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Abstract. The construction process of agrivoltaic systems requires intense vehicle traffic and
can pose the soil at risk of compaction. Vehicle traffic can reduce soil porosity and negatively
impact water infiltration, root penetration, nutrient availability and overall crop productivity [1].
Despite mitigation through tillage and natural processes, compaction can be persistent, partic-
ularly below the tillage depth, and result in long-term agricultural challenges [2]. To assess the
risk of soil compaction, this study analyzed vehicle traffic during the installation of a 2.4 MW,
vertical agrivoltaic system in the Black Forest region, Germany. Upon completion, soil condi-
tions were assessed in areas exposed to varying traffic intensities. Based on the soil data,
wheat growth was simulated from 2016 to 2020 with the simulation framework Expert-N. The
areas adjacent to the agrivoltaic system on the shortest way to the storage area were exposed
to most vehicle traffic, leading to visible turf damage, increased penetration resistance and a
reduction in plant-available water capacity. In comparison to the less trafficked areas, simu-
lated wheat yield was reduced by about 20%. The land loss for the studied vertical system is
about 5.8%. Additionally, the total yield was estimated to be reduced by 4.9 to 6.4% due to
compaction effects, depending on the reference scenario. While further evaluation with real
crop data and long-term assessments are needed, this study provides initial insights into vehi-
cle traffic during the installation of vertical agrivoltaics and its potential impact on soil and crop
yield.
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1. Introduction

Agrivoltaics is emerging as a promising solution to the dual challenge of meeting the growing
global demands for food and renewable energy. By integrating photovoltaic (PV) systems into
agricultural production, land use can be optimized while offering potential synergies between
crops and PV panels. However, the construction process of agrivoltaic systems and the
adapted agricultural management can pose soil locally at risk of compaction [3]. Soil compac-
tion caused by agricultural machinery is a well-documented issue, with the risk of soil defor-
mation increasing at higher soil moistures [1]. On the vehicle side, compaction is influenced by
axle load, tire type, inflation pressure, contact area, operation time, number and frequency of
passes, and velocity [4], [5]. While the effect of wheel loads and the number of passes is ex-
tensively researched, most studies focus on agricultural machinery, with typically higher wheel
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loads than construction vehicles, but only few subsequent passes. Limited studies investigat-
ing multiple passes indicate that the effects of compaction may lessen with each subsequent
pass; however, some research presents conflicting findings [6], [7], [8].

In the agrivoltaics sector, construction companies tend to originate from ground mounted
PV or barn industries and may lack the awareness or expertise required to operate on agricul-
tural soils [3]. Additionally, companies are often constrained by rigid and short project timelines,
exacerbated by environmental protection measures for instance during bird breeding seasons,
limiting their ability to adjust construction schedules to rainfall events and unfavorable soil
moisture conditions [9]. Within the field of agrivoltaic research, studies focusing on soil com-
paction remain scarce, even though long-term land productivity is a major barrier to agrivoltaics
for farmers [10]. Despite mandatory protective measures, local soil damage might occur, which
can negatively impact crop yields and can have financial consequences. For instance in Ger-
many, critical thresholds for soil damage are defined and construction companies can be de-
manded for recultivation measures and intercropping strategies [11]. However, subsoil com-
paction can be difficult to detect and crop productivity might decline even before reaching crit-
ical thresholds. Yield reductions have financial implications for farmers and in some countries,
including Germany, yield requirements need to be fulfilled for agrivoltaics to qualify for financial
benefits [12].

This research examined vehicle traffic during the installation of a vertical agrivoltaic sys-
tem, and its effect on soil and yield. The system featured three PV panels sequentially stacked
and mounted perpendicular to the ground in an east-west orientation. Compared to overhead
systems, vertical systems require less work at greater heights, but the top PV row nevertheless
reached 3 m height. After system installation, soil exposed to varying vehicle traffic intensities
was assessed, and wheat yields were simulated over a five-year period based on this assess-
ment. The objective was to gain a more comprehensive understanding of the effects of agri-
voltaics on agricultural productivity by making an initial attempt to quantify the influence of
compaction on yield.

