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Sustainable co-production of food and solar power
to relax land-use constraints
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Renewable energy could often be land constrained by the diffuse nature of renewable resources. To relax land constraints, we
propose the concept of ‘aglectric’ farming, where agricultural land will be sustainably shared for food and energy co-production.
While wind turbines on agricultural land are already put into practice, solar power production on agricultural land is still under
research. Here, we propose photovoltaic systems that are suitable for installation on agricultural land. Adjusting the intensity,
spectral distribution and duration of shading allows innovative photovoltaic systems to achieve significant power generation
without potentially diminishing agricultural output. The feasibility of solar aglectric farms has been proven through shadow
modelling. The proposed solar aglectric farms—used alone or in combination with regular solar parks or wind plants—could be

a solution for a sustainable renewable economy that supports the ‘full Earth’ of over 10 billion people.

century', supplying all the needs of the human race from

the Earth’s limited land area will be the essential challenge of
sustainability. In a highly populated ‘full Earth™, all available renew-
able energy resources will be used synergistically, while solar and
wind energy will be dominant’. However, their power density, or
rate of supplied energy per unit land area, is much more dilute than
that of fossil fuels*. Hence, large tracts of land are required to har-
ness solar or wind energy*®. Since transmitting energy over long dis-
tances will be expensive, risky and prone to significant transmission
losses, local sustainability is greatly preferred’. While the availability
of wind energy is highly geographically limited, solar resources are
accessible in most of the populated regions around the world, usu-
ally with a higher power density than wind*’. Therefore, we evalu-
ate the land feasibility of a 100% solar economy in the contiguous
United States as an example, and find that it will be difficult for cur-
rently available land to meet the energy needs using current solar
park designs for the entire contiguous United States and for nearly
half of the individual states, which include well over half of the total
US population. Barring radical improvements in agricultural output
that could greatly reduce the land devoted to agriculture, the com-
petition for land between energy and food seems inevitable, posing
a major challenge to a future solar economy".

To address this issue, we propose the concept of the ‘aglectric’
farm, where agricultural land (including cropland, grassland pas-
ture and range in this study; Supplementary Note 1) produces
electricity without diminishing existing agricultural output. Both
wind turbines and photovoltaic (PV) panels can be used to gener-
ate electricity on agricultural land. While wind aglectric farming is
already put into practice, the use of the current PV panels is known
to have a negative impact on crop growth''-"*, mainly due to shad-
ows. Previous researchers have proposed or tested several PV and
food co-production ideas, but these systems either sacrifice agricul-
tural production or are limited to several types of shadow-tolerant
crops'". For example, Fraunhofer ISE installed elevated south-
facing bifacial solar panels and found yield losses of 18-19% for
crops such as wheat, potatoes and celeriac growing underneath the

Q s the global population approaches 10 billion by the mid-

PV array'. Since maintaining agricultural output (especially of
major crops such as wheat, rice, soybean, and so on) is of high pri-
ority, existing PV modules and their installation practice will not
enable the envisioned PV aglectric farm due to shadows. Meanwhile,
wind plants require larger land area than PV parks®’. Exploring the
feasibility of PV aglectric farms is essential towards a post-carbon
era (see Supplementary Discussion for information on wind aglec-
tric farms). Therefore, we propose several innovative PV systems
using existing and new materials, innovative installation paradigms
and module designs. Through extensive modelling of PV shadows
throughout a day, we show that some of our designed PV systems
could mitigate the loss of solar radiation while still maintaining
substantial power output. Thus, it should be possible to design and
install these PV systems on agricultural land to have significant
power output without potentially diminishing agricultural pro-
duction. We also show that PV aglectric farms alone will have the
potential of realizing a 100% solar economy without land constraint.
Together with regular PV parks and wind aglectric farms, PV aglec-
tric farms will serve as an important option for a renewable future.

Land requirements for the solar economy

PV parks in the United States generate ~4 to ~11Wm™ power
output when averaged over 24-h days for an entire year, with a
national average of ~7Wm™ (refs. *°) (Supplementary Note 2).
Wind plants in the United States generate ~1 Wm™ power output®
(Supplementary Discussion). Since solar energy has a higher power
output density and wider availability, we investigated the poten-
tial for a 100% solar-powered economy as a bookend scenario'**.
Although we focused on the solar end, this does not imply that wind
or other renewable resources will not be used in practice. Instead,
when feasible, wind and solar energy should be used to supplement
each other (Supplementary Discussion).

In our projected solar economy scenario (SES), PV electricity
will become the dominant form of energy supplied to end-use sec-
tors (residential, commercial, industrial and transportation). Based
on the primary energy consumption of the current fossil fuel sce-
nario (FFS) and the energy conversion efficiencies of major steps
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Fig. 1| Detailed calculation model for a fossil fuel to solar energy transition. Diamonds indicate the splitting of energy use and ovals indicate efficiencies

for the corresponding steps.

from primary energy to end uses in both scenarios (Fig. 1), the total
power required for the contiguous United States in the SES is esti-
mated to be 1,164 GW (Methods). Considering the intermittency
and energy storage loss, an estimated total of 1,665 GW of genera-
tion is required (Supplementary Note 3)*.

