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Space heating is the single greatest source of building-related greenhouse gas emissions in the industrialized
world, giving urgency to the development of strategies for carbon-free heating. Recent advances have shown
that the direct capture, storage, and deployment of solar energy, without conversion to electricity, has
considerable potential to address space-heating needs even in cold and cloudy climates. However, the solar
energy available for direct heating at climatic and metropolitan scales is both unquantified and widely
assumed to be negligible, impeding further investigation, development, and policy responses. To estimate
the magnitude and distribution of solar resources concurrent with space-heating needs, we spatially integrate
datasets characterizing solar radiation, outdoor temperature, and heating energy use across U.S. climates.
Results show that the median resource incident upon collectors of residential scale (10 m?) and distribution is
much greater than previously realized, equaling 7 MWh per household annually; by comparison, the median
household heating need is currently 10.3 MWh. Unexpectedly, cloud-diffused solar radiation accounts for over
one-quarter of this resource in all but semi-arid climates. Metropolitan residential resources exceed 5TWh
in areas including Detroit and Boston (cold continental), WashingtonD.C. (humid subtropical), Seattle and
San Francisco (Mediterranean), and Denver (semi-arid), and national resources exceed 750 TWh annually,
compared to approximately 1200 TWh of annual heating need. Current technology is able to capture and
retain over half of a direct solar heating resource, revealing that the untapped U.S. solar heating potential is
comparable to one-third of the national residential space-heating need and implying that analogous resources
exist in analogous climates worldwide.

1. Introduction urgently for strategies to reduce mechanical space heating needs [13]

(Supplementary Information: Sec. S1; Figs. S1-1, S1-2).

Space heating of residential buildings consumes one-tenth of all site-
delivered energy in the developed world, exceeding that of lighting,
appliances, air conditioning, cooking, and water heating combined [1].
This immense quantity — over 4PWh annually among International
Energy Agency member countries — represents nearly 1Gt of green-
house gas emissions each year [1,2]. Extensive effort has accordingly
been devoted to improving building envelopes, increasing mechanical
heating efficiency, and expanding renewable energy supplies [3-5]. At
the same time, growth in built floor area [6,7], and growth of electricity
demand beyond that of renewable supplies [8-10], are causing total
space heating energy use and emissions to resist decline [11,12]. In
response, the Intergovernmental Panel on Climate Change has called
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Recent advances suggest that direct solar heating has considerable
potential as such a strategy. In this approach, solar radiation is collected
through windows and skylights, partly for immediate warming of air
and partly for storage in materials for release during cooler hours
(Fig. 1). Hourly and daily variations in solar resources and outdoor
temperatures are tempered by sustained thermal delivery from these
storage materials, causing solar heating systems to operate over time
scales of several days or longer; they are not expected to provide heat
on demand, nor always to provide thermal comfort [14,15]. Instead,
they typically operate alongside mechanical heating systems: a direct
solar system collects, stores, and delivers as much energy as possible
(or as needed), diminishing the load on the mechanical system, while
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Fig. 1. Direct solar heating system operation. Arrows with solid straight lines indicate radiation; those with solid curved lines show convection; and those with dotted lines
show conduction. Some processes are omitted for clarity. (a) Direct solar heat collection, in which direct (beam) solar and/or cloud-diffused radiation enter a building space
through skylights or windows, partly warming air and partly warming cool materials, including dedicated thermal storage mass. (b) Nighttime heating of the space by warm
materials through radiation and convection, with collector heat loss limited by movable (night) insulation. (¢) Components: (I) Collector oriented and tilted to maximize exposure
to climate-specific solar radiation during the corresponding heating season, shown for the Northern hemisphere; (II) Collector glass with a high solar heat gain coefficient (SHGC),
a value that quantifies the proportion of incident solar radiation conveyed to the interior through transmission, surface radiation, and convection; (III) Thermal storage mass with
properties that allow it to return heat in the desired pattern (i.e. briefly and intensely, over a long period of time at lower intensity, or between these extremes), showing the
possibility of heat delivery or loss by the non-collecting face; (IV) Movable insulation for limitation of nighttime heat loss through collector glass. (d) Net solar heating resource,
conceptually, shown as the monthly solar radiation incident on a collector surface limited by the heating need. (e) Net solar heating resource pattern typical of a cold continental

climate.

Nomenclature and abbreviations

HDD Heating degree-days

HDDg30¢ HDD calculated from a base temperature of
18.3°C

H; Heating season severity of month i
(HDDyg 50¢)

NSHR, Net Solar Heating Resource on a surface of
area « (MWh, TWh)

NSRDB National Solar Radiation Data Base

I; Incident solar radiation on a tilted surfaces
(W/m?)

Tgirect Direct solar radiation intensity (W/m?)

Tituse Diffuse solar radiation intensity (W/m?)

RECS Residential Energy Consumption Survey

RSE Relative Standard Error

SHGC Solar heat-gain coefficient

TMY2 Typical Meteorological Year 2 (1960-1990)

TMY3 Typical Meteorological Year 3 (1975-2005)

TMYx Typical Meteorological Year Next (2004-
2018)

FTMY-2020 Future Typical Meteorological Year (2020)

a Collector area (m?)

) Collector orientation (degrees)

[ Collector tilt (degrees)

v Space-heating  energy use intensity
(KWH/HDD;g 5¢)

the mechanical system remains available to provide supplemental heat

when it is needed to reach the comfort zone.

Direct solar systems built according to U.S. guidelines that were
established in the 1970’s showed limited abilities in cool, cold, and
cloudy climates [16,17], but several developments since that time have

improved performance dramatically. In the mid-1980’s, field inves-
tigations throughout Europe showed that the solar energy captured
for space heating by buildings in coastal northern climates greatly
exceeded that captured in sunnier southern climates, a surprising find-
ing ultimately explained by the fact that the longer, cloudier heating
seasons extended into spring and fall months with numerous hours of
daylight [18-20]. Cloud-diffused solar radiation accounted for much
of the solar heating resource in these climates, contributing to the
initial surprise. In the 1990’s and 2000’s, however, researchers re-
alized that diffuse solar radiation emanates largely from the upper
portions of the sky dome, rather than evenly from all directions or
from the direction of the sun itself [21-23] (see also Supplementary
Fig. S3-2). The sloping glass roofs characteristic of northern European
conservatories had therefore been well-positioned to collect it. These
studies established the potential of direct solar heating in cloudy, rainy,
and northern climates, as well as the necessity of tilting collectors to
intercept high-altitude diffuse radiation.

Independently, field work in cold continental Alaskan climates re-
vealed the necessity of sizing thermal storage materials for the available
solar resource [24], correcting earlier recommendations for the use of
uniform “mass to glass” ratios [16] that promoted excessive thermal
storage in climates with low winter solar intensity. Related work has
shown, further, that thermal storage materials may be chosen, sized,
and configured both to accommodate the solar resource available and
to release heat in the pattern desired. In this way, heat delivery
may alternatively be focused soon after solar collection begins, in a
pattern desirable for daytime workplaces; soon after collection ends,
for evening-occupied residences; or extended throughout the coolest
hours of the night [25,26]. Additionally, the ongoing development
of new glass materials and glazing assemblies (i.e., composites of
glass, glass coating, and gas layers) continues to improve solar heating
performance by providing collectors that increasingly allow high solar
heat gain while limiting interior heat loss [compiled in 27], and the
importance of movable insulation to limit heat loss further at night has
now been well-established [summarized in 14].

