhmpsost
commonly used refrigerants today still have an extremely high global warmingnimit R410Aa
common refrigerant currently used imewresidential AC and heat pump systeimduding water heaters
has a 106yr GWP of 208&-orheat pump clothes dryerg, common refrigerant is R134A (GWP 1430).

our 2020 estimates we assume théetcurrent refrigerants listed above are used.

Efforts are currently being made in the refrigerant industry to identify IoB&/P refrigerants. The most
promising replacement for R410A is R32 (GWP 675), and for R134A it is R1234yfGWBw2030

and 2050estimates of refrigerant leakage, we assume that this next generation of refrigerants i°used.
For heat pump water heaters, the technology exists to usgaS@ refrigerant (GWP 1), and this approach

can be used for hydronic HVAC heat pusygtems as well, but not currently for d4o-air systems. For
smaller heat pump HVAC applications, hydrocarbon refrigerants such as propane (GWP 3) are also
beginning to be used in certain applications. However, these refrigerants are flammable, @&t &t the

near term their use will be restricted to applications that require only small volumes of refrigerant.

48 SeeCalifornia Air Resources Bogad17)
49 CARB has proposed (but not yet enacted) bans onhigiet NBFNAISNI yiGa Ay adlGAz2yl NB '/ dzyAada | &
reducing HFC emissions to 40% below 2013 levels by 2030.
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Modeling Approach _

Note that the fugitive emissions of refrigerants are much higher (as a percentage of indirect electricity
emissions) than what is reportedtine CARB inventory, because the CARB inventory does not include the
fugitive emissions of CFCs such as HZHGWP 1810) which are being phased out under the Montreal
Protocol. As residential customers replace their older HEZF@quipment with newer HMW& units
(regardless of whether it is a standard AC system or an HVAC heat ghenf)gitive GHG emissions
caused by leakage of their equipment will not increase significantly if both their old and new refrigerants
have a similar GWP, but it will increasgnificantly as measured by the CARB inventory since the fugitive
emissions from their new system will now be counted. To estimate refrigerant leakage by technology
type, we referred to CARB estimates of typical leakage rfatesach technology® Detals are inAppendix

C Additional Methods Detalil

2.7 Grid Impacts

Electric grid impacts of electrification are estimated using the hourly electricity demand profileshigom
building simulation results.The average load is calculatiedeighted bythe assumed share of each

building type by climate zone@nd the assumed technology adoption rate

Table2-11 below illustrates this scenario of electric end use adoption in 2020, 2030 and Z8&0

St SOUNRTFAOIGAZ2Y FTR2LIIA2Y aO0SylFNA2 NBLNBaghoha 2yS |
heat pump adoption is based largely on consumer economics with minimal other adoption barriers. This
scenario, thus, is not a forecast, but is meant to test the potential of high building electrification on the

bulk grid system.

50 Data obtained through communications with CARB staff.
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Table2-11 Projected penetration of electric equipment in 2020, 2030 and 2050

2020 2030 2050

Penetration | Penetration Penetration
(% of stock)| (% of stock) (% of stock)

Share of allelectriclow-rise residentialhomes 0% 26% 86%

Penetration represents the share all-electric equipment among the entire stock of all fuel types

This approach isintended to be a roughsaeen of future grid impacts to test whethebuilding
electrification is likely to exacerbate peak loads conversely, improve the load factor of the system (the
ratio of average to peak loadj\n improved load factor can lead to lower electricity ratagr time

through more efficient utilization of electric grid infrastructure.
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3 Results

3.1 Greenhouse gas emissions

We estimatedgreenhouse gasgHG emissionsassociated withresidential buildinggrom both fossil fuel
combustion(indirectly fromelectricity useand directy from natural gasuse) and fugitive emission®f
methane and refrigerant gases An dl-electric singlefamily home is estimated to reduce annual GHG
emissions by83 - 56% in 2020 andby 76¢ 88%in 2050 comparedo a naturalgasfueled home. The
ranges reflect differences based on building vintagad climate zones. Smaller homes wialler
heating and cooling demandmcluding lowrise multifamily homessave less GHG emissions per home

on an absolute basis, but see a simplarcentage reduction in GHG emissions by 20%bie3-1).

Table3-1: Greenhouse gas savings achieved in aretdttrichome relative to a natural gatueled home, tonnes of
CQe annuallysaved, and percent reduction relative to gas

2020 2030 2050
Singlefamily 1.0-2.6 B3%56%) | 1.2-2.7 (52%72%) | 1.4-2.9 (76%88%)
Lowrise multifamily 0.4-14 (25%A46%) | 0.6-1.5 (49%65%) | 0.7-1.7 (74%85%)

Percentages show the percent reduction of GHG emissions achieved inedecalc home relative to a natural géseled home. Ranges
represent the spread across climate zones and across vintages. Homes without AC in tHfeehbask (new construction in climate zone 3) are
excluded.

Figure3-lillustrates this result for a 1990s vintageglefamilyhomein SacramentoHere, emissions are
reduced by45% in 2020 andy 8% in 2050 The total magnitude onnual GHG emissions savings
achieved by retrofitting to an a#lectric homeis about 2 tomes of C@equivalent in 2020in this

example and closer to 3 tonnes ir030.

© 2019Energy and Environmental Economics, Inc. 47|Page



_ California Residential Building Electrification Market Assessment

Figure3-1: Annual GHG emissions from a 1990s vintage sifayieily home for Sacramento
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Electricity emissions are based on the High Electrification scenario consistent with SB 100; see the greastroegieodology section for more
details. The 2030 and 2050 bars assume that the next generation €5WW refrigerants are used in all applicable heat pump systems modeled,
including air conditioners, HVAC heat pumps, heat pump water heaters, and heptghtites dryers. We do not estimate refrigerant leakage from
refrigerators and freezers, but these fugitive emissions would be the same in both electrit>atifuelhomes. We assume that by 2030, fugitive
methane emissions are reduced by 40%, as mamtlay the CARB Shdrived Climate Pollutant Strategy and as previously set as a goal by the Obama
administration. We based our calculations of fugitive refrigerant emissions on CARB data as described further in Appendix C.

The largest driver of greenhouse gas emissions savingiéalectric buildings comes from eliminating
carbon dioxide emissions from natural gamnbustion In general, homes in Northern California, which
require more energy for space heating and coollmaye a larger potential for emississavings from all

electric homes than in Southern California.
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3.2 Capital Cost Comparisons

3.2.1 HEATING, VENTILATI@NDAIR CONDITIONING SE¥ESISHVAC)

Commonhigh-efficiencyequipment

Overall, we finccapitalcost savings frorheat pump HVAC systems compared:tanbinedgas furnace
and air conditioning systesnHVACheat pumpsshow a capital cost advantagef up to $3000 over a
combined gas furnace arar conditioningsystemin retrofit situations formost homes modeledeven

after considering the delayed replacement cost of AC equipniiéigure3-2).

Figure3-2: Capital cost of aiHVACheat pump compared to a gas furnace plus air conditioner system.
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The additional kctrical panel upgrade cost@ddinga new 220V/30A circuithor ducted splitHVAC heat
pumpsdiminish the cost adu@tage over the reference gas systein older retrofit homes using this
technology In comparison, nmi-split ductless heat pumps anghckaged terminal heat pumgmodeled
for other retrofit homeg feature a significant cost advantage @&1,500-$3,000 due to the lower
installationand modificationcostscompared toducted heat pumpsLikewise equipment cost savings
make HVAC heat pumpsiore appealingn new constructionhomes whichavoid thedemolition and
modificationcosts associated with retrofitélowever,for homes that do not have A@odeledasnew
construction homes in San Francis@) HVAMeat pumpcost abouttwice as much agstalling agas

furnace

Bestin-class and emerging technologguipment

The additional cost of highesperformanceheat pumpsis assessedor new constrgtion homes,to
understand the impact of efficiency improvements and technology developniBastin-class product ¢

are the highestefficiency unis that are available in the current market, featuring a 15%40%
improvement in efficiency compared to common higfficiency productsThe & Berging tecly 2 f 2 3 & ¢
products, which havea 40%70% efficiency gain compared to the common kégficiency productswere

not included in the cost estimates
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Figure3-3: Capital cost oHVACheat pumps of two efficiency levels, compared to eombined gas furnace and air

conditioner systemfor new construction homes
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The cost premiumassociated with thé . Sr&/ (it | HVAG heat pumpss shown ifFigure3-3, almost

erase the capital cost advantagestdf AC heat pumpsvercombined gas furnace dnmAC systemis new

construction homesThe smalkr bestin-classHVAC heat pumpystems(modeled for San Jose, Coastal

LA and Downtown LA) stiflaintaina slight cost advantagahereas thénighertonnage (more powerful)

HVAC heat pungare more costly andghowa slight cost disadvantage over gas furnace plus AC sgistem
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3.2.2 DOMESTIC WATER HBAT

Heat pump water heater$HPWHs)ost $1,000-$2,000 per householdmore thangas storage water
heaters(modeled for all retrofit homes)However, HPWsihave a lower capital coshan gas tankless
water heates (modeled fornew construction homes)he cost savingsver gas tanklessvater heaters

aredriven bynot having to run gas lines inside the home to connect the gas appliance.

Figure3-4 Capital cost of an electric heat pump water heater compared toadural gas water heater.
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Differences between climate zones are based primarily on differences in laborCosts.are presentton a pesunit basis.

Similar to HVAC systems, hegiperformance HPWHSs are investigat@the dficiency improvemenof the
bestin-class productis about 10% compared tthe common higkefficiency product The energing

technology product features e880% efficiency gainver the common higtefficiency productFor most
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tankless water heaters

Figure3-5:; Capital coss of heat pump water heater®f two efficiency levelsand natural gas water heates, for new
construction homes
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3.2.3 COOKING AND CLOTHRYING

Electricinduction cookstoves andheat pumpclothes dryerggenerally haveslighty higher capital costs
compared to gas stoweand gas clotheslryers Hectric resistancecookstovesand electric resistance

clothes dryers are similar gapitalcost to their gas counterpas(

Figure3-6).
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Figure3-6: Capital cost of cookstov@modeled Fgure on the left showsinduction stoves (modeled forsingle family
homes; figure on the rightshowselectric resisance stovegmodeled forlow-rise multifamily home$
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Figure3-7: Capital cost of clothes dryemodeled Hgure on the leftshowsheat pump clothes dryes(modeled for
single family homes)figure on the rightshows electric resistance clothes dnsgimodeled for lowrise multifamily
homes)
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3.2.4 ALLELECTRIC NEMDNSTRUCTION

Allelectric new construction home are likely to have a lower capital costhan their mixedfuel
counterpars. In addition to he lower capital cost dflVAC heapumpscompared togas furnace plus AC
systems allelectric new construction honseavoid thegas infrastucture costand gasinterconnection
costneeded for gas applianceblew construction homes also do not require eleetrganel upgrade
that can be requiredo retrofit existinghomesto all-electric By avoiding theaforementionedcosts an
all-electricnew constructiorhomewas estimated to hava capitalcost advantageanging from$3,000
to more than $10,00@ver a mixeefuel home, exceptfor the lowrise multifamily homeprototype in San

Francisco (climate zone,3yhere the mixeeduel homewas assumed to lacir conditioning
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Figure3-8 Capital coss$ per unit of all appliancesSHVACwater heater, stove, and clothes dryerand infrastructure
(including gas connegiin costs)for new construction
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3.3 Consumer bill impacts

Toquantify the consumer bill impacs of the electric building technogiesinvestigated in this studywe
report the averagebill savingsof an eledric applianceover a gas counterpariveragebill savingsare
presented asm@aannual value, amortized over the equipment lifetime. A discount rate is applied¢toac

for the timevarying value of money
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3.3.1 HEATING, VENTILATIANDAIR CONDITIONING RAW)SYSTEMS

Comma highefficiencyequipment

Our results indicate thatHVACheat pumps deliver bill savings for all homes for both retrofit and new
construction Figure3-9), of upto $600per year. The amount of bill savings is determined by the efficiency

of the electric unit compared to the gas counterpart, the total energy consumption, and the electricity
rates. The highly efficient heating cycle associated WMAC heat pumpdrives bills savings, as well as

the higher efficiency of cooling compared to AC umitsiixedfuel homes The largesingle familyhomes

and those of older vintages benefit more from switchind/dAC heat pumpsdue to higher heating and
coolingdemand9 f SOGNAOAGE NI GSa Ffaz2 RNAGS RAFFSNByOSay
bill savings (up to@0'year) than other utility service territories (up to4®0'year). Over the long term,

bill savings foHVAC heat pumpsould increase if gas rdataates increase faster than electric rates.
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Figure3-9 Average onsumerbill savings fromHVAC heat pumpadoption
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The multiple data points for each color represent the different climate zones in eealCalors of the dots show the location of the modeled homes:
the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMUD), and Southermdiajifo#08 @209 and
CZ10 (SoCaBavingsarerelative tocombined gas furnace and @onditioner(AC)systems (excedbr new constructiorin San Francisco where AC
is not considered). Positive values represent savings in combined annual electric and.ddsdelisd technologies include misiplit heatpumps,
ducted split heat pumps, packaged terminal heat pumps (BTatRicentral heat pump water heaters and chillers combined with hydronic radiators
(HPWH + Central Chiller).