While most open land areas (forests, national and state parks,
agricultural land, and so on) are not available for existing PV parks,
miscellaneous land is the only available open land, which accounts
for only 3.6% of the total land area of the contiguous United States?.
Since some of the miscellaneous land, such as marshes, swamps and
bare rocks, will still not be suitable for PV systems, we assume that
50% of miscellaneous land is usable for PV parks (Supplementary
Note 1). Meanwhile, some urban areas could be dedicated to roof-
top or building-integrated PV systems. Studies have suggested that
1-12% of urban areas could be used for PV panels”~*".

For the entire contiguous United States, based on the total esti-
mated SES power demand of 1,665 GW and the average power output
of ~7Wm™ from PV parks, besides 50% of the miscellaneous land
area, ~41% of the urban area would be needed for PV parks. Even if
the output of PV parks can reach 11 Wm™2, which is highly optimis-
tic, the corresponding percentage of the total urban area needed is
estimated to be 5.6%, in addition to 50% of the miscellaneous land.
For the entire contiguous United States, this high urban land require-
ment reveals that the solar economy could be land constrained.

In addition, we applied the similar calculation scheme to highly
populated countries such as the United Kingdom and Germany*.
The results for the United Kingdom and Germany show that 10.2
and 12.1% of the total land will be needed for PV parks, respec-
tively. However, 83.8% of the land in the United Kingdom and
80.7% of the land in Germany is devoted to agricultural or forest
uses””?%; using the remaining land area for power generation is still
extremely challenging.

To determine the feasibility of a local solar economy at the state
level in the contiguous United States, we calculated the power den-
sity requirement for each state using the estimated solar power
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demand and the potentially usable land for each state. From Fig. 2a,
we see that if 50% of the miscellaneous land and 5% of the urban
land were available for PV systems, the power density requirement
of 24 states would be greater than 11 Wm™2 while for nine states it
would be between 7 and 11 Wm™ If 15% of the urban land could
be used, which is a very optimistic assumption, 20 states would still
require a power density exceeding 11 W m™2, while ten states would
require 7-11Wm~™ (Fig. 2b). In either case, many of these states
are relatively densely populated, such as New York, New Jersey,
Maryland, Delaware, Florida and Illinois. Others, such as Indiana
and Wyoming, will require high power densities, since most of their
land is devoted to agriculture (cropland or pasture). For these states,
additional land area besides the miscellaneous and urban land will
be needed for PV installation. We also investigated cases with dif-
ferent percentages of miscellaneous land usage, PV power density
output and energy storage efficiencies, and the results remain simi-
lar (that is, a large number of states require additional land besides
miscellaneous and urban areas (Supplementary Table 3)). Since
agricultural land is readily accessible, we propose to use agricultural
land to build PV aglectric farms for power production while pre-
serving food production.

PV systems for PV aglectric farms

The purpose of PV aglectric farming is engineered shadow man-
agement such that sufficient light is transmitted for equivalent
crop yield while directing the remaining light for PV conversion.
Shadows can be manipulated and managed through two distinct
strategies: (1) current PV materials such as polysilicon, cadmium
telluride and so on, plus new panel installation methods and module
designs; and (2) new PV materials and module designs for optimum
PV aglectric farm performance. To allow the space for crop growth,
farming equipment movement on croplands and livestock activities
on pastures, these PV systems will generally have to be installed at
an elevated height (4m or higher) and possibly with increased row
spaces compared with ground-mounted panels in regular PV parks.
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Fig. 2 | Power density requirements by state, and percentages of agricultural land required to meet states' energy needs. a,b, Power density requirement
of each state when 50% of its miscellaneous land and 5% (@) and 15% of urban land (b) is used for PV installation. ¢,d, Percentages of agricultural land
required in addition to 50% of miscellaneous land and 15% of urban land to meet states’ local energy needs. Cases shown are for a PV power output of
7W m~2on regular PV parks (the current average PV park output) and 3.7 W m=2 over agricultural land (¢), and for a PV power output of TWm=2on
regular PV parks (the upper end of current PV park output) and 5.5 W m~2 over agricultural land (d).

The installation might also help with reducing the shadow intensity
on the ground.

PV systems with current PV materials and technologies. First,
we considered innovative module installation and designs for com-
mercially available materials/PV modules. In Fig. 3a, we propose
a PV module design with transparent areas between solar cells for
possible fixed installation. The pattern can be easily accomplished
with traditional ‘tiled’ single-junction silicon panels. A light diffuser
in the empty tiles helps distribute light beneath the panels. While
various patterns could be used, a chequered pattern ensures that
all crops affected by the panels’ shadow receive essentially the same
average illumination, and no individual plant is in intense shade for
long. The percentage of filled (solar cells) versus unfilled (transpar-
ent) area could also be adjusted. In Fig. 3b, the use of a patterned PV
module is applied to an east-west single-axis tracking configuration
to further reduce the impact of shading. It can also be modified to
become a dual-axis tracking configuration. Figure 3c utilizes verti-
cal bifacial solar panels to capture sunlight®. North-south facing
panels mainly capture diffuse light; however, they have the distinct

