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Agrivoltaics provide mutual benefits across the
food-energy-water nexus in drylands

Greg A. Barron-Gafford

12x Mitchell A. Pavao-Zuckerman3, Rebecca L. Minor'?, Leland F. Sutter'?,

Isaiah Barnett-Moreno'?, Daniel T. Blackett’?, Moses Thompson'4, Kirk Dimond ©5,
Andrea K. Gerlak', Gary P. Nabhan® and Jordan E. Macknick’

The vulnerabilities of our food, energy and water systems to projected climatic change make building resilience in renewable
energy and food production a fundamental challenge. We investigate a novel approach to solve this problem by creating a
hybrid of colocated agriculture and solar photovoltaic (PV) infrastructure. We take an integrative approach—monitoring micro-
climatic conditions, PV panel temperature, soil moisture and irrigation water use, plant ecophysiological function and plant
biomass production within this ‘agrivoltaics' ecosystem and in traditional PV installations and agricultural settings to quantify
trade-offs. We find that shading by the PV panels provides multiple additive and synergistic benefits, including reduced plant
drought stress, greater food production and reduced PV panel heat stress. The results presented here provide a foundation
and motivation for future explorations towards the resilience of food and energy systems under the future projected increased

environmental stress involving heat and drought.

uncertain climate is maintaining and improving both energy
and food production security. Such efforts are hampered,
in part, by conventional understanding of land use that asserts an
inherent ‘zero-sum-game’ of competition between some forms of
renewable energy—particularly solar PV installations—and agri-
cultural food production. While some farms have adopted renew-
able energy production to assist with their function’, this either-or
discourse drives many policies and development decisions around
conservation practices, land and water allotments for agriculture,
and permitting the establishment of large-scale renewable energy
installations”~. However, we may require a more holistic and inte-
grated approach centred at the nexus of food, energy and water sys-
tem studies that simultaneously meets increasing energy demands
through decentralized technologies, reduces impacts from the land
use footprint of energy development or immobilization of land
resources for biofuel production (termed ‘energy sprawl®) and
addresses the need for more efficient food production in diverse
landscapes, all while minimizing water use and environmental
impacts’". This type of nexus thinking and research emphasizes
links among water, energy and food resource systems and extends
beyond single-sector approaches to resource management'-",
Globally, our food systems are vulnerable to projected changes in
climate—primarily changes in the timing and amount of precipita-
tion and rising air temperatures'*'*. We grow non-dryland-adapted
food within a dryland climate through an over-reliance on irriga-
tion'>', and models predict a northward migration in potential
rain-fed agricultural areas based on projected climate change'. In
fact, within the United States, water scarcity alone was a major driver
in the conversion of more than 20,000 acres of former croplands in
southern California to renewable energy development in a single

Q key challenge to building resilience under a changing and

year'®, as the lack of water was making agriculture non-economi-
cally viable. Many areas across the globe, including North, Central,
and South America, the Middle East and North Africa, have seen a
shift to increased aridity and are projected to see continued aridity
throughout the century'>*. These regions are also facing increas-
ing water scarcity that places conventional agriculture and farmland
at risk, and projected climate change has been estimated to reduce
food production by 8-45% across Africa and Southeast Asia®'~*.
The resulting increases in demand for irrigation will probably com-
pound existing water insecurities experienced globally. Our already
strained freshwater supply is likely to see additional extraction, not
only for future agricultural land use to keep pace with population
and economic growth, but also to match the increased atmospheric
demand under these projected climate changes™.

Our energy system may not be resilient under forecasted cli-
mate change®. Higher air temperatures can reduce the efficiency
and maximum capacity of thermal power plants”*, and changes
in the seasonality, availability and temperature of water resources
can constrain the operations of hydropower*=' and thermal power
plants®~**. Globally climate impacts could reduce thermal and hydro-
power capacity by 20% for individual power plants*-*, although
grid reliability metrics indicate a smaller impact®™. Drought-proof
technologies that require no water for operations, such as wind and
PV, could provide a solution for enhanced resilience under uncer-
tain water resource conditions while also cutting down on green-
house gases emission—a primary cause of climate change.

