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Geisenheim, Germany, 2Fraunhofer Institute for Solar Energy Systems ISE, Group Agrivoltaics,
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Geisenheim, Germany, 5Department of Applied Ecology, Hochschule Geisenheim University,
Geisenheim, Germany
Introduction: This paper introduces a framework for assessing the economic

performance of agrivoltaic systems (AVS) in vineyards. The study aims to classify

factors influencing the profitability of integrating photovoltaic (PV) systems with

viticultural practices, emphasizing potential synergistic benefits. Focused on the

geographic and climatic conditions of Geisenheim, Germany—home to the first

AVS installation in viticulture in Germany—the framework highlights the need to

explore economic and operational parameters to assess AVS feasibility.

Methods: The study operationalized its framework by simulating various

scenarios based on key variables such as capital expenditures (CAPEX),

operational expenditures (OPEX), and revenue streams from grape and energy

production. Key factors considered included solar radiation, panel transparency,

and regulatory impacts. Scenarios evaluated included: i) Configurations with fully

opaque and semi-transparent PV modules. Ii) Adjustments for full mechanization

of viticulture practices. Iii) Self-consumption of the produced energy. The

framework employed these simulations to evaluate economic outcomes and

identify profitability determinants under different conditions.

Results: Findings indicate that under current conditions in Germany, AVS systems

are not economically viable for widespread adoption. Key results include:

Economic Outcomes: High initial costs (CAPEX) and insufficient revenue from

combined grape and energy production lead to negative net present values over

a 20-year period across all simulated scenarios. Profitability Determinants:

CAPEX and energy prices emerged as critical factors, while viticulture-related

costs and revenues had a minor impact on overall profitability. Potential

Improvements: Scenarios incorporating multiple positive changes—such as

premium wine pricing, higher feed-in tariffs, and increased self-consumption

of energy—demonstrated potential for economic feasibility.

Discussion: The study underscores that high CAPEX and low revenues from grape

and energy production are themain barriers to AVS profitability. For AVS systems to
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achieve economic sustainability, substantial reductions in installation costs,

increases in energy prices, or technological advances in efficiency are required.

Promising configurations combining multiple favorable changes suggest a

pathway toward economic feasibility but highlight the need for further

development and innovation. The framework provides valuable guidance for

future research and investment strategies, emphasizing the importance of: i)

Long-term Trials: To evaluate viticultural impacts and synergistic benefits. Ii)

Dynamic Models: Incorporating evolving revenue streams, cost structures, and

regulatory impacts. iii) Broad Assessments: Exploring the environmental and social

benefits of AVS alongside economic performance. Continuous updates to the

framework will ensure its relevance, reflecting advancements in PV technology,

viticultural practices, and policy environments. This approach will help bridge the

gap between renewable energy and sustainable agriculture.
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1 Introduction

The wine sector is increasingly adopting sustainability

initiatives that address the three pillars of sustainability:

environmental, economic, and social. However, in the context of

global wine oversupply and intense price competition among

producers, economic sustainability has emerged as the most

pressing challenge (Loose and Pabst, 2019; Del Rey and Loose,

2023; Bennett and Loose, 2023).

The long-term viability of wine producers is contingent upon

rising costs associated with energy (Eurostat, 2023), raw materials

(Eurostat, 2024a), and labor (Eurostat, 2024b), along with

increasing interest rates on capital (ECB, 2024). Concurrently,

global wine consumption is on the decline (OIV, 2024; IWSR,

2024), exacerbating overproduction and resulting in a significant

decline in wine prices.

From an environmental perspective, the impacts of climate

change are becoming increasingly prominent (IPCC, 2023). The

rising frequency of heatwaves, droughts, heavy rainfall, spring frost

event and hail poses a substantial threat to 49% to 70% of current

wine-growing regions, with projections indicating a severe risk of

extinction for many by the end of the century (van Leeuwen et al.,

2024). These dire forecasts highlight the urgent need to transition

from fossil fuels to renewable energy sources and implement carbon

dioxide removal solutions (Smith et al., 2024). Photovoltaics (PV)

present a viable avenue to achieve this shift.