advantage of allowing all direct radiation to be transmitted to the
plants except for a thin line-shadow that moves throughout the
day. These modules could be installed on axes that rotate slightly
throughout the year, to keep the panels aligned with the Sun’s path
to minimize shading. A major benefit of this system is that dur-
ing non-growing seasons, the panels could transition to a standard
south-facing bifacial panel for increased power production during
the winter months. Bifacial panels can increase power output by
capturing albedo light from the rear side’>*'. Alternatively, when the
bifacial panels are installed to face east-west, as shown to the right
of Fig. 3c, a peak in electricity generation is realized in the morn-
ing and evening, capturing only diffuse light at noon. When facing
east-west, these panels could also be patterned as shown in Fig. 3a
to further diffuse the shadow intensity.

New PV materials and module designs. Gencer et al.'’ identi-
fied several solar spectrum-splitting systems to direct photosyn-
thetically active region (PAR) photons to food production and
long-wavelength photons to solar cells for electricity generation.
These structures rely on concentrating troughs that are coated with
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Fig. 3 | PV systems for co-production of food and energy with farmland. a-g, Fixed south-facing patterned panels (a), tracking patterned panels (b) and
bificial vertical panels (¢) can be used with existing PV materials, while short-pass tracking (d), short-pass non-tracking (e), long-pass tracking (f) and
long-pass non-tracking (g) would have optimum performance with band-gap materials tailored to the incident spectrum.

well-studied dichroic materials or commercially available polymeric
dichroic mirrors, to split the spectrum into the PAR and the infrared
region®>~. In the system in Fig. 3d, a parabolic trough with a short-
pass dichroic film allows the PAR to transmit to the crops below,
while concentrating the infrared light on a solar cell’. The system
in Fig. 3e uses a compound parabolic concentrator (CPC) with a
short-pass dichroic film that allows the PAR through to the crops
while directing a significant fraction of the incident direct infrared
region to vertical bifacial cells at the centre of the CPC*”. The CPC
could have a transparent cover to keep dirt out, as well as a built-
in, gravity-fed rain redistribution system. In the system shown in
Fig. 3f, the PAR is reflected by a long-pass dichroic mirror attached
to a fibre optic bundle, which allows for redistribution of light to the
plants underneath, and potentially to vertical farms during winter
months. Alternatively, during winter months when no food crops
are grown, PV cells could replace the fibre optic bundles so that the
light is still utilized. Figure 3g presents a system where a long-pass
CPC is used to redirect the PAR to a central waveguide to redis-
tribute light underneath, while the infrared spectrum transmits to
the PV support underneath. Although they are not shown in Fig. 3,
heliostats with a short-pass dichroic mirror can also be used, and
the reflected long-wavelength portion could be focused on appro-
priate solar cells or a thermal system for concentrating solar ther-
mal power generation. The impact of depriving plants of infrared
irradiation is discussed in Supplementary Note 4.

Feasibility of PV systems based on shadow modelling

To understand the effects that solar panel array geometries have
on nearby crop growth, and to check the feasibility of our selected
PV systems (configurations in Fig. 3a,b), we developed a simula-
tion that predicts the loss in incident solar energy on the under-
lying crops due to shading by the panels. We define the variable
‘shadow depth’ as the loss of incident solar energy compared with
an open field; for example, if the solar irradiation at a location on a
PV aglectric farm is 90% of that on an open field, the shadow depth
is 10%. All configurations are elevated to 5m to allow for navigation
of agricultural equipment and to suppress the blocking of diffuse

light. Both high row-spacing configurations (7.62m) and lower
row-spacing configurations (3.81 m) are simulated—the latter being
representative of some existing regular PV parks’.

Established crop growth models indicate that photosynthesis
scales with the solar intensity I according to al/(1 + bl), all other fac-
tors being equal. As a result, growth is linearly proportional to inten-
sity in low-light conditions but saturates under intense light. The
intensity at which crossover between these two regimes occurs varies
with the crop”. For instance, the photosynthetic rates of cotton and
rice typically saturate at approximately 650 W m~2 of solar irradiance,
which is well below the average midday irradiance during the grow-
ing season for high-irradiance agricultural regions such as Texas and
California®*. Based on this model, we predict that for many com-
mercially relevant crops, regions of high shadow depth will have low
crop yield, but low levels of homogeneous shadowing may have a
negligible effect on certain crop yields. This is also consistent with
experience, in that annual variations of solar energy delivered over
the growing season generally do not cause crop failures.

