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Abstract
Amidst global climate change, increasing food demand, and land-use competition between agriculture and energy produc-
tion, agrivoltaic systems are emerging as a potential solution energy. However, the spatial heterogeneity of existing physical 
research infrastructure limits the generalizability of plant growth and growth conditions findings across diverse climate 
zones. This study aims to address this gap by conducting a comprehensive meta-analysis across 20 countries. Unlike previ-
ous work, our approach integrates key variables, including photovoltaic system design parameters, crop yield responses, 
and microclimate changes, into a unified analytical framework. It further maps the empirical evidence onto a global climate 
context. The analysis reveals several novel insights. First, distinct design patterns were observed in photovoltaic system 
deployment: small-scale installations (<1000 m2) are often associated with increased mounting heights (3.05 m vs. 2.57 m), 
which alters ground-level conditions. At the same time, photovoltaic installation characteristics (e.g., panel height and array 
size) also vary across different climate zones, reflecting differences in installation objectives (e.g., energy optimization 
vs. experimental). Second, we identified a previously undocumented “tipping point” in system size (~2 ha), beyond which 
microclimate temperature effects reverse. Third, crop yield responses under shading vary by crop physiology and climatic 
zone; for example, lettuce showed tolerance to increased shading under certain environmental conditions. In addition, we 
suggest that a potential trade-off point may exist between crop yield and photovoltaic shading, which could enable a balance 
between maintaining agricultural productivity and achieving effective energy generation. These findings demonstrate that 
the performance of agrivoltaic systems is highly climate- and crop-dependent. Therefore, region-specific and plant-centered 
design principles should be central to future agrivoltaic innovations and policy frameworks. By presenting the first global 
climate–integrated map of agrivoltaic study locations, this work provides a foundational evidence base to guide climate-smart 
agrivoltaic planning and implementation.
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1  Introduction

The rapid rise in global temperature due to climate change 
combined with a booming population, is placing unprec-
edented stress on global food systems (FAO 2009; van 
Dijk et al 2021; IPCC 2021). Scarcity of land and water 
resources further intensifies this pressure and threaten the 
sustainability of agriculture (Osman et al 2022; Chartres 
and Noble 2015). To mitigate further climate change, 
actions have been taken to explore clean energy alter-
natives and innovative agricultural models to break the 
dependence on conventional energy sources and allevi-
ate the strain on food production (Time et al 2024; IEA 
2023a). Agrivoltaics, arises as an innovative approach 
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integrating solar power with agricultural production, offer-
ing renewable energy while maximizing land use func-
tionality (Fig. 1) (Giri and Mohanty 2022). Mirroring the 
growing interest in solar technology, global photovoltaic 
(PV) capacity surpassed 1.6 TW at the end of 2023 (IEA 
2024). The 2023 PV accounted for three-quarters of the 
global growth in clean energy (e.g., wind, bioenergy, geo-
thermal, and tidal energy) capacity (IEA 2023a, b). Simi-
larly, the growing global agrivoltaics market is estimated 
to reach over USD 11.14 billion in the coming decade 
(IRENA 2024; Precedence Research 2023).

By occupying agricultural or marginal lands, large-scale 
PV installations may alter original land-use patterns and 
induce local climate effects, such as changes in rainfall dis-
tribution or temperature regimes (Muñoz-García et al 2024). 
Although these installations have a relatively low environ-
mental footprint, they can still be disruptive to local eco-
systems by reshaping landscapes and habitats, for example, 
disturbing native vegetation and impacting local wildlife 
(Wu et al 2023; Szabadi et al 2023). Agrivoltaics on the 
other hand offer a balanced solution by alleviating the com-
petition through a dual land use (Lu et al 2022; Barron-Gaf-
ford, et al., 2019). The land equivalent ratio (LER) has been 
commonly applied to assess the efficiency of agrivoltaic 
systems, as it captures both agricultural and energy yields 
(Dupraz et al 2011; Pelczar 2025). While a LER greater than 
1 suggests improved land productivity, it does not reflect 
changes in crop quality, which may affect marketability. 
Numerous studies have shown that agrivoltaic systems can 
enhance land productivity by enabling the dual use of land 
for energy and food production (Elamri et al 2018; Reher 
et al 2024; Valle et al 2017; Willockx et al 2024). The great-
est potential for agrivoltaics is generally considered to lie 
in semi-arid and arid regions, where the shade provided by 
solar panels can produce synergistic benefits such as reduced 

evapotranspiration and improved microclimates (Marrou 
et al 2013a; Barron-Gafford et al 2025; Ravi et al 2016).

With crop production, there is a direct relationship 
between light intercepted and biomass production (Sin-
clair and Muchow 1999). With all other factors non-limit-
ing, radiation use efficiency provides a direct relationship 
between the light available and the biomass produced (Mon-
teith 1977). Also, a reduction in solar radiation (shading) is 
expected to be a major abiotic stress factor for plant produc-
tion under agrivoltaics (Weselek et al 2021a, b).

Shade tolerance, an ecological concept, is the capacity 
of a given plant to tolerate or even thrive in low light lev-
els (Valladares and Niinemets 2008). The crop responses to 
shading vary widely; for example, shade-tolerant leafy vege-
tables and grass species tend to perform better under reduced 
light conditions (Randle-Boggis et al 2025; Carreño-Ortega 
et al 2021; Kannenberg et al 2023). Tolerance to shading has 
been studied more intensively in forest conditions (Gravel 
et al 2010). There is limited availability of crop-specific data 
under agrivoltaics conditions, many studies have relied on 
controlled shading experiments to assess crop sensitivity to 
partial or full shade (Weselek et al 2019). Efforts have been 
made to classify crops into shade-sensitive, shade-neutral, 
and shade-tolerant categories. For example, Beck et  al 
(2012) found maize, wheat, and many horticultural crops 
to be shade-sensitive, rape, rye, and oats to be relatively 
shade-neutral, and crops like potatoes, lettuce, and spinach 
to benefit from moderate shading (up to 50%).

