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Soft fruit such as raspberry (Rubus idaeus L.) are commonly cultivated under

protective structures to shield plants from adverse weather and extend harvest

periods. Agrivoltaic systems offer an alternative to disposable plastic hoop covers

by combining crop cultivation with solar energy production, yet their effects on crop

microclimate remain poorly understood in temperate regions. In this study, we

investigated summer canopy microclimate responses to different agrivoltaic layouts

at two raspberry production sites in the Netherlands. At the first site, we compared

semi-translucent portrait panels and landscape opaque panels with a conventional

polyethylene tunnel. At the second site, an opaque panel system was evaluated

alongside an open-field control. We monitored photosynthetically active radiation,

canopy air temperature, humidity, and vapor pressure deficit from July to late August

and compared both daily averages and diurnal maxima and minima. Agrivoltaic

structures substantially reduced incoming radiation, with semi-translucent panels

providing more uniform light distribution than opaque arrays. Average daily canopy

temperature differed little across treatments (≤0.5 °C), but distinct diurnal patterns

emerged: opaque arrays consistently cooled around solar noon on high-radiation

days (up to 0.5°C cooler than control), while semi-translucent arrays occasionally

induced midday warming of about 0.4°C under wind-calm conditions. Vapor

pressure deficit under polyethylene tunnels was more similar to agrivoltaic systems

than to open-air plots. Wind and rainfall modulated the microclimate changes

independently of PV layout. Our findings highlight within-season design-specific

trade-off for summer conditions: opaque panels favor thermal buffering but reduce

light uniformity, whereas semi-translucent panels improve spatial light distribution at

the cost of limited buffering and occasional warming. Microclimate contrasts

depended on panel material properties, and are consistent with differences in

radiation balance arising from material properties and ground coverage ratio

among polyethylene films, opaque panels, and semi-translucent modules. They

provide initial evidence that agrivoltaic systems can offer microclimate moderation

comparable to conventional plastic polytunnels, while simultaneously generating

renewable energy.

KEYWORDS
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1 Introduction

Worldwide, the demand for both energy (International Energy

Agency, 2025) and food (van Dijk et al., 2021) has been steadily

increasing, driven by population growth and economic

development. This growth, together with the associated human

activities, is a major driver of climate change (Deuster et al., 2023).

Addressing this dual demand requires more sustainable food

production systems alongside the expansion of renewable energy.

Solar energy stands out as one of the most economically relevant

renewable energy sources to replace fossil fuels (Rongé et al., 2015).

Global electricity generation from photovoltaics has risen sharply

over the past 15 years and is projected to keep increasing (IEA,

2021). Furthermore, IEA forecasts an ongoing increase in this trend.

However, setting up photovoltaic systems, especially on a utility

scale, demands extensive land areas. This growing reliance on solar

energy, combined with the limited availability of arable land,

intensifies the competition for land use between photovoltaics

(PV) and farming (Gomez-Casanovas et al., 2023). Agrivoltaics

(AV), the combined use of land for solar panels and agricultural

activity, has been highlighted as a solution to this land-use

competition. By integrating PV systems with agriculture, AV not

only addresses land competition but also contributes to several

United Nations Sustainable Development Goals (Pandey et al.,

2025; Zeddies et al., 2025). In addition to efficient land use, AV

systems can, when properly paired with appropriate crops in

appropriate geographies, offer protection to crops. The elevated

PV panels above the crops can act as a protective shelter against

extreme weather events (hail, wind and sunburn). However,

installing a PV-based crop cover also causes significant changes to

the crop’s growing environment, primarily involving a reduction in

solar radiation and modified water availability and distribution

(Dupraz et al., 2011; Elamri et al., 2018b). Emerging agrivoltaic

technologies, including semi-transparent and wavelength-selective

PV materials, may additionally modify the spectral composition of

transmitted light, although field-scale evidence linking such effects

to crop responses remains limited (Ma Lu et al., 2024).

Crop species and cultivars differ strongly in their ability to cope

with altered light and shading regimes, making their response to AV

systems context-dependent. In Mediterranean (Csa, Csb), arid

(BWh, BWk), and semi-arid (BSh, BSk) regions (Köppen climate

classification (Beck et al., 2023), agrivoltaic shading has been shown

to moderate crop and soil thermal conditions, while in arid and

semi-arid climates it can additionally reduce atmospheric demand

and alleviate plant drought stress through lower vapor pressure

deficit and improved soil moisture retention (Marrou et al., 2013b;

Barron-Gafford et al., 2019). Several studies demonstrate that these

microclimatic benefits can translate into higher productivity for

well-adapted crops. For example, in semi-arid regions (BSk), tepary

bean (Phaseolus acutifolius) grown under PV shading achieved

higher yields compared to full sun, attributed to extended

growing periods and improved thermal and moisture conditions

(Muir et al., 2026). Similarly, in Mediterranean regions of the

Iberian Peninsula (Csa/Csb), AV systems have been reported to

enhance crop productivity as well as nitrogen and water-use
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efficiency, while reducing fertilizer-related greenhouse gas

emissions (Rapella et al., 2026).

In more temperate regions, reduced light availability can

constrain productivity and yields (Weselek et al., 2021). For

example, in temperate oceanic climates (Cfb), such as Austria,

reduced light availability can constrain productivity: maize and

barley yields dropped by up to 25%, while winter wheat decreased

by about 10% under AV shading, with the strongest negative effects

occurring on cold, cloudy days (Thaler et al., 2024).

Agronomic research has therefore focused extensively on

evaluating yield and quality performance of a wide range of crops

under agrivoltaic conditions (Touil et al., 2021; Magarelli et al.,

2024). These studies consistently demonstrate that crop selection is

central to optimizing productivity in AV systems. Field and

synthesis studies further show that positive responses are most

consistently reported for fruit crops and grass-based systems

grown under elevated, vertical, or dynamically managed AV

configurations, particularly where microclimate buffering reduces

heat and water stress, while arable crops in temperate regions

display stronger sensitivity to reduced radiation and pronounced

year-to-year variability (Magarelli et al., 2024; Rahimi Jahangirlou

et al., 2026). Recent meta-analyses of crop shade responses have

identified promising candidates for AV cultivation (Laub et al.,

2022; Asa’a et al., 2024; Hermelink et al., 2024). Laub et al. (2022)

suggested that berries, fruits and fruiting vegetables may benefit

from shade and Asa’a et al. (2024) noted that Blackcurrant and

Blueberries may tolerate shade up to a certain point. Berries and

other soft fruits in general stand out as particularly well-suited for

temperate regions due to their partial tolerance to reduced radiation

levels and a shaded microenvironment (Hermelink et al., 2024).

