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Inefficient Building Electrification
Will Require Massive Buildout

of Renewable Energy and Seasonal
Energy Storage

Jonathan J. Buonocore>*, Parichehr Salimifard*3, Zeyneb Magavi* & Joseph G. Allen?

Building electrification is essential to many full-economy decarbonization pathways. However, current
decarbonization modeling in the United States (U.S.) does not incorporate seasonal fluctuations in
building energy demand, seasonal fluctuations in electricity demand of electrified buildings, or the
ramifications of this extra demand for electricity generation. Here, we examine historical energy

data in the U.S. to evaluate current seasonal fluctuation in total energy demand and management

of seasonal fluctuations. We then model additional electricity demand under different building
electrification scenarios and the necessary increases in wind or solar PV to meet this demand. We
found that U.S. monthly average total building energy consumption varies by a factor of 1.6x—lowest
in May and highest in January. This is largely managed by fossil fuel systems with long-term storage
capability. All of our building electrification scenarios resulted in substantial increases in winter
electrical demand, enough to switch the grid from summer to winter peaking. Meeting this peak with
renewables would require a 28x increase in January wind generation, or a 303xincrease in January
solar, with excess generation in other months. Highly efficient building electrification can shrink this
winter peak—requiring 4.5x more generation from wind and 36x more from solar.

To date, most full-economy decarbonization pathways have heavily relied on electrification of energy use in
buildings, transportation, and other sectors' ™. Along with climate benefits, electrification and consequent reduc-
tion in combustion energy sources would also have public health benefits by averting air pollution emissions®.
Existing full-economy decarbonization models for the United States (U.S.) generally use yearly resolution—they
do not incorporate monthly to seasonal variation in full energy demand, such as winter demand for heat'->*-5,
Successful electrification of building heating will require the replacement of the absolute heating energy, along
with the ability to manage seasonal fluctuation in demand, both of which are currently provided by the existing
energy system to provide building heating.

In the U.S., 12% of residential buildings and 9.5% of commercial buildings use propane, oil, and/or wood,
which can be stored on site or at distribution facilities, as a primary heating fuel>!°. Natural gas is a primary
heating fuel for 42% of commercial buildings and 49% of residential buildings®'®. Natural gas also has a fleet
of 388 active underground gas storage (UGS) facilities around the U.S., along with liquefied natural gas (LNG)
facilities as part of its transmission and distribution system'"!2 These facilities provide seasonal storage capacity
for natural gas'"'2. Successfully electrifying buildings, without relying on combustion fuels, requires replacing
the energy supplied by these combustion sources along with their existing storage capability. This will increase
the amount of electricity demand from buildings, which will need to be met by renewables in order to avoid
reliance on combustion fuels'. Given the differences in seasonality between solar energy production and build-
ing heating energy demand, deployment of long-term energy storage may be key in enabling this demand to be
met by renewables®*13,

Previous research on building electrification, decarbonization, and energy modeling have made a lot of pro-
gress in developing and evaluating different decarbonization pathways. However, this previous research has not
evaluated (1) the degree of seasonal fluctuation in building energy demand, (2) how this seasonal fluctuation
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is currently managed, (3) how building energy demand and the degree of building energy demand may change
under different building electrification scenarios, (4) what different building electrification scenarios may mean
for grid demand, and (5) what it would take to meet this new demand using existing renewable energy technolo-
gies. To provide insight into potential paths forward for electrification of building heating, we fill these gaps by (1)
evaluating the seasonal patterns in consumption of energy used for building heating and examining the degree
of seasonal fluctuation, relying on monthly energy consumption, production, and gas flow data from the U.S.
Energy Information Administration (EIA) from January 1973 through February 2020, (2) focusing on natural
gas and evaluating the role of UGS facilities in managing the asynchronicity between consumption of natural
gas by buildings, and natural gas production'?, (3) developing illustrative scenarios for how electricity demand
could change as buildings are electrified by using coefficients of performance (COPs) from the literature!>-'8,
(4) modeling how these different building electrification scenarios would affect the grid, and (5) calculating
how much additional generation from wind and solar would be required to meet this demand using renewable
electricity using present-day generation profiles for U.S. wind and solar.