2. Methodology

At the case study site, a 2.4 MW, vertical agrivoltaic system and two small overhead systems
were installed from July until end of November 2024 in the Southern Black Forest region, Ger-
many. The site is predominantly characterized by Mollic Leptosol [13], except for a diagonally
oriented central trough where soil has accumulated over time, forming colluvial deposits over
Luvisol [14]. Soil assessments were conducted in the latter, because measurements were not
possible in the Leptosol due to its high share of stones and low thickness. From July 29 to
November 28, 2024, construction vehicles were tracked with two GPS sensors [15], magneti-
cally attached to the construction vehicles’ roofs and measuring position data in one second
intervals. Tracked vehicles included a wheel and a telescopic loader, with the latter being re-
placed by a delta loader on October 15. The delta loader could only be tracked for a week. The
overhead systems were not assessed because of insufficient soil depth and tracking inaccu-
racy within the system.

Further pathways, also for other vehicles, were estimated based on detailed information
provided by the construction companies and manually drawn in QGIS [16]. Tracking data was
processed by removing error locations and connecting data points to vehicle pathways, except
if consecutive points exceeded a distance greater than 50 m after sensors exit sleeping mode.
To analyse the vehicle traffic per PV interspace, the site was segmented into grid parcels with
the width of the interspaces (typically 13.5 m) and a height of 13.5 m. In the perimeters of the
PV system, the height or width was adapted to better fit the space between the nearest PV
row and the fence. The number of passes per vehicle per grid cell were counted to determine
the vehicle traffic intensities.
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The traffic assessment covers the installation of the substation and grid connection, as-
sembly of the substructure, PV modules, string cables, sub-surface cabling, and the solar fence
(which also functions as vertical PV). Site preparation and the final removal of residual mate-
rials or construction equipment are excluded. As part of the soil protection concept, an access
track was temporarily covered with protection mats for substation delivery in July, which re-
quired heavy vehicles. Additionally, the storage area was covered with metal protection mats
throughout the installation and wood chips were available to be added on areas with turf dam-
ages. Table 1 summarizes the vehicles used for PV assembly, their weight, estimated maxi-
mum additional load, and construction step.

Table 1. Vehicle weight, maximum additional load (excluding driver), and construction steps.

Vehicle Weight | max. add. Step
(kg) | load (kg)
Ramming vehicle 3,700 0 Ramming of foundation posts
Wheel loader 5,980 1,500 Delivery of substructure components, PV
modules, inverter cables, and other electric
components
Telescopic loader 9,470 0 Installation of PV modules
Scissor platform 8,260 500 Module assembly, string cabling
Excavator 6,411 0 Excavation and closing of cable trenches
Delta loader 4,076 700 Placement of inverter cables, delivery of
sand for cable trenches, closing and
leveling of cable trenches

After system installation and prior to any soil management, penetration resistance (PR),
bulk density (BD), water retention and hydraulic conductivity curves were measured in Novem-
ber 2024. Measurements were conducted in four areas, representing 1) the main access track
from the storage area to the northern PV rows, 2) an area with medium to high traffic intensity,
temporarily covered with soil protection mats during the installation of the substation and grid
connection, 3) an area with medium traffic intensity, and 4) an area with the lowest traffic in-
tensity at the site (Figure 7). Within each category, measurements were taken at three locations
with vehicle passes close to the respective mean number of passes. At each sample location,
ten penetrations were conducted perpendicular to the PV rows (120 in total, 30 per category)
with an Eijkelkamp penetrologger [17]. Soil cores were taken at 10 and 50 cm depth (only 2
soil core sample locations for category 2 and 3) and the hydraulic parameters [18] were esti-
mated with Hyprop devices in the laboratory [19].
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Figure 1. Schematic drawing of the examined case study site.
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To estimate the effect of measured soil alterations on crop yield, wheat growth was simu-
lated with the agroecosystem simulation package Expert-N (Version XN5.2) [20]. Simulation
projects were setup for the four area categories with identical forcing (weather, field manage-
ment) and input parameters, except the measured soil parameters including bulk density, sat-
urated and residual water content, Van Genuchten alpha and n, and saturated hydraulic con-
ductivity. Six consecutive years of wheat were simulated to account for annual variation, start-
ing in fall 2014 until summer 2020, but the first year was excluded from the analysis due to
unknown starting values for soil water parameters. The weather data at hourly resolution was
retrieved from Solargis for Breitnau, 23 km from the case study site.

