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SUMMARY

Replacing fossil-fueled appliances and vehicles with electric alternatives can reduce greenhouse
gas emissions and air pollution in many settings. However, residential electrification can also
raise electricity demand beyond the safe limits of electrical infrastructure. This can increase
the risk of blackouts or require grid reinforcement that is often slow and expensive. Here, we
estimate the physical and economic impacts on distribution grids of electrifying all housing and
personal vehicles in each county of the lower 48 United States. We find that space heating is
the main driver of grid impacts, with the coldest regions seeing demand peaks up to five times
higher than today’s peaks. Accommodating electrification of all housing and personal vehicles
is estimated to require 600 GW of distribution grid reinforcement nationally, at a cost of $350 to
$790 billion, or $2,800 to $6,400 per household (95% confidence intervals). However, demand-
side management could eliminate three-quarters of grid reinforcement costs.
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INTRODUCTION

Fossil-fueled driving, space heating, and water heating account for about one-third of United
States greenhouse gas emissions™. Replacing fossil-fueled vehicles and heaters with electric
alternatives can significantly reduce these emissions today?, and could essentially eliminate
them if the United States achieves its goal of 100% carbon-free electricity by 2035%. For these
reasons, the Inflation Reduction Act of 2022 incentivizes adoption of electric vehicles and heat
pumps (efficient electric heating and cooling machines) through tax credits and point-of-sale
rebates*®. State and local governments have enacted complementary incentives, including
some bans on fossil-fueled vehicles or heaters”. Due in part to these policies, adoption of
electric vehicles and heat pumps in the United States is accelerating®.

While electrification of fossil-fueled activities can deeply reduce emissions, it could also have
serious impacts on the power grid. Today, electricity demand in most United States power sys-
tems peaks in the hottest hours of the year, driven mainly by air conditioning®. Electrifying space
heating can heighten annual demand peaks and shift them from summer to winter'®4. Electric
vehicle adoption is likely to further exacerbate demand peaks™ /. Heightened demand peaks
from electrification could cause power quality issues and make power outages more likely™>18,
Mitigating these risks often requires replacing power lines and transformers, which are typically
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sized to accommodate power flows in near-worst-case demand forecast scenarios. Transform-
ers in particular are already in short supply, with United States utilities experiencing lead times of
up to two years and prices that have increased by 400 to 900% in the last three years"®. Utilities
pass grid reinforcement costs on to ratepayers in the form of increased electricity prices2%2t,
which weaken economic incentives for further electrification.

Past research on the grid impacts of electrification focused mainly on high-voltage transmis-
sion systems. At the nationwide scale, the National Renewable Energy Laboratory’s Electrifi-
cation Futures Study1%2223 investigated how electrification might alter load profiles and trans-
mission needs. In their high-electrification scenario (about 90% adoption of electric vehicles
and 70% of heat pumps), peak electricity demand rose by 38%. A nationwide study from the
Electric Power Research Institute®* estimated that 75% adoption of electric vehicles and 50% of
heat pumps (by floor area) would raise peak demand by 24% to 52%. Wilson et al.“ used the
ResStock tool# to investigate nationwide cost and emission impacts under various heat pump
adoption scenarios. While Wilson et al.? did not explicitly consider grid impacts, they stressed
the need for future work to understand how evolving load profiles should shape infrastructure in-
vestments. At the regional scale, an American Council for an Energy-Efficient Economy® study
found that 30% adoption of EVs and 100% of heat pumps could increase peak demand in New
England by 235%. White et al.?” estimated that electrifying 100% of space heating would require
25% expansion of Texas grid capacity. Zhang et al.?® estimated that 10% adoption of electric
vehicles with uncoordinated charging would increase Midwest peak demand by 10%.

In parallel with high-voltage transmission grid research at the nationwide and regional scales,
several studies investigated medium-voltage distribution grid impacts in California specifically.
Elmallah et al.?¥ used the Distribution Deferral Opportunity Report, which the California Public
Utilities Commission requires utilities to file each year, to analyze electrification impacts within
the Pacific Gas & Electric service territory. Elmallah et al. estimated that distribution grid re-
inforcement to accommodate new load from electrification, including up to 100% adoption of
electric vehicles and up to 50% adoption of heat pumps and water heaters, could cost $1 to $10
billion (about $200 to $2,000 per customer). Li et al.*® used the same dataset to study 100%
adoption of electric vehicles (but not heat pumps or water heaters) in California, estimating that
67% of distribution feeders could need reinforcement, at a total cost of $6 to $20 billion (about
$300 to $900 per customer). Several other state-specific studies investigated the impacts of
electrification on greenhouse gas emissions without considering impacts on power grids 43152,

