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ARTICLE INFO ABSTRACT

Keywords: Growing pressure on food production, water resources, and renewable energy deployment has increased the need
Ag.rivoltaics for integrated land-use strategies. Agrivoltaic systems (AVS), which co-locate solar photovoltaic (PV) in-
Soil stallations with agricultural production, have emerged as a promising solution to improve land-use efficiency and
Plant . - ‘s . e . . i1

Water climate resilience. However, existing modelling approaches are limited in their ability to represent the three-
Biomass dimensional interactions governing food and water dynamics within AVS environments. This study developed
Evapotranspiration a field-scale model (AVS-FW) using an integrated framework to represent the key factors affecting food and water

dynamics in AVS in three-dimensional space. The AVS-FW used the framework to integrate the AVS-Microclimate
model (simulating three-dimensional microclimatic conditions under solar panels), R-SWMS model (simulating
three-dimensional soil condition and water transport), and Soil and Water Assessment Tool (SWAT) crop growth
module (simulating plant growth). The AVS-FW model was demonstrated on a site in Colorado, USA, through
scenario-based simulations comparing conditions with and without solar PV panels. The average actual evapo-
transpiration, water stored at the root depth, and biomass of lettuce with solar panels compared to without solar
panels changed by —2.43% to —26.28%, 0.80% to 10.63%, and —3.17% to —34.63%, respectively. The temporal
patterns of cumulative fluxes across soil domain boundaries were similar for cases with/without solar panels, but
their magnitudes varied; and these were also found for total water volume in soil domain. The framework of the
AVS-FW can assist decision-makers in evaluating the impacts of varied layouts (azimuth angles, inclinations,
spacing, heights) and dimensions (lengths/widths) of solar PV panels on food and water dynamics in AVS.

1. Introduction

Global demand for both energy and food is expected to rise sharply as
a result of population growth and continued economic development
(Hassanpour Adeh et al., 2018; A. Nguyen et al., 2022). These pressures
have accelerated international efforts to advance renewable energy
technologies and improve agricultural sustainability. According to the
International Energy Agency (IEA, 2025), global renewable capacity
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additions reached record levels in recent years, with solar photovoltaic
(PV) being the fastest-growing technology with the total installed PV
capacity reaching approximately 2.2 TW (TW) worldwide in 2024, ac-
counting for the largest share of renewable expansion. Likewise, the
International Renewable Energy Agency (IRENA) reports that renew-
ables represented more than 90% of global power capacity expansion,
highlighting the rapid global transition toward solar energy technolo-
gies (IRENA, 2025). At the same time, enhancing agricultural
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productivity and improving land-use efficiency remain critical to ensure
food security. Food and Agriculture Organization (FAO), however,
highlights that agriculture accounts for about 70% of global freshwater
withdrawals, placing increasing pressure on water resources (FAO,
2021). While utility-scale PV solar installations represent one of the
most effective strategies for meeting expanding energy requirements,
large-scale deployment of PV systems demands extensive land resources,
often creating competition with agricultural uses (Hassanpour Adeh
et al., 2018). Water availability further complicates this challenge, as
irrigated farming depends heavily on reliable supplies that are increas-
ingly threatened by scarcity and depletion. Consequently, balancing
solar energy development, food production, and water management
within the Food-Energy-Water (FEW) nexus has emerged as a central
challenge for achieving sustainable development.

Agrivoltaic systems (AVS), which integrate solar PV infrastructure
with cropland within agro-ecosystems, are a sustainable strategy for
simultaneously addressing challenges of food security, water manage-
ment, and renewable energy generation (Campana et al., 2021; Turnley
et al., 2024; Varo-Martinez et al., 2024; L. Zhang et al., 2025). By har-
nessing solar energy directly on agricultural land or insect net house
(Gadhiya et al., 2024), AVS offer a pathway to enhance land-use effi-
ciency and pest management, while fostering synergistic interactions
between crop cultivation and energy production (Pourshafi et al., 2025).
The placement of PV panels above crops enables the generation of clean
electricity while also creating shaded microclimates that can improve
growing conditions and increase agricultural yields in certain contexts.
This dual-use configuration mitigates competition for land resources by
promoting coexistence and mutual benefits between farming and energy
systems (Campana et al., 2021; Turnley et al., 2024; Varo-Martinez
et al., 2024; L. Zhang et al., 2025). A review concludes that AVS offer
“tangible potential”, especially in moderate climates (Pekk et al., 2025).
Market analyses forecast the sector's global PV share's growth by about
50% over the next decade, reaching a cumulative value in the tens of
billions U.S. dollars (Mahim et al., 2026). An assessment shows that AVS
on just 1% of European Union's utilized agricultural area could yield
315-1415 GW, while the 2030 goal of 800 GW would require less than
0.85% of farmland, demonstrating that dual-use systems can reconcile
energy and food production (Chatzipanagi et al., 2023). A California
Central Valley study finds that replacing irrigated cropland with PV
lowers food output but greatly improves farm cash flow, cuts regional
water use by thousands of cubic meters annually, and delivers net rev-
enues far exceeding lost crop income over the system's lifetime (Stid
et al., 2025). Similarly, Giri and Mohanty (2026) evaluated the effi-
cacy of a 0.675 kWp agrivoltaic configuration, which yielded 1115 kWh
of energy and 21 kg of turmeric over 12 m?. Despite the smaller footprint
of the 7 m? open-field control (22 kg yield), the AVS demonstrated no
significant deviations in plant morphology or phenology. These findings
represent the first comprehensive techno-economic assessment of such
systems, offering critical insights for the advancement of sustainable
production and livelihood security at a national level.

Field-scale experiments have examined microclimatic conditions,
water dynamics, electricity generation, and crop performance within
AVS (e.g. Hassanpour Adeh et al., 2018; Marrou et al., 2013). Compu-
tational models have also been developed to simulate AVS functioning
(Amaducci et al., 2018; Elamri et al., 2018). The outcomes of AVS
(spanning energy production, crop growth and yield, and water avail-
ability and quality within the FEW nexus) are shaped by a range of
critical variables. These include the configuration of solar PV arrays
(panel inclination, azimuth orientation, height, and spacing), panel di-
mensions (length and width), and efficiency-related factors such as
self-shading, operating temperature, dust accumulation, and snow
cover. Additional influences arise from crop type, localized microcli-
matic conditions beneath and adjacent to panels (precipitation, wind, air
temperature, solar radiation, and humidity), soil characteristics (mois-
ture content, thermal properties, and chemical composition), and water
use practices, including irrigation and panel cleaning.
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Despite rapid progress in AVS research, existing modelling ap-
proaches have limited ability in representing the coupled food-water
dynamics within AVS in three-dimensional space at the field scale.
Current models often simplify spatial processes and do not fully capture
the three-dimensional interactions between solar panel configuration,
microclimate modification, and crop-water responses. This limitation
restricts the ability to systematically evaluate how PV design parame-
ters, such as panel azimuth, inclination, spacing, height, and di-
mensions, influence both agricultural productivity and water dynamics.
For example, Elamri et al. (2018) developed the AVRAIN model to
characterize the rain distribution in an agrivoltaic plot according to the
tilting angles, heights, and sizes of solar PV panels. The predicted rain
distribution in an agrivoltaic plot was then fed into HYDRUS-2D to
investigate the effect of solar PV panels on water redistribution in
shallow soils. However, (1) the rain distribution and water redistribu-
tion in shallow soils were simulated in two-dimensional (2D) space,
which cannot represent the three-dimensional (3D) spatial differences in
rain distribution, irrigation, and soil conditions in AVS; (2) it did not
consider the impacts of other microclimatic conditions on water dy-
namics, such as solar radiation, snowfall, snowmelt (on the panel and on
the ground), and solar panel cleaning using water; and (3) crop grow-
th/yield was not included. Recent studies co-simulate crop growth and
PV performance across various configurations to optimize dual-land use.
However, significant challenges remain, including cross-climate vali-
dation, the high computational cost of high-resolution light modeling,
and the absence of standardized protocols for coupling radiation,
microclimate, and physiological crop models (Schuck et al., 2025;
Zainali et al., 2025). For example, a study by Amaducci et al. (2018)
created a radiation model to characterize solar energy distribution in
AVS employing two-axis tracking technology; and the crop model
GECROS was used to forecast maize yield and biomass in relation to
weather conditions, soil water, and soil nitrogen utilizing information
from every pixel. However, (1) it did not consider the impacts of other
microclimatic conditions, such as rainfall, snowfall, snowmelt (on the
panel and on the ground), and solar panel cleaning using water; and (2)
it lacked the simulation of soil properties, water dynamics and crop
growth in three-dimensional space.