Electricity production from large-scale PV installations has
increased exponentially in recent decades***’, signifying an increase
in the cost-effectiveness and grid suitability of this technology**'. In
the United States, solar development is projected to grow substan-
tially. By 2030, solar installation could reach 330 GW of installed
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Q" +QF=QH+ Qe+ AQs+AQpv (W)

Q" = net all-wave radiation (solar and terrestrial)
‘ QF = anthropogenic heat flux

t QH = sensible heat flux (atmospheric heating)

t QE = latent heat flux (or evapotranspiration)

l AQs = net storage heat flux

Qrv = energy transferred through
energy production

Fig. 1] lllustration of changes in midday energy exchange with transitions from natural systems, solar PV arrays and a colocated agrivoltaic system.
a,b, Assuming equal rates of incoming energy from the sun (broken yellow arrows), a transition from a vegetated ecosystem (a) to a solar PV installation
(b) will significantly alter the energy flux dynamics of the area because of the removal of vegetation, and thus the latent heat fluxes (blue arrows). This
leads to greater sensible heat fluxes (red and orange arrows), which yield higher localized temperatures. ¢, Reintroduction of vegetation, in this case
agricultural plants, restores latent heat fluxes and should reduce sensible heat loss to the atmosphere. Energy re-radiation from PV panels (teal arrows)
and energy transferred to electricity (green arrows) are also shown. Arrow size and abundance correspond to the magnitude of the effect.

Credit: Illustration modified from ref. *°, Springer Nature Ltd.

capacity (to meet 14% of national demands), with 209 GW expected
to be ground-mounted solar, which would require approximately
8,000 km? of land, including agricultural land*>*.

Drylands of the southwestern United States are among the best
positioned for supporting renewable energy through PV because of
the abundance of sunlight***, but projections of increasing ambi-
ent temperatures dampen this renewable energy source potential
because of PV panel sensitivity to increases in temperature. While
PV panels vary, their temperature coefficient—the rate of perfor-
mance decline for every 1°C increase in temperature >25°C—
illustrates that PV panel efficiency decreases by an average of
~0.6%°C™)**. Additionally, recent research has found that larger
PV arrays cause a ‘heat island’ effect that warms the area within the
installations®’, creating a negative feedback of additional warming.
As with the urban heat island effect, landscape change shifts eco-
system structure from one dominated by vegetation to one char-
acterized by a blend of built structures and vegetation, which alters
the energy balance of absorption, storage and release of short- and
long-wave radiation®. Incoming solar energy is either reflected
back to the atmosphere or absorbed, stored and later re-radiated
in the form of latent or sensible heat™ (Fig. 1, blue or red and

orange arrows, respectively). Within natural ecosystems, vegetation
reduces heat gain and storage in soils by creating surface shading,
though the degree of shading varies among plant types (Fig. la)>.
Transitions of liquid water-to-water vapour loss to the atmosphere
through evapotranspiration—the combined water loss from soils
(evaporation) and vegetation (transpiration)—use energy absorbed
by vegetation and surface soils. Because many PV installations have
gravel as groundcover, with little to no vegetation, they have little to
no means of energy dissipation through latent heat exchange (Fig. 1,
transition from a to b), and thus are subjected to more sensible heat.

Sustainable development practices of low-impact urban design
counter the urban heat island effect with strategic planting that
reintroduces latent heat exchange of energy by way of plant tran-
spiration. How might a similar model be applied to a PV heat
island? Restoration ecology suggests that there is an important role
for ‘novel ecosystems'—non-historical assemblages of species that
result from the combined effects of shifts in abiotic conditions, land
cover change and environmental management™. Novel ecosystems
serve important functional roles, contribute to the provision of eco-
system services and enhance well-being in human-dominated and
built landscapes™**.
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We present here a novel ecosystems approach—agrivoltaics—
to bolster the resilience of renewable energy and food production
security to a changing climate by creating a hybrid of colocated agri-
culture and solar PV infrastructure, where crops are grown in the
partial shade of the solar infrastructure'>***- (Fig. 1c). We suggest
that this energy- and food-generating ecosystem may become an
important—but as yet quantitatively uninvestigated—mechanism
for maximizing crop yields, efficiently delivering water to plants
and generating renewable energy in dryland environments. We
demonstrate proof of concept for agrivoltaics as a food-energy-
water system approach in drylands by simultaneously monitoring
the physical and biological dimensions of the novel ecosystem. We
hypothesized that colocating solar and agricultural could yield sev-
eral significant benefits to multiple ecosystem services, including
(1) water: maximizing the efficiency of water used for plant irri-
gation by decreasing evaporation from soil and transpiration from
crop canopies**” and (2) food: preventing depression in photosyn-
thesis due to heat and light stress®”**%, thus allowing for greater
carbon uptake for growth and reproduction. An additional benefit
might be (3) energy: transpirational cooling from the understorey
crops lowering temperatures on the underside of the panels, which
could improve PV efficiency®.