In addressing the trade-offs between the various pillars of

sustainability, wine producers should be able to prioritize

investments that bolster environmental sustainability without

compromising their economic viability. Ideally, such investments

should generate synergies that enhance economic sustainability by

providing additional revenue streams for producers (Padilla et al.,
02
2022). For businesses to adopt innovations and invest in new

technologies such as agrivoltaic systems (AVS), these technologies

must be economically viable. From the perspective of individual

businesses operating in a highly competitive market environment,

long-term investments in ecological innovations must at least cover

costs. Therefore, it is essential to investigate the determinants of

profitability within the application of AVS in viticulture.
1.1 Agrivoltaics in viticulture

PV represent the most cost-effective renewable energy technology

currently available. Between 2010 and 2020, the prices of PVmodules

experienced a remarkable decline of 90% (Wirth, 2022). In light of

escalating energy prices over the past two years, the economic

attractiveness of these systems has significantly increased (Hörnle

et al., 2021). However, ground-mounted photovoltaics (PV-GM) are

characterized by substantial land requirements, posing challenges in

terms of land use (Fritsche et al., 2017).

AVS provide a viable solution by allowing simultaneous food

and energy production on the same land area (Götzberger and

Zastrow, 1982; Weselek et al., 2019; Schindele et al., 2020;

Trommsdorff et al., 2022a, 2022), thereby mitigating conflicts

associated with land use (Schindele et al., 2020). These systems

may not only offer alternative sources of income but also facilitate

the transition to carbon-neutral energy production through

decarbonization. Additionally, AVS can provide adaptation

measures for viticulture, including protection against radiation,

frost, and hail damage, as well as enhancements in rainwater

harvesting and water management.

The utilization of AVS for non-permanent crop production has

been established since the early 2000s (Weselek et al., 2019). The
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first agrivoltaic system in viticulture was implemented in 2009 in

Puglia, Italy, while the inaugural AVS connected to the grid in

Germany was constructed at Hochschule Geisenheim University

(HGU) between winter 2022 and spring 2023 (Garstka et al., 2023).

The infrastructural compatibility of PV and viticulture is

noteworthy, as both systems share similar life expectancies when

installed concurrently (Hörnle et al., 2021). Moreover, the

machinery used in viticulture tends to remain consistent over

extended periods, in contrast to the equipment used in arable

farming (Schindele et al., 2020), which aids in the structural

planning of PV components. The training of vines in rows aligns

with the establishment of AVS, where solar modules above may

provide shade and protection to the underlying canopy.

AVS effectively combines solar energy production with the

protection of grapevines, yet it also poses a challenge, as both the

vines and the solar panels compete for sunlight. For this integration

to be economically viable, specific conditions must be met, which

will be further elaborated upon later in this study.
1.2 Objective and research question

Given that AVS are a relatively recent development in

viticulture, with the inaugural systems currently being

subjected to scientific trials, comprehensive evaluations of the
Frontiers in Horticulture 03
critical variables influencing AVS in viticulture and their

economic sustainability remain poorly investigated. This study

aims to establish an initial, comprehensive framework that

categorizes all pertinent factors affecting the profitability of

both the PV and viticultural systems, including potential

synergistic effects.

Subsequently, this framework will be operationalized

through various scenarios to ascertain the relative significance

of these key variables and to evaluate profitability within the

specific context of Geisenheim, Germany, considering its unique

location and regulatory conditions.