Table 1 lists the average shadow depth, its standard deviation
and the percentage of land with less than 25% of shadow depth
for five different PV configurations we have simulated (Methods).
The standard deviation indicates the spatial homogeneity of the
shadow on the ground. Figure 4 shows the spatially mapped shadow
depth for selected cases in Table 1. The results in Table 1 and Fig.
4 are based on the solar radiation in the South Plains region of
Texas—a region with intermediate levels of diffuse light. Simulation
results for other locations with low and high levels of diffuse light
are listed in Supplementary Table 1. In Table 1, cases A and C rep-
resent current fixed south-facing and east-west tracking configura-
tions in regular PV parks with low row spacing, respectively. Cases
B and E utilize the proposed design in Fig. 3a,b, respectively. An
additional case D represents a continuous tracking panel with high
row spacing.

The simulation result for case A shows that the average shadow
depth is 35.2% and homogeneity is low (15% s.d.), and that only 41%
of the land will be under <25% shadow depth (Table 1), which indi-
cates that more than half of the land will be under intense shadow
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Table 1| Shadow depth and usable land for various PV aglectric configurations

Configuration Panel design Row spacing (m) Average shadow Shadow depths.d.  Land with less than 25%
depth (%) (%) shadow depth (%)
A South facing Continuous 3.81 35.2 15.2 41.0
B South facing Chequered 3.81 17.6 7.6 74.7
C East-west tracking Continuous 3.81 31.5 0.6 0
D East-west tracking Continuous 7.62 21.4 0.6 100.0
E East-west tracking Chequered 7.62 1.5 11 100.0

Cases A and C represent existing PV park configurations (fixed south facing and east-west tracking, respectively). Cases B and E utilize the proposed design in Fig. 3a,b, respectively.
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Fig. 4 | Spatially mapped shadow depth for cases A, D and E from Table 1. Case A, representing an elevated south-facing fixed latitude-tilt PV park,
shows regions of high shadow depth. Case D shows the advantage of using an east-west tracking system. Case E shows the advantages gained from

implementing a chequered pattern on the panels.

if a regular south-facing PV installation scheme is applied. In addi-
tion, ‘trenches’ of high shadow depth (>40%) exist during the entire
growing season in >20% of the plot area (case A; Fig. 4). We expect
that such deeply shadowed regions will experience minimal growth
of many commercially relevant crops (such as soybeans). The
trenches of high shadow could be one potential explanation for the
observed decline in crop yield reported by Fraunhofer ISE'®. Case C,
which represents continuous tracking panels with low row spacing,
shows worse results, where no land will have shadow depth lower
than 25% (Table 1). Cases A and C both illustrate that regular PV
parks should not be directly applied for PV aglectric farms.

In case B, which is representative of the configuration in Fig. 3a,
the land area with <25% shadow depth has increased to 74.7% and
the average shadow depth has reduced to 17.6%, with a reduced
standard deviation of 7.6% compared with case A. This shows the
effect of the reducing shadow intensity and increasing homogeneity
of the chequered design. Here, we do not consider the deployment
of light diffusers in the empty tiles as stated in the previous sec-
tion; the chequered pattern with light diffusers will further improve
the shadow distribution on the ground. From cases D and E, we
can see that both continuous and chequered east-west tracking
configurations with high row spacing (7.62m) ensure that all land
experiences a shadow depth <25%. The average shadow depth is
low and shadow homogeneity is high in both cases. Furthermore,
Fig. 4 cases D and E show that no ‘trenches’ of high shadow depth
exist. Therefore, the potential feasibility of our newly designed sys-
tems in Fig. 3a,b is proven.

Land requirement for PV aglectric farms

We estimated the power density output from PV aglectric farms with
the configurations shown in Fig. 3a—e, and results are summarized in
Table 2 (Methods). Note that for the systems in Fig. 3a,b, which use
currently available PV materials with a new panel design or instal-
lation method, the power output based on the active PV cell area is

976

similar to that from the conventional PV panels, and the reduced
power output based on unit land area, as shown in Table 2, is not due
to the lower efficiencies of the PV cell itself. Instead, the reduction in
power output density should be attributed to the ‘sparse’ installation
(chequered design, higher row spacing, and so on).

Based on the power output numbers in Table 2, agricultural
land requirement for PV aglectric farms can be calculated for
the states where miscellaneous and urban land are insufficient
(Supplementary Table 3). In one case, the power output from regular
PV parks is assumed to be 7W m~ and the power output from PV
aglectric farms is 3.7 W m™, which is the average of the lower esti-
mated values shown in Table 2. In a more optimistic case, the power
output from regular PV parks is assumed to be 11 Wm™ and the
power output from PV aglectric farms is 5.5 W m™. For both cases,
50% of the miscellaneous land and 15% of the urban land would be
used for regular PV parks, and the remaining power requirement
would be fulfilled by PV aglectric farms. Figure 2c,d, respectively,
shows the percentage of agricultural land required to be converted
to PV aglectric farms under these two cases. We observe that the
majority of states require only a small percentage of the agricultural
land to satisfy their power needs. This implies that the lower power
density of PV aglectric farms compared with regular PV parks is
acceptable for most states, since most states have sufficiently large
agricultural land areas. Furthermore, since a relatively low power
output from PV aglectric farms is tolerable, row spacing between
PV panels can be further enlarged to reduce the shadow intensity on
the ground. However, there are states that face the challenge of land
constraints in both cases, such as Massachusetts, New Jersey and
Rhode Island. These states are all densely populated, highly urban-
ized states with a small percentage of agricultural land. For these
states, PV aglectric farming alone cannot enable a 100% localized
renewable economy. Importing electricity from adjacent states (or
regions) and using other renewable energy such as wind could help
resolve this challenge.
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Table 2 | Summary of PV system characteristics and estimated PV aglectric farm power output