Therefore, a field-scale model using an integrated framework that
can capture the critical variables governing food and water dynamics in
AVS in three-dimensional space is needed to support informed decision-
making. The objectives of the paper were: (1) create a field-scale model
(AVS-FW) using an integrated framework to represent the key factors
focusing on food and water dynamics in AVS in three-dimensional space;
and (2) demonstrate the AVS-FW by assessing the impacts of AVS on
food and water dynamics, including the actual evapotranspiration,
volumetric soil water content and amount of soil water stored at root
depth, water flow, and lettuce yield (biomass) with and without solar PV
panels.

In Objective 2, given the limited availability of field data, the AVS-
FW model was applied at the experimental site through comparative
scenario simulations (with and without PV panels) rather than direct
validation against measured field data. The results highlighted addi-
tional data needs for future validation work. This section therefore fo-
cuses on demonstrating how the integrated framework used in the AVS-
FW operates - showing process integration and system behavior under
different AVS configurations. Therefore, model results were validated by
comparing simulated trends and responses with findings reported in
previous field-scale agrivoltaic studies.

The novelty of this study lies in establishing a field-scale model using
an integrated framework that explicitly links microclimate re-
distributions, soil-water processes, and crop growth dynamics within
AVS in three-dimensional space. Rather than focusing solely on model
coupling, the framework provides a unified structure for analyzing
spatial food-water interactions and evaluating AVS design scenarios.
The integrated framework used in AVS-FW can provide decision-support
for assessing alternative AVS layouts and supports the optimization of
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AVS design toward sustainable development. By supporting improved
land-use efficiency, water management, and renewable energy inte-
gration, this work contributes to sustainable development goals (SDG)
related to zero hunger (SDG 2), clean water (SDG 6), and affordable and
clean energy (SDG 7) created by the United Nations to guide sustainable
development (UN, 2015).

2. Creation of the AVS-FW using an integrated framework to
study the impacts of solar PV panels on food and water dynamics
in three-dimensional space

2.1. An integrated framework for evaluating food and water dynamics in
AVS in three-dimensional space

An integrated framework for evaluating food and water dynamics in
AVS in three-dimensional space was created in this study (Fig. 1). This
integrated framework allows simultaneous simulation of microclimate,
soil-water process, and crop growth in AVS, providing comprehensive
decision-support for evaluating tradeoffs among food production, water
use, and solar energy generation. Such capability is critical for informing
AVS design and policy decisions aimed at enhancing climate resilience,
resource efficiency, and sustainable agricultural development. The pri-
mary components of the integrated framework in three-dimensional
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space include.

e Local weather. Local weather data (precipitation, solar radiation,
humidity, wind, and temperature) are used to drive the field-scale
simulation.

Solar PV panel. The layouts (azimuth angles, inclinations, spacing,
heights) and dimensions (lengths/widths) of solar PV panels for fixed
systems (fixed azimuth angles and inclinations) or single/double axis
tracking systems (changeable azimuth angles and/or inclinations)
are needed to quantify the effects of the layouts and dimensions of
solar PV panels. Solar panel cleaning using water needs to be rep-
resented to quantify how solar panel cleaning affects food and water
dynamics. PV module parameters are needed to quantify the impacts
of different solar panel features. Soil-plant-atmosphere-water-solar
panel interactions are considered.

e Microclimatic conditions under solar panels. Microclimatic con-
ditions under solar panels, including solar radiation, water depth
(precipitation-rainfall and snowfall, melted snow-on the panel and
on the ground, and solar panel cleaning water), humidity, wind, and
temperature, are obtained in three-dimensional space to quantify
soil-plant-atmosphere-water-solar panel interactions.

Soil condition and water transport. By considering soil-plant-
atmosphere-water-solar panel interactions, initial data for soil

Precipitation, solar radiation, humidity, wind, and air

e Layouts (azimuth angles, inclinations, spacing, heights) and

e Fixed or single/double axis tracking systems

Soil-plant-atmosphere-water-solar panel interactions

Solar radiation, water depth (precipitation-rainfall and
snowfall, melted snow - on the panel and on the ground,
and solar panel cleaning water), humidity, wind, and air

Soil-plant-atmosphere-water-solar panel interactions

Surface and subsurface water flow
Soil-plant-atmosphere-water-solar panel interactions

Plant management data (e.g., planting, harvesting,

Local weather >|°
temperature
dimensions (lengths/widths)
Solar PV panel = : ;
e Solar panel cleaning using water
e PV module parameters
[ ]
]
Microclimatic
conditions under
solar panels temperature
[ ]
. . e Soil properties
Soil condition and .
water transport
[ ]
e Crop growth/yield
[ ]
Plants N e
irrigation, fertilization)
[ ]

Soil-plant-atmosphere-water-solar panel interactions

Fig. 1. An integrated framework for evaluating food and water dynamics in AVS in three-dimensional space.
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properties in the field are needed and changes in soil properties over
time can be simulated in three-dimensional space; and surface and
subsurface water flow can be modeled in three-dimensional space.

¢ Plant. Plant growth/yield simulation using the microclimatic con-
ditions under solar panels, integrated with plant management data
(e.g., planting, harvesting, irrigation, fertilization) and soil-plant-
atmosphere-water-solar panel interactions.

To demonstrate the application of the integrated framework for
evaluating food and water dynamics in AVS in three-dimensional space,
the AVS-FW model was developed using the integrated framework by
dynamically integrating the AVS-Microclimate model (simulating three-
dimensional microclimatic conditions under solar panels), R-SWMS
model (simulating three-dimensional soil condition and water trans-
port), and Soil and Water Assessment Tool (SWAT) crop growth module
(simulating plant growth). The integrated framework used in AVS-FW
adopts a modular integration strategy, coupling established models to
represent microclimate, soil-water, and crop growth processes, thereby
enabling flexible development while leveraging mature process formu-
lations. The justifications for integrating these models/module are in the
following sections.

Recent advances in AVS research have explored dynamic tracking PV
systems, which aim to optimize solar energy capture while improving
crop light conditions (i.e. Maddalena et al., 2025; Magadley et al.,
2025). However, fixed (non-tracking) PV systems remain widely
implemented in practice due to lower complexity and installation costs
(Hammad et al., 2017); therefore, the AVS-FW model developed in
present study focuses on modelling food-water dynamics under
fixed-panel configurations, and future studies can be conducted to add
solar tracking PV systems in the AVS-FW model.

2.2. The AVS-Microclimate model for simulating three-dimensional
microclimatic conditions under solar panels

Microclimatic variations under solar panels (solar radiation, pre-
cipitation, air temperature, wind speed/direction, and relative humidi-
ty) are influenced by numerous factors, including canopy size and
density/quantity, module array physical features (e.g., panel height, tilt
angle, orientation, fixed-tilt or tracking system), and local climate.
While solar panels can alter microclimatic conditions under solar panels
such as air temperature, wind speed/direction, and relative humidity
(Hassanpour Adeh et al., 2018), most studies indicated that those pa-
rameters change insignificantly under solar panels (Amaducci et al.,
2018; Jing et al., 2022; Tahir and Butt, 2022). Based on majority of
the findings in existing studies, solar radiation, precipitation (rainfall
and snowfall), melted snow (on the panel/ground), and solar panel
cleaning water under solar PV panels would vary greatly due to solar
panels as obstacles; and air temperature, wind speed/direction, and
relative humidity would be assumed to be unchanged when with and
without solar panels. This simplification was adopted to isolate
radiation-driven and water-driven effects on soil-plant-water dynamics.
However, potential microclimatic variability represents a source of un-
certainty that will be addressed in future model development.