Bestin-class andemerging technologyquipment

Higrer-performanceHVAC heat pups can generate significant additional bill savings for consumers,
more than double the savings achieved by switching to the commondifgliency product in most

regions. The advantage in bill savings is greater in regions with higher electricity3@Eeand PG&E).
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Figure3-10 Averageconsumerbill savings for highr-performanceHVAC heat pumps
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Annual bill savings shown for a new sirfgiaily home, comparing a higgfficiency system (Commaddigh-Eff HYAC), bedit-class system (Best-
Class HVAC), and emerging technolsgstem (EmergingTech HVAC). Each group represents one utility service territory in San Jose (CZ04),
Sacramento (CZ),Xoastal Los Angeles (CZ06) and downtown Los Angeles (CZ09).

3.3.2 WATER HEATING

Common higkefficiency equipment

Bill savings from switching to heat pump water heaters (HBW bl not show a clear trend across various
technologies and home typesiPWHs delivebill savings irall climate zonesvhen compared to gas
storage water heaters (modeled for retrofit homdsut not for new construction Billimpactsare more

mixed when HPWHSs are compared to more efficient gas tankless water heaters for new construction
homes. Electricity rates also play a role SMUDwhere electricity rates are loweHPWHs show bill

savings relative to both gas storage and gas tankless water heaters.
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Figure3-11 Average onsumerbill savings from adopting heat pump water heaters (HPWHS)
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The multiple data points for each color represent the different climate zones in eactCaless of the dots show the location of the modeled homes:
the San Francisco Bay Area including CZO820d (Bay Area), Sacramento including CZ12 (SMUD), and Southern California including CZ06, CZ09 and

CZ10 (SoCaBavingsrerelative tonatural gasvater heaters. Positive values represent savings in combined annual electric and gas bills

Bestin-classand emerging technology equipment

Higrer-performance HPWHs can slightly reduce consumer bills by$$Q(er year.The dficiency
improvementscanlead tobill saving®r bring consumegclose to bill parityn most areas modele(Figure
3-12).
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Figure3-12 Averageconsumernbill savings from switching to higér-performance HPWHs
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Savingsarerelative to a gas tankless water heatewimew constructiorsinglefamilyhome.

Flexible water heating sensitivity

We assess the impact afflexible water heating schedule on consumer bills. We assume that the water
heater runs at minimal power during the pe@loUhours and shift the water heating tooff-peak TOU

hours (We assume préeating however, this is an arbitrary choice, as TOU rates are generally symmetric
before and after the peak TOU periotnergy consumption of HPWHSs is higher in winter than in summer,
especially duringpeak hours Figure3-14). The TOU rates investigated in this study capture the evening

water heatingpeakdemand butmiss the morningvater heatingpeakperiod

Given exiing rate structuresthe customer benefitof flexible water heating are relatively limited. The
customer benefits are higheshder the SCEOU4-9 rate structure (Downtown Los Angeldsg¢cause of

the relatively large TOU differentiation of $0.12 per kiWhvinter (Figure3-13).
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Figure3-13 Averageconsumerbill savingsrom a flexible water heater scheduleompared to a regular water
heater schedule
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Savings are relative to a gas tankless water in CZ04 (San Jose), CZ12 (Sacramento) and CZ09 (Downtown LosiAgigées)yfoomes The
flexible schedule assumes tithewater heater runs at minimal power during the peak hours andsthié heating to hours before the highest priced
TOU period.

Avoiding peak ratethrough flexible water heatingcheduls generateslittle bill savingaunderPG&E and
SMUD TOU ratebecausetheseratesfeature avery smalldifference, less than $0.04 per kWh, between
on-peak and offpeak Figure2-11). In the future, new rate designs that encourage the use of flexible
water heating would have larger differences in TOU periods, particufavignter when water heating

demands are higheiThis could help encouragjee use of flexiblesmart water heate technology

Figure3-14: Heat pump water heater energy consumption, and corresponding electric rates, for three climate zones
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Red lins representelectricityrates. Blue lines show the water heating sohled modeledfor new construction singléamily homes in CZ04 (San
Jose), CZ12 (Sacramento) and CZ09 (downtown Los Angeles). The shade highlights the peak period under tkeliE@Ularatedeled for PG&E,

SMUD and SCE.

3.3.3 COOKING

Electric cookstovedoth induction andelectricresistanceincrease consumer bills relative to gas stqves
but the impacts are relatively low, at less than $80/year in the highest citketerate differencesn bill
impactsappear across utilitiesclimate zones, and home typédse to differences in total consumption

undertiered gasrates(andtiered electricity rates, for LADWP)
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Figure3-15 Average onsumer bill savings from adopting electrimokstoves
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The multiple data points for each color represent the different climate zones in eachGutess of the dots show the location of the modeled
homes: the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including Czi@l (Sdditheyn California including
CZ06, CZ09 and CZ10 (SoCal).

3.3.4 CLOTHES DRYING

An electric clothes dryeusing either heat pump oelectricresistance technologyncreases consumer
bills relative to a gas counterpamill increasesange from £0/year to $220/year, depending on the

utility rates, rate structuresand the type of home.
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Figure3-16 Average onsumerbill savings from adopting electric clothes dryers
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The multiple data points for each color represent the different climate zones in eachGuotess of the dots show the location of the modeled
homes: the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMhé}) @adifSmid including
CZ06, CZ09 and CZ10 (SoCal).

3.3.5 MULTIAPPLIANCEBETROFITANDALLI-ELECTRNEWCONSTRUCTION

Electrifying both HVAC and water heating systgemerates bill savinder allretrofit homesstudied. The

bill savings can bep to $750 per year insingle family homes and up to 300 per year inlow-rise
multifamily homes Figure3-17). All-electric new construction homes algenerate bill savings imany
regions.Note that for this multiappliance bill impacts analysis, we assume that only HVAC and water
heating are eletrified in retrofit homes, while in new construction homes, all appliances are electrified

including cookstoves and clothes dryers.
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Figure3-17 Averageconsumerbill impacts of electrifyingmultiple end usesusing basease assumptions
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The multiple data points for each color represent the different climate zones in eactCalees of the dots show the location of the modeled homes:

the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), SagrelodingpCZ12 (SMUD), and Southern California including CZ06, CZ09 and
CZ10 (SoCaBavingsrerelativeto gas end uses. For retrofit homes, bill impacts reflect electrifying both HVAC and water heating systems. For new
construction homes, bill impacts of electrifying an entire hareshown including electric air source heat pump, heat pump water heztekstove

and clothes dryer.

Switching from common higlefficiency products tdestin-class or emergintechnology products would
reduce average bills bys100$200 per yeargeneratng bill savings fonew homesin all climate zones

studied(Figure3-18).
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Figure3-18 Average billsavingsfrom switching tomultiple higher-performance electric end uses
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Savings areelative to gas end uses. The results are shown for a new &mgilly allelectric home, comparing common higffficiency, besin-class,
and emergingechnology HVAC heat pumps and heat pump water heaters. Cookstoves and clothes dryers in all threvedhe same efficiencies.
Each group represents one utility service territory in San Jose (CZ04), Sacramento (CZ12), coastal Los Angeles (CZffyrahdsiéwgeles

(CZ09).

We also evaluated the impacdin average consumer biltsf an electric ratesensitivity, assuming that

electricity and natural gas rates increase at the same annual percegtageh rate between 2019 and
2050.Electric rates for PG&E, SCE, and LADWP are assumed to increase at the same annual rate of change
Fa {2/ f DI @cuding3 lcumuldtite BBincrease above inflation from 2018 through 2022),

FYR StSOGNRO NraGSa F2NJ {a!5 NP [FaadzySR G2 AyONSBl!
rates (including a cumulative 6% increase above inflation from 2018 thro@2®)2 In this sensitivity,
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in their servicderritory. As a result, the largest difference in results between the base case assumptions
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The results of this sensitivity analysisluce the agrage bill savings over the lifetime of the equipment or

buildingrelative to the base case assumptioRigre3-19).

Figure3-19. Average consumehill impacts of electrifyingmultiple end useselectric ratesensitivity

Multiple End Uses Multiple End Uses
(Single Family) (Low-Rise Multifamily)
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SMUD
$600 $600 A SoCal
A
$400 - ’ A $400
$ A
$200 - ‘ $200 -

$0 $0 ‘
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Average Bill Savings
(2018% per year)
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Mini-split + Ducted HP + All-Electric PTHP + Ducted HP + All-Electric
HPWH HPWH (New) HPWH HPWH (New)
(Retrofit) (Retrofit) (Retrofit) (Retrofit)

The multiple data points for each color represent the different climate zones in eactCalees of the dots show the location of the modeled homes:

the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMué&), &aliféout including CZ06, CZ09 and
CZ10 (SoCaBavings are relative gas end uses. For retrofit homes, bill impacts reflect electrifying both HVAC and water heating systems. For new
construction homes, bill impacts of electrifying an entire hareshown including electric air source heat pump, heat pump water heater, cookstove
and clothes dryer.

3.3.6 SUMMARY OF AVERAGHBJPACTS
The pie charts below summarize the share of homes in the study area that woulalisegvings bill

increase of lessthan $100/year, andill increasa of more than $100/year.

68| Page



Figure3-20 Share ofsimulated householdswith bill savings from adoptingelectric end uses
results are weighted by the estimated sharelobuseholds in each climate zone and utility service
territory

Single Family Low-rise Multifamily

Retrofit Package

(HVAC Heat Pump + HPWH)
| Bill Savings

® Bill Increase <= $100 per year

2 Bill Increase > $100 per year

All-Electric
New Construction

The building simulation results are weighted using the share of households ie@abination oftlimate zone and utilityas described isection

2.2.1 to create this summary figuréverage bilcosts of HVAC heat pumps are compared against a combined gas furnace and air conditioner
(AC) system excefibr a new construction homé San Francisco (Climate Zone 3) where we assume all homes do not h&ar Adrofit

homes, weshow the average bilmpact of electrifying HVAC and water heating systems at the sameRoneew constructionwe look at an
all-electric home with all four appliances modeleléctrified.

3.4 Lifecycle costs and savings

The lifecycle cost of an applianoepresents the toal cost of ownershipgcombining capital cost and bill
costs. Lifecycleostsare presented in this study ashrannualvalue, amortized over the equipment
lifetime. A discount rate is used to account ftlie time-varyingvalue of moneyIn this section, we

evaluate the lifecycle costnd savings of thbuilding technologies investigated in this study.
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3.4.1 HEATING, VENTILATIANDAIR CONDITIONING RAW)SYSTEMS

Common higkefficiencyequipment

Theinstallationof HVACheat pumpscanresultin up to $550 per yearin lifecyclesavingsrelative to a
combinedgasfurnaceplusair conditioner (AC)system(Figure3-21). However,homeswithout ACincur

anextralifecyclecost of $200 per yearby switchingto anHVACheat pump.

Figure3-21 Lifecyclesavings from adoptingdVAC heat pumps

HVAC HVAC
(Single Family) (Low-Rise Multifamily)
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o
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(Retrofit) (Retrofit) (New) (Retrofit) (Retrofit) (New)

The multiple data points for each color represent the different climate zones in eactCaless of the dots show the location of the modeled homes:
the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMué&), &aliféouit including CZ06, CZ09 and
CZ10 (SoCaBavingsrerelative to a combined gas furnace and@nditioner (AC) system (except for the new home in San Francisco where AC is
not considered). Positivealues represent savings in both capitabeoperating costs throughout the lifetime fVAC heat pumpver the gas
alternative systemnegative values indicate costs. Modeled technologies includegpiibiheat pump (Minsplit), ducted split heat pump (Ducted
HP),andpackaged terminal heat pump (PTHP

Bestin-class and emerging technology equipment
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Highrer-performance heat pump systes in new construction applications delivel savings of up t§400

per yearcompared to a combined gas furnace and air conditioner (AC) system. Compared to common
high-efficiency systers higter-performance productswould have higher lifecycle cost due to the
increased capital costslowever, capital cossavingswould still be positiveelative toa combined gas
furnace and air conditioneso thismight be a good target fdncentives or codes to make sure consumers
see both capitatost saving&nd bill savingsand to encourage market transformation so the costs of

higherperformance units come down over time

Figure3-22 Lifecyclesavings of highr-performanceHVAC heat pumps

600

CZ04 CZ12 CZ06 CZ06 CZ09 CZ09
PG&E-TOU SMUD-TOU SCE-TOU LADWP-Tiered SCE-TOU LADWP-Tiered

500F

Y

o

[=]
T

w

o

[=]
T

Lifecycle Savings
(2018% per year)

(mmm Common High-Eff HVAC 7 Best-in-Class HVAC |

New New New New New New

Savings areelative to a combined gas furnace plus air conditioner system.