Spectrum regions transmitted to plants in shaded region

System (from  Diffuse PAR Direct Diffuse Direct infrared Shade duration Power estimate Non-growing season
Fig. 3) PAR infrared region region (Wm-2) configuration

a Yes Yes Yes Yes Constant 3.5-5.5 None

b Yes Yes Yes Yes Mobile 2.3-35 None

¢ (north-south Yes Yes Yes Yes Negligible shade 49-6.7 Traditional bifacial
facing)

c (east—west  Yes Yes Yes Yes Mobile 41-6.0

facing)

d Yes Yes No No Mobile 3.6-5.7 None

e Yes Yes No No Constant 3.6-5.7 None

f No Yes No No Mobile — Concentrating PV system
g No Yes No No Constant — Concentrating PVsystem

While we focus on a bookend case for the contiguous United
States, our methods and results also show how PV aglectric farms
could be useful across most countries and regions experienc-
ing land constraints in sustainable food and energy production.
Furthermore, the concept of aglectric farming can also be applied
to multiple renewable energy resources, such as wind energy. Given
that PV aglectric farming alone has the potential of enabling a 100%
solar economy for most states in the contiguous United States,
synergistic power production from multiple renewable energy
resources on agricultural land will have a huge impact in realizing a
future renewable energy roadmap.

Exploring synergy between wind and PV aglectric farms
Since wind aglectric farms are already being used in certain parts of
the United States, it is worthwhile to explore the synergy between
PV and wind aglectric farms (Supplementary Discussion). The
actual power output density from wind aglectric farms of ~1 Wm™
is lower than our estimated power density of 2.3-6.7 Wm™ from
the PV aglectric farms. Also, the availability of wind resource is geo-
graphically restricted. We can make the following two observations.

First, considering the case in the previous section where the
power density from PV aglectric farms is 3.7 W m™, for the states
where PV aglectric farms require less than ~27% of agricultural
land, wind aglectric farms with a power density of 1 Wm™ can
also meet the power demand. In such a scenario, wind aglectric
farms could cover up to 100% of the available agricultural land
area and could be used interchangeably with PV aglectric farms.
For regions that are relatively rich in wind resource, there is a
choice between wind and PV aglectric farms to solve the land
constraint. Examples include the states of Wyoming, Colorado
and Texas, where wind and solar could be used in any proportion.
However, for states where wind resources are limited, even when
PV aglectric farms require less than ~27% of the agricultural land
area, it will be essential to deploy PV panels on agricultural land.
Such examples include Kentucky, Tennessee, Alabama, Florida
and Virginia.

Second, for states where >27% of the agricultural land area is
need for PV aglectric farms, wind aglectric farms alone will be
unable to meet the entire demand of energy. A synergy between the
two aglectric farms that cannot be ignored stems from the fact that
wind energy can also be available during periods when solar energy
is not. Furthermore, it may be possible to install both wind turbines
and PV panels simultaneously on an aglectric farm. This will impact
not only the power output from an aglectric farm but its availabil-
ity pattern during an average 24-h day. The availability pattern will
influence energy storage and associated implications. Further study
should account for these factors.
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Aglectric farm vision

In this work, we show that PV aglectric farming is a viable solu-
tion to relax the land constraint for a renewable future. PV aglec-
tric farms, wind aglectric farms and regular PV parks will be used
according to the local renewable resource and land availability.
Besides removing the land constraint, additional benefits of aglec-
tric farms (PV, wind, and even other renewables) are anticipated.
For most non-tropical countries, agricultural land is used only for
the growing season, but aglectric farms will allow agricultural land
to be productive all year (by adding electricity production beyond
the growing season), potentially stimulating the economy of rural
farming communities by possibly increasing incomes for aglectric
farm adopters.

Aglectric farming could also enable a new food, energy and
water nexus in which the electricity generated on farms is utilized
locally for water management, fertilizer production/recovery and
bio-based chemical production. The envisioned aglectric farms will
enable a ‘micro-grid’ system interacting with a much larger-scale
economic system, including the adjoining urban centres, and finally
at the state and national levels. This will enable a renewable econ-
omy for a future ‘full Earth’ scenario.

Methods
Land requirement analysis. To examine the land requirement for a solar economy,
the power requirement needs to be estimated first. Two scenarios—the current
FFS and the projected SES—are considered in our power requirement estimation.
Energy consumption data of 2014 from the Energy Information Administration
(EIA)" were adopted for the FFS, and the energy demand for SES was estimated
based on these data. In the SES, only PV panels were deployed for solar energy
conversion for the purpose of this study. Concentrating solar thermal power
facilities and small-scale solar thermal heating (for example, for residential heating)
were not used in our analysis. For the transition from the FFS to the SES, fossil
fuels were completely replaced by photovoltaics, while other energy resources used
in the FFS, such as wind and hydro power, were assumed to remain at the same
utilization in the SES. To maintain the current lifestyle and life quality, the end-use
demands were kept the same for the FFS and the SES.

