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ARTICLE INFO ABSTRACT

Keywords: Agrivoltaic systems have been advocated for their potential to reduce land use conflicts, as they enable the
Agrivoltaic combined production of food and electricity on the same land. This paper determines the additional costs of
Photovoltaic

agrivoltaic systems over conventional ground-mounted photovoltaic facilities on farmland and relates the extra
cost to the amount of land saved, yielding an estimate of the costs of preserving farmland with agrivoltaics. The
analysis is based upon extensive data collection from project developers as a basis of the cost calculations for
various agrivoltaic and ground-mounted photovoltaic systems and system sizes. Net returns from farming under
the agrivoltaic systems are credited against the costs of these systems. The levelized costs of electricity generation
(LCOE) of agrivoltaic systems are significantly higher than those of ground-mounted photovoltaic systems.
Depending on the agrivoltaic system type and scale, the additional costs range from 4 % to 148 % of the LCOE of
ground-mounted photovoltaic systems. Agricultural production usually has little impact on overall profitability
of the AV systems examined. When relating the additional costs of the agrivoltaic systems to the saved farmland
area, the annual costs of preserving one hectare of land range between €8000 and €26,000 per ha and year for
medium-sized, low-mounted agrivoltaic systems and between €42,000 and €75,000 per ha and year for high-
mounted agrivoltaic systems. This is many times over the potential net returns from agricultural production
on the land area saved. Given these findings, the meaningfulness of financial support for agrivoltaics, as offered
by the German government, must be called into question.

Levelized cost of electricity
Preserving farm land
Agriculture

Annual preservation price

1. Introduction of this development (International Energy Agency IEA, 2025). However,

the increasing deployment of close-spaced ground-mounted PV (subse-

Following the Paris Agreement on climate change, the expansion of
renewable energy has become a central policy objective worldwide
(United Nations Framework Convention on Climate Change (UNFCCC),
2023). Among the available technologies, photovoltaic systems (PV),
especially ground-mounted systems, have gained momentum due to
their scalability and declining cost over time (Hassan et al., 2024; Kost
et al., 2024). With a 70 % share of planned energy generation capacity
from renewable sources, photovoltaics clearly dominates the expansion
targets for renewable energies in Europe. Germany is among the drivers
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quently GM PV) has given rise to concerns about land use conflicts, as
agricultural land is a scarce and contested resource (Sacchelli et al.,
2016). Increasing demands for land across sectors such as energy pro-
duction, food production, urban development, and nature conservation
have fuelled the debate, highlighting the need for solutions that are
more efficient in terms of land use (Bohm, 2023; Osterburg et al., 2023).

Agrivoltaic (AV) systems have been advocated as a means of miti-
gating land use conflicts by enabling the simultaneous use of farmland
for both electricity and food production (Amaducci et al., 2018; Bohm,
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2023; Schallenberg-Rodriguez et al., 2023). By integrating solar energy
generation with agricultural practices, AV aligns closely with two Sus-
tainable Development Goals: Zero Hunger (SDG 2) and Affordable and
Clean Energy (SDG 7). In response, several governments have intro-
duced financial incentives to support AV deployment. In Germany, this
is reflected in the Renewable Energy Sources Act (EEG 2023), which
grants AV systems with a minimum height of 2.1 m an additional bonus
of €cent 1.2 per kWh in addition to the feed-in tariff (Bundesministerium
der Justiz BMJ 2024). Compared to GM PV, agrivoltaic systems produce
lower energy yields per hectare, but the underlying idea is that these
losses can be offset by agricultural production on the same land
(Schindele et al., 2020; Bohm, 2024). Furthermore, agricultural pro-
duction can be influenced by the PV systems themselves, for example
through shading effects, which may have positive or negative impacts on
crop yields (Laub et al., 2022). These trade-offs lead to the central
research question of this paper: At what cost is agricultural land pre-
served through AV systems compared to conventional GM PV?
Furthermore, the paper aims to identify AV systems that are most
favourable in this regard and to explore the factors that influence the
outcome.

Previous studies have examined the technical feasibility and agro-
nomic effects of AV systems, including their potential to improve
microclimatic conditions (Elamri et al., 2018; Meier-Griill et al., 2024),
and to what extend they may serve as climatic adaption strategy
(Aroca-Delgado et al., 2018; Wydra et al., 2023; Chopdar et al., 2025).
Other studies have focused on the synergistic use of AV mounting
structures for insect nets (Gadhiya et al., 2024). The literature also de-
scribes the potential of AV to power innovative precision agriculture
systems (Bhadra et al., 2024).

Various studies show that dual land use for electricity and food
production can significantly increase land use efficiency (Giri et al.,
2022). Gadhiya et al. (2024) indicate an increase of up to 197 %, which
is confirmed by Trommsdorff et al. (2021) for dry years.

Studies assessing the economic implications of AV systems, have
focussed on pilot projects or specific AV configurations (Schindele et al.,
2020; Agostini et al., 2021; Alam et al., 2023). This limits comparability.
Moreover, the societal cost of preserving farmland through AV,
expressed as the additional cost per hectare relative to GM PV, have been
addressed but not systematically assessed across different system types
and agricultural uses (Amaducci et al., 2018; Weselek et al., 2019;
Feuerbacher et al., 2021; Trommsdorff et al., 2021).

Against this background, the objective of this paper is to determine
the costs of farmland preservation for different AV systems and different
agricultural land uses. To this end, the levelized cost of electricity
(LCOE) of four AV system types and conventional close-spaced GM PV
across three major agricultural land uses (arable land, grassland, and
apple orchards) are calculated. The additional costs of AV systems are
then related to the preserved farmland, yielding the annual preservation
price per hectare. For a comprehensive assessment the analysis accounts
for the agricultural returns under AV systems and examines the sensi-
tivity of the results to key assumptions, such as interest rates and dis-
tances to the grid connection point. The literature is supplemented by
systematically analysing four different AV systems, each in various
system sizes, covering the three most important agricultural production
systems in Germany: arable farming (11,657,000 ha in 2022 in Ger-
many), grassland (4733,000 ha), and permanent crops (63,000 ha), of
which apple cultivation accounts for around 50 % (Bundesministerium
fiir Ernahrung und Landwirtschaft BMEL 2024a, 2024b). Although the
area under apples is relatively small, the synergy potential with AV is
expected to be very high (Trommsdorff et al., 2023).

The scientific contribution of this study lies in its systematic and
comparative analysis of a range of AV systems of different sizes under
various agricultural land uses, based on recent data, while assessing the
sensitivity of the results to the underlying assumptions. In terms of social
impact, the results of this study contribute to the objectification of the
political debate on land use conflicts in connection with photovoltaics
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on farmland.

The remainder of the paper is structured as follows: Section 2 out-
lines the methodology and data sources. Section 3 presents the results,
including cost structures, LCOE comparisons, and preservation prices.
Section 4 discusses the implications for policy and practice and makes
recommendations for future research and policy design.

2. Methodology and data

Despite the widespread discussion of agrivoltaic concepts, there were
only around 20 pilot plants in Germany at the beginning of 2024
(Fraunhofer Institute for Solar Energy Systems ISE (Fraunhofer ISE)
2024a), leaving an insufficient database for any meaningful compara-
tive economic analysis. Given the paucity of data, it was necessary to
conduct an ex-ante data collection and cost calculation for different PV
systems and locations. Accordingly, the first step of the methodology
involved data collection for different AV systems.

In Germany, AV is defined by DinSpec 91434, distinguishing be-
tween high-mounted (from 2.1 m) and low-mounted systems (Deutsches
Institut fiir Normung e.V. (DIN), 2021). This preliminary industry stan-
dard stipulates that a minimum of 85 % (ground-level) or 90 % (high--
mounted) of the system area must stay in agricultural production (see
Table 2).

The capital expenditure (CAPEX) includes the costs of modules, in-
verters, mounting system, cabling within the system, installation costs,
fencing, transformers, a potential substation, land acquisition, biodi-
versity measures, approval costs, structural engineering reports, envi-
ronmental reports, project planning and construction supervision.