Incorporation of the progress above into high-performance direct
solar heating systems has been greatly facilitated by the concurrent de-
velopment of building energy simulation tools, such as EnergyPlus [28,
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29], that employ contemporary solar radiation models [21], angle-
and wavelength-specific optical and thermal representation of glazing
assembly performance [27], and rigorous simulation of time-dependent
material thermal behavior [30]. The performance of the resulting sys-
tems, often accompanied by field validation, has now been documented
in numerous studies [e.g. 31-35]. Additionally, new tools for optimiza-
tion [e.g. GenOpt 36] and control simulation (e.g. the Building Control
Virtual TestBed [37] and the MATLAB-EnergyPlus Co-simulation Tool-
box [38]) have facilitated detailed explorations of site- and building-
specific system configurations, control strategies [39], and performance
potential, reviewed most recently in [34]. As a result, direct solar
systems are now expected to collect and retain 55% or more of the
solar resource incident upon their collectors, even in cloudy climates,
with further gains anticipated [18,39]. For context, solar collection
performance and heat retention performance of current technology
are documented for several contrasting climates in the Supplementary
Information (Sec. S2.1, S2.2; Fig. S2-1, S2-2). Also included are the esti-
mated costs of residential-scale direct solar heating systems comprised
of commercially available materials, including framing with which the
collector is positioned as desired, as is typical [e.g. 31,39]. These
costs are now comparable to those of other residential-scale renewable
energy additions [40], requiring initial investments of approximately
$10,000 per system and delivering energy at 11-18 U.S. cents per
kilowatt-hour [41], detailed in Sec. S2.3 and in Table S2-1.

Still, direct solar heating systems remain rare in developed coun-
tries [2]: fewer than 0.2% of U.S. households reported solar heating
use in 2018 [42], for example. Additionally, direct solar heating is
neither recommended nor rewarded by prominent building energy
efficiency codes, standards, rating systems, or programs, including the
International Energy Conservation Code [43], the International Green
Construction Code [44], ASHRAE Standard 90.1 [15], Leadership in
Energy Efficiency Design (LEED) [45], the U.S. Department of Energy
Building America Program [46], the U.S. Environmental Protection
Agency Energy Star Program [47], and the Passive House Institute
U.S. [48]. Together, these reflect the low confidence that currently
exists in the quantity and consistency of solar resources when heat is
needed [17,49,50]. Solar radiation useful for direct space heating is, as
a consequence, a potentially valuable but virtually untapped resource.
Because its magnitude, distribution, and consistency are entirely un-
known, progress at metropolitan, regional, and national scales has
little incentive to proceed. The objective of the work presented here is
therefore to quantify solar resources that exist when heat is needed, and
that are therefore available to be intercepted by appropriate collector
surfaces, across diverse climates and metropolitan areas. In this way,
this work is intended to support future research, development, and
policy efforts.

The direct solar heating resource is distinct from photovoltaic re-
sources [e.g. 51,52] in its occurrence exclusively during cool months,
and primarily in cool climates, and it is distinct from solar thermal re-
sources, particularly those of interest for concentrated solar power [e.g.
53], in the substantial contribution of cloud-diffused radiation. Because
of these distinctions, the direct solar heating resource is well-positioned
to add to, rather than compete with, other renewable resources. The
ability of direct solar heating to use diffuse radiation effectively, fa-
miliar in the ability of a sloped automobile windshield to warm the
interior on cool cloudy days, gives it the potential to supplement both
photovoltaic electricity generation and heat pump operation during
a climate’s coolest months. Electric heating and cooking loads are
typically highest during these months [54], while photovoltaic elec-
tricity generation is typically lowest, since daylight hours are typically
fewest and proportions of direct solar radiation are often least [55,56].
Heat pump efficiency is also lowest during the coldest months of the
year [57]. As a result, the partial offset of heating demand during
these months by solar space heating has the potential both to diminish
heat pump loads and to free photovoltaic production for other uses,
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expanding the range of building energy end-uses met by renewable
resources.

This work reveals the magnitude and distribution of the direct
solar heating resource for the first time. To find these quantities, we
integrated spatial and temporal databases documenting weather, solar
radiation, space-heating energy use, and household density patterns
to quantify solar radiation concurrent with space-heating needs, using
U.S. datasets for their completeness and accessibility. The resulting
‘net’ solar heating resources (i.e., excluding solar radiation in excess
of need; Fig. 1d,e) are unexpectedly extensive and consistent even in
cold, humid, and cloudy climates, where annual values above 7 MWh
incident upon residential-scale collectors are typical and the median
interannual variation is less than 15%. For comparison, recent estimates
find U.S. household average space-heating energy consumption to be
10.3MWh per year [58]. Strikingly, the total U.S. national residen-
tial resource available to be intercepted exceeds 750 TWh per year,
with median interannual variation of less than 5%, compared to total
annual U.S. residential space heating needs of 1200 TWh [58]. As a
result, at current solar heat collection efficiencies of greater than 50%
(Supplementary Information Sec. S2), this virtually untapped resource
corresponds to approximately one-third of the total U.S. residential
heating energy need.

2. Materials and methods

The methods below describe the integration and evaluation of
datasets that characterize space heating energy needs and concurrent
solar resources spatially and temporally across the U.S., focusing on
the years 2020 and 2000. Results are reported at monthly intervals to
reflect both the operational timescales of direct solar heating systems
(i. e., several days or longer) and the intervals over which weather and
solar radiation are consistent from year to year.

2.1. Space-heating energy use datasets

Annual values of U.S. residential space-heating energy consumption
were obtained from the U.S. Residential Energy Consumption Sur-
veys (RECS) conducted in 2001 and 2015 [58,59]. Data from 2001
were used for year 2000 estimates, while 2015 data, the most recent
available, were used for 2020 estimates (see Sec. S3.1 for a table
of all datasets and their temporal alignment). These data represent
actual, rather than simulated or archetypal, heating energy use and
were chosen to describe current U.S. heating practices as accurately
as possible; for example, adaptation of thermal comfort preferences
to local climate conditions has been found to influence space-heating
energy use noticeably [60]. RECS values used here, distinguished only
by major climate zone, encompass all residential types, sizes, and ages;
disaggregated data are protected from direct use by the Confidential
Information Protection and Statistical Efficiency Act [61,62]. Addi-
tionally, RECS data were reported by different climate zones in 2001
and 2015: 2001 climate zones were defined exclusively by average
annual (1971-2000) heating and cooling degree-days (HDD and CDD,
respectively), where one heating degree-day represents a 24h average
outdoor air temperature of one degree below a given baseline tem-
perature, often 18.3°C [63,64]. In contrast, 2015 climate zones [65]
incorporated precipitation and seasonal temperature patterns as well
as annual HDD and CDD (compare Fig. S3-3a and b). Since these
climate zones largely followed county boundaries, except in western
states where some followed drainage basins, U.S. county maps [66]
were used to construct shapefiles representing the boundaries of both
major climate zone sets in ArcGIS 10.5 [67] to facilitate subsequent
intersections of these data with the others. These and all subsequent
maps used the USA Contiguous Albers Equal Area Conic projection.
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2.1.1. Uncertainty in space-heating energy use datasets

All RECS data were reported as means with relative standard er-
rors [58,59,63,65], and approximately 5000 households were surveyed
in each year [63,65], allowing 95% confidence limits for the means to
be estimated as +1.96 x RSE [68].