3.4.2 DOMESTIEOT WATEDHW)

Common higkefficiencyequipment

Heat pump water heatex(HPWH) generate lifecycle savings of up %250 per yeaover gas tankless

water heaterdgn almost all homeapplications, butn retrofit homes,gas storage water heatsstill appear
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to be the cheapest optiofFigure3-23). Thenet lifecycle costs of HPVétdre driven mainly by the capital

cost.

Figure3-23 Lifecycle savings from adopting HPWHs

Water Heater Only Water Heater Only
(Single Family) (Low-Rise Multifamily)
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The multiple data points for each color represent the different climate zones in eactCaless of the dots show the location of the modeled homes:

the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMué&), &aliféout including CZ06, CZ09 and
CZ10 (SoCaBavingsare relative to gas fired water heaters. Positive values represent savings in both capital and operating costs throughout the
lifetime of an HPWH ovéhe gas water heatemegative values indate lifecycle costs.

Bestin-class and emerging technology equipment

Higtrer-performanced 6 Sradit | HPWIdshow lifecycle savings/er gas tankless water heaters in most
new homeapplications However, similar tt1VAC heat pumpéigher-performanceHPWHsleliverlower
lifecycle savings compared to the common héjficiency product. Themallimprovement in operating

costs is not enough to compensate for tt@pitalcost premiums of the higér-performance units.
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Figure3-24 Lifecyclesavings otommon highefficiency and besin-classHPWHs
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Savingsre relative to a combined gas furnace plus air conditioner systemings are 0 for the beist-class water heater in climate zoneEach
climate zone compares two type of heat pump technology: a-bestass HPWH (Best of Class WH) vs. a commorefiigiency HPWH (Common
High Eff WH).

3.4.3 COOKING

Electrifying cooking generally incurs extra lifecycle cadtap to $150 per yearfor all types of homes.
Induction cookstovebave higher capital costhan both gas stoves and electric resistance stondbe
current market Nevertheless, installing electric cookstoves in new construction homes can avoinsthe
of connecting gasres to the kitchenwhich makes electric resistance steedowercost optionthangas

stovesin new construction
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Figure3-25 Lifecycle savings of electrifying cooking
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The multiple data points for eaclolor represent the different climate zones in each ari€alors of the dots show the location of the modeled
homes: the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMUD), and Saathalndadjforn
CZ06, CBand CZ10 (SocCal).

3.4.4 CLOTHES DRYING

Electric clothes dryers are more expensive than gas dryers, costing consumer$24i toore peryear
in lifecycle costsA heat pump clothes dryeisthe most expensive optioan a lifecycle basislue to the
highe capital costs. Whilean electric resistance clothes drnyés cheaper to install in new homes due to
the avoided gas connection costs, the extra operating costs of up20er year in electric billmakeit

less economic than the gas dryar a lifecycle basis
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Figure3-26 Lifecyclesavings of electrifying clothes drying
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The multiple data points for each color represent the different climate zones in eaehGulors of the dots show the location of the modeled
homes: the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMUD), and Saativctud@atiforn
CZ06, CZ09 and CZ10 (SoCal).

3.4.5 MULTIAPPLIANCE REJORTSKELECTR HVAC ANBEAT PUMWATERHEATER) AND
ALLEELECTRIC NEW GIRUCTION

The lifecyclesavingsfrom electrifying both HVAC and watdreatingin retrofit applicationsare largely
relatedto how much the appliances are usdd.single family dwellings whethere isa highdemand for
spaceheating, space coolingnd water heatingelectrification ofHVAGand water heatings more likely
to deliver lifecycle savingsof up to $420 per yearln comparison, idow-rise mutifamily dwellings

electrifyingboth HYACand waterheatingwould be more likelyto incur lifecycle costs.
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Electrification of an entire new construction home is analyzed as a package of measures (HVAC, water
heating, cooking and clothes drying)ur results indicate that a#llectric new consuction delives
lifecycle savings relative to a mixéiel home with AC. The lifecycle savings of aneddictric new

constructionhomeare driven by the capital cost differencelative toa mixedfuel home.

Figure3-27 Lifecyclesavings of electrifying multiple end usgbase case assumptions
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The multiple data points for each color represent the different climate zones in eachGutess of the dots show the location of the modeled
homes: the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (SMUD), and Southertudiagjfornia i
CZ06, CZ09 and CZ10 (So€EHktrification oHVAC and water heating onfyassumed foretrofit homes, and electrifidéon of all end usessi
assumedor new constructiorhomes Savings are relative to gas alternativ@mgle familynew construction homes have electric induction
stoves and electric heat pump clothes dryers in addition to HVAC heat pumps and HPWHseWwRbifstruction homes have electric
resistance cookstoves and electric resistance clothes dryers in addition to HVAC heat pumps and HPWHSs. Positive vehtesarépgssin

both capital and operating costs throughout the lifetime of all appliances thvegas counterpartnegative values indicate lifecycle costs. Heat
pump technologies here are the same as modeled for individual appliances above. The new construction blue dot (Bay Argh¢ihare
because in the gas baseline there is no air diwring assumed.

Figure3-28 shows the same set of lifecycle savings for a sensitivity case where electric rates are assumed

to increase at the same pace as natural gaes. Electric rates for PG&E, SCE, and LADWP are assumed
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increase at the same pace at the gas utility in their service territory.

The lifecycle savingeflect the capital cost differences between electric and gas equipment, alidthg w
the electric rate sensitivity results as are showfigure3-19. Under this electric rate sensitivity, lifecycle
savings are lower overalparticularly in thePG&EBay Areagervice territories, where the electric rates

are assumed to increase more rapidly than the gas rates
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Figure3-28. Lifecyclesavings of electrifying multiple end uses, electric rate sensitivity
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The multiple data points for each color represent the different climate zones in eachGutess of the dots show the location of the modeled
homes: the San Francisco Bay Area including CZ03 and CZ04 (Bay Area), Sacramento including CZ12 (8} @adifSrnia including

CZ06, CZ09 and CZ10 (So€wktrification oHVAC and water heating oriyassumed foretrofit homes, and electrification all end usessi
assumedor new constructiorhomes Savings are relative to gas alternativ@mgle familynew construction homes have electric induction

stoves and electric heat pump clothes dryers in addition to HVAC heat pumps and HPWHs. LRMF new construction homescave elect
resistance cookstoveand electric resistance clothes dryers in addition to HYAC heat pumps and HPWHSs. Positive values represent savings in
both capital and operating costs throughout the lifetime of all appliances over the gas counterpgative values indicate lifecyclests. Heat

pump technologies here are the same as modeled for individual appliances above. The new construction blue dot (Bay Arghgihare

because in the gas baseline there is no air conditioning assumed.

3.4.6 SUMMARY OF LIFECYCOSTS AND SAVINGS

Thepie chartsbelow summarize the key study findings, based on the share of homes in the study area
that would see lifecycle savindgecycle costncrease of less than $100/yeaor lifecycle costncrease

of more than $100/yearBy comparison, thé&nergy Information Agency estimates that US west coast
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households spend about $1500 per yearhmmeenergy expenditured® Thesummaryresultsbelow are
calculated byscaling up our results t@presentthe current housing stock in the six studied climabmes

in California.

Figure3-29 Share osimulatedhouseholdswith lifecyclesavings from adoptinglectric end uses
results are weighted by the estimated share of households in each climate zoneslitgt service
territory

Single Family Low-rise Multifamily

Retrofit Package*
(HVAC Heat Pump + HPWH)

m Lifecycle Savings

m Lifecycle Cost Increase <= $100 per year

20%** x Lifecycle Cost Increase > $100 per year

24%** __

All-Electric \\\\\\

New Construction

The building simulation results are weighted using the share of households in each combination of climate zone anddé#ityibed in
section2.2.1 to create this summary figure.

* We assumehat all consumers in retrofit homes have or would install air conditioning in the mixed fuel baseline.

** This24% of new constructiothat would not have lifecycle savings fragtectrifying the entire homeorrespond to buildings modeled in San
Francisco (Climate Zone 3) that we assumed would not install air conditidforgl new constructim homesthat includeboth air conditioning
and space heatinglectrifying all appliaces shows lifecycle savings

51 https://www.eia.gov/consumption/residential/data/2015/c&e/pdf/cel.5.pdf, based on the 2015 Residential Energy Consumption Survey
(RECS). These expenditures include residential electricity asiteanergy usejut not household transportation.
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The cost resuttfor singlefamilyandlow-risemultifamilyhomes are summarized in each of tiweo figures

below. The first column of results shows net capital costs or savings for installed electric equipment
relative to natural gas equipment. The second column of results shoesage annuabill savings for
electric equipment relative to natural gajuipment. The third and final column shows net lifecycle

savings of electric equipment relative to natural gas equipment.

Figure3-30. Customer ost results for electrification insingle family homes (costranges are due to variations by
climate zoneand utility rates)

Installed Net Average Bill Savings, Lifecycle Savings,
Capital Cost Savings annual annual
(2018%) (2018$% per year) (2018% per year)
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Figure3-31. Customer cost results for electrification low-rise multifamily homes(cost ranges are due to variations
by climate zoneand utility rates)
Installed Net Average Bill Savings, Lifecycle Savings,

Capital Cost Savings annual annual
(2018%) (2018% per year) (20184 per year)

Low-Rise Multi-family
Entire home
All-electric (new construction w/ AC in baseline)
All-electric {(new construction, no AC in baseline, CZ3)
HVAC
Packaged terminal heat pump (retrofit) I ]
Ducted heat pump (retrofit) | | [ ]
Mini-split (new construction w/ AC in baseline) ] [ | ]
Mini-split (new construction, no AC in baseline, CZ3) |
Water heater
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Costs are relative to the gas baseline.

3.5 Grid Impacts

To esimate the impacts of building electrification on te¢ectricgrid, we evaluated the peak demaraf

an average householagnderincreasing levels of residential building electrification adoption in the study
area. Compared to theeferencelow-electrificaton scenarig the high building electrificatiorscenario
results in slightly lowerwnmer peak loads dué greater cooling efficiency witlVAC heat pumps
Although an increase in wintezlectricity demands observed across all climate zones, this increased

demand remains below summer peak demand levig RSNJ a G & LA Ol f ¢ ¢ SigueKSNJ & S
332). (The temper (i dzNB | YR 66+ GKSNI FA&dzyLIiA2ya FNB ol 48

puf

Typical Meteorological Year (TMY) weather files used in the Title 24 building code.)

In California today, the grid is a summer peaking system. This means that the summer pdakisea

to plan systerrwide capacity additions and investmentBne measure of the utilization of the electric
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grid is known adhe load facto, which is simply the ratio of average energy consumption to peak demand.

In2018 the load factor foresidential building loadin the study aredsestimated al®%dza A y 3 G KS a i dzf
building simulation data for mixefliel homes. Under a high building electrification scenédiescribed

in section2.7) the load factor is estimated to increag®26% in 205 ¢ KA & AYRAOIFGSa GKI G
grid infrastructure could be more fully and better utilized under a ketgctrification future. It is

important to note that this sidy does not evaluate local distributidavel impacts of residential building

electrification, an area of research that may warrant further attention.

Figure3-32: Dailyaverage householanaximum loads from electrifying all end uses in a highilding electrification

scenario
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* The average load per household reflects a changing share of natural gas-fueled vs. all-electric homes

The average load per household is weighted by the share of househdldshiome types and climate zones within the stufga Temperatures
are based on the typitaneteorological year data from the CEC Title 24 code.

The weatherata applied in this studsepresent typical rather than extreme conditions. Therefdhés
estimated peak loaddoes not captureworst-caseconditions thatsystem planningnay consider.The
averageload presented herehas somerepresentaton of climate zones, home typeand vintages
simulated in this studyHoweverthe systemlevel load is likely to show less temporal variation thdrat

is simulated here, due to diversity béilding types and behavior patterns.

This analysis does not reflect the likéhgreasein air conditioning adoption due to climate change, or

higher cooling demands and lower heating demands due to climate change. In general, the impacts of
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climate chang will tend to reduce the future likelihood that California could become a wipézaking

system even under high electrification of space heating in the $tate.