The AVS-Microclimate model (Nguyen et al., 2026) has been created
recently to quantify the three-dimensional redistributions of solar ra-
diation and water depth (precipitation, melted snow, and solar panel
cleaning water) under solar panels in AVS, which are critical for eval-
uating the food and water dynamics in AVS. The AVS-Microclimate
model integrates multiple modules, including ground and solar panel
positioning, solar radiation redistribution, snowfall and snowmelt, and
the redistribution of precipitation, melted snow, and cleaning water
from solar panels. By simulating these processes, AVS-Microclimate
supports decision - making by evaluating how different solar PV panel
configurations-such as inclination, azimuth angle, height, spacing, and
dimensions (lengths/widths) - affect the redistributions of solar radia-
tion and water depth beneath the panels, both of which are critical
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factors for crop production in AVS. Therefore, the AVS-Microclimate
model (Nguyen et al, 2026) was selected for simulating
three-dimensional microclimatic conditions under solar panels. The
AVS-Microclimate model provided key input parameters for the current
study, including redistributed solar radiation, rainfall, melted snow, and
solar panel cleaning water on the ground.

2.3. The R-SWMS model for simulating three-dimensional soil condition
and water transport

Numerical models have been developed to simulate solute transport
and water flow in porous media, e.g., HYDRUS 1D/2D/3D and SWMS-
3D (Simunek et al., 1995; Siminek et al., 2016). To simulate
soil-plant-atmosphere-water-solar panel interactions in 3D space, an
open-source 3D model is needed. A numerical model SWMS-3D
(Simunek et al., 1995) simulates “the water and solute movement in
unsaturated, partially saturated, or fully saturated porous media” in 3D
space. But limitations exist in these models: (1) crop growth is not
included; and (2) snowfall/snowmelt are not included.

In addition, a numerical model for simulating solute transport and
water flow within the soil-plant system (R-SWMS) was developed by
modifying the SWMS-3D model (open source) to couple with crop-
growth or root-growth models (Javaux et al., 2008, 2013; Meunier
et al., 2021). The methods in R-SWMS have been widely applied with
significant strength in simulating soil water/solute transport; however,
the crop growth module has not been fully completed. The R-SWMS
model simulates water and solute movement in porous media by
numerically solving the Richards' equation for water flow and the
convection-dispersion equation for solute transport (Javaux et al., 2008;
Simunek et al., 1995). The R-SWMS model (version 9.0 in 2008) inte-
grated to the current AVS-FW model only includes the simulation of
water flow. Therefore, the R-SWMS model was selected to simulate
three-dimensional soil condition and water transport.

2.4. The SWAT crop growth module for simulating plant growth

The SWAT crop growth module, integrated in SWAT (Revision 685,
released on September 6, 2022, was used in the current study), has been
widely used with significant strengths in simulating plant growth (Li
et al., 2021, 2024, 2025; Liu et al., 2019a; Liu et al., 2017, 2024; Ren
et al., 2022; Li et al., 2026; Wu et al., 2026; Guo et al., 2022; Han
et al., 2024; Liu et al.,, 2019b). The SWAT crop growth module
(Neitsch et al., 2011) calculates potential crop growth and actual crop
growth for all land covers (distinguishing between annual and perennial
plants based on their growth cycles) considering factors such as yield
prediction, heat unit, temperature thresholds, light interception, leaf
area index, height of canopy, biomass, root growth, transpiration,
water/nutrient uptake, water stress, temperature stress, and deficiencies
in nutrients (e.g., nitrogen or phosphorus). The plant database of SWAT
can be used for simulating different crop types. More details about the
SWAT crop growth module are in Neitsch et al. (2011). Therefore, the
SWAT crop growth module was selected for simulating crop growth.

Biomass production in the SWAT crop growth module is represented
using process-based relationships linking intercepted radiation, tran-
spiration, and plant growth processes. The calculation follows the SWAT
crop growth module, where biomass accumulation is driven by
radiation-use efficiency and water availability. A summary of the gov-
erning equations is provided in Eq. (1) (Neitsch et al., 2011).

Abio,e; = Abio x Vreg Eq. 1
where Abio, is the actual increase in total plant biomass on a given day
i (kg/ha), Abio is the potential increase in total plant biomass on a given
day (kg/ha), and yyeg is the plant growth factor (0.0 -1.0).

Detailed equations and input model parameters for biomass, leaf
area index, water stress, and temperature stress are provided in the
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supplementary materials (Eq. S(1) to Eq. S(13), Eq. S(15)) (Neitsch et al.,
2011). Evapotranspiration was calculated using the evapotranspiration
module in SWAT model (Neitsch et al., 2011).

2.5. Soil-plant-atmosphere-water-solar panel interaction module

By integrating the AVS-Microclimate model (three-dimensional
microclimatic conditions under solar panels), the R-SWMS model (three-
dimensional soil condition and water transport), and SWAT crop growth
module (plant growth), the soil-plant-atmosphere-water-solar panel
interaction module in the AVS-FW model simulates water movement
and plant growth in ground grids co-located with solar panels using the
workflow with three main components (Fig. 2). The crop simulation
process includes the following four steps.

Step 1: The model reads input data.
- Plant features in the plant database of the SWAT crop growth
module

Journal of Cleaner Production 572 (2026) 148908

- Weather data: precipitation, solar radiation, air temperature, wind
speed, relative humidity

- Irrigation depth applied for plant

- Soil property data for R-SWMS

Step 2: AVS-Microclimate calculates redistributed solar radiation

and water depth under solar panels.

Step 3: AVS-FW model calculates parameters using Eq. (1) and Eq. S

(1) to Eq. S(17) in the supplementary materials.

- Heat unit, light interception, potential leaf area index, potential
evapotranspiration

- Soil pressure, soil water content, actual evapotranspiration

- Water stress, temperature stress, actual biomass, and actual leaf
area index

Step 4: Provide crop growth output and water flow.

2.5.1. Read general data for all grids
General data for all grids are read: (i) Plant database for simulating

[ Read plant database }

Read R-SWMS inputs
Read AVS-Microclimate inputs

~N

<&
<

J/

[ Read measured weather data ]
]

P

A4

v

AVS-Microclimate calculates redistributed solar
radiation and water depth under solar panels

Read irrigation data

v

Calculate potential biomass, crop height,
& leaf area index

2

Calculate potential
evapotranspiration

v

R-SWMS calculates
soil head pressure,
soil water content,
& actual evapotranspiration

v

Calculate water stress
& temperature stress

v

Calculate actual biomass, leaf area index,
& crop height

Provide outputs of crop yield &
water flow

End

Fig. 2. Workflow of the soil-plant-atmosphere-water-solar panel interaction module.
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plant growth in SWAT, which includes parameters such as plant code
and name, maximum potential leaf area index, optimal temperature for
plant growth, maximum root depth, maximum canopy height, and
optimal temperature and minimum temperature for plant growth
(Arnold et al., 2013). (ii) R-SWMS inputs, including field boundary, size
of each grid, soil property, timestep, and boundary condition (Javaux
et al., 2013). (iii) AVS-Microclimate inputs, including the layouts (in-
clinations, azimuth angles, heights, spacing) and sizes (lengths/widths)
of solar PV panels; field location (latitude, longitude, elevation), incli-
nation, azimuth angle, and boundary; and data of solar panel cleaning
using water. (iv) Measured time series of weather data, including pre-
cipitation, solar radiation, air temperature, relative humidity, and wind
speed/direction. (v) Irrigation data, including location, date/time, rate,
and total volume.