2.2. Weather datasets

Typical meteorological year 3 (TMY3) files, the majority of which
characterize 1991-2005 data [69], were used to represent weather
conditions across the U.S. for the year 2000. For 2020 analyses, TMY2
(1961-1990) files [70] were processed into future TMY (FTMY) 2020
files using CCWorldWeatherGen v1.8 [71], one of the principal tools
available for generating future weather files for building energy simu-
lation [72]. This procedure transforms 1961-1990 baseline data into
future year estimates using version 3 of the Hadley Centre Coupled
Model (HadCM3) under parameters of the medium-high, or “business
as usual”, A2 emissions scenario [71,73]. Annual HDDg 3. of the re-
sulting FTMY-2020 files corresponded closely (r(237) =.996, p<.00001)
to those of the same stations recently reported in “TMYx” weather files
derived from 2004-2018 measurements [74] (Fig. S3-1b), confirming
the validity of the FTMY-2020 files and allowing source data for the
TMYx 2004-2018 files to be used in uncertainty estimates (below). Ge-
ographic boundaries of the sectors represented by each of the individual
(609) TMY3 and (239) FTMY weather files were established on the
basis of proximities and elevation similarities of 10 km x 10 km gridcells
to individual weather stations, weighted to favor stations with lower
measurement uncertainty, according to National Renewable Energy
Laboratory methods [75]. Station latitudes and longitudes were taken
from station weather files, and elevations were determined from U.S.
Geological Survey topographic data [76].

2.2.1. Uncertainty in weather datasets

Among TMY3 weather files, annual HDD,g 3. have previously been
reported to fall within 5% (95% confidence level) of average annual
HDD,g 3-¢ in the corresponding long-term data [69]. Independently,
the National Climatic Data Center estimated the 30-year variability
in the temperature data of each TMY3 source weather station [77];
among the TMY3 stations used here [75], the mean standard deviation
in monthly temperature (+ SEM) was 1.73+0.75 °C. FTMY-2020 weather
files, in turn, incorporated uncertainty related to (i) the validity of the
underlying HadCM3 global circulation model forcing and output, (ii)
the HadCM3 atmospheric grid resolution of 2.5° latitude x 3.75° longi-
tude (corresponding to distances between grid points of approximately
300 km in the continental U.S., comparable to the 242 km mean spacing
between each TMY2 station and its five nearest neighbors), and (iii) the
validity of the morphing procedure, principally limited by its inability
to represent the increasing frequency of extreme weather events and
intensifying microclimate effects such as urban heat islands [73]. Be-
cause of the resulting inability to quantify FTMY-2020 error directly,
as well as the close correspondence between FTMY-2020 and TMYx
2004-2018 files, individual 2004-2018 years of TMYx source data were
acquired from the National Oceanographic and Atmospheric Admin-
istration (NOAA) Integrated Surface Database (ISD) [78] and used to
estimate effects of interannual temperature variability on space-heating
energy needs, collector tilt optima, and net solar heating resources
(detailed in Sec. S3.6, Fig. S4-6, and Sec. S5).

2.3. Space-heating energy intensity (w) and heating need

Relationships between annual space-heating energy use (kWh) and
annual heating season severity in normal heating degree-days
(HDD,g30¢), here described as space-heating energy use intensities
v (kWh/HDD;g 3-¢) per household, were next found for each major
RECS climate zone. This allowed subsequent estimation of heating
energy use both at monthly intervals and at the resolution of TMY3-
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and FTMY-2020 weather file sectors (Fig. S4-1). Because RECS survey
data were self-weighted by housing density [63,65], census-reported
household distribution data were used, in addition, to eliminate this
influence. To reveal the combination of household density, annual
space-heating energy use, and annual HDD,g 5 o within each weather
file sector, household distributions at the block-group scale from 2000
and 2010 (the most recent available) U.S. census maps [79] were
spatially intersected with TMY3 and FTMY-2020 sector boundaries
(Fig. S4-1), representing weather data from 2000 and 2020 [73,80],
respectively, and with corresponding RECS 2001 and 2015 climate zone
boundaries (Fig. S3-3) representing space-heating energy use [81,82].

Space-heating energy use intensities y (kWh/HDDg 3 ) were then
found from:

Residences

12
Annual space heating energy use (kWh) =y z z < .
~ = In sector;

>><H,-, 1)
where H; represents the HDD;g 30 for month i, and the outer sum
is taken over each of the TMY3 or FTMY-2020 geographical sectors
for the years 2000 and 2020, respectively. Ninety-five percent con-
fidence intervals of the resulting space-heating energy use intensities
were estimated from RECS-reported relative standard errors for an-
nual heating energy use and heating degree-days, per surveyed house-
hold [58,59], using Fieller’'s method [83] (tabulated in Fig. S3-3).
To estimate monthly space-heating energy needs within each TMY3
and FTMY-2020 sector, the space-heating energy intensities y found
above (kWh/HDD;g 3 o per household) were multiplied by #; in each
corresponding sector.

2.4. Solar radiation datasets

Individual years of hourly direct normal and diffuse horizontal ra-
diation data, as well as solar zenith and azimuth angles, were acquired
from the 1991-2005 National Solar Radiation Database (NSRDB) up-
date [84,85] for use in finding optimal tilt angles for solar-collecting
glass at the scale of TMY3 and FTMY-2020 weather file sectors. So-
lar data modeled at 0.1° resolution from Geostationary Operational
Environmental Satellite (GOES) imagery by SolarAnywhere, available
publicly for 1998-2009 [86], were then used to estimate solar radiation
incident on surfaces of optimal tilt among the lower 48 states and
Hawaii. Alaskan estimates, however, instead used NSRDB solar data
for the same time period (1998-2009) [87], modeled from surface
observations of cloud cover [88], due to the inability of GOES imagery
to resolve cloud cover in sufficient detail at high latitudes.