We focused on three common agricultural species that represent
different adaptive niches for dryland environments: chiltepin pepper
(Capsicum annuum var. glabriusculum), jalapeiio (C. annuum var.
annuum) and cherry tomato (Solanum lycopersicum var. cerasi-
forme). We created an agrivoltaic system by planting these species
under a PV array—3.3m off the ground at the lowest end and at
a tilt of 32°—to capture the physical and biological impacts of this
approach. Throughout the average three-month summer growing
season we monitored incoming light levels, air temperature and
relative humidity continuously using sensors mounted 2.5m above
the soil surface, and soil surface temperature and moisture at 5-cm
depth. Both the traditional planting area (control) and agrivoltaic
system received equal irrigation rates, and we tested two irrigation
scenarios—daily irrigation and irrigation every 2d.

Results

The amount of incoming photosynthetically active radiation (PAR)
was consistently greater in the traditional, open-sky planting area
(control plot) than under the PV panels (Fig. 2a). This reduction
in the amount of incoming energy under the PV panels yielded
cooler daytime air temperatures, averaging 1.2+ 0.3 °C lower in the
agrivoltaics system over the traditional setting. Night-time tem-
peratures were 0.5+40.4°C warmer in the agrivoltaics system over
the traditional setting (Fig. 2b). Photosynthetic rates, and therefore
growth and reproduction, are also regulated by atmospheric dry-
ness, as represented by vapour pressure deficit (VPD) where lower
VPD indicates more moisture in the air. VPD was consistently lower
in the agrivoltaics system than in the traditional growing setting,
averaging 0.52 4+ 0.15kPa lower across the growing season (Fig. 2¢).
Having documented that an agrivoltaic installation can significantly
reduce air temperatures, direct sunlight and atmospheric demand
for water relative to nearby traditional agricultural settings, we
address several questions regarding impacts of the food-energy-
water nexus system.

Potential impacts for food production. We found that agrivoltaic
system conditions impacted every aspect of plant activity, though
results and significance varied by species. We used three different
agricultural plants from the same family (Solanaceae) that repre-
sent different adaptive niches for dryland environments (Fig. 3).
Capsicum annuum var. glabriusculum is native to southern North
America and northern South America, and has the adaptation of
growing in the shade of overstorey ‘nurse trees’ due to the high irra-
diance and temperatures characteristic of the region”. Cumulative
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Fig. 2 | Micrometeorological impacts of colocation of agriculture and solar
PV panels (agrivoltaic) over traditional (control) installations. a, Average
daily light levels in terms of PAR. b, Differences in ambient air temperature
between daytime and night-time. ¢, Atmospheric dryness, VPD.

CO, uptake in chiltepin was 33% greater in the agrivoltaic instal-
lation (Fig. 3a), but there was no difference in the water use effi-
ciency (ratio of daily CO, uptake to transpirational water loss) of
the plants (Fig. 3b), indicating that transpiration was equally greater
in chiltepin grown in the agrivoltaic system. As a result, total chilt-
epin fruit production was three times greater under the PV panels
in an agrivoltaic system (Fig. 3c). This matches the adaptation of
this small-leaved desert shrub and previous studies growing chilt-
epin under artificial shade (but not in an agrivoltaic system)”’. We
also chose C. annuum var. annuum), a sister variety to chiltepin that
has been widely domesticated across large biogeographic space and
is of greater commercial value”. Cumulative CO, uptake in jala-
pefio was 11% lower in the agrivoltaic system than in the traditional
growing area (Fig. 3a), suggesting a light limitation in this setting.
However, water use efficiency was 157% greater in the agrivol-
taic system (Fig. 3b). Ultimately, total fruit production was nearly
equal between treatments (Fig. 3¢), but this was attained with 65%
less transpirational H,O loss. Finally we chose S. lycopersicum var.
cerasiforme) because it is very heat sensitive, in that summer flower
production is accompanied by abortion due to excessive tempera-
tures. Cumulative CO, uptake was 65% greater in the agrivoltaic
installation than in the traditional growing area, and water use
efficiency was also 65% greater, indicating that transpirational
water loss was equal between the treatment areas, so the increased
productivity we find in an agrivoltaic system is probably due to an
alleviation of multiple stress interactions from heat and atmospheric
drought. Ultimately, total fruit production was twice as great under
the PV panels of the agrivoltaic system than in the traditional grow-
ing environment.