2.5.2. Read the calculated data for each grid

Since the R-SWMS model reads data from each node, which repre-
sents the intersection of grid sides, we proposed a method to determine
how data should be allocated to each node from the surrounding grid
cells. For example (Fig. 3), for nodes (green text) located in the middle,
data is calculated by averaging the values from the four surrounding
cells (red text). For nodes on the boundaries, the data is calculated by
averaging the values from the two adjacent cells. For nodes at the cor-
ners, the data is the value from the nearest cell. Therefore, the solar
radiation and water depth reaching the ground grids simulated by the
AVS-Microclimate model are allocated to nodes, and irrigation is applied
for each node. The spatial averaging step is applied to enable consistent
data transfer between grid-based and node-based model components.
While this aggregation may smooth fine-scale spatial gradients, the
approach is appropriate for capturing field-scale patterns targeted by the
integrated framework used in AVS-FW. And by increasing the spatial
resolution, the negative impacts of using this approach can be mini-
mized in AVS simulation. However, this will lead to the tradeoff between
computational feasibility and localized shadow-edge representation at
the field scale.

2.5.3. Dynamically connect the inputs/outputs of different components
The inputs/outputs of the R-SWMS model, SWAT crop growth
module, and AVS-Microclimate model are dynamically connected. After

2 1.5
@ @

3
@

.l\.)

1'50 ® ® @

2.5

4. 3. 1.5. 1.

Fig. 3. Allocation of data to nodes from the surrounding grid cells.
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reading the general data for all grids: (1) The AVS-Microclimate calcu-
lates redistributed solar radiation and water depth (precipitation-rain-
fall/snowfall, melted snow-on the panel/ground, and solar panel
cleaning water) under solar panels. (2) The calculated data for each grid
is read. (3) Potential biomass, crop height, and leaf area index for each
grid are calculated. (4) Potential evapotranspiration is calculated. (5)
Soil head pressure, soil water content, and actual evapotranspiration are
computed. (6) Actual biomass, leaf area index, and crop height are
calculated based on water stress and temperature stress. (7) The module
loops all grids in each timestep until the end of the simulation period. (8)
The final module outputs are crop yield and water flow.

The AVS-Microclimate model generates outputs at an hourly time
step (e.g., solar radiation, rainfall, and melted snow), R-SWMS generates
outputs at an hourly time step (e.g., soil, water), and the SWAT crop
growth module operates at a daily time step. To ensure temporal con-
sistency within the integrated framework, hourly outputs from AVS-
Microclimate and R-SWMS are aggregated to daily values (e.g., daily
totals or averages, depending on the variable) before being exchanged
with the SWAT crop growth module.

3. Case study - demonstrate the application of the AVS-FW
created using the framework

3.1. Study area and data availability

Colorado State University (CSU)'s Agricultural Research, Develop-
ment, and Education Center—South (ARDEC South) was chosen as the
study site for demonstrating the AVS-FW model. Beginning in 2018, CSU
initiated a collaborative research program with Sandbox Solar of Fort
Collins to experimentally evaluate how pole-mounted, small-scale PV
arrays influence plant systems (Colorado Agrivoltaic Learning Center,
2018) (Fig. 4).

The modelling work in this study was based on an existing AVS case
study which was carried out in 2020 and 2021 at ARDEC South
(Uchanski et al., 2023). The research focused on a permanent experi-
mental installation of pole-mounted PV arrays located on certified
organic land. The PV panels were placed in an open field setting. The
orientation of the arrays could be manually modified, ranging from a
vertical position to a nearly horizontal position for field preparation.
Each plot had drip irrigation installed with black plastic mulch (Fig. 4).
Peppers, summer squash, lettuce, and tomatoes were the crop species
examined in the experiment. The dataset derived from the ARDEC South
experiments (Hickey, 2023; Solaredge, 2023; Uchanski et al., 2023),
supplemented by additional external sources (CoAgMET, 2024; NASA,
2024), served as the basis for configuring and demonstrating the
AVS-FW model (Table 1). A representative soil profile was applied
across the domain to focus on evaluating the influence of AVS config-
uration on food-water dynamics. Potential effects of soil heterogeneity
and localized compaction are acknowledged as recommendations for
future work. In addition, the simulation period was aligned with the
experimental lettuce growing season to evaluate food-water in-
teractions. Assessment of off-season soil recharge and long-term hy-
drological impacts is beyond the present scope and represents an
important direction for future research.

3.2. AVS-FW model setups and components in the AVS demonstrated

The layout of the case study site with one PV array (four solar PV
panels) at ARDEC South was set up in the AVS-FW model to evaluate
food and water dynamics in AVS by simulating soil-plant-atmosphere-
water-solar panel interactions (Fig. 5). Lettuce was selected to demon-
strate the AVS-FW model. For each growing season, the AVS-FW model
was set up with one day for field preparation (June 1st) and one day for
harvesting (September 30th). The nodes representing lettuce plants
receiving irrigation water are highlighted with green circles (Fig. 5). The
remaining nodes within the soil domain were modeled as bare soil,
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Fig. 4. AVS experiments at the ARDEC South (Hickey, 2023).

Table 1
Data availability for the case study site at ARDEC South (Nguyen et al., 2026).

Type of data Details

Data from the study at ARDEC South (Hickey, 2023; Solaredge, 2023; Uchanski
et al., 2023)

Location of the field

Elevation of the field

PV model

PV material

40.61° latitude and —104.99° longitude
1523 m

Jinko Solar's JKM325PP-72, 325W
Polycrystalline silicon (Opaque Si), 0%
transparency

Size of solar panel

Operation inclination and facing
Height of the lower edge of PV array
Height of the upper edge of PV array
Soil

Crop

Irrigation

Size of area: Width x Length x Depth

Daily electricity generation of PV
array from June 1, 2020 to
September 30, 2022.

Data from other sources

Hourly precipitation from June 1,
2020 to September 30, 2022.

Other hourly climate data (air
temperature, relative humidity,

1956 mm x 992 mm x 41 mm

35°, face south

1.22m

2.36 m

Nunn clay loam

Lettuce

Irrigation was applied three times per week
through the drip irrigation lines in the north
and south rows (Fig. 4). Each irrigation
event was 3 h with the flow rate of 15 Lpm/
30.5m.

60m x 100 m x 1 m

SolarEdge, The United States (Solaredge,
2023)

NASA Center for Climate Simulation (
NASA, 2024)

CoAgMET, Colorado State University (
CoAgMET, 2024)

solar radiation, and wind speed)
from June 1, 2020 to September 30,
2022.

indicating the absence of plants and irrigation.

The AVS-FW model was demonstrated by assessing the impacts of
AVS on food and water dynamics, including the actual evapotranspira-
tion, volumetric soil water content and amount of soil water stored at
root depth, water flow, and lettuce yield (biomass) with and without
solar PV panels. The growing season lasted 65 days from planting on
June 30, 2020 (Hickey et al., 2024). Nodes in the north row (159, 161,
163, 165, 167) and nodes in the south row (237, 239, 241, 243, 245)
were investigated (Fig. 5). The main differences between nodes in the
north row and south row (Fig. 4) were: (i) nodes in the north row were at
least partially shaded by the solar panels, while nodes in the south row
were always in full sun condition; and (ii) precipitation, melted snow,
and solar panel cleaning water redistribution were different at the
nodes.

It should be noted that the application of the AVS-FW model in an
experimental site conducted comparative scenario simulations (with
and without PV panels) rather than direct validation against measured
field data due to data limitations. The results revealed additional data
that need to be collected in the future, providing future research

directions for validation. Given the limited data available, this part of
the paper aims to demonstrate the application of AVS-FW created using
the integrated framework by showing how processes integrate and how
the system behaves under different AVS configurations. Therefore,
model results were validated by comparing simulated trends and re-
sponses with findings reported in previous field-scale agrivoltaic studies.

Regarding black plastic mulch as shown in Fig. 4, although it was
used in the field experiment, mulch effects were not explicitly repre-
sented in the current setup. Consequently, soil evaporation was simu-
lated without a dedicated mulch layer, which may influence water
fluxes. This simplification is acknowledged as a modelling scope choice
and will be addressed in future studies during model validation when
experimental data are available. In addition, the selected grid resolution
(0.5m x 0.5 m) represents a balance between computational efficiency
and representation of field-scale spatial variability within the field-scale
model using the integrated framework. Finer spatial discretization may
improve representation of localized irrigation and root uptake patterns,
which is potential setups for future validation work when more observed
data are available.