2.4.1. Uncertainty in solar radiation datasets

In validation tests of the models (METSTAT and SUNY-A) used to
create the NSRDB and SolarAnywhere datasets, respectively, mean bias
errors for monthly mean daily totals of global horizontal radiation
ranged from —0.06% to 1.73% of measured values, while root mean
square errors ranged from 5% to 8%, comparable to instrument-related
uncertainties in the measurements themselves [84,89]. Since short-term
errors tended to cancel out over each year, however, uncertainties in
annual totals were found to be less than 2% [84], causing interannual
variability rather than model error to be the primary source of uncer-
tainty in solar data [90]. Because monthly solar radiation totals were
non-normally distributed in both datasets (evaluated with one-sample
Kolmogorov-Smirnov tests using the MATLAB function kstest [91]),
all results dependent on solar radiation data are expressed as medians,
and uncertainties are expressed as median absolute deviations or as
approximate 95% confidence intervals [92].
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a All solar resources available
for capture

by photovoltaic, concentrating solar
power, solar water heating, space
heating, and other solar technologies

solar radiation ?
Rt incident upon appropriate collector
R surfaces and concurrent with heating
motivation for // needs (subject of this study)
further N

—— ¢ Solar energy capturable

/ S - =
déiiﬁ)arcmhém / and retainable, for space heating,
adopriion L with current collector technology
and policyy | (~55% of resource)
S “¥ d Solar energy captured

- currently for space heating
(<1% of space heating energy)

Fig. 2. Study scope. (a) Solar energy resources (down arrows) suitable for capture by
numerous technologies unrelated to space heating have been most recently reviewed
by Kannan and Vakeesan [93] and by Kabir et al. [94]. (b) Solar resources suitable for
space heating have not previously been investigated and are the subject of this study,
with the goal of providing a theoretical framework for further research, development,
and policy. (c) With current technology (i.e. high solar heat gain glass, night insulation,
thermal storage), approximately half of the solar energy incident upon a space-heating
collector may be captured and retained in diverse climates [e.g. 18,31,39, corresponding
evidence is reviewed in detail in the Supplementary Information]. (d) Despite the ability
to capture half of the incident solar resource, fewer than 1% of U.S. households employ
solar space heating even at supplementary levels [42], due in part to lack of confidence
in solar resources in cool, cold, and cloudy climates [49].

2.5. Calculations of solar radiation on tilted surfaces

To calculate total (diffuse + direct) solar radiation I, incident upon
tilted surfaces, the model of Perez et al. [21] was chosen based on its
prior validation in diverse U.S. cities [95] and in our own previous
field studies [31,39,96]. Simple geometrical arguments were applied to
resolve direct solar irradiation onto surfaces of given tilt, solar azimuth,
and zenith angle, yielding hourly values for Iy... The diffuse com-
ponent I, Was evaluated using reported hourly diffuse irradiation
levels while accounting for the effects of local elevation, zenith angle,
and variations in sky clearness following the EnergyPlus AnisoSkyMult
routine [30]. Calculation details are provided in Sec. S3.3.

2.6. Calculations of optimal tilt

To find optimal solar collection tilts for each TMY3 and FTMY-2020
sector, the MATLAB golden section search routine fminbnd [91] was
used to determine the tilts of 10 m? surfaces that received maximum in-
cident solar radiation, limited monthly by space-heating energy needs,
during each sector’s heating season (i.e. months with >55HDD;g 30¢).
South-facing orientations were assumed for simplicity in describing
metropolitan- and national-scale resources; on specific sites, however,
non-south orientations may be equally or more favorable under certain
conditions [14,31]. Median tilts among the optima found for each of the
15 years of the 1991-2005 NSRDB solar dataset [85] were then used
in subsequent calculations of total and net solar heating resources.

2.7. Methodological limitations

2.7.1. Effects of dataset uncertainty

The principal sources of error in estimating net solar heating re-
sources were (i) uncertainty in RECS-reported heating energy use [58,
59,63,65]; (ii) uncertainty in heating degree-days represented by
FTMY-2020 [73] and TMY3 [77] weather files; and (iii) uncertainty
in NSRDB-reported national solar radiation data [84,86,89]. The cor-
responding effects on calculated parameters were evaluated for 20
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representative cities using 2020 data, followed by examination of
the most influential factor at high resolution across the U.S. First,
the influences of uncertainty in solar radiation and in space-heating
energy needs on collector tilt optima were found; next, sensitivity to
this variability was investigated directly by calculating NSHR values
over collector tilts from 0° to 90° at 5° intervals. NSHR sensitivity to
interannual variation in normal heating degree-days ; was then eval-
uated using uncertainty derived from individual years of 2004-2018
NOAA ISD weather data [78]. Finally, NSHR sensitivity to interannual
variability in solar radiation was shown by estimating median absolute
deviations in NSHR,, for both 2020 and 2000 using individual years
of SolarAnywhere data across the U.S. [86]. Calculation details are
provided in Sec. S3.6.

2.7.2. Study scope

The scope and objectives of this study are to quantify (i) the spatial
and temporal patterns of the incident solar resource useful for space
heating; (ii) the collector tilts needed to intercept this resource effec-
tively; and (iii) the interannual variation that may be expected (Fig. 2).
This work then interprets the direct solar heating resources found in
light of current collector performance, for context and relatability, but
it does not attempt to quantify the performance potential of specific
individual buildings or systems or to investigate factors that affect
their performance; these are well-documented elsewhere (see [96-
98] and references in the Introduction). Likewise, this study does
not attempt to estimate the proportion of the resource that could be
captured by the specific existing buildings of individual cities, affected
by site-specific and changeable building forms and tree cover, though
aggregate resources are estimated in the context of urban densities.
Such higher-resolution analyses should soon be possible through phys-
ical or “bottom-up” urban building energy modeling [99], and ideally,
this work will motivate such studies. At the present time, however,
the available tools (e.g. CitySim [100], UMI [101], CityBES [102,103],
City Energy Analyst (CEA) [104]) do not yet support the automatic,
comprehensive creation of new surfaces (i.e. that are non-coplanar
with existing building surfaces) in city models such as those that
would reasonably be constructed for direct solar heating collectors. In
addition, direct solar heating applications are not yet included with
other energy conservation measures provided by programs designed for
rapid city-wide analysis [e.g. 102]. As a result, such work is beyond the
present scope.

3. Results and discussion
3.1. A new metric for solar heating resources

Direct solar heating resources have previously been expressed in
terms of the Solar Savings Fraction (SSF), defined as the ratio of the
space-heating energy saved by a solar-heated building to that consumed
by an analogous conventional building in the same location [16,50].
Since this fraction tends to be highest in warm or sunny climates,
however, and lowest in cold or cloudy climates, it misleadingly implies
that direct solar heating provides less total energy in the latter [18,
19]. To correct this bias, we began by establishing a new metric to
quantify solar radiation useful for heating in absolute terms: the Net
Solar Heating Resource (NSHR,). A location’s NSHR, is a measure of
the absolute solar radiation incident upon a surface of optimal tilt 0
(degrees), orientation ¢ (degrees) and defined area a (m?) that is no
greater than the simultaneous heating need (Fig. 1d, e). Here, monthly
intervals were chosen for NSHR documentation to represent time spans
at which weather and solar radiation data have sufficient interannual
consistency that the resulting resource estimates will be meaningful for
future years.