As a complement to nationwide and regional transmission-level studies and California-specific
distribution-level studies, this paper investigates the impacts of electrification on distribution grids
nationwide. In addition to expanding the scope of distribution-level studies from the 58 counties
in California to 3,100 counties in the lower 48 United States, this paper investigates strategies to
mitigate grid impacts through demand-side management of space heating, water heating, and
personal vehicles. These are the three main drivers of grid impacts from residential electrifi-
cation, and we are aware of no distribution-level study that has considered demand-side man-
agement strategies for all of them. We find that almost all United States counties could require
grid reinforcement in a 100% electrification scenario. On average over the three coldest climate
zones (zones 5, 6, and 7), future peak demand is three times higher than today’s peak. Dis-
tribution grid reinforcement to accommodate 100% electrification nationwide could cost $350 to
$790 billion, or about $2,800 to $6,400 per household. However, the demand-side management
strategies evaluated here, such as improving equipment efficiencies and coordinating device
operation, could reduce nationwide grid reinforcement costs by up to 71%.

We estimate distribution grid reinforcement requirements through bottom-up simulation. We
estimate today’s distribution grid capacity in each county by simulating all the appliances and
vehicles in 1,000 representative housing units during peak heating and cooling weeks, rescaling
the overall peak aggregate demand to reflect the true number of housing units, and adding a
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Figure 1: The open-source EDGIE toolbox uses high-resolution, bottom-up modeling to estimate
the impacts of home and vehicle electrification on distribution grids in each county of the lower
48 United States.

safety margin to represent headroom in today’s capacity. We repeat the same process for an
all-electric future. The estimated grid reinforcement requirement is the difference between the
all-electric future grid capacity and today’s grid capacity. To simulate buildings and vehicles, we
use the open-source EDGIE (Emulating the Distribution Grid Impacts of Electrification) toolbox22.
As illustrated in Fig. [T, EDGIE models heat pumps, electric vehicles, water heaters, and building
thermal dynamics. It uses real data on weather®®, indoor temperature setpoints®®, domestic
hot water use®®, and miscellaneous electrical loads®”. EDGIE implements empirically validated,
multi-physics modeling at hourly or sub-hourly time resolution and county-level spatial resolution.
We tune building, appliance, and vehicle parameters to county-specific data. We make all data
publicly available to facilitate reproduction or extension of the work.

RESULTS

Impacts on physical infrastructure

We assess the physical impacts of home and vehicle electrification on distribution grids through
bottom-up modeling. In each county, we simulate all the residential appliances and personal
vehicles from 1,000 representative households, then rescale the aggregate load profile to reflect
the true number of households. Simulated appliance and vehicle properties, housing sizes and
types, and levels of insulation and air sealing all vary both across and within counties. We fit
physical and behavioral parameters associated with buildings, thermal equipment, and vehicles
to county- and climate-specific data, using real data wherever possible. The Experimental Pro-
cedures section and the Supplementary Information document provide more details on models
and data sources.
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Figure 2: In a hot week in Miami (left) and a cold week in Minneapolis (right), electricity demand
peaks from 1,000 households exceed today’s peaks factors of two and four, respectively.

We simulate peak heating and cooling weeks under two scenarios: (1) a business-as-usual
scenario that reflects today’s building stock, appliances, and vehicles; and (2) an all-electric
scenario that reflects a possible future with complete electrification of personal vehicles and res-
idential space and water heating. In the all-electric scenario, each home has a central air-to-air
heat pump with backup resistance heat. We compute design heating and cooling loads for each
home under the 99% heating and 1% cooling design temperatures from the American Society
of Heating, Refrigeration, and Air-Conditioning Engineers 2017 Handbook of Fundamentals and
the Air Conditioning Contractors of America Manual J Design Conditions 8th Edition. Each cen-
tral heat pump is sized to meet the larger of the home’s design heating load and design cooling
load, up to a cap based on today’s equipment sizes. We model the largest available central
heat pump as having five tons (17.6 kW) of nameplate cooling capacity. If the design heating
or cooling load exceeds the maximum capacity of the largest available central heat pump un-
der design conditions, we add a mini-split heat pump with one to three tons (3.5 to 10.6 kW) of
nameplate cooling capacity. Resistance backup meets any heat demand in excess of the com-
bined capacities of the central heat pump and the mini-split heat pump. In the two northernmost
climate zones, we simulate adoption of heat pumps whose coefficients of performance meet the
United States Department of Energy’s Cold Climate Heat Pump Challenge specifications=. The
modeled heat pump capacities and coefficients of performance vary with outdoor temperatures.