The medium-term objective is to identify the optimal balance

or ‘golden ratio’ of economic co-benefits for both viticulture and

electricity generation. Consequently, it is crucial to determine

the economic impact of the key variables associated with AVS in

viticulture. Identifying these variables will guide the collection of

critical data from initial experimental sites, such as the

‘VitiVoltaic’ facility at HGU.
2 Development of a framework for
economic assessment of AVS

The development of a holistic framework must incorporate the

primary factors influencing the profitability of both PV systems
FIGURE 1

Variables in the profit generation of AVS (PV + viticulture) and their influencing factors (Source: own illustration); Notes: Positive synergy effects are
marked in green. PV, Photovoltaics; AVS, Agrivoltaic system; CAPEX, Capital Expenditure; OPEX, Operational Expenditure.
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(section 2.1) and viticulture under PV systems (section 2.2), as well

as potential regulatory effects (section 2.3). This framework should

include input and output variables such as capital expenditures

(CAPEX), operational expenditures (OPEX), and revenues

generated from the marketing of grapes and energy. Additionally,

it should account for the synergistic benefits associated with PV

systems installed over grapevines.
2.1 Influencing factors on PV profit

The profitability of PV systems in viticulture is impacted by a

variety of factors, influencing both revenue and cost aspects (upper

part of Figure 1). On the revenue side, the energy yield from solar

panels is primarily dependent on their rated power and the intensity

of solar radiation, which is influenced by geographical location,

panel orientation (Cura et al., 2022) and the transparency of the PV

modules. Higher transparency modules allow more light to reach

the ground, benefiting the underlying vines, but result in lower

energy production (Wittke, 2023).

The revenue per kilowatt-hour (kWh) of energy is influenced by

the applicable price, which can vary based on the energy’s usage.

Specifically, feeding-in tariffs are relevant when energy is fed into

the public grid, whereas opportunity costs are considered when the

energy is used onsite in the wine producer’s operations, such as for

cooling tanks.

When energy is fed into the public grid, country-specific

regulations and tariffs dictate the price per kWh, which may vary

depending on the installation’s capacity. In Germany, for instance,

the Renewable Energy Sources Act (EEG) subsidizes feed-in tariffs

when market prices fall below a certain threshold. However, during

peak periods, such as sunny public holidays when supply exceeds

demand, market prices can fall below €0, resulting in negative

figures. Under these circumstances, the EEG suspends subsidies for

solar installations exceeding 100 kW, resulting in negative revenue.

Future advancements in energy storage systems are anticipated to

balance supply and demand, thereby stabilizing feed-in tariffs (Al-

Ghussain et al., 2020). Though current energy storage solutions are

costly, new developments in decentralized storage are expected to

reduce these costs in the future (Hannan et al., 2021).

Energy generated by AVS can be utilized for onsite energy

consumption, which may include recharging electric vehicles,

agricultural equipment such as electric tractors or self-propelled

robots, and powering cellar cooling systems or others. Depending

on country-specific regulations and the cost of purchasing

electricity from the grid, onsite usage may offer greater economic

benefits than feed-in tariffs, as suggested by Trommsdorff

et al. (2022a).

The costs associated with the overall PV system are primarily

driven by CAPEX and OPEX, which include both the PV system

itself and its connection to the grid. Due to significantly higher

installation costs for the mounting system, the cost of electricity

produced from AVS is currently estimated to be approximately 38%

higher than that from conventional PV-GM (Schindele et al., 2020;

Khan et al., 2021; Trommsdorff et al., 2022b). Additional CAPEX
Frontiers in Horticulture 04
and OPEX considerations apply if energy storage systems are

incorporated into the PV setup.
2.2 Influencing factors on profit of
viticulture under PV

PV systems influence both revenues and costs in viticulture

(branch “Profit viticulture” in Figure 1).

