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Sensor equipment of AV system Combined production incl. example of market price

= Network analysators for medium level voltage before and Demand oriented and grid-supportive power generation in
after grid connection point the morning and evening hours.
= combined medium voltage level switch gear with separate Possibly higher market prices of up to 10%

measurement equipment Efficient use of existing infrastructure avoiding high
= POSSlblllty of deeper aﬂalySiS of grld interactions like investments for gnd expansion measures

frequency / reactive power Faster deployment of renewable energy power plants
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Model Region Agrivoltaics

Baden-Wurttemberg
Protecting Apple Orchards with a Day-

ISE

Ahead Tracker Control Strategy

Maddalena Bruno ', Bilal Abdul-Qayyoom Khalid !, Greta Ott 2, Elgin Hense ?,
Tamara Bretzel !, Oliver Hornle ', Leonhard Gfullner 1, and Matthew Berwind !

I Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstr. 2, 79110 Freiburg, Germany. SCAN TO LEARN MORE
2 Landwirtschaftliches Technologiezentrum (LTZ), Augustenberg 1, 76227 Karlsruhe, Germany

1. Introduction 3. Crop Requirements

Agrivoltaic systems provide an innovative solution to land-use conflicts that often arise * The definition of the crop requirements starts from PAR reduction rates reported in Table 1. These

between agriculture and energy production. values are provided by LTZ [3], the agricultural partner of the Model Region project, and are

Horizontal single-axis tracking (HSAT) agrivoltaic system enable effective management of empirically derived based on their long-term agronomical experience.

light distribution between solar panels and the underlying crops through innovative control = Different thresholds are identified for the different phases of crop’s development, based on the

algorithms [1]. phenological stage of the apple trees. Particularly critical stages occur during the flowering and

= This work presents the tracking strategy methodology implemented at the Nussbach facility, fruit colouring processes

located in Western Germany, as part of the Model Region Agrivoltaics BW project [2]

Month Max PAR reduction [%] Phase
2. MEthOdOIOgy March 40% Budding/Sprouting
April 20-30% Flowering sensitive to shading

The methodology is structured in several parts:

High importance of carbohydrate assimilation during flower

= Tracking Optimization: Analyzes five statistically representative days per month using historical May 20-30% f
ormation
data to account for weather variability obtaining the optimized tracking profiles.
. , , , , Juni 30-35% Heat reduction for better fruit quality and sunburn protection
= Day-Ahead Control: Utilizes next-day weather forecasts to align operational strategies with
irradiation profiles, ensuring optimal light exposure. July until Mid-August 30-35% Fruit ripening
" Day-Ahead Adaptive Strategy: Incorporates sensor data to fine-tune the tracking strategy Mid-August until September 20-30% Fruit coloring

based on the health status of the crops.

Tracking Optimization

= Using a percentage threshold however is not ideal in optimization work. In fact, if the same threshold

Definition .
. Tool

s applied to a sunny day or an overcast day, it leads to very different values of DLI (Daily Light
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= |n this study, absolute PAR targets in W/m2 are introduced. The targets are obtained by simulating

the light received by the apple orchard using historical weather data from 1994 to 2014, and average
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Day-Ahead Control Strategy

= This approach mitigates the impact of climate change and increasing GHI values, setting lower

" Forecast data: In a first step, day-ahead control strategies are utilized. Corrective actions during rradiation targets for the trees, thus ensuring that power production is not excessively

the day are not possible based on updated forecasts, however, day-ahead sensor-based compromised.

protective measures are enabled. The strategy therefore relies on the weather forecast from the

4. Results

previous night that inherently shows increasing uncertainty over the course of a day.

= Validation: Temporally dependent differences between simulated and measured data are crucial = This study introduces an innovative approach by incorporating crop shade sensitivity across

to be evaluated. Thus, sensors data are also used to validate the simulation results. The location _ | S |
various developmental stages into the optimization process. As more data become available, the

and type of sensors used is illustrated in Figure 2. . L .
4 J methodology can seamlessly adapt to consider variations in intraday shade sensitivity.

Ref ; o : . . . .
crerenee Bp-Optimizes Tr: PV-optimized Tracking = Results indicate that 91% of the target irradiation for apples can be achieved in the simulated

D Datalogger: 1 per whole system . . . . . . . .
@ Leaf Moksture: 5 per section year with tailored PV control, resulting in a moderate 20% reduction in electrical yield [2].
@ PAR sensors: 5 per section
@ Vertical Soil Probes: 2 per section * The field testing started in March and will continue until September. Expectations will be confirmed
() Horizontal Soil Probes: ? per section
il Rétérinca CAR2 pis'Sceliof Wittt gtam or refuted by field trial during the 2025 growing season currently ongoing.

