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https://www.codepublishing.com/WA/AdamsCounty/html/AdamsCounty17/AdamsCounty1772.html
https://washingtonstatestandard.com/2025/01/09/yakima-countys-two-year-ban-on-solar-may-continue/
https://washingtonstatestandard.com/2025/01/09/yakima-countys-two-year-ban-on-solar-may-continue/
https://bentoncountywa.municipalone.com/files/documents/BOCCPKTOA2021-00412-21-21129012930121521PM.pdf
https://bentoncountywa.municipalone.com/files/documents/BOCCPKTOA2021-00412-21-21129012930121521PM.pdf
https://www.co.kittitas.wa.us/uploads/bocc/ordinances/2019-004-ordinance.pdf
https://www.skagitcounty.net/Departments/PlanningAndPermit/2024AgNRLZone.htm?utm_medium=email&utm_source=govdelivery
https://www.skagitcounty.net/Departments/PlanningAndPermit/2024AgNRLZone.htm?utm_medium=email&utm_source=govdelivery
https://openei.org/wiki/InSPIRE/Agrivoltaics_Map
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Table 2. Photovoltaic potential (PVout) and farmland productivity, versatility, and resilience (PVR) for suitable agrivoltéields

PVout PVR

County min mean max min mean max
Adams 1492 1506 1516 0.23 0.42 0.72
Asotin 1418 1432 1491 0.12 0.26 0.56
Benton 1376 1511 1560 0.10 0.54 0.79
Chelan 1456 1547 0.12 0.58 0.79
Columbia 1384 1474 1498 0.15 0.56 0.90
Douglas 1372 1479 1550 0.10 0.59 0.79
Ferry 1234 1315 1374 0.12 0.29 0.56
Franklin 1471 1499 1517 0.09 0.55 0.72
Garfield 1344 1451 1511 0.12 0.17 0.43
Central & Eastern Grant 1439 1524 1545 0.12 0.65 0.79
Washington Kittitas 1458 1535 1568 0.12 0.36 0.62
Klickitat 1316 1497 1588 0.09 0.54 0.98
Lincoln 1317 1459 1510 0.13 0.28 0.51
Okanogan 1334 1428 1509 0.09 0.54 0.79
Pend Oreille 1283 1348 0.18 0.38 0.61
Spokane 1321 1372 1433 0.10 0.42 0.83
Stevens 1257 1317 1366 0.11 0.41 0.68
Walla Walla 1405 1458 1507 0.09 0.48 0.94
Whitman 1404 1449 1488 0.12 0.44 0.88
Yakima 1318 1539 1573 0.10 0.63 0.79
Clallam 1243 0.15 0.50 0.75
Clark 1241 0.15 0.47 0.99
Cowlitz 0.26 0.55 1.00
Grays Harbor 0.36 0.49 0.69
Island 0.18 0.40 0.68
Jefferson 0.16 0.36 0.51
King 0.15 0.34 0.65
Kitsap 0.24 0.34 0.58
Lewis 0.20 0.52 0.95
Western Washington | Mason 0.15 0.37 0.51
Pacific 0.18 0.50 0.76
Pierce 0.17 0.51 0.85
San Juan 0.08 0.39 0.59
Skagit 0.14 0.50 0.78
Skamania 0.13 0.38 0.63
Snohomish 0.14 0.52 0.78
Thurston 0.19 0.37 0.70
Wahkiakum 0.25 0.41 0.69
Whatcom 0.22 0.58 0.96

*Photovoltaic potential is based on World Bank PVout data. PVout is presented as monthly yearly averages with units as kitbwa

hours per installed kilowatt peak of installed capacity per year (kWh/kWp). Shadingpresents the spectrum within each

minimum, mean, and maximum column across counties from lowest (darker) to highest (lighter) PVout values
** PVR is on a zerdo-one scale where one represents high productivity, versatility, and resilience. PVR incorporates data on soi
suitability, land cover and land use, and food production type and incorporates rankings based on expert surveys.
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Optimally or strategically designed agrivoltaics projects can generate synergies across both the agricultural
and solar energy systems. In particulargrops that are susceptible to heat stress could benefit from the
partial shade provided by solar panels in certain climates. Shading can also reduce evapotranspiration and
increase water use efficiency in arid growing regions. Agrivoltaic systems will pedrm differently depending
on the geographic location and photovoltaic design. While smalscale demonstration and experimental
projects are critical for advancing agrivoltaic knowledge regionally, it is challenging to explore the entire
design space or extrapolate agrivoltaic system performance across multiple growing regions or crops with
experimental projects alone. Notably, the published literatureestablishing that agrivoltaic systems confer
net positive yield or quality impacts to produce is still limited (Dupraz 2024). Model simulations of both
electricity generation and shade impacts on crops in agriviiaic systems can help bridge this gap by
assessing both feasibility and scalability. Such approaches rely on coupling or integrating a solar
photovoltaic system design model with a crop mode{Campana et al. 2021; Bellone et al. 2024; Dinesh and
Pearce 2016)Here, we explore how different photovoltaic system designs and geographic location impact
the cost effectiveness of electricity generation, crop productivity or quality of crops that are most amenable
for agrivoltaics in Washington, particularly apples and berries. To address the absence of both agrivoltaic or
shade impact studies on apples, berries, or vegetables in Washington, we specifically sought to:
1. Develop tailored agrivoltaic designs for three farms across the state that currently grow or would
consider growing leafy vegetables, berries, or apples
2. Quantify electricity generation, levelized cost of energy, and strawberry and lettuce productivity
impacts of several agrivoltaic designs across representative berry and vegetable growing regions in
Washington
3. Quantify electricity generation, levelized cost of energy, and apple sunburn risk reduction of several
agrivoltaic designs across representative dessert apple growing regions in Washington