3.3. Impacts of lettuce moisture content differences in shaded and full sun
areas on converting fresh weight to dry weight

Because lettuce moisture content was not measured during the field
experiment while the model output would only have dry weight, a
Monte Carlo-based sensitivity analysis (Doubilet et al., 1985 ; Yang,
2011) was conducted to evaluate the influence of plausible lettuce
moisture-content differences between full-sun and shaded areas on
converting fresh weight to dry weight. For the sensitivity analysis, the
moisture content of the full-sun treatment was assigned a baseline value
of 90% (Wang et al., 2021; J. Yang et al., 2024), whereas the moisture
content of the shaded treatment was assumed to be 0 to 5% higher
(ranging from 90% to 95%). These values were used to investigate the
sensitivity of the fresh-to-dry weight conversion to plausible variations
in plant water content rather than representing measured moisture
contents. Two probability distributions of shaded vs. full sun moisture
content differences were considered (Eq. (2)). The first employed a
triangular distribution with a minimum of 0%, a most likely value of 1%,
and a maximum of 5%, reflecting the expectation that small
moisture-content differences were more likely than large ones. The
second was a uniform distribution over the same range (0%-5%),
assuming that all moisture-content differences had equal probability
(Eq. (2)). For each probability distribution, 10,000 Monte Carlo re-
alizations were generated.

For each realization, the shaded moisture content was randomly
sampled from the selected probability distribution and converted to dry
weight using Eq. (4) while dry weight in full sun was calculated using
Eq. (3). The relative dry-weight difference between the shaded and full-
sun treatments was subsequently calculated (Eq. (5)). The resulting
distributions were analyzed using histograms and boxplots to quantify
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Fig. 5. Layout of the case study site at ARDEC South in the AVS-FW model to evaluate food and water dynamics by simulating soil-plant-atmosphere-water-solar
panel interactions. Sizes of grids: 0.5 m x 0.5 m. Drip irrigation (green circle) at nodes 159, 161, 163, 165, 167 (north row) and 237, 239, 241, 243, 245 (south
row) under the solar panels (blue rectangular) in the soil domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

the uncertainty associated with the fresh-to-dry weight conversion and
to evaluate the robustness of the inferred dry-weight differences under
alternative assumptions regarding moisture content.

M, = Mg + 8,8 ~ Triangular(0,1,5)

Or My, = Mg + 8,8 ~ Uniform(0, 5) Eq. 2

where Mgy, is the moisture content of the shaded treatment (%), Mg is
the moisture content of the full-sun treatment (%), and & represents the
additional moisture content (%) in the shaded treatment, sampled from
either a triangular or a uniform distribution.

DWj; = FWg (1 — M) Eq. 3
where DWg; is the dry weight in the full sun treatment (g), FWg is the
measured fresh weight in the full sun treatment (g), and My is the
moisture content in the full sun treatment (%).

DWy, = Fwsh(l — Msh) Eq 4
where DWy, is the dry weight in the shaded treatment (g), FWg, is the
measured fresh weight in the shaded treatment (g), and My, is the
moisture content in the shaded treatment (%).

(DWy, — DWg)

A=
DWy,

x 100% Eq. 5
where A is the relative dry-weight difference between full-sun and
shaded treatments (negative values indicate lower dry weight under
shade than in full sun), DWg, is the dry weight in shaded treatment (g),
and DWyg; is dry weight in full sun (g).

4. Results and discussion

This section presents the results and discussion of actual evapo-
transpiration, volumetric soil water content and amount of soil water
stored at root depth, water flow, and lettuce yield (biomass) with and
without solar PV panels. The corresponding results for individual nodes
are in Table 2.

4.1. Actual evapotranspiration (AET)

As in Table 2 and Fig. 6, the average AET over growing period at
nodes 237-245 (south row with solar panels) was 32.35% higher than
that of nodes 159-167 (north row with solar panels). Energy and water

Table 2

The results of biomass, actual transpiration (epday), soil evaporation (esday),
actual evapotranspiration (AET), amount of water stored at the root depth
(solst), and volumetric soil water content (0,,) for individual nodes. Biomass was
the final values at the end of the lettuce growing period, while other results were
the average values over the lettuce growing period.

Node Biomass epday esday AET solst 0, (cm®/
D (ton/ha) (mm) (mm) (mm) (mm) cm®)

With solar panels

159 13.377 1.546 3.378 4.924 20.290 0.272
161 11.021 1.408 2.884 4.291 21.007 0.278
163 10.171 1.358 2.716 4.074 21.317 0.281
165 10.996 1.407 2.879 4.286 21.019 0.278
167 13.402 1.547 3.342 4.890 20.174 0.271
237 17.577 1.792 4.167 5.959 18.855 0.259
239 17.408 1.782 4.163 5.945 18.960 0.260
241 17.383 1.781 4.159 5.940 18.962 0.261
243 17.407 1.782 4.168 5.950 18.969 0.261
245 17.573 1.792 4.148 5.939 18.837 0.259
Without solar panels (open field—before AVS project)

159 18.041 1.819 4.256 6.074 18.725 0.260
161 18.041 1.819 4.296 6.115 18.805 0.260
163 18.041 1.819 4.299 6.118 18.810 0.260
165 18.041 1.819 4.296 6.115 18.805 0.260
167 18.041 1.819 4.256 6.074 18.725 0.260
237 18.041 1.819 4.244 6.062 18.702 0.259
239 18.041 1.819 4.290 6.109 18.792 0.260
241 18.041 1.819 4.293 6.112 18.799 0.260
243 18.041 1.819 4.290 6.109 18.792 0.260
245 18.041 1.819 4.244 6.062 18.702 0.259

are needed to drive the evapotranspiration of water from leaves and soil.
Solar panels can block direct sunlight, reducing the amount of solar
energy reaching the ground; and solar panels can change the water
distribution. Higher solar radiation and more available water in the
south row compared to those of the north row were the key factors
causing the higher rates of soil evaporation and lettuce transpiration.
For example, the total solar radiation over growing season at node 241
(south row with solar panels, 2370.14 MJ /m?) was 70.12% higher than
that of node 163 (north row with solar panels, 1393.24 MJ /m?); and the
total water depth received (from irrigation and natural precipitation)
over growing season by node 241 (south row with solar panels,
47.8 mm) was 7.17% higher than that of node 163 (north row with solar
panels, 44.6 mm). The simulated decrease in AET from soil and lettuce in
the area shaded by solar panels compared to that of unshaded area



A.H. Nguyen et al.

Journal of Cleaner Production 572 (2026) 148908

With solar panels
Without solar panels
P South row North row
10 Node ID 237 10 Node ID 237 10 Node ID 159
—~ E\ —~
E s g 5 £ s
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
Time (Day) Time (Day) Time (Day)
| epday esday AET | | epday esday AET ‘ l epday esday AET
10 Node ID 239 10 Node ID 239 10 Node ID 161
A /E\ _—
£ s £ s £ s
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
Time (Day) Time (Day) Time (Day)
I epday esday AET| l epday esday AET| ‘ epday esday AET
10 Node ID 241 10 Node ID 241 10 Node ID 163
E s E 5 E s
0 me " i 7
0 20 40 60 0 20 40 60 0 20 40 60
Time (Day) Time (Day) Time (Day)
| epday esday AET | I epday esday AET l l epday esday AET
10 Node ID 243 10 Node ID 243 10 Node ID 165
E s E s E s
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
Time (Day) Time (Day) Time (Day)
| epday esday AET| | | epday esday AET| | | epday esday AET
10 Node ID 245 10 Node ID 245 10 Node ID 167
~~ E\ ~
£ s £ s £ s
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
Time (Day) Time (Day) Time (Day)
epday esday AET ‘ I epday esday AET l l epday esday AET

Fig. 6. Values of epday, esday, and AET at nodes 159, 161, 163, 165, 167, 237, 239, 241, 243, and 245 with and without solar panels, respectively.

aligned with the findings of Ali Abaker Omer et al. (2022).