2.2.1 Revenue of viticulture
Revenue per hectare in viticulture is determined by the grape

yield per hectare (expressed in hectoliters per hectare) and the price

of the produced grapes or wine. Both grape yield and wine price can

be affected by the presence of PV systems through shading effects on

yield and synergistic effects due to the protective impact of the PV

structures on the vines. All the effects mentioned can be both

positive and negative, although the wine industry lacks figures

specifically from AVS trials.
2.2.1.1 Effect of shading on grape yield

PV systems and vines compete for sunlight. Initial experimental

trials with lettuce and vine indicate that shading from solar panels

reduce photosynthesis and thus impact yields (Elamri et al., 2018;

Valle et al., 2017; Ferrara et al., 2023). Research from other wine-

growing regions utilizing shade cloth has demonstrated varied

responses in grape yield and quality due to shading, influenced by

grape variety, duration, and timing of shading activities

(Abeysinghe et al., 2016; Pallotti et al., 2023). However, the effects

of partial, but continuous shading, as imposed by PV modules, on

grapevine yield and wine quality remain underexplored due to

variations in growing conditions, different grapevine varieties

(Weselek et al., 2019; Al Mamun et al., 2022; Tiffon-Terrade

et al., 2022), as well as the ability of grapevines to adapt to lower

light conditions by increasing foliage area and enhancing the

production of pigments and RuBisCo (Cartechini and

Palliotti, 1995).

Production for market segments of premium and ultra-

premium wine, which often aim to reduce yields, might benefit

from these shading effects. If yield-reducing measures are already in

place, the shading effect from PV systems could potentially

substitute for these measures. However, the overall influence of

shading on grape and wine quality remains insufficiently researched

and warrants further investigation.

2.2.1.2 Synergistic benefits of AVS in viticulture

Beyond the primary objective of utilizing AVS for energy

production, there are additional synergistic benefits relevant to

viticulture (highlighted in green in Figure 1). Notably, from a

viticultural perspective, solar panels can mitigate the impacts of

extreme weather events, which are increasing in frequency due to

climate change (Gömann et al., 2015).

Solar panels can shield against excessive solar radiation that in

combination with higher temperature can lead to sunburn on
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grapes and leaves, elevate sugar levels, and consequently increase

alcohol concentration, altering the aromatic profile of wines (van

Leeuwen and Darriet, 2016; Gambetta et al., 2020). To some extend

and particularly beneficial are these effects on young vineyards, as

they are in the early stages of developing root systems needed for

water absorption and are therefore especially susceptible to dry

conditions and intense solar radiation. The shade provided by solar

panels also reduces evaporation rates, thus enhancing water

availability (Elamri et al., 2018; Ferrara et al., 2023).

Moreover, solar panels may offer protection against other

climatic adversities such as heavy rain, hail, and frost, thereby

reducing or preventing damage to grape crops (Hannah et al., 2013;

Weselek et al., 2019). Initial findings from the Geisenheim AVS trial

indicate that AVS can positively influence phytosanitary conditions,

leading to improved grape quality and reduced losses from fungal

infections (Garstka et al., 2023; Gambetta et al., 2020; Garstka et al.,

2024) potentially offsetting the shading effects of the panels. The

economic value of these benefits, however, depends significantly on

the market segment being targeted.

For the niche market of premium wine production, higher

quality grapes can command better prices. In this segment, where

storytelling and the promotion of additional benefits are critical,

adopting innovative solutions like AVS can serve as a compelling

marketing message to enhance the company’s image as innovative,

climate- and emission-conscious, and environmentally committed.

Conversely, in the dominant market segment for grape and bulk

wine production - estimated to constitute 75% of production in

Germany (Loose and Pabst, 2018) - only yield and a basic level of

grape quality is economically pertinent for producers.

The quantified value of these synergistic effects has a positive

impact on the overall profitability of AVS. However, the relevant

components and their magnitude are specific to the site and the

producer. Currently, there is a scarcity of empirical data available to

comprehensively evaluate these joint effects.

2.2.2 Costs of viticulture
2.2.2.1 Process efficiency and its impact on viticultural
cost in AVS

In viticulture, process efficiency is a primary determinant of

operational costs. The degree of mechanization, which inversely

correlates with labor intensity, serves as a significant driver for

efficient vineyard management and associated cost reductions

(Strub et al., 2021).