The modeling approach outlined above enables analysis of the sizes and causes of likely grid
impacts from electrification. Fig. [2 shows the aggregate power used by 1,000 households over
a peak cooling week in Miami, Florida (left plot; a hot, humid climate) and a peak heating week
in Minneapolis, Minnesota (right; cold). In these plots, the shaded areas from bottom to top rep-
resent miscellaneous electrical loads (blue; lights, computers, dishwashers, etc.), water heaters
(orange), electric vehicles (yellow), and air-source heat pumps with backup resistance heat (pur-
ple). Dashed red lines show today’s annual demand peaks. In Miami, electrification doubles
peak demand relative to today’s peak, due mainly to electric vehicle charging. In Minneapolis,
peak demand increases by a factor of five, driven mainly by space heating in the coldest weather,
when heat demand rises and heating efficiencies fall.

We analyze grid impacts nationwide by running simulations for each county in the lower 48
United States. Fig. [3| shows heat maps of the estimated peak demand, normalized by the
number of homes, in each county under the business-as-usual scenario (top left) and the all-
electric scenario (top right). The top left plot shows that normalized peak demand (in units of
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Business-as-usual peak demand (kW/household) All-electric peak demand (kW/household)

Figure 3: Today (top left), per-household demand peaks are higher in hotter areas and in cold
rural areas with significant amounts of electric heating. In an all-electric future (top right), per-
household peaks increase and shift to colder areas. Per-household grid reinforcement require-
ments (bottom; the difference between the future peak and today’s peak, adjusted for distribution
grid headroom) are highest in the Rocky Mountains, the upper Midwest, and the Northeast. Each
county’s estimates are computed by simulating all devices in 1,000 representative households,
then rescaling to the true number of households.



kW per household) in the business-as-usual scenario tends to be higher in areas with more
cooling demand, reaching a maximum of 13 kW per household in the hot, sunny Southwest.
By contrast, the top right plot shows that normalized peak demand in the all-electric scenario is
higher in colder areas, reaching a maximum of 25 kW per household in the northern Midwest.

We estimate the distribution grid reinforcement requirement as the difference between the
all-electric and business-as-usual distribution grid capacities. We estimate the distribution grid
capacities in each county and scenario by simulating the appliances and vehicles for 1,000
households, rescaling the aggregate demand to the true number of households, taking the 99th
percentile, then adding a safety margin to reflect distribution grid headroom. We base headroom
estimates on a hosting capacity analysis for seven utilities in New York State®®, which found
that today’s headroom varies by utility from 15% to 36%. We use this headroom range for
the business-as-usual scenario, randomizing over counties. For the all-electric scenario, we
assume all counties have 20% headroom. The discussion section analyzes the sensitivity of grid
reinforcement requirements to headroom assumptions in the business-as-usual and all-electric
scenarios.

The lower heat map in Fig. [3|shows the estimated grid reinforcement requirement, normalized
by the number of households, required to accommodate 100% electrification in each county. The
northern Midwest, Northeast, and Rocky Mountain regions require more grid reinforcement due
to higher space heating demand. Grid reinforcement requirements reach a maximum of 23 kW
per household in the northern Midwest. Many southern areas with mild winters require little or
no grid reinforcement. In some cases, the lower heat map in Fig. (3| shows significant variation
in grid reinforcement requirements between adjacent counties. This variation can be explained
by differences in housing types and sizes, levels of insulation and air sealing, driving patterns,
weather extremes, or other location-specific data. These geographic differences suggest a need
for tailored infrastructure planning, as approaches that work for one county may not necessarily
work for neighboring counties.

Distribution grid reinforcement costs

To estimate the economic costs of reinforcing distribution grids to accommodate electrification,
we multiply the aggregate grid reinforcement requirement for each county (in units of kW) by a
$/kW price. In reality, grid reinforcement prices vary significantly across the United States due
to variation in grid topology and capacity, prevalence of overhead vs. underground power lines,
costs of labor and equipment, and other factors. Due to a lack of reliable location-specific data
on grid reinforcement prices, however, we use the same price distribution for each county.

We draw on three studies?24%41 to determine a plausible price range for typical distribution
grid reinforcement, which may include installing power lines, transformers, switchgear, capacity
banks, or other infrastructure. Based on Pacific Gas & Electric data, EImallah et al.® estimated
prices of 860 to 36,500 $/kW, with the highest prices for the smallest projects. (We inflation-
adjust all price data to 2024 dollars.) Zhang et al.*® used Energy Information Administration
data*? to derive state-wise prices and a national average of 1,664 $/kW, including a variety of
administrative costs. Rauschkolb et al.*!' analyzed data from the Federal Energy Regulatory
Commission’s Form 143, where utilities can report their capital, operation, and maintenance
costs related to grid reinforcement. By contrast to prior studies, Raushkolb et al. separated the
regular costs of sustaining an existing distribution grid from the incremental costs of expanding
grid capacity to accommodate load growth. Rauschkolb et al. developed a linear model that
accounts for both one-time capital costs from expanding grid capacity, and for increased annual
costs from operating and maintaining a larger grid.