3. Results
3.1. Vehicle traffic

Material delivery and ramming issues caused delays and inconsistent progress, leading to ex-
tra traffic throughout the system, which needs to be considered when interpreting the findings.
Generally, traffic was highest in the perimeters of the PV system and increased towards the
storage area (Figure 2). The grid was further divided into areas of interest (Figure 3), and it was
slightly adapted to better cover the main traffic areas (Grid 2). The southern main traffic lane
(MTL) and the concrete street were additionally passed to access the overhead systems. With
every PV row closer to the storage area, traffic increased on average by 68 passes on the
southern and 30 passes on the northern MTL. The PV interspaces north of the cable trenches
experienced on average 20 passes less (89) than the southern ones (110). Around the sub-
station, cable trenches, and temporary mat cover, the soil was trafficked slightly more (132 —
152). After laying the grid connection line at 80 cm depth, the above soil surface was crossed
multiple times when installing the PV system, which might have further disturbed the soil struc-
ture.

Vehicle Passes Per Grid Cell
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Figure 2. Number of passes per grid cell, being highest in the perimeters of the agrivoltaic systems
and increasing towards the storage area.
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Figure 3. Grid categorization into areas of interest (typically 13.5 x 13.5 m) with adaptations to better
cover the main traffic area (Grid 2).

In the soil protection concept, existing tracks were designated to access the northern area.
However, tracking data showed that workers created a shortcut from the ends of the PV rows
to the storage area through the center of the site, despite of efforts to recommunicate the
designated paths and barrier tape. ‘Shortcut center’ was trafficked on average 700 times, while
the official way was passed only 70 times (Concrete Street North). Similarly, MTL North was
exposed to 560 passes, while the already existing gravel path, 5 m away, was only passed 30
times. Of all vehicles, the three loaders were accountable for 94% of the traffic, of which the
wheel loader accounts for 55%, the telescopic loader for 31%, and the delta loader for only
8%. However, these numbers coincide with the tracking length, suggesting that the manually
added vehicle traffic might have been underestimated.

In November, turf damage and tire ruts were visible throughout the site but especially on
the main traffic lanes, and around the substation and cable trenches. Additionally, the scissor
platform was driven on wet soil, probably during string cabling on one or two days, leaving tire
imprints of about 15 cm depth next to many PV rows.

3.2. Soil assessments

In areas with highest traffic intensities and temporary mat coverage (TMC), the soil surface
silted up, correlating with higher PR between 5 and 20 cm depth with a peak at 7 cm depth
(3.0 - 3.25 MPa) compared to the less trafficked (LT) and medium trafficked (MT) areas (Figure
4). MTL shows significantly higher PR throughout the entire profile compared to the LT cate-
gory (one-tailed Mann-Whitney-U test, p-value < 0.001). At 5 — 35 cm depth, all categories
were significantly different from the LT category (p-values < 0.001). However, from 35 — 65 cm
depth, only MTL remained significantly higher (p-value = 0.008). At deeper depths, penetration
was not always successful, with a notable increase of missing values for the MTL and TMC
category. Unsuccessful penetrations might be due to dense layers which exceed the force of
the measuring person or due to the presence of stones. In the first case, missing data conceal
compaction effects in deeper layers, but at this site, both explanations are reasonable.



Kalmbach et al. | AgriVoltaics Conf Proc 4 (2025) "AgriVoltaics World Conference 2025"

Smoothed Median PR per Sample Category

—-—
-

N}
[}
|

w
o

Soil depth in cm
&
S

w
gl

-
e
L

—— Main traffic lane
—— Temporary mat cover
75 4 Medium traffic
Least traffic
=== Median

1 2 3 ) 5 6
Penetration resistance in MPa

Figure 4. Median soil penetration resistance profile for each sample category and overall median of all
measurements.