Methods

We obtained monthly energy data from the United States Energy Information Administration (EIA) from January
1973 (when monthly reporting starts) through February 2020 (the last month before energy disruptions due to
COVID-19 and lockdowns in the U.S.)!!. This dataset included monthly total energy consumption in residen-
tial and commercial buildings, monthly gas production and consumption data across all sectors, and monthly
electricity generation and consumption across all sectors. We calculated monthly average energy consumption
across both building types, and determined the seasonal fluctuations based on minimum and maximum monthly
average energy consumption across the year. Similarly, we collated the natural gas production, consumption,
and UGS activity data'!, and determined the difference between the monthly average minimum and maximum
to determine the size of the seasonal fluctuations. We tested the importance of the role of UGS in managing
seasonal energy demand by comparing the r? values from the two following regression models:

(1) Total Gas Consumption ~ Natural Gas (Dry) Production
(2) Total Gas Consumption ~ Natural Gas (Dry) Production + Natural Gas Storage Activity, Net

To build the prototypical electrification scenarios, we truncated the residential and commercial building
energy consumption to the last decade (March 2010-February 2020) and aggregated the monthly averages to
represent a recent seasonal profile of total energy consumption by buildings. We then split primary energy con-
sumed by buildings into useful energy and losses using prototypical annual fuel use efficiency (AFUE) values of
95% for natural gas, 98% for electricity, 85% for coal, biomass, and other fossil fuels, and 100% for direct on-site
use of geothermal and other renewables'>*¢. For electricity, we split the losses into fuel conversion losses, and then
combine the 7% losses from transmission and distribution and the 5% losses from direct power plant use into
one category. We then constructed a series of building electrification scenarios representing (1) 50% replacement
of on-site fossil energy with electricity using technologies with COP of 1 (approximately the COP of baseboard
resistance heating)"?; (2) 100% replacement of in-building fossil energy with electricity using technologies with
COP of 1'% (3) 100% replacement of in-building fossil energy with electricity using technologies with COP of 2
(approximately the COP of ASHPs)'>'7; (4) 100% replacement of in-building fossil energy with electricity using
technologies with COP of 4 (approximately the COP of GSHPs)'>'%; and (5) 100% replacement of in-building
fossil energy with electricity using technologies with COP of 6 (approximately the COP of networked GSHPs)".
We then calculated total primary energy demand and total electricity demand under each of these scenarios.

From these scenarios, we then calculated the change in total electricity demand, based on electricity con-
sumption and production in the last decade (March 2010-February 2020). From monthly electricity generation
patterns during that decade, we then calculated how much generation of wind and solar would have to increase
to meet electricity demand under each scenario, and the maximum monthly electricity over-generation under
each scenario'’.

Results

The falcon curve: current seasonal fluctuations in building total energy use.  Energy use in resi-
dential and commercial buildings have changed substantially over the last 50 years (Fig. 1). Electricity use and
accompanying losses have increased from 1973 to 2010, and plateaued or decreased slightly since 2010; use
of natural gas in commercial buildings has gone up slightly, and stayed roughly the same in residential build-
ings (Fig. 1A,B). All energy types have substantial seasonal variability in consumption, with a monthly profile
resembling a falcon (Fig. 1C,D)—Peak total energy consumption occurring in December and January (heating
season), a secondary peak in July and August (cooling season), and lowest in the transitional months April, May,
September, and October. Monthly average total energy usage is lowest in May for residential buildings at 1205
trillion Btus (TBtus), and lowest in September for commercial at 1102 TBtus. Usage is highest in January, at 2270
TBtus for residential and 1466 for commercial. Gas responds to 77% of this increase in demand—increasing by
761 TBtus for residential buildings from August to January, and 338 TBtus for commercial buildings from Janu-
ary to July (Fig. 1C,D).