Here, we modify Rauschkolb et al’s approach to estimate a representative price range for
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Figure 4: Statewide distribution grid reinforcement costs (top row) reflect both population densi-
ties and per-household grid reinforcement requirements. Per-household costs (bottom row) do
not reflect population densities. Left column: Low-price scenario for grid reinforcement. Middle:
Central price. Right: High price.

distribution grid reinforcement. We assume grid capacities increase linearly from the business-
as-usual capacities in 2025 to the all-electric capacities in 2050. We map future costs into net
present costs using discounted cash flow analysis. Similar to Rauschkolb et al’s approach,
our modified approach accounts for both one-time capital costs of reinforcing infrastructure, and
increased annual costs from operating and maintaining a larger grid. The Experimental Proce-
dures section contains the details of our modifications, which yield a mean grid reinforcement
price of 960 $/kW and a 95% confidence interval of 587 to 1,331 $/kW.

The upper row of heat maps in Fig. 4| shows the estimated total distribution grid reinforcement
cost for each of the lower 48 United States under low (left), central (middle), and high (right)
price scenarios. We compute these estimates by multiplying the grid reinforcement requirement,
aggregated over all counties in the state, by prices of 587, 960, and 1,331 $/kW, corresponding
to the 2.5th, 50th, and 97.5th price percentiles. Unlike the per-household grid reinforcement
requirement estimates in Fig. [3 the aggregate cost estimates in Fig. [4] reflect population density
as well as load growth intensity. States with both high populations and high per-household grid
reinforcement requirements have the highest total costs. For example, the 7.6 million households
in New York, a densely populated state with cold winters, see a total cost of about $60 billion,
or about $7,900 per household. Per-household grid reinforcement costs, shown in the bottom
row of heat maps in Fig. [4] reach a maximum of $18,000 per household under the 97.5th price
percentile in the cold, sparsely populated state of North Dakota.

The grid reinforcement cost estimates described above represent incremental spending,
above and beyond the business-as-usual spending required to sustain existing distribution grids.
The nationwide grid reinforcement cost estimate over 25 years in the central price scenario is
$569 billion. For comparison, we analyzed distribution grid spending data from the Federal En-
ergy Regulatory Commission’s Form 142 from 1995 to 2019. Over that 25-year period, the total
inflation-adjusted spending on distribution grid infrastructure — including all capital, operation,
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Reduction in grid reinforcement requirement (kW/household)

0 17

With less thermal demand With device coordination With ground-source heat pumps
from buildings

Figure 5: Decreasing thermal demand from buildings (left) and switching from air- to ground-
source heat pumps (right) reduce grid reinforcement requirements, particularly in cold climates.
Coordinating device operation (middle) reduces grid reinforcement requirements in all climates.

and maintenance costs associated with both sustaining existing grids and expanding capacity to
accommodate load growth from residential, commercial, and industrial customers — was $975
billion. Relative to this cost, the estimated incremental grid reinforcement cost of $569 billion
to accommodate home and vehicle electrification is a 58% increase. While this is not an exact
comparison, it gives an approximate sense of scale for the incremental distribution grid spending
required to accommodate residential electrification.

Aggregated over the lower 48 United States, distribution grid reinforcement to accommodate
100% electrification of homes and private vehicles over 25 years is estimated to cost an addi-
tional $350 to $790 billion ($110 to $250 per household per year), above and beyond business-
as-usual spending. For context, United States utilities spent $975 billion on distribution grid
infrastructure in the 25 years from 1995 to 2019 ($390 per customer per year)4>. Residential
energy bills cost Americans about $230 billion annually ($1,800 per household per year)*%. The
Inflation Reduction Act of 2022 allocated about $370 billion over ten years ($290 per household
per year) to spending on energy and climate*>. The United States annual military budget was
about $820 billion ($6,500 per household per year) in 20234,

Cost reductions from smart electrification

The estimated distribution grid reinforcement requirements and costs in the previous sections
come from an electrification scenario that extrapolates forward today’s housing stock, vehicle
fleet, equipment configurations and efficiencies, and user behavior. Unmodified, these electrifi-
cation choice are estimated to require $350 to $790 billion in distribution grid reinforcement costs
nationwide. However, electrification with strategic demand-side management — referred to here
as ‘smart electrification’ — could reduce these costs substantially.