The mean BD of all 19 samples was 1.52 + 0.06 g/cm?, showing no significant difference
between depths or varying traffic intensities, which might be due to the small sample size.
Concerning hydraulic properties, compaction generally leads to a lower saturated water con-
tent B, higher residual water content 6,, higher air entry value, a more moderate slope of the
water retention curve, and a lower saturated hydraulic conductivity Ksat [1], [21]. At both depths,
the water retention curves of MTL visibly differ from the mean (Figure 5). At 10 cm depth, MTL
shows higher water contents at all tensions, which indicates compaction, even though the ob-
served higher 65 is contradictory to the expectations. At 50 cm, MTL has the lowest 6s and
generally lower water contents before the wilting point, but a high 6, in comparison to the other
categories, indicating a reduction in total porosity and a higher share of micropores.

From the water retention curve, the plant-available water capacity can be derived, which
is the water content at pF 1.8 minus the dead water content at pF 4.2. The plant-available
water capacity is lower in the topsoil than in the subsoil for all samples, except TMC. Itis lowest
for MTL with 11.4% in the topsoil and 13.9% in the subsoil, compared to the highest value of
17.0% at 10 cm depth in TMC and 16.5% in LT at 50 cm depth. The reduction of the plant-
available water capacity in MTL indicates that the plants might be exposed to more water
stress. However, since there was no soil evaluation prior to the construction, it cannot be ex-
cluded that soil was inhomogeneous before the construction.



Kalmbach et al. | AgriVoltaics Conf Proc 4 (2025) "AgriVoltaics World Conference 2025"

Water Retention Curves

u
o
L

B
[
‘ )
|
i
]
i
1
]
iy

=
o

w
wv
L

-10 cm )
4 - MTL - 50 cm
— TMC-10cm
1 === TMC - 50 cm
MT -10cm
MT -50 cm *
LT -10 cm
LT - 50 cm
..... Mean

N
w

Vol. Water Content [%]
w
o

N
o
s

—
ut
L

10

pF

Figure 5. Average water retention curves per sample categories and depths and red dotted line at pF
4.2 (* only one sample, high 6s is likely a measurement error).

3.3. Wheat simulation

The simulated grain yields are highest in 2016, which was coldest and wettest during the main
growing period, and in 2020, which was warm and the driest year (Figure 6). Except for 2016,
the yield is generally lower than the regional averages [22], but it might be that 2016 was still
influenced by inaccurate starting values or that sufficient water availability mitigated compac-
tion effects. The yield in the main traffic area drastically declines in comparison to the other
categories, being 11% lower in 2016, 26% in 2017, and around 20% in the following years.
The differences between the other three categories are rather minor, with the biggest differ-
ences of around 6% between TMC and MT in 2018. The average yield decline over all five
years of MTL in comparison to LT is 18.8% and 20.1% compared to MT.

Grain Yield of Wheat Over the Years
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Figure 6. Comparison of simulated wheat yield of the different area categories and the regional aver-
ages from 2016 to 2020.

A comparison of the simulated biomass showed that the root biomass is slightly higher for
MTL than the other categories in some years, and that the development of above-ground bio-
mass is reduced from the beginning of the flowering stage in July onwards, being most pro-
nounced in stem, straw and grains, but less in leaves. Simulations of soil water dynamics and
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the relative reduction in actual transpiration Ta¢t compared to potential transpiration Tpet (Figure
7) indicate that the plants suffer from water stress and need to put more effort into extracting
water in the first 30 cm, especially in June and July, eventually explaining the reduced growth
of above-ground biomass.
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Figure 7. Cumulative monthly sum of water stress ((-1) * (Tact/Tpot -1)), where Tpot (mm) denotes
the potential daily transpiration on a wet soil under the prevailing atmospheric conditions
(saturation deficit, net radiation, wind, temperature) and Ta: (mm) is the actual daily transpiration un-
der the given soil moisture deficit (Tact <= Tpot).

Soil evaluations were conducted before any soil management, hence this analysis does
not consider regenerative processes or offer estimates for long-term impacts. Additionally, a
grassland was established on the site, and its root system could have alleviated compaction
effects, making the findings potentially non-comparable with projects on frequently tilled land.