By further analyzing the diurnaharacteristicof the averageload, we find little change itoad due to
electrification on a hot summer day, with ordglight reduction in the peak due to more efficient cooling

from high efficiency heat pungrompared tostandard efficiency air conditiong(Figure3-33). Overall,

on a summer day, residential electric loads continue to be driven by space cooling needs. On a winter day
in 2050, electric heating drives up the total electric load creating a morning peak andralgeeak in the
afternoon. However, undehe typical meteorological year (TMY) weather conditiomsdeled here the

winter load is still smaller than the summierad both on average and on peak, even with all end uses

electrified.

52\While research continues to investigate the possibility of changes in the patterns of winter temperature extremes dugyés ahget stream

ReEYIYAOa 6LRLIA I NI& 1y26y | & (K Siengeaddimbdelpigjeciintis fotedast ednQréaeYiréasgsinanndal a A O Of
minimum temperatures than annual mean temperatu(€sllins et al. 2013xnd annual minimum temperatures have been trending upward in North
America(Krakauer 2018)
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Figure3-33 Hourly average householdesidential buildingload in a high electrification scenarioa summer and

winter day
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* The average load per household reflects a changing share of natural gas-fueled vs. all-electric homes

The average load per household is weighted by the share of househtigshome types and climate zones within the stadga

This is a rough initial screen to determine whether electrification could exacerbate peak load impacts
across the state. Thenpacts of load changes driven by electrification in specifiations and distribution
systems were not analyzed in this studly addition, we did not assess the difficulty of integrating these
loads as the levels of variablenewable energy sourcéa the system increase. We would expect that

summer cooling loaglwould be more easily integrated than winter heating loads because of their better
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coincidence with solar availabilitizinally, we did not include some of the coldest climate regions in the

state in ths study although these represert small portionof | €t AF2 Ny Al Q& K2dzaSK2f R&ad

In terms of total electricity consumption, increasing demands from building electrification could be
significant, butthe total load growth is still likelyo be smaller than thempact of transportation

electrificationin a highelectrification, deep decarbonization futuBigure3-34).

Figure3-34 California electricity consumption ithe CEGATHWAY High Electrificatiorscenario
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Source: Mahone, 2018
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4 Discussion

This sectiorincludes discussion of results by appliance, drivers of differencesnisumer economics
market adoption barriers, and further research neeslse theExecutivessummaryand Recommendations
F2NJ I &dzYYFENE 2F GKS NBLER2NIQa (Se 0O02yOfdaAaizya

4.1 Building Electrification Consumer Economics for Individual
Appliances and Electrification Packages

+ Allnew construction homesndnearly all existing homesimulatedin the study area thautilize
air conditioningseelifecycle saving$rom an electric heat ump HVAC systemn the California
climate zones evaluated in this study, electrification of space heating is favorable bexadise
temperatures allowheat pump space heatinp average~4 to 6 times greater efficiency than
natural gas furnacesand bill savings are also seen from more cootlng to the use of high
efficiency equipmentnhomes without air conditioningor which air conditioning is not planned
heat pumps are not expected geld lifecycle savingsue to the largancremental capital costs
of expanded HVAC functionalitywhich can require ductwork, electrical work, and new
compressor placementductless heat pumps are one option to reduce the magnitude of this
incremental cajial cost.

+ Heat pumpwater heaters show capital cost savings fall of the new constructionsimulations
and bill savings for albf the simulatedexisting homes yieldingmoderate net lifecycle savings
for new construction and net costs foexisting homes. Heat pump water heaters in new
construction had lower capital costs than gas tankless water heaters, but also showed relatively
low bill savingscompared to this relatively efficient gas option. Heat pump water heaters in
existing homes showed bill sags compared to gas storage water heaters, but they had
significantly higher capital cost¥ery high efficiency water heateend smart appliances with
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flexible schedulegespecially with compatible rate desigwpuld yield improved bill savings in
new canstruction while low cost, retrofitready models could help with existing hom&alicy
should targethigher efficiency and flexible water heaters for new constructialong with
reducing the incremental capital cost of existing equipment for existingdsowia incentives and
market transformationincentivizing the installation of heat pump water heaters along with HVAC
heat pump retrofts RA 8 Odza a SR | & | below)&iildyiBldFcbsi sadidgsGrprh tHeS £
combination, with the potential foadditionalsoft cost savingseyond what isnodeled here from
reducing the number of separate installation jobs.

+ Most homesare not expected to sedifecycle savings from electric cooking amtbthes drying
given current rate structuresalthoughmost lifecycle cost increases were less than $100 per
year for each applianceThis is because of the relatively small efficiency benefits of electric
cooking and clothes dryings compared with heat ymps (although they can still result in
substantial GHG savingselative to natural gas cooking and clothes dryinbhe largest bill
increases were seen for electric resistance clothes dryers; heat pump clothes dryers result in
smaller bill increases butave higher capital costs ammmonly available heat pump clothes
dryer options in the U.Smay have inferior performance characteristicSurrently available
induction stoves havligher capital costthan gas stovems the U.S.but that is likely a fuction
of the current market targeting induction as a highd option Lowcost portable induction
burnersare availablét y (i 2 R | @afdinduetior\slovesi afe cheaper in other counttigsch
as Chinawhere they are more commormnduction may have neeconomic advantages such as
more precise cooking temperaturesasier cleanup, ansuperiorhealth and safetyrofiles, but
most customers remain unfamiliar with therelative to conventional electric resistance stoves.
Despite unfavorable economies individual appliangesectric cooking and clothes drying could
still be part of a coseffectiveall-electric packageby helping taavoid gas infrastructure and fixed
bill chargedor natural gagdiscussedelow).

+ All-electric new construction sees lifecycle savingsaith homes that require air conditioning
based on large capital cost savings and small net changes in bills for most hdDagstal cost
savings are driven primarily by savings from the HVAC system anl@dgais infrastructure, and
were found for all homes modeled as containing central air conditioning in the baseline mixed
fuel home. Under current rate structures, and current equipment efficienciegledtric new
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construction has mixed results for emgr bills compared to a natural gas alternatiwéth bill

savingsrom HVAC tending to be offset by bill increasesdimctric cooking and clothes drying.

¢KS AyadlrttlraArazy 2F aoSaid 2F Oflaaé¢ KSIG LidzyLd
allow hll savings in most regions and home types, and could still yield lifecycle saaiegs

though they have higher capital costean commonly available heat pump equipmeBecause

of this, policy shouléncouragevery high efficiency appliances for-aléctric new construction.

New construction without air conditioning was evaluated as an option in the Bay Area climate

zone; there, atklectric new construction was not found to result in cost savings if the reference

home did not have air conditioning

+ All existing homesmodeled would see bill savingsvith a retrofit packagecombining a heat
pump water heaterand a heat pump HVAGBIll savings are found for both HVAC and water
heating individually when compared to the baseline mixed fuel home. Capitakawostgs for
HVAC also occur for most home types and vintages when replacing both a gas furnace and air
conditioner with a heat pump, and these can help to offset capital cost increases for water
heating. Electrical panel upgrades may be needed for sodwr blomes that reduce capital cost
savings or lead to capital cost increases. Overall, lifecycle savings occur for nearly dérsihgle
homes, while most lowise multifamily homes do not see lifecycle savings because lower HVAC
energy demands providess opportunity for bill savings to offset capital cost increases. Because
bill savings already occur for all home types we modeled, policy should be targeted at alleviating
incremental capital costs via incentives or market transformation. We only dietukxisting
homes that include AC in the baseligasfueled home, but we do not expect lifecycle savings
would occur for homes lacking AC due to the large capital cost increases associated with
retrofitting the HVAC functionalityo allow air conditionig with a heat pump
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4.2 Understanding Drivers of Differences in Consumer Economics

Within the same electrification and home categorieg, Mentifiedfive major predictors of differences in

net lifecycle costsdetailed below.

1. Heat pump HVAC is more cestfective in homes withcentral air conditioningunits. A big
factor in the costeffectiveness oheat pump HVAG@etrofits is the presence of central AC.
Homes that already have AC or that would benefit from an AC upgrade canaflg save
money by installing a ducted heat pump (if central ducting is already present) or a ductless
system (if no central AC or ducting is present), because of the benefit of displacing two
applianceqa gas furnace and A@) contrast, forolder hanes that do not currently have AC
and the owners do not warAC, the cost of new ductinglacement ofa compressor, and/or

new electric wiringcan make the retrofit for heat pump HVAC prohibitively expensive

2. Displacement of gas infrastructure (new conattion only). An importantfactor in the cost
effectiveness foall-electric, lowrise residentiahew construction is the value of avoided gas
infrastructure both within the home and connecting to the distribution system. Note that we
only considered gamfrastructure costs that are typically borne by the builder, not the full
infrastructure costs including utility costs. If these costs were included in the analysis, or if
future regulatory changes required these costs to be considered ireffesitiveness analysis,
or directly passed onto builders, the capital cost savings feeleditric new construction

would likely be significantly larger.

3. Heating and cooling demandsSsmaller and betteinsulated homes with lower heating and
cooling requirements tend to havesspotential for bill savings from electrification of HYAC
to offset any incremental capital costs of electrification packages. However, capital cost
savings ca still drive lifecycle savings in these homes due to the displacement of two

appliances (#above) or avoided gas infrastructure2(@bove).
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4. The capacity of the existing electrical panel (retrofits onlyhis analysis finds that in existing
homes that require an electrical panel upgrade in ortteelectrify both HVAC and water
heating, the coseffectiveness of electrification is significantly reduced. Unfortunately, there
is not good data available about the prevalence of homes with less than 200 amp electrical
service, so it is difficult to eisbate the precise number of homes in California for which this
might be a challenge, although it is expected to be a minority of homes and to decline over
GAYS® 5SOSt-RENANE: AaNSIINE BIAzdLIa A GK 26 SN OdzNN.
important technology innovation to allow more widgpread adoption of electrification

technologies in older, pr&990s vintage homes.

5. Electricity rates and rate desigmot surprisingly, the electricity rate is of critical importance
for determining the coseffectiveness of electrification for consumers. SMekjoys some of
the lowest electricity rates in the state, and as a resgarly always showed significant bill
savingdrom electrification reachingnore than $600 per yean some casedn contrastthe
other utilities evaluated havéiigher overall ratessotended to show less bill savings or net
bill costs resulting from electrificatioThe utilities vary in the extent to which rate designs
incorporate fixed costs into volumetric rates rather than fixedrgea, which also has an
impact on the coseffectiveness of electrification. However, the implications of these rate
design choices are not isolated in this analysis from theal\Meffects ofelectricity rateson

costeffectiveness.

4.3 Market adoption bariers

Even when households would save money by switching to electric heat pumps and other appliances from
gas appliances, a number of market barriers and market failures act as hindrances to widespread
adoption. A broad list of electrification barriers apdtential solutions is included ippendixD: Market

Adoption Barriers and Potential Solutions
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Market barriers fall into several key categories: consumer markktrés, supplier market failures, and
policy misalignment. Consumer market failures include imperfect information, transaction costs, limited
access to credit, split incentives, and bounded ration&fifyhese can be addressed with consurfaaing
incentives, education and outreach campaigns, and-tmst financing. Supplier market failures include
lack of contractor familiarity with electric optiomsd principalagent problem®, which can be addressed
with contractor training, trusted contractolists, utility direct install programs, upstream / contractor
facing incentives and better targeting of code enforcemenPolicy misalignment includes lack of
regulatory support for fueswitching incentives and tiered electric rates: incentives for-fwgtching and
efficiency should baeimplifiedand aligned with the goal of GHG savings, and rate designs should avoid
penalizing electrification or collecting fixed costs via volumetric rafés.note the importance ohot
unduly burdening low income houlelds when changing rates to make them more efficient and
supportive of climate goalg&\ny new rate design effort woulegquire careful analysjbuilding on existing

research?® More detailed policy recommendations are discussed below.

4.4 FurtherResearchNeeds

Below we suggest areas for additional research, which could build on the work presented in this analysis:

+ Investigae the benefits ofHVAC flexible dispatdb minimize coincidence with peak TOU periods

+ Develop a better quantification of the avoidedtaral gas infrastructure costs associated with all
electric new construction.

53See, e.g., Biz et al(2009) Salleg2014) Gillingham and Palmg2014)

5 See Blonz(2018)

55 Several recerdrticles highlight problems with existing rate design and opportunities for improve(Bemger et al. 2019; Lo et al. 2019; Borenstein

and Bushnell 2018Burger et al. (2019) notes that a simple move to fixed charges and TOUs could have economically regressive impaets, but the
are straightforward solutions, such as making fixed chaggfinction of income or strong correlates of income.
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+ Evaluateelectricitysystem costandsavingsparticularlyat the distribution system levetesulting
from the combined impact of building and vehi@kectrification

+ Investigae the impediments toincreasing rates ohew constructionand building upgrades
including building electrificatian

+ Develop a better understanding dffie drivers ofbuilding electriftation retrofit capital costs
across regions, including a better understanding of how many homes, and of what types, may
require an electrical panel upgrade to enable electrification

+ Evaluate the customer costs and benefits, and societal costs and terafitbuilding
electrification in the climate zones not evaluated in this study, includwiger Northern and
mountainous climate zones.

