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Population growth from now to 2050 implies:

• An increase of about +1.2 billion 
people between 2030 and 2050

• Roughly 15% more people globally in 
only 20 years

• Strong pressure on:
• Food production

• Water availability

• Energy demand

• Land resources

The global consumption of food has been 
on a rapid rise, reaching a staggering 2.5 
billion metric tons in 2021 [Statista, 
2022]. 

Sarr et al, 2023
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What is Agrivoltaics and 
why is it relevant?

• Co-locating photovoltaic (PV) energy 
production with agriculture on the same 
land

• Goal: increase total land productivity (food 
+ energy) while supporting farm resilience 
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Why Agrivoltaics?

•Dual land use: electricity + 
agricultural production on the 
same land.

•Addresses land-use conflicts 
between food production and 
solar PV expansion.

•Potential co-benefits: 
microclimate buffering, water 
savings, climate protection.
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IEA (2025), Total renewable 
capacity additions by 
technology, 2019-2024, IEA, 
Paris https://www.iea.org/data-
and-statistics/charts/total-
renewable-capacity-additions-
by-technology-2019-2024, 
Licence: CC BY 4.0

https://www.iea.org/reports/global-energy-review-2025/electricity?utm_source
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Why Apple Production 
Needs Climate Adaptation
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Why Apple Production Needs Climate Adaptation: Heat Stress, Sunburn, and Hail - Part 1

Juillion  et al., 2022 

•Climate scenarios project ~+1.5°C global warming by 2021–2040 (Masson-Delmotte et al., 2021).

•By 2100 in Mediterranean regions, warming could reach +4 to +5°C in spring–summer, with ~20% 

less rainfall, mainly in summer (Stocker et al., 2013).

•Among fruit trees, almond and olive are relatively well adapted to hot/dry climates, while temperate 

fruit species are more vulnerable to global warming.

•Apples are highly sensitive to climate change, because most varieties were developed for 

temperate climates with mild summers and high humidity (Bouhier de l’Ecluse, 1983).

•Rising temperatures reduce fruit growth by lowering photosynthetic activity (Herring et al., 2016).

•Climate stress also reduces marketable yield, mainly due to sunburn (Wünsche et al., 2001; Manja 

& Aoun, 2019) and hail damage (Mupambi et al., 2018).
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Why Apple Production Needs Climate Adaptation: Heat Stress, Sunburn, and Hail - Part 2

Juillion  et al., 2022 

•Apple orchards already use 

multiple shading systems 

(protective nets, overhead netting, 

partial/louvred netting, drape 

netting).

•They also modify the orchard 

microclimate (cooler/more 

temperate conditions).

•This influences tree physiology, 

leaf morphology, and overall 

productivity.
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Why Apple Production Needs Climate Adaptation: Heat Stress, Sunburn, and Hail – Part 3 

Juillion  et al., 2022 

•In agrivoltaics (APV), sunlight is shared between PV panels and crops, so the 

light available for photosynthesis is reduced.

•Many important orchard crops—olive, grape, apple, and pear—are C3 species 

(Bongi et al., 1987), making them promising candidates for agrivoltaic systems.

•C3 plants tend to reach photosynthesis saturation at lower PAR, meaning they 

are generally more shade-tolerant (Yin & Struik, 2009; Mahendra et al., 1974).

•Therefore, using C3 crops can reduce the negative impact of PV shading and 

maintain efficient photosynthesis under APV.
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(Schweiger and Pataczek,2023)

Light Trade-Offs and 

Crop Response

• Agrivoltaics balance energy production and crop growth using the same sunlight.

• Increasing PV density boosts electricity output but increases crop shading.

• Shade-susceptible crops

• Perform poorly under the dominant clear-sky / low-diffuse conditions

• Experience strong yield reductions under panels

• Lower achievable LUEₘₐₓ

• Shade-tolerant crops

• Can exploit moderate diffuse light

• Yield losses are smaller

• Intermediate LUE

• Shade-benefiting crops

• Benefit during periods with higher diffuse fractions

• Gain from reduced heat and water stress

• Highest potential LUE
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Why 
Agrivoltaics 
Matters in 

Washington? 
Lambert, M. R., Candib, A., Wu, G., Tinianov, R., 

Schoenbachler, K., Robertson, J., Altadonna, N., Khan, M. R. 