Global warming has caused a marked and accelerating rise in

VPD, which has emerged as a key driver of plant stress and

drought-induced mortality (Grossiord et al., 2020). These effects

are particularly relevant, as increased VPD tolerance can be

considered a major determinant of plant performance and

survival under drought conditions. The presence of PV panels in

cropping systems affects light interception which can influence key

microclimate parameters such as VPD, humidity, air and soil

temperature, and wind speed. The reduction in daily solar

radiation depends on a number of factors such as for example

location, panel tilt, azimuth/direction, row spacing, and ground

coverage ratio (GCR) of the PV modules (Dupraz et al., 2011;

Majumdar and Pasqualetti, 2018; Weselek et al., 2019). In general,

agrivoltaic systems can reduce air and soil temperatures by 1-4°C

(Weselek et al., 2021; Juillion et al., 2022; Ferrara et al., 2023),

improve crop water use efficiency by 20-47% (through reduced

evaporative demand and moderated microclimate conditions)

(Marrou et al., 2013a; Elamri et al., 2018a), and enhance drought

resilience in water-limited regions (Ali Abaker Omer et al., 2025;

Zhang et al., 2025b). Nevertheless, yield reductions may occur in

light-demanding crops under strong shading. For example, in

vineyards, opaque PV panels< 0.5 m above canopy level, (GCR

43%) mounted in rows perpendicular to the crop have been shown

to lower daily mean air temperatures with a median decrease of

about 1°C, while wind speed and VPD were consistently lower,
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creating a slightly cooler and more humid canopy microclimate

(Magarelli et al., 2025). In another AV trial on pears, no change in

daily mean air temperature was reported but a reduced diurnal

temperature amplitude was observed, with smaller differences

between daytime maximum temperatures and nighttime minima

under semitransparent AV, 4.2 m above ground-level (GCR 25.45%

accounting for transparency (Reher et al., 2025).

Modifications in radiation, air temperature, humidity, wind, and

soil moisture can have both positive and negative effects on crop

physiology and are key drivers of the yield responses observed in

agrivoltaic systems (Moore et al., 2021; Bernacchi et al., 2023). A

thorough understanding of these microclimate effects is therefore

essential to interpret agronomic performance and to evaluate which

crops are most suited for agrivoltaic cultivation. Despite raspberries

often being promoted as priority candidates for AV implementation,

the effects of AV on their microclimate remain largely unexplored in

temperate maritime conditions (Cfb) of Western Europe. In this

context, the present study investigates how agrivoltaic and

conventional shelter systems, differing in their degree of solar

radiation reduction, influence key microclimatic parameters in

raspberry (Rubus idaeus L.) production during summer.

We compared two pilot sites (less than 10 km apart) in the

southeast of The Netherlands during summer, each with distinct

shelter configurations. At the first site, one conventional

polyethylene (PE) shelter was evaluated alongside two agrivoltaic

designs with photovoltaic panels arranged in portrait semi-

transparent and landscape opaque layouts. At the second site, an

open-air reference was compared with a single agrivoltaic

configuration. Together, these systems represent a gradient of

radiation reduction from no shading in open-air conditions to

different configurations of partial shading under the agrivoltaic

shelters and the conventional PE raspberry shelters. Within

this gradient, we quantified air temperature, light reduction, and

vapor pressure deficit as primary indicators, and assessed how

these microclimatic parameters interacted with environmental

parameters such as rainfall, wind speed, and solar radiation. Our

analyses reveal design-specific microclimatic effects: opaque

agrivoltaic arrays tended to cool the canopy around solar noon

and reduce VPD, whereas semi-transparent portrait arrays

enhanced light uniformity but occasionally caused slight warming

at midday, with minimal impact on daily averages. These responses

varied depending on panel material properties, highlighting an

important but understudied factor in agrivoltaic microclimate

design. Our observations highlight potential trade-offs in

agrivoltaic design for Rubus idaeus under temperate maritime

conditions, where panel layout and density influence the balance

between light availability and microclimate buffering.
2 Materials and methods

2.1 Site description

This study was conducted at two locations in the province of

Noord-Brabant (The Netherlands) on a commercial raspberry farm
Frontiers in Horticulture 03
in a temperate maritime climate (Köppen class Cfb, Beck et al.

(2023). The first site was located at Eindje 6, 5715 PK Lierop

(51.4428°N, 5.6662°E), on which raspberry plants are cultivated and

the second at Nederweertseweg 5a, 5712 JX Someren (51.3280°N,

5.6960°E), on which raspberry canes are cultivated. At the Lierop

site, two distinct AV configurations were implemented side by side

(Figure 1A). Both systems consisted of photovoltaic panels

mounted at a height of 1.97 m above ground level on the lower

PV edge in a South-East orientation (azimuth 155°). The first

configuration featured semi-transparent panels arranged in a

portrait layout (Figure 1A1). While often referred to in industry

terms as ‘semi-transparent’, we use the term ‘semi-translucent’ in

this manuscript to emphasize that light transmission occurs

primarily through intercell spacing and diffuse backsheet

scattering rather than full optical transparency and that they are

not transparent to longwave (heat) radiation. The second

configuration employed standard opaque panels in a landscape

layout (Figure 1A2).

Beneath these structures, hydroponically cultivated Rubus

idaeus L. var. Sapphire plants were established from cold storage

in early June. The plants were trained on a double trellis system,

with rows spaced 2.6 m apart and individual plants spaced 0.33

meters within rows. For the control treatment, plots were covered

with UV-stabilized PE plastic hoops (Figure 1A3), with a span of

2 m. At the Someren site, a single AV configuration was installed

using standard opaque PV panels arranged in portrait, in South-

West orientation (azimut 240°) at a height of 2.2 m above ground

level (Figure 1B). This setup supported hydroponically cultivated

Rubus idaeus L. var. Majestic, which were propagated from cuttings

in early June and trained using a dual-row trellis system, with rows

spaced 2.5 m apart and individual plants spaced 0.25 m within rows.

Control plots at Someren were maintained under open-air

conditions without additional covering. Because plants were

grown in a closed hydroponic system with controlled fertigation,

soil properties and irrigation dynamics were not considered in

this study.

