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SUMMARY

We investigate implications of building space heating decarbonization pathways a:ro-.s
the climate-diverse United States. We provide key insights that challenge the eme “.ing
consensus around an “All-Electric” approach, estimating this would require a 70%
minimum increase in nationwide electricity system capacity. New capacity adctio:
would be highly heterogeneous (e.g. fourfold increases in some states) and i..2t.'y
underutilized (66 equivalent full load hours annually). Fossil fuel systemnr reriacement by
electric heat pumps without increasing peak loads can only reduce foss.  uel. to 43% of
heating energy supply (currently 70%). We show that by retaining & su. zet of existing
fossil fuel equipment for use during the coldest weather in dual sourc » systems that also
include heat pumps, the additional heating electrification possible wi.: ut exceeding
current peak loads can reduce fossil fuels to 3.2% of heating en.rg/ supply. Therefore,
strategic use of legacy infrastructure could facilitate a more fle 'ble, cost-effective
transition to low-carbon heating.

INTRODUCTION

Reducing greenhouse gas (GHG) emissions ass )ciute | with heating buildings is an
essential element of a larger energy transition. The »r.nary — and in many cases only —
approach being considered is “All-Electric”: .or verting all existing fossil fuel-based
heating systems that currently prevail! to hiqgi. ~ffiiency electric heat pumps (HPs) and
expanding renewable electricity supply?°. Scting aside the challenges of replacing
systems in tens of millions of existing bu..'incs, the lack of recognition of the difficulty of
eliminating building emissions® hiaklights a articular issue in the current research and
policy consensus: Widespread heau.a electrification has significant implications for
distribution systems that are laryeiy, absent from the many deep decarbonization studies
conducted to date’.

Even where nearly compi< hensive studies have included some distribution system
considerations, they have as< 'med no future changes to electricity delivery pricing® or
that such costs will s_~le with generation and transmission®. Detailed generation and
transmission mode . are >“andard for such studies!, which allow researchers to capture
the benefits of srmoothi g intermittent renewable output over large distances?!?.
However, no sih c*fect is available at the local scale where the All-Electric approach is
likely to only..ncrec=e capacity requirements? and delivery already constitutes 25-50%
of electricitv cu~ts!3, Understanding the load implications of heating electrification is thus
essentia to fu ure system planning and operation'4.

Eve'uat na tri > roles of different generation resources is critical as intermittent

rene - abl.. energy supply (i.e. from wind and solar) increases*®, but capacity and

L, erational requirements will be highly sensitive to a demand-side transition away from
foss. fuel sources and will be largely set by future peak loads. Whereas air-conditioning
drives current peak electricity demands in much of the developed world1® and while



future electricity demand profiles are difficult to project!’, two primary factors can drive
higher heating-induced peak electricity demands. First, winter indoor-outdoor
temperature differentials are generally higher than in the summer: Averaged over/ .ne
continental United States, peak winter temperature differentials are approximately *vice
those of the summer!8. Second, HP coefficient of performance (COP) — the amount ot
heat delivered per unit electricity consumed — reduces as temperature decrea.es.ven
the most advanced cold climate HP prototypes operate with low-temperature =t P less
than half the COP at rated conditions??; despite this, heating electrificat'on tudies
typically use an average COP0:20, Although cooling energy growth is ar. “me.ging
challenge in the developing world?!, properly assessing heating effc <ts ‘s essential
where massive, complex and robust infrastructure systems already € “ist.

The United States provides a useful study area because it he s t.0 general features
consistent with the overall heating electrification challenge: (1, -ser graphical
heterogeneity of space heating energy demands??, existing heating equipment?3, fuel
availability?4, and renewable energy resource potential?®; ana (2) a transition largely
dependent on converting existing systems, with over: '5% of existing commercial
building area?® and over 80% of existing housing 1»=itst- astimated to remain in 2050,
while total building energy demands are expecte 1 tr b¢ stables.

Different pathways to decarbonizing heating wi'" require different energy infrastructure
changes?’, but current understanding of the 1, nlications for such strategies is limited
due to incomplete or unavailable informiition »n existing energy systems?® and high
spatial variability of the underlying driver_ of F2ating demands. Heating fuels??, climate?!
and building stock3°-32 can all be highly dive. 22 across a region. While electricity grid
data is not widely available at high spatial resolution, time-dependent fossil fuel usage is
essentially non-existent. As surn, e timating current temporal heating fuel usage has
remained intractable33 despite eing 2ssential to projecting future electricity demands.

For the study described ii his paper, a methodology was developed to obtain high
fidelity census tract-level esti.»ates of current and potential temperature-dependent
residential and comr: . ~rcial building energy demands using several disparate public
datasets. This repr_zenw*ae first known attempt to quantify the relative capacities of
fossil fuel and elatrici, delivery infrastructure or to compute the load effects of heating
electrification c®all (' S. residential and commercial buildings. Given the cost of building
new electricit 7 inficstructure and the potentially low utilization of new capacity, we also
estimate the k2 penetration possible with current electricity delivery capacity. While
there are sev. ral potential alternatives to All-Electric approaches?4, here we investigate
the use . duz., source systems (DSSs) that maintain existing fossil fuel heating

equ’pm :nt iry 2ddition to new HPs3®, While a future low-emission energy system may
inzlt e sr me amount of residual fossil fuel usage®®, this paper analyzes its role in

i tilitating widespread heating electrification and anticipates that economical use of
axis.ng infrastructure is likely to provide the most flexibility for a range of future
innovations to eliminate GHG emissions from heating.



We compute that an All-Electric heating approach would result in a minimum 70%
aggregate increase in electricity delivery capacity; nearly one-third of the U.S. wo!.id
need to double electricity capacity. This represents a highly expensive propositiar “ith
new capacity used for fewer than 100 annual equivalent full load hours. If one air. s to
replace existing fossil fuel systems with HPs and does not want to exceed the ~ui. nt
peak electricity demands, the computed heating energy provided by fossil tuci= . 2duces
to only 43% (70% currently). Perhaps the most important finding of this stu.y is that if
approximately 60% of existing fossil fuel-based heating capacity is mair. «ane in DSSs
for use only during the coldest weather, 97% of U.S. residential anc co. xmercial space
heating energy can be provided by electricity without exceeding the ¢ irrent peak
electricity demand of any census tract. Therefore, this approach wou.z avoid a very
large increase in highly underutilized electricity capacity for a1 A'-Electric approach that
would replace only the last 3% of fossil fuel-based heating

A central broader conclusion of this study is thus that a transiuon to a low-carbon future
could be most effectively achieved by leveraging the 'istinct advantages of existing
fossil fuel systems to achieve future GHG goals. A-='=dic~ted All-Electric pathway could
also preclude future viable alternatives; for exan le; hydrogen produced from
renewable energy is already emerging as a peten > 2ost-effective alternative fuel¥” and
issues with blending it into existing natural g 1s ©.ip2lines have been identified and
evaluated3®. While analyzing this and other a, ~ro.ches is beyond our scope, we
provide key counterintuitive insights that can et planners and policymakers on a course
that offers more flexibility as decarbonize ‘on. srogresses.

RESULTS AND DISCUSSION

Current Fossil Fuel Delivery ~apar ity is Much Larger than Current Electricity
Delivery Capacity

It is important to first establisi. the effects of much larger potential heating demands
than cooling demanc . and to understand the implications of current system topography
for an energy trane:’an. ~“.e temperature-dependent fossil fuel and electricity demand
models describen in the Experimental Procedures underly the computations described
throughout the' Res.'ts section. An example showing these models applied to a typical
residential bralding is shown in Figure S1.

We first. :omyp 'ted current hourly peak fossil fuel and electricity demands for all 72,198
census tic ots wvith residential or commercial building floor area in the contiguous U.S.
The spr cific hysical infrastructure capacities being unknown, we use the ratio of peak
fess. .uel demand to peak electricity demand as a proxy for scale differences between
u 2 two systems; census tract-level computations are shown in Figure 1. Census tract
'anu trea varies considerably due to population densities; as this is not necessarily



clear in Figure 1, a histogram of census tracts by current fossil fuel to electricity peak
ratio is shown in Figure S2.
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Figure 1 | Census Tract-Level Ratios of Curre 't Pe7 < Fossil Fuel Demand to Current Peak
Electricity Demand. All values are computed at the ~ensus tract level for years 2008-2017. Census
tracts with white fill have no residential o0 ~ommercial building square footage in the source data. Figure
S2 shows a histogram of census tracts hv cu. -ert fossil fuel to electricity peak ratio.