A., Rajagopalan, K., Yourek, M., Shapiro, L. F., Kinzer, A., and 

C. Kruger. 2025.

 Low hanging fruit for Washington’s energy future? 

Agrivoltaic feasibility for agricultural and energy resilience 

in the Evergreen State. Report to the Washington 

Department of Commerce, Olympia, WA.
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Why Agrivoltaics Matters in Washington? 

•Washington has ambitious renewable energy goals requiring large-
scale solar deployment.

•Challenge: build solar while minimizing impacts to farmland, 
natural land, and Indigenous rights.

•Agrivoltaics enables solar + continued farming, diversifying farmer 
revenue streams.

•204,000+ acres were identified as hypothetically amenable to 
agrivoltaics within 1 mile of substations.

• If fully built out, this could equal 20.5–41 GW of solar capacity.

Lambert et al., 2025
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Orchards Are the Main Opportunity

In the realistic scenario:

• Orchards represent ~50% of all potential agrivoltaics acreage in 
Washington.

• Most orchard potential is in central and eastern Washington.

•Counties with the largest agrivoltaic potential include:

• Grant, Yakima, Benton

•Counties with >2,000 orchard acres within 1 mile of a substation 
include:

• Grant, Chelan, Yakima, Douglas, Benton, Okanogan, Franklin, 
Walla Walla

Lambert et al., 2025
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Why Orchards?

• High-value perennial crop → 
can justify elevated structures

• Rows/trellis systems align 
naturally with PV canopy 
layouts

• Orchards already use overhead 
infrastructure (nets, frost lines, 
trellis posts)

• Increasing heat, sunburn, and 
hail risk drives interest in 
protective shade
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Agrivoltaic System Situation 
in USA
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USA Agrivoltaics Map

https://openei.org/wiki/InSPIRE/Agrivoltaics_Map
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Sarr et al, 2023
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Agrivoltaic System Types

Sarr et al, 2023
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Agrivoltaics technologies

As the world seeks alternatives to 
fossil fuels, agrivoltaics offer a 
promising solution by integrating solar 
panels with farming practices.

Three key agrivoltaics setups:

• static tilted, 

• full-sun tracking,

• agronomic tracking

Optimizing both the electricity yield 
and the fruit productivity of some fruit 
crops.

Magarelli, Mazzeo & Ferrara (Agronomy 2024, 14, 722) 
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Tracking panel Tracking panel Static 
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(Schweiger and Pataczek, 2023)

Different types of agrivoltaic 

systems. 

(a) Vertical system on 

grassland—farming between 

solar panels 

(Donaueschingen- Aasen, 

Germany, image credit: 

Next2Sun), 

(b) System with clear height on 

arable land—farming under 

solar panels (Herdwangen-

Schönach, Germany, image 

credit: BayWa r.e.),

(c) Ground level system on 

arable land—farming 

between solar panels 

(Althegnenberg, Germany, 

image credit: Matthias 

Baumgärtner 

Videofotografie/ÖKO-HAUS), 

(d) System with clear height in 

orcharding—farming under 

solar panels (Ahrweiler, 

Germany, image credit: 

Fraunhofer ISE).
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DAV system Sun’agri (FR)

Lopez et al., 2023

DAV system is an orchard PV system with rotating panels (±90°) that can switch between 

energy-optimized tracking and crop-optimized anti-tracking, allowing active microclimate + 

stress protection while still generating electricity. 

What is a DAV system?  A Dynamic 

Agrivoltaic System (DAV) is an agrivoltaic 

orchard system where PV panels are 

installed above the fruit tree

sand the panels can rotate dynamically 

(not fixed) to control how much light 

reaches the orchard

The key idea is: Use PV panels not only for 

electricity, but also as an active “climate 

protection tool” for fruit trees.
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Main Drivers of PV Energy 
Production
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Main Drivers of PV Energy Production

Electric output is strongly influenced by:

• Solar radiation received

• Cell temperature (high temperatures reduce power, cooler conditions improve efficiency)

Key geometric and environmental factors include:

• Elevation height

• Tilt angle

• Spacing & density

• Azimuth angle

• Latitude and solar declination

• Shadow angles

• Zenith and hourly angles

• Vegetation under panels

Sarr et al, 2023
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Panel Height: Evidence from Literature

• No universal optimal height; 
depends on crop, machinery, 
climate, and economics.