At both locations, prototype agrivoltaic structures were

installed. Both sites featured Miniair Solar systems (manufactured

and installed by Meteor Systems, Breda, The Netherlands,

Appendix 1). In Lierop, two types of photovoltaic panels were

compared: Bisol Lumina bifacial BX-200 panels (dimensions: 2110

× 1050 × 40 mm; 50% translucency, Prebold, Slovenia) and JA Solar

JAM60S09 320/PR panels (dimensions: 1657 × 996 × 40 mm;

opaque, Beijing, China). In Someren, only JA Solar JAM60S09

320/PR panels (dimensions: 1657 × 996 × 40 mm; opaque,

Beijing, China) were installed. The first Lierop layout with

portrait semi-translucent modules resulted in an inter-row gap of

0.49 m between the panels, whereas the landscape opaque modules

resulted in an inter-row gap of 1.61 m between the panels.

The Someren portrait configuration produced an inter-row gap of

0.85 m. These inter-row distances, combined with module

dimensions, correspond to a ground coverage ratio (GCR) of 41%

for the Lierop portrait layout, 38% for the Lierop landscape layout,

and a GCR of 66% for the Someren site, as defined by Dupraz

(2024) (see Appendix 2).
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2.2 Microclimate monitoring

To characterize the microclimate within the raspberry canopy

under AV structures and control conditions, a combination of

radiation and atmospheric measurements was conducted at both

research sites from July 22nd up to and including August 19th, 2021.

Incident shortwave radiation data (J/cm²) and wind speed (m/s) were

obtained from the nearby Royal Netherlands Meteorological Institute

(KNMI) weather station in Ell (51.1967°N, 5.7626°E, 15.35 km and

28.21 km to the south of the Someren and Lierop sites resp. at a similar

elevation.). In addition, Photosynthetically active radiation (PAR) was

measured at 10-minute intervals using SQ-500 quantum sensors

(Apogee Instruments) connected to Squirrel SQ-2040/2F16 multi-

channel data loggers (Grant Instruments). At both Someren and

Lierop, sensors were installed at max canopy height (approximately

190 cm above ground level) along two opposing sides of the plots to

quantify incoming radiation at the top of the crop canopy. At each

timepoint, recorded PAR values were averaged across all sensor

positions to estimate the mean photosynthetic photon flux density

(PPFD) across the crop canopy. The Daily Light Integral (DLI) was

then calculated from these averaged values according to Equation 1.

DLI(mol m−2
day−1) = on

i=0
(PARi  � Dt)
106

(1)

where n is the number of measurements per day, PARi is the

instantaneous PPFD value at time i (in μmol m−2s−1), and Dt is the
measurement interval (in seconds).

Air temperature (T°) and relative humidity (RH) were

monitored using newly purchased and factory-calibrated EE08

probes (E+E Elektronik, Engerwitzdorf, Austria), housed within
Frontiers in Horticulture 04
RAD-17 passive radiation shields. No formal zero-drift test was

performed, however sensor consistency was verified by comparing

replicate sensors within each treatment during nighttime periods

(00:00-04:00), when solar radiation does not affect readings and

atmospheric conditions are well mixed due to sufficiently high wind

speeds and fully overcast skies. For each treatment, the standard

deviation of replicate measurements was calculated and verified

(Appendix 3).

Sensors were installed on the canopy edge beneath the PV

modules, rather than in the row gaps, to ensure measurements

representative of the canopy microenvironment. The sensor

locations are indicated by the red dots in Figure 1. All sensors

were mounted on M10 threaded rods suspended from the AV

structures using custom 3D-printed adapters, with placement

ensuring at least one buffer row from the plot edge to minimize

edge effects. Measurements were recorded at 10-second intervals

and periodically uploaded to a cloud database.

VPD was calculated from the measured temperature and

relative humidity. VPD (kPa) was computed in three steps. First,

the saturation vapor pressure (es, kPa) was computed using

Equation 2.

es(T) = 0:6108� exp ( 17:27�T
T+237:3 ) (2)

Where T represents the air temperature in degrees Celsius. The

actual vapor pressure (ea, kPa) was then determined as Equation 3:

ea = es � RH
100 (3)

Finally, VPD (kPa) was defined as the difference between the

saturation and actual vapor pressure (Equation 4):
FIGURE 1

Trial location overview. (A) Lierop site with portrait semi-translucent panels (middle), landscape opaque panels (foreground) and control under
polyethylene hoods (right). (B) Someren site with portrait opaque panels and control under open air (foreground). Red dots indicate the PAR at the
top of the canopy on both sides and temperature/relative humidity sensor positions on the edge of the crop canopy. (PAR n=2, T°/RH n=2).
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VPD = es − ea (4)

2.3 Data analysis

2.3.1 Data processing and statistical analysis

All microclimate data were processed and analyzed using

Python 3.11 (Python programming language , RRID:

SCR_008394). Data handling was performed using the pandas,

NumPy, and SciPy libraries, while visualizations were generated

using matplotlib. Raw sensor data recorded at 10-second intervals

were imported and chronologically sorted by timestamp. Short gaps

in the data (≤ 5 minutes) were linearly interpolated to maintain

continuity, while values falling outside predefined physical bounds

(temperature< -10°C or > 50°C; RH< 0% or > 100%) were flagged

for manual curation.

Ambient temperature differences between treatments and

control (DT) were first tested for normality using the Shapiro-

Wilk test. When the assumption of normality was satisfied, a one-

sample t-test was used to test whether the mean temperature

difference deviated from zero. If normality was violated, the

Wilcoxon signed-rank test was applied as a non-parametric

alternative with p > 0.05 considered non-significant.

2.3.2 Light availability calculations

To evaluate how AV configurations modified light availability,

two complementary approaches were used. First, simulations of

canopy-level PAR were conducted using a 3D view-factor model,

following the methodology described by Willockx et al. (2022),

using panel geometry and transmissivity as inputs. The model

utilized a 3D representation of the AV system along with solar

radiation data obtained from the nearby KNMI weather station in

Ell. Only global horizontal irradiance (GHI) was available from the

local weather station, so the Erbs model (Erbs et al., 1982) was used

to estimate direct normal irradiance (DNI) and diffuse horizontal

irradiance (DHI), which are required as inputs for the light model.

Total horizontal irradiance at canopy height was calculated over

a 2D grid and converted to photosynthetic photon flux density

(PPFD) following Ge et al. (2011). This conversion was applied

uniformly to both AV and control conditions at identical solar

elevations. While semi-translucent and opaque PV modules can

modify the spectral composition of transmitted radiation relative to

open sky or PE covers, the spectral transmissivity of the Bisol

Lumina panel backsheet used here has previously been shown to

induce predominantly neutral attenuation across the PAR range,

with limited wavelength selectivity (Reher et al. (2025),

Supplementary Figure 2). Nevertheless, this represents a

limitation of the model, as semi-translucent PV modules are

likely to modify the spectrum differently than the PE covers.