The support structure for the initial AVS in viticulture in

Germany, designed for research purposes, is integrated within the

vineyard’s trellis system. This arrangement allows tractors to

traverse the rows. However, certain viticultural operations, such

as trimming, spraying (depending on the type of sprayer used), and

harvesting with a mechanical harvester, necessitate over-the-row

mechanization. The support structure of the PV system precludes

the use of over-the-row machinery in these rows, dictating manual

execution of these tasks, which consequently leads to higher labor

hours and increased labor costs. Thus, positioning the PV support

structure within the vine rows can negatively impact

management costs.
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An alternative approach for commercial viticulture involves not

planting vines in the rows where the PV support structures are

installed. This configuration ensures full mechanization but may

decrease potential yield due to the lower vine density per unit area.

Future technological advancements in viticulture, particularly

the development of autonomous robotic systems, may offer

solutions that replace the need for over-the-row machinery (OIV,

2021). These innovations could allow the PV support structures to

be installed within the vine rows without compromising

mechanization. Experts predict that such technological solutions

will become viable in the long term, particularly in the context of

further labor shortages and a stabilized profitability of the wine

sector within a new market equilibrium (Burch, 2021).

2.2.2.2 Elimination of additional costs

The physical protection provided by PV systems may

potentially eliminate the need for ancillary costs, such as hail or

frost insurance. Additionally, by reducing evaporation, PV systems

have been found to lower irrigation requirements by up to 20%

(Elamri et al., 2018). These factors collectively contribute to

decreasing the overall costs of viticulture. Enhanced yield

consistency - resulting from greater resilience to extreme weather

events and their associated effects - improved spraying regimes, and

better contributions to worker health and safety represent

additional potential benefits. However, these aspects are site-

specific and remain challenging to quantify in monetary terms

at present.
2.2.3 Implicit regulatory effects
A comprehensive analysis of the economic sustainability of

AVS must also incorporate country-specific regulations, including

tax and inheritance implications. In Germany, AVS offers distinct

valuation benefits compared to standard solar parks. Agricultural

land is assessed at a lower value than commercial land, leading to

reduced inheritance taxes. Fields equipped with elevated PV

systems over crops are classified as agricultural land, provided the

yield level remains at least 66% of a reference average yieldwithout PV

installation (DIN 91434, 2021). In contrast, solar parks with PV-GM

are classified as commercial areas, resulting inhigher inheritance taxes.

Similar country-specific regulatory effects could exist elsewhere and

should be accounted for in the overall assessment.
3 Materials and methods for
simulation of AVS scenarios

To provide an initial assessment of the profitability of AVS in

viticulture, the costs and revenues of the PV system, as well as those of

viticulture beneath the PV installation, are simulated according to the

framework developed in Section 2, as outlined by Equations 1 and 2.

ProfitPV =  f (revenuePV;  CAPEXPV;  OPEXPV) (1)

Profitviticulture¼  f (revenueviticulture;  costsviticulture) (2)
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This section outlines the methodology for the economic

assessment and specifies the primary simulation parameters

employed. These parameters are derived from considerations of

Fraunhofer ISE research projects, interviews with industry experts,

and assumptions based on other documented field trials (Müller

et al., 2016; Becker and Dietrich, 2017; Strub and Loose, 2021;

Mengel, 2022; Abeysinghe et al., 2016; Jäger et al., 2022; Schindele

et al., 2020; Trommsdorff et al., 2022b), as data from the new

experimental installation at HGU in Germany are not yet available.

It is important to underscore that this analysis assumes all

parameters remain constant throughout the economic lifespan of

the AVS. Specifically, annual revenues and costs associated with

both the PV and viticulture systems are presumed to remain

unchanged over time.

Section four utilizes this methodology and these key parameters

to evaluate various scenarios, aiming to elucidate the relative impact

of different factors on the profitability of AVS in viticulture.
3.1 Technical simulation parameters

The location of the AVS in Geisenheim (coordinates: 49.986810°,

7.947557°) was selected as the starting point for the parameter survey.