To assess the cost reduction potential of smart electrification, we simulate three demand-side
management strategies. First, thermal demand from buildings could decrease due to better in-
sulation and air sealing, due to shifts from detached housing to less energy-intensive attached
housing, and/or due to shifts to smaller housing. We simulate thermal demand reduction by
increasing the effective thermal resistance (which models the combined effects of wall and roof
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Figure 6: Grid reinforcement cost reductions from individual (top set of bars) and combined
(bottom) demand-side management strategies.

insulation, window quality, outdoor air infiltration rates, and the surface area exposed to the out-
door air) by 25%, consistent with the ‘basic enclosure package’ from Maxim and Grubert4”. Sec-
ond, the air-source heat pumps simulated above could shift to ground-source heat pumps, which
use about one-third less electricity per unit of heat output and require less backup resistance
heat. Third, software could reduce peak aggregate demand by coordinating the operation of wa-
ter heaters, electric vehicles, and heat pumps. For example, heat pumps could preheat homes
in anticipation of aggregate demand peaks, or electric vehicles could interleave their charging
with heat pump operation. (We simulate device coordination through convex optimization with
perfect information in one representative location per state, as discussed in the Supplementary
Information document.) The demand-side management strategies simulated here are far from
exhaustive. We leave for future work a range of measures, such as solar photovoltaics, bidirec-
tional electric vehicle charging, home batteries, and thermal storage, that could further reduce
grid reinforcement requirements.

Fig. [5| shows heat maps of the estimated reductions in grid reinforcement requirements in
each county under the three demand-side management strategies considered here. The heat
maps with less thermal demand from buildings (left) in Fig. and with ground-source heat
pumps (right) show significant reductions in grid reinforcement requirements, particularly in the
coldest regions. The heat map with device coordination (middle) shows modest reductions in grid
reinforcement requirements. However, these reductions are more evenly distributed across the
country because, for example, coordinating electric vehicle charging can reduce peak demand
anywhere, regardless of climate.

Fig. [6] shows nationwide grid reinforcement cost reductions from the three individual strate-
gies and combinations thereof. These estimates use the mean grid reinforcement price of
960 $/kW, which gives a nationwide cost of $569 billion ($180 per household per year) with-
out demand-side management. Individually (top set of bars), the three strategies reduce costs
by 19%, 28% and 43%, respectively. Perhaps surprisingly, device coordination — a strategy
based mainly on software, sensing, and communication, rather than equipment upgrades — re-
duces costs more than switching to ground-source heat pumps, a significantly more hardware-
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Figure 7: Left: Nationwide grid reinforcement costs vs. adoption rate of electric vehicles and
heat pumps. Center: Nationwide costs under different modeling choices for space heating. At
left and center, bar heights are costs at the mean grid reinforcement price; error bars span costs
at the 2.5th to 97.5th price percentiles. Right: Nationwide costs at the mean reinforcement price
vs. grid headroom today and in an all-electric future.

intensive and expensive strategy. Cost savings from combined strategies (bottom set of bars) are
not strictly additive. For example, the combination of less thermal demand from buildings (19%
individually) and ground-source heat pumps (28%) reduces costs by 40%. Combining all three
demand-side management strategies reduces nationwide grid reinforcement costs by 71%, to a
total of $165 billion ($50 per household per year).

DISCUSSION

This paper used bottom-up modeling to estimate the physical and economic impacts of electri-
fication of all residential appliances and personal vehicles on distribution grids in each county
of the lower 48 United States. The modeling tools are open-source; the cleaned input data
and simulation results are free and public. This paper found that distribution grid reinforcement
requirements depend mainly on space heating demand, which can increase peak aggregate de-
mand by a factor of four or more in the coldest counties. Without demand-side management,
distribution grid reinforcement could cost $350 to $790 billion nationwide, or $2,800 to $6,400
per household, but smart electrification could eliminate up to three-quarters of these costs.

Sensitivity to modeling choices

This section discusses the sensitivity of nationwide distribution grid reinforcement requirements
to several modeling assumptions, including heat pump efficiencies, whether households lower
their heating temperature setpoints overnight, heat pump sizing protocols, the choice of weather
data, the assumed distribution grid headroom, and the electrification adoption rate. Fig. [7] sum-
marizes the results. The Supplementary Information document discusses the sensitivity analy-
ses in more detail.

Heat pump efficiencies significantly influence grid reinforcement requirements. In cold weather,

heat pumps become less efficient and may require electric resistance backup to meet heat
demand. The central cases presented above assumed that heat pumps in cold regions met
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the United States Department of Energy’s Cold-Climate Heat Pump Challenge specifications=5.
However, in a sensitivity study where heat pumps in cold regions have efficiencies that are similar
to today’s equipment, nationwide distribution grid reinforcement costs increase by 25%.

Lowering space heating temperature setpoints overnight can increase grid reinforcement re-
quirements. While lowering setpoints can save energy overnight, warming the thermal mass of
a building back up in the morning can require high power and potentially trigger the use of resis-
tance backup heat. In the central cases presented above, users did not alter setpoints overnight.
However, in a sensitivity study where users lower setpoints overnight, with randomized but typi-
cal setpoint adjustment magnitudes and timings, nationwide distribution grid reinforcement costs
increase by 31%.