Operational expenses (OPEX) include system monitoring and oper-
ation (monitoring, reporting, inspection, maintenance), remote control
capability, security monitoring, insurance, commercial administration,
legal advice, biodiversity conservation measures, grassland mainte-
nance, cleaning costs, repairs to inverters and miscellaneous costs.

Fig. 1 visualises the methodological approach adopted in this study.
First, a literature review was conducted and data on CAPEX and OPEX of
AV and GM PV was collected from project planners. Second, the LCOE
and the profitability of the different AV systems were calculated without
consideration of agricultural production. Third, the net return from
agricultural production was determined, and deducted from the LCOE
(as a kind of credit) in the fourth step. Finally, the differences in LCOE
between the AV systems and a conventional GM PV system were
compared with the land area saved in order to obtain estimates of the
costs associated with this type of land preservation.

For this analysis, the most common AV systems were selected based
on the literature review and current market observations, with con-
ventional GM PV systems serving as a reference (see Table 1 and
Table 2). As indicated in Table 1, the AV systems differ considerably in
their design and technical characteristics. To ensure realistic technical
and economic assumptions for the various PV systems, a data collection
protocol was developed following Bohm et al. (2022) and Trommsdorff
et al. (2023). This protocol contained predefined fields for technical
design parameters (e.g. power density and annual yield differences) and
CAPEX and OPEX components. Project planners and developers were
asked to complete this file based on their experience. The collected re-
sponses were processed to validate and refine assumptions derived from
the literature, following the interactive approach described by Kekeya
(2016). In total, 44 project planners and developers of AV and GM PV
projects in Germany were contacted. Feedback from 20 respondents was
subsequently discussed and validated to inform the system specifications
used in the analysis.

The total cost of GM PV systems has declined by approximately 12 %
annually over the past twelve years (Fraunhofer Institute for Solar En-
ergy Systems ISE (Fraunhofer ISE) 2024b). To ensure comparability
across system types, all assumptions were standardised to reflect con-
ditions as of August 2023. In order to account for economies of scale,
system sizes of 1, 2, 5, 10, 20, 40 and 80 ha were considered. For
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Evaluation of the German Farm Accountancy
Data Network (FADN)
2014-2023

-

Return to land
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-
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Fig. 1. Workflow for calculating the cost of land preservation.

simplicity, the 2-hectare system is referred to as a small-scale plant, the
10-hectare plant as a medium-scale, and the 40-hectare system as a
large-scale. All additional data and calculation results are provided in
the Appendix Table 1-17. Since PV projects are highly site-specific —
particularly with respect to the distance to the grid connection point —
assumptions were made to enhance the generalisability of the results.
Specifically, a business model was assumed in which a farmer or land-
owner acts as both investor and operator of the system. All calculations
are exclusive of taxes. The opportunity costs of land use are captured by
the concept of ‘return to land,” which represents the net profit attrib-
utable to land as a factor of production. It is calculated by deducting all
costs — including opportunity costs for capital and labour, but excluding
ground rent — from total revenue. The resulting figure indicates the
amount available to remunerate land and thus reflects its economic
value in agricultural production. The study is based on an analysis of
long-term average return to land at farm level. These returns are

calculated using data from the German Farm Accountancy Data Network
(FADN). In economic terms, this indicator can be interpreted as the
maximum willingness to pay for land, derived from agricultural profit
after accounting for all other costs. For the AV system, it is assumed
that the reference GM PV installation would be located on arable land.

An annual performance degradation rate of 0.4 % was assumed for
all PV systems, based on previous research (JinKo Solar, 2024; Longi,
2024). In addition, annual increases in maintenance costs were set at
1.3 %, following (Bohm et al., 2022).

It was assumed that 3 % of the electricity generated by PV systems
cannot be sold at a positive price due to periods of negative electricity
prices on the energy exchange. For AVyertical Systems, this share was
reduced to 2 %, reflecting their more favourable feed-in profile with
generation peaks in the morning and afternoon. Although this assump-
tion relates to the revenue, it is incorporated into the cost calculation
because the LCOE is based on the amount of electricity that can be sold

Table 1
Characteristics of the AV systems investigated.
System GM PV AVyertical AViracking AVaim AV.4m AVapple
Dist: t
istance to Close 0.8 m variable >21m >4m >2.5m
ground
90° and east-west 30° and east oriented and
Module . . Single axis tracked and . Single axis tracked and 30° and west oriented
o 30° and south oriented oriented . 30° and south oriented .
direction east-west oriented east-west oriented (module transparency
(frameless modules)
50 %)
. Farming under and
Distance between the modules Adjusted to apple
between 2.5m 10m 10 m . . 10 m J PP
(agriculture only possible orchards
the rows . . .
with special machinery)
Pictures
© fabersam - picabay. ~ © Next2Sun g 2 iy &
com © OKO-HAUS GmbH © SUNfarming
© Krinner Carport GmbH
PV system that have been ivtisrisizzrg f\;v rh;Cr};;fe
PV system with vertical . optimised for the feed-in P . . . PV system which is
. - . PV system with tracked . farming with normal-sized L
Economically optimised oriented frameless . tariff bonus for systems . . optimised for apple
. . modules; suitable for crops . . . maschinery but limited in . R .
Descrip- ground-mounted PV modules; suitable for . with a minimum height of . . production with semi
. . . and grassland with a . . working width. The .
tion system; grazing with crops and grassland 2.1 m; suitable for a wide transparent modules, it

maximum crop height of

sheep is possible approx. 1 m.

with a maximum crop
height of approx. 1 m.

range of crops, but with
limited machinery working
width.

modules are tracked and
the structure is secured;
suitable for a wide range of
crops

can replace hail net
systems
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Table 2
Detailed assumptions of the systems under consideration, derived from the data
survey and DinSpec 91434.

GM

System PV

Avvertical Avtracking AV2,1 m AV>4 m Avapple

Power density
[MWp/ha]

Annual yield
differences
per kWh/
kWp

Remaining
usable area
of
agricultural
land
according to
DinSpec
91434

1.1 0.4 0.7 1 0.5 0.82

100% 100 % 120 % 100 % 120 % 90 %

0% 85 % 85 % 90 % 90 % 100 %

at a positive price. Consequently, a decrease in marketable kilowatt
hours increases the calculated LCOE. The analysis focuses on LCOE
rather than actual market revenues, so potential additional revenues
from direct marketing via spot markets were not considered.

The investment requirement for the cable route to the grid feed-in
point is estimated at €120,000 per kilometre for each system. A
typical distance of 2.5 km to the grid connection was assumed; however,
both the cost and the distance can vary significantly in real projects.

Although the revenue does not directly affect the LCOE, it does have
an effect on the potential financing. In terms of revenue, it was assumed
that PV systems with a capacity of less than 20 MWp would receive a
fixed feed-in tariff for 20 years under the EEG. In contrast, larger systems
generally sell electricity through Power Purchase Agreements (PPA).
Based on the collected data, it was assumed that the equity shares for
systems under 20 MWp is 25 %,; for larger systems it is 40 %, as banks
usually require a higher equity contribution due to increased price risk
associated with PPAs. The assumed equity interest rate is 5 %, while the
debt interest rate is 4.68 %, based on conditions provided by Rent-
enbank, the German Government’s development bank for agriculture
and rural areas (Rentenbank, 2023).

The levelized cost of electricity (LCOE) reflects the average unit cost
of electricity generated over the entire lifetime of a system, independent
of the timing of electricity production. (Bohm et al., 2022; Chalgyn-
bayeva et al., 2024).

LCOEPV _ CAPEXaa + OPEXarea (1)
y

with

LCOEpy = levelized cost of electricity of PV [€/kWh]

CAPEX,, = amortisation of the investment requirement incl. grid
connection per hectare [€/ha/year]

y = average annual electricity yield over the lifetime of the system
[kWh/ha/year]

OPEXarea = Average annual operating expenses per area including
repair reserves and opportunity costs for land usage [€/ha/year]

with
OPEXeq = OPEX % ¢ 2)

¢ = installed capacity per hectare [kWp/ha]
OPEX:a0M+aR+aG+ac+ai+aM+% 3)

with

apym = average operation and maintenance [€/kWp/year]
aR = repair reserves for inverters [€/kWp/ year]
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0 300 km

Fig. 2. Adapted soil climatic zones of Germany according to Freier
et al. (2010).