The system deployed at HGU represents the first AVS installation in

viticulture in Germany, and consequently, most system parameters

are derived from this site. However, the static system used in this

study slightly deviates from the existing AVS at HGU, embodying

further optimizations. In consultation with yield simulation experts at

Fraunhofer ISE, an east-west orientation for the solar panels was

selected here to optimize PV yield at varying shading intensities.

The technical specifications of the simulated PV system are

detailed in Figure 2. Generally, reducing the ‘gable spacing’ (1) and

increasing the distance between the PV modules at the bottom edge

(2) minimizes self-shading among the PV modules. Half of the rows

are oriented east, while the other half face west.
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There are two primary approaches to mitigate the shading effect

of PVmodules on the underlying vines. One approach is to decrease

the PV density above the vines (Dupraz et al., 2011). The alternative

approach involves using semi-transparent PV modules with a

radiation transmittance of 50% or more (Wong et al., 2008). The

VitiVoltaic facility at Geisenheim University features a calculated

transmittance of 70%. A similar concept to illustrate transmittance

is opacity. Modules with lower (higher) opacity exhibit higher

(lower) transmittance. For instance, a transmittance of 70%

equates to an opacity of 30%. The degree of transmittance and

opacity directly impacts both grape yields and energy yields. Higher

opacity prioritizes energy production and is likely to reduce grape

yields, whereas lower opacity prioritizes grape production, resulting

in lower energy yields.
3.2 Economic simulation parameters

The economic assessment is based on annual costs, revenues,

and profits for both the PV system and the viticultural system. The

total annual profit of the AVS is then derived. The net present value

(NPV), representing the discounted sum of annual profits against

the total investment over the AVS’s economic life, is also calculated.

Various AVS scenarios are compared to a baseline scenario of

standard viticulture without PV. All simulation results are

standardized to a one-hectare area.

The economic parameters presented herein reflect current

conditions and assumptions. In Chapter 4, these assumptions are

varied ceteris paribus to assess the relative leverage effects of

different cost and revenue drivers on overall economic profitability.

3.2.1 Annual cost and revenues for PV system
Revenues from PV yields are based on yield simulations for

different degrees of opacity (Table 1) and are calculated assuming

the full marketing of energy at a feed-in tariff of 8 ct/kWh. This
FIGURE 2

Illustration of the simulated AVS (Source: own illustration); (1) Gable spacing of AVS; (2) distance between modules on bottom module edge.
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https://doi.org/10.3389/fhort.2024.1473072
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org


Strub et al. 10.3389/fhort.2024.1473072
feed-in tariff includes the market price plus a technology premium

under the German Renewable Energy Sources Act. The simulation

does not account for the degradation of PV modules and the

corresponding decrease in energy yield, to emphasize differences

due to varying opacity levels. Estimates of annual degradation range

between 0.2% and 2% (Jampole and Chaudhary, 2023; Olczak, 2023;

Atia et al., 2023). Further research is required to obtain reliable

estimates for inclusion in the economic assessment.

CAPEX includes costs for modules, inverters, substructures,

installation, and planning. Opaque modules are less expensive than

transparent ones. The cost of connecting the system to the

electricity grid’s feed-in point is excluded from these scenarios, as

it is primarily determined by the individual distance to the feed-in

point, and including it would hinder the universal applicability of

the figures to different circumstances. OPEX encompasses costs for

land lease, area maintenance, monitoring, repair and maintenance,

surveillance, commercial management, and other expenses. The

assumed OPEX costs used in this analysis are derived from

guidelines provided by Fraunhofer ISE (2024), as there are

currently no robust empirical cost data available from practical

applications. Relative to the costs associated with traditional

viticultural management, these OPEX figures appear relatively

high. At the assumed level, they have a significant impact on the

overall profitability of the AVS system. Consequently, actual cost

values from recently established AVS sites are eagerly anticipated.