However, the authors of this study believe that the impact on the

relative amount of PAR reaching the crops will be negligible.

The PPFD values were then compared to non-shaded reference

conditions to determine the percentage of remaining PAR under the

AV system. Secondly, field measurements of PAR were recorded

within the crop canopy during the fruiting period to validate the
Frontiers in Horticulture 05
simulated patterns. Subsequently, DLI was derived from canopy

PAR, and its relationship with external shortwave radiation from

the nearest KNMI station was quantified.

2.3.3 Microclimate analysis

Canopy air temperature and VPD were calculated, and daily

averages were derived to characterize baseline microclimate

differences between treatments. Next, to characterize daily

microclimatic extremes, we analyzed temperature data in fixed

intervals around the expected minimum and maximum peaks:

11:00-15:00 for daytime maxima (maximum window after solar

noon) and 00:00-04:00 for nighttime minima (minimum window

before sunrise). All data points within these windows were

subsetted from the original dataset and pooled to capture peak

microclimatic conditions under variable weather. Within these

windows, differences between the control and each AV treatment

were calculated for both temperature difference (DT) and VPD

difference (DVPD) (control - AV) from each recording. We report

DT and DVPD as the difference between control and AV conditions,

where positive values indicate warmer or drier canopies in control

relative to AV. Subsequently, days were classified as warm if

the daily maximum temperature of at least one treatment reached

≥ 25°C, and as cold if the daily mean temperature of at least one

treatment remained below 18°C.

2.3.4 External climatic factors classification

While PE or AV shelters generally provide high levels of

weather protection, external factors still play a role. The effect of

these external factors were investigated to frame the remaining

variability in microclimate responses: rainfall days were categorized

into three intensity classes to test for effects on VPD, no rain (<0.1

mm/day), light rain (0.1–7 mm/day), and heavy rain (>7 mm/day).

Radiation days were grouped into high (sunny days >2000 J/cm²)

and low (cloudy days ≤800 J/cm²) classes to examine how solar

(energy) input and buffering influenced temperature differences

between treatments. Finally, wind speed was analyzed in interaction

with radiation intensity to evaluate whether air movement

modulated temperature differences.
3 Results

3.1 Light environment

3.1.1 Panel type and orientation determines both
light reduction and distribution uniformity

Since available light, particularly PAR, directly influences plant

growth and productivity, understanding light distribution is

essential. The in silico simulations show distinct light reduction

levels and spatial patterns for the different configurations (Figure 2,

Table 1). At the Lierop site, the simulations showed that both the

portrait semi-translucent (Figure 2A) and landscape opaque

configurations (Figure 2B) reduced incoming PAR by an average
frontiersin.org
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of 60.2% and 62.2%, versus open-sky respectively. In the portrait

semi-translucent configuration (Figure 2A), light was distributed

more uniformly across the canopy, as both the NW and SE side of

the plant rows received similar levels of radiation under the portrait

semi-translucent panels. By contrast, the landscape opaque

configuration (Figure 2B) exhibited a higher heterogeneous PAR

distribution. The SE side of the rows received substantially less light

due to the opaque panels, while the NW side was well-illuminated,

resulting in strong spatial variability in PAR (Table 1). Sensor

measurements of PAR at Lierop, taken between 21st of July and

August 19th, compared the AV plots with control under

polyethylene covers rather than open-sky conditions. The

measured DLI under the portrait semi-translucent configuration

was 51% of the control, while the landscape opaque configuration

transmitted 88%. At the Someren site (Figure 2C), simulations

showed that, under the dense portrait opaque configuration, plants

received only 35.6% of the PAR compared to the non-shaded

reference condition, but the light distribution was largely

uniform. The sensor measurements recorded 30% cumulative

PAR under the AV panels.

3.2 Microclimate conditions

3.2.1 AV panels have minor effects on daily
average temperature and VPD

Because PV panels capture energy and cause a reduced light

availability, we expect an impact on canopy microclimate. We

observed that daily average temperatures were generally higher in

Lierop than in Someren, while differences between treatments

within the same location were minor (Figure 3A). In Lierop,

average daily temperature differences between PV configurations

were small and approached the limit of detection of the sensors: the

control vs AV landscape ranged from -0.069 to 0.20°C, the control

vs AV portrait semi-translucent from -0.02 to 0.30°C, and AV

landscape vs AV portrait semi-translucent from -0.13 to 0.22°C. At

Someren, the average daily temperature difference between the

control and AV configuration ranged from -0.14 to 0.21°C.

More pronounced effects were observed for the extreme

temperature windows (both maxima and minima). In Lierop,
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when comparing the control and landscape opaque configuration,

the control plot exhibited on average 0.20 ± 0.16°C higher daily

daytime maximum temperatures, while minimum temperatures

differed only slightly (-0.04 ± 0.09°C). When comparing the

control with the portrait semi-translucent configuration,

maximum temperatures were similar (0.08 ± 0.24°C), but daily

minimum temperatures were on average 0.28 ± 0.1°C lower in the

portrait semi-translucent configuration. In Someren, where the

control plot was fully exposed to open-air conditions, differences

were more pronounced. The control plot recorded on average 0.52

± 0.26°C higher daily daytime maximum temperatures than the

agrivoltaic portrait opaque configuration, while daily minimum

temperatures were on average 0.32 ± 0.16°C higher under

the panels.

Daily average VPD values were generally higher in Lierop than

in Someren (Figure 3B). In both locations, the control configuration

typically exhibited higher daily average VPD than the AV

configurations. In Lierop, differences between treatments were

minor: the VPD difference ranged from -0.01 to 0.03 kPa for

Control vs AV landscape opaque, from 0.00 to 0.04 kPa

for control vs AV portrait semi-translucent, and from -0.01 to

0.03 kPa for AV landscape opaque vs AV portrait semi-translucent.

In Someren, the difference between control and AV ranged from

0.01 to 0.03 kPa, indicating slightly more pronounced treatment

effects compared to Lierop.

While daily averages show only subtle differences, AV panels

appear to slightly moderate temperature extremes and reduce VPD,

particularly in comparison with open-air conditions (Someren). To

better understand these effects and their pattern, next, we explored

how temperature differences evolve throughout the day and under

varying weather conditions.