To find monthly residential NSHR values, we first estimated
monthly heating energy needs for typical households from two met-
rics: typical monthly heating-season severities H; expressed in normal
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heating degree-days (HDD), where one HDD;g 30 represents a 24h
average outdoor air temperature one degree below the standard base
temperature of 18.3 °C (65°F), and corresponding space-heating energy
use intensities y, representing the energy used for each normal HDD
(kWh/HDD; g 3-¢). Space heating energy use intensities, in turn, were
calculated from concurrent values of space heating energy use, house-
hold distribution, and outdoor air temperature data (see Section 2).
Annual NSHR values were then found by summing monthly solar
radiation values incident upon optimally tilted surfaces I;(6, a), limited
by the corresponding monthly heating energy needs:

12
NSHRa,annual = 2 min [V’Hia 1,00, a)] s (2)
i=1

where H; represents the sum of HDDg 3. for month i. For simplicity,
orientation ¢ was held constant at 180° (i.e. due south in the Northern
hemisphere), noting that direct solar heating performance is substan-
tially less sensitive to orientation when the collector is tilted [14,31]
instead of vertical [16]. Except where stated, NSHR values are reported
for collector areas a of 10 m2, a size frequently found among residential
direct solar heating systems [31,39], and expressed as NSHR;,. For
context, roof planes of this area with minimal shading, as well as
favorable tilt and orientation for solar collection, have been found on
approximately 80% of small (primarily residential) buildings surveyed
in 128 U.S. cities [105].

3.2. Spatial patterns of heating energy need

Across much of the U.S., heating seasons (by convention, months
with >55 HDD;g 30¢) currently begin near the fall equinox (Septem-
ber 21-23) and extend past the spring equinox (March 21-22). Longer
seasons, extending into May and including numerous weeks with more
than 12 daily hours of sunlight, are found in the humid continen-
tal Northeast, Great Lakes, and Upper Midwest; semi-arid Mountain
West; Mediterranean Pacific Northwest, and subarctic Alaskan climates
(Fig. 3a; Fig. S4-1). Residences across much of the U.S. therefore have
the potential to offset part of their mechanical heating energy with
direct solar space heating for 5-9 months per year. Comparable time
spans appear likely to persist over the next several decades, as annual
HDD;g 3¢ have declined from 2000 to 2020 by a median (+median
absolute deviation) value of only 7 + 3% among the weather stations
shown [75] (compare Figs. S4-1a and b).

The 2020 and 2000 spatial intersections of outdoor air tempera-
ture data [73,80], corresponding residential space-heating energy use
data [81,82], and household density [79] data revealed space-heating
energy use intensities y (kWh/HDD;g 3 o) per household that ranged
from 2.7-5.7 kWh/HDDyg 5o in 2020 and 4.6-7.4 kWh/HDD g 3¢ in
2000 (Fig. S3-3). While these values cannot be compared directly, due
to differences in the major climate zones by which RECS data were
reported (see Section 2.1), both sets reveal greater space heating energy
use intensity (i.e., energy use per heating degree-day) in hot humid
climates and correspondingly lower values in colder climates. These
patterns are consistent with climatic variation in building practices
as well as the adaptation of human thermal preferences to outdoor
conditions (Sec. S3.4).

The combination of regional space-heating energy use intensities y
(kWh/HDDqg3.c) and local monthly heating degree-days X,
(HDD;g3-c) showed that monthly heating energy needs currently
exceed 1.5 MWh per household from November through March across
much of the U.S., with residences of the Northeast, Great Lakes region,
Upper Midwest, and Alaska typically requiring > 2.25 MWh per month
from December through February (Fig. 3). Heating needs are also ap-
preciable in April, May, and October in the humid continental climates
of the Northeast, Great Lakes, and Great Plains; in the Mediterranean
Pacific Northwest; and in the semi-arid and subarctic Mountain West,
showing that heating seasons in large areas of the U.S. extend into
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Fig. 3. Concurrence of solar resources and heating needs across U.S. climates,
2020. (a) Monthly heating energy needs (household means; MWh), calculated from
2015 residential space-heating energy intensities [81] (Fig. S$3-3) and FTMY-2020
HDD,g;.¢ [73] (Fig. S4-1). (b) Monthly solar resources (medians; MWh) [87], without
limitation by need, on 10 m? surfaces of optimal tilt. Values for 2000 are shown in Fig.
S4-2. Regions and climates: Tropical (Af and Aw; Hawaii and southern Florida, respec-
tively); Semi-arid steppe (BSk; GP=Great Plains and MW=Mountain West); Hot desert
(BWh; SW=Southwest); Humid subtropical (Cfa; MA=Mid-Atlantic and SE=Southeast);
Hot-summer Mediterranean (Csa; WC=West Coast); Warm-summer Mediterranean (Csb;
PN=Pacific Northwest); Hot-summer humid continental (Dfa; GL=Great Lakes); Warm-
summer humid continental (Dfb; NE=Northeast and UM=Upper Midwest); Subarctic
(Dfc; Alaska and high elevation MW).
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months with 12 or more hours of daylight. Annually, household space-
heating energy needs in cold climates (the Northeast, Upper Midwest,
Great Lakes, and Mountain West) range from 12-24 MWh; those in the
Great Plains and Mid-Atlantic regions range from 5-12 MWh; in the
Pacific Northwest, 4-9 MWh; and in warmer arid and humid subtropical
climates, 1-8 MWh. Typical annual household space-heating needs are
tabulated for 239 U.S. cities in Dataset S2.

Comparison of 2020 and 2000 data shows, additionally, that U.S.
total heating needs have declined by <0.5% per year over this time
(compare Fig. 3 and Fig. S4-2), consistent with U.S. government pro-
jections of sustained high residential heating energy needs over the next
three decades [11].

3.3. Optimal tilts for solar heat collectors

Previous work has shown that solar heat-collecting glass must be
tilted in cloudy coastal climates to intercept maximum radiation during
the heating season [31,39], revising earlier beliefs that vertical glass
area, or the vertically-projected area of tilted glass, was of primary
importance [16,50,106]. These findings were consistent with observa-
tions that solar radiation is increasingly emitted from the sky zenith
as cloud cover increases [107] (Sec. S3.2; Fig. S3-2) and suggested
for this study that optimal tilts for solar heat collection were likely to
deviate substantially from vertical in climates with appreciable winter
cloud cover. To investigate, we calculated solar radiation incident upon
south-facing tilted surfaces as described above (Section 2), limited by
each month’s heating need, and used numerical optimizations to find
the corresponding optimal tilts for its interception.