Potential impacts for water savings. We assessed the impacts of
irrigation water savings in terms of the relative amount of moisture
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Fig. 3 | Plant ecophysiological impacts of colocation of agriculture and
solar PV panels versus traditional installations. a, Average daily cumulative
CO uptake through photosynthesis per unit leaf area. b, Daily water use
efficiency, as estimated by the amount of carbon uptake relative toleaf-

level water loss through transpiration (per unit leaf area). ¢, Cumulative

fruit production—number of fruits per individual plant. Results are shown
for chiltepinpeppers, jalapefios and tomatoes grown in a traditional setting
(control) and in the colocated agrivoltaics system. Bars represent +1s.e.m.,
and an asterisk indicates a significant difference (P<0.001).

that remained in the soil after each irrigation event in a tradi-
tional, or control, growing area versus under an agrivoltaic system
(Fig. 4). We detected the greatest influence of the agrivoltaic sys-
tem on soil moisture savings when we irrigated every 2d, as soil
moisture remained ~15% greater (3.2% volumetric units) than
in the control setting (Fig. 5a,c) before the subsequent irrigation
event. Nevertheless, even with daily irrigation the agrivoltaic sys-
tem remained 5% greater (1.0% volumetric units) before the sub-
sequent irrigation event than in the control setting (Fig. 5b,d).
Importantly, soil moisture levels in the agrivoltaic setting after 2d
remained above the driest points seen in the control setting after
daily irrigation events, suggesting that even more reduced irrigation
in an agrivoltaic system may be possible. The potential reduction
in water use within agrivoltaics could be substantial and warrants
further research in future studies, especially given the uncertainties
in projected future rainfall and water allocations.
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Fig. 4 | Map of the experimental area, which consisted of an agricultural
control site, a traditional ground-mounted PV installation and an
agrivoltaic system site. The solid red, blue and hashed circles represent
tomato, jalapefio and chiltepin plants, respectively. The black square
represents the location of the meteorologicalmeasurement station, and
the solid lines extending from the square represent the locations of the soil
moisture sensors. The dashed lines extending from the square represent
the locations of the thermistors adhered to the PV panels for temperature
measurement.

Potential impacts for improved renewable energy production.
Given the inherent sensitivity of PV panels to temperature, any
cooling of panels below current daytime temperatures >30°C will
positively impact its efficiency’>”. We found that PV panels in a
traditional ground-mounted array were significantly warmer dur-
ing the day and experienced greater within-day variation than
those over an agrivoltaic understorey (Fig. 6a). We attribute these
lower daytime temperatures in PV panels in the agrivoltaic system
(Fig. 6b) to the greater balance of latent heat energy exchange from
plant transpiration relative to sensible heat exchange from radia-
tion from bare soil (the typical installation method). Across the core
growing season, PV panelsin an agrivoltaic system were ~8.9+0.2°C
cooler in daylight hours. This reduction in temperature can lead to
an increase in system performance. Using the system advisor model
(SAM) for a traditional and a colocation PV system in Tucson, AZ,
we calculated that temperature reductions documented here in the
growing months of May-July from the colocation system led to a
3% increase in generation over those months, and a 1% increase in
generation annually.