3.2.1.1 Solar radiation drives diurnal temperature
differences between AV and control

Solar radiation intensity was found to be a key driver of diurnal

temperature differences between control and AV plots. In Lierop

(Figure 4A), the landscape opaque configuration showed minimal

temperature differences with the control plot during the nighttime,

regardless of radiation level. On high-radiation days, the control
FIGURE 2

Simulated seasonal PAR radiation levels as compared to control, 0.7 m below canopy top. (A) Portrait semi-translucent bifacial panels, Lierop.
(B) Landscape opaque panels, Lierop. (C) Portrait opaque panels, Someren. X axis along crop rows. Blue lines indicate center of crop row. Heatmap
color code represents the % of PAR radiation modeled compared to the no-shading control plot. Edge effects and along-row heterogeneity are
therefore not represented.
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was consistently warmer than the landscape configuration during

the day, with DT values peaking around midday at approximately

0.5°C. This indicates a mild cooling effect of the landscape opaque

panels under intense solar input. On low-radiation days, the same

diurnal pattern in DT was present but much less pronounced, with

DT values remaining close to zero throughout the day. The portrait

semi-translucent configuration at Lierop showed a different pattern.

At night, the control was consistently warmer than the AV-treated

plot, with this effect being more pronounced on high-radiation

days, showing nighttime DT values between 0.2°C and 0.4°C.

During the first half of the day, however, the portrait semi-

translucent configuration was about 0.4°C warmer than the

control under high radiation conditions which diminished in the

second half. In Someren (Figure 4B), on warm, high-radiation days,

the control plot consistently exhibited higher temperatures than

the AV plot during the day, with DT peaking around midday up to

0.8°C persisting till nightfall. During nighttime, temperature
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differences were less pronounced and were about 0.3°C. On cold,

low-radiation days, the same diurnal pattern was observed, but with

reduced amplitude: DT peaked around 0.2°C at noon and again

diminished to -0.15°C at night.
3.2.2 AV can have a cooling effect depending on
the configuration

To investigate diurnal effects, temperature differences between the

control and agrivoltaics configurations were analyzed separately for

warmer and colder days. The violin plots (Figures 5, 6) show that the

temperature response varied with solar panel configuration and time of

day but generally followed a unimodal distribution. In Lierop (Figure 5)

temperature differences between the control and agrivoltaics

configurations were generally more pronounced during the day than

at night. At night, the control and landscape opaque configurations

showed little difference, while the portrait semi-translucent

configuration was typically slightly colder than the control (0.25°C) -

an effect that was more evident during warm nights. During warm

middays, DT between the control and AV portrait semi-translucent

ranged from approximately -1.0 to 0.5°C, while differences with the AV

landscape opaque were mainly positive (-0.1 to 1°C), indicating a

cooling effect of the PV panels during warm days.

Overall, temperature differences in Someren (Figure 6) were

slightly more pronounced than in Lierop, with DT values ranging

from approximately -1.0°C to +1.5°C. During warm midday

periods, the agrivoltaics configuration tended to be cooler than

the control, indicating a modest cooling effect under high radiation

conditions. This effect was still present, but less pronounced, during

colder midday periods. At night, in both warm and cold conditions,

temperature differences were minimal, albeit it was slightly warmer

under AV (0.1 - 0.5°C).
TABLE 1 Summary statistics of simulated seasonal PAR radiation relative

to a non-shaded reference condition for the different agrivoltaic
configurations shown in Figure 2. Average, standard deviation, minimum,
maximum, and minimum-to-maximum PAR ratios are reported,
quantifying both the overall light reduction and the degree of spatial
heterogeneity within each configuration.

PAR
metric

A) Portrait
Lierop

B) Landscape
Lierop

C) Portrait
Someren

Avg PAR 60.2% 62.2% 35.6%

Std PAR 3.2% 22.1% 7.5%

Min PAR 54.9% 26.7% 24.8%

Max PAR 66.2% 90.5% 47.1%

Min PAR/
Max PAR

0.83 0.30 0.53
FIGURE 3

Daily mean canopy-air temperature (A) and VPD (B) recorded from 20 July to August 19th in two raspberry agrivoltaic sites under five treatments.
Lierop in pale blue for polyethylene control, medium blue for landscape opaque and dark blue for portrait semi-translucent layouts and Someren in
yellow for open air control and brown for portrait opaque layout.
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3.2.3 AV microclimate effects vary with external
weather conditions

3.2.3.1 Rainfall lowers VPD independently of AV
configuration

The effect of rainfall on VPD was assessed by categorizing

measurement days into three rainfall intensity classes: no rain, light

rain and heavy rain. Statistical analysis showed that VPD values

decreased significantly with increasing rainfall intensity, indicating

higher atmospheric moisture following precipitation events
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(Figure 7). The largest reduction in VPD occurred during heavy

rainfall, consistent with the expected physical response of the

atmosphere to increased water vapor. Despite these differences

across rainfall categories, no significant differences in VPD were

observed between the control and AV configurations.

3.2.3.2 Temperature contrasts under AV structures
diminish with higher wind speeds

Figure 8 shows the relationship between wind speed and DT
across different radiation regimes. Under low radiation conditions
FIGURE 5

Violin plots showing temperature differences (DT) between the control and agrivoltaics (AV) landscape opaque (light blue) and portrait semi-
translucent (dark blue) configurations in Lierop, separated by warm and cold days and by maximum (11:00-15:00) or minimum (00:00-04:00)
temperature window (Appendix 4). Asterisks indicate significant differences (p< 0.05) between AV and control plots within each temperature and
layout group.
FIGURE 4

Diurnal canopy-air temperature differences (DT) between control plots and agrivoltaic (AV) configurations in (A) Lierop: landscape opaque (light blue)
and portrait semi-translucent (dark blue) and (B) Someren, shown for days with high radiation (left) and low radiation (right). Lines represent mean DT
(control - AV), with shaded areas indicating 95% confidence intervals.
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(<100 J/cm²/hour), wind had minimal impact on temperature

differences across all treatments with DT around 0. However,

under high radiation conditions (>175 J/cm²/hour), wind speed

appeared to reduce the thermal contrast between control and

AV plots.