• Minimum practical heights: 

~1.8 m for vegetables; 

~2.1 m for overhead systems; 

~2.4 m is preferable for many crops.

• Examples in literature: 3 m (10 feet) 
(Japan), 4 m (13 feet) (Montpellier), 
5 m (Germany), 3.3 m (11 feet) 
(USA), 5.2 m (17 feet) (Korea).

Height: governs machinery access, light distribution, 

and crop compatibility.
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Tilt, Orientation, and Tracking
Tracking increases flexibility for managing light under 
panels.

Single-axis: rotation around one axis (daily east–west or 
seasonal) like a door hinge. 

• Shadow moves smoothly across crops

•  More predictable light patterns

Dual-axis: combines azimuth (east–west) + tilt control 
(up/down elevation). Maximizes energy but has higher 
complexity. 

• Can create more uneven light distribution

•  Large arrays may produce strong shade patches

Tracking can also provide hail/radiation protection by 
changing panel orientation.

Mouhib et al., 2024 • Tilt & azimuth: determine energy yield and shading patterns.
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Importance of Tilt and Orientation

• Tilt angle is the angle between the panel surface and horizontal ground.
• Changing tilt changes the amount of solar radiation captured.

• A common rule: tilt ≈ site latitude.

• Azimuth angle defines the compass direction of panel orientation:
• 90° = East

• 0° = South

• −90° = West

• 180° = North

Panels generally face:

• South in the Northern Hemisphere

• North in the Southern Hemisphere

Sarr et al, 2023
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Additional Performance Factors

Other important influences 
include:

• Albedo (ground-reflected 
radiation)

• Vertical shadow angle

• Declination and hourly angles

• Zenith angle

These determine shading patterns 
and radiation reaching the 
panels.

Sarr et al, 2023
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Solar cell Types
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PV Module Types Used in Agrivoltaics

Agrivoltaic systems may use:

• Opaque panels

• Transparent or semi-transparent 
panels (useful in regions where 
shading protects crops)

• Bifacial panels, which collect light 
from both front and reflected 
ground radiation, increasing 
electricity output by up to 25%.

Sarr et al, 2023
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Example PV module specifications

Module specifications shown for normal, bifacial, and transparent panels.

https://pvwatts.nrel.gov/?utm_source
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Example PV module specifications

Module specifications shown for normal, bifacial, and transparent panels.https://pvwatts.nrel.gov/?utm_source

580 W module

Module size = 0.58 kW

•Low case: 1,854 × 0.58 ≈ 1,075 kWh/year per module

•High case: 2,228 × 0.58 ≈ 1,292 kWh/year per module

Planning range for Wenatchee DAV (per SIL 580 bifacial module): ~1.1 to 1.3 MWh/year

That is:

•1,100–1,300 kWh per year

•about 3.0–3.6 kWh per day on average

Household comparison

A typical U.S. home uses roughly 10,000–12,000 kWh/year.

So one module could cover roughly:

~9–13% of one home’s annual electricity

Orchard operations

Irrigation pumping (example)

If a pump uses 5 kW, then:1,200 kWh / 5 kW = 240 hours of pumping= 

about 10 full days of pumping per year (24h/day)

or more realistically:30 days of pumping at ~8 hours/day
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Land Use Efficiency Concepts 
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Land Equivalent Ratio (LER) 
• Land Equivalent Ratio (LER) is a widely used index in intercropping / agroforestry / 

agrivoltaics to quantify how efficiently land is used when two (or more) products 
are produced together on the same land compared with producing them separately 
(monocultures).