Heat pump sizing also influences grid reinforcement requirements, particularly in cold cli-
mates. In the central cases presented above, we sized heat pumps to meet the larger of the
design heating load and the design cooling load, capping the size at the maximum capacity cur-
rently available on the market. If heating demand in very cold weather exceeded the heat pump’s
capacity, electric resistance backup heat turned on to maintain space temperatures. An alterna-
tive approach would be to size heat pumps in colder climates to meet only the design cooling
load, relying much more heavily on backup heat in cold weather. We simulated this alternative
approach in a sensitivity study and found that it increases nationwide grid reinforcement require-
ments by 21%. In the coldest regions (climatic zones 5, 6 and 7), however, sizing heat pumps to
the design cooling loads increases grid reinforcement costs by 33%.

The sensitivities of grid reinforcement requirements to modeling choices on heat pump effi-
ciency (25%), overnight temperature setpoint adjustments (31%), and heat pump sizing (21%)
are more than additive. In a joint sensitivity study including all three of the alternative modeling
choices discussed above, nationwide grid reinforcement costs by 86%.

The choice of weather data for the all-electric simulations has relatively little influence on grid
reinforcement requirements. In the central cases presented above, we used historical weather
data from 2021. An alternative approach would be to use hypothetical future weather data that
incorporates the effects of climate change. Climate scientists affiliated with the Intergovernmen-
tal Panel on Climate Change have developed frameworks known as the Shared Socioeconomic
Pathways (SSP) and Representative Concentration Pathways (RCP)“8. These frameworks pro-
vide both quantitative and qualitative descriptions of various societal and environmental develop-
ment pathways through 2100. For example, in the middle-of-the-road scenario SSP2-RCP4.54°,
global mean surface temperature rises about 2 °C by 2050. In a sensitivity study with 2050
SSP2-RCP4.5 weather data, nationwide grid reinforcement costs decrease by 6%. While cli-
mate change increases electricity demand peaks from air conditioning in hot regions, climate
change also decreases peaks from space heating in cold regions. In the sensitivity study, the
latter effect outweighs the former.

Distribution grid headroom assumptions for the business-as-usual and all-electric scenarios
influence grid reinforcement requirement estimates. The central cases presented above used a
business-as-usual headroom range of 15% to 36% (randomized over counties) and an all-electric
future headroom of 20% for all counties. We ran sensitivity studies, sweeping the headroom
in the business-as-usual and all-electric scenarios from 0% to 100%. In the extreme case of
100% headroom in the business-as-usual scenario and 0% in the all-electric scenario — meaning
today’s distribution grids are oversized by a factor of two and all-electric future grids have no
safety margins — nationwide grid reinforcement costs $215 billion. At the other extreme of 0%
business-as-usual headroom and 100% all-electric headroom, nationwide grid reinforcement
costs $1.4 trillion.

The adoption rate of electric vehicles and heat pumps also influences grid reinforcement re-
quirements. In the central case presented above, we estimated that 100% adoption of electric
vehicles and heat pumps would cost $569 billion nationwide. We ran sensitivity studies, varying

11

287

288

289

290

291

292

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336



the adoption rate from 0% to 100%. Nationwide grid reinforcement costs less than $1 billion at
10% adoption and a modest $40 billion at 30% adoption. Above 40% adoption, grid reinforce-
ment requirements increase approximately linearly.

Potential impact

The findings of this paper could inform decisions about energy system design and operation.
Power grid operators might use the spatially-resolved estimates of electricity demand profiles
under all-electric scenarios, or the open-source software that generated them, in their capacity
expansion planning. Policymakers or utility program administrators might use the demand-side
management results to shape electrification incentives. For example, the perhaps surprising ef-
fectiveness of device coordination in mitigating grid impacts might warrant making electrification
incentives contingent on installing equipment with the sensing, communication, and computing
capabilities required for device coordination. Utility regulators might refer to the physical or eco-
nomic estimates in this paper when evaluating utility requests for rate increases to cover grid
reinforcement costs driven by electrification. Finally, the main takeaways of this paper might
influence national conversations about the future of United States energy systems.