Therefore, not all crops will thrive under the panels, 
potentially resulting in slowed growth, yield reduction, and 
nutrient loss (Marrou et al 2013b; Weselek et al 2021a, b; 
Choi et al 2020). This is largely determined by the design of 
the PV system. Parameters such as panel tilt angle, spacing, 
mounting height, and whether the system is fixed or tracking 
directly influence the spatial distribution of shade and light 

Figure 1   Conceptual design 
of the upcoming agrivoltaic 
research farm at Lincoln Uni-
versity, New Zealand. Photo-
credit: Dr Shannon Page.
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intensity on the ground, as well as surface reflectance and 
soil moisture evaporation (Yang et al 2017; Ramos-Fuentes 
et al 2023). These factors in turn alter the microclimatic con-
ditions beneath or between the PV panels, typically resulting 
in reduced temperature (Thum et al 2025), increased humid-
ity (Sun et al 2025), and decreased wind speed (Hassanpour 
Adeh et al 2018). Such environmental changes potentially 
have significant effects on crop physiological processes 
(Randle-Boggis et al 2025; Carreño-Ortega et al 2021; Kan-
nenberg et al 2023). Several countries have developed regu-
latory guidelines that include minimum yield thresholds to 
ensure continued agricultural productivity (e.g., 66%–80% 
of the yield without PV) (ADEME 2021; Gazzetta Ufficiale 
2022; MAFF (2015); Elborg 2017; Fraunhofer 2024). With 
appropriate design, field planning (e.g., low panel density), 
management and crop selection (e.g., shade-tolerant spe-
cies), losses may be minimized and crop productivity may 
be stabilized or even increased (Potenza et al 2022; Weselek 
et al 2021a, b; Sarr et al 2024).

Innovative designs are emerging to enhance agricultural 
efficiency. Such changes may improve field management and 
yield (Willockx et al 2022). For example, elevated solar pan-
els can be installed to increase sunlight exposure for crops, 
maintain crop growth levels similar to non-agrivoltaic sys-
tems and improving access for agricultural machinery and 
labor (Willockx et al 2022). Other layout strategies, such as 
vertical agrivoltaics, checkerboard patterns, semi-transpar-
ency and the addition of LED supplemental lighting have 
also been employed to lessen the shading impact on crops 
(Cho et al 2020; Willockx et al 2024; Zheng et al 2021; 
Uchanski et al 2023; Thompson et al 2020a, b; Patel et al 
2024; Willockx 2020; Riaz et al 2021).

Existing studies have explored the potential of agriv-
oltaic systems to enhance land-use efficiency and support 
both food and energy production, with a focus on economic 
performance, crop yield evaluation, and power generation 
(Dinesh and Pearce 2016; Widmer et al 2024; Thomas et al 
2023; Hassanpour Adeh et al 2019; Mamun et al 2022). 
However, agrivoltaic systems have been widely studied in 
the Northern Hemisphere, particularly in North America, 
Europe, and East Asia. Limited attention has been given to 
system design and crop suitability in the Southern Hemi-
sphere. Key questions remain regarding which crop types 
are most compatible with agrivoltaic conditions, what shad-
ing levels are optimal, and how solar panel configurations 
should be adapted to specific agricultural and environmen-
tal contexts. In particular, how agrivoltaics can be effec-
tively applied across different climate zones remains largely 
unknown. This study builds a large-scale dataset based on 
all available empirical studies on agrivoltaic systems world-
wide, encompassing a wide range of climate zones, crop 
types, and system configurations. Using a meta-analytic 
approach, it systematically evaluates crop yield responses 

under different agrivoltaic conditions, while accounting for 
factors such as PV system design (e.g., array size, panel 
height), microclimatic changes, shading intensity, and cli-
matic context. Compared with existing studies, this work 
offers significant advantages in both the breadth of data cov-
erage and the depth of quantitative synthesis, providing a 
robust empirical foundation for the optimization and broader 
adoption of agrivoltaic systems.

2 � Methods

The literature review was conducted on 8th May 2025 
using Scopus with keywords including “agrivoltaic,” “solar 
farm,” “solar farming”, “agrophotovoltaics,” “agro-PV,” 
“agrisolar,” “agri-voltaic,” “photovoltaic farm,” and “PV 
agriculture.” These keywords were selected to encompass 
the diverse topics of research concerning the integration of 
PV systems with agricultural systems or the environment. 
To avoid including articles focused on greenhouse solar 
energy, exclusion keywords such as “greenhouse,” “glass-
house,” “glass-house,” and “green-house” were used. Peer-
reviewed English articles specifically focused on open-field 
agrivoltaic systems were identified according to inclusion 
criteria. Conference papers, review articles, notes, and pub-
lications that were not written in English were excluded. Ini-
tially, 1274 articles were obtained through searches, which 
were then screened in three steps. The review process first 
involved checking titles and keywords to exclude studies not 
related to the subject. Second, abstracts were screened to 
exclude those studying the non-relevant fields including but 
not limited to the area of computer science, energy, material 
science, or modelling only studies. Lastly, full-text reading 
was performed to remove literature that didn't contain exper-
imental data, or those articles focusing mainly on energy 
generation, financial results, and economic profits. Relevant 
literature cited in the selected articles was also reviewed to 
identify additional studies. In total, 90 articles met the inclu-
sion criteria, focusing on agrivoltaic/photovoltaic research 
related to crops, and their (micro-) environmental condi-
tions. Open-field agrivoltaics, unlike greenhouse or indoor 
systems, are significantly influenced by natural factors such 
as sunlight exposure, temperature, precipitation, and wind. 
Thus, photovoltaic greenhouses were excluded. The detailed 
screening procedure is illustrated in Fig. 2.