In aggregate, fossil fuel delivery ~ap.city is computed to be 91% greater than electricity
delivery capacity; however the =cale of this ratio is highly geographically
heterogeneous. Much of tri.. Northeast, the Upper Midwest and the Rocky Mountains
have more than four times greater fossil fuel delivery capacity than electricity capacity.
This implies the possi.ility of abandoning large infrastructure systems in an All-Electric
approach without _u: tideiing how such infrastructure might support an energy
transition.

Heating Ele trificction Within Current Electricity Capacity Limits is Restricted

Considc ing tr at existing energy infrastructure systems are robust, complex and highly
reliak'~ for "cir scale and complexity, we must consider what is most likely to achieve
the jo7us »f re duced fossil fuel usage in practice given what is currently in place. As
stich; '2t.Js first consider the potential for an All-Electric approach within existing system
cu straints before evaluating two broad strategies to further expand electrification in the
‘ollowing subsections. We designate this the “Current Peak-Limited” (CPL) scenario and
computed the maximum electric heating possible without exceeding the current peak



electricity demand in all census tracts; this would represent fully replacing existing fos:.l
fuel-based heating systems with HPs in a subset of buildings within each census tract.
The computed CPL heat pump penetrations, HPcpL, shown in Figure 2 represent
maximum values because they can include both conversion of existing fossil fuel-. <.sec
heating and existing electric heating to high-COP HPs.
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Figure 2 | Current Peak-Limited He7.ui._ Ele_drification. Computed maximum penetration of high-COP
heat pumps without exceeding curre t peak zlectricity demands (HPcpL). All values are computed at the
census tract level for years 2008-?01, “er sus tracts with white fill have no residential or commercial
building square footage in the siurce Jata. Figure S4 shows a histogram of census tracts by HPcp,.

Aggregating across.all census tracts, we compute that a maximum 549% of all U.S.
residential and comr.iccial heating can be met by electricity; this is achieved by
replacing 39% of ~wm ' S./esidential and commercial fossil fuel heating with HPs. There
are several facto. © that contribute to the geographical heterogeneity. The largest single
driver of heating elec *rification limitations is low winter temperatures that cause higher
heating den:- nds «.1d lower HP COP. The coldest climates also tend to have lower
current pa'« ercctricity demands because of lower air conditioning penetration. There
are, hov:2ver, 1reas that have both cold winters and warm or hot summers; for example,
areas ~lor. - te Atlantic Coast have higher computed HPcpL than other areas at the
san e l.atide lue to relatively high summer temperatures. This is different than the

e iec. 'n ~alifornia where higher CPL heating electrification is possible because of mild
Ci. nates without extreme minimum or maximum temperatures.



One further differentiating factor is that some cooler areas already have deep
penetration of electric heating (see Figure S17). The clearest example is the Pacific
Northwest with inexpensive hydroelectric supply. Low-COP or electric resistance
heating can set current peak demands, so conversion to high-COP HPs can meke
current electricity delivery capacity available for more fossil fuel heating replacen.2nt.

In combination, these factors result in large areas of the U.S. falling short or 22
heating electrification within the CPL constraint while others can achiev 2 17,0% or near
to it. There are 24 states in all with less than 50% computed aggreyate . ' °cp.. Relevant
computations for these states are summarized in Table S1. 16 of th»se =tates are
unable to reach even one-third electric heating penetration in the CP. scenario; among
these states, the computed fossil fuel heating replacement ranced e 6.3% to 26%.

All-Electric Heating Would Require a Large Buildout of Hi_alv Jnderutilized
Electricity Capacity

Many decarbonization studies and state-level policy :»als envision an All-Electric (AE)
heating approach (i.e. replacing all fossil fuel heati=z wi.> HPs) that would require some
buildout of electricity infrastructure capacity in m :st.of *he U.S. For each census tract,
we computed the anticipated peak electricity demec. 245 100% of residential and
commercial buildings adopted high-COP HF 5. Tne computed ratio of the anticipated
new peak in the AE scenatrio to the current o 2k 7an be considered a proxy for the
increase in electricity delivery capacity 1t acc X'mmodate heating electrification.
Computed electricity peak ratios for all U.3_cnsus tracts are shown in Figure 3; refer to
Figure S1 for the effect of heating e'ectrifica.. 2n on electricity peak at a single-family
residential building level. Each peak -atio represents a minimum because it includes
conversion of both existing fossi 1L !-based heating and existing electric heating to
high-COP HPs.

In general, and as one we 'd expect, the same areas with limited heating electrification
potential under computed cur. 2nt capacity constraints (Figure 2) would require a
significant buildout o =lectricity capacity to accommodate the heating-driven peak
electricity demand . cre«.> s shown in Figure 3. However, the immense scale of the
infrastructure ch2 lenge s clear in this view: Some areas could see new peak electricity
demands more tha, 3 or 4 times their current peaks, implying a vast expansion of
electricity cetacity -We find that 32% of census tracts were computed to have an AE
peak ratio exc. 2ding 2 (representing 44% of nationwide heating), with 15% of census
tracts ex:eeu.1g 3 (22% of total nationwide heating). It is important to note that Figure 3
does not . '=eay show concentration of energy demands. For example, computed Peak
Rat'us 7.n the arder of 1.25-2.0 for densely populated areas of the East Coast could
p~sunic e challenges due to their higher infrastructure costs.



Figure 3 | Census Tract Electricity Peak Ratios in an Ai. ".lect ic Space Heating Scenario.
Computed ratio of peak electricity demand with 100%.iec puimps to current peak electricity demand. All
values are computed at the census tract level for yee s 700€ 2017. Census tracts with white fill have no
residential or commercial building square footage i~ the ~2'..ce data. Figure S6 shows a histogram of
census tracts by All-Electric peak ratio.

High census tract AE peak ratios si:ggest pciential distribution system capacity
expansions whereas aggregate U.> and state-level increases in peak ratio generally
suggest potential investments ii yc2eradon (and perhaps transmission). Figure 4(a)
shows how incremental increa. =s in allowable peak electricity load enable expanded
heating electrification acrogs ‘2e C.5. Note that the x-axis here represents the census
tract peak ratio limit becac ~e nov all census tracts see a peak ratio this high before
achieving full heating electriication; the dashed line shows the increase in U.S.
aggregate peak ratic t the designated peak ratio limit.

Allowing unrestri<ted e.xctricity load growth to achieve full heating electrification in the
AE scenario, w2 cu npute an aggregate AE peak ratio of 1.70. State-level computations
in Table S1 s1ow e heterogeneity of electricity capacity expansion: AE peak ratios
exceed 2 in Z. states and exceed 3 in 10 states; the corresponding capacity upgrades
would be witi.hut precedent. That said, capacity expansions of the scale implied by
these res 'lts 7.re not necessarily problematic if needed to meet new demands.

Hov eve 1, thc economics of such an investment and the effect on customer prices is
lerg. %, de pendent on the infrastructure’s capacity factor (CF), the average capacity

v lization. Continuing to use load computations as proxies for understanding capacity
need's, we computed various load factors (LFs), the ratio of average load to peak load;
aggregate values are shown in Figures 5(b) and 5(c), state-level computations are
shown in Table S1, and census tract computations are shown in Figures S6 and S7.