3.4 Extrapolated yield reductions for entire vertical system

Since the main traffic area is a comparably small part of the site, the simulated yields were
used to estimate the yield reduction for the vertical system and its perimeters based on the
spatial share of the four assessed categories. About 5.78% of the area is not usable for agri-
culture because it is closer than 0.5 m to the PV rows, reducing the cultivable area from 9.43
to 8.89 ha. The yield predicted for MTL was assumed for the mainly trafficked areas, the stor-
age area, the area around the substation, and the area = 3 m to the cable trenches, which
together add up to 2.64% of the total area. For TMC, LT, and MT, their respective simulated
yields were taken. Thus, assuming that the entire area without an agrivoltaic construction can
achieve yields as simulated for LT or MT, the yield loss due to soil compaction (excluding land
loss) would amount to 4.93% and 6.44% respectively.

4. Conclusion

This vehicle traffic analysis at a construction site of a vertical agrivoltaic system showed very
high traffic intensities adjacent to the PV system on the shortest way to the storage area. While
the number of passes is alarming, vehicles were generally light-weight and wheeled vehicles
were replaced with smaller tracked ones in autumn. As implemented in this case study, soil
protection concepts including traffic plans, protection of storage areas or areas exposed to
heavy vehicles, and use of light-weight vehicles with a large tire-soil contact area are key
measures of prevention. Additionally, this research showed that existing driving policies and
stops at high soil moisture levels might need stricter reinforcement by financial implications or
physical barriers. Ideally, the shortest path to the storage area would be via headlands or ex-
isting gravel tracks, however, security distances and fences frequently make this impractical.
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Including protection and recultivation measures already in the financial calculations of projects
can help with their successful implementation.

Soil assessments, such as those conducted in this study, help to capture soil damage and
link it to potential future yield losses. Penetration resistance tests are a comparably easy and
cheap method to assess compaction effects, but measurements are sensitive to water content
of the soil and can rather be interpreted in relative than in absolute terms. Additionally, pene-
tration resistance tests have their limits at very dense or stony soil layers. Analyses of hydraulic
properties draw a more accurate picture on changes of pore structure and the plant-available
water but require specialized equipment and are labour intensive.

Limitations to this study include site-specific additional traffic and vehicle tracking issues,
which limit the generalizability of the traffic analysis. Additionally, measured changes in soil
properties cannot be directly linked to vehicle traffic, because soil assessments prior to the
construction were not feasible. Repeated assessments in the coming years would be neces-
sary to better evaluate soil recovery and long-term yield decline. Despite these limitations, this
case study offers an initial contribution to understanding the vehicle traffic required for the
installation of a vertical agrivoltaic system and for the first time demonstrating its associated
impacts on soil properties and wheat yield.

Data availability statement

The measured data presented in this study can be made available by the corresponding author
upon reasonable request.

Underlying and related material

There is no other underlying and related material.

Author contributions

Jana Kalmbach: Conceptualization, Investigation, Formal analysis, Visualization, Writing —
original draft, and Writing — review & editing. Sebastian Gayler: Supervision, Resources, Soft-
ware (Expert-N). Rhea Péter: Writing — review & editing.

Competing interests

The authors declare that they have no competing interests.

Funding

This project has received funding from the European Union’s Horizon 2020 research and in-
novation program under grant agreement No 101000828 and the German Federal Foundation
for the Environment. Additionally, the project was supported by funds of the Federal Ministry
of Agriculture, Food and Regional Identity (BMLEH) based on a decision of the Parliament of
the Federal Republic of Germany via the Federal Office for Agriculture and Food (BLE) under
the Climate protection measure Humus, grant number 2822HUMO060.

Acknowledgement

The authors want to sincerely thank Next2Sun and Sun2Energy for enabling access to the
research site and providing information on the construction process and vehicles. Additionally,



Kalmbach et al. | AgriVoltaics Conf Proc 4 (2025) "AgriVoltaics World Conference 2025"

the authors acknowledge the contribution of the soil laboratory at University of Hohenheim,
which supported the sample analysis. The authors thank Fraunhofer ISE for their support with
tracking sensors build within the project ‘PV2Go’.

References

[11 A.N. Shah et al., ‘Soil compaction effects on soil health and cropproductivity: an overview’,
Environ. Sci. Pollut. Res., vol. 24, no. 11, pp. 10056-10067, 2017, doi: 10.1007/s11356-
017-8421-y.