Data from 320 experiments conducted on 111 solar farms, 
referenced across articles, were analyzed. These data include 
115 records of PV shading rates, 107 farm size measure-
ments, 106 records of PV system types, and 98 measure-
ments of panel heights. A total of 234 experiments involved 
crop performance (with 260 providing yield data, 115 
recording changes in plant morphology, and 56 capturing 
changes in plant biochemical indicators), and 91 records of 



	 W. Zhang et al.   69   Page 4 of 21

climate conditioning were also obtained. It also contains 36 
air temperature, 32 soil temperature, 20 air humidity, and 20 
soil moisture measurements (i.e., microclimates). Whenever 
available data points were missing (e.g., PV panel height or 
scale), they were interpolated/extrapolated based on availa-
ble public resources, e.g., websites, Google Earth and visual 
references, but the number of estimated data points remained 
minimal, and most analyses were based on reported data. 
The climate type data in this paper were categorized based 
on the experimental locations provided in the studies, using 
the Köppen climate classification system. Crops were first 
categorized into seven groups based on their use and into 
three groups according to their light sensitivity. For further 
analysis, three representative crop categories—corn, beans, 
and lettuce—were selected based on their differing shade 
tolerance levels (sensitive, partial, and tolerant, respectively) 
and their relatively large sample sizes. To investigate the 
effects of key agrivoltaic system design parameters on crop 
yield response, we performed both linear regression analysis 
and analysis of variance (ANOVA). Specifically, we used 
multiple linear regression models to quantify the relation-
ship between shading intensity (%), panel height (m), and 
system scale (m2) as predictor variables, and crop yield 

change (%) as the response variable. Additionally, one-way 
ANOVA was applied to assess differences in PV system 
design characteristics (e.g., panel height and area) across 
different climatic zones. All statistical analyses in this article 
and data visualizations were conducted using Minitab 22 
and R version 4.3.2.

3 � Results

3.1 � Photovoltaic panel parameters and climate

The size of solar farms analyzed in these studies range 
widely from just 6.5m2 (Leroy et al 2025b, a) to 1000 ha 
(Muñoz-García et al 2024), highlighting the various con-
texts — from research to utility scale. 76% of the solar arrays 
included in this study were fixed at angles between 5° and 
45° (Vertical systems 76% of the solar arrays included in 
this study were fixed at angles between 5° to 45° (Vertical 
systems are fixed at 90°, n = 3). In contrast, 24% employed 
tracking systems designed to optimize solar energy capture 
by rotating panels. The ground clearance — the height of 
the lowest panel edge — was specified in 127 studies. This 

Figure 2   PRISMA flow diagram for literature search and study selection.
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ranged from just 35 cm (Uchanski et al 2023) to 8.67 m (Al 
Mamun et al 2023). The average ground clearance of fixed 
panels is 2.62 m, and 3.50 m for the solar tracking ones, 
and heights of 2.5, 4, and 5 m are the most common. With 
elevated panels, agricultural machinery can easily operate 
underneath. An increase in PV installed area is correlated 
(p < 0.05) with a decrease in installation height (Fig. 3). 
Analysis revealed a significant tipping point at 1000 m2, 
where there is a shift in installation height behavior: smaller 
farms (<1000 m2) tend to have higher installation heights 
(~3.05 m), whereas larger farms (>1000 m2) showed the 

opposite trend (~2.57 m). Humid subtropical and Mediter-
ranean climates are the most prevalent climatic conditions 
in which agrivoltaics have been studied, with a limited num-
ber of studies conducted in Cold Desert (Bwk) and Sub-
tropical Highland Climates (Cwb) (Fig. 4). Under different 
climatic conditions, the installation height and area of PV 
panels also varied slightly. Analysis of variance (ANOVA, 
Fisher LSD test, 95% CI) revealed that in the Cold Semi-
arid climate (BSk), the installation scale of PV systems was 
significantly larger than in other climate zones (p < 0.001). 
PV panel installation heights also differed significantly 
across climate zones. In Hot-summer Mediterranean (Csa), 
Monsoonal Humid Continental (Dwa), Temperate Oceanic 
(Cfb), and Humid Subtropical (Cfa) climates, the average 
installation heights all exceeded 3 m (3.93 m, 3.61 m, 3.45 
m, and 3.25 m, respectively), and were statistically higher 
than those observed in other climate types. For instance, 
in Tropical Rainforest (Af), Cold Semi-arid (BSk), Warm-
summer Mediterranean (Csb), and Tropical Savanna (Aw), 
the mean heights were notably lower at 1.68 m, 1.54 m, 
1.32 m, and 1.04 m, respectively. Notably, the installation 
height in the Hot Semi-arid (BSh) climate (2.68 m) is inter-
mediate, being lower than the four temperate and subtropi-
cal climate types mentioned above, but significantly higher 
than those observed in tropical and cold arid climate zones. 
These results indicate that PV systems tend to be installed 
at significantly greater heights in temperate and subtropical 
climates compared to tropical and semi-arid regions.

Figure 3   Linear regression and breakpoint analysis: Height vs. Log10 
(Scale).

Figure  4   Global photovoltaic experimental research and its climatic environment distribution patterns: a spatial visualization analysis. Note: 
numbers in black circles indicate experiment counts in this country; arrows show experiment distribution.
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3.2 � Microclimate under the solar panels

The influence of PV panels on air temperature was inconsist-
ent among studies (ranging from −2.5℃ (Al-agele, et al., 
2021) to +2.4℃ (Barron-Gafford, et al., 2016), as some 
reported lower temperatures, others observed no significant 
changes, while a few even reported higher temperatures 
relative to open-field conditions (Fig. 5). Nearly all studies 
consistently report a reduction in soil temperature under PV 
shading (Fig. 5). Of those that quantified the change, the 
range was from −0.5℃ (Moon and Ku 2022b, a) to −5.6℃ 
(Al-agele et al (Al-agele, et al., 2021)). Air humidity and, 
even more so, soil moisture levels generally increased under 
the panels compared to open-field conditions (Fig. 5) by 
up to 14% (Juillion et al 2022) and 21% (Luo et al 2024), 
respectively. We further analyzed air temperature data using 
a linear regression, which indicated a significant positive 
effect of the scale of PV deployment on temperature (p < 
0.01). This suggests that with scale being the only factor in 
consideration, an increase in localized temperature is tied 
to an increase in PV panel area. However, in the multiple 
regression analysis, the effect of the scale of PV on tem-
perature change was not significant (p = 0.076). The absence 
of any statistically significant effects for other variables, 
such as panel height (p > 0.05) and climate conditions (p 
> 0.05), suggests that such variables might be confounding 
or influenced by other variables not directly examined in 
this analysis.

The shading rates range from 9% to 80%, with nearly 
three-quarters of studies focusing on rates below 50% and 
a shading rate of around 30% being the most commonly 
evaluated.