The role of gas and underground gas storage facilities in managing seasonal fluctuations in
heating energy demand.  Gas production and consumption across all sectors has stayed roughly the same
from 1973 to around 2005, and increased after 2005, largely due to the growth of shale gas (Fig. 2A). Since 1973,
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Figure 1. Energy consumption in buildings from January 1973 to February 2020. (A) Residential buildings; (B)
commercial buildings; (C) monthly average in residential buildings; and (D) monthly average in commercial

buildings.
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Figure 2. U.S. natural gas production, consumption, and storage from January 1973 to February 2020. (A)
Monthly gas production and consumption; (B) monthly gas storage activity; and (C) monthly average gas flows.
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monthly average total consumption of gas peaks at 2530 TBtus in January, and is lowest in September, at 1456
TBtus, with average seasonal fluctuation of 1074 TBtus (Figs. 2B,C). This seasonal variation is largely driven by
consumption in buildings, with a secondary peak in July and August driven by electricity demand (Fig. 2B,C).
However, gas production is fairly flat throughout the year, along with consumption in other sectors (Fig. 2B,C).
This asynchronicity between gas production and consumption is largely managed by a network of 412 UGS
facilities, 388 of which were active in 2019%°. Around 14% of all gas produced in the U.S. annually is injected into
UGS facilities for storage during the warmer months (April to October) and withdrawn from storage during the
cooler months (November to March)'#*. During the average November-March heating season, 2341 TBtus is
withdrawn from UGS facilities in total—21% of total gas consumption during those months (Fig. 2C). UGS hasa
strong role in balancing production and consumption of gas (regression r?=0.91 with UGS, and *=0.37 without
UGS). UGS is equivalent to a battery with 686 TWh of heat storage capacity, and peak discharge rate of 277 GW
of heat. For comparison, at the end of 2018 in the U.S., the total power capacity of the U.S. grid-scale electric
battery fleet was 869 MW, with a total electric storage capacity of 1236 MWh?!. This does not include additional
backup capacity, as the UGS fleet tends to keep reserves—monthly average stored working gas peaks in October
at 3395 TBtus, and is lowest in March at 1529 TBtus.

The “falcon curve” under different electrification scenarios. Building energy demand fluctuates
monthly, with a peak in winter that is a mixture of electricity and on-site fossil fuel use, a secondary summer
peak that is largely electricity, and is lowest in the spring and fall months (Fig. 3A). The shape of the falcon
curve varies under different hypothetical scenarios of building electrification (Fig. 3A-F). From March of 2010
through February of 2020, current monthly average total primary energy demand from buildings peaks in Janu-
ary, at 4271 TBtus, and is lowest in May, at 2722 TBtus (Fig. 3A)—a 1549 TBtus seasonal fluctuation. Electricity
demand peaks in the summer 2883 TBtus in July (including ~ 66% losses from power plant losses and direct use,
along with transmission losses), has a secondary peak at 2496 TBtus in January, and is lowest in April at 1943
TBtus (Fig. 3A), making a seasonal fluctuation of 940 TBtus. If 50% of current fossil building heating demand
is met with technologies with a COP of 1", total seasonal fluctuation in total energy demand would expand to
2715 TBtus from September to January. The additional demand on the electrical grid from electrifying heating
would be enough to shift building demand from a summer peak to a winter peak, with 4917 TBtus in January,
3360 TBtus in July, and 2857 TBtus in May (Fig. 3B). If 100% of current fossil building energy is converted, the
fluctuation in total energy demand expands to 3980 TBtus—3430 TBtus in September to 7410 TBtus in January
(Fig. 3C). The expanse of this gap decreases as the COP for space heating technology increases (Fig. 3B-F). With
a COP of 6'%, the seasonal fluctuation in total energy demand decreases to 1022 TBtus—a peak of 3375 TBtus
in January, 3122 TBtus in July, and 2353 TBtus in April.

Managing the falcon curve on the electrical grid. Even under our most efficient scenario, using tech-
nologies with a COP of 6, electrifying building heating will put substantial additional demand on the electrical
grid (Fig. 4), effectively superimposing the falcon curve onto the electrical grid. Currently, January electrical
demand is 338 TWh. Under full building electrification with technologies with a COP of 1, total January demand
increases by 534 TWh, to 872 TWh, surpassing the summer peak (Fig. 4). With technologies with a COP of 6,
total demand in January increases by 89 TWh (~21%) to 427 TWh, higher than the summer peak (Fig. 4). Even
under the most efficient prototypical COP, building electrification presents a fundamental shift in electrical grid
seasonal dynamics, from a summer peak to a winter peak.

Currently, seasonal fluctuations in electricity demand are largely handled by coal and gas (Fig. 5A). If the
additional electricity demand from building electrification is met with electricity generation resembling the
current grid, combustion emissions will shift from buildings to power plants. This can be avoided by generating
this electricity from renewables. To provide some illustrative scenarios of how electricity generation could be
met with renewables, we model scenarios where this demand is met by scaling up either wind or solar energy,
using the existing monthly generation profiles (Fig. 5B).