Legend
Aggregated federal states D
1.275 kWh/m?%year

1.026 kWh/m?year I

0 300 km

Fig. 3. Mean global horizontal irradiation [kWh/m?/year] from 2014 to 2023
for Germany.
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ag = grassland and bush care [€/kWp/year]

ac = average cleaning costs per year [€/kWp/year]

a; = costs for insurances [€/kWp/year]

ay = commercial management, direct marketing/trader and remote
monitoring costs [€/kWp/year]

oc = opportunity costs for land usage = the loss of return to land for
agricultural land [€/ha/year]

CAPEX,, = CAPEX x ¢ * af ()]
with
CAPEX = investment requirement including grid connection
[€/kWp]
af= annuity factor see appendix 1
CAPEX = Cpy + C; + Cy + Cg + Cpos + C¢ (5)
with

Cpy =costs for PV modules [€/kWp]

C; = costs for inverter [€/kWp]

Cm = costs for mounting structures [€/kWp]

Cp = mounting costs [€/kWp]

Cpos = costs for other hardware like cable, remote control, envi-
ronmental assessments, legal assistance [€/kWp]

Cg = cost for the grid connection [€/kWp]

Cexd
c

CG = CST + (6)

Cst = costs for transformer and substation [€/kWp]

C¢ = costs for cable to the grid connection point [€/km]

d = distance to the grid connection point [km]

Given the annual variability in the profitability of both PV systems
and agricultural production, this study employs the ten-year average
(2014-2023) of global horizontal irradiation and agricultural returns to
land. These averages are calculated for four climatic zones as defined by
Freier et al. (2010), following the methodology of Duden and Offermann
(2020) (see Fig. 2). For this period, Germany’s general climatic condi-
tions include an average annual temperature of 10 °C and average
precipitation of 722 mm (Federal Statistical Office (Destatis), 2023).

To estimate electricity yields, the study utilised average global solar
radiation data provided by the German Weather Service (DWD) for the
four soil climate zones over the period 2014-2023. The annual sums of
global radiation were derived from 1 x 1 km grid data available through
the Open Climate Data Centre. These spatial datasets were intersected
with the study regions using the QGis software (Fig. 3).

According to Solargis (2021), the estimated mean electricity yield in
the first year of operation is 1067 kWh/kWp/year for the north region,
1076 kWh/kWp/year for the western region, 1087 kWh/kWp/year for
the eastern region and 1171 kWh/kWp/year for the southern region.

The calculation of the net returns to land using data from the German
Farm Accountancy Data Network (FADN) follows the methodology
outlined by Hansen et al. (2021).

FP+LR—-W-1I

Rae =
-AG l

@)
with

Rag = Net return to land of agricultural production [€/ha/year]

FP = farm profit (corrected for extraordinary and out-of-period
payments) [€/farm/year]

LR = land rent [€/farm/year]

W = imputed wages for family workers [€/farm/year]

II = imputed interest for own capital (excluding land) [€/farm/year]

1 = agricultural land per farm [ha/farm].

For arable farming, the German FADN dataset comprises between
1479 and 1856 farms per year. In the case of grassland, specialised dairy
farms and specialised forage farms with a grassland share exceeding
80 % were selected, resulting in a sample of 695-921 farms annually.
For apple production, farms classified as specialised fruit farms or mixed
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permanent crop farms with more than 80 % of agricultural land dedi-
cated to apples were included, yielding a sample size of 27-101 farms.
Due to the presence of only one or two apple farms in the western and
eastern region, data from these areas were excluded from the analysis.

In apple cultivations, AV systems (AVpple) can substitute for tradi-
tional hail protection nets, potentially reducing investment and main-
tenance. Annual cost savings from replacing hail nets are estimated to
average around €1800 € per hectare (Iglesias and Alegre, 2006; Bahlo
et al., 2013; Porsch et al., 2018; Rogna et al., 2019; Trommsdorff et al.,
2023).

AV installations may lead to increased operational costs due to
reduced working widths and slower machinery speeds, which can affect
overall production efficiency. The potential need to adapt agricultural
machinery, such as adjusting sprayer or spreader working width or ac-
commodating a minimum clearance height of 2.1 m, may lead to
increased production costs and could reduce the overall profitability of
agricultural production. However, due to the high degree of uncertainty
and the limited availability of empirical data on these specific cost im-
pacts, this study assumes that AV systems do not incur additional agri-
cultural production costs. The potential influence of AV on agricultural
profitability is further explored through a sensitivity analysis.

To enable a meaningful comparison of the profitability and LCOE of
AV systems versus GM PV systems, the return to land from agricultural
production must be accounted for. Therefore, the agricultural net return
to land is incorporated as ‘agricultural benefit’ (AB) in the calculation
the LCOEpy.

Rac

AB=-"2= (€)]
y

AB = agricultural benefit [€/kWh]
LCOE,,; =

with:

LCOE¢t = levelized cost of electricity (net) [€/kWh]

For apple production, the cost saving of the substitution of hail nets is
considered.’

LCOEpy — AB (C)]

Ruc+h

LCOEne[, AVapple = LCOEpy — (10)

with:

LCOE et avapple = levelized cost of electricity (net) for apple pro-
duction [€/kWh]

h = hail net costs [€/ha/year]

The preservation price for agricultural land per unit of electricity
produced [€/kWh] (AVpremium) is computed as difference of the lev-
elized cost of electricity production under GM PV and AV.

A Vpremium = LCOEnet;GMPV - LCOEnet-AV (1 1)

with:

AVpremium = cost difference between GM PV and AV[€/kWh]

LCOEnet;GM PV = LCOEnet of GM PV[€/kWh]

LCOEer.ay = LCOE e; of AV[€/kWh]

The preservation price is calculated to reflect the additional costs
associated with maintaining land availability for agricultural use under
AV systems. Following the terminology of Schindele et al. (2020), this
value is referred to as a preservation price rather than a cost. The annual
preservation price per hectare of agricultural land [€/ha/year], denoted
as APP, is determined by assuming an AV system that generates the same
annual electricity output as one hectare of GM PV.

The required AV system area is derived from the ratio of energy
yields per hectare, expressed as (’%). The additional cost (AD) of

1 In Germany, the use of hail nets is widespread in southern Germany,
particularly in new orchards.
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Table 3
CAPEX and OPEX of different PV-concepts and system sizes.
System GM PV AVyertical AV racking AVaim AVo4m AVapple
2 ha 811 1269 1159 923 1658 1586
CAPEX with grid connection [€/kWp] 10 ha 549 779 776 637 1230 1362
40 ha 565* 607 801" 658* 1102 1419*
2ha 16.9 17.2 19.3 19.1 18.1 16.8
OPEX with repairs, with-out land rent [€/kWp/year] 10 ha 11.4 10.8 12.8 13.0 12.0 11.7
40 ha 8.9 8.6 9.7 10.3 9.7 10.0

" From 25 MWp, a substation is also included, resulting in higher CAPEX.

Table 4
Average annual return to land of arable land, grassland and apple orchards ac-
cording to the German FADN 2014-2023.

Location (soil climatic region) north west east south
Return to arable land [€/ha/year] 367 376 286 362
Return to grassland [€/ha/year] 366 124 62 -11
Return to land under apple orchards [€/ha/year] 2549 N/A ‘I;I/ -9

producing the same electricity with AV is calculated as:

AD = AVyremium * Yem pv

This cost is then related to the area effectively preserved for agri-
cultural production, which is the difference between the one hectare
fully occupied by GM PV and the fraction of a hectare occupied by AV.
The resulting formula for the annual preservation price (APP) is:

AD
APP = 1 — (Yamev 4 (1 — ) 12
( Yav ( sag )
or after rearranging:
APP — AVpremium * YoM pv * YAV (13)

Yav — (Yom pv * (1 - Sag))
with:

APP = annual preservation price for agricultural land [€/hectare/
year]

Sag = share of area usable for agriculture under AV [%]

If the denominator in the preservation price formula is positive,
which represents the typical case, the APP reflects the cost of preserving
one hectare of agricultural land. If the denominator equals zero, both AV
and GM systems exhibit identical area efficiency, meaning that no land is

LCOE, o; [€ct/kWh]

14

effectively preserved and the preservation price becomes undefined. If
the denominator is negative, the AV system is less area-efficient than GM
PV, indicating that it occupies more agricultural land per unit of elec-
tricity produced and, consequently, no land is preserved.