3.3 � Plant selection and performance under PV 
systems across various climates

Many different crops have been studied in agrivoltaic condi-
tions. These crops are primarily categorized into vegetables, 
legumes, grassland/pasture species, fruits, cereals, oilseeds, 
and herbs (Fig. 6a). Among these, pasture species, and hor-
ticultural crops like lettuce and beans were the most fre-
quently assessed species (See Supplementary Table 1 for 
a detailed list). Of the studies with yield or biomass data 
reported (n = 264), 34 found a positive yield response, 72 a 
neutral response, and 158 a negative yield under solar panel 
installations (Fig. 6b). Among 123 experiments reporting 
morphological change, 49 showed increases in plant height, 
leaf area, or leaf numbers when compared to control areas 
without PV panels.

Plants are classified as sensitive, partially-tolerant, or tol-
erant to shading. Overall, both shade-tolerance species and 
shade-sensitive species showed a downward yield trend, and 
partial shade-tolerance species showed a steady and upward 
trend with increasing shading (Fig. 7a). However, in spe-
cific climate zones, shade-tolerant species and partial shade-
tolerant species generally maintain minimum yield loss to 
shade across nearly all climate types (Fig. 7b, c, d), whereas 
shade-sensitive crops are more likely to be affected under 
high shading rates.

Notably, in temperate oceanic and warm-summer conti-
nental climates, all suffered minimal yield penalty (<10%) 
with no further reductions as shading increased (Fig. 7d, e). 
The yield of beans and corn gradually decreases as shad-
ing increases, whereas the shade-tolerant lettuce maintains 
a stable yield under shaded conditions (Fig. 8). Addition-
ally, some variability is present in the climate conditions 
of the studies reporting yield increase, but in summary, the 
climates share some main features: hot summers, limited 
precipitation and (semi-) arid conditions (Fig. 9).

A linear regression analysis between shading levels and 
yield confirmed a non-significant (p > 0.05) negative cor-
relation between the level of shading crop yield (Fig. 10). 
Results from segmented regression lines revealed that at 
shading rates below 20%, crop yield shows no statistically 
significant difference from the control group (p = 0.084), 
suggesting that moderate shading does not have a marked 
effect on crop growth. In the shading scale between 20% 
and 30% (which does not significantly change the micro-
climate), lower yield is observed (p < 0.01). There is a 
positive trend in yield observed with shading at 30 to 
40% (p≈0.05) presumably due to microclimate changes. 
Shading at 40 to 50% leads to a slight and non-significant 
reduction in yield (p > 0.05). Shading between 50% and 
60% markedly suppresses crop productivity (p < 0.05). 
Shading above 60% further inhibits crop productivity (p 
< 0.01). Importantly, the sensitivity to shading conditions 

Figure  5   Summary of experimental microclimate results. Note: For 
soil and air temperature changes within the range of ±0.5°c, they are 
categorized as no change, unless the results in the article indicate a 
statistically significant difference.



Climatic and design tipping points in agrivoltaic crop production systems. A meta‑analysis﻿	 Page 7 of 21     69 

differed significantly among the plant species (See Sup-
plementary Fig. 1), suggesting the need to choose suitable 
(i.e., shade tolerant) crops for agrivoltaic systems.

4 � Discussion

4.1 � Variation in PV panel height and system scale

The variation in PV installation height and coverage area 
reflects the combined influence of environmental, eco-
nomic, and practical considerations. Results show that 
smaller-scale systems and those located in temperate 
climates tend to have higher average installation heights 
(above 3 m). This could be because elevated panels would 
allow for the passage of agricultural machinery.

Higher installation structures are also more common 
in small-scale projects (<1000 m2), possibly because the 
additional cost of elevation is more manageable when 
applied to limited areas. In contrast, large-scale farms are 
often more sensitive to structural costs, and lower instal-
lation heights help reduce investment per unit area. These 
patterns highlight the need to balance agronomic function-
ality and economic feasibility when designing agrivoltaic 
systems.

4.2 � Microclimates

4.2.1 � Shading

There are a number of solar arrays design parameters, 
such as panel angle, orientation, height and spacing, that 
defines the light available to crops. For fixed tilt arrays, the 
angle and orientation depend on the solar farm's latitude. 
This angle determines the shading pattern, for instance, 
a steeper angle casts a longer and more defined shadow, 
whereas a flatter angle creates a more even shade pattern 
throughout the year (Santra 2017). In general, fixed-tilt 
systems create shaded areas whose shape and coverage 
change throughout the day, but the distribution pattern 
remains relatively consistent. In contrast, single-axis track-
ing systems (north-south orientated PV rows) cast long 
shadows at specific times of day, such as in the morning 
and late afternoon (Santra 2017; Tahir and Butt 2022). 
Compared to fixed tilt panels, single-axis tracking systems 
result in more uniform sunlight on crops (Al Mamun et al 
2023). New designs, such as vertical agrivoltaic systems, 
offer better land-use efficiency and reduce crop shad-
ing. These systems cast fixed, concentrated shadows that 
diminish as the sun approaches solar noon (Willockx et al 
2023; Campana et al 2021).

4.2.2 � Ambient temperature

Temperatures beneath solar panels usually decrease due to 
shading, particularly during the middle of the day (Uchanski 
et al 2023). Shading reduces the evaporative cooling effect 
of the soil/vegetation (Feng et al 2014). Lower temperatures 
are usually accompanied by a lower evaporation rate, further 
decreasing the amount of heat carried away by evaporating 
water (Wu et al 2023; Jiang et al 2022; Ramos-Fuentes et al 
2023). These contrasting patterns highlight the complex-
ity of evaporative cooling dynamics in agrivoltaic systems. 
The effect is influenced by multiple factors, including wind 
penetration (which depends heavily on panel height), panel 
temperature and associated longwave radiation, and the con-
vective exchanges of latent and sensible heat that affect the 
vertical thermal gradient beneath and between panels (Ali 
2024; Shepard et al 2022; Willockx et al 2024). These com-
ponents should be considered when interpreting the overall 
heat and energy exchange processes under PV installations.