@ Weather Station: 1 in reference section
& Microclimate Station: 2 per section with tracking system

R i tiiibion for e Eonmodiian * The results demonstrate that efficient and sustainable dual land use is achievable through the

implementation of a well-managed agrivoltaic system.

[1] C. Toledo and A. Scognamiglio. “Agrivoltaic systems design and assessment: A critical review, and a descriptive model
towards a sustainable landscape vision (three-dimensional agrivoltaic patterns)”. In: Sustainability 13.12 (2021), p. 6871. DOI: Contact Fraunhofer ISE
https://doi.org/10.3390/su13126871 _

P Heidenhofstrale 2

[2] Maddalena Bruno, Leonhard J. Gfullner, and Matthew F. Berwind "Enhancing agrivoltaic synergies through optimized Maddalena Bruno _
tracking strategies," Journal of Photonics for Energy 15(3), 032703 (27 January 2025) _https:/doi.org/10.1117/1.JPE.15.032703 79110 Freiburg
www.ise.fraunhofer.de

[3] Landwirtschaftliches Technologiezentrum (LTZ ) Augustenberg. https://Iltz.landwirtschaft-bw.de/, [ de/Startseite

maddalenabruno@ise.fraunhofer.de
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Agrivoltaics on permanent grasslands
A subproject of the Model Region Agrivoltaics Baden-Wiirttemberg

Nachtsheim J.1, Obermeyer K. 2, Messner, J.2, Weber J.!
1DHBW Ravensburg; 2LAZBW Aulendorf

Project Information

Experimental Plots

» Duration: September 2023 to December > five different Locations (fig. 1):
2026 h '
: : : 0,15 — 11 ha area size
» Cooperation Project of the Cooperative g

State University Baden-Wiirttemberg 0,1 — 4,3 MW installed PV capacity

(DHBW) and the Agricultural Center
Aulendorf (LAZBW)

» Funded by the Ministry of Food, Rural
Areas and Consumer Protection (MLR)

» Management:

 Intensive and extensive mowing frequency
 Grazing (sheep, cattle)

» Bifacial vertically mounted modules, tracking
systems and fixed south-facing modules

©Nachtsheim

Objectives
Materials and Methods

» Investigation of the impact of PV-
systems on: Fig. 1: Locations of the test plots in the south of Baden-Wiirttemberg

Yield sampling inside and outside the PV-System

. Yield and quality of forage

: . L : » Clover, grass and herb estimates and botanical
. Bot 1 t d biod t i
otanica CompOSI 1011 an 10d1versl y A, Cultivatable agricultural areas || recordings
Ay Uncultivatable agricultural areas =
. grassland management hy, (Clearanceheight helowr 2,10 1 » microclimate sensors under, between and
h, Clearance height above 2.10 m . . .
. Microclimate 1 Examples of PV modules outside the module rows (temperature, wind,
2 Mounting structure o o . . .
3 Examples of crops humidity, PAR, soil moisture, soil temperature
Knowledge t f ’ ’ ’
» owledge transfer _ . .
Fig. 2: llustration of Category 2 of DIN SPEC » animal observations under photovoltaic pasture
91434 (Trommsdorff et al. 2024) systems

. .©Nachtsheim
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SR Ministerium fur Erndhrung, Wi = M £ L WE Mail: nachtsheim @dhbw-ravensburg.de

SR Léndlichen Raum und Verbraucherschutz W e I B T Tel: 016093340307

Baden-Wuerttemberg Cooperative State University (DHBW)

For more information, see:

References: Trommsdorff M, Gruber S, Keinath T, et al (2024) Agri-Photovoltaik:
Chance fiir Landwirtschaft und Energiewende - Ein Leitfaden fiir Deutschland. Stand Februar 2024. Hg. v. Fraunhofer ISE. Freiburg




Combination of Photovoltaics and free-range laying hens

rttemberg

dellregion Agri-PV Baden-Wi
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B Objectives

Numerous studies have shown that laying hens tend to prefer areas close to the barn (Zeltner & Hirt, 2003). This behavior often leads to overuse of
the sward and elevated nutrient input, posing significant challenges for free-range systems (Elbe et al.,, 2006). This project investigates the
integration of free-range poultry farming with photovoltaic (PV) systems on two farms. The study focuses on outdoor area utilization, nutrient |

Hochschule
fur Wirtschaft und Umwelt
Niirfingen-Geislingen

Preliminary results

Wildlife cameras document the number of hens within defined areas at different distances from the barn. A total of 14
cameras take a picture every hour. Al is used to count the hens in the images.