Figure 4 | Agy ~gate fifects of Pathways to Expanding Heating Electrification. (a) Maximum share
of total hea* "~ enc-ay from electricity and the maximum share of existing fossil fuel heating that can be
replaced v ithin « ach peak ratio limit using an All-Electric approach. Some census tracts achieve full
heating ele trifics don without reaching the designated peak ratio limit; the dashed line shows the
correspu, ding ncrease in U.S. aggregate Peak Ratio. (b) Aggregate total electricity load factor and

aggi 207 € ectricity load factor of only the electricity demands below current census tract peak demands
ir.an » .E'zctric approach. (c) Aggregate electricity load factor of only the electricity demands above

Cu “ent census tract peak demands in an All-Electric approach. (d) The maximum share of total heating
2nery_* from electricity and the maximum share of existing fossil fuel heating energy that can be replaced
by maintaining a given fraction of current fossil fuel heating capacity in DSSs. (e) Aggregate total
electricity load factor when maintaining a given fraction of current fossil fuel heating capacity in DSSs.



The most consequential result for energy decarbonization pathways and the remainde
of this paper is shown in Figure 4(c): The computed 0.75% aggregate LF above currer..
electricity peaks is equivalent to only 66 annual full load hours: The new electricity
infrastructure that would be required to accommodate All-Electric heating woulc b.
highly underutilized. The result of large load increases with low LFs would be. ove -l
electricity LFs less than half the current LFs in many states. If we assume thau 2ic ricity
distribution CF scales similarly to the computed LFs, this implies that averagc 2 ctricity
delivery prices in some states — already the largest part of many custon .er’. bill — could
more than double for all electricity, not only that used for heating.

At the national level, an aggregate 28% total electricity LF was comp.:ted, compared to
a computed current total electricity LF of 42%, as shown in Figure 4. The resulting
decrease in capacity utilization has serious implications for u'liti~.s, particularly
considering it would occur coincident with a vast renewablc e, :rav (RE) supply
expansion and possible large transmission system upgraa. s that may also not be highly
utilized. Further, the least efficient generators are likelv to be vsed to meet these
“peaky” heating-driven loads. Times of both high GHE" emissions and high electricity
prices would thus be likely in the medium term. Oyv2~ the 'onger term, it may be
prohibitively costly to meet such loads with RE a \d..torage; this must be further studied
as decarbonizing the energy system is the primrary ™~ avator for heating electrification.

There is a silver lining: As HP penetration. arc ‘s “ne LF below current peaks shown in
Figure 4(b) increases, resulting in highe' utili. ation of existing electricity capacity. This
motivates an alternative approach to avc. el ctric heating during times that would
otherwise require new capacity.

Limited Fossil Fuel Usage C#n t.>abie Deeper Heating Electrification

One alternative to decarboru-. space heating while managing the implications of 100%
heating electrification is tC maintain existing buildings’ fossil fuel-based heating in a dual
source system (DSS) with ne.* HPs. The motivation for this approach is illustrated in
Figure S1: The elect . ity requirements of a model residential HP would exceed current
peak electricity des..2nd . * iemperatures below -4;C whereas legacy fossil fuel
infrastructure alr>ady p.ovides the needed gas capacity at the lowest temperatures.
Because extre. 2e te mperatures are infrequent, this low temperature operation could
represent a.~lative'y small portion of the aggregate space heating needs. For the
building in.Eigure S1, the total heating energy that would exceed current peak electricity
demand repre 3ents only 1.9% of all computed heating energy; the total heating energy
required L 2lovy -4 C represents 12.6% of all computed heating energy.

W\ w ronsider three options for existing residential and commercial building space

1. ating systems: (1) Remain in place and provide all heating, (2) be fully replaced by
HPs (AE scenario) or (3) remain in place as part of a DSS with HPs, but only operate to
avoid electricity peaks in excess of current peaks. We therefore maintain the earlier



constraint of limiting new peak electricity loads to current peak loads in all census trac's.
We then estimated the maximum reduction in fossil fuel heating without exceeding
current census tract peak loads. Figure 5 shows maps comparing the minimum frz.ctir n
of census tract heating from fossil fuels for the CPL (Figure 5(b)) and DSS (Figure “(c))
scenarios to existing fossil fuel usage for heating (Figure 5(a)).

In most of the country, fossil fuel-based heating can be reduced to less than 2% of all
heating. In aggregate, we compute that 3.2% of all heating is provided !y f.ssil fuels in
the maximum DSS scenario as shown in Figure 4(d); compare this tc 4.70 of all space
heating from fossil fuels in the CPL scenario and 70% of all current'3pc. e heating.
Achieving these levels relies on total U.S. DSS capacity equal to 40% of all heating
capacity (equivalent to maintaining 62% of current fossil fuel heatiny 2 .pacity in DSSSs);
the remaining 60% of heating capacity would be All-Electric.

While there remain some challenging geographical areas, .~e analysis indicates that all
states shown in Table S1 could see very significant increases 'n heating electrification
with DSSs. A particularly striking finding is that, in ne-rly all states, the widespread use
of DSSs could result in an order eight or greater re<:cticn in fossil fuel heating
compared to the base case and an order six or ¢ ‘e7 er reduction compared to the CPL
scenario. Moreover, the widespread use of DSSs . 2t.d actually increase the U.S.
aggregate electricity LF from 42% to 47% a< shown in Figure 4(e). The effects are even
more striking at the state level shown in Tabic S1- Electricity LF increases of 8-19%
were computed in colder states, compal 2d tc the 25-41% decreases in the AE scenario.

It is useful to select a reference paint to con,, are increasing shares of DSS heating
(Figure 4(d)) to an All-Electric patiivv 2V relying on electricity infrastructure capacity
expansion (Figure 4(a)). Achiexing 70% heating electrification in an AE approach results
in a computed U.S. aggregate ,eak ! atio of 1.36 (with individual census tract peak ratios
up to 1.81); this corresponr.s .» a .00 GW increase in noncoincident peak load
nationwide. With DSS, we ~ompuie that this 80% heating electrification can be achieved
without increasing census tract peak electricity loads if 37% of all existing fossil fuel
heating capacity is n -intained as part of a DSS (with 36% existing fossil fuel space
heating capacity b~ 2q rc>’aced by HPs only and 27% remaining unchanged).

The DSS apprcach ould also allow significantly smaller HPs to be used in cold
climates tha«. in a: - AE scenario. We compute that the total HP heating capacity with
DSSs could be 50% of the capacity in the AE scenario by avoiding HP heating when its
capacitv degi. des at low temperatures. The additional 2/3 HP heating capacity would
only be ric2ded infrequently to replace the remaining 3.2% of fossil fuel space heating.
Becaus 2 cur ant electricity peaks are largely driven by air-conditioning, many buildings
may “e a'Jle to deploy DSSs by converting current cooling-only systems to HPs with

1. ating and cooling capability for minimal cost. In addition to the economic implications
for 1 2 heating systems and electricity infrastructure, issues specific to oversized HPs



could be avoided: Cycling effects on maintenance requirements and equipment life,
reduced COP, and increased potential freezing and electricity usage for defrosting.

This sets up an energy planning decision between (a) wholesale heating system
replacement and large investments in new electricity infrastructure capacity and )
maintaining fossil fuel capacity to meet the same ends with only limited fuel usagc: The
latter approach also offers the flexibility to adapt to future advances in technu:2<. ¢, such
as the usage of RE-produced hydrogen in future generations of end-us': er,dinment
(e.g. furnaces and boilers). There may be mutual benefits for fossii fuel ¢ id €.ectricity
infrastructure if long-term storage accompanies the large-scale REapocities in the
electricity system likely needed to achieve deep GHG reductions.



Tqure ., rraction of census tract heating from fossil fuels: (a) “Base” — current fossil fuel heating,
(b) =PL” — minimum fossil fuel heating with an HP-only approach without exceeding current census tract
Jeak electricity demand, and (c) “DSS” — minimum fossil fuel heating achieved by deploying HPs in dual
source heating systems where needed to prevent each census tract peak electricity demand from
exceeding its current peak electricity demand. Figures S8-S10 show corresponding histograms.
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CONCLUSIONS

While the challenge of decarbonizing building heating has been acknowledged, th 2
underlying drivers of critical infrastructure considerations have not previously beer.
analyzed across a wide range of climates and legacy systems. In this paper, we | rovide
key insights that challenge the emerging consensus around an All-Electric apjroac i
that would fully replace existing fossil fuel-based heating systems. To do so, .=
developed a series of models that represent the first known attempt to ¢ ua: ify existing
and potential future temperature-dependent building electricity deniands it h' gh spatial
resolution across the United States.