However, in four studies, the daily air temperature was 
found to be elevated between 0.7℃ and 2.4℃ compared with 
open spaces (Yang et al 2017; Broadbent et al 2019; Barron-
Gafford, et al 2016; Sun et al 2025). All these studies were 
conducted in desert or semi-arid climates with sparse veg-
etation; all were large-scale (between 67 and 237 ha) and 
had a low ground clearance of ~0.5 m. In one such in the 
Gobi region found that the soil and surface materials beneath 
the panels had a high heat capacity and thermal conductiv-
ity, which absorbed and stored more heat, transferring it to 
the surrounding environment (Yang et al 2017). They may 
reduce ambient air circulation near the PV installation and 
create hot spots under conditions which favor high tempera-
tures. PV panels themselves are often  20 °C to  30 °C hot-
ter than ambient temperatures (Yang et al 2017; Fthenakis 
and Yu 2013), and this heat is gradually released primarily 
through longwave radiation to the surrounding environment. 
With the number of PV panels increasing, shading and heat 
absorption becomes more intense. A study showed that the 
heat tends to diminish with increasing distance and height 
from the system (Fthenakis and Yu 2013). Furthermore, 
measurement time and proximity to the panels may also 
affect temperature readings (Fig. 11).

The above finding prompted us to explore temperature 
variation patterns further by conducting a segmented regres-
sion analysis to quantify the effects of increasing PV scale 
(m2). Our analysis (Fig. 10) identified a breakpoint at around 
2 ha. Below this scale, temperature changes remained rela-
tively stable, but a growing temperature trend was noted 
as the scale increased. Above this 2-ha threshold, tempera-
tures showed an upward trend, indicating that heat accumu-
lation from shading starts to exceed its cooling benefits as 
the installation scale grows. This shift likely results from a 
combination of factors, including shading, heat conduction, 
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reduced evaporation and wind (Broadbent et  al 2019). 
Reduced evaporation further limits ground cooling, contrib-
uting to temperature increases (Teng et al 2022). Regres-
sion analysis confirmed a significant relationship between 
PV system scale and temperature variation (p < 0.05). And 
results also showed that for every tenfold increase in area, 
the temperature rises by approximately 0.4°C (p < 0.01).

Additionally, three studies found elevated nighttime 
temperatures (maximum difference of +3.5℃) under solar 
panels (Barron-Gafford et al 2016, 2019; Yang et al 2017), 
primarily due to the panels blocking radiative cooling 
(Barron-Gafford et al 2016). This effect was found to be 
especially pronounced in large-scale installations in a desert 
region (Yang et al 2017). Also, large-scale PV systems may 
influence local microclimates in ways similar to urban heat 
island effects; however, the extent of these impacts depends 
on various factors such as panel material, installation den-
sity, configuration, and surface albedo (Muñoz-García et al 
2024; Barron-Gafford et al 2016). This kind of effect dimin-
ishes with increasing distance from the solar farm and height 
above the panels, and it may be mitigated or even nullified 
in areas with ground vegetation cover (Muñoz-García et al 
2024; Fthenakis and Yu 2013; Barron-Gafford et al 2016).

4.2.3 � Soil temperature

Soil temperature measurements under solar panels are con-
ducted from the surface soil to a depth of up to 180 cm. 
Almost all studies found soil temperature became cooler. 
Generally, shading reduces soil temperature. Solar panels 
may slow the inflow of cold air, and the heat conduction 
through the solar panel pillars may cause localized increases 
in soil temperature, especially near the pillars (Cho et al 
2020). Shallow soil layers exhibit greater diurnal tempera-
ture fluctuations, and distinct temperature differences are 
observed across different soil depths (Gong et al 2025; Yang 
et al 2017).

4.2.4 � Air humidity and soil moisture

Full sunlight exposure can lead to faster depletion of water 
than under more moderated growth conditions, potentially 
limiting biomass production (Al Mamun et al 2023). PV 
systems can be an effective method for improving water 
use efficiency and promoting plant growth (Andrew, et al., 

2024). Increased array heights may provide longer and 
broader shading, which can more effectively decrease soil 
temperature and reduce moisture evaporation (Sturchio et al 
2022). Most studies have found that air humidity under PV 
panels is generally higher than in open fields. This is because 
shading slows evaporation, thus helping to retain moisture 
in soil, plants, and the surrounding air (Hide 1954; Möller 
and Assouline 2006). As a result, humidity tends to increase 
with greater PV shading (Jiang et al 2022).

PV panels suppress soil moisture evaporation through 
shading, and this effect can lead to higher overall soil mois-
ture beneath the panels (Marrou et al 2013a; Hassanpour 
Adeh et al 2018). This advantage is particularly evident in 
semi-arid regions, where crops grown under PV panels can 
use water more efficiently than those grown in open fields 
(Ferrara et al 2023; Al-agele et al 2021; Jiang et al 2022; 
Ramos-Fuentes et al 2023; Marrou et al 2013a; Elamri et al 
2018). While shading conditions may improve water use 
efficiency, water productivity does not show a consistent 
increase with increasing shading intensity, indicating a pos-
sible threshold effect or crop-specific response (Jiang et al 
2022).

However, it is worth noting that PV panels can also 
affect the spatial distribution of rainfall at the same time, 
concentrating water at the panel edges and leading to uneven 
soil moisture distribution (Sturchio et al 2022; Kannenberg 
et al 2023). As a result, soil moisture in some areas beneath 
the panels may be lower than in open fields after rainfall 
(Wu et al 2023; Choi et al 2020), with the rainwater being 
concentrated under the edge of the panels and locally. This 
may also pose potential risks to crops.

4.2.5 � Crop growth, development, yield quantity 
and quality and under various climatic conditions

Agrivoltaic systems have been extensively studied across a 
diverse range of crops, encompassing species from temper-
ate to tropical regions. Insufficient sunlight under PV pan-
els reduces photosynthesis, primarily leading to decreased 
crop yields; as shading increases, available light decreases, 
resulting in a corresponding drop in yields (Sekiyama and 
Nagashima 2019). This impacts more crops that are consid-
ered “shade intolerant” (Yang and Li 2017). However, some 
studies found that certain shade-intolerant crops, through 
effective management, can still be successfully integrated 
into an agrivoltaic system (Gonocruz et al 2021).