Meeting the 534 TWh gap in January electricity demand that would result with electrification using technolo-
gies with COP of 1 with wind would require scaling up wind from the average of ~ 19 TWh generation in January
by a factor of ~ 28x (Fig. 6A). With a COP of 6, this demand could be met by increasing current wind generation
by a factor of ~4.5x (Fig. 6A). In both scenarios, this would result in electricity generation exceeding supply
in some months. With technologies with a COP of 1, grid generation would exceed demand by, at its highest,
roughly 1.8x in April, when demand is low and wind generation is high. With COP of 6, grid generation exceeds
demand by only 20% (Fig. 6A). If this is met by solar, with technology with COP 1, January solar generation
would have to increase by a factor of ~ 303x (Fig. 6B). With technology with a COP of 6, January solar generation
would only have to increase by a factor of ~ 36 x to meet January demand (Fig. 6B). With COP of 1, generation
exceeds demand by a factor of 2.9 x in June (Fig. 6B); with COP of 6, June generation exceeds demand by ~40%
(Fig. 6B). In all scenarios, the amount of overgeneration in off-peak months and the need for renewable energy
deployment could be reduced by deployment of seasonal-scale electricity storage technologies.

Discussion

We found a strong seasonal fluctuation in total energy consumption in the U.S., largely driven by winter heat-
ing demand for buildings. This “falcon curve” is not represented in many of the existing decarbonization
pathways">>-8. Currently, this fluctuation is managed largely by the existing fleet of UGS and LNG facilities,
and other storage capacity intrinsic to existing fossil fuel energy systems. The existing UGS and LNG facilities,
along with in-home and midstream storage capacity for wood, propane, fuel oil, and other home heating fuels
represents a massive and crucial long-term energy storage resource that is essential to the current management
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Figure 3. The “Falcon Curve’—Monthly average building total energy consumption from March 2010 to
February 2020, and changes to building energy demand under different scenarios of building electrification
with the current electrical grid. (A) current—all buildings’ energy demand. B-E are scenarios representing
electrification of fossil energy use at (B) 50% conversion using technologies with a coeflicient of performance
(COP) of 1; (C) 100% conversion using technologies with a COP of 1; (D) 100% conversion using technologies
with a COP of 2; (E) 100% conversion using technologies with a COP of 4; and (F) 100% conversion using
technologies with a COP of 6.

of seasonal fluctuations in building energy demand in the U.S. Our results show that electrifying building
heating will superimpose the seasonal demand fluctuation of the falcon curve onto the electrical grid. This
will likely increase winter electricity demand enough to switch electricity generation from summer peaking to
winter peaking, a phenomenon which has been shown in other studies that incorporated seasonality of energy
demand®!”**-?7. With the current grid, this demand would likely be met by dispatchable electricity from gas
and coal, which has long-term storage available. Since peak renewable energy production, especially for solar,
does not coincide with peak heating demand, meeting this demand with renewables alone will require massive

deployment of renewables on top of existing fossil generation

7,11,27

Our analysis uses historical energy use data, so potential changes in future building heating demand from
factors including climate change, migration, building stock changes, and other changes in building energy con-
sumption are not included. Future energy policies, new technologies for generation or storage, and electrification
of other sectors may affect these dynamics in the future. We also assume that all current use of fossil fuels in build-
ings could be converted to electricity. The COPs used here are prototypical and intended for benchmarking—they
do not reflect changes in COPs due to diurnal, seasonal, and spatial variations of outdoor temperatures, especially
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relevant for air source heat pumps (ASHP) during winter'”-'*?>* That said, our analyses of the historical energy
system performance reveal the extent of the seasonal fluctuations in current total building energy demand and the
role that fuel storage, especially from UGS, has in managing the falcon curve currently. Successfully electrifying
buildings will require replacing or bypassing this existing storage capacity.