Discussion

Together, these results suggest that the novel colocation of agricul-
ture and PV arrays could have synergistic effects that support the
production of ecosystem services such as crop production, local
climate regulation, water conservation and renewable energy pro-
duction. Our results suggest that an agrivoltaic colocation design
not only mitigates energy balance challenges associated with the
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Fig. 5 | Impacts of colocation of agriculture and solar PV panels
(agrivoltaic) over traditional (control) installations on irrigation
resources, as indicated by soil moisture. a,b, Thirty-minute average
volumetric water content (soil moisture) in the top 5cm of the soil in the
agrivoltaic and control settings. ¢,d, Differences between soil moisture in
an agrivoltaic setting and in control plots, where positive values indicate
additional moisture in the agrivoltaic setting. a,¢, A period when plots were
watered every two days. b,d, A period when plots were watered every day.

development of a PV site, but also increases the collective ecosys-
tem services associated with an area’. We should no longer follow
the narrow understanding of land use that has averred a zero-sum-
game of competition between renewable energy and agricultural
food production. In fact, we have shown that each portion of the
food-energy-water nexus can respond positively to the coloca-
tion of these seemingly disparate needs. In this novel ecosystem,
plants growing in an agrivoltaic setting (under PV) receive less
light, but this has now been shown to be associated with positive
trade-offs in terms of reduced evaporative loss of soil moisture in a
dryland area. The efficacy and extent of positive effect was depen-
dent on the plant species. Growing food crops in an agrivoltaic
system led to increased CO, uptake and fruit production in two
of three species, and the one species that did not exhibit higher
production achieved equal production with only about 35% of the
transpirational water loss. At the same time, that transpirational
water loss also created an energy balance shifted more towards
latent heat exchange and less sensible heat flux to the atmosphere
in the move from traditional agriculture to an agrivoltaic system.
This resulted in the PV panels in an agrivoltaic setting being sig-
nificantly cooler in the daytime—a positive trade-off for shading
a vegetative understorey, which should lead to increased renew-
able energy production—and longer retention times of irrigation
waters within the soil.

Additional species should be explored to capture a wider under-
standing of which plant functional types are most appropriate
for this new type of food production; additional solar infrastruc-
ture designs and configurations should be considered, to better
understand trade-offs in energy output and plant productivity;
and additional installations around a biogeographic gradient
should be explored to quantify the relative impacts, as have been
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Fig. 6 | Impacts of colocation of agriculture and solar PV panels
(agrivoltaic) over traditional ground-mounted installations on the surface
temperature of PV panels. a, Thirty-minute average photovoltaic panel
temperature, as measured by a thermistor placed on the rear of panels.

b, Differences in panel temperature between the agrivoltaic and traditional
ground-mounted settings. Negative values indicate the degree to which
panels in the agrivoltaic setting were cooler. Positive values—indicating
warmer conditions—occurred during the night-time when the PV systems
were not operating.

documented here. It is possible that alternative solar configura-
tion, crop and location combinations could lead to disadvanta-
geous outcomes, such as excess soil moisture, crop yield reductions
or increased risks to solar infrastructure. Future field sites could
explore these variations and thereby contribute to a more com-
prehensive understanding of agrivoltaics opportunities. Hitherto
uninvestigated for agrivoltaics are the potential for the restoration
of endemic plant communities to provide increases in solar panel
efficiencies, the retrofitting potential of the groundcover of existing
solar facilities to accommodate food crops or endemic plant com-
munities, and how pollinator habitat planted underneath arrays
could benefit local agriculture. Also unexplored are issues tied to
the physical and social impacts of farm labourers working in an
agrivoltaic system. To date we have found no ill effects, and future
studies could quantify these impacts through the metric of human
thermal comfort (HT'C)”?, which takes into account not only air
temperature but also sun exposure. Given the milder microclimate
under PV panels within an agrivoltaic system, we hypothesize that
HTC would be greater than in a control system, and this could be
particularly important in dryland environments where rates of
heat stroke and heat-related death among farm workers are espe-
cially high. Economically, this novel microclimate may also extend
growing seasons and protect against untimely frosts. The land-
leasing opportunity may additionally provide revenue to farmers
to ward off development pressures and keep food costs down. All
of these impacts—water scarcity, environmental sensitivity of our
food crops, the efficiency of PV panels and the HTC of the people
that bring food to market—are especially vulnerable to projected
climate change patterns and extremes.