3. Results and Sensitivity Analysis
3.1. Descriptive Results

Table 3 shows a summary of the total investment requirements
(CAPEX) and operating expenses (OPEX) by system size, based on prices
in August 2023 and annualised over a 25-year project lifetime. A
breakdown of these costs is presented in Appendix Table 1-13. For
systems with peak capacity above 25 MWp, a substation was assumed to
be necessary for grid connection. This requirement results in higher
investment costs for certain system sizes, particularly compared to the
10 ha and 40 ha configurations.

Table 4 displays the average returns to land from agricultural pro-
duction. These values vary considerably across years and regions, with
some regions even showing negative returns. Such negative values result
from quasi-fixed production factors and the inclusion of imputed cost
such as remuneration for equity capital and family labour. It should be
noted that farm-specific returns to land can deviate substantially from
the mean, depending on individual production conditions and farm
structures.

The high land use efficiency of AV systems becomes evident when
comparing the area required to generate the same amount of electricity
as conventional GM PV systems. To match the annual electricity output
of one hectare of GM PV, the AVyertical System requires a total facility
area of 2.72 ha facility area, yet only 0.41 ha farmland are effectively
removed from agricultural use. The AViacking System performs even
better in this regard, requiring 1.31 ha of facility area while occupying
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2ha
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10ha 40ha
north

north

HGM PV AVvertical W AVtracking

HAV2.1m W AV>4m W AVapple

Fig. 4. LCOE,, of different AV systems and facility sizes on arable land / apple orchards in the northern region. Remark: Other regions show similar results, see

Appendix Tables 14 and 15.
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LCOE ¢; [€ct/kWh]
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B GM PV AVvertical B AVtracking HAV2.1m HAV>4m B AVapple

Fig. 5. LCOE,,; of different AV systems in the four regions for 10 ha facilities on arable land / apple orchards. *No data for apple production in west and east

available (see Table 3).
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Fig. 6. LCOE components, assuming medium size system (10 ha). The reduction in LCOE due to the agricultural benefit from crop production is illustrated. Remark:

The share of interest costs is presented in an aggregated form.

just 0.2 ha of farmland. The AV, 1 ,, demonstrates the highest land use
efficiency, producing the same electricity on 1.1 ha with only 0.11 ha of
farmland lost. For the AV. 4, systems, the corresponding figures are
1.83 ha of facility area and 0.18 ha of farmland loss. Overall, the results
highlight the potential of AV systems to mitigate land use conflicts by
significantly reducing the effective loss of agricultural land.

3.2. Levelized cost of electricity

The levelized cost of electricity (LCOE) varies depending on system
size and location. For GM PV systems, the LCOE ranges from €cent 4.54
per kWh for the large-scale installations in the south to €cent 7.55 per
kWh for the small-scale systems in the north. Detailed LCOE results for

all systems are provided in Appendix Tables 14 and 15.

Even when agricultural returns are considered, AV systems generally
exhibit higher LCOE¢; values than GM PV. For AVyertical, LCOEpet is
4-42 % higher than GM PV. For AViycking, the increase ranges from
12 % to 13 %, while AVy 1, systems show a 13-16 % increase. Elec-
tricity generation in AV.4n, system is 48 % and 62 % more expensive
than in GM PV. The highest cost occur in AVppie Systems, where LCOE ¢
is 91-248 % above GM PV.

Fig. 4 demonstrates that the systems benefit from economies of scale.
In smaller installations, the LCOEet of the AVyerical System is higher
than that of AVy1 m and AViacking, primarily due to its lower energy
yield per unit of installed capacity. However, in larger facilities, this
relationship reverses, as AVyetical benefits more from economies of scale.
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Table 5
Annual preservation price (APP) for arable land, grassland and apple orchards of
different AV systems in the northern region, depending on system size.

Annual .
. . Annual preservation
preservation Annual preservation .
System . . price for apple
[€/hectare/ price for crop price for grassland orchards (1 ha /
land (1 ha/10ha /40 ha
year] (lha/10ha/ systems) 10 ha / 40 ha
40 ha systems) systems)
AVeriea 57,521 / 26,841 57,523 / 26,843 /
/ 3201 3202
AV 13,567 / 8072/ 13,569 / 8074 /
s 8514 8516
AVorm 11,950 /9186 / 11,951 / 9188 /
. 9463 9465
AV., 50,465 / 42,082 50,467 / 42,084 /
sam /31,721 31,723
AVappie 74,444 / 74,994 /

79,707

Remark: All APP results are presented in Appendix Table 15 and 16.

The main reason for this greater economy of scale lies in the assumption
that, with an area of 40 ha, AVyacking requires a substation due to the
system's very high output, whereas AVyetical does not. Consequently, the
fixed costs associated with grid connection increase less for AVyerical at
larger scales, reinforcing its cost competitiveness.

Fig. 5 displays the costs of electricity production for the medium-
sized 10 ha facilities by region. As one would expect, the southern re-
gion exhibits the lowest LCOE due to higher levels of global radiation.
The difference between the northern and southern regions is consistent
across all system types, with LCOE values in the north being 9 % higher
on average.

Fig. 6 provides a detailed breakdown of the LCOE,, structure for a
medium-sized system in the northern region. Comprehensive results for
all regions and system sizes are provided in Appendix Tables 14 and 15.
After depreciation, interest represents the largest cost component, ac-
counting for 32-37 % of the LCOE;, depending on system type. The
modules account for the largest share of depreciation, ranging from 8 %
to 15 %. Operating expenses (OPEX) represent 10-23 % of LCOE (. The
most significant variation between systems occurs in the proportion of
the cost of mounting systems, which ranges from 5 % to 19 %.

Fig. 6 illustrates the impact of agricultural benefits on the LCOEpy for
medium sized systems. Arable farming under AVyerical can reduce the
LCOE by up to 1.5 %. In contrast, grassland use provides a smaller
benefit due to its comparatively low returns. The AV, system delivers
the most significant cost-saving effect in the northern region, where high
agricultural return to land leads to a reduction in LCOE;¢ of up to 4.6 %
(see Table 3). Overall, the effect of agricultural production on the LCOE
remains modest.

When evaluating the cost of preserving agricultural land by
substituting a GM PV system with an AV system, it becomes evident that
even small differences in LCOE can result in substantial cost per hectare
due to the high electricity yields per hectare. Table 5 displays the annual
preservation prices (APP) for the various AV systems, differentiated by
system size and type of agricultural land use. The results in Table 5 apply
to the northern region; differences to the other regions are negligible.

The computed APP values vary significantly by system size. For
example, AVyertical Offers the lowest APP for large-scale systems (40 ha),
whereas AViracking and AV 1 i are more cost-effective for medium sized
systems (10 ha).

Table 5 also indicates that the annual preservation price substan-
tially exceeds the agricultural returns to land (see Table 4). Even the
lowest preservation price remains significantly higher than achievable
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returns to land. Differences between arable and grassland systems are
minor, as are regional variations between north and south, which are
detailed in Appendix Tables 16 and 17.

3.3. Sensitivity analysis

A series of sensitivity analyses were conducted to examine the impact
of variations in key assumptions. As illustrated in Fig. 6, interest costs
are a major driver of LCOE. When the interest rate increases from
4,8-10 %, the APP increases up to €5600 per hectare for the AV, 1 , and
€45,000 per hectare for AV,pple, despite concurrent increases in GM PV
costs. This effect is primarily due to the higher capital intensity of AV
systems, which amplifies the impact of financing costs.