There are a number of strategies that can be used to manage the falcon curve. High COP heating and cooling
technologies—such as ASHPs, ground source heat pumps (GSHPs), and networked GSHPs—can flatten the
falcon curve on the building demand side by reducing the winter peak in electricity demand, therefore reducing
demand placed on the electrical grid. Passive and active building energy efficiency, peak-shaving, and energy
storage in buildings can support this as well, by either decreasing energy consumption or moving energy demand
in time. Dispatchable renewable energy and large-scale deployment of long-term or seasonal electricity storage
of capacity similar to existing UGS facilities may also be viable strategies for managing the demand placed on
the electrical grid. Long-term electricity storage can also have a role in managing seasonal fluctuations in energy
demand—helping to “flatten” the falcon curve as it is superimposed on the electrical grid. Long-term electric-
ity storage would allow excess electricity generated by renewables in summer months to be stored and used for
heating in winter months®**??, potentially reducing the increased deployment of renewable electricity neces-
sary to meet this new demand with renewable electricity. However, storage capacity of this scale would require
an expansion of the current design space, and may require advancements in chemistry, physics, or materials to
develop technology capable of meeting this demand®!.

To avoid unintended adverse consequences for climate, health, and environmental justice, building electrifi-
cation and grid electricity need to be planned in tandem. For building electrification to maximize reductions in
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Figure 6. Additional renewable electricity needed to meet building electricity demand under different building
electrification scenarios. (A) Shaded areas represent current (March 2010-February 2020) electricity generation
and lines represent the additional wind generation necessary to meet new demand under different building
electrification scenarios if this additional demand were to be met by wind. (B) Shaded areas represent current
(March 2010-February 2020) electricity generation, and lines represent the additional solar PV generation
necessary to meet new demand under different building electrification scenarios if this additional demand were
to be met by solar PV.
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GHG and air pollutant emissions and make the most progress toward environmental justice, induced electricity
demand should be met with non-combustion renewables. Conversion of current on-site fossil fuel use to com-
bustion of renewable natural gas, hydrogen, biomass, or other renewable fuels either on-site or for electricity
generation, may perpetuate the air pollution and health burden of building energy use, even if these fuels are truly
GHG neutral**>*, Since seasonal differences in air pollution emissions have different health impacts, there is a
role for atmospheric and public health scientists in this research®. Future decarbonization pathway development
should incorporate seasonal fluctuations in building energy demand, and model scenarios for buildings and the
electrical grid in tandem, in order to ensure that the electrical grid is capable of meeting building demand for
space heating. Additionally, deployment, field testing, and further development of high-COP building heating and
cooling technologies now can begin to flatten the falcon now, putting the building energy system on a trajectory
well-aligned toward a zero-emissions future. In order to ensure that decarbonization makes the most progress
possible toward correcting existing public health burdens and environmental injustices, and not producing new
environmental injustices or impacts to public health, future work should include public health and atmospheric
scientists in energy planning, alongside physicists, economists, energy modelers, and climate scientists.

Our research points toward several areas for future research. Future work should formally model different
scenarios of long-term energy storage deployment to test the ability of long-term storage to alleviate the need for
increased renewable energy deployment to meet the demand from electrified buildings. This may point toward
future research in chemistry, physics, engineering, and/or materials science to develop new long-term energy
storage technologies. Within the U.S., there is also likely to be variation in the seasonal fluctuation in building
energy demand, which was not incorporated here. Evaluating the falcon curve for different regions or states may
reveal fundamentally different dynamics in different regions, which then lead to different strategies to manage
the falcon curve. Additionally, since this is relevant to mitigating both climate change and air pollution, future
work could evaluate the magnitude and distribution of air quality and health consequences of different building
decarbonization strategies.

Conclusions

Here, we find strong seasonal fluctuation in total building energy demand, currently being managed by fossil
fuels with long-term storage capacity. Further, we find that if buildings are decarbonized using inefficient elec-
trification technologies, this will dramatically increase demand for electricity, especially in winter, producing
the “falcon curve”. Even under high-efficiency building electrification, the U.S. electrical grid will likely switch
from peaking in summer to winter. This represents a fundamental change in seasonal dynamics of the grid. For
building electrification to truly represent healthy decarbonization of building energy, the additional electricity
demand needs to be met with non-combustion renewable energy, which under our most optimistic scenario
will require increasing wind generation by 4.5x. Seasonal fluctuations in building energy demand are currently
being met largely by a fossil energy system with long-term energy storage. Development and deployment of
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long-term electricity storage may have a strong role in aiding renewable electricity in meeting the demand from
newly electrified buildings.
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