The existing nationwide heating-driven fossil fuel delivery capacity, v..> ch provides 70%
of all space heating energy, is computed to be 91% greater t"iar (he existing (largely)
cooling-driven electricity delivery capacity. The result of rerlac 1 7.l fossil fuel-based
heating with an All-Electric approach would result in an es. mated minimum 70%
increase in nationwide electricity delivery capacity, with 21 sta.es seeing such capacity
more than double. State-level load factors for only th>se loads above current peaks
range from 0.1-2.3%, implying that such a proposi*=1 ccld be prohibitively expensive
with the need for new underutilized electricity infi as*.uc‘ure, including distribution,
generation and/or storage, and likely transmissior.

We modeled two options that avoid such 1ine. anemical investments: (1) A “current
peak-limited” (CPL) scenario computina the i-aximum heat pump penetration without
exceeding each census tract’s current pe 2k e ectricity demand, and (2) maintaining
some amount of existing fossil fuel-9ased he 2ting with new HPs in dual source systems
(DSSs). For the CPL scenario, we c.mpute a maximum possible electric HP penetration
of 54%, reducing the total amor.nt « € space heating energy from fossil fuels to 43%. This
national figure hides significan. n1eog aphic heterogeneity; for example, fossil fuels
would continue to provide r.iu. 2 thian 60% of space heating in 18 states.

This paper identifies a potenully powerful alternative pathway: Strategic deployment of
DSSs can reduce th:. amount of heating provided by fossil fuels to 3.2% with no new
electricity infrastru<'re ¢ acity, let alone the highly underutilized large capacities
necessary for ar. All-Eicstric pathway. Most cold-climate states are found capable of
achieving an c."er .>e or greater reduction in space heating fossil fuel usage compared
to using only* HPs nder the CPL constraint. This can all be achieved with a computed
total HP heatn.» capacity 60% of that needed in an All-Electric scenario, while also
providinc res..ence and grid flexibility.

The me st sig. ificant general finding of this study is thus that existing fossil fuel

infra.> ruc’ure should be leveraged, rather than ignored, in a transition to a low-carbon
v 2ergy system. However, if the DSS approach is to be a part of this transition, it must
Ye n.sorporated into energy planning now: The challenges identified here are likely to
manifest later and abandoning existing fossil fuel infrastructure may preclude flexible

! *$



adaptation to future technology and system advances (e.g. incorporation of renewable
energy-produced hydrogen or biofuels into current fossil fuel-only systems).

We have not analyzed potential gains through building thermal efficiency meast:re »
thermal energy storage or ground-source heat pumps (GSHPSs); we do not suage °t that
those approaches might not be important. There are also regional and local in ouc: .ions
for electricity, gas and liquid fuel distribution and supply chains that warrant «.'?ional
analysis to inform planning strategies. Future research will include regic n-specific
analyses, evaluation of GSHPs where possible, assessment of a gas.in. 1strr.cture
transition, and development of optimal and grid-responsive DSS cctrc algorithms. The
methods developed here can also support future decarbonization stu lies by other
researchers, system operators and energy planners.

EXPERIMENTAL PROCEDURES

This study uses an approach that synthesizes several publicly available data sets to
develop new models for temperature-dependent resi>=ntial and commercial building
electricity and fuel usage to estimate current elect~~tv . 2ak demands and project future
peak demands and load profiles under different | e2.in¢ electrification pathways at the
census tract level for the contiguous United States. Ths section provides sufficient
details to reproduce our model and calculati ins; the Supplemental Experimental
Procedures (SEP) includes correspondina su. serdons with additional detail on
computations underlying the results precente ! above and in the Supplemental
Information, as well as justification for mc el ~.ssumptions.

Census Tract Temperature Time _>ries

The underlying model for temp ratur :-dependent energy demands used data for 2010,
the most recent year for wk.c,ali rieeded data is available. To capture year-to-year
variations, weather data3“ or years 2008-2017 was used for analyses of the three
heating electrification scenari.s; the SEP describes our procedure for filling data gaps.

Building Stock C*..rac. > ization

Building floor &:=a, .* -, for each building class (residential and commercial), ¢, and
census tract. 1, wa. determined using the U.S. Federal Emergency Management
Agency (FEM, ) Hazus General Building Stock (GBS) database*°. While most of
Hazus’s occu, ancy classes track closely to building classes, the authors classified
assignea uilz.ing classes to some smaller occupancy classes as described in the SEP.
Esti‘'naf s o1 .ne number of households using heating fuels that aligned with energy
ucay - da’a described below were based on the U.S. Census 2010 American

L Ymmunity Survey data*!: Electricity (Figure S17); “utility gas” was assumed to be
natu.al gas (Figure S18); “fuel oil, kerosene, etc.” was assumed to be all fuel oils and
kerosene (Figure S19); “bottled, tank or LP gas” was assumed to be propane (Figure

! *U%



S20); and “coal or coke,” and “other fuel” were all grouped as “other fuels” (Figure S27).
It was assumed that the fraction of residential, prr currentres,i, and commercial,
PFE.current.com,i, floor area using fossil fuels was equivalent to the fraction of househeids in
each census tract using fossil fuels (Figures S22 and S23, respectively); the same
approach was used for the fraction of residential, pelec,currentres,i, and commercial,

Pelec current,com,i, floor area using electricity for heating.

Current Temperature-Dependent Electricity Usage Model

The model estimate for temperature-dependent electricity usage, ', g “2r each building
class and census tract at each time step, t, is defined by the temnera ire-independent
electricity usage per unit floor area, ' #{(& , for each building class tor ¢ ach state, s; the
increasing-temperature-dependent electricity usage per unit’ oc. aea for each building
class for each state, ' i, the fraction of building class floor are. \wiin air-conditioning in
each census tract, , . gg; the decreasing-temperature-depe dent electricity usage per
unit floor area for each building class for each state, ' ’r.$; , 01042330+ %9 the reference
temperature for each building class, 45954; and the te. ‘nerature for each census tract at
each time step, 4og:

" #)*(& 1 . . : v/, . +_
Muom 6 TuaB i@ 9, webig dom; doie< 9., 0102330896 4g  dosy ) Dog< =

A30550( IS assumed to be 18.3;C based (n cc mmon practice*?; 43y54> is assumed to be
16.7;C based on a recent study*3. ' f an''/,, are selected for each state and building
class to minimize the residual sur.> of square. with respect to the actual 2010 state
monthly electricity usage for each bu'ding class**.

Current Temperature-Depenc »nt F ossil Fuel Usage Model

In addition to previously ac “ned variables, the model estimate for temperature-
dependent fossil fuel usage fo. each building class, census tract and time step, Zugg, iS
defined by the tempei ture-independent fuel usage per unit floor area, @*(& , for each
building class anc sw *e; uie decreasing-temperature-dependent fuel usage per unit
floor area for-eac. builaing class and state, @:

* +
Z30(9% 6 73096 Aag2330%e80(98@Y§ 9 @(g: dsosgo( i Dog< =

* + +
P> om 6 7o g4 ansoazoesy> 98@L G 9 @ 5 dm; dioseys §< 9 @ gl dsosw)  dogs< =

A ter,.to capture some increasing-temperature dependence observed for commercial
bu'dings was included with the increasing-temperature-dependent electricity usage per
Jnit noor area for each state, @, and the increasing-temperature-dependent
commercial building reference temperature, 43p54> ¢, included as decision variables.

! *&



@, @- § and 435545 ¢ are selected for each state and building class to minimize the
residual sum of squares with respect to each state and building class’s 2010 monthlv
fossil fuel usage. Because fuel oil and propane are delivered in bulk and stored o! sitz
while natural gas usage is based on actual monthly values, annual fuel oil and k=1 <en..
usage*® and annual propane usage*® were used and assumed to scale with

monthly natural gas usage*’-®.