+ Evaluatecosteffective electric solutions for mulfamily highrise and mixedused highrise
buildings which are agrowing share of the California housing stock but have highly
heterogeneous characteristics

+ Develop a better understanding of the challenges of maintaining reliability and resiliency with
electrification of criticahouseholdend usesn the context of ikreasing vulnerability to wildfires
and otherextreme events related to climate change.

+ Develop a framework to make electric rates more economically efficient and supportive of climate
goals while noburdening low income customers introducing newinefficiencies building on
existing researcfBurger et al. 2019; Lo et al. 2019; Borenstein and Bushnell 2018)
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6 AppendixA: Technology
Characterization andscreening

6.1.1 INTERNATIONAL MARKEIR HEAT PUMPS

Electrified heating represents a significant and growing market share in certain European and Asian
markets; primarily in regions with energy security, climate, or air quadihcerns. Japan, Germany, and
Sweden have focused policy attention on increasing the deployment of heat pumps to reduce dependence
on imported fossil fuels and greenhouse gas emissions. Policy efforts there have focused primarily on
incentives and incorpaiting electric heat into building codes for new constructias well as testing and

performance standards to ensure quality and build consumer confidence in heat pump teckfology

6.1.1.1 Japan

Japan began pursuing air source heat pumps in thel8fDs as parbf a broader efficiency and fuel
A6A0GO0OKAY3 aiGNFrdS3e AYyiSYyRSR (2 NBRdzOS GKS O2dzyiNE
have takera significant sharef the total heating market, with about 140 million cumulative installations

of air souce heat pumps in homes and commercial buildtigdapan appears to be at the forefront of

high efficiency heat pump technology development today, with many high efficiency products available

in Japan that are not currently available in the United Stadesh as compressed carbon dioxide heat

pump water heaters. For example, the EcoCute is a-#ifitiency, carbon dioxide heat pump water

heater promoted by government agencies to reduce energy demand for water heatipgroximately

56 SeeHanna, Parrish, and Gro@916)
57 SeeShibata(2011)
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30% of all householdnergy demand. The use of carbon dioxide as a refrigerant in the EcoCute is part of
a focused effort in Japan to eliminate the use of HGWP refrigerants common in most residential and
commercial heat pumps. Currently at least one manufacturer, Sandsalliisg these heat pump water
heaters in the United States market, although they are not expected to achieve a large market penetration

because of their high cost

6.1.1.2 China

/| KAYlF KlFa GKS g2NIRQa fFNBS&ald YI NJ)ab sourdedddd pénipS Ol NA O
sold annuall?. Heat pumps, as well as natural gas furnaces, have been aggressively promoted in some
provinces as a key strategy to mitigate urban air quality concerns associated with the open burning of coal
common in residential andommercial buildings. The electrification campaign, focused primarily in Beijing

and other northern provinces, has coincided with efforts to expand and modernize local electric and natural

gas distribution systems, and has often been followed by locahandes prohibiting the use of coal for

heating®® DA @Sy / KAyl Qa 3ANRBgAYy3I LRLIA I GA2Yy FyR adaNRy3

innovation and cost reductions in heat pump technologies over the coming years.

6.1.1.3 European Markets

A combinationof policy and economic conditions have created a robust market for electrified heating in
certain European jurisdictions, particularly northern and central Europe: these regions share cold winters,
high natural gas prices, and favorable policies. Thesketsbegan to see significant adoption of early heat

pump technologies in the 1970s, following periods of energy security and energy price concerns, and have

58 SeeGluesenkamp et af2017)
59 Seezhao, Gao, and Sof(2P17)
60 SeeMyers(2018)
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seen renewed interest as European governments have introduced new policies to address carbmmsmis

in recent decades.

In 2017, electric heat pumps eclipsed gas heating in residential buildings in Germany for the first time, with
43% of buildings heated by air or ground source heat p&dmps Switzerland, approximately 75% of new
homes were built with electric space and walerating while in Scandinavia, heat pumps have become the

dominant heat source in Finlafd y R I NB | 3INBgAy3I aKINB 2% {sSRSyQa

6.1.2 MANUFACTURIG AND HISTORY

Consistent with a significant, established international market that overlaps with the manufacturing of air
conditioning, the heat pump manufacturing market is large and diverse. There are a broad range of both
multinational and regional vetors, primarily consisting of manufacturers of air conditioners and other
durable consumer goods. Major manufacturers of heat pumps include A.O. Smith (US), Carrier (US), Daikin

(Japan), Danfoss (Denmark), Mitsubishi and Fujitsu (Japan), and NIBE (Sweden).

Carrier and A.O. Smith, the primary-badquartered manufacturers, offer a broad range of residential and
commercial a#to-air, groundto-air, and airto-water heat pumps using conventional refrigerants.
Additionally, foreign manufacturers like Mitsshi, Fujitsu and Daikin have developed extensive distribution

and installer networks in the US for their heat pumps products.

61 Seehttps://www.coolingpost.com/world -news/heat-pumpsovertake-gasin-germany/
62 Seehttps://www.sulpu.fi/ldocuments/184029/189661/The%20future%200f%20Heat%20Pumps. pdf
63 Seehttp://www.varmemarknad.se/pdf/The _heating market in_Sweden 14103fxf
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6.1.3 HEAT PUMP PERFORMANMID COLD CLIMATEEAH PUMPS

Heat pumpdunction using the same principles as a refrigerator oa@imcondtioner. Theytransfer heat
between two systemsg for example, extracting heat energy from outdoor air and delivering it as warm
airinsidea residential building. Because heat pumps trankfsat, rather than converting it directly from
chemical or electrical energihey can deliver useful heat energy in quantities considerably greater than
the energyrequired to operate themThis raticof input energy to output energy is often measuredizaes
Codficient of PerformancgCOP). (COP is defined as the annual average performance, and it can be
compared with an efficiency by multiplying by 100; i.e., a CARaheans an annual average efficiency

of 400%.)

Electric air source heat pump space heatiaghnologies range from about 200% to more than 400%
efficient, depending on the temperature differential between indoors and outdoors: they heat more
efficiently at warmer temperaturesin contrast, high efficiencynatural gas furnaceschieve 90%
efficiency, while electric resistance heating iapproximately 100% efficientFor US markets, the

58I NIYSyld 2F 9ySNHeéeQa Hamp FLIWLIALYOS STFFAOASYyOe
of 2.5 for heating and 4.1 for cooling based on a specifieds&mperature conditions (the heating

seasonal performance standard minimum requirement is 8.2).

Heat pump space heating technology was first widely deployed during the 1970s; however, these early
generation technologies were not particularly efficieand relied heavily on supplemental heatcolder
temperatures, such as electric resistance backup heat, often resulting in high winter electric bills for their
owners. Heat pump failures and service issues were significant factors in the stagnatiomedtipeimp
industry, leading to industry and policy efforts to improve product and installation quilityever, heat
pump efficiency improved considerably in the 1990s, paving the way for a resurgence in the heat pump

market in the 2000s.
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Similarly, heatpump performance has improved considerably in cold climates, which represent a
challenge for older technology singgégage HVAC heat pumps. Using improved compressor technology
and improved refrigerants, modern heat pumps can maintain efficient outpumath lower ambient
temperatures, enabling their use in much colder climates such as the US Midwest and Northeast. Much
of this heat pump research has occurred in Northern Europe and Japan, which hosts a range of climate
zones, including colder Northern riegs with average winter low temperatures bele®0°C/10°F where
traditional heat pumps were initially unsuitable. Varialsjgeed (inverterdriven) compressors are one
approach to allowing colder temperature operation and enhancing efficiency acros®ithgetature

range, that also provide benefits such as reduced noise and improved comfort.

Figure6-1. Relationship between outdoor temperature and heat pump electric load

Spokana- Existing HP
1 @ Spokans- Cold Weathear HP

': Sacramento-
% - Mew Standard Efficiency HP

Heat pump electric load (kK¥W per ton)

40 Li ¥
Temperatura (F)

b208 GKI G &2 ystothefoningeioh podek, 8f dzelieat puinp. Eiedgy usage of the heat pumps in this data was divided by the
tonnage of the heat pumps to arrive at kW per ton.

Ductless heat pumpare another recent innovation that have a large market share in Asia and are

beginning to enter the US market. They include small, modular indoor and outdoor units connected by
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thin refrigerant pipes. In compact houses or apartments lacking existing ducting, they can be an
inexpensive option that also allow very high efficiendiesause energy is not lost in ventilation and

ducting.

6.1.4 THE GREENHOUSE GA3.ICATIONS OF REHRANT USE IN HEATVIRS

Heat pumps utilize refrigerants, typically in a vappompression cycle to transfer heat. Ideal refrigerants
have many requirements, ihaling an appropriate boiling point and thermal properties as well as low
toxicity and flammability. Unfortunately, like refrigerators and air conditioners, heat pumps originally
relied on refrigerants with detrimental environmental impacts. Chlorofluorboas (CFCs) were popular
throughout the midtwentieth century but were recognized as ozone depleting and so were phased out

beginning in 1987 with the Montreal Protocol.

Replacement refrigerants, such as hydrofluorocarbons (HFCs) and hydrochlorofluorescdHiCFCs),
while presenting a much lower risk for atmospheric ozone depletion than chlorofluorocarbons (CFCs), still
have significant global warming potentials, in some cases thousands of times the global warming potential
of carbon dioxide by mass. Whélmese gases escape into the atmosphere, through leaks, accidents, or
improper disposal, they contribute to global climate change. As a result, there is growing interest in

identifying alternative refrigerants.

The first widespread implementation of a vdow-GWP refrigerant, introduced in a heat pump water
heater in 2001in Japanwas compressed GOwhich in addition to its lowWP attributes provides
improved performance in many heat pump applications. Having a global warming potential affiasCO
orders of magnitude lower climate impact than the refrigerants most commonly used today for this
application. It has emerged as a promising refrigerant for commercial HYAC heat pumps as well as for

heat pump water heaters due to its higher efficiency anditgtib reach higher temperatures than other
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refrigerants, important for water heating applicatidisHowever, because of its lower boiling point and
thus higher operating pressure, it requires stronger, more expensive materiatoasttuction, reducing

the costeffectiveness of its use in small applications such as residential heat pumps. Thus far, high
pressure C@systems remain limited to water heating, for domestic hot water or for hydronic space
heating, and nosresidential ajpplications: no aito-air heat pumps for space heating have been

developed.

Other verylow-GWP refrigerants that are currently being researched include ammonia, and hydrocarbons
such as isobutane, propane, and olefins. Olefins represent a relatively |limessure alternative to
compressed CQwhich may be costffective in residential applicatiofs The principal issue with using

hydrocarbons as refrigerants is that they are flammable.

The most promising set of refrigerants in the near term is thosedhmathemically similar to refrigerants
currently used, but that have a significantly lower global warming potential. For residentiataiirheat
pumps, the most likely neaerm replacement refrigerant is R32 (GWP 675), which would replace R410A

(GWP P88¥°. Development of lowGWP refrigerants such as R32 is an area of active research.

2KSY Yy AN O2yRAGAZ2YSNI dzaAy3d G2RIF2Qa NBFNRISNI y
additional refrigerant leakage risk, assuming the heat pump systemthasa A YA€ | NJ G2y yl 3S o
refrigerant leakage risk will only increase if an HVAC heat pump is installed when there was previously no
air conditioning. There is an increased refrigerant leakage risk when switching to heat pump water heaters
and heat pumglothes dryers, but the resulting increase in average greenhouse gas emissions is dwarfed

by the savings in emissions from not using natural gas, as sé&éguirel-1: Annual GHG emissions from

64SeeNeksa et al(1998)
65 SeeWatanabe et al(2017)
66 SeeCalifornia Air Resources Bo#2917)
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a mixedfuel and aHelectric 1990svintagehome inSacramentaand Figure3-1: Annual GHG emissions

from a 1990s vintage singlamily home for Sacramento

6.1.5 ELECTRIC RESISTANIEINDUCTION STOVES

Induction cooktops have several advantages over gas and electric resistance stoves, principally efficiency
and safety. Induction cooking is modeled usingeéitiency of 84% (0.74 energy facfor the cookop),
compared to 74% for electric resistance and 40% forldage electric resistance stovarduction stoves

can be controlled almost instantaneously, similagas stoves.