Another sensitivity analysis aimed at determining the threshold in-
terest rates required to bring the APP down to zero. The break-even
interest rates for the different AV systems are as follows: 4.3 % for the
AVyertical System, 3.4 % for AViacking System, 3.2 % for AVa 1y, and
0.7 % for AV 4 . Notably, AV, would require a negative interest rate
of —1.9 % to achieve an APP of zero.

To investigate the effect of varying distances to the grid connection
point, the distance was increased from 2,5 km to 10 km. For AVyertical,
the APP of the large-scale system in the northern region rises from €3200
to €7700 per hectare per year, while the APP of the small-scale system
increases markedly from €57,500 to €148,200 per hectare per year. For
AViracking, the corresponding values increase from €8500 to €9100 (for
large-scale systems) and from €13,600 to €25,600 (for small-scale sys-
tems) per hectare per year, respectively. These results highlight the
significant influence of both system size and cost structure: the smaller
the system, the more pronounced the impact of the grid connection
distance on the cost of land preservation.

To further investigate the influence of agricultural productivity, a
sensitivity analysis was conducted for medium-sized systems. Specif-
ically, the analysis determined the agricultural return to land required to
reduce the APP to zero. For AVyerical, AViracking and AVapp, the
necessary agricultural values to offset the higher LCOE lie between
€6000 and €8500 per hectare per year. The resulting LCOE reductions
amount to 11 % for AViracking and up to 23 % for AVyertical. In contrast,
the high-elevation AV. 4, system would require an agricultural return
to land of €21,000 per hectare and year to achieve cost parity, corre-
sponding to a 39 % reduction of LCOE. For AVypple, the required return
to land rises to €52,000 per hectare per year, equating to a 59 % LCOE
reduction. These figures underscore the substantial increase in agricul-
tural output needed to neutralise the APP, particularly for highly
adapted systems such as AV,pple. While such increases may be theoret-
ically achievable with high-value crops, they are unlikely to be realised
through conventional arable farming or grassland use, especially given
the farming constraints imposed by systems like AV 1 .

Overall, the analysis indicates that agricultural productivity plays
only a marginal secondary role in determining the profitability of AV
systems, while capital and energy-related factors exert a more dominant
influence. The findings presented are consistent across all system sizes
examined. Detailed input data are provided in Appendix Table 1-13,
and the corresponding calculation results are presented in Appendix
Table 14-17.

4. Discussion

This paper aimed to quantify the price associated with preserving
farmland by deploying AV systems instead of conventional close-spaced
GM PV installations. To achieve this, the study calculated the LCOE for
various AV configurations and compared them with LCOE of conven-
tional GM PV systems. The additional costs associated with AV systems
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were then related to the amount of agricultural land preserved,
providing an estimate of the preservation cost per hectare. The cost
assessment also accounted for the agricultural return to land generated
under the AV systems, which was credited against the total system costs.

When the additional costs of AV systems are related to the preserved
farmland area, the annual costs of conserving one hectare ranges from
€8000 to £26,000 for medium-sized, low-mounted AV systems and from
€42,000 to €75,000 for high-mounted AV systems. These estimates are
consistent with previous findings, such as €9052 per ha and year re-
ported by Schindele et al. (2020) and €13,852 per ha per year observed
by Feuerbacher et al. (2022). The notably higher LCOE associated with
AVgpple is also confirmed by Trommsdorff et al. (2023), who report a
58 % increase compared to GM PV. Overall, these cost estimates
significantly exceed the potential returns to land from the preserved
land, highlighting that farming contributes little to the profitability of
AV systems.

Zeddies et al. (2025) found an increasing societal willingness to pay
for electricity from AV systems. According to the LCOE analysis, the
bonus of €cent 1.2 per kWh provided by the EEG is sufficient to offset the
extra costs of medium-sized, low-mounted systems, particularly
AVirackings AVvertical and AVa 1, thus creating a financial incentive for
their deployment. However, the bonus does not bridge the cost gap for
high-mounted systems such as AV.4p, and AV,ppe, which remain
financially uncompetitive. Given the high costs associated with farm
land preservation through AV systems, the economic justification for the
EEG bonus must be called into question. Ultimately, this bonus is
financed by electricity consumers and taxpayers. From a welfare eco-
nomics perspective, such a subsidy would only be justified if the societal
value attributed to the preserved land exceeds the actual cost of its
preservation. Based on the cost estimates derived in this study, this
condition is unlikely to be met. While it is conceivable that the societal
value of preserved farmland, particularly as a strategic reserve or
ecological buffer, may exceed its current market value, it is doubtful that
this value will exceed the high preservation costs identified in this
analysis. Under the assumptions made in this study, a spatial separation
of land use, i.e., conventional GM PV installation alongside independent
agriculture production, emerges as the economically efficient alterna-
tive. If AV systems are to be promoted for political or strategic reasons,
their deployment should be limited to locations where exceptionally
high returns to land from agricultural production can be expected,
ideally sufficient to offset the implicit cost of land preservation. In this
context, a competitive tendering scheme would likely be more effective
than a fixed bonus in identifying and supporting the most cost-effective
AV projects.

In light of the high cost associated with farmland preservation
through AV systems, it is essential to consider alternative, more cost-
effective strategies for safeguarding agricultural land for food produc-
tion. As noted by Bohm (2023) and Osterburg et al. (2023), 8.7 % of
Germany's arable land is currently used for cultivating feedstock for
biogas plants to generate electricity and heat, and an additional 3.1 %
for rapeseed as biodiesel feedstock. However, the energy yield per
hectare of GM PV or AV exceeds that of biogas crops by more than 20
times (Bohm, 2024). Redirecting land use from energy crops to GM PV
could therefore free up substantial areas for food production, at a
significantly lower cost than AV deployment.

Three methodological caveats should be acknowledged when inter-
preting the results. First, the cost structure of PV systems is highly
project-specific and subject to considerable uncertainty, particularly in
the case of AV, which remains at an early stage of market penetration.
Most AV systems have been implemented only at small scale whereas
small-scale GM PV installations are rare due to their limited economic
viability. Consequently, the cost data obtained from project developers
may contain inaccuracies, especially regarding differentiation by system
size.

Second, there is uncertainty regarding the impact of system orien-
tation, such as tracking or vertical alignment, on the electricity yield,
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which can vary by geographic location. The potential for improved grid
feed-in profiles (e.g. higher generation in the morning and evening
hours with AVyerical) was acknowledged and incorporated into the
analysis. This temporal shift in electricity generation can enhance
profitability, as spot market prices tend to be higher during these pe-
riods. However, the benefit depends heavily on market conditions. As a
result, AV systems with favourable generation profiles may achieve
higher market revenues, thereby enhancing overall profitability. This
potential should be examined more closely in future research.

Third, AV can influence both agricultural yields and production
costs. Yield effects primarily result from the shading caused by of the PV
installations; these can be either positive or negative depending on
weather conditions, plant species and variety, geographic location and
the specific AV system design (Laub et al., 2022; Pataczek et al., 2023).
The literature is divided on the yield effects of AV. Some studies indicate
yield increases, while others have found yield depressions (Laub et al.,
2022; Pataczek et al., 2023; Fraunhofer Institute for Solar Energy Sys-
tems ISE (Fraunhofer ISE) 2024a) Due to this uncertainty, the calcula-
tions in the present study assumed that AV systems would not affect
agricultural yields. Once a clearer picture emerges, future research could
refine the economic assessment of AV systems accordingly.

Beyond economic considerations, AV systems are increasingly dis-
cussed as a tool for enhancing climate resilience in agriculture. Farms in
Germany face growing yield and income volatility due to weather-
related risks (Duden and Offermann, 2020). AV systems offer a poten-
tial pathway for income diversification and may help stabilise crop
yields (Touil et al., 2021; Laub et al., 2022). Particularly in dryer re-
gions, the shading effect of the modules can have positive effects on both
the level and stability of agricultural yield (Randle-Boggis et al., 2021).