Under both 2020 and 2000 conditions, optimal tilts were found to
be steep (>60° above horizontal) only in sunny climates with little
heating need, including the southernmost desert Southwest, tropical
Hawaii, and parts of Texas and Florida. In these climates, optimal tilts
responded to the low solar altitudes and limited cloud cover of the
coolest months (December-February) (Fig. 4; Fig. S4-3). Across the
humid subtropical Mid-Atlantic and Southeast, the humid continental
Midwest, and parts of the semi-arid Mountain West, shallower tilts
(50-60°) were optimal, with the shallowest optima (<50°) occurring
in the cloudiest climates [55] and in those with the longest heating
seasons: the Northeast, Great Lakes region, Pacific Northwest, and
coastal Alaska. In these cool, cloudy climates, tilt optima reflected
the high altitudes of both diffuse solar radiation in winter and direct
radiation in late spring, when heat is typically still needed. At the same
time, sensitivity analyses showed that these optima represented broad
peaks, with tilts of +20° from optimal values intercepting >95% of the
net solar heating resources found below (Fig. S5-2).

Correspondingly, across much of the U.S., diffuse radiation con-
tributed more than one-quarter of the total net solar heating re-
source, with the highest proportions occurring in the spring months
of February-May. Moreover, it provided over half of the total in the
cloudy winters of the Great Lakes, Pacific Northwest, and Southern
Alaska (Fig. 4; Fig. S4-3); only in the semi-arid Southwest did it
provide less than one-fifth of the resource. The widespread importance
of cloud-diffused energy to direct solar heating has not previously
been understood: although diffuse radiation is readily transmitted
through window glass [108], its high (i.e., bluish) color tempera-
ture is not perceived as warm [109,110], potentially explaining this
omission [e.g. 16,50,106]. These results show, however, that diffuse
radiation must be included in solar heating resource estimates across
subarctic, continental, subtropical, and Mediterranean climate types.

3.4. Net solar heating resources

To reveal seasonal net solar heating resource patterns across all U.S.
climates, including both direct (i.e., beam solar) and diffuse radiation,
we used high-resolution (0.1°) solar data [86] to calculate radiation
incident upon corresponding optimally tilted south-facing surfaces,
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Optimal tilt (degrees above horizontal)

>60 60 58 56 54 52 50 48 46 <46

Diffuse solar radiation (% of total NSHR, )

o 7 17 21 25 28 31 35 39 57 87

Fig. 4. Optimal solar collection tilts and corresponding diffuse radiation con-
tributions, 2020. (a) Degrees of south-facing tilt (horizontal =0°; vertical =90°) for
optimal direct solar heating collection found from maximizing interception of solar
radiation [84] coincident with space-heating energy needs (Fig. 3). Shallower tilts
correspond to cloudier heating seasons, in which diffuse solar radiation emanates to
a greater extent from the sky zenith (Fig. $3-2), and/or to longer heating seasons in
which high-altitude spring and fall solar radiation is useful. (b) Monthly percentages
of the NSHR;, provided by cloud-diffused solar radiation [86] on 10m? surfaces of
optimal tilt, showing correlations among tilt, seasonal cloud cover, and heating season
length. (¢) Annual percentage of the NSHR,, provided by diffuse radiation. Analogous
results for 2000 are shown in Fig. $4-3.
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Fig. 5. Net solar heating resource: magnitude and distribution, 2020. (a) Annual solar radiation (MWh) useful for space-heating incident upon 10m? surfaces of optimal tilt
expressed as medians per household by location. (b) Sum of median NSHR,, values (GWh) over all households in 10km x 10km sectors. (¢) Expanded views of b showing NSHR,,
values (GWh) in portions of the Pacific Northwest (Mediterranean), Great Lakes (humid continental; cloudy), Northeast (humid continental), West Coast (marine), Mountain West
(cold semi-arid), and Mid-Atlantic (humid subtropical) regions. (d) Characteristic patterns (MWh) among monthly heating needs (blue), solar resources (orange), and NSHR,, values
(black) in cities representative of the regions and climates shown in (c), labeled with annual NSHR,, values and median absolute deviations. Analogous results for 2000 are shown

in Fig. S4-4.

again limited by corresponding monthly heating needs, assuming 10 m?
collector areas. Under current (2020) conditions (Fig. 5; Dataset S2),
peak values (>13 MWh per household) occurred in the Mountain
West and northern Southwest, as expected, while unexpectedly high
values (8-11 MWh per household) were found in climates with long

heating seasons, including the humid continental Northeast and Upper
Midwest, much of the northern Mountain West, and subarctic Alaska.
Intermediate values of 7-8 MWh occurred throughout humid subtrop-
ical Mid-Atlantic and cloudier continental Great Lakes and Midwest
areas, as well, representing the 2020 median U.S. household NSHR;,
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value of 7.0 £0.4MWh (see error discussion in Section 3.5 below).
Also unexpectedly, resources of 5-7 MWh per household were found
in much of the humid subtropical Southeast and Mediterranean Pacific
Northwest and West Coast; for context, these values correspond to 80%
or more of the heating need in coastal areas that have previously been
regarded as too cloudy for direct solar heating [17]. In the warmest
areas of the Southeast and Southwest, values of 3-5 MWh per house-
hold were found, comparable to the total heating needs of these areas;
lower values occurred only in the tropical climates of south Florida
and Hawaii. Together, these results reveal substantial solar heating
resources across diverse cool, cold, and cloudy climates, including areas
thought to have little solar heating potential [16,17,50], as well as
resources in warmer climates sufficient to meet the majority of their
heating needs. To provide further detail, 2020 NSHR;, values are
tabulated for 239 major U.S. cities in Dataset S2.

These household net solar heating resources are comparable to U.S.
rooftop photovoltaic production potentials, recently estimated to range
from approximately 7-11 MWh per year for small buildings [52]. While
collection and retention efficiencies limit solar space-heating potential
to about 55% of the resource value (Sec. S2), photovoltaic generation
estimates assumed average rooftop areas six times larger than the 10 m?
used here for heating calculations. National average household-level
solar heating and solar photovoltaic potentials are therefore similar
in magnitude. Of greater interest is the noticeable difference in the
distribution of the two resources across U.S. climates. While both pho-
tovoltaic and solar heating resources show peak values in the semi-arid
Mountain West, photovoltaic resources remain high across the southern
U.S., declining in more northern latitudes and cloudier climates. Direct
solar heating resources, in contrast, increase markedly with latitude,
especially in the eastern and central U.S., and they surpass the national
median value of 7MWh throughout New England, the mid-Atlantic
area, the Great Lakes region, and the Upper Midwest, as well as the
interior Pacific Northwest (Fig. 5a).