This study represents the first experimental and empirical exam-
ination of the potential for an agrivoltaic system to positively impact
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each component of the food—energy-water nexus. Our results from
a dryland system indicate a reduction in daytime temperatures of
the solar panels (energy) and microclimate under the panels (food),
and a dampening in the diurnal fluctuations of each and day-to-
day fluctuations in soil moisture in irrigated agriculture (water).
Together, our findings suggest that a dryland agrivoltaic system may
be a resilient energy and food system that has reduced vulnerabili-
ties to future climate variability. However, there are probable barriers
to wider adoption, which include challenges associated with some
forms of mechanized farming and harvest and the additional costs
associated with elevating PV arrays to allow for food production
in the understorey. An integrated approach to the physical and
social dimensions of our food and energy systems is key in sup-
porting decision making regarding PV development and sustain-
able food and energy production in a changing world. The results
presented here provide a foundation, direction and motivation for
future explorations towards resilience of food and energy systems
in the future.

Methods

Site description. We established the Biosphere2 Agrivoltaics Learning Lab in
August 2016. The site is operated by the University of Arizona, and is situated

on the ground of the Biosphere 2 research centre north of Tucson, AZ, USA
(32.578989°N, 110.851103 °W, elevation 1,381 m above sea level). The climate

in Tucson is hot desert (Koppen classification BWh), which experiences a mean
annual temperature of 21.6 °C and is characterized as having bimodal precipitation
with a summer monsoon and winter rains. Average precipitation is limited to

<30 cm, but the magnitude and timing of storms have increasingly varied in recent
decades”. Summers are hot, with air temperature regularly averaging 38 °C and
soil surface temperatures exceeding 45 °C. Winter temperatures are moderate,
with occasional light frosts in January. Summer season agriculture in this region

is primarily a mix of vegetables, with tomato, pepper, herbs, eggplant and melon
being most prominent.

The site involves replicated rows of agricultural crop species growing in either
traditional, open-sun growing conditions or under a raised solar PV panel array
(agrivoltaics; Fig. 4). Each of these areas is approximately 9.1 X 18.2m? The fixed
panels within the agrivoltaic system are 3.3 m above the soil surface at their lowest
point, whereas they are only about 0.3-1.0 m above the ground in the traditional
PV configuration. All panels face south, at a latitude angle of 32°*. There is 1 m of
spacing between each row of PV panels.

Both sites were excavated down to a depth of approximately 25.5 cm, and the
native soil was replaced and amended with an organic ‘Garden Blend, which is
a mixture of 75% organic compost and 25% sandy soil (Tank’s Green Stuff). An
irrigation system was established that delivered equal amounts—in terms of rate
and cumulative application—across the control and agrivoltaics plots. Equality
in irrigation delivery was confirmed on two occasions by collecting drip water
and measuring total volumes at random emitters across the plots. We planted
42 replicate plants of each of three agricultural species from the same family
(Solanaceae) that represent different adaptive niches for dryland environments:

C. annuum var. glabriusculum, C. annuum var. annuum and S. lycopersicum var.
cerasiforme; Fig. 4). All of the replicate individuals originated from the same seed
source—a homogenized collection of seeds from fruits produced by the previous
year’s growth. Seeds were planted within a matrix of the same ‘Garden Blend’ in
February 2017 in a greenhouse, and were then transplanted to the research site
in March 2017. We were cognisant of the potential for inducing error by studying
plants along the border of our treatment due to ‘edge effects”*. We avoided this
issue by selecting plants that were at least three rows in from any edge of the
experimental array.

For most of the experiment, irrigation was delivered daily at a rate of
3.791min"" for 30 min by a multi-valve irrigation system (Rain Bird ESP-Modular
Controller), but in May 2017 we reduced irrigation to an alternate-day schedule
to quantify rates of water use under this water-saving schedule. Irrigation was
supplied through standard 1.27-cm polyethylene drip irrigation tubing. We
conducted calibrations on the uniformity of the irrigation system’s delivery twice
per year. To confirm that the irrigation emitters were delivering equal amounts of
water despite variable distances from the irrigation control box, we used graduated
cylinders to calculate rates in terms of volumes per minute. We maintained these
measurement installations for one full growing season, to capture variation due
to sun angle and extremes associated with hot and cold periods at the edge of the
growing season.