For apples, we compared the performance of three suitable photovoltaic system desigrghigher density
single-axis tracking, lower density singleaxis tracking, and fixed tilt panels racked 13 feet over the rows of
trellised apple trees. While the vast majoity of new solarenergy projects use single-axis tracking systems
with the ability to control the panel tilt to allow for changes to the shading regime, fixed tilt systems are
lower cost and may be more cost effective at higher latitudes. For strawberry ahlettuce farms, we
generated a standard singleaxis tracking design elevated to 6 feet above ground and several fixed tilt
designs that varied panel row spacing (pitch) and panel height. For designing these agrivoltaic systems,
generating shade profiles kelow and between panels, and estimating photovoltaic electricity generation, we
use an industrystandard commercial photovoltaic modeling software, PVsyst, which has been used in other
agrivoltaic simulation studies (Dinesh and Pearce 2016; Hussain and Gihca2024) The resulting shade
profiles were then used as inputs to a crop simulation model, STIG8risson et al. 1998; Dinesh and Pearce
2016) for modeling strawberry and lettuce productivity impacts in agrivoltaic systems. For modeling apple
sunburn risk, we provided shade profiles as inputs to thé&i et al. (2014jnodel.
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For strawberry and lettuce agrivoltaic simulations, we selected 15 locations across the berry and vegetable
growing regions in the state using the WSDA crop distribution data, limited to agricultural land within rile
of existing substations (Figure B). Locations were selected to achieve geographic representation across

\]‘ . Ba N
V8T AL G ThCNature @ UC SANTA BARBARA
American Farmland Trust A Institute for Northwest Energy Futures itiati
SAVING THE LAND THAT SUSTAINS US j}‘ Conservancy N The 2035 Initiative




P N

eastern and western Washington and across major agricultural counties. Sites within counties were selected
based on the location with the highest concentration of berry or vegetable farms.
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For apple sunburn risk modeling, we applied a systematic process for selecting 10 representative locations
across the dessert apple orchard growing region (central/eastern Washington). We began with daily
meteorological data from the GridMET dataset, whiclprovides 2.5 mi gridded surface weather and climate
variables. We extracted data for 446 GridMET grid cells that overlapped apple orchard areas with at least 20
MW of estimated solar capacity based on a capacity density of 0.08 MW/acre (or half of the azge ground
mount density of 1.6 MW/acre). For each location, we calculated summary statistics over the 202022

period for variables relevant to apple growth, sunburn risk, and solar electricity output including daily
maximum and minimum temperature, wird speed, solar radiation, relative humidity, and precipitation.

Metrics included means, variability (standard deviation), extremes, growing degree days, and counts of days
6Aa0€ED AG)] Y) Aét Yl abDUIoLCU ybDdHdd »q! kmeansiustgringitg OD
group the 446 locations into clusters ranging from 1 to 30. We chose 10 clusters as this was roughly around
the elbow pointin the variance change plot (Appendix Figure 27Jo select a representative site from each
cluster, we identified the location with the lowest combined distance to both the cluster centroid in
standardized feature space and the geographic centroid of the cluster. This ensured that each selected site
was both meteorologically and spatially representative of its cluster(Figure 14).
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We downloaded hourly weather data for the years 2013022 at representative locations for each orchard

ALwUOUDG ¢giaoN r2Dl U réey)onétr potéd 2 écC) degdubonso@eyéeaeUD
of the three most critical parameters for solar analysis, Global Horizontal Irradiance (GHI), Diffuse Horizontal

Irradiance (DHI), and Direct Normal Irradiance (DNI). The NSRDB interpolates satellite and grelave:l data

to give accurate values of other important weather parameters with 2.5 mi X 25 miresolution throughout

the contiguous United States and various international locations.