deposition in the soil, impacts on vegetation, and economic considerations, with the aim of developing practical recommendations.
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Methods
Farm 1: Barn orientation: E/W; PV orientation: S; 2.1 ha free range;  Farm 2: Barn orientation: N/S; PV orientation: S; 2.3 ha free range; 4 m?2
4 m2 /laying hen; brown layer; study design: three flocks with 100 %  /laying hen; white and brown layers; study design: two flocks with 100 %

| PV,50% PVand0 % PV. PV an % PV. :
RSt soil cover (%) 87 59
O N e U e S BRORONY = - = amount of plant species 6,3 3,
scan sampling phosphorus and nitrate analysis; dry matter yield; Gottingen  workreport; simulation software PV*Sol Premium dry matter (%) 17,9 12,2
method volumetric soil moisture estimation system >
= FlO e .- = '\\ The graphs illustrate the average N_(min) and P content of the three flocks in relation to their distance from the barn.
S e N_(min) content in the three different flocks in relation to the distance P content in the three different flocks in relation to the distance from
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Il. Vegetation analysis

The soil cover, the plant species and the dry matter underneath the module tables and in the intermediate area is
e determined. The data from the 2024 evaluation is summarized in the table.

from the barn
600

500

400

o

|
: I " [
m : “ | .LJ@. | .LJ_ |

4
distance from the barn (m)
H100% PV mE50% PV 0% PV

Basic: n =162

100,00
90,00
80,00
70,00
60,00

50,00

30,00

P205 (mg/100 g soil)
N

20,00
10,00

0,00

the barn

10 20 40 60 100
distance from the barn (m)
W 100% PV  m50% PV 0% PV Basic: = 162

N

soil moisture (%)

47
45

module rows

V. Soil moisture analysis

Temporal course of volumetric soil moisture between and below the
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V. Energy yield analysis

Simulated hourly values of the grid feed-in of the installed system type
(south orientation) compared to an east/west orientation and a vertical

018 orientation
NE 0,16
S~
é 0,14
=
= 0,12
o)
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S 008
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—south orientation veritcal orientation —ceast/west orientation

Characteristics

orientation towards the

barn lengthways transverse

width of a module row [m] 6,8 4,4 \
\

row distance [m] 2,1 4,5

amount of drip edges 3 2

module type bifacial monofacial

Funded by the Ministry of Food, Rural Areas and

Consumer Protection Baden-Wurttemberg N L
(Ministerium far Ernahrung, Landlichen Raum Surtlnggtn-Geslmgen
und Verbraucherschutz Baden-Wirttemberg) nIversity

Modellregion Agri-PV

Baden-Wiirttemberg

MINISTERIUM FUR ERNAHRUNG, LANDLICHEN RAUM
UND VERBRAUCHERSCHUTZ

Elbe, U., RoB, A., Steffens, G., Van den Weghe, H., & Winckler, C. (2005). Organic layer hen
husbandry in large flocks: Specific use of outdoor runs and nutrient input. In J. Hel3 & G. Rahmann
(Eds.), Proceedings of the 8th Scientific Conference on Organic Agriculture (pp. 307-310). Kassel: kassel
university press GmbH.
Zeltner, E., & Hirt, H. (2003). Use of outdoor runs by different layer hybrids during rearing and
laying period. In B. Freyer (Ed.), Proceedings of the 7th Scientific Conference on Organic Agriculture (pp.
257-260). Vienna: University of Natural Resources and Life Sciences, Institute of Organic Farming.
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Landsiedlung Baden-Wiirttemberg GmbH

Construction plan:

The plant:

Grass stripe, with one-time mowing,

cultivation

l Solar modules adapted to ecological needs
g (bifacial)

Total hight max. 4m

/- Frame with pole Agricultural

|

l Row spacing 10m (min. 8m) I

0.75 m minimum
module elevation above
the ground

Next25un GmbH

Modellregion

‘\_'g Agri-PV BW
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Landsiedlung Baden-Wiirttemberg GmbH

Current state of implementation: Ornithological investigations
' previous to —_—.

Moracilla alba

construction Fringilia monsiingill
start (2022): Dererorapas na

Found species - Fesms

Biodiversity measurements surrounding the plant: _ ol arokis

= Modellregion

wA® rqiPvBW
v

Dead wood heap Pile of stones Planting including trees Waterhole Skylark windows




Insights after one and a ha ears 500

*  Which species of berries
can be cultivated?

* Do we need to change
cultivation to have optimal
yields?

*  Which combination of AV
and variety is economically
useful?

Beginn of harvest later in comparison to free range cultivation, how much
later depends on species and variety

Duration of flowering takes more time, so does harvesting

Harvesting is more evenly spread, no real ,peak” with lots of ripe fruits
Like in other protected cultivation mildew, aphids, mites, etc. are an issue

Vegetative growth i.g. growth in length is stronger
More testing is needed,

especially which variety will
cope with AV best

Right now we are looking in
strawberry, raspberry,
blackberry, blueberry and
red current

Contact for more information:
Contact: Tobias Gabler

Phone: +49 7134 504 104

Mail: Tobias.Gabler@lvwo.bwl.de

LVWO i \X/ tt\ i 2 6 Modellregion
aden-Wiirttember: AW Aqri-P\
WE I N S B E R G MINISTERIUM FUR LANDLICHEN RAU? l’ Bw

UND VERBRAUCHERSCHUTZ
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Agri-PV Glas Plate Polytunne| e Foil House === Rain Caps

*  PAR values measured so far indicate a light transmission of 40 — 50% compared to open

field

Temperature
(29.3. bis
29.05.)