Heating Electrification Models

The electricity demand for HPs for each building class in each cens 's v 2ct at each time

step, ! EEE, for a given HP penetration, , cpge,6 FGH J, is given by

+

! vom -+ cD%95 6, cowed #96 LMI%DL' -E —

where Ky, 6 QP Qis the assumed fossil fuel heting efficiency*® and LMN.pB4Eis
the HP’s coefficient of performance, given by®°:

1S - T UMY
LMN.pBIE6 RBBWWA/9 UMWY (& UMD X 4 X VWO
QD/ZU4 T UF W8 4 VO
9
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Overview

A model was developed for temperature-dependent residential and commercial L ilding
electricity and fuel usage to estimate current electricity peak loads and projeci>a i ure
peak loads under different heating electrification pathways at the census trac.'= el for
the United States. In this paper, OUnited StatesO is used to describe th2 cuntiguous 48
states and the District of Columbia, for conciseness. After initial model .7 velr pment,
unique characteristics of Alaska and Hawaii led to intractable solutic ns >nd concerns of
source data reliability; as such, these two states are excluded. There are 72,198 census
tracts with residential or commercial building area in the U.S. (as su &+ iined). While the
model developed for this study is unique, initial approach forrul-.tien was informed by
Gurney et al'. The underlying model for temperature-deper.de f er ergy demands used
data for 2010, the most recent year for which all needed a. *a is available. To capture
year-to-year variations, weather data for years 2008-2017 wac. used for analyses of the
three heating electrification scenarios. This model w¢* then used to evaluate residential
and commercial building space heating electrificat’== sc »narios involving high-
coefficient of performance (COP) heat pumps (H °s* renlacing current fossil fuel-based
space heating, low-COP HPs and electric resistar .~ Y.eating.

All analyses were performed using the RStua. 22 i.cerface for the computing software R3.
Al plots were created using R package Jggp 2t2DAll map figures were created using
QGIS®. Census tract geographical data v. s f.om 2010 TIGER/Line shapefiles®.

Census Tract Temperature Time Se.*. es

For each census tract, i, a 200 -201" hourly time series was developed for
temperature, Tit, at each hou 2 time step, t. The basis for Tit is the National Centers for
Environmental Informatioi. ‘NCE.) of the U.S. National Oceanic and Atmospheric
Administration (NOAA) Integi. ted Surface Dataset’ (ISD). ISD data was accessed using
the R package Orno . The ISD is particularly useful because it aggregates data from
more than 100 dat=. sets ~id is provided after the use of automated quality control
software. Outlier= were ‘urther removed by the authors through inspection. Each census
tract was assig ea e temperature of the nearest ISD site for each hour. A spline fit
was then us<d to .'"! data gaps of four hours or less. The next closest ISD site was then
used followea .\ a new spline fit for data gaps of four hours or less. This process was
repeatec for v e next nearest ISD sites until all census tracts had a full 2008-2017
temperai e ti.ne series. After the first (i.e. nearest site) iteration, 49.8% of census tracts
had cor ipletc data for all 87,672 hours in the time period; 23.3% of total tract-hours
warc‘nce nplete where one OtracthourO is one of the 87,672 hourly data points at one of
u 2 72,198 census tracts. Subsequent iterations resulted in 75.4% complete census
‘rac. (1.3% incomplete tract-hours), 97.9% complete census tracts (0.07% incomplete



tract-hours), 99.6% complete census tracts (<0.01% incomplete tract-hours), and final'y,
100% of census tract time series complete at the fifth iteration.

Building Stock Characterization

To determine building floor area, Ac,, for each building class (i.e. residential, conue rcial
and industrial), c, for each census tract, i, we used the U.S. Federal Emerae:.2\
Management Agency (FEMA) Hazus General Building Stock (GBS) dat abr se®, which
contains Year 2010 census tract-level floor area for 33 occupancy class s; h.re we
ignore the Oindustial® occupancy classes While most of HazusOs ¢ scurancy classes
track closely to the larger building classes, the authors exercised sor. e judgement
based on typical classification for the energy usage data discussea 2 dw; these select
occupancy classes are generally quite small compared to tot'd fl,or area of the larger
classes of which they are a part. HazusOs OTemporary Lcdg. a (+.otel/Motel),O
Olnstittional Dormitories (Group Housing/Jails),0 and ONw :sing HomesO are residential
sub-classes, but were classified under commercial for. this stucy. HazusOs OConstruction
(Offices)O is an industrial sukclass, but was classifie® under commercial for this study.
Some Hazus occupancy classes are not nested u=2'=r i sidential, commercial or
industrial. We included HazusOs OAgriculture®c 1p7.nc class in the industrial building
class. The following were classified as commercia. 2= this study: OChurch/NorProfitO
religious structures, government OGeneral € ery'ices (Office)O and OEmergency Response
(Police/Fire/EOC),0 ad educational OGrade ( ~hrolsO and OColleges/Universities.O
Because of the vast array of industrial e ierg, uses and this studyOs focus on building
space heating, industrial floor area was « ‘clu.ed from the analysis; in the main text of
this paper and in the rest of this Methods se.tion, building classes refer only to
residential and commercial.

Estimates of the number of hou :eho’ ds using each of the following heating fuels are
available from the U.S. Cer.su.~ Buieau through statistical analysis of 2010 American
Community Survey datal¢. 'Jtility gas; bottled, tank or LP gas; electricity; fuel oil,
kerosene, etc.; coal or coke; \:00d; solar energy; other fuel; and no fuel used. For the
purposes of this stuc , - Outility gasO was assumed to be natal gas and Obottled, tank or
LP gasO was assi:2d w-se propane. It was assumed that census tract residential floor
area correspond* g to «ach heating fuel scaled linearly with the fraction of households
in each censuc frac.. Based on computations in initial model development, it was the
authorsO judjement thathe model significantly overestimated fuel oil, kerosene and
propane vsage Vis-" -vis natural gas usage; as such, residential floor area using natural
gas (Fiaure ' 8), fuel oil or kerosene (Figure S19) and propane (Figure S20) were used
to detern..2e t'ie fraction of residential floor area in each census tract using fossil fuels
for Fea’r.nq, L.~ currentres,i (Figure S22). This fraction of floor area using natural gas, fuel
o' 6. ror ane was also assumed to apply to commercial building floor area; however, it
v. 2s also assumed that commercial buildings used fossil fuels in place of wood, solar
2ne:_y and other fuels (Figure S21) to determine the corresponding fraction of
commercial floor area in each census tract using fossil fuels for heating, prr,current,com,i



(Figure S23). It was assumed that the fraction of commercial floor area in each censur
tract using electricity for heating, pelec,current,.com,i, was equal to the fraction of residential
floor area in each census tract using electricity for heating, peleccurrentres,i (Figure S'.7)
The underlying data does not differentiate between households with electric res’sw “«ce
heating and those with electric HPs.

Current Temperature -Dependent Electricity Usage Model

The model estimate for temperature-dependent electricity usage, ! 4=, 17 e2:h building
class, c, in each census tract, i, at each time step, t, is defined by tt 2 te mperature-
independent electricity usage per unit floor area, ' #{(& , for each. builcng class for each
state, s; the increasing-temperature-dependent electricity usac~.ner w..it floor area for
each building class for each state, ' i ; the fraction of buildin¢ cl-ss floor area with air-
conditioning in each census tract, , . gg; the decreasing-te npc :2t*.re-dependent
electricity usage per unit floor area for each building class .- each state, ' 44; the
fraction of building class floor area in each census tra:t using electricity for heating,

, 010423306896 the reference temperature for each bui 'ing class, 4305¢; and the
temperature for each census tract at each time stzp. log:

4

" * ' . . A ' . . +_
luog 6 TusB H© 9, . wovig b oo < €, 010m23300aw0b g daose | o< =
(S1)

Note that the O+O outside the parentheses .»dicates the value of the term is zero if the
value inside the parentheses is neg.tive. In Eq. S1, the decreasing-temperature
dependence is weighted by the iracior of building class floor area using electricity for
heating; this approach will not . eces .arily capture temperature-dependent pump and
fan electricity usage for sor ¢ “eaug systems, which is uncertain in the underlying
data. The reference tempc ‘ature ior residential buildings is 459550 6 >?@B and based
on common practice!l. The re’arence temperature for actual commercial buildings
varies significantly d..>ending on the type of building and many other factors, but a
value of 4505¢yc 6 YBE "vas used based on the average found in a recent study of
commercial huil¢’ \g baiunce point temperatures*?.