At the end of the growing season in August 2017, we harvested all of the fruits
for each of the ten replicate study plants per species. In so doing, we captured the
productivity of each plant in terms of marketable produce. We present here the
production per individual, to underscore the impacts of a changing microclimate
due to the agrivoltaics system approach on productivity at an organismal level.

Monitoring equipment and variables monitored. Ambient air temperature (°C)
and relative humidity (%) were measured with a shaded, aspirated temperature
probe 2.5m above the soil surface (Vaisala HMP60). Importantly, the temperature
probes used within the agrivoltaic and control settings were cross-validated for
precision (closeness of temperature readings across all probes) at the onset of

the experiment. We also monitored incoming PAR (LI-190R, LI-COR) at 2.5m
above the soil surface. Both of these probes were mounted on a post placed within
the centre of each installation, to avoid any variance due to edge effects around
each plot. We monitored volumetric water content and soil temperature at 5-cm
depth (ECH,O 5TM, METER Group) at six points across each of the control and
agrivoltaic system sites (Fig. 4). Data across the six points were averaged to give a
single representative value for each time period for each site.

Finally, we monitored solar panel temperatures using precision integrated-
circuit temperature sensors (LM35CA thermistor, Texas Instruments) adhered
to the rear of each of six different solar panels™. To compare the temperatures
of panels in the agrivoltaic setting to traditional ground-mounted solar panels,
we replicated this measurement scheme on six panels within a solar array
approximately 10 m away in the same research area of Biosphere 2 (Fig. 4). All
of these measurements were recorded at 30-min intervals throughout a 24-h
day, and data were recorded on a data-logger (CR1000, Campbell Scientific).
We calculated averages of daytime PV panel temperatures using all data from
daylight hours, when PAR was >10 pmol m~s~". We used SAM parameterized for
Tucson, AZ, USA to quantify normal power generation for an example 200 kW
DC system’””. For this simulation, we used standard SAM defaults for a PV
array of SunPower-X21-335 (mono-crystalline Silicon) modules with a nominal
efficiency of 20.5521%. The only variable that differed between the adjacent
traditional and agrivoltaic installations was PV panel temperature. A traditional
PV installation would generate 373 MWh per year (21.4% capacity factor),
whereas the agrivoltaic installation, with the reduced temperatures shown here,
would generate 377 MWh per year (21.6% capacity factor). This equates to an
increase of approximately 1% per year in annual generation based on only these
three months of documented cooling.

Leaf-level measurements of CO, and water exchange. Measurements of leaf-
level net photosynthesis (A,,,) and transpiration were conducted using a LI-6400
portable photosynthesis system (LI-COR)"**"%2, A red-blue light source
(LI-6400-02b) attached to the leaf cuvette provided constant irradiance
of ambient light levels for each measurement area (open sun versus shade
under the PV panels). The cuvette (CO,) was held constant at 400 ppm
across all measurements. Cuvette air temperature was set to match that of
ambient conditions at each measurement time point. Hourly measurements
were conducted between 05:00 and 21:00 mean solar time—for a total of
17 measurement periods—to capture the full daily carbon assimilation and
water loss period. Once chamber conditions and gas-exchange rates of A, had
stabilized, the two infrared gas analysers within the instrument were matched,
and gas-exchange data were logged five times across a 1-min period and
averaged. For each of the treatments (control and agrivoltaics), we measured
five replicates of each of the three plant types—for a total of 30 individuals. We
conducted these measurements over the course of a 5-d period in the middle of
the growing season, to capture instantaneous rates of leaf-level gas exchange and
to gain insight into plant performance. All leaves that were within the 2 X 3-cm
cuvette for gas-exchange measurements were harvested after measurements
and stored in paper envelopes in a chilled cooler for transport to the laboratory,
so that we could correct our measurements on a per-unit leaf area basis. We
obtained wet leaf mass, and then sampled leaf area was determined using an LI-
3100C area meter (LI-COR). Samples were then air-dried to obtain dry leaf mass.
These measurements of CO, assimilation and water loss were used to infer
daily cumulative by first taking the instantaneous measures, which have units of
pmolm~2s~!, and up-scaling these to the hourly estimates. We then accumulated
these hourly values for the entire daytime period.
Throughout this procedure, we captured the productivity of each plant in terms
of carbon uptake at the leaf scale.