In general, higher levels of shading, mainly resulting 
from artificial structures such as shade cloths and nets, as 
well as intercropping systems, are associated with reduced 
crop yields, although the relationship is complex and not 
perfectly linear (Laub et al 2022). After analyzing all the 
data of yield response to shade, a slight negative correlation 
between crop yield and shading intensity was found, but 

Figure 6   Summary of crop diversity (a) and changes in yield (b) in 
selected agrivoltaic experiments. Note: All listed plant species have 
a sample size of 5 or more. The x-axis represents the frequency of 
crops at different yield change levels (i.e., the number of studies); The 
y-axis represents yield change levels: ↓ indicates a decrease in yield, 
→ indicates no significant change (yield changes within ±10% are 
considered stable unless the article indicates a significant difference), 
and ↑ indicates an increase in yield.

◂
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results were not statistically significant (Fig. 10). The studies 
analyzed resulted in no overall effects on yield for shading 
proportions lower than 20%. Therefore, one could suggest 
that at these lower levels of shading, the shading effect is 
weak, such that light is not a limiting factor and PV struc-
tures do not significantly interfere with photosynthesis or 
growth. Additionally, other beneficial physiological changes 
and/or microclimate effects may help compensate for any 
minor yield reductions caused by shading. Indeed, studies 
concluded that under moderate shading certain physiological 

traits such as chlorophyll content and NDVI can be enhanced 
(Min et al 2022; Moon and Ku 2023).

In the shading range of 20–30%, the decreased yield 
may be ascribed to the direct effects of shading, and the 
compensation advantages from the control of the microen-
vironment are no longer enough to make up the yield loss. 
Remarkably, although the results of the shading range from 
30% to 40% was not statistically significant (p = 0.058), 
but it suggests that there may be a favorable trade-off zone 
between sunlight exposure and shading, which does not 

Figure 7   Overall plant shading response regression (a) and climate-
specific shade response regression (b, c, d, e). Note: The dashed lines 
represent trend lines for different shade responses, while the solid line 

represents the overall crop shade response trend line. The intercept 
and slope values represent the overall crop response.

Figure 8   Linear regression analysis of shading rate and yield change in crops (a: Corn, b: Beans, c: Lettuce) under various climate.
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affect excessive sunlight but remains a protected area that 
encourages growing plants with micro-climate. In the shad-
ing range of 40–50%, crops still maintained photosynthetic 
activity; however, a decreasing trend in yield was observed, 
although this decline was not statistically significant (p > 
0.05). Above 50% shading, crop output drops significantly 
due to reduced photosynthesis and growth. To reduce the 
impact on the growth of crops, the shading caused by PV 
systems should preferably not exceed 20%, but such a strat-
egy might sacrifice energy generation per unit of land. In 
order to maximize dual land use, a shading rate of 30%–40% 
may balance the power yield of the PV system with the yield 

of the crops, as this shading rate also modifying microcli-
matic conditions, such as temperature, humidity, and soil 
moisture in ways that are favorable for crop growth.

Less light availability conditions can induce morphologi-
cal changes in plants (Juillion et al 2022). It may contribute 
to compensatory growth responses, such as stem elongation 
and leaf expansion, which are likely adaptive strategies to 
enhance light capture in shaded environments (Armarego-
Marriott et al 2020). For example, leaves tend to become 
thinner and larger under these conditions thus increasing 
their specific leaf area (Al-agele et al 2021; Potenza et al 
2022; Juillion et al 2022). A few studies, besides assess-
ing the above-ground aspects, also investigated root system 
growth under solar arrays (Thompson et al 2020a, b; Car-
reño-Ortega et al 2021; Mohammedi et al 2023b, a). The 
results are mixed reporting increases in lettuce root biomass 
under the panels (Carreño-Ortega et al 2021), a decrease in 
basil and spinach root biomass (Thompson et al 2020a, b), 
and the absence of significant differences for tomato root 
systems (Mohammedi et al 2023b, a).

Apart from focusing on above-ground aspects, a few stud-
ies have investigated root system responses; Carreño-Ortega, 
et al. (2021) reported an increase in lettuce root biomass 
under PV panels (Carreño-Ortega et al 2021), while Thomp-
son, et al. (2020a, b) observed a decrease in root biomass for 
basil and spinach (Thompson et al 2020a, b). And Moham-
medi, et al. (2023b, a) found no significant changes in tomato 
root systems (Mohammedi et al 2023b, a). The limited num-
ber of results suggests the need for further investigations 
under more standardized conditions to be able to compare 
studies amongst each other. Plants adjust their physiological 
mechanisms (e.g., chlorophyll) to adapt to the limited light 
(Shi et al 2022). For instance, plants may develop shade-
adapted leaves with higher chlorophyll content per unit area 

Figure  9   Number of studies reporting yield increases across differ-
ent climate types. Note: Other classifications include Hot Semi-arid, 
Hot-summer Mediterranean, Tropical Rainforest, Tropical Savanna, 
Warm-summer Continental Climate.

Figure 10   Impact of shading 
rate on crop yield across catego-
ries with overall and segmented 
regression analyses (n= 155). 
Note: the solid line represents 
the overall regression, while 
the dashed line represents the 
segmented regression. Y-axis 
shows the percentage change 
in yield and values exceeding 
±80% were visually compressed 
to improve readability.



	 W. Zhang et al.   69   Page 12 of 21

than those fully exposed to sunlight to improve light cap-
ture efficiency, such as kimchi cabbage and broccoli grown 
which demonstrated increased chlorophyll content under PV 
systems (Min et al 2022; Moon and Ku 2023). On the other 
hand, other crops, such as corn, kiwi fruit, Chinese cab-
bage, soybean, and Chinese kale, exhibited no significant 
difference in chlorophyll content compared to open-field 
condition (Marrou et al 2013c; Jiang et al 2022; Lee et al 
2022; Grubbs et al 2024; Reeza et al 2024; Potenza et al 
2022). Conversely, reductions in chlorophyll were observed 
in chicory, okra, eggplant, green spinach, Brazilian spinach, 
and Chinese kale (Reeza et al 2024; Semeraro et al 2024). 
A study on sugar beet indicated a reduction of nearly 7.3% 
in chlorophyll content under PV panels (Reher et al 2024). 
Nevertheless, shading can mitigate moisture stress effects on 
chlorophyll content to a certain extent, suggesting that PV 
systems may benefit plants in water-limited environments 
(Semeraro et al 2024). Although the changes in chlorophyll 
levels vary among crops, they are generally influenced by 
several factors, including the degree of shading, its spatial 
homogeneity or heterogeneity, the spatio-temporal distribu-
tion of light, the type of crop, and its growth stage. Moreo-
ver, leaf senescence processes were found to be delayed, 
contributing to extended functional leaf lifespan (Kannen-
berg et al 2023; Gonocruz et al 2021).