Further research is needed to evaluate the costs-effectiveness of AV
systems in comparison to alternative climate resilience strategies for
agriculture. In addition, the impact of reduced working width and lower
operating speed, particularly relevant for arable and grassland farming,
on agricultural production costs warrants closer examination. This is
especially true for AV systems with a minimum hight of 2.1 m, which
often require the use of specialised machinery.

Another promising area or future research is the integration of PV
systems with biodiversity and nature conservation measures. Initial
findings suggest that meaningful ecological synergies can be achieved
with relatively low financial input (Zaplata and Dullau, 2022; Schneider
et al., 2023).

5. Conclusion

This study provides a systematic comparison of LCOE and land use
implications for AV and GM PV systems in Germany. It combines tech-
nical and economic perspectives and uses real cost data from project
developers to ensure a high degree of practical relevance. The analysis
confirms that, compared to conventional GM PV, AV systems offer an
opportunity to preserve farmland by enabling simultaneous electricity
generation and agricultural production. However, this benefit comes at
a significant cost: LCOE for AV systems are between 4 % and 148 %
higher than for GM PV, with AV, showing the largest cost differen-
tial. Agricultural production is a marginal contributor to overall profit-
ability. When the additional costs of the agrivoltaic systems are related
to the saved agricultural land, the annual cost of maintaining one
hectare of land ranges from €8000 to €26,000 per hectare per year for
medium-sized, low-mounted agrivoltaic systems, and from €42,000 to
€75,000 per hectare per year for high-mounted agrivoltaic systems. This
is many times the potential net return from agricultural production on
the land saved. These findings cast doubt on the cost-effectiveness of AV
as a land management strategy and call into question the German gov-
ernment's subsidisation of its deployment. Concerning AV's contribution
to the Sustainable Development Goals, this article has led to the sobering
realisation that there is a clear trade-off between the goals of Zero
Hunger (SDG 2) and Affordable and Clean Energy (SDG 7). Although AV
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can serve both goals simultaneously, the goal of Zero Hunger (through
the preservation of farmland) is achieved at the expense of a much-
reduced affordability of clean energy.
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af = annuity factor according to MubBhoff and Hirschauer (2020)
icale = calculation interest rate [%]
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icalc = ieq * Sheq + ide * Shde (2)
sheq = share of equity [%]
shge = Debt capital share [%]
ieq = equity interest rate [%]
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Appendix Table 1
Investment requirements and OPEX of different PV systems and seven system sizes
system GM PV Avvertical Avtracking AVaim AVapple AV>4 m
Power density [MWp/ha] 1.1 0.4 0.7 1 0.82 0.5
1 hectare 815 1019 1141 967 1473 1365
2 ha 675 894 945 773 1403 1269
5 ha 592 786 817 675 1356 1185
Investment requirements without cabling to the grid* [€/kWp] 10 ha 522 704 734 607 1325 1137
20 ha 487 635 679 566 1298 1087
40 ha 558 588 790 651 1410 1061
80 ha 499 680 702 587 1342 1147
1 hectare 20.9 20.5 23.8 23.8 21.8 20.3
2 ha 16.9 16.5 20.0 19,8 18.2 17.4
5ha 12.7 12.1 15.2 15.0 14.2 13.2
OPEX with repair reserves and without land rent** [€/kWp/year] 10 ha 11.4 10.4 13.2 13.5 11.5 10.3
20 ha 10.0 9.3 11.4 11.8 11.5 10.3
40 ha 8.9 8.3 10.0 10.7 10.6 9.3
80 ha 7.8 7.5 8.6 9.4 9.8 8.6

*The investment requirements include the costs for the modules, the inverters, the mounting system, the cabling within the system, the installation costs, the fencing,
the transformers, from 25 MWp also a substation, land acquisition, biodiversity measures, approval costs, structural engineering reports, environmental reports,

project planning and construction supervision.

**The operational expenditures (OPEX) include monitoring and operation of the system (monitoring, reporting, inspection, maintenance), remote controllability,
safety monitoring, insurance, commercial management, legal advice, biodiversity measures, grassland maintenance, cleaning costs, repair reserves for inverter, other

costs.
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Appendix Table 2
Investment requirements (CAPEX) of seven system sizes of GM PV separated between components. According to the data collected in this study

Land Use Policy 164 (2026) 107966

Expert Project
component Permission assessments planning
. Mounting (structural ) ?
costs in PV structure Infrastructure costs engineerin site
€/kWp Inverter cabeling Mounting . Transformer Substation (without 8 8 acquisition
. modules and (fencing) reports,
System size . expert . and
. foundation environmental .
in hectare assessments) construction
assessmetns, L.
supervision
etc.)
1 202.50 45.00 115.40 31.74 85.00 21.50 171.67 0.00 71.23 20.00 50.98
2 194.25 43.00 108.07 29.23 73.33 19.50 121.75 0.00 49.14 7.00 29.68
5 187.50 39.33 101.45 27.03 68.00 18.00 93.25 0.00 36.14 3.00 18.38
10 180.00 36.33 94.62 24.01 56.67 16.50 71.00 0.00 27.48 1.80 13.64
20 175.00 34.67 91.43 21.01 51.67 15.50 64.25 0.00 21.25 1.60 11.06
40 172.00 33.33 87.60 20.28 45.00 12.50 59.50 102.27 14.63 1.20 9.61
80 168.50 32.00 83.93 19.32 41.67 11.50 54.25 68.18 10.16 0.90 8.26
Appendix Table 3
Investment requirements (CAPEX) of seven system sizes of AVyertical Separated between components. According to the data collected in this study
E
xpert Project
component Permission assessments planning
. Mounting (structural . ?
costs in PV structure Infrastructure costs engineerin site
€/kWp Inverter cabeling  Mounting . Transformer  Substation  (without & J acquisition
. modules and (fencing) reports,
System size . expert . and
. foundation environmental .
in hectare assessments) construction
assessmetns, L
supervision
etc.)
1 260.00 56.64 181.94 54.20 158.99 15.39 140.00 0.00 75.43 21.18 43.39
2 230.00 54.07 171.53 53.96 131.42 10.74 110.00 0.00 79.94 11.39 32.01
5 228.00 51.65 158.67 53.64 108.99 6.67 65.00 0.00 73.41 6.09 27.17
10 215.00 50.08 149.59 48.39 95.97 4.66 45.00 0.00 65.22 4.27 20.51
20 200.00 48.59 141.03 43.15 84.82 3.25 37.00 0.00 53.89 4.06 15.38
40 195.00 47.15 132.97 42.91 74.98 2.27 33.00 0.00 40.55 3.33 12.79
80 190.00 45.71 125.36 42.67 66.07 1.58 25.00 140.63 28.38 2.51 9.11
Appendix Table 4
Investment requirements (CAPEX) of seven system sizes of AViracking Separated between components. According to the data collected in this study
E
xpert Project
component Permission assessments planning
- Mounting (structural . ?
costs In PV structure Infrastructure costs engineerin site
€/kWp Inverter cabeling Mounting X Transformer  Substation (without 8 8 acquisition
. modules and (fencing) reports,
System size . expert . and
. foundation environmental .
in hectare assessments) construction
assessmetns, L
supervision
etc.)
1 202.24 37.66 248.60 26.34 224.98 55.10 228.11 0.00 47.59 40.12 30.20
2 199.43 37.07 209.19 23.31 198.83 48.80 138.81 0.00 40.32 30.60 18.70
5 192.26 31.63 190.27 30.15 169.25 44.41 87.17 0.00 31.20 26.43 14.42
10 185.66 28.80 176.79 19.39 150.72 41.06 67.72 0.00 27.56 24.31 11.58
20 179.08 25.99 168.82 17.97 133.13 38.37 58.76 0.00 23.98 22.78 9.91
40 175.03 24.68 157.84 17.11 123.04 33.84 50.86 160.71 19.47 21.23 6.36
80 173.50 22.88 152.34 15.82 112.03 31.96 43.77 107.14 17.53 19.82 5.41
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Appendix Table 5
Investment requirements (CAPEX) of seven system sizes of AVy.1 m separated between components. According to the data collected in this study
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Expert Project
component Permission assessments planning
P Mounting (structural ) ?
costs in PV structure Infrastructure costs engineerin site
€/kWp Inverter cabeling Mounting . Transformer Substation (without 8 8 acquisition
. modules and (fencing) reports,
System size . expert . and
. foundation environmental .
in hectare assessments) construction
assessmetns, L.
supervision
etc.)
1 192.37 40.10 169.97 34.92 111.37 33.52 235.22 0.00 46.67 18.08 67.40
2 187.21 37.93 155.97 32.16 94.85 29.01 126.64 0.00 38.33 8.92 48.92
5 181.13 34.58 144.66 29.94 84.70 25.37 95.82 0.00 26.67 5.37 37.70
10 175.58 31.17 137.65 28.20 76.30 23.79 71.82 0.00 21.67 3.72 30.31
20 170.09 29.45 131.49 26.48 69.52 22.61 66.19 0.00 16.67 3.29 24.13
40 166.01 28.00 125.47 25.81 64.83 20.17 63.74 112.50 12.00 3.05 23.13
80 162.00 26.85 122.60 25.16 59.93 19.44 56.83 75.00 10.67 2.31 21.95
Appendix Table 6
Investment requirements (CAPEX) of seven system sizes of AVapple separated between components. According to the data collected in this study
E
xpert Project
component Permission assessments planning
. Mounting (structural . ?
costs in PV structure Infrastructure costs engineerin site
€/kWp Inverter cabeling ~ Mounting . Transformer  Substation  (without & J acquisition
. modules and (fencing) reports,
System size . expert . and
. foundation environmental .
in hectare assessments) construction
assessmetns, L
supervision
etc.)
1 376.66 25.32 164.40 17.34 233.99 33.31 166.29 0.00 56.00 240.77 52.74
2 434.70 31.55 148.19 15.31 176.55 29.42 166.66 0.00 56.00 226.82 12.07
5 430.72 31.10 144.72 13.88 162.81 26.67 154.64 0.00 56.00 218.15 11.57
10 427.76 30.78 142.23 12.89 153.74 24.77 147.83 0.00 56.00 212.06 11.28
20 424.86 30.46 139.84 11.97 145.67 23.00 142.51 0.00 56.00 206.34 11.03
40 422.00 30.15 137.56 11.11 138.48 21.35 138.36 137.20 56.00 200.97 10.84
80 419.18 29.85 135.38 10.32 132.08 19.83 135.11 91.46 56.00 195.93 10.68
Appendix Table 7
Investment requirements (CAPEX) of seven system sizes of AVs4 , separated between components. According to the data collected in this study
E
xpert Project
component Permission assessments planning
- Mounting (structural . ?
costs In PV structure Infrastructure costs engineerin site
€/kWp Inverter cabeling ~ Mounting . Transformer  Substation  (without 8 J acquisition
. modules and (fencing) reports,
System size . expert . and
. foundation environmental .
in hectare assessments) construction
assessmetns, L
supervision
etc.)
1 210.00 70.00 496.00 42.00 185.00 92.00 140.00 0.00 44.89 59.86 46.45
2 210.00 70.00 476.00 41.00 175.00 64.00 110.00 0.00 42.15 56.20 37.67
5 210.00 65.00 464.00 41.00 170.00 40.00 65.00 0.00 38.77 51.70 28.57
10 205.00 65.00 460.00 41.00 170.00 28.00 45.00 0.00 36.40 48.54 23.17
20 200.00 60.00 458.00 40.00 165.00 20.00 37.00 0.00 34.18 45.57 18.80
40 200.00 60.00 457.00 40.00 165.00 14.00 33.00 0.00 32.09 42.79 15.25
80 200.00 60.00 456.50 40.00 160.00 9.00 25.00 112.50 30.13 40.17 12.37
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Appendix Table 8
OPEX of seven system sizes of GM PV separated between components. According to the data collected in this study