Induction cooktops are popular in Europred Asiébut have not seen widespad adoption in the United

States marketSome cooks value induction stoves for their safety (they do not burn to the touch, since
they operate based on electromagnetism) and the precise level of temperature control offered by
induction stove. Induction svearegenerally slightlynore expensive than comparable electric resistance
cooktopsin the US marketbut this appears to be more a function of limited market share, that targets
higherend products, rather than inherent engineering expense, as chedglge versions are available

and popular in markets outside the U.S. At current prites,markupon an induction stovés generally

not recouped through energy savings over the lifetime of the unit. Additionally, aluminum cookware,
which is very commoim the United States, is not compatible with induction stov@sitching to induction

stoves requires cookware that is magnetic, such as cast iron or stainless steel, which may present an
adoption barrier for some consumers. These cost factors, along@vhy & dzZY SNE Q f I O1 2F Tl
induction stoves, represent barriers to widespread adoptiDaspite these barriersnduction stoves are

a promising alternative to electric resistance stoves, and may become acceptable, or even preferred, by

consumers accustomed to gas stoves.
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6.1.6 HEAT PUMP CLOTHEYBRS

Heat pump clothes dryers are relatively common in some European countries but have not yet become
widespread in the United Statddeat pump clothes dryeere abouts0% more energy efficient tharatural
gasclothes dryersand are about 35% more efficietitan electric resistance clothes dryeHowever, there

are significant performance limitations with currently available models: they may take longer to dry and

require more maintenance.

6.2 Overview of Technology Selecti@and Efficiencies

6.2.1 HEATING, VENTINGIB AIR CONDITIONINI®VAC)

Table6-1 Electric HVAC system selection

Low-Rise

Multifamily

Retrofit
(Pre-1978s)

» Electric: Non-ducted ézﬂ

mini-split heat pump

- Gas: replaces wall furnace

with ducted furnace and AC

« Electric: Packaged
terminal heat I%I

pump (PTHP)

+ Gas: new wall furnace and

window AC

Retrofit (1990s)

» Electric: Ducted split SEE

heat pump

» Gas: replaces ducted

furnace with new ducted
furnace and AC

+ Electric: Ducted aggﬁ

heat pump

+ Gas: Combined

hydronic system + AC

New Construction

» Electric: Ducted split S5
heat pump %g

» Gas: replaces ducted

furnace with new ducted
furnace and AC (CZ3: no AC)

+ Electric: Ducted

=

mini-split heat pump

+ Gas: ducted furnace

and AC (CZ3: no AC)
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6.2.1.1 Singlefamily

Table6-2 Efficiencies of HVAC systersslected for singldamily homes

| 2 YdSe LIS 91j dzA LIY Sy i

80 AFUE ducted attic

Mixed Fuel, all vintages Furnace
furnace
Mixed Fuel, all vintages Split air conditioner 14 SEER, 12.2 EERp2ed
All Electric,

new construction1990s vintage 18 SEER, 14 EER, 10 HSF

Ducted split heat pump

and pre1978 vintage (CZ10 ano Speed
Cz12)
All Electricpre-1978vintage Nonducted minisplit a
(Cz03, CZ04, CZ06 and CZ0¢ heat pump 21 SEER, 13EER, 11 HS

6.2.1.1.1 Case 1, 2, & 3: Ducted split hgaimp
For singlefamily homes ducted split heat pumpsvere selected to replace ducted furnaces with split air
conditioners or ducted furnaces alone without coolifgucted split heat pumpsre a very mature

technology with a large range of efficiency options.

6.2.1.1.2 Case 3: Nowlucted minisplit heat pump, multthead

Fa pre-1978 existingsinglefamily homes, where the basecase system is a-docted gas wall or floor
furnace and either a window air conditioner or no cooling system, adumted minisplit heat pump
(MSHP) with multiple indoor units was selected as thectec replacement. This basecase system is
inexpensive and easy to replace but suffers from low performance and does not provide equivalent comfort

conditions as a distributed heating/cooling system. Converting to a ducted sysexpessive and MSHPs
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offer a practical alternative for less coBlectric single point heating/cooling options such as a MSHP with a
single indoor unit may be relatively affordable but compromises comfort and if the electric alternative
system does not provide reasonable levelf comfort,there is a risk that theéechnologywill not be
accepted. In smaller multifamily homes this traglé may be acceptable but not ginglefamily homes or
larger multifamily. For this case the basse gas replacemeassumesonversion to alucted furnace in

order to providesimilarcomfort conditions across the gas and electric options.

6.2.1.2 Lowrise Multifamily

Table6-3 Efficiencies of HVAC systems selected fordase multifamily homes

| 2YS ¢@&LJS 91j dzA LIY Sy i a2zRSft SR 9F
Mixed Fuel, all vintages Furnace 80 AFUE ducted attic
furnace
Mixed Fuel, all vintages Split air conditioner 14 SEER, 12.2 EERp2ed
All Electrlc,_ Ducted minisplit 21 SEER, 13 EER, 11 HS
new construction heat pump
All Electric, Ducted split heat pum 18 SEER, 14 EER, 10 HSP
1990s vintage P pump speed
All Electricpre-1978vintage Packaged terminal heat pump 11EER3.3 COP
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6.2.1.2.1 Case 4: Ducted musplit heat pump

For newlow-rise multifamily home construction, a ducted misplit heat pump (MSHP) was selected to
replace ducted furnaces with split air conditioners or ducted furnaces alone without cooling. While costs are
higher than traditional split heat pumps; MSHPs are most appropriately sized for the low cooling and heating
loads expected in small, new construction apartments. MSHPs are already becoming more common in the

multifamily market.

6.2.1.2.2 Case 5: Ducted split heat pump

For «istinglow-risemultifamily units with a single gas water heater providing both space and water heating,
coupled with a split air conditioner (depending on climate), ducted split heat pumps were selected as the
electric replacement. While a hydronic dibution system with a HPWH would be the most direct
replacement option, prior experience has shown that residential HPWHs on the market do not have the
capacity to serve botthe space and water heating loads without reverting to electric resistance nie.
alternative option would be a larger capacity-trwater heat pump with a storage tank replacing the water

heater. However, there are few products available today and market readiness is lower.

6.2.1.2.3 Case 6: Packaged terminal heat pumps

For prel978 existig low-rise multifamily units with a wall or floor furnace and either a window air
conditioner or no cooling system, a packaged terminal heat pump (PTHP) was selected as the electric
replacement. Similar to Case 3, there is potential comfort issues foapargments except studios with

open floor plans (no rooms with closeable doors) by not providing conditioned air to each room. While
comfort issues may arise from a single zone PTHP, the replacement system can provide equivalent or better
comfort than thereplacement gas equipment and window AC. The incremental cost of other systems such

as multthead MSHPs is more difficult to justify given the low loads of small apartments.
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6.2.2 WATER HEATING

Table6-4 Efficiences of water heating systems selected for sindgenily and lowrise multifamily homes

| 2YS ¢@&LJS 91j dzA LIY Sy

0.63 UEF (0.60 EF)
Mixed Fuel, retrofits Gas wrage water heater 1900s vintage in garage, 197(
vintage in home

0.81 UEF (0.82 EF)
in garage
3.0 EF, NEEA Tier 3
new construction and 1990s
vintage in garage, 1970s vinta(
in home

Mixed Fuel, new construction Gas tankless water heater

All Electric, all vintages Heat pump water heater

6.2.3 OTHER APPLIANECE

Table6-5 Electric cooking and clothes drying selection

Single- Low-Rise
Family Multifamily

w G B =

) ELECTRIC
INDUCTION
(All vintages) HEAT PUMP roun ELECTRIC STOVE
DRYER DRYER
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I LILIE ALy 9FFAOAS CSI i
Cooktop: 0.4 Energy
Gas Factor
Oven 0.058 Energy
Factor
Cooktop: 0.74 Energy
Cookin Electric resistance Factor
9 (LRMF) Oven 0.11 Energy
Factor
Cooktop: 0.84 Energy
Electric induction Factor
(Single Family Oven 0.11 Energy
Factor
Gas 2.75Energy Factor
Electric resistance
Clothes Dryer (LRMF) 3.1 Energy Factor
Electric heat pump .
(Single Family 4.2 Energy Factor Moisture sensor
Clothes Washer All 1.41 MEF 3.5 ft3 drum
Single Fglrl‘)"yla? Bl Single Family2s ft3 sideby-
. . _ side refrigerator
Primary Refrigerator All _LI?VIF. 14.1 EF LRVF: 18 f3 top freezer
(existing homes) 17.6 refrigerator
EF (new construction 9
Single Familyenergy use
Secondar Single Familymix of | reduced based on mational
Fridae /Free>z/er All efficiency average of 22.1% saturatio
9 LRMF: none for fridge and 34.2% for
freezer
Dishwasher All 318 Rated annual kW 8 place settings

per Energy Guide

All simulation parameters and schedules are based on NREL's B
and the House Simulation Protocols

© 2019Energy and Environmental Economics, Inc.
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7 AppendixB: Building Simulation
Descriptions

Thermostat Schedules as Modeled

The project team evaluated thermostat schedules to use imtioglelingfor the electrification studyThe
project teaminitially considered usinghe CEC Title 24 thermostat schedulesdioglefamily and low-rise
residential buildings for the analysisowever, these schedules were ultimately not used in this analysis for

the reasons described below.

A literature review considerkthe following sources:

+ 2004 SCE report: Programmable Thermostats Installed into Residential Buildings: Predicted
Energy Savings Using Occupant Behavior & Simulation

+ 2017 SCE Work Paper SCE17HCO054: Residential Smart Communicating Thermostat
+ 2016 Nest Labs repor8upplemental Data for California Smart Thermostat Work Paper
+ 2014 Building America House Simulation Protocols

+ 2016 Residential and Nonresidential Alternative Calculation Method Reference Manual

+ 2011 DOE reportt).S.Department of Enegy Commercial Reference Building Models of the
National Buildingdock

Based on data reviewethe project team developed the setback schedul€able7-1 for use in thigroject.

This schedule assigns specific, rational times to the temperature changes and a 3°F temperature setback in
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winter and setup in summer (rounded to the nearest degree). The residential Titfee2dostat schedule
also uses a 3°F heating night setbaut no daytime setback. Weekend/weekday schedules are likely to vary
if the house is unoccupied during the day, bata from the Residential Appliance Saturation Study (RASS)
supports using a daytime setback. The 76°F cooling and 70°F heating setpaitusely aligned with the

Building America settings.

Table7-1: Thermostat Setup/Setback Schedules Used in this Analysis

Cooling | Heating Cooling Heating
12:00AM| 79 67 1200PM 76 67
1:00AM| 79 B7 1:0PM 76 B7
2:00AM| 79 &7 2:0PM 76 67
3:00AM| T9 B7 3:0PM 76 BE
A4:00AM| 79 B8 A:00PM 76 B9
5:00AM| 79 B9 5:00 P 76 70
B:00AM| 79 70 B:00 PM 76 70
7:00 AM 79 70 T.00PM 76 70
B:00AM| 76 67 B:0PM 76 70
S:00AM| 7B B7 5:00 P 76 70
10:00AM| 76 67 1X00PM 79 67
11:00AM| 76 B7 11:00 PM 79 B7

The shaded areas in the table above correspond to when systems are set bacleimawihtip in summer
(or turned off). For heating, the temperature ramps up between 4 AM and 6 AM, and between 3 PM and 5
PM to limit strip heat operation. Although the rarup is not needed for base case systemisenapplied

to both it ensuresbuilding bads are the same for both cases.
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For new homes the temperature may not drift more than 3°F between setup/setback periods and systems
will be minimally active during these periods. For older leakier homes, systédhlgely be working to

maintain the setpoints.
Other thermostat scheduled evaluated

Table 7-2 summarizesTitle 24 and other available thermostat schedules. Title 24 schedules include
uncharacteristic setbacks and are different for {dse and higkrise residential buildings'he differences
reflected in the residential and nemesidentialschedilesare not based upon actual differences based on

occupancy but independent development of residential and-residential compliance models.
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Table7-2: Title 24, Building America, and DOE Thermostat Schesitl

Mon-Res ACM Building America DOE Comm. Ref.
Residential ACM' Recidential Living® | HouseSimulation® | Bldg. Models
Cooling | Heating | Cooling | Heaing | Cooling | Heating | Cooling | Heaing
Hour | Setpoint | Setpoint | Setpoint | Setpoint | Setpoint | Setpoint | Setpoint | Setpoint

1 78 &5 78 &0 76 71 75 70
2 78 &5 78 &0 76 71 75 70
3 78 &5 78 &0 76 71 75 70
4 78 &5 78 &0 76 71 75 70
5 78 &5 78 &0 76 71 75 70
& 78 &5 78 &0 76 71 75 70
7 78 &5 78 62 76 71 75 70
B g3 68 78 62 76 71 75 70
9 g3 68 78 62 76 71 75 70
10 g3 68 78 62 76 71 75 70
n g3 68 78 62 76 71 75 70
12 83 68 78 62 76 71 75 70
13 g3 68 78 62 76 71 75 70
14 g2 68 78 62 76 71 75 70
15 g1 68 78 62 76 71 75 70
16 B0 68 78 62 76 71 75 70
17 79 68 78 62 76 71 75 70
18 78 68 78 62 76 71 75 70
19 78 68 78 62 76 71 75 70
20 78 68 78 62 76 71 75 70
il 78 68 78 62 76 71 75 70
2 78 68 78 62 76 71 75 70
23 78 68 78 &0 76 71 75 70
24 78 &5 78 &0 76 71 75 70

TheTitle 24low-rise residential thermostat schedules assume a 78°F and 68°F cooling and heating setpoints,

respectively, witha setback/setup assumption. A 65° heating setback is used, while the cooling set up is as

67 SourcesTable 19 of Residential Alternative Calculation Method Reference Mérityed://www.energy.ca.gov/2015publications/CEZ00-
2015024/CE€100-2015024-CMFREV3.pdf Appendix 5.4B of NeResidential Alternative Calculation Method Manual
(http://www.energy.ca.gov/title24/2016standards/ACM_Supporting_Content}, 2014 Building America House Simulation Protocols (Section 2.4)
(https://www.nrel.gov/docs/fy14osti/6 0988.pd}), U.S. DOE Commercial Reference Building Models of the National Building Stock
(https://www.nrel.gov/docs/fy110sti/46861.pdf)
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high as 83° but varies depending the hour. The highise residential thermostat schedule has the same
setpoints but no cooling setup and a heating setback temperature of 60°F. The heating setback schedule for

high-rise is also slightly different from the lefise schedule.