For a system with two components (e.g., crop A and crop B):

• 𝑳𝑬𝑹 =
𝒀𝑨, 𝒎𝒊𝒙

𝒀𝑨, 𝒔𝒐𝒍𝒆
+

𝒀𝑩, 𝒎𝒊𝒙

𝒀𝑩, 𝒔𝒐𝒍𝒆

Where:

• 𝒀𝑨,𝒎𝒊𝒙 =yield of A in the mixed system (intercrop / agrivoltaic / alley crop, etc.)

• 𝒀𝑨,𝒔𝒐𝒍𝒆 =yield of A grown alone (monoculture)

• 𝒀𝑩,𝒎𝒊𝒙 =yield of B in the mixed system

• 𝒀𝑩,𝒔𝒐𝒍𝒆 =yield of B grown alone

Each term is called a partial LER:

• 𝑳𝑬𝑹𝑨 = 𝒀𝑨,𝒎𝒊𝒙/𝒀𝑨,𝒔𝒐𝒍𝒆

• 𝑳𝑬𝑹𝑩 = 𝒀𝑩,𝒎𝒊𝒙/𝒀𝑩,𝒔𝒐𝒍𝒆

• Total LER = LER_A+LER_B
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Land Use Efficiency: Example calculation

Suppose:

• Apples yield under agrivoltaics: 40 tons/ha

• Apples yield in a standard orchard: 50 tons/ha

• Energy yield under agrivoltaics: 300 MWh/ha

• Energy yield in a standalone solar farm: 350 MWh/ha

•𝐿𝐸𝑅 =
40

50
+

300

350
= 0.80 + 0.857 = 1.657

LER = 1.66 → This means 1 ha of agrivoltaics produces the 
equivalent output of 1.66 ha of separate apple + solar production (a 
strong land-use advantage).
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Microclimate
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Juillion  et al., 2022 

•Jullion et al. (apple trees, France) reported up to ~4°C daytime difference, 

while nighttime conditions were similar (often slightly cooler under PV).

Air Temperature Effects Under Agrivoltaics (APV)
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Willockx et al., 2024

Air Temperature and wind
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Fig. 4. Seasonal patterns of midday stem water potential (mean ± standard error) (MPa) for leaves of the Shade and Control groups during 
the 2019, 2020 and 2021 growing seasons (in day after bloom). Each point represents nine measurements (three leaves per tree) (ns: P > 
0.05; *: P ≤ 0.05;**: P ≤ 0.01; ***: P ≤ 0.001; ****: P 

Juillion  et al., 2022 

How Agrivoltaics Affects Drought

• Increased shading under panels 
can:

• increase soil water 
availability

• reduce evaporative demand 
(lower atmospheric drying 
power)

• improve plant water status

• and support plant growth 
during drought periods
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Microclimate: soil effects

• Soil temperature responses are inconsistent (warming vs cooling) across 
sites/configurations.

• Soil moisture often improves under panels; runoff can create strong 
spatial heterogeneity.

• Models predict reduced water consumption, especially in arid/semi-arid 
contexts.

Magarelli, Mazzeo & Ferrara (Agronomy 2024, 14, 722) 
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AGRIVOLTAICS RESULTS ON 
DIFFERENT CROPS
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Yield impacts: main pattern

•Low–moderate shading (~30%): productivity often 
maintained or slightly affected (~5%).

•Moderate to high shading (30–60%): yield losses 
reported ~16–42% depending on crop and site.

•High shading (>60%): limited data; often associated 
with significant yield/quality penalties.

Magarelli, Mazzeo & Ferrara (Agronomy 2024, 14, 722) 
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Fruit quality impacts

• Higher shading (>30%) often reduces starch/sugar 
accumulation and modifies sugar/acid balance.

• Fruit skin coloration is sensitive: delays of ~10 days 
reported in grapes under low shading.

• In some regions, shaded fruit can be greener at 
harvest; polyphenols/anthocyanins may decline.

Magarelli, Mazzeo & Ferrara (Agronomy 2024, 14, 722) 
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Species snapshot: apple

•Reported yield reduction ~27–32% under ~42% shade 
(adaptive tracking).

•Potential alternate-bearing moderation via reduced 
floribundity.

•Quality standards generally met, but sugar 
concentration can be lower.