Limitations and future work

One challenge in this study was finding reliable, spatially-resolved data on distribution grid topolo-
gies and reinforcement prices. Due to a lack of topological data, we did not analyze the impacts
of electrification on power quality, such as voltage and frequency regulation. We also modeled
aggregate grid reinforcement over wide geographical areas; we did not capture the component-
level details of utilities’ actual grid reinforcement processes, which span scales ranging from a
single building’s service drop through substation transformers that serve thousands of buildings.
These are possible directions for future work. Due to a lack of spatially-resolved grid reinforce-
ment price data, we used the same price distribution in every United States county in this paper.
Higher-resolution price data could enable more precise estimation of distribution grid reinforce-
ment costs. Future work could also assess grid reinforcement costs at the level of utility service
territories, rather than counties, to clarify how these costs might affect retail electricity prices.
There are many other opportunities to extend this work. This paper’s scope covers distri-
bution grid reinforcement driven by electrification of the residential sector and personal vehicles
in the United States. Future research could extend this work to include transmission grid rein-
forcement and generation capacity expansion; to include electrification of the commercial and
industrial sectors; or to include other countries. In particular, estimating transmission and gener-
ation costs from residential electrification would be straightforward and useful extensions. Future
research could also extend the open-source EDGIE toolbox to incorporate solar photovoltaics,
stationary batteries, bidirectional electric vehicle charging, or thermal energy storage. Finally,
while this paper estimated the value of demand-side management strategies in mitigating distri-
bution grid reinforcement costs, these strategies could also reduce transmission and generation
capacity expansion costs, greenhouse gas emissions, air pollution, and household energy bills.
An interesting direction for future work is to identify location-specific mixes of grid upgrades and
demand-side management measures that appropriately balance the various costs and benefits.
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EXPERIMENTAL PROCEDURES

Data

Table 1| summarizes the data sources drawn used in this paper. Distributions of building and
appliance properties follow the ResStock database®’. Heat pump coefficient of performance
curves come from manufacturer data aggregated by the Northeast Energy Efficiency Partner-
ships®'. We generate domestic hot water time series from=¢. The number of vehicles per house-
hold in each county comes from census data®?. We classify personal vehicles as either small
(e.g., coupes and sedans) or large (e.g., pickup trucks and sport utility vehicles) and tune the
distribution of small and large vehicles in each county to survey data from=3., We tune the driving
efficiencies of small and large electric vehicles to the Tesla Model S and Ford F-150 lightning, re-
spectively. For both vehicle types, driving efficiencies vary with outdoor temperatures according
to>%; this variation reflects energy use for cabin heating and cooling, as well as temperature-
dependent battery chemistry. Commute distances follow census data for each county®°. The
Supplementary Information document contains further details on modeling, simulation, and data
sources.

Table 1: Data Sources

Parameter Data Source Ref.
Building types and floor areas NRELs ResStock 25l58]
Business-as-usual appliances NRELs ResStock 25,56
Building insulation and air sealing ASHRAE code =/
Design heating and cooling temperatures | EnergyStar 58
Heat pump coefficients of performance Northeast Energy Efficiency Partnerships | >
Domestic hot water profiles Building America analysis spreadsheets | ¢
Commute times Census survey =
Vehicles per household Census survey 24
Electric vehicle parameters Manufacturer specification and journals | 460
Weather data Oikolab dd
Climate zones ASHRAE/IECC S
Grid upgrade prices Journals 41

Space heating and cooling

EDGIE models indoor temperature dynamics using first-order linear ordinary differential equa-

tions:

0:(t) — T1(1)
Ry

0<q(t) <q(t) + Py,

Here t (h) denotes time, T} (°C) is the indoor air temperature, C; (kWh/°C) is the indoor air’s
thermal capacitance, 0, (°C) is the outdoor air temperature, R; (°C/kW) is the thermal resistance
between indoor and outdoor air, ¢; (kW) is the thermal power supplied by the heat pump and/or
resistance heater, w, (kW) is the exogenous thermal power from the sun, plug loads, lights, body
heat, efc., g, (kW) is the heat pump’s thermal power capacity, and p,, (kW) is the electric power
capacity of the resistance heater. In discrete time,

CiTi(t) = +qi(t) +wi(?)

(1)
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where k indexes time steps, a; = exp(—At/(R,1C1)), and At (h) is the time step duration. Backup
resistance heat runs only when the heat pump cannot meet heating demand. The heat pump’s
control system tries to perfectly track its setpoint 7' (°C) by delivering thermal power

@1(]5) =

1 (Tik+1) = aTh(k)
R1 1-— ay

- 91(’6)) —wi(k), (3)

but may saturate at an upper or lower capacity limit. In this model, the total electric power p;
(kW) used by the heat pump and resistance backup is

0 qi(k) <0

pi(k) = G1(k)/m (k) 0 <qi(k) <q(k) (4)
a1 (k)/m(k) + (k) —q1(k)  q.(k) < @(k) <qu(k) + Py,
G (k) /m (k) + Py, @ (k) + Py, < Qu(k),

where 7, is the heat pump’s coefficient of performance. Experimental validation of the space
heating model can be found in®3. Space cooling works similarly but without resistance backup.