Also inclugd inTable7-2I NB G KS GKSNX2adGlFd AO0OKSRdAZ Sa dzaSR o6& 5h
recommended by DOE for higise building modeling. These schedutssume more aggressive heating

and cooling setpoints than thdtle-24 schedules and are fixed.
Project Team Position on Usingtl€-24 Thermostat Schedules

The project teanmultimately decided againstising the Tfle-24 thermostat schedules for the folldmg

reasons:

1 Project team feels that both lowise residential thermostat schedules will result in lower than
representative heating and cooling energy use.
9 The residential cooling setback was created to adjust cooling energy use by hour to align with

statewide demand and not representative of actual cooling setback schedules.
Thermostat Settings from SCE Work Paper and Nest Documents

Based on the data from the two plots on p.30 of the work paper (SCE17HC054, also in Figs. 2 & 3 of the Nest
R20dzySyio0 |yR SEOtdzZRAY3 /%M OYAYAYLFE RIFEGFEO FyR [ %
for heating and 76.4°F for cooling. These are not far from the 71°F heating and 76°F cooling settings in the
NREL House Simulation Protocols or the 7@dig and 75°F cooling settings in the DOE Commercial

Reference Building Models document.
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The average setpoints reported in the work paper (66.8°F heating and 75.4°F cooling) and based on RASS
are presumably averages across all periods and not represemtat what settings would be during
occupied and nosleeping periods. The wide setting ranges in the RASS questionnaire make it difficult to

zero in on what setpoints people actually used. The Nest data is more suited to this purpose.
Setback Temperaturgand Schedules

Ifitisassumeld KI & GKS RAFFSNBYOS 0S0G¢SSy aO2YF2NI aSdLRA
GKS YSIFadaNBR aSidiol O1 G SYLINF TOzNBER A BB @M WHSE KIS ORKEP
CZ15 from the table on 42 of the work paper (Table 1 of the Nest document), the mean heating setback

was 3.3 and the cooling setup was 2.7. Unfortunatiblgte is nostatistical representation of what times

the setting changes occurred. Given the way the Nest operates, temperahanges are based on a

combination of occupancy and learned temperature preferences.

The RASS data has too wide a temperature range to be useful for determining scheduled temperatures, but
the correction factors on p.35 of the work paper suggest peope somewhat higher heating setbacks than
cooling or sewps. It could be assumed that people set back the temperature in winter duringeaupied

periods and/or at night, but summer scheduling is less obvious. Some may set thermostats up while they
are at work and crank up the AC when they return. Others may maintain the same temperature during the

day and lower it at night to make the house more comfortable for sleeping.

¢KS lylrtfteaira 2F w!{{ RIGF RSaONR 0 SrRostaty Insialledintot n nn { |
wSAARSYUGALFE . dzZAf RAy3ay AOGSR 9ySNEHe (I @ay3aa

following tables:
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Figure7-1: Table 6 and 8 of 2004 SCE Work Paper

Table 6. Percent of Cooling Systems set to “Off"

Standard Thermostat Change due to Prog T-stat
Region | Mom Day |Evening| Might | Mom Day |Evening| Might
NC 49% | 28% 13% | 56% -2% 3% 7% -2%
SC 63% | 43% | 42% | 65% | -13% | -6% | -16% | -17%
Sl 48% | 25% | 23% | 47% | -13% | -5% 8% | -10%
CV 43% | 24% 11% | 40% | -10% | -9% -3% -3%
DE 3T% 14% 10% | 35% -8% 0% 4% | -10%

Table 8. Percent of Heating Systems set to “Off"

Standard Thermostat Change due to Prog T-stat

Region | Mom Day |Ewvening| Might | Momn Day |Ewvening| Might
NC 29% 45% 19% 53% | -12% | -17% | -11% | -13%
sC 40% 57% 35% 54% | -15% | -15% | -16% | -17%
=1 30% 44% 26% 36% | -10% | -12% | -12% -T%
cv 19% 37% 19% 39% | -10% | -15% | -12% | -10%
DE 27% 34% 23% 35% | 17% | -11% | -14% | -11%

The definitiors of time periods are as follows:

+ Morning: 6 am to 9 am

+ Day:9amto 5 pm

+ Evening: 5 pmto 9 pm

+ Night: 9 pm to 6 am
¢tKS RSTAYAUGUARZ2Y 2F G2FFé¢ A& o6l aSR 2y GKS w! {{ |ljdzSai
well as six othetemperature ranges. Depending on house temperature response to setbacks and setups,
Gh¥Fé YIFLe @AStR GKS aryS OKFy3aS Ay AYyR22NJ GSYLISN
GSYLISNF GdzZNBE NI y3ISad wSaLRyRSyYy(abarkis@up Kl @S | faz2 dzASF
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B6 If your main heating system is controlled by a thermostat, what is the average
thermostat temperature usually set for each time period during the heating season?
(Choose one answer for each time period. Provide the average setting if it varies.)

Off Below 55— 61— 66 - 71~  Over 75°F
55°F 60°F 65°F 70°F  75°F

Morning (6am-9am) (HMRNSET) = 1= 1= 1= 1= 1= 1=
Day (9am-5pm) (HDAYSET) o) 1 1< =) 1o 1o 1
Evening (5pm-9pm) (HEVNSET) 1o 1= =] 1= 1= 1 1=
Night (9pm-6am) (HNITESET) 1= 1o 1= 1= 1= 1< 1=

C5 Whatis the typical thermostat temperature setting of your main central cooling system for
eadtlmpenoddunngtheooohngsoason"(Choosoonemsmfo/oacnvmponod)
Below T0°F 7073'F TA-T6°F 77 -80°F Ovorm

Moming (6am-9am) (CMRNSET) ] e "> e e "
Day (9am-Spm) (CDAYSET) : 5 : y . .
Evening (5pm-8pm) (CEVNSET) ) e M —) e o)

Night (9pm-8am) (CNITESET) y ' o p

Averaging the percentage across all regions from the tables above, the percentage of time systems are off

is:
6 am9 am 9 amb5 pm 5 pm9 pm 9 pm6 am
Cooling 48% 27% 20% 49%
Heating 29% 43% 24% 43%

Applying a 43%hreshold for cooling and heating, most cooling systems would be off at night, and most

heating systems would be on in the morning and evening and off at night.

Temperature Ramping
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Title 24 standards require that thermostats for heat pumps prevent suppheang heater operation when

the heating load can be met by the heat pump alone and require a higher setpoint for heat pump heating
than for resistance heating (staged settings). Supplementary (resistance) heating is allowed for defrost and
where controls ge intelligent recovery or ramping that preclude use of resistance heat. Use of temperature

ramps is important for proper characterization of heat pump and strip heat operation.
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8 AppendixC Additional Methods
Detall

8.1 Fossil emissions from electricity

8.1.1 DESCRIPTION OF AURGRENARIO

Hourly marginal electricity rates are generated by a W€ system scenario in the production
simulation tool, AURORA. AURORA takesystem load forecasts, grid characteristics, avadabl
generators, technical constraints, and operating costs as inputs to set up system scenarios. Based on those
system characteristics, AURORA performs an optimal hourly dispatch of the electric grid to determine
hourly wholesalenarginalelectricity marketprices.The developed AURORA scenario includes a detailed
F2NBOFAG 27F /It AT2a8)0dllla® a bréadetdrécasiaf Ghe Mester ERalri&ity >
Coordinating Council (WECC) systdBuild portfolios and operating characteristics for Califorfl &

St SOUNROAGE &a2aidSY INBE RSGUSNXYAYSR o0& 90Qa w9{h[ =9

In this analysis, the renewable energy build portfolio in AURORA is based on a RESOLVEchsy#sat
approximately a74% RPS in 2030. The scenario includes approxim&t&w of energy storage; this
number includes the state mandated targeted 1.3 GW of storage, plus an addiondaW of
economically installed energy storag® accommodate the much higher renewable buildout
Furthermore, the scenario assumes improved oegl coordination in the WECC compared to present

day operations, as well &sgh energy efficiency and electrification in transportation and buildings
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8.1.2 MARGINAL EMISSION&EMHODOLOGY

For the 2030 timeframe, this analysis uses siiort marginal emissiorn® make a conservative estimate

of emissions reductions from building electrification. Skhairt marginal emissions are the change in grid
emissions for a change in demasile consumptionwithout a change in powerplant capacity. This
effectively calculas how the dispatch of existing generators would change based on a change in load. It
g2dzf R 0SS Y2NB | OONHx G SY IGNB Adyd S ISY&tamyhiRya Tl OG2NE
renewable energy capacity to meet new load in accordance with stateggmmlicy. For example, with a

goal of 60% RPS in 2030, each additional 1 kwWh of new load will require 0.6 kWh of additional renewable
energy to be integrated onto the grid, thus reducing the total emissions impact of the new load. Due to
the complexity 6calculating the timesarying emissions impacts of integrating renewable energy in a high
RPS world, a wedlstablished methodology to calculate lengn marginal emissions does not currently
exist. Since this analysis uses skrart marginal emissionshé emissions impacts of new electrical load

in 2030 will be ovestated, and the total emissions reductions from building electrification will be under

stated.

Hourly shortrun marginal emissions are calculated based on hourly forecasted wholesale éleptices

taken from Aurora, using the same methodology that is used in the 2018 CPUC Avoided Cost C&lculator
First, forecasted hourly wholesale electricity prices, corresponding forecasted natural gas prices, and
assumed variable operations and mainégce costs are used to calculate an implied marginal heat rate.

If the implied marginal heat rate is greater than the assumed physical upper bound of existing natural gas
power plants, it is then capped at an upper limit; if the implied marginal heaisdielow the lower limit,

it is assumed that renewables are the marginal generator, and the heat rate is assumed to be zero. The

88 http://Aww.cpuc.ca.gov/General.aspx?id=5267
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resulting source energy is multiplied by the distribution losses, and then multiplied by carbon intensity of

combusting naturaas to determine the marginal emissions factor.

The marginal emissions rate is reportednietric tons of C@</MWh. Figure8-1 shows the average

calculated emissions rate for each month and hour in 2030.

Hour of Day

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Jan0.330.330.340.330.340.360.390.370.180.000.000.000.000.000.000.05 0.350.330.360.380.37 0.36 0.350.34
Feh0.340.340.340.340.340.370.400.300.090.000.000.000.000.000.000.00 0.210.380.400.400.380.36 0.350.34
Mar{0.270.280.290.280.310.340.250.070.000.000.000.000.000.000.000.000.050.330.350.350.350.330.320.29
Apn0.180.210.220.200.27 0.320.020.000.000.000.000.000.000.000.000.000.090.17 0.37 0.290.280.230.270.25
May|0.26 0.27 0.270.27 0.330.290.050.000.000.000.000.000.000.000.000.000.04 0.250.380.390.350.290.31 0.28
Jur|0.230.240.230.26 0.300.240.090.01 0.010.020.01 0.000.000.01 0.050.080.08 0.190.290.37 0.290.27 0.29 0.26
Jul0.340.340.340.340.350.360.330.120.070.100.12 0.090.050.030.02 0.02 0.200.320.36 0.37 0.36 0.36 0.35 0.34
Aug|0.350.350.360.350.370.390.350.040.000.000.000.000.000.000.000.120.360.390.340.380.390.37 0.36 0.36
Sep0.380.370.370.360.380.410.37 0.210.020.04 0.000.000.000.000.020.16 0.36 0.390.400.390.41 0.390.37 0.37]
0cf0.350.350.350.350.360.400.42 0.290.000.000.000.000.000.000.000.150.390.450.430.420.390.370.36 0.36
Nov0.330.330.330.340.350.360.37 0.290.040.000.000.000.000.000.000.150.350.36 0.36 0.36 0.36 0.350.34 0.33
Ded0.330.340.350.340.350.370.400.370.170.000.000.000.000.000.020.120.360.380.390.380.36 0.350.34 0.34

Figure8-1 Heat map of the assumed marginal emissions rateefric tons of CQey/MWh), averaged by month and

hour in 2030.