Different
OPEX
costs in . Repair . grassland grassland
Operation . remote commercial Costs for . X
€/kWp/ reserves  cleaning . safty . lecal L. . maintenance  maintenance ~ wood other
and monetoring . insurences managment / . biodiversity
year . for costs monitoring . advice under the between the care  costs
Mantainance control trading costs measures
System inverters modules module rows
size in
hectare
1 6.00 1.80 1.00 0.80 0.80 1.10 0.80 4.00 0.50 1.85 0.92 0.92 0.38
2 5.00 1.72 0.70 0.64 0.64 1.10 0.64 3.00 0.50 1.35 0.67 0.67  0.30
5 4.50 1.57 0.40 0.51 0.51 1.00 0.51 1.00 0.50 0.99 0.49 0.49  0.25
10 4.40 1.45 0.40 0.44 0.44 1.00 0.44 0.44 0.50 0.80 0.40 0.40 0.25
20 3.80 1.39 0.40 0.38 0.38 0.90 0.38 0.38 0.50 0.65 0.33 0.33  0.20
40 3.28 1.33 0.30 0.33 0.33 0.90 0.33 0.33 0.50 0.53 0.27 0.27  0.18
80 2.83 1.28 0.30 0.28 0.28 0.80 0.28 0.28 0.50 0.43 0.22 0.22 0.15
Appendix Table 9
OPEX of seven system sizes of AVyertical Separated between components. According to the data collected in this study
Different
OPEX
costs in . Repair . grassland grassland
Operation . remote commercial Costs for X )
€/kWp/ reserves  cleaning . safty . lecal L . maintenance  maintenance  wood other
and monetoring - insurences managment / . biodiversity
year . for costs monitoring . advice under the between the care costs
Mantainance control trading costs measures
System inverters modules module rows
size in
hectare
1 8.00 2.27 1.00 0.80 0.80 1.00 0.80 4.00 0.00 1.85 0.00 0.92 0.00
2 6.38 2.16 0.70 0.64 0.64 1.00 0.64 3.00 0.00 1.35 0.00 0.67  0.00
5 5.11 2.07 0.40 0.51 0.51 1.00 0.51 1.00 0.00 0.99 0.00 0.49  0.00
10 4.40 2.00 0.40 0.44 0.44 1.00 0.44 0.44 0.00 0.80 0.00 0.40 0.00
20 3.80 1.94 0.40 0.38 0.38 1.00 0.38 0.38 0.00 0.65 0.00 0.33  0.00
40 3.28 1.89 0.30 0.33 0.33 1.00 0.33 0.33 0.00 0.53 0.00 0.27  0.00
80 2.83 1.83 0.30 0.28 0.28 1.00 0.28 0.28  0.00 0.43 0.00 0.22  0.00
Appendix Table 10
OPEX of seven system sizes of AViracking Separated between components. According to the data collected in this study
Different
OPEX
costs in . Repair . grassland grassland
Operation . remote commercial Costs for . .
€/kWp/ reserves  cleaning . safty . lecal L . maintenance  maintenance ~ wood other
and monetoring - insurences managment / . biodiversity
year . for costs monitoring . advice under the between the care costs
Mantainance control trading costs measures
System inverters modules module rows
size in
hectare
1 8.65 1.51 1.00 0.79 0.79 1.10 0.79 4.00 0.00 1.84 0.00 0.92 1.50
2 7.92 1.48 0.70 0.64 0.64 1.10 0.64 3.00 0.00 1.34 0.00 0.67  1.20
5 6.93 1.27 0.40 0.53 0.53 1.00 0.53 1.00 0.00 1.04 0.00 0.49  1.00
10 6.12 1.15 0.40 0.46 0.46 1.00 0.46 0.44 0.00 0.86 0.00 0.40 1.00
20 5.35 1.04 0.40 0.40 0.40 0.90 0.40 0.38 0.00 0.71 0.00 0.33  0.80
40 4.61 0.99 0.30 0.35 0.35 0.90 0.35 0.33 0.00 0.58 0.00 0.27  0.70
80 3.90 0.92 0.30 0.31 0.31 0.80 0.31 0.28 0.00 0.48 0.00 0.22 0.60
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Appendix Table 11
OPEX of seven system sizes of AVg 1 ;m separated between components. According to the data collected in this study