[2] R. Horn, H. Domzzat, A. Stowinska-Jurkiewicz, and C. van Ouwerkerk, ‘Soil compaction
processes and their effects on the structure of arable soils and the environment’, Soil Till-
age Res., vol. 35, no. 1, pp. 23-36, 1995, doi: https://doi.org/10.1016/0167-
1987(95)00479-C.

[3] K. Wild and J. Schueller, ‘Challenges in the planning, construction and farming practices
in agrivoltaic systems with vertically mounted panels’, AgriVoltaics Conf. Proc., vol. 2,
2024, doi: 10.52825/agripv.v2i.980.

[4] H. Taghavifar and A. Mardani, ‘Effect of velocity, wheel load and multipass on soil com-
paction’, J. Saudi Soc. Agric. Sci., vol. 13, no. 1, pp. 57-66, 2014, doi:
10.1016/j.jssas.2013.01.004.

[5] K. Augustin, M. Kuhwald, J. Brunotte, and R. Duttmann, ‘Wheel Load and Wheel Pass
Frequency as Indicators for Soil Compaction Risk: A Four-Year Analysis of Traffic Intensity
at Field Scale’, Geosciences, vol. 10, no. 8, p. 292, 2020, doi: 10.3390/geosci-
ences10080292.

[6] A. T. Abebe, T. Tanaka, and M. Yamazaki, ‘Soil compaction by multiple passes of a rigid
wheel relevant for optimization of traffic’, J. Terramechanics, vol. 26, no. 2, pp. 139-148,
1989, doi: 10.1016/0022-4898(89)90003-7.

[7] V. M. Salokhe and N. T. Ninh, ‘Modelling soil compaction under pneumatic tyres in clay
soil’, J. Terramechanics, vol. 30, no. 2, pp. 63—75, 1993, doi: https://doi.org/10.1016/0022-
4898(93)90020-X.

[8] S. K. Patel and I. Mani, ‘Effect of multiple passes of tractor with varying normal load on
subsoil compaction’, J. Terramechanics, vol. 48, no. 4, pp. 277-284, 2011, doi:
10.1016/j.jterra.2011.06.002.

[9] M. Trommsdorff et al., ‘Combining food and energy production: Design of an agrivoltaic
system applied in arable and vegetable farming in Germany’, Renew. Sustain. Energy
Rev., vol. 140, p. 110694, 2021, doi: doi: https://doi.org/10.1016/j.rser.2020.110694.

[10]A. S. Pascaris, C. Schelly, and J. M. Pearce, ‘A first investigation of agriculture sector
perspectives on the opportunities and barriers for agrivoltaics’, Agronomy, vol. 10, no. 12,
2020, doi: 10.3390/agronomy10121885.

[11]DIN Deutsches Institut fiur Normung e.V., ‘DIN 19639 - 2019-09 Soil protection during plan-
ning and execution of construction projects.” 2019. [Online]. Available: https://www.dinme-
dia.de/en/standard/din-19639/309596295

[12]DIN Deutsches Institut fur Normung e.V., ‘DIN SPEC 91434: 2021-05 Agrivoltaics - Re-
quirements for the use of photovoltaic systems in agriculture’. 2021. [Online]. Available:
https://www.dinmedia.de/en/technical-rule/din-spec-91434/337886742

[13]Landesamt fur Geologie, Rohstoffe und Bergbau in Baden-Wirttemberg (LGRB), ‘Boden-
karte 1:50.000 (BK50), Blatt H7’. Accessed: Jul. 01, 2025. [Online]. Available: https://me-
dia.lgrb-bw.de/link/bod3200/h7.pdf

[14]Landesamt flr Geologie, Rohstoffe und Bergbau in Baden-Wirttemberg (LGRB), ‘Boden-
karte 1:50.000 (BK50), Blatt H28’. Accessed: Jul. 01, 2025. [Online]. Available: https://me-
dia.lgrb-bw.de/link/bod3200/h28.pdf