To understand the concentration of net solar heating resources in
metropolitan areas, we next summed these values over households
within each 10km x 10 km sector, an area chosen to maintain consis-
tency with the 0.1° solar data grid. Although household access to solar
resources within cities is expected to be unequal, these sums include
all households equally for the following reasons. First, the current
objective is to provide a transparent, useful estimate of solar resources
available to be sought, independent of assumptions regarding the pro-
portions of their ultimate capture (Fig. 2); only then can the magnitude
of the resource inform policies regarding urban and building design that
preserve solar access [see also 111,112]. Second, the vast majority of
U.S. households currently occupy low-rise buildings: over 80% reside
within single- or double-unit buildings in all but three metropolitan
areas (New York City, Los Angeles, and San Francisco), and in those
cities, that number nevertheless remains above 70% [113], showing
that solar access among U.S. residences is, in fact, already widespread.
Accordingly, a recent study of existing rooftops in U.S. cities found
that the availability of minimally shaded 10 m? roof planes, suitably
oriented for solar collection, is not significantly affected by urban
density given the relatively low density of most American cities [105].
Finally, solar space-heating remains possible in the east-, south-, and
west-facing units of higher-rise buildings through the use of vertical
glass, which is able to collect a portion of the incident solar resource
despite its non-optimal tilt [14], and through balcony sunspaces [114].
To preserve the goal of estimating resources, therefore, the values
below consider all households to the same extent, allowing future in-
vestigations to interpret them in light of site-, building-, or city-specific
constraints of interest.

Strikingly, metropolitan-scale estimates of the 2020 NSHR exceed
5TWh per year in numerous cities, including many in warm climates
as well as those in populous areas of the Northeast, Mid-Atlantic,
West, and Pacific Northwest (Fig. 5b, ¢, Dataset S2). Particularly in the
Northeast, Upper Midwest, and Mid-Atlantic regions, the combination
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of appreciable per-household resources and household density extend-
ing beyond city centers creates substantial aggregate metropolitan re-
sources. Graphs comparing monthly heating needs with corresponding
solar resources for median households in ten cities (Fig. 5d) illustrate
the patterns found in diverse climates: in Mediterranean Seattle WA and
San Francisco CA, heating needs are sufficiently low that solar resources
are comparable to or exceed heating needs in most months. (Note that
about 55% of the resource is expected to be capturable with current
technology, see Sec. S2.2 and Fig. S2-2.) In cold continental Chicago
IL, Detroit MI, Albany NY, and Boston MA, useful solar resources
are greatest in March and April at approximately 1.5 MWh/month
per household, with lower resources of about 1 MWh/month found
throughout the colder months of the heating season, and with solar
resources exceeding heating needs in April, May, and October. In humid
subtropical Washington DC and Philadelphia, similar resources of about
1.5 MWh/month per household peak earlier, in February and March;
resources of about 1 MWh/month or more are available throughout
the colder months. Finally, in cold semi-arid Reno and Denver, useful
resources of about 1.5 MWh/month per household occur in five months
of the year, diminishing only when heating needs decline.

Nationally, we estimate 2020 resources to be 770 + 40 TWh. With
current capture and retention efficiencies of 55% or more (Fig. S2-2),
the scale of this untapped energy is comparable to one-third of the
annual 1200 TWh U.S. residential heating need [81]. The 2020 value
represents only a marginal decline from the 2000 estimate of 800 + 50
TWh (Fig. S4-4), reflecting the fact that the NSHR is limited by solar
resources rather than heating needs in some months and showing the
influence of increasing household numbers [79].

Investigating the sensitivity of these results to collector area, we
found that an increase to 20 m? substantially expanded the geographic
area over which intercepted solar radiation equaled or exceeded the
corresponding average heating need (shown for 2020 and 2000 in
Fig. 6 and Fig. S4-5, respectively). For reference, the median residential
photovoltaic array installed in 2018 occupied 35m? of roof area [40].
Median household NSHR,,, values rose accordingly to 9.7 + 2.4 MWh in
2020 (11.2+2.0 MWh in 2000), and corresponding national resources
reached 1.09+0.05 PWh in 2020 (1.16+0.04 PWh in 2000); this
doubling of collector area increased the proportion of resource to need
from approx. 60% for the NSHR;, to approx.85% for the NSHR,, in
2020 (~55% to ~80% in 2000). In other words, the solar heating
resource incident upon 20 m2-per-residence collector areas is of a scale
comparable to four-fifths of the total residential space-heating energy
use in the U.S. each year; the collectable, retainable energy equivalent,
assuming the performance of current technology (Sec. S2.2 and Fig.
$2-2), corresponds to nearly half of that need.

Further increases in collector area yielded progressively smaller
increases in the ability to intercept useful resources as the NSHR ap-
proached the total space-heating energy need in each climate, revealing
a pattern of diminishing returns with increasing collector area. This
finding suggests that the exploration of optimal collector areas for site-
specific combinations of climate, microclimate, building type, and cost
will be valuable in the design of individual systems.

The net solar heating resource values described above are excep-
tional in the context of the space heating decarbonization dilemma.
In the U.S., as well as in the industrialized world, space heating is
such a sizable energy end-use that it cannot be ignored in economy-
wide decarbonization plans [e.g. 115]. Efforts are therefore underway
to promote the widespread electrification of space heating, relying
on high-performance heat pumps powered by renewably generated
electricity [e.g. 116]. While this approach is already very effective in
mild climates with abundant wind, solar, and hydropower, it faces
several challenges in colder climates and in regions with fossil fuel-
dominated electricity generation [117,118]. One prominent issue is
that even the most advanced heat pumps experience efficiency declines
as outdoor air temperatures drop [57,119], requiring buildings in cold
climates to maintain auxiliary systems and causing heat pump adoption
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Fig. 6. Net solar heating resource sensitivity to collector area, 2020. (a) Areas
(m? per household) of optimally tilted surface required to intercept solar radiation
equivalent to mean household heating needs in each of the eight coolest months:
January-April and September-December. (b) NSHR, (PWh and percent of national
heating need) as a function of household collector area «, showing median values
obtained with individual years of 1991-2005 NSRDB data [85] (solid line) and median
absolute deviations (dashed lines); fine gridlines highlight values obtained with 10 m?
and 20m? collector areas, respectively. Tilts were optimized for 10m? collector areas
(shown in Fig. 4). Analogous data for 2000 are shown in Fig S4-5.

to face resistance in these areas [81]. Additionally, space heating
electrification is expected to require cool and cold regions to expand
their electricity delivery capacities substantially to meet new winter
peak loads, although strategic fossil-fuel backup systems could alleviate
part of this need [117]. Third, while U.S. solar and wind resources
have the technical potential to generate electricity in quantities many
times greater than current and projected demands [51], and while wind
power generation aligns well with building space-heating needs [120],
renewable power appears likely to comprise only 42%-54% of the
total U.S. electricity production by 2050 [121]. As a result, space
heating electrification alone is not likely to result in its decarbonization
within the next several decades. Renewable energy technologies that
can relieve pressure on electricity supplies are therefore extraordinarily
valuable because they allow renewable power to be used for needs that
can only be met with electricity.
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3.5. Uncertainty and error

Uncertainty in the net solar heating resource estimates above was
introduced principally by uncertainty in space heating energy use
data [58,59]; in heating degree-days represented by weather files [73,
80]; and in interannual solar radiation variability [84,86]. These un-
certainties potentially affected NSHR values indirectly through effects
on tilt optima and directly through effects on heating needs and solar
resources. Investigation revealed that effects related to tilt were neg-
ligible: among twenty cities representing five distinct climate types,
optimal tilts derived for individual solar years [84] varied by <11°
from optimal tilts reported in Fig. 4, and they improved NSHR, values
by <50kWh (i.e., <1%) in any given year (Fig. S5-1la). Variability
in heating energy needs, reflecting interannual variation in monthly
HDD;g3-¢c H; and uncertainty in space-heating intensity y, affected
tilt optima to a similarly small extent (Fig. S5-1b), with a similarly
negligible effect on the NSHR;,. Both of these results are consistent
with the observation that tilts within a 20° range centered on the
optimum intercepted 97% of the net solar heating resource, while those
within a 40° range intercepted 95%, showing that the reported optimal
tilts represent the maxima of broad peaks (Fig. S5-2a).