The portrait semi-translucent configuration in Lierop

(Figure 8A) revealed only minimal wind-induced temperature

modulation under low radiation with DT mostly remaining

constant. Higher wind speeds reduced temperature differences

between AV and control fields. The landscape opaque

configuration in Lierop (Figure 8B) exhibited a cooling effect

under high radiation, with DT values dropping to -0.5°C at low

wind speeds, which also diminished with increasing windspeed. In

Someren (Figure 8C), higher radiation levels were associated with a

cooling effect in the AV plot, with DT values reaching up to 1.0°C at

low wind speeds, which gradually dissipates as windspeed increased.
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4 Discussion

4.1 PV layout defines how radiation enters
the crop

The modeled and observed variation in transmitted PAR

intensity and its spatial homogeneity shows that each AV

configuration creates a distinct canopy light environment (section

3.1). These differences are primarily governed by structural design

parameters such as panel height, tilt angle, row orientation, and

ground coverage ratio (GCR), which together determine both

overall light availability and its distribution within the canopy. In

addition to structural design parameters, the optical properties of

PV modules also strongly influence canopy light conditions. Semi-

translucent panels scatter incoming radiation, increasing lateral

light penetration and improving homogeneity compared to
FIGURE 7

Daily VPD under different rain categories for the control and agrivoltaics configurations in Lierop (A) and the control and agrivoltaics configuration in
Someren (B). Lierop in pale blue for polyethylene control, medium blue for landscape opaque and dark blue for portrait semi-translucent layouts,
and Someren in yellow for open air control and brown for portrait opaque layout. Compact letter display indicates significant differences (p< 0.05)
between rain categories and configurations within each location.
FIGURE 6

Violin plots showing temperature differences (DT) between the control and portrait opaque agrivoltaics (AV) configuration in Someren, separated by
warm and cold days and by maximum (11:00-15:00, orange) or minimum (00:00-04:00, brown) temperature window (Appendix 5). Asterisks
indicate significant differences (p< 0.05) between AV and control plots within each temperature group.
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opaque panels or polyethylene (PE) films. Such scattering effects

resemble those of diffuse greenhouse glass, which has been shown to

improve vertical light distribution and canopy photosynthesis

under sunny conditions (Gu et al., 2002; Holsteens et al., 2020).

Opaque modules, by contrast, reduce the sky view factor and diffuse

radiation, producing discrete shading patterns of direct sunlight.

The magnitude of diffuse light reduction depends mainly on

module height and GCR, whereas the duration and intensity of

these discrete shading patterns are governed by module width and

elevation (Willockx et al., 2022). These differences help explain the

contrasting spatial patterns observed in Lierop. In the portrait semi-

translucent configuration, scattered radiation promoted similar

PAR levels on both sides of the plant rows, resulting in a
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comparatively homogeneous light environment. Conversely, the

landscape opaque configuration produced broad, persistent

shading on the SE side of the rows, while the NW side remained

largely exposed to direct radiation. Similar effects have been

reported in photovoltaic greenhouses, where checkerboard layouts

improved lateral light penetration and spatial homogeneity

compared to continuous row arrangements (Yano et al., 2010).

Overall, the modeled results are in reasonable agreement with

the PAR measurements, except for the landscape configuration in

Lierop. The large difference observed in this landscape

configuration is likely due to non-uniform light distribution

(Figure 2B), where PAR sensors may have been located in areas

with above-average light levels, which could lead to an
FIGURE 8

Relationship between wind speed (m/s) and daily canopy-air temperature difference (DT) under varying shortwave radiation levels (J/cm²/hour) for
both Lierop [portrait semi-translucent (A) and landscape opaque (B)] and Someren portrait opaque (C). Each line represents a radiation intensity
class, with purple 0–25 J/cm2/hour, blue 25–100 J/cm2/hour, green 100–175 J/cm2/hour, yellow 175–250 J/cm2/hour and red 250–325 J/cm2/
hour. Warmer colors indicating higher radiation with shaded areas indicating 95% confidence intervals.
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overestimation of the mean PAR. Minor discrepancies for other

configurations likely arise because the model by Willockx et al.

(2022) does not account for the PV support structure or canopy

development, potentially causing a slight underestimation of

shading. Beyond these model-measurement differences, the results

also highlight site- and configuration-specific variation in light

transmission. For instance, part of the difference between the

Lierop and Someren controls can be explained by the use of PE

plastic hoop covers in Lierop versus open field conditions in

Someren, which inherently reduce PAR transmission (Sangpradit,

2014). Further variation may have arisen from differences in canopy

development stage and sensor positioning relative to the canopy

top, which affect the amount of intercepted and measured light.

4.2 Light environment drives microclimate
outcomes

In our experiments, the different light conditions induced

distinct microclimatic responses beneath the covers. While

average daily temperatures differed only slightly between AV and

control sites (Figures 4A, B), pronounced differences emerged

during hot and cold periods and differences in diurnal patterns

revealed a relation to the PV cover type (Figure 4). Opaque panels,

implemented in the landscape configuration in Lierop and the

portrait configuration in Someren, consistently produced daytime

cooling (Figures 4A, B), with effects most pronounced on high-

radiation days, reaching peak temperature reductions of

approximately 0.7-0.8°C. In contrast, semi-translucent panels,

used in the portrait configuration in Lierop, showed warming in

the first half of the day (07:00 - 15:00) (0.4°C) on high-radiation

days (Figure 4A), an effect not observed under low-radiation

conditions. Despite differences in site location, panel orientation,

ground coverage ratio (38 % vs. 66 %), control treatment (open air

vs. PE plastic hoop cover), and cultivar between Lierop and

Someren, the microclimatic responses under opaque panels was

remarkably similar. Semi-translucent panels, however, displayed a

distinctly different pattern, indicating that panel type and material

properties strongly influence microclimate, likely due to

radiometric differences affecting the energy balance of the covered

environment (Vox et al., 2010). Although temperature differences

during warm and cold days at maximum or minimum temperature

windows were consistently significant in statistical tests (Figures 5,

6), their absolute magnitudes were often small, approaching the

accuracy limits of the sensors.

4.3 Cover transmissivity governs canopy
energy flux

4.3.1 Energy balance and GCR

The distinct thermal patterns observed among different cover

types may be explained by variations in the soil-plant energy

balance and net radiation (Rn) in combination with the

(effective) GCR.

Rn, defined as the difference between incoming and reflected

shortwave radiation (sunlight) and incoming and outgoing
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longwave radiation (heat radiation), is the primary driver of

energy distribution in the soil-plant system (Rana et al., 2004).

The energy supplied by Rn is partitioned into latent heat flux

(energy used for evaporation and transpiration), sensible heat flux

(energy that warms the air), and ground heat flux (energy

conducted into or out of the soil). The net radiation balance (Rn,

Equation 5) (Allen et al., 1998) is defined as:

Rn = (SW ↓ −SW ↑ ) + (LW ↓ −   LW ↑ ) (5)

where SW↓ and SW↑ are incoming and reflected shortwave

radiation, and LW↓ and LW↑ are incoming and outgoing longwave

radiation. Each term is influenced by radiometric properties of the

cover materials (the way a material absorbs, reflects, or transmits

radiation) as well as by the fraction of the surface that is

covered (GCR).