For the United States, data on the NSRDB covers years 192824 at an hourly resolution. Weather

measurements like temperature, wind speed, and humidity are measured at NREL locations throughout the
AownUyYitdtd »T DUD NDeUWOGDNDAUW é&wBdB &NYU|xNhdgsy NG Wd Oyt v U o2
Modern-Era Retrospective analysis for Research and Applications Version 2 (MERRAtool. For wind speed,

which varies drastically at different heights above the ground and has a large impact on our fruit quality

results, the NSRDB reports wind speed &.6 ft above the surface.

The following parameters were extracted from the weather data for use in the PVSystodel: ambient
temperature, GHI, DHI, relative humidity, precipitable water, wind speed, and surface albedo. To allow for
more accurate solar generation comparisons between years, all leap days were skipped during our data
processing. Fruit quality simuldions, as well as crop production simulations, are run using the NSRDB data,
with adjusted GHI values according to the shading found during the solar modeling runs.
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Table 3. Design specifications for the four variants for lettuce/strawberries farms simulations

| ¢! W?2 13t RNUt

Low spacing Medium spacing High spacing Tracking
DC Capacity 73.44 KW 59.84 kW 59.84 kW 80.92 kW
Area (acres) 0.203862 0.192001 0.21312839 0.21312839

360 311 kW/area 280 kW/area

Spacing (ft) 12.3 14.3 16.3 9.84
Row lengths (ft) | 52.5(2 rows side by side)| 52.5(2 rows side by side)| 52.5(2 rows side by side)| 70.5
Number of rows | 12 (2 rows side by side) | 10 (2 rows side by side) | 10 (2 rows side by side) | 12
Height(s) (ft) 4,5,6 4,5,6 4,5,6 6

Table 4. Design specifications for the three variants for apple orchards simulations

PO

Single-axis tracking - low density | Single-axis tracking - high density | Fixed tilt - low density
(Var 1) (Var 2) (Var 3)

DC Capacity (kW) 76.16 119.68 76.16

Acreage 0.3274146 0.3274146 0.2750283

# of PV Rows (by acreage 32 32 12

above)

Length of PV Rows 41 ft 39 ft 69 ft

EYdcel W 3OWI ¢qRYOW~YT WaRUNDWe OT WEG T WWAL Y

The software PVSystwas used to generate solar production and measure the solar flux reaching each crop.

In PVsyst, solar flux can only be measured on solar panels, so segments of solar panels were placed in

representative crop locations in the PVSyst 3D scene. In other wosg we mimicked plants in our model by
using solar panels beneath solar panels. The solar flux reported by PVSyst is the effective global flux, after

AetAWELE U] iH LoUUDU giaoN

shaded by larger panel arrays, which varied in size, location, and tracking capabilities for each variant and

farm simulated.

Measuring the difference in solar flux reaching the crops for each farm variant required three unique 3D

scenes. The first of these scenes was a control, in which the solar panels representing the crops were laid
flat on the ground. In the case of modelin@pple orchards, the panels were lifted 4 ft above the ground to
mimic a representative fruiting height. The second scene for each variant was just the planned PV array,
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final scene (crop and PV) flux by the total DC capacity of the model and then subtracting the product of the
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second scene (only PV) flux and the DC capacity of that PV array, then dividing the result by the DC capacity
of the first scene (only crop) allowed us to measure the change in flux of the crops under shade.

The PVSyst CLI tool was used to run batches of simulations through the praodeled 3D scenes. By using a
Python script to make CLI calls, we were able to fully automate the process of collecting, simulating, and
processing the irradiance and solar generatin data for each variant studied.
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Costs were generated using the Solar Photovoltaic System Cost calculator with agrivoltaic inputs from the
US Department of Energy(Basore et al. 2024) The original PVSCM (PV system cost model) assumes a fixed
tilt ground mounted system so we estimated multipliers for Structural Balance of System (SBOS) costs,
Electrical Balance of System (EBOS) costs, fieldwork, and officework to account for the addedsts
associated with single-axis tracking systems and elevated (racked) panels. For elevated panels, weed
select inputs from (Horowitz et al. 2020)or posts (piers) and horizontal tubing. See the Excel workbook
(worksheet APV designs)inked hereto see assumptions made for each design. For example, based on
reported LCOE values for US projects, tracking systems cost on averad®.2/W . greater than fixed tilt, or
about 1520% higher in capital costs(Seel et al. 2024)Thus, we applied a 15% multiplier on top of structural
cost multiplier for elevated panels for single axis tracking designs. The resulting capital costs for each array

design are in Figuresl5 and 16The LCOE of US projects built in 2023 fpendix Figure 28) are provided here
as reference point.
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We used capital costs and fixed operations & maintenance costs from this adapted agrivoltaic cost
calculator in a simple LCOE equation, assuming an interest rate of 4% and using the location and design
specific capacity factors.
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some of our assumptions, such as fruit size, albedo, and fruit surface conductance, as well as the
assumption that ground temperature equals air temperature. The sunburn risk has been calculated for a fully
exposed fruit surface (Ad/A = 1). In practice, they usually vary; specifically, fruit size varies with the growing
phase and orchards, and albedo varies with color, growing phase, and the fact that the fruit surface is not
always fully exposed to the sun. Our assumedapameters are listed in table below:

:
Z< o O«

Model Parameter Value
Fruit diameter (d) 0.26 (ft)
Ground emissivity { 0.97
Fruit emissivity (- 0.95
Albedo/reflectance 0.6
Sunlit portion (Ad/A) 1
Ground lit portion (Ar/A) 0
Fruit surface conductance (gw) VY PTT WA “Y)
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Centralia 43is a 43 acre protected farm located in Lewis County managed by the Black Food Sovereignty
Coalition (BFSC) in partnership with the Washington Farmland Trust (Figut&and Figure 18 Jamese Kwele
and Catherine Satava are the main stewards of the farm. They envision the farm serving as an incubator and
training hub for Black farmers in western Washington. Using a portion of the farm for agrivoltaics seemed
very well aligned with ths vision. There is currently no crop production, but the unforested portions are
currently grazed by cattle. Jamese Kwele and Catherine Satava expressed interest in a bluebermpick plot
with some elderberry or apple trees for the easterrparcel (yellow box in Figurel3, which is on a south facing
slope. We designed a 5.5acre agrivoltaic system that would be appropriately sized for blueberries

underneath and between panels. However, due the lack of a parameterized blueberry crop model, we
estimated strawberry and lettuce yield impacts of panel shading for each system desigas proxies.

¢F 09 :Dnyaeéet)]eée dgn FJ Yl yYiD eFFaol ] NeybD
A

The Centralia 43 farm location is unique due to its slanted cregrowing region on a southfacing hill. The
most suitable placement for agrivoltaics is a 12.6acre plot to the east of the current housing on the farm,
which is slanted at a 1-tlegree angle dove the horizontal. Because the hill is soutffacing, our agrivoltaic

_ umtdlo®e ff
American Farmland Trust 4 ¥

SAVING THE LAND THAT SUSTAINS US

The 2035 Initiative

uuuuuu -civins TheNature @ UC SANTA BARBARA

Institute for Northwest Energy Futures Conservancy



https://wafarmlandtrust.org/our-work/protected-farms/centralia-43/

PO

design for this site placed crops on the EastWest axis, allowing rows to be terraced to aid in picking. Rows
of solar collectors representing strawberry and lettuce crops were modeled a6 ft long and1 ftwide.
Single-axis tracking panels were racked in a nortksouth orientation to capture the maximum amount of sun
throughout the day, while taking advantage of the sloped hill to further improve production. Fixedilt panels
were racked from east to west, tited at a 45degree angle to optimize production Both the spacing between
panel rows and the height of the panels were varied for the fixedilt panel models. Table5 contains the
specifications for 10 agrivoltaic designs for Centralia 43. To understand the impact of panel orientation and
type (fixed vs. tracking), interrow panel spacing (pitch) and panel height on crop shading, we generated
combinations of fixed tilt tracking arrays that varied row spacing (low, medium high) and panel height (4, 6, 8
feet above ground) and a singleaxis tracking systemat 6 feet above ground with low spacing.

Crop shading results showed that singleaxis tracking arrays resulted in highest levels of shading (69%),
followed by a conventional fixed tilt array (4ft high, 12.3 ft pitch) (Tabk). Amongst fixed tilt arrays,
increasing interrow panel spacing (pitch) by 2 feet increased light availability by-1P% on average, whereas
increasing panel height by 2 feet increased light availability by-5% on average (Tablé, Figure19.
Blueberries in low solar radiation intensity growing regions show yield benefits utp 30-35% shading,
beyond which yield would begin to declindHermelinket al 2024 Laub et al. 2022 Appendix Figure 29. The
following fixed tilt designs would achieve 3337% shading: 8 ft with 14.3 ft spacing, 4ft with 16.3 ft spacing,
6ft with 16.3 ft spacing, 8ft with 16.3 ft spacing. Tracking arrays at the pitch we modeled will likely be
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detrimental to berry production, although we did not explore higher pitches (lower spacing) to determine the
optimal spacing for tracking arrays.

Using the shading profiles (Figurel9, we modeled lettuce and strawberry crop yield impacts of each
agrivoltaic array design (Figure2]). Results indicate that strawberries will experience 3845% yield declines
due to shading in fixed tilt arrays and a 64% decline in yield in a singis tracking array elevated to 6 feet
(Figure 2]). These results are consistent with metanalyses of empirical studies of shading on strawberry yield
(Hermelinket al. 2024; Appendix Figure 29. Lettuce yield reduction is farless significant compared to
strawberries, with 9.3-14% annual yield reductions for fixed tilt arrays and 17.7% reduction for tracking
arrays. Seasonal variation in lettuce shading impacts shows that the greatest negative impacts occur in the
fall, when the sun is lower on the horizon and at an angle that maximizes shading on crops planted below and
north/behind the panels.