Different
OPEX
costs in . Repair . grassland grassland
Operation . remote commercial Costs for . X
€/kWp/ reserves  cleaning . safty . lecal L. . maintenance  maintenance ~ wood other
and monetoring . insurences managment / . biodiversity
year . for costs monitoring . advice under the between the care  costs
Mantainance control trading costs measures
System inverters modules module rows
size in
hectare
1 6.48 1.60 1.00 0.69 0.69 1.10 0.94 4.00 2.75 1.84 0.00 0.92 0.75
2 5.45 1.52 0.70 0.56 0.56 1.10 0.76 3.00 2.75 1.34 0.00 0.67  0.60
5 4.77 1.38 0.40 0.46 0.46 1.00 0.61 1.00 2.25 1.02 0.00 0.51 0.50
10 4.36 1.25 0.40 0.41 0.41 1.00 0.51 0.44 2.25 0.93 0.00 0.46  0.50
20 3.79 1.18 0.40 0.36 0.36 0.95 0.41 0.38 1.75 0.85 0.00 0.43  0.40
40 3.27 1.12 0.30 0.32 0.32 0.90 0.37 0.33 1.75 0.79 0.00 0.40 0.35
80 291 1.07 0.30 0.28 0.28 0.80 0.33 0.28 1.25 0.74 0.00 0.37 0.30
Appendix Table 12
OPEX of seven system sizes of AVapple sSeparated between components. According to the data collected in this study
Different
OPEX
costs in . Repair . grassland grassland
Operation . remote commercial Costs for X )
€/kWp/ reserves  cleaning . safty . lecal L . maintenance  maintenance  wood other
and monetoring - insurences managment / . biodiversity
year . for costs monitoring . advice under the between the care costs
Mantainance control trading costs measures
System inverters modules module rows
size in
hectare
1 7.95 1.01 1.00 0.79 0.79 3.60 0.79 4.00 0.00 0.00 0.00 0.00 0.00
2 6.36 1.26 0.70 0.64 0.64 3.60 0.64 3.00 0.00 0.00 0.00 0.00 0.00
5 5.30 1.24 0.40 0.53 0.53 3.60 0.53 1.00 0.00 0.00 0.00 0.00  0.00
10 4.62 1.23 0.40 0.46 0.46 3.60 0.46 0.44 0.00 0.00 0.00 0.00 0.00
20 4.03 1.22 0.40 0.40 0.40 3.60 0.40 0.38 0.00 0.00 0.00 0.00 0.00
40 3.51 1.21 0.30 0.35 0.35 3.60 0.35 0.33 0.00 0.00 0.00 0.00  0.00
80 3.06 1.19 0.30 0.31 0.31 3.60 0.31 0.28  0.00 0.00 0.00 0.00 0.00
Appendix Table 13
OPEX of seven system sizes of AVs4 m separated between components. According to the data collected in this study
Different
OPEX
costs in . Repair . grassland grassland
Operation . remote commercial Costs for . .
€/kWp/ reserves  cleaning . safty . lecal L . maintenance  maintenance ~ wood other
and monetoring - insurences managment / . biodiversity
year . for costs monitoring . advice under the between the care costs
Mantainance control trading costs measures
System inverters modules module rows
size in
hectare
1 7.95 1.01 1.00 0.75 0.75 1.00 0.75 4.00 0.00 1.70 0.00 0.92 0.00
2 6.36 1.26 0.70 0.66 0.66 1.00 0.66 3.00 0.00 1.40 0.00 0.67  0.00
5 5.30 1.24 0.40 0.55 0.55 1.00 0.55 1.00 0.00 1.09 0.00 0.51 0.00
10 4.62 1.23 0.40 0.48 0.48 1.00 0.48 0.44 0.00 0.90 0.00 0.46 0.00
20 4.03 1.22 0.40 0.42 0.42 1.00 0.42 0.38 0.00 0.74 0.00 0.43  0.00
40 3.51 1.21 0.30 0.36 0.36 1.00 0.36 0.33 0.00 0.61 0.00 0.40  0.00
80 3.06 1.19 0.30 0.32 0.32 1.00 0.32 0.28 0.00 0.50 0.00 0.37  0.00
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Appendix Table 16
Results APP crop land and apple production. 'North', 'east’, 'west' and 'south' describe the locations of the systems according to the assumptions made in the study

lha 2ha 5ha 10ha 20ha 40ha 80ha 1ha 2ha 5ha 10ha 20ha 40ha 80ha 1ha 2ha 5ha 10ha 20ha 40ha 80ha 1ha 2ha 5ha 10ha 20ha 40ha 80ha
[€/ha/year]
north north north north north north north west west west west west west west east east east east east east east south south south south south south south

Avvertical 86,314 57,521 35,355 26,841 19,663 3201 22,522 86,305 57,513 35,346 26,833 19,655 3192 22,513 86,395 57,603 35,436 26,923 19,745 3282 22,603 86,319 57,527 35,360 26,846 19,668 3206 22,527
Avtracking 18,354 13,567 9339 8072 6351 8514 6941 18,346 13,559 9331 8064 6343 8506 6933 18,436 13,649 9421 8154 6432 8596 7023 18,359 13,572 9345 8077 6356 8519 6946
AV2,1m 17,578 11,950 9436 9186 8164 9463 8756 17,570 11,942 9428 9178 8156 9455 8748 17,659 12,031 9517 9268 8245 9545 8838 17,583 11,955 9441 9191 8169 9468 8761
AV apple 74,387 74,444 73,696 74,994 75,036 79,707 78,641 74,392 74,449 73,701 74,999 75,041 79,712 78,646

AV >4m 55,465 50,465 42,899 42,082 40,140 31,721 43,735 55,456 50,457 42,891 42,074 40,132 31,713 43,727 55,546 50,547 42,981 42,164 40,222 31,803 43,816 55,470 50,470 42,904 42,087 40,146 31,726 43,740

o 30 unjoqg °r

996£0T (9202) ¥91 £o1j0d 251 pupT
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Appendix Table 17

Results APP grassland land and apple production. 'North', 'east’, 'west' and 'south' describe the locations of the systems according to the assumptions made in the study

south south

10ha 20ha 40ha 80ha
south

south

5ha
south

2 ha
south

south

east

10ha 20ha 40ha 80ha 1ha
east east

east

5ha
east

2 ha
east

east

west

10ha 20ha 40ha 80ha 1ha
west west

west

5ha
west

2 h
west

10ha 20ha 40ha 80ha 1ha

5 ha

2 ha
north north north north north north north west

1 ha

[€/ha/year]

AV

22,765 86,619 57,826 35,660 27,146 19,968 3506 22,827 86,692 57,900 35,733 27,220 20,042 3579 22,900

22,523 86,557 57,765 35,598 27,084 19,906 3444

86,315 57,523 35,356 26,843 19,665 3202

vertical

AV

7320

8893

6730

18,733 13,946 9718 8451

18,659 13,872 9644 8377 6656 8819 7246

7184

6594 8757

8315

18,597 13,810 9583

8074 6352 8516 6942

18,356 13,569 9341

tracking
AV 2,1m

9135

9842

17,957 12,328 9815 9565 8542

17,883 12,255 9741 9491 8469 9768 9061

8999

8407 9706

17,821 12,193 9679 9429

8758

9188 8165 9465

74,389 74,446 73,697 74,996 75,038 79,709 78,643

17,579 11,951 9437

74,766 74,823 74,074 75,373 75,415 80,086 79,020

AV apple
AV >4 m

55,466 50,467 42,901 42,084 40,142 31,723 43,736 55,708 50,708 43,142 42,325 40,384 31,964 43,978 55,770 50,770 43,204 42,387 40,445 32,026 44,040 55,843 50,844 43,278 42,461 40,519 32,100 44,113
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Data availability

A preliminary version of this article was published as part of a
dissertation (https://doi.org/10.38071/2025-00605-2) and was pre-
sented in part at the AgriVoltaics World Conference 2025. The datasets
generated and/or analysed as part of the current study can be found in
the article or in the appendix to the article.
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