Following Dupraz (2024), the unadjusted GCR represents the

physical fraction of land covered by solar panels. For semi-

translucent panels, Dupraz introduced an adjusted GCR to

account for partial transmission of shortwave radiation, by

multiplying the coverage by (1 − shortwave transmittance). This

adjustment reflects the effective shading for solar radiation.

In the framework presented by Dupraz (2024), no explicit

distinction is made between shortwave and longwave radiation.

Because the GCR concept is used as a proxy for potential crop

productivity, we assume that it implicitly refers to the

photosynthetically active shortwave spectrum. However, longwave

radiation governs thermal exchange and thus strongly affects heat

retention beneath crop covers, making this distinction is critical for

interpreting microclimate effects in agrivoltaic and mixed-cover

systems. Crucially, the transmittance of covering materials differs

substantially between shortwave and longwave radiation.

Photovoltaic modules with glass covers (semi-translucent) are

partially transparent to shortwave radiation but effectively opaque

to longwave radiation (Florence et al., 1953), whereas polyethylene

(PE) plastic hoop covers transmit a substantial fraction of

shortwave radiation while also partially transmitting longwave

radiation (Balocco et al., 2018).

To account for this difference in longwave transmittance, we

propose an extension to the Dupraz approach which applies the

concept of adjusted GCR to both shortwave and longwave radiation

separately. For each cover type, we determined two adjusted GCR

values: one for shortwave radiation (accounting for solar light

transmission) and one for longwave radiation (accounting for

thermal radiation escape) (Appendix 2). Although still a

simplification, this dual approach may provide a more accurate

representation of how different cover materials modify the net

radiation balance and, consequently, the microclimate beneath

the cover.

4.3.2 Early-morning warming under semi-
translucent panels

For shortwave radiation, PE plastic hoop covers transmit about

90% of incoming solar radiation (Sangpradit, 2014; Balocco et al.,

2018), while semi-translucent panels transmit approximately 50%.

This results in a very low adjusted shortwave GCR for PE plastic
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hoop covers (8%, Appendix 2) and a substantially higher value for

semi-translucent panels (41%, Appendix 2). For longwave

radiation, PV panels are effectively opaque, so their longwave-

relevant GCR equals the unadjusted GCR. Semi-translucent

panels therefore have a high effective longwave GCR (81%,

Appendix 2). In contrast, PE plastic hoop covers transmit about

40% of longwave radiation, reducing their effective longwave GCR

to 46% (Appendix 2).

These different transmission fractions of short-and longwave

radiation may help explain the observed diurnal temperature

dynamics for Lierop (Figure 4A). On sunny days, air

temperatures under semi-translucent panels are higher than

under the control with PE plastic hoop covers during the early

morning hours (until approximately 10–11 h, Figure 4A), despite

their lower shortwave GCR compared to PE plastic hoop covers.

Given that shortwave radiation dominates the daytime net radiation

budget, this pattern may initially appear counterintuitive. However,

we hypothesize that the longwave GCR is also playing an

important role.

Although less solar radiation reaches the soil directly under

semi-translucent panels, the absorbed energy could warm the

panels and underlying surfaces, which may subsequently emit

longwave radiation. Because semi-translucent panels are nearly

opaque to longwave radiation and have a high effective longwave

GCR, this thermal energy is likely trapped and may accumulate

within the covered system. In contrast, PE plastic hoop covers allow

a larger fraction of longwave radiation to escape, potentially

reducing heat retention, resulting in lower early-morning air

temperatures. As the day progresses, the cumulative net radiation

under PE plastic hoop covers increases due to their much higher

shortwave transmissivity. Eventually, this increased solar input may

compensate for the greater longwave losses, and temperature

differences between cover types may diminish as Rn becomes

increasingly dominated by shortwave energy input during the

day. Additionally, it is possible that these effects are further

modulated by panel heating and atmospheric conditions. Semi-

translucent panels absorb a substantial fraction of incoming solar

radiation; while part of this energy is converted into electricity, the

remainder heats the panel itself. According to the Stefan-Boltzmann

law, warmer panels emit greater amounts of longwave radiation,

which can contribute significantly to warming beneath the panels

on high-radiation days (Meraj and Khan, 2019).

Importantly, we observed this warming effect during daytime

only under low-wind conditions. In Figure 5, periods with higher

temperatures beneath semi-translucent panels consistently coincide

with high solar radiation and very low wind speeds. Under windy

conditions or when solar radiation is low, enhanced convective heat

exchange likely prevents early morning heat accumulation, and the

temperature differences between cover types disappear.

4.3.3 Lack of warming under opaque panels

Building on the previous reasoning, the absence of early-

morning warming beneath opaque panels in Lierop during the

first half of sunny days further suggests that the combined effect of
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short- and longwave GCR is critical in determining the effective

energy input to the soil-plant system.

Although the adjusted shortwave is similar for semi-translucent

and opaque panels in Lierop (41% versus 38%, Appendix 2), no

warming effect is observed beneath opaque panels, suggesting that

the differences in longwave energy retention may play again a role.

The semi-translucent panels in Lierop exhibit a high effective

longwave GCR (81%, Appendix 2), which may facilitate the

trapping and accumulation of thermal radiation beneath the

canopy. In contrast, the opaque panels in Lierop have a much

lower longwave-relevant GCR (38%, Appendix 2), likely limiting

their capacity to retain emitted thermal energy. While the longwave

GCR of opaque panels and the control with PE plastic hoop covers

is relatively similar (38% and 46%, respectively; Appendix 2), the

control exhibits higher daytime temperatures. This observation

supports the interpretation that shortwave radiation input

dominates the daytime net radiation balance, as the control has a

much lower shortwave GCR (8%) compared to opaque

panels (38%).

Importantly, beyond GCR alone, additional factors may further

modulate these radiative interactions. Panel height, for example,

influences the redistribution of shortwave radiation within

agrivoltaic systems, with consequences for both canopy light

availability and thermal load, canopy energy balance and crop

response (Zhang et al., 2025a). Panel orientation may also be

important: although semi-translucent and opaque panels exhibit

similar shortwave GCR values, semi-translucent panels still

transmit approximately 50% of incoming shortwave radiation,

whereas opaque panels transmit none. As a result, semi-

translucent panels may allow solar energy to intermittently reach

and warm the soil and vegetation below, while opaque panels

impose more persistent shading during periods that depend on

panel orientation and solar angle.

4.4 Wind diminishes canopy contrasts

As noted above, radiation alone does not explain all

microclimate patterns. Airflow also plays a critical role by

redistributing heat through convective processes. The localized

warming observed under semi-translucent panels during periods

of high-radiation and low wind is not directly visible in Figure 8.