Furthermore, several studies report modified plant phe-
nology in agrivoltaic conditions compared to open field con-
ditions. Indeed, delayed flowering and slowed growth have 
been observed in plants growing under solar panels (Graham 
et al 2021; Marrou et al 2013b; Ramos-Fuentes et al 2023).

In addition, many studies have reported impacts on crop 
quality. For example, the titratable acidity of tomatoes was 
reported to increase (Mohammedi et al 2023b, a), and the 

ratio of sugar to acid in apples decreases (Juillion et al 2024). 
Similarly, the content of amino acids in broccoli is reported 
to increase, grapes show higher total acidity, but the content 
of sugar, soluble solids, polyphenols, and anthocyanin were 
reduced (Cho et al 2020; Ferrara et al 2023). In addition, 
the polyphenolic content of chicory has also been reported 
to increase (Semeraro et al 2024). In contrast, studies on 
the quality of forage indicate that plants grown under PV 
panels have better quality fodder (Kampherbeek et al 2023; 
Sturchio et al 2024), with improved protein content of the 
plants inside. Similar findings were reported in research on 
wheat, rice, basil, and spinach (Thompson et al 2020a, b; 
Gonocruz et al 2021; Dal Prà et al 2024). Additionally, in 
sensory evaluations of agricultural products under PV sys-
tems, it was noted that broccoli exhibited a greener color, 
which are more attractive to consumer visual preferences 
(Moon and Ku 2023; Chae et al 2022). On the other hand, 
other studies show no significant differences between the 
quality of plants grown under PV systems or open field 
conditions (Chae et al 2022; Ko et al 2023). While grape 
coloration was slower than grows in open areas; however, 
no significant difference was observed between final color 
(Cho et al 2020). Furthermore, participants to blind tastings 
did not perceive significant differences in the color, aroma, 
and taste ratings of juice made from agrivoltaic products 
(Malu et al 2017).

Based on our analysis the climate seems to play a cru-
cial role in agrivoltaics systems, influencing crop responses 
to shading and later affecting yield variations (Fig. 7). The 
shade-tolerant crops exhibited a yield reduction in the over-
all regression analysis, but they still outperform shade-intol-
erant and partially shade-tolerant crops when shading levels 
are above approximately 45%. The potential reason for the 
yield decline in shade-tolerant crops is that when shading 
exceeds a certain threshold, their photosynthetic capac-
ity approaches or falls below the light compensation point 
(Givnish 1988), making it difficult to sustain normal growth, 
and ultimately leading to yield reduction. For example, Beck 
et al., (2012) identified 50% shading as a threshold for shade 
tolerant crops such as lettuce and potatoes, to start losing 
yield. In a climate with hot summers, shading has a positive 
impact on shade-tolerant and partially shade-tolerant plants. 
On the one hand, it meets the minimum light compensation 
point required by the crops, and on the other, it alleviates 
heat stress. The results from this meta-analysis show that in 
a temperate oceanic climate and warm-summer continental 
climate, crop yields do not decrease with increased shading 
but remain stable (Fig. 7). This phenomenon may be related 
to climatic characteristics, such as temperatures, precipita-
tion distribution, and solar radiation. Under such conditions, 
the microclimate regulation effect of the photovoltaic system 
may be minimal and thus may not significantly influence 
crop growth. The global distribution of Agrivoltaics research 

Figure  11   Effect of PV system scale and height on temperature 
change with identified breakpoint. The green dashed line represents 
the initial regression line, the purple solid line represents the seg-
mented regression fitted line, and the purple vertical dashed line rep-
resents the breakpoint marker.
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is heavily skewed toward temperate and subtropical climates. 
Although agrivoltaic studies span 15 different climate types, 
the number of studies across these climates is highly uneven.

4.3 � The challenge and future design of agrivoltaics

Despite the growing interest in agrivoltaics, its practical 
deployment remains constrained by several pressing chal-
lenges. Large-scale PV systems often occupy large areas of 
land, which can lead to the loss of natural habitats, land use 
conflicts (Graham et al 2021) and alter local rainfall patterns 
(Barron-Gafford et al 2016). Construction activities can alter 
soil properties (e.g., increasing bulk density) and remove 
existing vegetation (Choi et al 2020; Willockx et al 2023; 
Hassanpour Adeh et al 2018). Long-term shading may dis-
rupt plant diversity, as some species lose regenerative capac-
ity or disappear entirely beneath solar panels (Wu et al 2023; 
Muñoz-García et al 2024; Hassanpour Adeh et al 2018).

Beyond environmental impacts, agronomic challenges 
arise from shading effects and structural constraints. Crop 
yields are highly sensitive to species-specific light require-
ments, and excessive shading can lead to significant reduc-
tions when light availability drops below the photosynthetic 
compensation point. Fixed panel heights and rigid layouts 
can hinder mechanization and obstruct farming operations. 
The microclimate under PV arrays, characterized by changes 
in temperature, humidity, and airflow, introduces further 
complexity and remains insufficiently understood due to 
limited studies across diverse climates and farming systems. 
Moreover, crops are often passively selected, as farmers tend 
to select shade-tolerant or low-stature species compatible 
with PV setups. This reduced crop diversity hinders sustain-
able farming, for example by limiting crop rotation options 
vital for soil health and pest control, thereby posing long-
term challenges to agroecosystem resilience.

Operational and maintenance issues also affect system 
performance. Weed control is essential, as uncontrolled 
weeds can compete with crops and reduce yields (Oerke 
2005). In poorly managed systems, weeds may cover low-
mounted PV panels, impairing energy generation (Willockx 
et al 2023). Extreme temperatures, high humidity and low 
rainfall can affect the performance of PV modules by hasten-
ing component ageing, reducing power generation efficiency 
and increasing dust adhesion onto the modules (Smith et al. 
2022; Williams et al. 2023). These environmental factors, 
when combined, can have even more pronounced effects 
(Said et al. 2018). Moreover, with the rapid growth of PV 
deployment, the reuse of decommissioned or refurbished 
PV modules is attracting increasing attention, particularly in 
agrivoltaic systems where sustainability and cost-efficiency 
are key priorities (Nieto-Morone et al 2025).