Table 2 indicates that the AET values were very similar for nodes in
the south row, around 5.947 mm/day; in the north row, the AET of the
middle node (163) was about 16.97% lower compared to those of the
edge nodes (159 and 167). In the north row, lettuce at the edge nodes
(159 and 167) received partial direct solar radiation, more diffuse solar
radiation, and higher water depth compared to those of the middle node
(163), resulting in higher AET. In addition, compared to the AET of
shaded middle node (163), the unshaded middle node (241) increased
the AET by 45.80%. Compared to the AET of a shaded edge node (159),
the corresponding unshaded edge node (237) increased the AET by
21.02%; while compared to the AET of the other shaded edge node

(167), the corresponding unshaded edge node (245) increased the AET
by 21.45%. These were caused by different solar radiation and water
depth on the middle node and the edge nodes at two sides of the solar
panels because of solar panel shading induced solar radiation redistri-
bution and water redistribution.

Regarding the case without solar panels (open field condition), the
corresponding nodes received the same amount of irrigation with lettuce
grown (Table 2) while other nodes in the soil domain were treated as
bare soil. The AET values of irrigated nodes for open field condition had
high similarities (roughly 6.095 mm/day). Similar trends were found in
the AET values over time at each node for both cases with and without
solar panels (Fig. 6). The average AET over lettuce growing period with
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solar panels was 2.43% (south row) to 26.28% (north row) lower than
without solar panels. The mean AET at Node 241, recorded at 5.94 mm/
day, represents a marginal increase over the approximately 5.3 mm/day
reported by Cabot et al. (2023) for the Upper Colorado Basin during the
corresponding period. These could be caused by the differences in solar
radiation, location, and water distribution for shaded and unshaded
conditions (Marrou et al., 2013).

While the current AVS-Microclimate model focuses primarily on
short-wave radiation redistribution and shading effects, PV panels may
also emit long-wave thermal radiation due to panel heating. This addi-
tional heat flux could influence near-canopy microclimate and evapo-
transpiration processes. Under the climatic conditions of this case study,
shading effects are expected to dominate energy balance changes. In
addition, quantifying this contribution requires detailed thermal mea-
surements and was beyond the scope of the present study. Future model
development will consider inclusion of panel thermal radiation to
further improve microclimate representation.

4.2. Volumetric soil water content and amount of soil water stored at root
depth

The volumetric soil water content (0,,) and amount of water stored at
the root depth of 10 cm (solst) are in Table 2. The average volumetric
soil water content of nodes in the south row with solar panels
(0.260 cm3/crn3) was lower than that of nodes in the north row with
solar panels (0.276 cm®/cm®) and slightly higher than that of nodes
without solar panels (0.2598 cm®/cm®). In addition, the average amount
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of water stored at the root depth with solar panels was 0.80% (south
row) to 10.63% (north row) higher than without solar panels (Table 2,
Fig. 7). This was because the nodes in the south row with solar panels
(237-245) received more water due to rainfall redistribution during
rainy days caused by solar panels (Fig. S1), but these nodes also had
significantly greater AET compared to those of nodes in the north row
with solar panels (159-167). Compared to the condition without solar
panels, the differences in volumetric soil water content and the amount
of soil water stored at root depth for the south row and north row were
also caused by the relative amount of water received and AET. This
overall trend was consistent with previous research. Specifically,
Hassanpour Adeh et al. (2018) concluded that the shade provided by
solar panels reduced soil water depletion, leading to 15-25% greater soil
moisture in the 10-60 ¢cm root zone compared to areas without shade.

The three-dimensional nature of the AVS-FW model developed using
the integrated framework refers to its numerical simulation capability,
which represents spatial variability of microclimate and soil-water
processes in three-dimensional space. In the present study, empirical
soil moisture measurements at multiple horizontal positions and depths
were not available. Therefore, the results presented were model outputs
rather than direct field observations. Future studies can be conducted to
obtain these measurements and provide additional data for model
validation.

While the simulations suggest that PV panels can concentrate rainfall
near drip edges and increase local water availability, such redistribution
may also introduce potential risks. Localized water accumulation could
negatively affect root aeration and respiration and may increase the risk
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Fig. 7. The amount of water stored at root depth at nodes 159, 161, 163, 165, 167, 237, 239, 241, 243, and 245 with and without solar panels, respectively.
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of nutrient leaching under certain soil and climatic conditions. The
present study primarily focuses on evaluating changes in water avail-
ability and evapotranspiration dynamics; therefore, detailed assessment
of biogeochemical processes such as root stress and nutrient transport
was beyond its scope. Future studies should extend the AVS-FW model
using the integrated framework to include these processes to better
evaluate potential tradeoffs associated with localized water redistribu-
tion in AVS.

4.3. Water flow

The water flow for cases with and without solar panels was analyzed.
Cumulative fluxes across the soil boundaries (wCumT) and total water
volume in the soil domain (WatVol) were extracted to assess the water
flow (Fig. 8) (Javaux et al., 2008). The wCumT accounts for the net
water added or removed via boundary fluxes over the simulation period
(e.g., rainfall, irrigation, evapotranspiration, and subsurface drainage).
The bottom boundary of the soil domain was set to free drainage,
meaning water exits the domain once the wetting front reaches the
bottom. Negative values of wCumT indicate net inflow (more water
entering the soil than leaving the soil), while positive values indicate net
outflow (more water leaving the soil than entering the soil) (Javaux
et al., 2008). A free-drainage lower boundary was applied to represent
downward percolation in the absence of site-specific groundwater
boundary information. Potential groundwater interactions were not
represented and were acknowledged as an opportunity for future
studies.

The patterns of wCumT over time for cases with and without solar
panels were very similar but with varied magnitudes (Fig. 8a). These
were also found for WatVol over time (Fig. 8b). For the cases with and
without solar panels, the factors changed were rainfall/irrigation dis-
tribution and solar radiation distribution. Evapotranspiration was
considered at irrigated nodes (159, 161, 163, 165, 167, 237, 239, 241,
243, and 245), while evaporation was considered for other nodes
(simulated as bare soil); and all nodes were significantly impacted by
solar radiation and water availability. It is important to note that soil
evaporation and plant transpiration are significantly influenced by solar

x10°
0‘00 = T T T =1
— Without solar panels
— With solar panels
-1.00 | -
g
Q
-2.00 | .
-3.00 I I I I I L
0 10 20 30 40 50 60 70
Day
(a) Cumulative fluxes across the soil boundaries (wCumT)
x107
]50 = T T =
—— Without solar panels
— With solar panels
1.40 | B
=
Qo
1.30 ]
120 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Day

(b) Total water volume in the soil domain (WatVol)

Fig. 8. Cumulative fluxes across the soil boundaries (wCumT) and total water
volume in the soil domain (WatVol) with and without solar panels.
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radiation and available water (Hassanpour Adeh et al., 2018). Solar
panels altered the spatial distribution of solar radiation, reduced the
overall solar radiation on the soil domain, and altered the spatial dis-
tribution of water availability. The reduction in solar radiation can
decrease evapotranspiration, leading to higher soil moisture content
compared to conditions without solar panels. Consequently, WatVol
values with solar panels were higher than those of without solar panels,
particularly from day 30 to the end of the growing season, where the
difference ranged from 159,000 cm®/day to 291,000 cm®/day (Fig. 8b).
These indicate that the changes in the net water inflow/outflow through
the domain boundaries caused by varied rainfall/irrigation distribution
and solar radiation distribution for cases with and without solar panels
were non-negligible.