Photovoltaic energy simulation results show that the tracking array would yield the highest electricity
generation, as expected, and that it would also result in the lowest levelized cost of electricity (Figur20),
due to the much higher capacity factor (Figure20) despite the higher capital costs (Figure20). For fixed tilt
arrays, the most costeffective system is medium spacing (14.3 ft) at 4 ft height, since it reduces intepanel
shading enough to compensate for the additional cost of electrical equipment needed for more widely
spaced panel rows (Figure0). Given the desire to maintain shading in the 385% range, the fixed tilt with 6
ft height and 16.3 ft spacing or fixed tilt with 8 ft and 14.3 ft spacing array designs would be the lowest cost
($85-86/MWh)blueberry-appropriate designs. There is significant geographic variation in the LCOE for utility
scale solar projects in the USAppendix Figure 28, but $85/MWh would put the Centralia 43 agrivoltaic
system in the middle to upper range of solar projects sited in MISO (Midcontinent Independent System
Operator), PIJM (PennsylvanidNew Jersey-Maryland), ISENE (Northeast), and NYISO (New YorRppendix
Figure 28).

Table 5. Design specifications and modeled energy production for Centralia 43 agrivoltaic arrays

Fixed tilt - low Fixed tilt - medium Fixed tilt - high Single-axis
spacing spacing spacing tracking

Panel row east-west east-west east-west north-south
orientation
DC Capacity (MW) 1.697 1.436 1.436 1.942
Area (acres) 5.34 5.05 5.56 5.56
Panel row pacing or 12.3 14.3 16.3 9.84
pitch (ft)
Row lengths (ft) 52.5(2 rows side by | 52.5(2 rows side by 52.5(2 rows side by | 70.5

side) side) side)
Number of rows 288 (2 rows side by | 240 (2 rows side by 240 (2 rows side by | 288

side) side) side)
MWh/year 2,116 1,800 1,805 2,764
Height(s) (ft) 4,6,8 4,6,8 4,6,8 6
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In terms of energy density, the tracking system is showing a highethan-average energy density for projects
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kwh/m2/day) . The fixed tilt enegy density for the low spacing design is aligned with national trends, but the
medium and high spacing reduces the energy density below 300 MWh/year/acre, as expected (Fig@@®.

Table 6. Centralia 43 shading (average percent reduction in hourly solar radiation) on crops for each array design

4 ft above ground | 6 ft above ground 8 ft above ground
Single axis tracking - 68.7% -
Fixed tilt - 12.3 ft spacing 47.8% 45.1% 42.2%
Fixed tilt -14.3 ft spacing 42.2% 39.7% 37.4%
Fixed tilt - 16.3 ft spacing 37.2% 35.0% 33.3%
Strawberry — All Lettuce — All Lettuce - Spring
Tracking . 17.7 7
16.3 34 33 30 10.7 10 9.3 4 4 4
14.3 39 37 35 12 12 11 5 5 4
| | Yield
reduction (%)
12.3 40 14 13 12 ) 5
. 60
£
4 6 8
S Lettuce - Summer Lettuce - Fall B 0
=
Tracking 18 28 20
16.3 11 11 9 17 15 15
14.3 12 12 11 19 18 18
12.3 14 12 12 22 21 19

4 6 8
Height (ft)

Figure21 Average annuatrop yield impacts of PV panel shading expressed as percentage yield reduction for
each agrivoltaic array design (combination of pitch and height for fixed tilt designs and single axis tracking at 6
ft panel height). Strawberries have a single continuousogving season (All), whereas lettuce can be grown in
the spring (Mar-Apr 22), Summer (May-I5l 6), and Fall (AugS3ep 22). Average annual yields across all

seasons for lettuce are also reported.
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Small Acres is a farm located in Whatcom County, owned and managed by Mia Devine and Chris Henderson.
The farm currently grows a mix of vegetables that are sold directly to market. Mia and Chris are planning to
install a small 30 kW fixeetilt ground-mount system as a single row (yellow box in Figu22) and are
considering growing some crops under and around the panels. Likely crops would be cut flowers (perennial
or annual), annual vegetables, or berries. They are also considering raising chickens undadaehind the
panels, which would provide needed shade during the summer months. Cultivation would mostly be with
hand tools and a walkbehind tractor. During discussions with Mia and Chris, summer lettuce and other leafy
greens (kale, napa cabbage) stoodut as high value crops that would be suitable for agrivoltaics, as leafy
vegetable quality is typically lower in the peak summer season due to heat. While Mia and Chris would
consider a larger agrivoltaic array, currently, the net energy metering policyaps behindthe-meter projects

at 100 kW and compensation rates are such that solar owners are not incentivized to oversize arrays to sell
DEDAUG] AJ Ut Yo UYUTD wylt]juytd qlé& éencC :T0]U0Uc0 Fia)] Nedt
onsite electricity needs. Because they already planned to install the 30 kW fixed tilt array, we did not produce
multiple designs. Instead, we simply elevated the array to 6 feet (from a typical height of 4 feet), which would
allow farm workers to access thearea underneath the panels.
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The following are the photovoltaic generation performance indicators for a 30 kW, fixed tilt array elevated to
6 ft:

1 Average hourly crop shading (hourly percentage shaded averaged across all hours and years): 32.5%

1 Total annual crop shading (shading radiation losses summed across all hours across 10 years then
divided by unshaded control): 40.1%

1 Average annual CF (capacity factor): 14.14%

1 Average annual electricity generation: 37.2 MWh

1 Levelized cost of electricity: $84.48/MWh

Shading impacts show 32.540.1% reduction in solar radiation due to the panels. Most of the reduction
occurs in the middle of the day (10 am to 2 pm), with about-6®% of the incident solar radiation available to
crops (or 30-:37% shading)Figure 23. The average annual capacity factor is typical for the amount of solar
radiation (3.5 kwWh/m2/day) available at the location, as is the LCOE.
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The following are the simulated crop yields for strawberries and lettuce grown underneath and north of the
panels, expressed as a percentage of unshaded yield:

1 Strawberry yield impacts: 60% Yield

1 Lettuce yield impacts (Mar 1Apr 22): 100% Yield
1 Lettuce yield impacts (May 15Jul 6): 99% Yield
1 Lettuce yield impacts (Aug 1Sep 22): 95% Yield
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Strawberry results are consistent with trends described by(Hermelinket al. 2024) for strawberry yield

response to shade in shade cloth studies, which predict about 450% yield reduction with 3540% shade in
low-radiation growing regions @ppendix Figure 29. Lettuce results in the fall season are somewhat
consistent with previous literature as well @ppendix Figure 3Q with lettuce experiencing slight yield
reductions beyond 25% or more shadingLaub et al. 2022) though there is still considerable uncetainty

about the general yield response of lettuce shadingWeselek et al. 2019)The percentage shading is highest

in Sepember (approximately 50%), which is when the sun is at an angle low enough in the sky to shade more
plants grown directly north of the panels. This explains why the yield reduction (5%) is largest during the fall

cycle.
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Stonemetz Orchards is a 118cre apple and cherry orchard located in Yakima County, owned and managed

at upulénbD pyonbDNDyUed 9DAéewUD plénbDaeU FTe&uADLU 0D LoAéUD!
mailed inquiries from solar developers, and he has expressed interest in solaedelopment on his farm. The

6FFTLD HUOFDUOEU NéedLDyY 1é6U abDAoND NoidabD AoNTFTDUY] Y] €EDd éncC
higher water expenses and the need for shade cloth, frost, and hail protection. Small and medium scale

orchardists are increasingly being pushed out of the dessert apple market and into the lower value cider and

slicer markets because of the additional expenses related to maintaining fruit quality.Shane, like many

other farmers, are interested in solar as a supplementary and merreliable income stream. He expressed a

willingness to experiment with fruit quality and yieldand requested a 58 acre agrivoltaic system design.

After visiting the farm, we selected two parcels for the agrivoltaics array desighParcel B is a cherry orchard
with north-south oriented rows and Parcel A is an apple orchard, also with nortsouth oriented rows (Figure
24hd OT | tD UDeDiétr o0¢g pleéenbDaeU FTedADLU Uowyl o0g @éelL)] Ne N
oriented east-west, which would make them less suitable for single axis tracking systems if the panels
needed to be arranged directly above the trdised rows of trees. Short narrowtractors and 8ft wide mowers
are the only machinery used on the farm, which is typical for most orchards. This further suggests that PV
panels and their support structures would ideally be confined to above the rows, with posts (driven piers) in
line with the rows. Two ofthe three variants we designed are singleaxis tracking PV arrays that are racked
13 feet above ground, providing -3 ft of clearance from the top of the apple canopy,and spaced 1Q apart,
directly above the rows. The third variant isa fixed tilt PV array tilted 45 deg south, with rows of panels on a
racked structure perpendicular to the north-south oriented rows. Fixed tilt systems are less expensive and
the fixed orientation would lead to a markedly different daytime shading profil&eompared to tracking
systems. See Figure25 for visualizations of these three arrays on Parcel A.