[15]Fraunhofer-Institute for Solar Energy Systems ISE, ‘PV2Go: A citizen science project’. Ac-
cessed: Dec. 12, 2024. [Online]. Available: https://pv2go.org/

[16]QGIS.org, QGIS Geographic Information System. 2023. [Online]. Available:
https://qgis.org

10


https://doi.org/10.1007/s11356-017-8421-y
https://doi.org/10.1007/s11356-017-8421-y
https://doi.org/10.1016/0167-1987(95)00479-C
https://doi.org/10.1016/0167-1987(95)00479-C
https://doi.org/10.52825/agripv.v2i.980
https://doi.org/10.1016/j.jssas.2013.01.004
https://doi.org/10.3390/geosciences10080292
https://doi.org/10.3390/geosciences10080292
https://doi.org/10.1016/0022-4898(89)90003-7
https://doi.org/10.1016/0022-4898(93)90020-X
https://doi.org/10.1016/0022-4898(93)90020-X
https://doi.org/10.1016/j.jterra.2011.06.002
https://doi.org/10.1016/j.rser.2020.110694
https://doi.org/10.3390/agronomy10121885
https://www.dinmedia.de/en/standard/din-19639/309596295
https://www.dinmedia.de/en/standard/din-19639/309596295
https://www.dinmedia.de/en/technical-rule/din-spec-91434/337886742
https://media.lgrb-bw.de/link/bod3200/h7.pdf
https://media.lgrb-bw.de/link/bod3200/h7.pdf
https://media.lgrb-bw.de/link/bod3200/h28.pdf
https://media.lgrb-bw.de/link/bod3200/h28.pdf
https://pv2go.org/
https://qgis.org/

Kalmbach et al. | AgriVoltaics Conf Proc 4 (2025) "AgriVoltaics World Conference 2025"

[17]Royal Eijkelkamp, Giesbeek, Netherlands, Penetrologger user manual. 2022. [Online].
Available: https://www.royaleijkelkamp.com/media/nrwjyah3/m-0615sae-penetrolog-
ger.pdf

[18]M. Th. van Genuchten, ‘A closed-form equation for predicting the hydraulic conductivity of
unsaturated soils’, Soil Sci. Soc. Am. J., vol. 44, no. 5, pp. 892-898, 1980, doi:
10.2136/ss5aj1980.03615995004400050002x.

[19]IMETER Group, HYPROP 2. 2024. [Online]. Available: https://library.metergroup.com/Man-
uals/18263 HYPROP Manual Web.pdf

[20]Expert-N. [Online]. Available: https://expert-n.uni-hohenheim.de/

[21]N. Goldberg-Yehuda, U. Nachshon, S. Assouline, and Y. Mau, ‘The effect of mechanical
compaction on the soil water retention curve: Insights from a rapid image analysis of micro-
CT scanning’, CATENA, vol. 242, p. 108068, 2024, doi: 10.1016/j.catena.2024.108068.

[22] Statistisches Landesamt Baden-Wrttemberg, ‘Hektarertrage der Feldfriichte seit 1988 -
Landkreis Schwarzwald-Baar-Kreis’. 2025. Accessed: Feb. 02, 2025. [Online]. Available:
https://www.statistik-bw.de/Landwirtschaft/Ernte/05023016.tab?R=KR326

11


https://www.royaleijkelkamp.com/media/nrwjyah3/m-0615sae-penetrologger.pdf
https://www.royaleijkelkamp.com/media/nrwjyah3/m-0615sae-penetrologger.pdf
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://library.metergroup.com/Manuals/18263_HYPROP_Manual_Web.pdf
https://library.metergroup.com/Manuals/18263_HYPROP_Manual_Web.pdf
https://expert-n.uni-hohenheim.de/
https://doi.org/10.1016/j.catena.2024.108068
https://www.statistik-bw.de/Landwirtschaft/Ernte/05023016.tab?R=KR326

	1. Introduction
	2. Methodology
	3. Results
	3.1. Vehicle traffic
	3.2. Soil assessments
	3.3. Wheat simulation
	3.4 Extrapolated yield reductions for entire vertical system

	4. Conclusion
	Data availability statement
	Underlying and related material
	Author contributions
	Competing interests
	Funding
	Acknowledgement
	References