The fraction:f cori mercial floor area with air-conditioning in each census tract, , . g g
was assu=2d o be 1 for all census tracts due to the lack of an adequate reference data
source.RResia ntial air-conditioning penetration was estimated based on a curve fit of
householu = with air-conditioning in select metropolitan areas?!? versus cooling degree
day Orormals? with a §% (18.3;C) basis, CDD65, for the same metropolitan areas!4.

T e, »siung curve fit equation was then used to compute the fraction of residential
ficar area with air-conditioning in each census tract, , . go(g, Pased on the CDDG65; for
2ach census tract:
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where b =1.17796 x 103 and n = 1.1243

Eqg. S1 decision variables, ' ;5 and ' 435, are selected for each state and buildira cioss so

as to minimize the residual sum of squares, NO@\ o4, With respect to the actual swute

monthly electricity usage for each building class in 2010, ! gi;@RSR, as c'.ioineu .rom

publicly available retail sales data of the U.S. Energy Information Admii is*;ati»n (EIA)®®:

Xl Q

CH&IRSR v,

NOQuogg 6 T Ugga ot T T Iuggs
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(S3)
where Z V[\] “AD_represent the months of 2010 in .»e 2008-2017 data set

The estimated current peak electricity demand for eac > census tract, * gageo@e thus

becomes the maximum of the estimated current riec ricity demand, summed across all
building area for each building class:

#2330%e9:0 C ;'3 T Vieg

#
(S4)

Current Temperature -Depends...Fox .1 Fuel Usage Model

The model estimate for tem;2rawc z-dependent fossil fuel usage, f'ug, for each building
class, c, in each census ti- ct, I, ¢t each time step, t, is defined by the temperature-
independent fuel usage per it floor area, g;@*(& , for each building class for each state,
s; the decreasing-ter aerature-dependent fuel usage per unit floor area for each
building class for each s at2, g;{$; the fraction of building class floor area in each census
tract using fossil.f 1els i >r heating, , hn¢2330+0 995 the reference temperature for each
building class,*-yss and the temperature for each census tract at each time step, 4og:

' * +
f'30(98.6 7 30(96 hh #2330°280(98B0 & 9 Hocs: dsosmo( i o< =
(S5)
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Although fossil fuels are primarily used for space heating, hot water and cooking, som:
increasing-temperature dependence was observed for commercial buildings in the
source data; therefore, a term to capture this effect was included for commercial
buildings only (Eq. S6) with the increasing-temperature-dependent electricity usag > per
unit floor area for each state, gjc ¢, and the increasing-temperature-dependent
commercial building reference temperature, 43ps5¢c g, included as decision va.‘auiis.

Egs. 5 and 6 decision variables (g;{$, Gjc ¢ and 43"05&)0 ¢) » are selected ror'cach state

and building class so as to minimize the residual sum of squares, NC 2, ¢ ..\ ith respect

to the monthly state fossil fuel usage for each building class in 2010, f g

Xl <
NOQgg 6 T Uuge 3 T T flg\n
CcYQJ %/( &/C

(S7)

Because fuel oil and propane are delivered in bulk anc stored on site, sometimes for a
full season or multiple years, while natural gas usage is based on actual monthly

values, the total fossil fuel usage was assumed t. «cal : by month with the natural gas
®@RSR

usage. As such, the monthly fuel usage for eact puilding class in each state, fgc™, is
computed from EIA data for monthly natural ¢ *s 1"5agel®l/, fij@ﬁ;?gsm, annual fuel oil

GHEDRSR GHERRSR,
and kerosene usage’s, f;"g¢ , and 21nua nropane usage®®, f gay

CH#HEMRSR Xl
GRSR IEEES GHERRSR GH#ERRSR GPHERRSRK
fuge 6 — f(p#y‘_""L‘T ofi sgx P9 fraeg 9 fmgymeg W
CYQl'ij &% &£ SYQJ
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Heating Electrification Mou »!s

We made several sit., ifying assumptions in developing our heating electrification
models: (1) The buuding «.ermal response to temperature to be the same for regardless
of heating fu~l ty, 2. (2) A single existing heating system efficiency, q,, 6 r @?, was
assumed large.»ba.~d on the authorsO judgmentind the performance of traditional
heating syst~ms a1 corresponds to average early-19900s era equipment as
document=- fo. the Lawrence Berkeley National Laboratory (LBNL) Home Energy
Saver t2)l?% w th some reduction for part-load operation effects. (3) As the heating
electrifica.. »»‘computations in this study envision a medium-term transition that begins
imn ed’ately, ¢ particularly high-performing, currently commercially available HP

si stv n?Lwas assumed rather than vintage equipment or higher performing systems
tr. >t may become available in the future. The temperature-dependent coefficient of
Jertfu.mance, st° |, GlL, was computed by the following, which includes technology
limits that necessitate electric resistance heating below -24.8;C:



>6 4y \z@
st wCGL6 wW@zz49\@z2\% \z@{ 4{ z@
r@gD\49\@AA8 4| z@
L))

The electricity demand for HPs only for each building class in each census 2o at each

time step, ! S%L, for a given HP penetration, , ,, 3,6 [r>_, IS given by:

+
LG, 6 80fg - 4a05% ; 4om< =Unn
T HOR C 0 uv %950 , uy &WZ#% st N @-oml_

(S10)

To compute the projected new census tract-level tempera' 're-aependent electricity
demand for each building class it is necessary to know how 1. :ich existing electric
heating and how much existing fossil fuel heating is h 2ing replaced. As this study is
primarily interested in assessing the maximum possibic heating electrification, for
computation purposes it was assumed that new "1P<s will Tirst replace existing electric
resistance and low-efficiency HPs; this will be the " onr tion to achieve maximum HP
penetration in capacity-constrained census t'act.. This does not necessarily mean that
such a sequence would be necessary in prac*'ce for all census tracts, but for
methodological consistency, the electric’.y u mand, ! 44, for a given building class HP
penetration, , ., ¢g, IS COMputed by:

* ' . + ' . . +
D uomGuv #9h-6 Tued  H® 9 1 gl ds dom: dsose< 9 . or0m2330%aw96 b aoss s ogs

. . ol . +
9 1, 010023305 s s uv #95  #g-% 3058 5 deg<
S . *_
9 . et A30sg s o< =COhn
v Gl B N °
. ° St Ly dog<

(S11)

Census tracte he ‘e sume mix of residential and commercial building area. To simplify
most analysc * presented in this paper, we considered the same HP penetration in both
building ria_zes "1 computing the peak electricity demand, "o, for a given HP
penetra.n, , , , g

\%1 uv:B/o<6 C%e L #WGUV$f$'I7‘
#
(S12)



We also compute the electricity load factor, €f o, the load factor below current peaks,

{=2f0/f,F oD L and the load factor above current peaks, €f(yf,PF)'° ", for each census tract. |

from the electricity demand and peak loads computed as above, and using the nu nbzr
of hours in the 10-year analysis period, nns=87,672:

€. 6 Nug! vom
T fa %
(S13)
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& f, 3 - #2330
(S14)
ef RO L NugCdeXB ¥ 4og; 420 0ase -
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This study is particularly interested in the heating ele ctrification potential without
requiring new electricity infrastructure. As such, ti - cu rent peak-limited (CPL) HP
penetration, , ,, @ g Was computed from th/. for.owing:

s uv @ 960 Z%(SDL X obBL{ 40330096
(S16)

The remaining fossil fuel usage fo. . =ating is also of interest as some portion of current
heating is provided by non-foss’i w2l sudrces (i.e. electricity or other sources, such as
wood). Without a DSS, the cor. nutat on of the portion of heating provided by fossil fuels,
» hh) HEe IS fairly straightfriviaru dssuming, as above, that high-COP HPs first replace
existing electric resistancc heatii.g and low-COP HPs, followed by fossil fuel-based
heating and, finally, other hec."'\ng sources:

r

, 6 cde e .. .
nh SR » hh $#2330*&%Pe - uv $o0 0]0#&2330*&$&$/o<

(S17)