The transition to a solar economy will reshape the current energy supply
and consumption infrastructure. In the FFS, fossil fuels as energy resources are
either used for power generation or directly supplied to end-use sectors. Now
that we have assumed photovoltaics as the only method for solar harnessing and
conversion, electricity will become the form of energy ultimately supplied to end
uses, and nearly all of the end-use facilities will be electrified in the SES". Systems
that might not be feasibly electrified, such as air transportation, are taken to be
powered by synthetic fuels synthesized from biomass*"**. In addition, a small
proportion of fossil resources are consumed as chemical feedstocks in the FFS,
and these fossil resources are replaced with biomass in the SES. To look at the
future solar electricity demand, a detailed examination of each end-use sector
was performed. In our model, we treated power generation as a separate sector,
and only direct primary energy consumption was considered for the residential,
commercial, industrial and transportation sectors. Chemical and fuel production
from biomass was also treated as a standalone sector. Electricity demand in the
SES to replace fossil fuels in the FFS was examined for each sector, and the total
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electricity demand was the sum of electricity demand in each sector calculated
using the following equation:
SES
> E

k

ESES —

where k represents electricity, residential, commercial, transportation, industrial,
chemical and fuel demands, and where E represents the total electricity demand
from photovoltaics in the SES. ES™ represents the electricity demand for sector k
in the SES.

For the electricity sector (k = electricity), power generation data in the FES
are from the EIA*. We assume the electricity flow to be the same after generation,
whether this is from a fossil fuel-powered plant (FFS) or PV parks (SES), including
the same transmission and distribution loss and the same end-use electricity
conversion efficiency. As a result, the electric power generated from fossil fuels
can be simply replaced with the same amount of electricity generated from
photovoltaics. Therefore, the total electricity from photovoltaics needed to replace
the electricity from fossil fuels in the FFS is calculated using the following equation:
— EEFS

electricity

ESES

‘electricity —

FE!

where Eelectnclty

2014.

For the residential (k=residential) and commercial (k=commercial) sector,
the SES electricity requirement is estimated by ensuring that the end-use energy
consumptions are the same for the FFS and SES under different energy conversion
efficiencies. The estimation paradigm is expressed by the following equation:

SES_ SES_ SES _ FES FFS
E Mk Miransmission — § Etk nxk

i

represents the electricity generated from fossil fuels in the year

where the subscript i refers to the fossil fuel (i=coal, petroleum or natural gas).
E!ES refers to the energy consumption by fossil fuel i in the FFS in sector k, 7} >
refers to the energy conversion efficiency from fossil fuel i to the end use in the
FFS in sector k, 7S refers to the energy conversion efficiency from electricity
to the end use in the SES in sector kand 7555 - refers to the transmission
and distribution efficiency for the electrical grid in the SES. Fossil fuels supplied
directly to residential and commercial sectors are generally used as heat. The
end- use efﬁciency for fossil fuels is estimated as 65% for these sectors in FFS
(1] dential = Mregmmercial = 65%)". After switching to SES, electrical heating is
much more efficient and a 95% efficiency is assumed (355, . =SS = 95%).
The transmission and distribution loss of electrical grid is taken to be 4.7%";
therefore, the value of 7555 . . 5 95.3%.

For the transportation sector, only natural gas and petroleum are consumed
according to the EIA’s energy consumption data. Moreover, as most natural gas
consumption is attributed to the operation of pipelines, primarily in compressors,
natural gas consumption in the transportation sector is negligible in the SES*.
Therefore, only petroleum is considered here in the transportation sector. The
estimation of electricity demand for the transportation sector is also achieved by
equating end-use consumption for the FFS and SES. However, in the transportation
sector, only part of the petroleum consumption can be directly replaced by
electricity from photovoltaics. The electricity demand is calculated by the following
equations:

Ejs.lt:rinsponaﬁon” transportation Miransmission — E;frinsponalionfj nj,transportation