For example, during the first 10 days, the wCumT in both cases
(Fig. 8a) started at 0 cm?, fluctuated slightly above 0 cm® first, and then
dropped sharply to a negative value of —1x10° cm® as the soil surface
received a large amount of water from irrigation and rainfall (Fig. S1)
that gradually saturated the soil. The changes in wCumT led to a
decrease in WatVol first, followed by a sharp increase in WatVol
reaching over 1.5 x 107 cm®. The rainfall and/or irrigation in this period
added water to the top of the domain by infiltration. This water formed a
wetting front that moved downward through the soil profile, as deter-
mined by Philip (1957). Based on the soil hydraulic properties of Nunn
clay loam (Rawls et al., 1982) and a domain depth of 1 m, the wetting
front could take several days to reach the bottom boundary with a free
drainage condition (Simunek et al., 1995). Lettuce was in an early
growth stage with shallow root depth; and the transpiration was mini-
mal and evaporation changes were small during the period (Feddes,
1978). Similarly, the changes in wCumT and WatVol after day 10
were due to the relative balance of inflow (rainfall/irrigation) and
outflow (evaporation, transpiration, and drainage) of the soil domain
over time.

4.4. Lettuce yield (biomass)

Table 2 and Fig. S2 showed that the average biomass of lettuce (dry
weight) at the end of the growing season with solar panels was 3.17%
(south row) to 34.63% (north row) lower than without solar panels. In
the north row with solar panels, the biomasses of lettuce at different
nodes varied greatly; for example, the biomass of lettuce at the middle
node (163) was 24.04% lower than that of the edge nodes (159 and
167). In the south row with solar panels, the biomasses of lettuce at all
nodes were similar, while the biomasses of lettuce at nodes without solar
panels were the same.

The results of the AVS-FW model were consistent with some previous
findings, which concluded that shading can reduce lettuce yield by
slowing down plant growth and limiting the accumulation of biomass at
maturity (Asa'a et al., 2024; Marrou et al., 2013; Widmer et al., 2024;
Zheng et al., 2021). Widmer et al. (2024) reported that in most experi-
mental studies (11 out of 13), the lettuce grown under the panels had an
average weight that was either significantly lower or only slightly higher
compared to lettuce grown in full sun. While seasonal and varietal dif-
ferences affected both fresh and dry weight, the dry weight was
consistently lower for crops grown under the panels in those studies
(Widmer et al., 2024). Similarly, according to Asa'a et al. (2024), when
the shaded area under solar panels accounted for 30-40%, the highest
dry mass of Malelona lettuce was recorded under full sun, followed by
controlled tracking, solar tracking, and fixed modules in Montpellier,
France. The Malelona lettuce exhibited an 18% decrease in dry mass
within AVS, while the Kiribati variety showed no change. In another
study, lettuce was grown under treatments in Hefei of Anhui, China
under natural state, conventional agrivoltaic system (CAS), and
even-lighting agrivoltaic system (EAS) (Zheng et al., 2021). CAS mark-
edly reduced lettuce performance, with fresh and dry weight decreases
of 53.5% and 60.5%, respectively, compared to the natural state,
alongside slower growth and poorer morphology. Conversely, EAS
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maintained yields statistically similar to open-field conditions, sup-
porting normal growth and acceptable quality.

In contrast, other studies found relatively higher lettuce yields in
shaded areas compared to unshaded conditions (Amaro de Sales et al.,
2021; Tlic et al., 2017; Semchenko et al., 2012). Whether lettuce yield
is higher or lower in shaded versus unshaded conditions is determined
by several factors. These include the season (spring or summer), loca-
tion, varietal, temperature, and the solar panel arrangement, which
affect the light conditions (full sun, moderate shade, or heavy shade;
light quality and intensity) (Amaro de Sales et al., 2021; Widmer et al.,
2024). Regarding light quality and intensity, F. Zhang et al. (2023)
tested lettuce yield under a large-scale SCAPV (Spectral-separated
Concentrated Agrivoltaics) system in Anhui, China. Lettuce showed a
47.9% gain compared to open-air cultivation. Under open-air condi-
tions, summer overheating reduced lettuce yields, while under SCAPV,
growth remained normal due to moderate temperature and better
microclimate condition. Generally, shade-tolerant species (e.g., lettuce)
can maintain moderate growth under moderately shaded conditions,
despite light limitations. However, a significant reduction in lettuce
yield would be observed when the shade level is too high.

The substantial difference in simulated dry weight biomass between
north and south rows can be attributed to several factors. In SWAT, dry
weight biomass accumulation is primarily driven by solar radiation, leaf
area index, radiation-use efficiency, and water and temperature stresses
(Eq. S(10), Eq. S(14)). Consequently, as shading reduces sunlight
availability (the other parameters are kept constant), biomass accumu-
lation is directly proportional to the incident solar radiation. The
simulated results from the case study revealed a 41.2% difference in
solar radiation between the north and south rows over the simulation
period (section 4.1). This led to the large reduction in the simulated dry
weight biomass of lettuce in shaded areas.

For more accurate results, crop yield calibration should be conducted
using experimental data. SWAT default crop growth module assumes
light-demanding plants; therefore, the radiation-use efficiency (RUE) of
shade-tolerant crops should be simulated more realistically (Hao et al.,
2022). The improved radiation interception efficiency (RIE) for the
lettuce in the shaded area was also highlighted in Marrou et al. (2013),
which found biomass reduction was less than the reduction in available
light in almost all cases. This means lettuce can use light more efficiently
to produce biomass in the condition of less available light. Additionally,
shaded-adapted crops typically exhibit thinner leaves, wider canopies,
and more efficient light capture due to reduced energy waste (Asa'a
et al., 2024; Sanchez et al., 1989). Consequently, the maximum leaf
area index could be a crucial parameter for calibration. Furthermore,
since irrigation ensured water was not a stressor for lettuce growth in
this study, parameters related to temperature stress (Neitsch et al.,
2011) such as the base temperature (below which plant growth
ceases) and optimum temperature (the ideal temperature for growth)
should also be modified. Given the complexity of the plant response to
light and microclimate, the crop module within the AVS-FW model is
limited by the latest advances in crop physiology and crop-water-climate
interactions. It is also limited by developments in crop-specific yield
models and plant-scale data-intensive inputs and calibrations.

The AVS-FW model represents light availability primarily through
irradiance intensity and does not explicitly account for changes in light
spectral composition under PV panels with diffuse/direct light. How-
ever, PV structures may alter the spectral distribution of incoming ra-
diation, which can influence plant physiological responses,
photosynthetic efficiency, and crop morphology. As a result, omission of
light quality effects may introduce uncertainty in crop growth pre-
dictions, particularly for species that are sensitive to spectral variations.
Incorporating spectral light modelling into future versions of the AVS-
FW using the integrated framework could improve representation of
crop responses and further enhance prediction accuracy.

Although the present study was demonstrated using a single case
study site in Colorado and lettuce as a representative crop, the primary
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objective was to develop and evaluate a field-scale model using an in-
tegrated modelling framework rather than establishing universally
applicable crop responses. Because lettuce is generally considered
shade-tolerant, the magnitude of biomass and evapotranspiration re-
sponses observed here may differ for crops with higher light sensitivity.
Future improvements of the AVS-FW using the integrated framework
will require calibration using more comprehensive experimental data-
sets as they become available and may incorporate advanced crop
growth models, such as AquaCrop, to enhance crop yield estimation.
Developed by the Food and Agriculture Organization (FAO), AquaCrop
is a dynamic crop model that simulates canopy development, crop
transpiration, biomass accumulation, and final yield (Vanuytrecht et al.,
2014), offering potential for improved representation of crop-specific
responses within AVS environments. In addition, although reductions
in crop biomass were observed under certain AVS configurations, overall
AVS performance should be evaluated by considering both agricultural
yield and PV energy generation. Metrics such as Land Equivalent Ratio
(LER) require integrated assessment of food and energy outputs; there-
fore, while this study focuses on food-water dynamics and crop re-
sponses, complementary to studies addressing energy yield analysis.
Future work will combine these components to enable full system-level
evaluation of AVS efficiency and economic viability.

4.5. Model validation discussion

Validation of AVS at the field scale remains a significant challenge
due to the limited availability of comprehensive experimental datasets
that simultaneously capture soil-plant-atmosphere-water interactions
under PV structures. Findings from one climate, crop, panel height,
spacing, or shading setup do not transfer cleanly to another. This limi-
tation is widely acknowledged in recent agrivoltaic research (Mahim
et al., 2026; Weselek et al., 2019). In this study, validation is therefore
addressed through a multi-level approach to ensure the credibility and
robustness of the proposed AVS-FW, as indicated in Vander Heyden et al.
(2001).