The computau n for fossil fuel usage for heating is more complex when considering
DSSs as foss ' fuels are only used for heating that cannot be met by HPs. The heating
providea Vv th 2 DSS fossil fuel component for each census tract at each time step,
Zua g S the 'esser of (a) the avoided heating by HPs that would have exceeded the
curre 4 prak electricity demand and (b) the heating that could be provided by existing
1L sl fuel-based systems in the absence of an HP or DSS:
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The portion of heating provided by fossil fuels with DSSs, , h gieg thus secomes a
straightforward computation based on the earlier assumption that t':e tt 2r.nal behavior
of buildings without fossil fuel heating is the same as those with fossi “ter..cating:

ngZ HEER
N gOhn 7 soflls: 2058 5 dom

» hh $-|GE%6

(S19)



SUPPLEMENTAL DATA ITEMS

Table S1 | Summary of State -Level Computations 2

Baseb | AEC % of All Heating by Fossil - .
State FE-Elec | Elec. | CPL Fuels Electricity Load Factor (%) Fo_, Fual' oad Factor (%)
Peak | Peak | (%) f g con | age | cpLe |psse| Baser | AE° | AE° | cple | pseryisaies | age | opLo |Dsse
Ratio | Ratio Total’ | Newsd [
VT 398 (392|179 ] 831 0 69.6 | 13.8 47.2 177 | 1.7 | 452 | (13 20l 45 | 226 | 81
ME 382 |3.62| 204 ] 859 0 704 | 84 42.7 174 | 1.1 | 434 | 50.0 ¢ 26.7 49 1228 | 7.0
MA 454 [3.84| 21.3 | 847 0 741 | 9.1 42.0 165 | 1.1 _ﬂ“#@)A 24.4 50 | 220 | 7.1
WY 275 1325|214 ] 726 0 69.9 | 9.9 55.0 205 | 14 | 475 037 ] 244 22 | 236 | 5.2
MT 296 340 ] 224 ] 734 0 68.1 | 8.3 45.6 178 1713 | .29 | 574 ) 235 08 | 219 | 34
CO 314 |330| 226 | 80.1 0 71.8 | 7.8 42.8 180 LO.Q 419 | 571 ) 221 1.2 | 200 | 8.2
MN 302 |313| 231 ] 815 0 714 | 9.6 46.5 ‘0.7 15 | 456 | 615 ]| 26.0 38 | 232 | 65
NH 359 [319]| 248 ] 86.0 0 68.7 | 9.1 472 .51 13 | 46.7 | 626 | 248 33 | 205 | 56
MI 353 |310]| 26.1 ] 893 0 70.2 | 5.1 405 - 18./ | 0.7 | 41.3 | 565 | 25.0 44 | 206 | 5.6
NM 340 |3.04| 265 ] 80.0 0 65.9 | 6.3 | ~>"‘.:._+¢9.9 06 | 484 [59.1]| 197 48 | 171 | 5.9
WI 277 1289 26.7 ] 820 0 67.8 | 54 413 198 | 09 | 40.9 | 554 ] 24.9 23 [ 210 | 3.8
ND 196 | 273 | 275 | 623 0 60.2 7.3 cG. 223 | 16 | 438 | 581 ] 255 21 | 248 | 48
IA 275 |280] 288 ] 814 0 68.2 L’%.O 2.7 185 | 04 | 38.6 | 51.1 ] 233 41 | 20.2 | 48
IL 317 292 | 289 | 858 0 9.4 20 37.3 170 | 03 | 36.6 | 49.2 ]| 235 5.2 | 20.0 | 57
SD 205 1248 30.7 ] 721 cl ey 31 48.9 229 | 06 | 442 | 559 | 247 31 | 225 | 40
RI 472 1240| 315 | 90.0 0 56.9 | 10.0 44.5 28.0 | 23 | 486 | 63.8] 23.0 33 | 179 | 55
NY 403 [250| 342 | 8393 C 62.1 | 10.5 46.5 259 | 20 | 495 | 61.7 ) 26.7 80 | 214 |103
NE 210 |233| 356 ) 73.0 0 60.8 | 0.9 42.4 21.0 | 01 | 39.3 | 488 | 25.2 6.3 | 21.8 | 6.6
CT 371 1216 | 39.0 ¢ &3 0 59.0 | 49 43.9 275 | 1.2 | 459 | 581} 247 55 191 | 6.7
OH 251 |238| 303 L 770 0 573 | 1.0 37.6 193 | 0.2 | 36.1 | 456 )] 213 28 164 | 3.0
IN 215 228 41.. 73.7 0 55.1 | 0.5 35.7 183 | 0.1 | 333 | 41.7] 20.3 21 | 157 | 2.2
uT 2.92 e \_‘6.2 ( 88.4 0 519 | 39 46.6 301 | 0.9 | 493 | 58.1] 26.0 58 | 176 | 6.7
PA 2.84_"\.9 ; 4,6 | 76.6 0 48.1 | 3.8 43.8 275 | 09 | 441 | 531] 235 41 | 163 | 51
ID 172 175 496 | 60.2 0 40.7 | 11 40.7 225 | 03 | 356 | 43.7 ] 223 1.0 | 154 | 14
NJ ) 327 W& 53.8 | 89.1 0 454 | 1.7 41.5 334 | 0.6 | 459 | 533 ] 251 72 1163 | 75
e ) 200 7181 | 552 | 79.2 0 42.7 | 0.1 37.2 23.8 | 0.0 | 38.0 | 431 ] 196 29 119 | 29
( NV .62 |153| 559 ] 714 0 39.1 | 3.6 40.0 289 | 09 | 395 | 43.7] 235 6.2 | 157 | 7.0

H#
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Baseb | AEC % of All Heating by Fossil

— ) . A
State FE-Elec | Elec. | CPLd Fuels Electricity Load Factor (%) Fossil Fuel Lr*a(_F;tor (¥0)
0,
Peak | Peak| (%) | oocon | age | cpro |psse| Baser | AE° | AE° | cpre |psse| Baser.| 2= cpLs | Dsse
Ratio |Ratio Totalf | News?

DC 206 144 56.0 65.1 425 | 1.7 56.1 444 | 0.6 | 58,5 | 63.8 ?ﬁ_t—b_ 196 | 95

WA 134 | 153 | 58.8 | 42.6

31.2 | 1.8 | 491 [ 336 [ 0.7 | 446 51.0T 20 |22 [189] 31

MD 1.91 1.37 | 65.3 60.4 33.0 | 0.8 45.3 36.6 | 0.4 | 45.7 | 50.z | 2., 58 | 150 | 6.1