ESES _ SES
transportation j transportation

where the subscript j refers to a specific category of petroleum (motor gasoline,
liquefied petroleum gas (LPG) or diesel). For the transportation sector, only
light-duty vehicles, buses and trucks are projected to be replaced by electrical
vehicles, and these means of transportation are powered by motor gasoline, LPG
and diesel in the FFS. Other means of transportation, such as air and marine
vessels, will not be easily electrified, and the fuels for them are to be produced from
biomass, which will be discussed in the chemical and fuel production sector. In
the equations above, E ) mmpommm is the electricity demand to replace fuel j in the
SES for the transportation sector, qtrampmatmn is the efficiency of electrical vehicles,
ﬁffanwmtatm is the energy consumption by fuel j in the FFS for the transportation
sector, f; is the fraction of fuel j that is consumed by means of transportation that
could be electrified (for example, 78% of the diesel is consumed by trucks*, which
can be replaced with electrical vehicles, and the rest of diesel consumption by ships
will not be replaced by electricity; therefore, f;... =78%) and nﬁﬁsanspmaﬁo“ is the
efficiency of an internal combustion engine powered by fuel j. In our estimation:
all of the motor gasoline and LPG for transportation can be replaced by electricity,
and diesel consumed by trucks can also be replaced (f,,oor gasoline = fiv = 100%;
Siiesa=78%"); the grid-to-wheel efficiency of electrical vehicles is assumed to be
75% (ntsrliisportatmn =75%)"; and internal combustion engine efficiencies average
14.8% for gasoline (LPG) englnes and 20.2% for diesel englnes, respectively (that is,
FES =14.8%; =20.2%)*.

Mmotor gasoline,transportation '7 LP(: Jtransportation and ”dlesel transportation

978

For the industrial sector, fossil fuels are used as either energy sources or
feedstock in the FFS. Fossil fuels used as energy resources are to be replaced by
electricity, while those used as chemical feedstocks will be discussed later in the
chemical and fuel production sector. The ratio of energy to feedstock in each
state is assumed to be identical to the national ratio in our calculation. For the
fossil fuels supplied as energy, they can be consumed for both heat and in-house
generated power. The electricity demand in the SES for the industrial sector is
estimated using the following equations:

FES
E E; industrial8ienergy M. heatll; i, heat industrial
i

ES SES SES
Eheat, industrialrlheat, industrial Ttransmission —

SES _ FFS FFS
Epwer, mdustnalnlransmlsslon E E industrial8i.energy M, power/li power, industrial

SES SES
Eheat, industrial + Epower, industrial

Emdustnal
where the subscript i refers to the fossil fuel (i= coal, petroleum or natural

gas). EpES, | usiar and ESE ower industrial TEfer to the electricity requirement in the

SES to replace fossﬂ fuels for industrial heat and in-house power generation,
respectively. 7pEs ;4. ia 1S the electrical heating efficiency in the industrial sector
in the SES, which is assumed to be 95%. Efts; .. is the energy consumption

of fuel i for the industrial sector in the FES; g; .., is the fraction of fuel i
consumed as energy (in our study, g ural gas.energy = 74-8%> Gpetroleum,energy = 5-4% and
Seoalenergy = 0 for every state™). h;y., and h, .., are the fractions of fuel i consumed
by industrial heat and in-house power generation, respectively. We assume

Ripea =N, =50%. ,and #tE gower industrial AT€ the energy conversion

FES
i,power n i,heat, industrial
efficiencies of fuel i to industrial heat and power, respectively (175r,, austrial = 80%

r’natsural gas,power, industrial — =46% and r’petmleum power, industrial — 35%4“)

For chemical and fuel production, chemical feedstocks from fossil fuels and
fuels for transportation that cannot easily by electrified is produced from biomass
in the SES*. The biomass required for the chemical and fuel production in the
SES is estimated to be ~857 million tonnes. According to the US Department of
Energy, the sustainably available biomass production will have the potential of
over 1 billion tonnes by 2040°*'. Therefore, there will be sufficient biomass for
chemical and fuel production for the SES. Since biomass is easy to transport, we
do not consider the local availability of biomass here. Also, as sustainably available
biomass is used, its production will not compete with normal food and forestry
production. Furthermore, as our goal of aglectric farming is to not negatively
impact the growth of plants, we do not consider the competition for land between
biomass production and power generation.

Since these chemicals and fuels in the FFS are mainly hydrocarbons, we
assume that these fossil fuels are purely composed of CH, units. Typical biomass is
composed of CH,O units; thus, the oxygen needs to be removed by biorefining. In
biorefining, H, is obtained from water electrolysis and used to remove oxygen in
biomass®'. We can estimate the energy requirement of biorefining to replace fossil
fuel feedstocks by determining the amount of H, required according to the amount
of biomass to be upgraded, then calculating the electricity needed for water
electrolysis. This estimation can be expressed by the following equation:

WhE
chemlcal and fuel x AH.

ESES
\water electrolysis
Mcn,

chemical and fuel —

where WEES el 18 the total mass of fossil fuels used as chemical and fuels in
the FES, Mcy, is the molar mass of the CH, unit, and AH e, aecrrolysis 1S the energy
demand for producing 1 mol of hydrogen by water electrolysis.

By examining each sector, we can estimate the total electricity demand for the
SES and, since our land requirement estimation is based on the power output of
PV parks, we would like to know the power demand for the SES. The total power
demand for the SES can be obtained by averaging the total electricity demand over

the entire year:

ESES
T

PSES

where P is the total power demand in the SES and T'is the total time of a year.
The calculation of power demand considering storage efficiency is elaborated in
Supplementary Note 3. The range of storage efficiencies we use is based on current
storage methods.