The direct effect of heating season variability (i.e. H;) on heating
need was more pronounced, affecting NSHR;, values during milder
months in which the useful resource was need-limited. Among the
same twenty cities, interannual variability in 2020 heating season
intensity (calculated as described in Section 2) yielded median absolute
deviations of up to 11% (median=3%) in local NSHR, values, with the
greatest sensitivity found in the mildest, most need-limited cities (Fig.
S5-2b). At the national scale, this variability in #; affected aggregate
NSHR, values by less than +2%. Since space-heating energy intensi-
ties are expected to increase somewhat as winters warm and annual
HDD decline, however [122,123], and since household numbers are
rising [79], a clearer indication of national sensitivity to longer-term
changes in H; is given by the comparison of NSHR;, results for 2020
and 2000 (Fig. 5 and Fig. S4-4, respectively), quantified below.

Interannual solar radiation variability contributed the greatest un-
certainty to NSHR;, estimates, as I, (6, «) values calculated for indi-
vidual solar years [86] for the twenty cities showed median absolute
deviations of over 20% in some months. Since this affected the NSHR
only during months in which the resource was less than the heating
need, however, annual NSHR;, values varied from the twelve-year me-
dians by less than 8% (Fig. S5-3). Across much of the U.S., local annual
NSHR,, values were accordingly found to have median absolute devi-
ations of <5% of the total (Fig. 7 for 2020; Fig. S4-6 for 2000); higher
values, approaching 14% of the total were found in the Upper Midwest
and near the Pacific coast, reflecting variability in heating-season cloud
cover. These corresponded to household median absolute deviations
of +0.4 MWh for both 2020 and 2000, yielding NSHR;, estimates of
7.0 +£0.4 MWh for 2020 and 7.4 + 0.4 MWh for 2000. Median absolute
deviations of national resources, in turn, were found to be 40 TWh
for 2020 and 50 TWh for 2000, yielding national NSHR;, estimates of
770 +40 TWh in 2020 and 800 +50 TWh in 2000. These assessments
also support a conservative estimate that household NSHR;, values
represent regional medians within +25%, with +11% and +14% ac-
counting for the maximum documented effects of variability in heating
need and in solar radiation availability, respectively.

4. Conclusions

The results above present compelling new evidence for an extensive,
reliable, carbon-free renewable resource that is directly applicable to
space-heating needs in a wide range of climate types. Virtually unex-
ploited in the U.S., this net solar heating resource is needed urgently as
rising built area, household numbers, and electricity demands sustain
high space-heating emissions (Figs. S1-1 and S1-2), even as building
envelopes improve, winters become milder, and renewable electricity
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Fig. 7. NSHR sensitivity to solar radiation variability, 2020. Median absolute deviations of 2020 NSHR,, values reflecting variation among individual years of 1998-2009
SolarAnywhere data [86] for the lower 48 contiguous states and Hawaii, and from National Solar Radiation Database solar data [87] for Alaska for the same years (1998-2009),
in (@) MWh and (b) percentages of the NSHR;,. Analogous data for 2000 are shown in Fig. S4-6.

supplies increase. Because of its cool-season timing and its ability to
use cloud-diffused solar radiation effectively, direct solar heating is
also well-positioned to augment photovoltaic systems and heat pumps
during winter months when heating, cooking, and lighting demands are
greatest and when photovoltaic electricity production is lowest (Fig.
$2-3).

We find direct solar heating resources to be substantial even in
climates with cold or cloudy winters, including the humid continental
Northeast and Midwest, cloudy continental Great Lakes region, humid
subtropical Mid-Atlantic, Mediterranean Pacific Northwest and West
Coast, and subarctic Alaska, within the U.S. In these climates, solar
heat-collecting glass must be tilted significantly, within broad ranges,
in response to the sky zenith-centered emission characteristic of diffuse
solar radiation and to the higher solar altitudes found in longer heating
seasons. Strikingly, diffuse solar radiation provides one-quarter or more
of the total resource in these climates (Fig. 4). High solar intensities
cause aggregate resources to be considerable, as well, in cities with
warm humid subtropical and semi-arid climates (Fig. 5).

Space heating is by far the greatest energy end-use among U.S.
residences, accounting for 1200 TWh of energy consumption and 300
million metric tons of CO, emissions each year (Fig. S1-2). Energy
consumption per household, in turn, averages 10.3MWh annually,
varying from 0-25MWh across the continental U.S. (see also Dataset
S2). Among these climates, half of all household locations intercept
annual useful solar heating resources of 7 MWh or more, with inter-
annual variability of less than 15%, and numerous metropolitan areas
have access to resources exceeding 5TWh per year. Together, these
yield a national resource of approximately 770 TWh annually (Fig. 6).
Accounting for current solar heating system efficiencies of 55% or more
(Figs. S2-1, S2-2), the capturable direct solar resource equals approx-
imately one-third of current U.S. residential space-heating needs. The
climate specificity of this investigation suggests further that comparable
resources are likely to exist in comparable climates worldwide.

The values presented here describe resources to be sought. The
ability of current direct solar systems to provide space-heating energy
at 11 to 18 cents per kWh (Table S2-1), combined with the pre-
ponderance of low-rise housing stock in the U.S. [113], show that a
substantial portion of this resource is available for immediate and cost-
effective use. Additionally, improvements in glass properties that affect
transmission and retention [124], and in the development of controls
for effective storage and delivery of this energy [125], are ongoing.
Together with the promise of further advances, the magnitude and
extent of the net solar heating resource across diverse climate types
supports a central role for direct solar heating in the development of
carbon-free space heating strategies.
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Code and product availability

MATLAB scripts for finding optimal tilt angles and calculating net
solar heating resources are available in Zenodo (DOI: 10.5281/zenodo.
3609326), as are the corresponding ArcMap 10.5 map packages (DOIL:
10.5281/zenodo.3609306). High resolution interactive maps are also
available on the University of Oregon ArcGIS website. In addition,
2020 station locations, space-heating energy use intensities, annual
HDD;g 5 o, optimal tilt angles, median and municipal NSHR,,, median
and municipal NSHR,,, values, and their median absolute deviations are
tabulated in Dataset S2. All other materials and products, including ad-
ditional MATLAB scripts, WINDOW 7 glazing assembly specifications,
and EnergyPlus models, are available upon request.
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