DE 1.97 1.31] 69.1 68.8

29.7 | 0.3 45.8 388 | 0.2 | 470 | .07 2,8 6.6 | 140 | 6.7

KY 1.29 146 | 711 51.4 225 | 0.1 35.7 248 | 00 [ 3231362, 17.2 1.7 8.5 1.7

MO 1.61 140 ] 71.8 65.5 244 | 0.1 38.8 294 | 0.0 _i?ﬂl»dh.o 20.3 45 1104 | 45

OK 1.82 141 722 66.7 252 | 0.1 38.5 29.1 | 0.0 | 385 410 17.2 4.5 9.3 4.5

TN 124 |127| 742 | 420 213 | 0.2 41.3 340 1101 | 407 | 434 ] 191 47 | 12.0 | 4.8

AR 1.47 1.34 | 79.1 54.3 171 | 0.1 40.9 314 L").O 40.3 | 422 ] 225 94 | 135 | 94

OR 1.12 1.29 | 79.7 ] 456 139 | 0.3 38.6 0.7 G2 1363 |389] 225 0.9 7.5 1.1

WV 1.34 |1.18] 829 55.6 13.1 | 0.2 35.5 29 1701 | 324 | 342 | 22.7 5.7 9.7 5.7

NC 1.11 1.14 | 834 ] 435

144 | 0.2 423 1281 | 02 | 420 | 435 16.9 1.9 6.9 2.0

AZ 084 |1.09)| 84.0 ] 46.2 114 | 1.4 " <24 1384 | 09 | 411 |417] 188 8.7 | 11.2 | 9.0

VA 124 [115| 845 ] 494 13.0 | 0.1 40 5 36.0 | 0.1 | 39.7 |41.2] 20.3 4.3 8.5 4.3

CA 168 |1.11] 855 72.3 121 13 53.3 376 | 1.0 | 41.0 | 418 ] 241 10.8 | 13.0 | 11.0

X 1.21 1.09| 87.9 ] 46.2 J"’_L’)é 425 41.7 | 0.1 | 448 | 455 183 89 | 112 | 89

GA 1.27 1.07] 914 54.2

7.9 " 0o 40.7 380 | 0.0 | 399 |405]) 17.2 4.7 6.5 4.7

FL 0.21 1.05] 925 9.8 7 0.2 49.0 455 | 0.1 | 475 | 476 284 | 242 | 258 | 24.3

MS 1.16 | 1.03] 94.9 51.8 4.3 0.0 44.4 421 | 0.0 | 43.2 | 435 ] 187 7.0 7.9 7.0

SC 0.76 |1.02| 97.8 3'3 1.8 0.0 41.4 395 | 0.0 | 399 |40.1 ] 181 5.6 6.3 5.6

AL 0.87 1.00 | 995 ) 42.° 0.4 0.0 39.7 367 | 0.0 | 368 | 369 ] 17.8 6.1 6.2 6.1

LA 0.97 1.00 | 99.7( 43

OOOC‘J’\‘OOOOOOOOOOOOOOOOO

. 0.2 0.0 48.9 473 | 0.0 | 474 | 474 ] 187 9.7 9.8 9.7
U.S. 191 1.70 | 5.7, 69.0 | 42.7 | 3.2 42.3 284 | 0.1 | 418 | 471 | 227 56 | 16.1 | 64

aCorresponding census t. > ct-lev 2l ce mputations are shown in Figures 1-5, S3, S5, S7, S9 and S12-S16
bBase scenario is ci. >t n~del e.ectricity and fossil fuel loads
cAll-Electric (AE) ic L00% 1ec..ing electrification with high-COP heat pumps
dCurrent peakiite. (CP ) scenario is the maximum heat pump penetration without exceeding each census tractOs current peak demand
eDSS scene 0.~ the 1. *nimum fossil fuel-based heating achieved by deploying heat pumps in dual source heating systems where needed and
operatin DL~ to r.evel.. each census tractOs new peak electricity demand from exceeding the current peak demand.
1 ote ele tricity 10ad factor for All-Electric scenario
9L or . facte » above current electricity peaks for All-Electric scenario



Figure S1 | Single -family residential building energy model| Tr. figure shows (a) simulated
residential building natural gas and electricity demand with ans without heat pumps vs. outdoor air
temperature; (b) simulated energy usage output from (a) w. * x-a>.s reflecting the fraction of annual hours
during which such conditions occur. Computations arr 101 1 105 sq. ft. residence in Census Tract
36085018902 using weather data for 2008-2017. The ceasu  tract has a computed All-Electric scenario
electricity peak ratio closest to the U.S. aggregate n=an :2*0. The census tract is also representative of a
mixed heating and cooling climate: The ratio of | eatin, degree days to cooling degree days is 4.03

whereas the U.S. median equivalent ratio is 4.0x

=igur. S 2 | Histogram of Census Tracts by Current Fossil Fuel to Electricity Peak Ratio, Related to
Figure 1. For clarity, the x-axis is limited to a ratio of 8. The maximum computed ratio is 16.54; 56 census

tracts (0.08% of all census tracts) have computed ratios greater than 8.
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Figure S 3 | Current electricity load factors . All valt 2 are :omputed at the census tract level for years
2008-2017. Census tracts with white fill have no »‘de:i. =" or commercial building square footage in the
source data.

Fiy ve S 4 | Histogram of Census Tracts by = Maximum Current Peak-Limited (CPL) Heating
Zlectruication Potential , Related to Figure 2. Computed maximum penetration of high-COP heat
pumps without exceeding current census tract peak electricity demands (HPcpL)

| $



Figure S5 | Electricity Load Factors B Current Pea. -'.mit d (CPL) Scenario . All values are computed
at the census tract level for years 2008-2017. Ce s u. 5 with white fill have no residential or
commercial building square footage in the sourc 2 date.

-~

F.jure =% Histogram of Census Tracts by Ratio of Peak Electricity Demand in All  -Electric Heating
Sc nario to Current Peak Electricity Demand, Relatedt o Figure 3. For clarity, the x-axis is limited to a
-atio ¢ 8. The maximum computed ratio is 15.93; 62 census tracts (0.08% of all census tracts) have
computed ratios greater than 8.
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Figure S 7 | Electricity Load Factors B All-Electric } 27ung  Scenario , Related to Figure 4(b). All
values are computed at the census tract level for: 2rs 2273-2017. Census tracts with white fill have no
residential or commercial building square footaa 2 in tr. - source data.

Fi, 're S8 | Electricity Load Factors for Load Above Current Census Tract Peak Loads DAll-
=lecu.z Heating Scenario , Related to Fig ure 4(c). All values are computed at the census tract level for
years 2008-2017. Census tracts with white fill have no residential or commercial building square footage
in the source data or have no increased peak load in the All-Electric scenario.
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Figure S9 | Histogram of Computed Current Census Tre :t Fraction of Space Heating from Fossil
Fuels, Related to Figure 5(a)

Figure S 1 | Hisigram of Computed Census Tract Fraction of Space Heating from Fossil Fuels in
Current Pea. - inited Scenario, Related t o Figure 5(b)



Figure S 11 | Histogram of Computed Census Tract Fractior.af S¢ ~2ce Heating from Fossil Fuels in
Dual Source System Scenario, Related to Figu re 5(c)

Fiaur 51 2 | Electricity Load Factors BDual Source System (DSS) Scenario , Related to Fig ure 4(e).
' values are computed at the census tract level for years 2008-2017. Census tracts with white fill have
no . sidential or commercial building square footage in the source data.

i



I
Figure S1 3 | Computed Current Fossil Fuel Load Factors . .llvalues are computed at the census tract
level for years 2008-2017. Census tracts with white fill have o re sidential or commercial building square
footage with fossil fuel heating in the source data.

|
Figu e S_4.1 Cc ~puted Fossil Fuel Load Factors B Current P eak-Limited (CPL) Scenario . All values
ar= ¢ ‘.aput’.d at the census tract level for years 2008-2017. Census tracts with white fill have no
i™sidenuar or commercial building square footage with fossil fuel heating in the source data.



Figure S15 | Computed Fossil Fuel Load Factors BAIl-L ' ctric Scenario . All values are computed at
the census tract level for years 2008-2017. Census tr7.cis vith white fill have no residential or commercial
building square footage with fossil fuel heating in the :o''.ce' lata.

i ure 516 | Fossil Fuel Load Factors BDual Source System (DSS) Scenario . All values are
con., 'ted at the census tract level for years 2008-2017. Census tracts with white fill have no residential
ar commercial building square footage with fossil fuel heating in the source data.



Figure S17 | Fraction of Households Using Electrii it ror | ,pace Heating . Census tracts with white fill
have no residential or commercial building squars ">atag =1 the source data.

Figure S18 | Fraction of Households Using Nat ural Gas for Space Heating . Census tracts with white
fill have no residential or commercial building square footage in the source data.



Figure S19 | Fraction of Households Using Fuel Oil" v/ erc ;ene for Space Heating . Census tracts
with white fill have no residential or commercial b iny 7,uare footage in the source data.

Figure S20 | Fraction of Households Using Propane for Space Heating . Census tracts with white fill
have no residential or commercial building square footage in the source data.
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Figure S21 | Fraction of Households Using Other Fu 2l for space  Heating . Census tracts with white
fill have no residential or commercial building squ= > foc = 4¢ in the source data.

Figure S22 | Fraction of Residential Building Floor Area Currently Heated by Fossil Fuels . Census
tracts with white fill have no residential or commercial building square footage in the source data.
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Figure S23 | Fraction of Commercial Building Floor : rea Cr rrently Heated by Fossil Fuels . Census
tracts with white fill have no residential or commes "=l b7 .ng square footage in the source data.
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