Shadow simulation. The shadow depth was calculated for simple panel
configurations and is displayed in a top-down view for 50 m x 45.72 m farm plots
to show edge effects (Fig. 4). To eliminate the effect of plot size on shadow depth
averages and standard deviation, calculations were performed using infinite
periodicity (Table 1). For the chequered pattern, we employed with transparent
spacers, each with dimensions of 0.25m x 0.25m (Table 1). The Haurwitz clear
sky irradiance model and the Orgill and Hollands model for determining diffuse
horizontal irradiance have been implemented for three agriculturally productive
locations in Indiana (40.4° N, 86.9° W), Texas (33.5°N, 101.8°W) and California
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(36.6°N, 119.9°W) via PVLIB—a Sandia-originated MATLAB open-source
library for photovoltaics modelling®. Considering the high elevation of the panels
necessary for navigation by farm equipment, it is assumed that diffuse light is
uniformly distributed on the ground. The amount of diffuse light was determined
by subtracting the diffuse fraction incident on PV panels, as calculated by the
Perez model, from the total diffuse light for each time step. Tracking PV systems
were modelled with the same dimensionality as the south-facing fixed systems
(1.5-m-wide modules, infinitely long), and with a +90° range of motion. Shadow
position was calculated using the ray-tracing methodology, which models the Sun
as a plane source with a variable position depending on the time of day, generated
from PVLIB for the locations listed above on 1 June 2018. The ground was divided
into finite spatial elements of identical size for incident energy integration, which
was calculated with a time resolution of 1 min. The shadow depth was defined as
the percentage reduction in incident energy at a given location over 1d compared
with the open field case. The averaged shadow depth in Table 1 refers to the
average shadow depth of all spatial finite elements, calculated as a summation of
the shadow depth values for all elements and divided by the number of elements.
The shadow depth standard deviation in Table 1 is the standard deviation of the
values of shadow depth across all spatial finite elements. This translates to the
spatial homogeneity of the shadow.

Power output of PV aglectric farms. First, we estimated the power density

output from PV aglectric farms (Table 1), and from there we obtained the power
output estimation for the systems in Fig. 3a,b. For all of the cases in Table 1, the
power output was calculated together with the shadow simulation. The simulation
methods and parameters are explained above. The simulation results are listed in
Supplementary Table 2. In Supplementary Table 2, the power output numbers in
the column ‘Simulated power output’ are based on the solar irradiation data for
the South Plains region of Texas on 1 June 2018, which are not the required yearly
averages. However, we assume that the simulated power output ratio between
various cases in Table 1 remains valid after averaging. From the cases for other
locations (Indiana and California) shown in Supplementary Table 1, we can see
that the simulated power output ratio between various cases in Table 1 remain valid
for different locations. This is reasonable because the different power output for
different cases at one location is only caused by the spatial arrangement of panels.
A correction was made for these simulated results, and the correct power output
numbers are listed in the column ‘Corrected power output’ Case A is the most
representative case of regular PV parks, and has a power output of 7-11 Wm™
Therefore, the simulated power output of 11.8 W m~2 should be corrected to
7-11W m~? (where 7 and 11 W m~ are the lower and upper estimates, respectively).
The simulated power output in case B through case E can be corrected by the same
lower and upper estimate factors: 0.59 (7/11.8) and 0.93 (11/11.8), respectively.

Since cases B and E in Table 1 (and Supplementary Table 1) represent the PV
configurations in Fig. 3a,b, we obtain estimations of power output for Fig. 3a,b of
3.5-5.5 and 2.3-3.5 W m™, respectively.

For the PV system shown in Fig. 3¢ that uses vertical bifacial panels
facing east-west, the output is estimated using the model of Sun et al. and the
Purdue University Bifacial Module Calculator**. Using this model for several
representative meteorological conditions yields estimates in the range of 4.1-

6.0 Wm~2 The north-south-facing, non-chequered vertical bifacial configuration
of Fig. 3¢ uses the diffusive part of the solar insolation only. We assume the

panels are orientated at all times such that they receive no direct insolation. In

this scenario, we can use the model of Khan et al.”' to estimate the power output,
except that direct insolation is only absorbed indirectly via albedo light. Depending
on meteorological conditions, we estimate a power output of 4.9-6.7 Wm~™.
Further details on the power modelling for bifacial PV systems can be found in the
Supplementary Methods.

Now, we consider the PV systems from Fig. 3d,e that require new PV materials
for optimum performance. For example, Gencer et al."’ calculated maximum
recoverable power from a single-junction solar cell to be 161 Wm™ (note that this
number is based on cell area instead of land area) for a direct solar insolation of
1,000 W m~ in the short-pass tracking configuration shown in Fig. 3d, with the
PAR portion terminating at a wavelength of 750 nm and a concentration factor
of 20. The corresponding maximum recoverable power from a conventional
single-junction solar cell with the entire incident solar spectrum is ~310 Wm™
If we assume a PV installation of Fig. 3d on a PV aglectric farm with an actual
to maximum theoretical power output ratio of 0.52 (160/310), we would expect
a power output of ~3.6-5.7 Wm™ (based on 7-11 W m~2). The power output
estimation for the PV system in Fig. 3e follows the same method.

Data availability
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