Statistical analysis. Comparisons of cumulative CO, uptake, daily water use
efficiency (WUE; daily CO, uptake/daily transpirational water loss) and fruit
production between the control and agrivoltaic treatment were made using Tukey’s
honestly significant difference (HSD) test. Standard errors to calculate HSD were
made using pooled values at either the daily (CO, uptake and WUE) or growing
season (fruit production) scale. We used midnight and noon values to examine
maximum and minimum, respectively, differences in PV panel temperatures
between the agrivoltaic and traditional ground-mounted settings. Comparisons
among the sites were made using the same Tukey’s HSD test.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author on request.
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Ecological, evolutionary & environmental sciences study design
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Study description The site involves replicated rows of agricultural crop species growing in either (i) traditional, open sun growing conditions or (ii)
under a raised solar photovoltaic panel array (agrivoltaics). occasions by collecting drip water and measuring total volumes at random
emitters across the plots. We planted 42 replicate plants of each of three agricultural species from the same family (Solanaceae) that
represent different adaptive niches for dryland environments: (i) chiltepin pepper (Capsicum annuum var. glabriusculum), (ii)
jalapefio (Capsicum annuum var. annuum), and (i) cherry tomato (Solanum lycopersicum var. cerasiforme)

Research sample We established the Biosphere 2 Agrivoltaics Learning Lab in August 2016. The site is operated by the University of Arizona, and is
situated on the ground of the Biosphere 2 research center north of Tucson, Arizona, USA (32.578989°N, 110.851103°W; elevation:
1381 m ASL). We planted 42 replicate plants of each of three agricultural species from the same family (Solanaceae) that represent
different adaptive niches for dryland environments: (i) chiltepin pepper (Capsicum annuum var. glabriusculum), (ii) jalapefio
(Capsicum annuum var. annuum), and (iii) cherry tomato (Solanum lycopersicum var. cerasiforme). All of the replicate individuals
originated from the same seed source —a homogenized collection of seeds from fruits produced by the previous year’s growth.
Seeds were planted within a matrix of the same ‘Garden Blend’ in February 2017 in a greenhouse, and then they were transplanted
to the research site in March 2017. We were cognizant of the potential for inducing error by studying plants along the border of our
treatment due to “edge effects” 74. We avoided this issue by selecting plants that were at least three rows in from any edge of the
experimental array.
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Sampling strategy In previous studies, we conducted trials with various numbers of replicates to statistically determine that having five targeted plants
per measurement period was an adequate amount.

Data collection Measurements of leaf-level net photosynthesis (Anet) and transpiration were conducted using a LI-6400 portable photosynthesis
system (LI-COR, Lincoln, NE, USA). For each of the treatments (control and agrivoltaics), we measured five replicates of each of the
three plant type — for a total of 30 individuals. We conducted these measurements over the course of a five-day period in the middle
of the growing season to capture instantaneous rates of leaf-level gas exchange and gain insight into plant performance.

Timing and spatial scale  We conducted plant-based measurements over the course of a five-day period in the middle of the growing season to capture
instantaneous rates of leaf-level gas exchange and gain insight into plant performance. The study was run for an entire growing
season, and meteorological data reflect this time period.

Data exclusions No data were excluded from this study.

Reproducibility We have ensured reproducibility by using very regular plant spacings and locations within a planted scheme, documented irrigation
delivery rates and confirmed those delivery rates using graduate cylinders.

Randomization Plant replicates were chosen based on a predetermined location map to avoid human bias in plant selection.

Blinding Blinding was achieved by giving a unique number to all replicates.

Did the study involve field work? Yes [ ]No

Field work, collection and transport

Field conditions The climate in field site is a hot desert (Koppen Bwh) that experiences a mean annual temperature of 21.6 °C and is
characterized as having bimodal precipitation with a summer monsoon and winter rains. Average precipitation is limited to less
than 30 cm. Summers are hot, with air temperature regularly averaging 38°C and soil surface temperatures exceeding 45 °C.
Winter temperatures are moderate, with occasional light frosts in January.

Location The site is situated on the ground of the Biosphere 2 research center north of Tucson, Arizona, USA (32.578989°N, 110.851103°
W; elevation: 1381 m ASL).

Access and import/export No import / export permits were required for this project.

Disturbance No disturbance was created by this experiment.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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