Electric vehicles

EDGIE models electric vehicle batteries via

E (5)

Here E (kWh) is the chemical energy stored in the battery, » (1/h) is the battery’s self-dissipation
rate, 7 is the charging efficiency, p; (kW) is the electric charging power, w; (kW) is the chemical
power discharged to drive the vehicle, E (kWh) is the energy capacity, and p, (kW) is the charging
power capacity. In discrete time,

1—(12

E(k+1) = ayE(k) + (m2p2(k) — wa(k)), (6)
where a; = exp(—rAt).
Water heating
EDGIE models water heaters via
O3 — Ts(t)

CyT5(t) = + g3(t) — ws(t)

R
0 < q3(t) < 13P3), + Pay-

(7)

Here T5 (°C) is the water temperature, C5 (kWh/°C) is the water’s thermal capacitance, 65 (°C)
is the (constant) air temperature surrounding the tank, Rs; (°C/kW) is the thermal resistance
between the water and surrounding air, ¢ (kW) is the thermal power supplied to the tank, ws
(kW) is the thermal power withdrawn for showers, dish-washing, laundry, etc., ns is the water
heater’s coefficient of performance (n; = 1 for resistance water heaters), p;, (kW) is the heat
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pump’s electric power capacity (p;, = 0 for resistance water heaters), and p,, (kW) is the electric
power capacity of the resistance heater. In discrete time,

Ty(k 4 1) = asTs(k) + (1 — a3)[0s + Rs(gs(k) — ws(k))], (8)

where a3 = exp(—At/(R3C3)). The water heating control logic, including dispatch of backup
resistance heat for hybrid heat-pump water heaters, is the same as the space heating control
logic.

Distribution grid reinforcement costs

Total cost calculation

—— Low price
—=— Central price
——High price

Grid reinforcement
cost (billion $ )

0 5 10 15
Discount rate (%)

Figure 8: Distribution grid reinforcement cost vs. discount rate, assuming an annual inflation rate
of 2.5%. The shaded gray area is the 95% confidence region.

We assume that distribution grid capacities increase linearly from the business-as-usual ca-
pacities in 2025 to the all-electric capacities in 2050. Distribution grid reinforcement costs include
both capital costs associated with installing new infrastructure and operation and maintenance
cost increases associated with running a larger grid. The net present cost of grid reinforcement
is

7TrecurringG Z k(l + Z) WcapitaIG Z (1 + 2) (9)
1 k 1 k-

\ n —~ (1+7) o no = (l+r)

Present value of recurring costs Present value of capital costs

Here mrecurring ($/KW) is the initial recurring price in the first year, meapitar ($/kW) is the initial capital
price in the first year, i is the annual inflation rate, r is the discount rate, G (kW) is the total
growth in grid capacity, k indexes years, n is the total number of years over which recurring costs
are projected. Fig. |8/ shows the distribution grid reinforcement cost vs. the discount rate ». To
compute the cost estimates reported in the main document, we set the discount rate equal to the
annual inflation rate of 2.5%. Higher discount rates result in lower net present cost estimates.

Grid reinforcement requirement uncertainty

In principle, the grid reinforcement requirement G (kW) is a random variable that depends on
the randomly generated parameters in the building and machine models. However, G is com-
puted in each county by summing over 1,000 homes and about 2,000 vehicles. From the Central
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1 =9.01, o = 0.05

8.8 8.9 9 9.1 92 93
Peak demand (MW)

Figure 9: Histogram of the all-electric peak aggregate demand of 1,000 Minnesota homes over
5,000 Monte Carlo simulations. The distribution is approximately Gaussian with a standard de-
viation of about 0.6% of the mean.

Limit Theorem, therefore, we expect G to have an approximately Gaussian distribution with small
variance. Fig. [9 shows the distribution of the peak aggregate demand for a 1,000-home neigh-
borhood over 5,000 Monte Carlo simulations. The standard deviation of the peak aggregate
demand is about 0.6% of the mean. Given that nationwide simulations require significant com-
puting time and the variations of county-level peaks from one Monte Carlo simulation to the
next are small, we conducted the 1,000-home simulations once for each county and treated the
resulting grid reinforcement estimate as deterministic.

Grid reinforcement cost uncertainty

We estimate the grid reinforcement cost using the prices Trecurring @Nd Teapitar from*™. Since®!
does not model the uncertainty associated with these prices, we assume they follow Gaussian
distributions with standard deviations of 20% of the mean prices. As the total cost in Eq. (9) is a
linear combination of mecurring @Nd Teapital, the total cost is also Gaussian. We calculate its mean
and variance analytically using standard formulas.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will be fulfilled by the
lead contact, Kevin J. Kircher (kircher@purdue.edu).

Materials availability

No materials were used in this study.

Data and code availability

The data and code that support this study are available at https://github.com/priyada7/EDGIE.
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