First, the reliability of the AVS-FW is supported by the established
performance of its core components. The SWAT model has been exten-
sively validated in hydrological and agroecosystem studies across a wide
range of climatic and soil conditions (Neitsch et al., 2011). Similarly, the
R-SWMS model has been widely applied and validated for simulating
three-dimensional soil water flow and root water uptake processes. By
integrating these well-established models, the AVS-FW builds upon
scientifically validated foundations (Javaux et al., 2008).

Second, a component-level validation strategy is adopted. Individual
processes simulated within the model-such as soil moisture dynamics,
evapotranspiration, and crop growth-are evaluated against expected
ranges and behaviors reported in the literature. The simulated outputs
demonstrate physically consistent responses to key agrivoltaic drivers.
These responses are consistent with previously reported findings in AVS,
supporting the internal validity of the model. As shown in Table 3, the
simulated dry-weight reduction in the current study (34.63%) falls
within the range reported in previous studies (23% to 88%) based on
dry-weight biomass indicators, with an average reported yield reduction
of approximately 46.5%. Regarding experimental data in the case study,
the available ARDEC South dataset reported lettuce fresh weight, while
the AVS-FW model simulated dry biomass. Because fresh weight in-
cludes plant water content, whereas dry biomass reflects accumulated
structural biomass, these variables are not directly equivalent
(Hortamericas, 2021). Under agrivoltaic conditions, reduced radiation
may lower dry matter accumulation, while reduced evapotranspiration
and moderated microclimate, radiation interception efficiency may
maintain plant fresh weight (Ali Abaker Omer et al., 2022; Marrou et al.,
2013; Zou et al., 2025). Therefore, the observed non-significant differ-
ence in fresh weight at ARDEC South (Hickey et al., 2024) cannot be
directly used to validate the simulated dry biomass response without a
conversion factor or paired fresh/dry measurements.
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Table 3
Comparison of lettuce biomass reduction under agrivoltaic conditions between
the current study and previous studies.

No.  Current and Reduction in lettuce dry weight Dry weight or

previous studies (%) under solar panels compared fresh weight
to full sun conditions biomass

1 Current study 34.63% Dry weight

2 Asa'a et al. (2024) 30-40% Dry weight

3 Zheng et al. 60.5% Dry weight
(2021)

4 Zou et al. (2025) 23.7-27.9% Dry weight

5 Marrou et al. 55-88% Dry weight
(2013)

6 Hickey et al. No significant difference in fresh Fresh weight
(2024) - ARDEC weight (about —5.7%)
SOUTH *

@ This paper describes the experimental results of a case study, which served as
the foundation for the current research.

Third, sensitivity analysis was conducted to assess the uncertainty of
converting fresh weight to dry weight due to lettuce moisture content
differences in shaded and full sun areas (section 3.3). The experimental
dataset (Hickey et al., 2024) reported lettuce yield as fresh weight
(105 g/head in full sun and 111 g/head under solar panels), whereas the
simulation model predicts dry biomass. Consequently, a conversion
from fresh weight to dry weight is required to enable comparison be-
tween experimental observations and the simulated results. Fresh
weight comprises both plant dry matter and water, and can therefore
vary substantially with plant water status (Wang et al., 2021). Moisture
content represents the proportion of water in fresh plant tissue and is
commonly expressed as a percentage of fresh weight. Previous studies
have shown that lettuce contains a high proportion of water typically
around 90%, while environmental conditions can influence plant water
status and consequently the relationship between fresh and dry weights
(Wang et al., 2021; J. Yang et al., 2024). Agrivoltaic shading modifies
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the light environment and affects physiological processes such as
photosynthesis, stomatal conductance, and transpiration, all of which
are closely associated with plant water relations (Jamil et al., 2025).
Therefore, although fresh weight may remain nearly unchanged, dif-
ferences in moisture content may result in different dry matter accu-
mulation. This uncertainty should be considered when converting fresh
weight to dry weight. Fig. 9 shows that the estimated dry-weight dif-
ference between shaded and full-sun treatments was generally negative
under both moisture-content assumptions, indicating lower dry matter
accumulation in the shaded treatment. Under the triangular distribution
(Fig. 9a), the dry weight differences had a mean of —15.40%, a
minimum-to-maximum range of —47.01% to 5.66%, and a lower quar-
tile to higher quartile range of —23.48% to —6.19%; whereas the uni-
form distribution (Fig. 9b) produced a mean of —20.80%, a
minimum-to-maximum range of —47.14% to 5.71%, and a lower quar-
tile to higher quartile range of —33.95% to —7.54%. The boxplots
further (Fig. 9¢) confirmed that both the mean and median were nega-
tive for each distribution, while the uniform distribution showed greater
spread, indicating higher uncertainty. Overall, the results suggest that
the slightly greater fresh weight observed under shading compared to
full sun was likely attributable to higher lettuce moisture content rather
than greater dry matter. The simulated dry-weight reduction of 34.63%
was within the uncertainty range estimated by the moisture-content
sensitivity analysis, indicating that the modeled yield reduction is
plausible under reasonable assumptions of higher moisture content in
the shaded treatment.

Finally, the present study explicitly identifies the key parameters
governing system behavior, including soil properties and crop growth
parameters. This provides a clear pathway for future calibration and
validation as more field-scale datasets for AVS become available. The
proposed model is therefore positioned as a foundational tool that en-
ables systematic integration of processes and supports progressive
refinement through future empirical studies.

While full system-level validation remains constrained by data
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Fig. 9. Sensitivity analysis - impacts of lettuce moisture content differences in shaded vs. full sun areas (triangular and uniform distributions) on converting fresh
weight to dry weight. (a) Histogram of percent dry weight changes under triangular distribution. (b) Histogram of percent dry weight changes under uniform
distribution. (c) Boxplot of percent dry weight changes under triangular and uniform distributions. Negative values indicate lower dry weight in the shaded treatment

than in the full-sun treatment.
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availability, the multi-level validation approach adopted in this study
enhances the credibility of the AVS-FW model and demonstrates its
capability to realistically represent coupled food-water dynamics in
AVS.

5. Conclusions

This study developed a field-scale model (AVS-FW) using an inte-
grated framework to simulate three-dimensional food and water dy-
namics in AVS by coupling microclimate, soil-water, and crop growth
processes. Application of the AVS-FW to a case study site in Colorado
demonstrated that PV panels can substantially influence evapotranspi-
ration, soil water storage, water fluxes, and crop biomass, emphasizing
the importance of spatially explicit representation of soil-plant-
atmosphere-water-solar panel interactions in AVS environments.
Compared with existing approaches, the AVS-FW created using the in-
tegrated framework enables integrated evaluation of PV layout and
design parameters, providing a practical tool for assessing tradeoffs
between crop production and water dynamics in AVS design.

The novelty of this study lies in establishing a field-scale model using
an integrated framework that explicitly links microclimate re-
distributions, soil-water processes, and crop growth dynamics within
AVS in three-dimensional space. Rather than focusing solely on model
coupling, the integrated framework provides a unified structure for
analyzing spatial food-water interactions and evaluating AVS design
scenarios.

The results revealed additional data that need to be collected in the
future, providing future research directions for validation. Although
model evaluation was constrained by limited experimental data and
optimization of specific management configurations was beyond the
scope of this study, the framework of the AVS-FW model establishes a
foundation for future calibration, validation, and scenario-based man-
agement analysis as additional field measurements become available.
From a practical perspective, the framework of AVS-FW can support
farmers and land managers in evaluating how different AVS configura-
tions influence crop performance and water availability under site-
specific conditions. This enables informed decision-making to balance
potential yield reductions with water conservation benefits. In addition,
the framework can support scenario analysis and decision support for
AVS design, irrigation management, and climate adaptation strategies.
Overall, the framework of AVS-FW supports improved AVS planning and
contributes to more sustainable land use and resource management
within the Food-Energy-Water nexus.
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