8.2 Methodology formethane and refrigerant leakage calculations

+ Methane leakage was calculated by multiplying the natural gas consumpti@r8¥y themost
recent estimate for weHto-burner leakage from scientific literature, and the@onverted to
tonnes of carbon dioxide equivalent emissions 4€&f) using thel00year massbasedglobal

warming potential for methanef 25 %°

89 This is basd on the IPCC (2007) as used in the CARB inventory. Some recent studies have suggested slightly higher values.
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+ Refrigerant leakage for ACand heatpum dzy A ia ¢l a OF t Odzf I GSR dzaAy3 |
charge and leakage rate of refrigerants for residerg@lipmentin Californi&’. The total annual
leakage rate was obtained by adding the annual operational leakage rate to the annualized end
of-life leakage rate. This annualized rate was obtained by dividing theoklif® leakage by &
years, the estimated lifetime of residential HVAC uwiésuse in our studyThe resulting annual
leakage in Ibs of-Bas was converted to tons of & emissions usg the global warming
potential of the refrigerant in each scenario. Additionally, thgals charge for each climate zone
was assumed to scale linearly with the tonnage of the HVAC system-getsecRarge data given
by CARB was assumed to be for-tod system. Below is an example calculation for thgak
leakagefrom the HVAC heat puntpr an altelectric 1978vintagesinglefamily home in Oakland
using the next generation of refrigerants

End-of-life % leakage
18 years

)

Annual leakage (tons C'Os.,4) = System charge for 4 ton system (Ibs) * (Annual % leakage +

1 metric ton . 675 tons C'Oz4
2204.62 lbs 1 ton R32

* _—1 tonnage conversion *

70 Data obtained through communications with CARB staff.
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9 AppendixD: Market Adoption Barriers
and Potential Solutions

Both retrofits & new construction

126| Page

Market

Participant

Contractors

Homeowners
& Landlords

Barrier

Contractors may
have limited
experience and
comfort with
electric options

Limited consumer
awareness (and
negative
preconceptions)
high -efficiency
electric
technologies

Low-income
consumers have
limited access to
low - cost financing

Consumer
unwillingness to
pay higher upfront
costs; bounded
rationality

Potential Solutions

Contractor training, best
practices guides, trusted
contractor lists

Utility direct install
programs

Upstream incentives

Market education
campaign (Energy Upgrade
California), new tools for
understanding lifecycle
savings

Third - party ownership &
financing, on -bill financing,
PAYS model

Downstream direct -to-

consumer incentives

Responsible

Entity for
Solutions

NGOs, CEC

Load serving
entities (LSEs,
e.g. utilities
and CCAs)

Regulators,
LSEs

NGOs, CEC,
LSE outreach

Regulators,
LSEs

Regulators,
LSEs



Both retrofits & new construction

Market

Participant

Landlords

Homeowners
& Renters

Manufacturers

Utilities

Barrier

If renters pay
utility bill, landlord
does not benefit
from bill savings

Tiered rates
discourage
electrification

High costs of
product
introduction into
US market

Limited market
demand in US
leads to limited
production for US
market; premium
product pricing

Limited regulatory
support for utility
programs
encouraging fuel
switching

© 2019Energy and Environmental Economics, Inc.
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Potential Solutions

Incentives for landlords to
install high efficiency
equipment

Shift away from tiered
rates; avoid collection of
fixed costs through
volumetric rates; develop
rates that more accurately
reflect marginal cost to the
grid

Increasing market
demand, reduce barriers to
introduce products that are
available internationally

Increasing market demand

GHG performance
standard EE programs (i.e.

CEOPT pilot for SCE) ; new

cost -test mechanisms

Responsible
Entity for
Solutions

Regulators,
LSEs

CPUC, LSEs

Policymakers

Policymakers,
LSEs

Regulators
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Responsible
Barrier Potential Solutions Entity for
Solutions

Market

Participant

Builder does not

pay full gas Assess whether new
infrastructure construction should bear a
. . Regulators
costs; costs are higher cost of gas
S shared among gas infrastructure costs
= ratepayers
= Builders
[}
(=
(@]
(&) q . i .
2 Builders look for Upstream incentives Policymakers
2 least cost,
commonly used
technologies
Title 24 building code CEC
Incentives to replace water
Regulators,
heater, AC or furnace early
; LSEs
when another end -use fails
"Hassle factor" of
electrification Contractor training to
. Contractors
retrofits & reduce delays
"emergency"
)
= Homeowners replacement of “Electrificati dv"
= & Landlords failed equipment b T; fl |ca(|jon -ready CEC
§ may not work with utiding code
:cg??:trr(;]!ﬁad time Clear identification and
installation communication of market
needs to manufacturers Policymakers,
with commitment to NGOs

purchase or subsidize an
initial market segment
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Potential Solutions

Responsible
Entity for
Solutions

Homeowners
& Landlords

12]
S
[l
x
Contractors &
distributors
Homeowners
& Landlords
O
<
>
T
%)
S
g ¢
o ontractors

"Hassle factor" of
electrification
retrofits &
"emergency"
replacement of
failed equipment
may not work with
longer -lead time
for retrofit
installation

Higher upfront
costs of heat pump
equipment

Contractors 6
existing supply
chain focuses on
gas technologies ;
limited stock
availability to
support
emergency
replacements

Offset appliance
replacement
schedule between
heating and
cooling appliances

Contractors have
limited incentive to
sell single HVAC
solution instead of
two

© 2019Energy and Environmental Economics, Inc.

X-prize type competition for
heat pump solutions that
bring down the "soft costs"
of installation

Design a "plug -and-play
retrofit ready HPWH, heat
pump HVAC, and 3 -function
heat pump

Improved financing; lease -
to-own options, third - party
ownership and
financing/energy services
business model

Direct install programs  ;
upstream incentives to
encourage replacement
readiness ; higher market
demand

Incentive: Buy -down of
remaining useful life of
other appliance

Upstream incentives; direct
install programs

Building code requirement
for new AC installs to be
heat pumps

Policymakers,
NGOs

Manufacturers

Private sector,
NGOs

Policymakers,
LSEs, NGOs,
private sector

Regulators,
LSEs

Regulators,
LSEs

CEC
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Market

Participant

Homeowners
& Landlords
T
&)
%)
£
=
15 Contractors
04
=
S & Homeowners
=
2 § & Renters
T n
=
Homeowners
& Renters

Clothes dryers
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Barrier

Noise and

placement concerns

when WH is in
home

Replacement of
gas-fired water
heater w/ HPWH
requires running
240V power,
condensate drain
and possible
electric panel
upgrade

Adequate
ventilation not
available when
existing WH is in
interior or exterior
closet

Consumer
preference for
natural gas
stovetops

Heat pump dryers

require careful
maintena nce and
can take a long
time to dry clothes

Potential Solutions

Split - system HPWH
products with remote
evaporator

Develop and install
products with 120V/15A
capability

Upstream or midstream
incentives; direct install
programs

Install product with ducted
vent kit

Market education campaign
about induction stoves;
upstream or midstream
incentives

R&D in alternative electric
clothes dryer solutions (e.g.
condensing dryers and
microwave/sonic dryers)

" X-prize" type competition
for a better, high efficiency
electric dryer

Responsible
Entity for
Solutions

Manufacturers

Manufacturers
Regulators,
LSEs

Manufacturers,
Contractors

NGOs, CEC,
LSEs

Manu facturers,
NGOs,
Policymakers
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10 AppendixE Additional Results

10.1Electricityload shapes for individual homes simulated
Figure 10-1 Hourly electricity consumption of a new construction singfamily home in Riverside (CZ10) and
Sacramento (CZ12)

CZ10 New SFH Hourly Total Electricity Consumption (SCE TOU-D-4-9)
January July

3 ~——— All-Electric === All-Electric Net Load 34
—— Mixed-Fuel ~ --- Mixed-Fuel Net Load

kWh

g 1‘0 1‘5 2’0
hour of the day hour of the day

CZ12 New SFH Hourly Total Electricity Consumption (SMUD 1-R-TOD)

January July
3 — All-Electric ~ --- All-Electric Net Load 3
—— Mixed-Fuel === Mixed-Fuel Net Load

kwh

10 15 20
hour of the day

-2

5 10 15 20 5
hour of the day

Red lines represent the load of an-aléctric home; and blue lines show the load of a mikeel home.The net load

represented by the dtted lines, is the total load less the hourly PV generation.
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10.2 Site energy savings

Energy savings of up to 73% in residential buildings can be achieved by switching from natural gas to
electric home appliancg as building simulation results in this stustyow (Table10-1). In singlefamily

homes, electric air source heat pumps (ASHPSs) achieve higher annual site energy savings than the other
home appliancesLowrise multifamily homes feature much lower annual site energy savings from
switching to ASHPs due to the smaller space per home. Space heating demand has a significant influence
on annual site energy savings by ASHPs. Colder climates result in about two tgeesferual energy

savings in Northern California (San Francisco, San Jose and Sacramento) than in Southern California (Los
Angeles and Riverside). Retrofit homes achieve higher energy savings using ASHPs because they are less

insulated and thus have highspace heating and cooling demand than new construction.

Heat pump water heaters (HPWHSs) are the biggest contributor to energy savings ifiamilltihomes.
Compared to space heating and cooling, water heating demand depends more on the number of sesident
than on the area of the home. Our results show similar site energy savings from switching to HPWHs
across home types and vintages. Energy savings achieved by an electric appliance is evaluated by
comparing it to the energy consumption of an alternativas @ppliance. Benchmarking with a higher
efficiency gas alternative would lower the energy savings achieved by the same electric appliance. New
construction homes are more likely to consider newer models of home appliances with higher efficiencies,
as compred with retrofit homes. In this study, gas tankless water heaters (81% average efficiency) are
chosen for mixeduel new construction homes (single family and {ose multifamily) vs. loweefficiency

gas storage water heaters (63% average efficienoy)rdtrofit homes. As a result, HPWHSs in new

construction homes show about half of the energy savings achieved in retrofit homes.
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Tablel0-1 Annual site energy savings (%) from electrifying a home appliance or an entire home of new construction

Single Family Lowrise Multifamily

All-electric Home 70-73% 61-64%
HVAC 32-49% 14-27%
Water Heatng 15-24% 27-36%
Clothes Dryng 4-7% 2-3%
Cookng 5-7% 7-9%

Electrifying cooking and clothes drying, even with induction stoves and heat pump clothes dryers in single
family homes, shows lower annual site energy savings, because there is not as great of an efficiency
advantage with these products as compared tdtisty from gas water heaters and furnaces to heat pump
technology. Prioritizing the electrification of space heating arader heating could achieve 90% of the

energy savings benefit of an-alectric home.

Significant energy savings are achieveatghelectrification of end uses across all building types, vintages

and climate zone<lectrifying all end uses in new construction reduces the annual site energy consumption

by 3650% Tablel0-2). The energy savings is much higher in winter than summer. This is because ASHPs
are 4 to 6times more efficient than gas furnaces in providing space hedtigg / I f A T 2,Ndfiléd I Qa Of
efficiency gains in space cooling compared to common AC units are only about 10%. Energy savings in winter

for an entire home can be up to 60%, but areddictric home may achieve much higher savings on days with

spiking space heating demand thanks to ASIRRsIre10-2). The energy savings may be less significant in

colder climate zones if very cold temperatures occur and electric resistance heating needs to bedyiggere
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but electric resistance baakp heat was never triggered in the climate zones and appliances simulated here.
Higher space heating demand by retrofit homes contributes to higher site energy savingslattaitt

retrofit homes (up to 65%) than in newrstruction Table10-2).

Tablel10-2 Site energy savings (%) for new construction, all electric vs. mixed fuel home.

dngle Family Lowrise Multifamily

Annual 36-50% 34-42%
Summer 25-29% 28-33%
Winter 48-63% 38-51%
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Figurel0-2 Daily site energy consumption of adllectric and mixed fuel new construction single family homes
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