Table 7. Design specifications for Stonemetz Orchards

Tracking - low density | Tracking - high density | Fixed tilt - low density
DC Capacity (MW) 1.52 2.39 1.52
Area (acres) 6.52 6.52 6.52
# of PV Rows 640 640 240
Length of PV Rows ft) 41 39 66
Total shading (% shaded) | 44.5 63.8 37.2

Energy performance indicators (Table8) show that Stonemetz Orchard is in an ideal location for solar
generation in Washington (compare with other locations for orchards in Figure&9 and 3Q. Of the three
array designs, while single axis tracking low density has the highest capacity factor (capacity utilization
factor), it also has the highest cost because there are fewer panels being supported by the same structural
supports (poles and tubes) compared to singleaxis tracking high density. The fixed tilt low density array has
the lowest average annual generation and the lowest capacity factor. The singkaxis tracking high density
array has 57% more capacity than the other two designs and thus has much higher energy density (610
MWh/acre/year). However, due to interpanel shading, the capacityfactor is lower than the low density
tracking design. Because of a higher generation capacity to per unit of support structures ratio, the single
axis high density has the lowest levelized cost of electricity (Tabl8).
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Figure25. Stonemetz Orchards agrivoltaic array designs using singtaxis tracking arrays at low density (top),
single axis tracking arrays at high density (middle), and fixed tilt at low density (bottom). Rows of trellised apple
trees follow the orientation and spcing in the orchard.

Shading impacts show 3764% total shading over the 10 year timeframe of the simulation, with the fixed tilt
system resulting in the least shading (37%) and the tracking high density system resulting in the most
shading (64%) (Tabl&). The daily shading profiles differ significantly between tracking and fixed tilt array
designs (Figure26), with the tracking arrays providing the most shading in the morning, late afternoon, and
in the middle of the day (312), following a wshaped pattern. The fixed tilt aray shades increasingly over the
course of the day, peaking at noon, and then reducing again in the evening, following-slvaped pattern.
This vshaped pattern provides better protection from high radiation hours that cause apple sunburn, as
evidenced bythe sunburn risk results (Figure27). Even though the fixed tilt array resulted in the lowest
amount of total shading on the apple trees (37%), this array resulted in a complete elimination (100%
reduction) of apple sunburn risk (Table 6, Figur?), evenin the highest wind speed reduction (35%
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reduction) scenario. The high density tracking array also showed no sunburn risk at 10% wind speed
reduction, but a 95% reduction in sunburn risk at 30% wind speed reduction (Table 6). The tracking tow
density design showed a 4950% reduction in sunburn rgk, which while lower than the tracking high density
and fixed tilt low density, is better than the 1525% sunburn risk reduction provided by shade cloth okloney
Crisp apples Mupambi et al. 2012 While it appears that the fixed tilt array provides the bst sun protection
while maintaining a relatively high level of solar radiation throughout the year, the percent shading reported
in Figure 26is an averaging across all rows of trees. Some trees will experience higher and more consistent
shading than others with a fixed tilt array, which could still result in sunburrHigure 28). The ideal array
design would be a low density tracking system that tracks panels to yield ashaped shading pattern,
providing consistent shading across all trees during the hotest hours of the day.

Table 8. Stonemetz Orchards electricity output, and crop yields

Energy performance indicators

indicators:

days a year)

Apple quality performance

Annual average apple sunburn risk
reduction (% reduction in number of

Wsu TRI-CITIES
Institute for Northwest Energy Futures

Conscrvancy

Average annual Energy density | Capacity Levelized cost With 10% wind With 35% wind
solar generation (MWh/acre) factor of electricity speed reduction | speed reduction
(MWhlyear) ($/MWh)

Single axis 2,755 421 20.5% 78.30 43% 59%

tracking - low

density

Single axis 3,995 610 18.9% 75.38 100% (no sunburn| 95%

tracking - high days)

density

Fixed tilt - low | 2,305 419 17.2% 77.47 100% (no sunburn| 100% (no sunburn

density days) days)
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To understand how electricity generation, levelized cost, and apple sunburn risk of different agrivoltaic array
designs varies geographicallgand specifically whether certain locations would be most amenable for
agrivoltaic apple orchard€zwe simulated the photovoltaic performance and sunburn risk of several
agrivoltaic designs across 10 representative dessert apple growing regions in Washington.

Energy density: Results for energy density, or the amount of annual electricity generation per unit land area,
follow a clear latitudinal trend, tracking the increase in solar radiation from north to south (Figur@9).

Despite being designed to have lower panel density per panel rdgbut simultaneously constrained by the

tree row spacing of 10 feegenergy density values for tracking low density and fixed tilt low density fall
within or just below the predicted valuesbased on other utility-scale solar projects in the US with

comparable GHI (global horizontal irradiance). Tracking high density designs, on the other hand, are well
above and nearly double (560630 MWh/year/acre) the expected energy density values based on other
tracking projects (310350 MWhkear/acre) of comparable GHI (Figurg9). This is likely due to the low
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interrow panel spacing, which was a design specification determined directly by the 10 feet of interrow
(trellised) tree spacing which is a common spacing choice across most trellised orchard layouts.