Highest Value
Free Range
(2.05. 16:15)

Lowest Value
Free Range
(11.04. 6:00)

For Comparison: Rain Caps: 75%; Polytunnel: 70%; Foil House: ca. 50%

Temperature (Recorded from 27.03. — 28.05.)

~—
.." i -

12,8 12,98 14,12 17,2 16,26
29,59 29,054 29,2 31,306 30,1
-0,544 0,121 -0,2 3,81 2,5



Suitabllity of Agri-Photovoltaics
INn Sweet Cherry Production

@ o

~ Modellregion
 Agri-PV [/
<

Thorsten Espey | Staatliche Lehr- und Versuchsanstalt fir Wein- und Obstbau Weinsberg | Traubenplatz 5 | 74189 Weinsberg | thorsten.espey@Ivwo.bwl.de

S S n B - 2 e 7 » ! I s
\ St - h’ f - ‘A‘ > ¥ BN
: D w, 4 &
% - - EoNEs 2> o AR P
¥ ¥ . . = K >
: B4

T
|
e
L
et
L
i
fotat
et
-

| | E
E HEn i 1
| - || == i el ‘ 3 i!“ i
;? i- T ! 7 a B 1 5} i 1 v
SN B = . BRI %
SHe . - HiH i it TR s |
= SR EE i R R RRRRERRERE 1\ 1\
.|| i - ' _ FEERHHTTH TN
S F : : HilHiH ] HHH T 1
| =] 3 ¥ . | 3 -

] : i iE AEES3EE] 2aall 3811 AT R LR\t

== Hiit THHEEEH it R mﬁ“ RN m‘\}ﬁ NN
L T : 111 L
i T 1 f i i ,
1 4 HHEH ] 1 HHTHUHTTHHI ‘ 1
Hiltiiah THHEEHEEEEEEE T THIE
¥ » R R Ay . \ . ; ’; . v e C Bt T o BT SN " Ll 5 il . S “

e
e
s o YT T Al
o v P -

Ve R E({;a;-:g\;' m

Year of Construction: 2024

Location: Bad Friedrichshall (Germany)

System Dimensions: 2.300 m?

System Hight : 4,10 m

Power Output: 225 kWp

Module Types: A-Block: 77% Transparency
B-Block: 49% Transparency
C-Block: 10% Transparency

. Interior View =/ &
AR AR i N

Research Questions
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Influence of the APV-System on yield and quality of current market varieties?
Determination of the optimal transparency level of the modules compared to foil roofing?
Occurrence of pests and plant diseases?

Options to counteract the effects of potentially insufficient light availability?

Influence of permanent roofing on soll processes?
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All experiments mirrored three times under
1) low transparency

2) high transparency

3) standard folil roofing.




Elevated Agri-PV research facility for
arable farming

a part of the ‘Modellregion Agri-PV Baden-Wiirttemberg’

FACTS ABOUT THE RESEARCH LOCATION & DESIGN

FACILITY

C ) Part of: Funded by:
ontact person: - r. B

Andreas Schweiger é é: Yy

Plant Ecology Modellregion AP

University of Hohenheim d 6

Area: 0.36 ha

Floor plan dimensions: 70 x 52 m
Minimum clearance height: 5.5 m
Anchoring via screw foundations
Nominal output: 218 kWp

Surface shading: 30 %

Bifacial double glass modules
Cultivation in plots (13 x 14 m each)

Research focuses on both economically
important and novel arable crops

AGRI-PV RESEARCH IN HOHENHEIM

Focus on researching the effects on:

* Yield quantity and quality of various crops under different
weather conditions

* Plant physiology, especially the adaptation potential of plants
* Microclimate (especially water and light balance)

« Soil life and metabolism (carbon, nutrients, water)

. . . https://agriphotovoltaik.
® Loca | b | Od IVers |ty uni-hohenheim.de/en

» Multifunctional use and provision of ecosystem services

+ Agricultural and energy policy framework conditions and
economic viability

Contact: agripv@uni-hohenheim.de

BW Badcn;Wiirttemberg

E-Mail: andreas.schweiger@uni-hohenheim.de 'Y : i . .
MINISTERIUM FUR ERNAHRUNG, LANDLICHEN RAUM

UND VERBRAUCHERSCHUTZ