Magarelli, Mazzeo & Ferrara (Agronomy 2024, 14, 722) 
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• Manzanilla is more sensitive at moderate 

light levels (more shade)  because it has a 

lower light saturation point

• The study optimizes agrivoltaic systems combining bifacial 
photovoltaic panels with super-intensive olive orchards to 
maximize dual land productivity (electricity + crop yield). 

• Three olive cultivars were analyzed: Picual, Manzanilla, and 
Chemlali, showing similar response patterns to shading. 

• Key PV design parameters tested were tilt angle (0°–90°) and hub 
height (3.0–4.5 m), constrained by agricultural machinery 
clearance. 

• PV energy yield is maximized when tilt angle is close to site 
latitude (~38°), peaking around 37.77°. 

• Vertical PV panels (90° tilt) reduce PV energy output drastically, 
by about 50% compared with optimal tilt.
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Pear Orchard Case Study (Willockx et al. 2024)
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Pear: Light, Yield, and Quality 1

Key Results (Pear Orchard Agrivoltaics Study)

• Remaining PAR under APV was about ~65% compared to the reference 
hail-net area.

• Pear yield decreased by ~16.4% (relative yield ≈ 84%) mainly due to:
• fewer fruits

• slightly smaller fruit size

• Fruit quality remained essentially unchanged, including:
• Brix (sugars)

• firmness

• color

• storability
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Pear: Light, Yield, and Quality 2 
PV Energy Performance

• First-year PV production: ~12.74 MWh

• Specific yield: ~956 kWh/kWp

• Self-consumption: ~85%

Land Use Efficiency (LER)

• The system achieved a Land Equivalent Ratio (LER) ≈ 1.44, indicating strong 
land-use efficiency.

• LER calculation logic:

• crop relative yield: 84%

• PV relative yield: 60% (from 40% transparency)

• LER = 0.84 + 0.60 = 1.44

• LER = 1.44 is considered high compared to other mixed land-use systems (e.g., 
agroforestry).
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Juillion  et al., 2022 

• Daytime cooling under panels 
(up to ~3–4 °C) and increased 
RH.

• Reduced evaporative demand 
improved tree water status.

• Irrigation requirement reduced 
~6–31% depending on year.

Apple Orchard Case Study (Juillion et al. 

2022)
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Fig. 9. Early season pattern of the percentage of fruit remaining on the tree relative to the initial flower number. Each value is the mean (± standard error) for six trees with 
representative floribundity in the S and C modalities during the 2020 and 2021 seasons. All trees presented medium floribundity except for C trees in 2021 that had low floribundity. The 
vertical dotted line (DAB = 38) separates the period of flower and fruitlet drop (diameter <10 mm) and fruit drop (diameter >10 mm). 

Juillion  et al., 2022 
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Fig. 11. Yield (t/ha) at the orchard scale considering all trees on each shading treatment (n = 110 in S plot, n = 240 in C plot) in 2019, 2020 and 2021 harvests. Percentages 
indicate yield in the considered plot compared to the C plot. P. Juillion et al. 

Juillion  et al., 2022 
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CONCLUSIONS
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Where AV orchards may perform best?

• Semi-arid horticultural regions: water savings 
+ heat buffering can be high value.

• Sites needing protection from hail, heavy rain, 
and sunburn.

• Shade-tolerant fruit species or systems with 
strong quality premiums for climate protection.
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Risks & operational considerations

• Higher humidity and lower wind can increase 
disease pressure.

• Permanent structures can constrain 
machinery, pruning, harvest, and spray 
programs.

• Water redistribution/runoff may require 
redesigned irrigation scheduling and layout.
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Take-home messages

• Agrivoltaics for fruit crops is promising but 
still data-limited. Expensive trials.

• Microclimate benefits exist, but shading 
intensity is the dominant risk driver.

• A practical ~30% shading threshold is a useful 
starting point for orchard AV design.
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THANK YOU 
FOR YOUR 

ATTENTION !!! Chad Kruger and Stefano Musacchi 2025-26-27

Chad Kruger, Associate Vice President for Research 

Advancement and Strategy, WSU Office of Research
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