Economics of the photovoltaic system: The higher density tracking array design does result in higher inter
panel shading, which reduces the capacity factor. However, because the higher density tracking array
supports more panels per elevated row, the cost savings from more efficient use of theame structural
support resulted in lower levelized cost of electricity (LCOE) estimates (Figurg0). However, the median
LCOE for tracking low density is only about 1.6% higher and the median LCOE for fixed tilt low density is
about 4% higher than trackng high density arrays (Figure0). Across the state, the most cost competitive
apple orchard agrivoltaic systems are found in Yakima County, followed by orchards on the border between
Douglas and Chelan Counties, and then those in Grant County. LCOE values in the- $78/MWh range is
well within the range of values observed for solar projects in the US, and below the mean compared to iSO
NE (Northeast Independent System Operator), and NYISO (New Yolgpendix Figure 28;Seel et al. 2024)
Even the highest cost modeled orchard agrivoltaic projects in Washington state, located in the northern
Okanogan County, is around $8%85/MWh, which is on the upper end of utilityscale solar projects, but still
close to the median LCOE observed for solar projects dtigher latitude Independent System Operators
(ISOs). These estimated LCOE ranges are about otterd to one-half the cost of residential rooftop solar
projects, and on the lower end of community solar, commercial and industrial solar projects ($81 to
$217MWh; Lazard 2025)ln summary, while orchard agrivoltaic projects in Washington will be higher cost
than a standard ground-mount utility -scale project, the costs are still within the range of utility -scale
solar projects nationally and comparable with LCOEs of solar projects in regions at similar latitudes and
solar radiation (Appendix Figure 28). The most cost-effective orchard agrivoltaic systems will be located

in central Washington (e.g., Yakima, Benton, Grant, Chelan counties).

Shading impacts and sunburn days:Average hourly percent reduction in solar radiation on the trees is 45%
for Tracking low density, 64% for Tracking high density, and 37% for Fixed Tilt low density. Diurnal shading
patterns across the year differ significantly between tracking and fixed tlt array designs (Figure26 for
Stonemetz Orchard and Figure1for aggregate across all 10 sites). As described in the case study for
Stonemetz Orchard, the tracking arrays provide the most shading in the morning, latetafnoon, and in the
middle of the day (11 am to 12 pm), following eshvaped pattern over the course of the day (Figur81). The
fixed tilt array results in a vshaped diurnal shading pattern, wherein shading intensity increases over the
course of the morning, peaking at noon, and then reduces again over the course of the afternoon.

To understand how these shading profiles impact apple quality and compare with shade cloth as a sunburn
mitigation strategy, we estimated the number of sunburn hours forHoney Crispapples grown under each
agrivoltaic array design using an empirical model. Like the apple sunburn risk results for Stonemetz Orchard,
this v-shaped pattern provides better protection from high radiation hours that cause apple sunburn (Figure
22). The traking low density array reduces median sunburn days across all 10 sites 86 assuming a 10%
wind speed reduction, or 40% if we assume a 35% wind speed reduction due to the presence of the elevated
PV panels (Figure32). The tracking high density and fixed tilt low density arrays result in a 935% and 87

91% reduction in the average number of sunburn days across all sites, respectively, with the range
representing the uncertainty in wind speed reduction. Tracking higidensity and fixed tilt lowdensity have
similar reduction in average sunburn days, but the benefits will not baniform across all trees in the fixed tilt
arraylz with some apples getting more solar radiation and others less, with the average effect being the
percentage reportedias explained in the Stonemetz Orchard case study. Sunburn risk was modeled using
the NSRDBwind speeds, which are on average lower than the GridMET wind speeds the apple fruit surface
model was calibrated to. Thus, these results may slightly overestimate the absolute number of sunburn days,
but the high wind speed reduction sensitivity scenarie provide a sense of the changes that would result due
to use of systematically lower wind speeds than measured.

The reduction in sunburn days due to PV panel shading differs geographically across the dessert apple
growing region (Figure33 and Figure 34. Orchards in the Grant, Franklin, Benton, Walla Walla, and part of
Yakima counties see reductions of 8685% for Tracking high density and Fixed tilt low density designs and
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34-47% forTracking low density designs. In contrast, all other growing regions experience a 926% decline
for Tracking high density and Fixed tilt low density designs and 689% reduction for Tracking| low-density
designs. This suggests that all three agrivoltaic designs can reduce Honeycrisp sunburn risk well beyond
the 20-25% reduction provided by shade cloths (Mupambi et al. 2019. However, the low-density arrays
provide mean annual shading of 42 44%, which exceeds the 1925% shading from shade cloth and is likely
to reduce yields while increasing the percentage of marketable fruit.
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