These challenges underscore the need for thoughtful 
system design, which is now being increasingly tailored to 

crop types, land use, and local climate conditions. Accord-
ingly, distinct agrivoltaic farm configurations have emerged 
to suit specific production systems and landscapes. Grass-
lands and pasture-based solar farms, for instance, typically 
cover large areas and incorporate livestock, while vegetable 
and fruit solar farms are generally smaller in scale. Experi-
mental PV systems may vary in size, often taking up only 
a few square meters to reflect specific research goals and 
geographic contexts. Larger farms tend to prioritize energy 
output in high-radiation zones, while smaller experimental 
farms provide more controlled environments.

Orientation maximizes sunlight capture. For regions with 
a high latitude, north-south orientation is most favorable, 
where in the northern hemisphere they will face south, and in 
the southern hemisphere, they will face north (Mouhib et al 
2024; Ruan et al 2024). In contrast, an east-west orientation 
is more effective in equatorial and low-latitude regions. Sin-
gle-axis or dual-axis solar tracking systems further enhance 
sunlight capture efficiency (Al Mamun et al 2023). Wind 
direction should also be considered to enhance heat dissipa-
tion and system efficiency (Vasel and Iakovidis 2017).

PV panels with adjustable angles could provide a more 
practical solution - at early stages like sowing and seed ger-
mination, plants require little to no light (Frankland 1983), 
allowing the system to focus on maximizing solar energy 
capture. However, during key growth periods such as flow-
ering and fruiting, the system can sacrifice some captured 
solar energy to compensate for the plants' increased light 
demands (Wang 2020).

Our analysis suggests that shading rates between 30% and 
40% may support plant growth while maintaining reason-
able solar output. Shading above 50% is not ideal from a 
crop standpoint, as it often reduces net photosynthesis. Since 
shading tolerance varies by species and climate, shading 
design should be based on crop physiological traits.

Elevated PV structures provide better light penetration, 
ventilation, and growing space, but also raise installation 
costs (Smith et al 2022). Notably, heat island effects may 
emerge in PV installations over 2 ha, raising temperatures 
beneath panels. Although shading reduces evapotranspira-
tion, higher temperatures may induce greater transpiration 
for cooling, thereby diverting water from biomass produc-
tion (Yang et al 2023). Thus, system designers must care-
fully balance shading, panel height, and spatial scale to meet 
both energy and agricultural goals.

Finally, crop layout also matters. Crops planted between 
rows of PV panels generally perform better than those placed 
directly beneath them (Luo et al 2024; Reeza et al 2024). 
Furthermore, changes in rainfall distribution caused by PV 
structures can benefit crops at the panel edges, enhancing 
water-use efficiency, especially during summer and under 
limited water availability (Reeza et al 2024; Sturchio et al 
2024, 2022).
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5 � Conclusion

This study is the first to apply meta-analysis to evaluate agri-
voltaic systems from the perspective of crop yield responses 
to shading, microclimatic changes, and climatic context. By 
compiling a global empirical dataset covering diverse sys-
tem designs, crop types, and climate zones, it offers the most 
comprehensive synthesis to date of crop performance under 
agrivoltaic conditions. The results revealed key patterns in 
the interactions between agrivoltaic system design, environ-
mental conditions, and crop responses, including: (1) differ-
entiated deployment patterns in PV systems; (2) reversal of 
microclimatic temperature effects induced by large-scale PV 
systems; (3) crop yield responses varying with physiological 
traits and climate zones; and (4) a potential trade-off threshold 
between PV-induced shading and crop productivity. These 
findings provide valuable insights into the future potential and 
site-specific optimization of agrivoltaic applications.

However, current agrivoltaic research is still largely 
experimental. Data availability is uneven across regions 
and crop types. For example, the geographic distribution 
of PV studies is not balanced, even in areas with high solar 
potential (Fig. 4), such as parts of Africa, the Middle East, 
the Tibetan Plateau, Mongolia, and Australia. Most exist-
ing studies are concentrated in the Northern Hemisphere, 
with limited investigation in the Southern Hemisphere and 
other climate zones. This reduces the representativeness and 
broader applicability of current findings. More large-scale 
and long-term field studies are needed to assess the scal-
ability of agrivoltaics. Plus, the performance of agrivolta-
ics under different climatic conditions appears to be site-
specific, leading to diverse in crop responses. This refers to 
variation across both geographic locations (spatial) and time 
periods or growing seasons (temporal), depending on local 
climate, crop type, and system design. Thus, the existing 
studies remain limited.

Additionally, most existing research has involved identify-
ing or testing suitable target crops within existing PV systems, 
putting PV in a passive position without being customized to 
the specific needs of different crops, and limiting its potential 
to enhance crop yield and quality. Current PV system success 
is often at the expense of crop yield and quality, but envi-
ronmental and management factors are critical. Customizing 
systems based on regional climates, crop needs, and energy 
optimization, along with incorporating adjustable PV features 
(such as height and angle), can enhance productivity and effi-
ciency, enabling farmers to proactively manage diverse chal-
lenges and adapt more flexibly to crop requirements, resilience 
and efficiency in the face of climate change.

Microclimates under PV systems generally provide 
decreased soil temperature and increased air and soil humidity, 
with air temperature remaining stable or decreasing, changes 

that improve growing conditions for crops in arid regions and 
high-temperature environments. Notably, in severe weather 
conditions (e.g., frost, strong winds, hail), PV panels exert a 
protective effect and mitigate direct damage to plants (Dal Prà 
et al 2024; Juillion et al 2022).

The future of agrivoltaic systems will no longer follow 
a “one-size-fits-all” approach, but will instead evolve into a 
highly customized, ecologically adaptive, agriculture-centered 
system that also maximizes energy yield. It will deeply inte-
grate crop physiology, climatology, engineering design, and 
ecological conservation, serving as a critical pillar for climate-
resilient agriculture and the transition to sustainable energy. As 
data accumulates and predictive models improve, agrivoltaics 
is expected to offer an innovative pathway for sustainable agri-
culture, providing more stable and efficient options for agricul-
tural production in the face of current and future challenges.
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