This is because Figure 8 shows daily average temperatures, which

obscure diurnal temperature variations and overnight cooling

effects. Nonetheless, our analysis indicates that in highly

ventilated setups, air masses tend to equilibrate, and convective

movements promote homogenization of air properties that depend

on panel height, spacing, and orientation relative to prevailing wind

directions (Vernier et al., 2025b). Marrou et al. (2013b) reported

that wind did not significantly influence temperature differences on

windy days. In contrast, our data, particularly from the relatively

exposed Someren site, show that under low wind conditions,

cooling beneath AV structures was enhanced, but during windy

days this effect disappeared. This observation is consistent with the

principles of convective heat transfer: reduced air mixing allows

localized temperature gradients to persist, whereas higher wind
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speeds promote homogenization of canopy temperatures (Jacobs

et al., 1992).

While radiation has been the dominant factor considered in

most previous AV studies, our results suggest that wind also

influences microclimate formation beneath panel structures.

Convective mixing can reduce localized warming or cooling

effects caused by the modules, and although our evidence is

limited, this mechanism has so far received little attention in AV

research. Acknowledging the role of airflow therefore adds an

additional perspective to the interpretation of our findings. VPD

patterns largely tracked temperature across treatments, and no

consistent differences were observed between configurations,

consistent with earlier observations that shading-induced

humidity responses are often minor compared to temperature

effects (Marrou et al., 2013b). At the same time, the view-factor

approach used here captures configuration-specific differences in

radiation transmission and spatial heterogeneity but does not

explicitly resolve airflow, turbulence, or coupled heat and

moisture exchanges (Vernier et al., 2025a). Future work could

therefore build on recent computational fluid dynamics studies

(Vernier et al., 2025b) or more comprehensive energy balance and

soil-plant-atmosphere continuum models to mechanistically link

radiation, convection, temperature, humidity, and vapor pressure

deficit, albeit with higher computational demands and currently

limited spatial or temporal applicability (Vernier et al., 2026).

4.4.1 Agrivoltaic design dictates microclimate
outcomes

This study quantified microclimate responses under contrasting

agrivoltaic and conventional shelter designs during a limited

summer monitoring window within a single growing season.

Accordingly, the results reflect within-season responses under

conditions of full canopy development and high evaporative

demand, and do not capture spring or autumn transition periods

or interannual variability. The magnitude and direction of the

observed microclimate effects should therefore not be

extrapolated beyond summer conditions without additional

multi-season observations. Nevertheless, these data provide

targeted, within-season insights into how agrivoltaic panel

configuration interacts with prevailing weather conditions to

shape the canopy microclimate, which forms the basis for the

following discussion on design-dependent microclimate

mechanisms and their agronomic relevance.

Clear contrasts between opaque and semi-translucent panels

emerged, illustrating the broader design trade-off in agrivoltaics:

whether to prioritize microclimate buffering or uniform light

distribution, depending on crop type and regional climate. The

implications extend beyond the physical environment to plant

physiological responses. These environmental shifts also carry

physiological consequences for crops, as changes in light intensity

and dynamics directly shape photosynthesis and growth. Transient

light patterns under semi-translucent panels resemble sunflecks in

natural canopies, where shifting patches of light influence how

efficiently leaves use available energy (Pearcy et al., 2006; Retkute

et al., 2015). Plant growth is also guided by the spatial distribution
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of light, with shoots and leaves orienting toward brighter zones.

Agrivoltaic systems can help by lowering midday radiation peaks,

which in turn reduces the risk of light and heat stress during sunny

periods (Barron-Gafford et al., 2025).

These mechanisms are particularly relevant for raspberry

cultivation, where periods of high radiation combined with low

wind and high temperatures increase fruit susceptibility to

physiological disorders, sunburn, and quality loss. While our

results suggest that AV structures can buffer these stress

conditions at canopy level, effects on fruit production outcomes

remain to be evaluated. Shown here for raspberry crops, the balance

between buffering and light distribution remains a key

consideration across all horticultural AV applications.
5 Conclusions and future perspectives

This study provides within-season evidence that agrivoltaic

panel layout and material modify raspberry canopy light

environment and microclimate during the summer of 2021.

Although both sites had comparable canopy volumes, differences

in panel orientation, ground coverage ratio (GCR), shelter design,

and cultivar complicate direct comparisons. Furthermore, key

variables such as longwave radiation, canopy energy fluxes, and

leaf temperatures were not explicitly measured, which constrains

mechanistic interpretation of DT and DVPD.
However, taken together, our results indicate that differences in

panel material, layout, and ground coverage ratio were associated

with distinct radiation regimes and measurable temperature and

vapor pressure deficit responses, which were most pronounced

during specific diurnal periods under high radiation and low

wind conditions. Opaque AV configurations provided

microclimate buffering in a manner similar to or stronger than

PE tunnels, highlighting their potential as replacements for plastic

covers in horticultural production while enabling electricity

generation. Semi-translucent panels improved light distribution

but were associated with localized warming under high-radiation,

low-wind conditions, highlighting a trade-off between thermal

buffering and light homogeneity.

Contrasting responses under opaque and semi-translucent

panels point to differences in how these structures interact with

incoming and outgoing radiation. The observed patterns are

consistent with differences in shortwave transmission and

longwave heat retention, suggesting that combined radiative

effects may play a role in shaping canopy temperature dynamics.

Beyond radiation and shading, airflow emerged as a critical

modulator of microclimate expression. Panel height, spacing, and

orientation will influence convective heat exchange and humidity

build-up. Optimizing agrivoltaic performance therefore requires

integrated consideration of radiative properties and airflow in

relation to prevailing wind conditions.

To validate and generalize these findings, future research should

extend monitoring across full growing seasons and multiple years,

explicitly quantify changes in canopy energy balance under different

agrivoltaic array types, with dedicated measurement of shortwave
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and longwave radiation components to better explain the observed

temperature patterns. Collecting these data would not only clarify

the mechanistic basis of how agrivoltaic systems redistribute energy

within the canopy and alter latent versus sensible heat fluxes but

also provide the empirical foundation for modeling canopy

processes such as evapotranspiration.
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DHI diffuse horizontal irradiance
DLI daily light integral
DNI direct normal irradiance
GCR ground coverage ratio
KNMI Koninklijk Nederlands Meteorologisch Instituut (Royal

Netherlands Meteorological Institute)
PAR photosynthetically active radiation
PE polyethylene
ure 17
PPFD photosynthetic photon flux density
PV photovoltaic
RH relative humidity
T° temperature (°C)
VPD vapor pressure deficit
DT temperature difference
DVPD vapor pressure deficit difference
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