The profit from PV is calculated as annual revenue minus the

annual cost of the PV system.
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3.2.2 Annual cost and revenues for viticulture
Viticultural costs were determined based on an analysis of

viticultural management costs (Strub et al., 2021) and cost

accounting in viticulture (Mengel, 2022). Expert interviews with

viticultural economists from Geisenheim University provided

estimates of changes in costs and revenues in viticulture due to

the introduction of AVS. An optimal AVS system in viticulture

would involve the simultaneous installation of the PV system and

the planting of the vineyard. However, the simulation maintains

constant viticultural management costs throughout the useful life of

the vineyard, neglecting the differences in management practices of

a young and an established vineyard, to enhance the clarity of

the calculations.

The empirical results from Abeysinghe et al. (2016) in New

South Wales, Australia - assigned to the same climate zone as

Germany - were used for viticultural yield simulations under

different degrees of opacity. The corresponding yield responses

are detailed in Table 1.

The price for wine was assumed to match the long-term average

price for quality bulk wine in the Rheingau area, approximately 110

€/hl. This figure is based on monthly publications of bulk wine

prices for Riesling, the most important grape variety in the

Rheingau. Due to a global oversupply in 2024, bulk wine prices

are considerably lower at around 80 €/hl. Viticultural revenue was

calculated by multiplying yield by price. Again, the yield level is

simulated to remain constant over the lifespan of the system, even

though full yields are not expected before the third year of the
TABLE 1 Results of the cost and revenue analysis of PV and viticulture for different degrees of opacity, based on a cultivated area of one hectare
(annual costs and revenues).

Unit Scenario 1 Scenario 2 Scenario 3 Scenario 4 Baseline scenario

PV Yes Yes Yes Yes No

Opacity of PV modules % 0 19 27 51 -

Removal of vineyard rows No No No No No

Grape yield in % of Baseline Scenario % 33 40 52 67 100

Grape yield hl/ha 36.3 44.0 57.2 73.7 110.0

Wine price €/hl 110 110 110 110 110

Energy yield MWh/ha 1,557 1,296 1,160 872 -

Energy price €/kWh 0.08 0.08 0.08 0.08 -

Cost Viticulture €/ha -10,725 -10,725 -10,725 -10,725 -10,392

Revenue Viticulture €/ha 3,993 4,840 6,292 8,107 12,100

Profit Viticulture €/ha -6,732 -5,885 -4,433 -2,618 1,708

Cost PV (CAPEX) €/ha -60,057 -63,073 -64,344 -67,995 –

Cost PV (OPEX) €/ha -18,855 -18,855 -18,855 -18,855 –

Revenue PV €/ha 124,560 103,680 92,800 69,760 –

Profit PV €/ha 45,648 21,752 9,602 -17,090 -

Total Profit €/ha 38,916 15,867 5,169 -19,708 1,708
Source: own calculation.
Bold: totals; Italics: subtotals.
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vineyard. The profit from viticulture is derived as annual revenue

minus the annual cost of viticulture.

3.2.3 Net present value of profits
The total annual profit of the AVS is derived as the aggregate of

profits generated from PV operations and viticulture. Employing

the NPV method, the discounted stream of total annual profits over

the economic lifespan of the AVS is subtracted from initial

investment costs. The useful life of the AVS is projected to be 20

years, to align the useful life with the maximum duration of external

financing through a bank loan.

The discount rate, reflecting the risk associated with an

investment, is set at 5.6%, based on wine estate-specific estimates

(Strub and Loose, 2023). This rate incorporates both sectoral and

individual winery risks based on leverage. However, this discount

rate does not yet account for significant economic risks associated

with climate change (van Leeuwen et al., 2024) and fundamental

shifts in wine demand (Loose and Del Rey, 2024). A significantly

higher discount rate would be required to reflect these unsystematic

risks, which would substantially reduce the NPV of the AVS.
4 Results – economic assessment of
simulated scenarios

The assumptions specified in Chapter 3 are first applied to four

scenarios with different degrees of opacity that are compared to the

baseline scenario of viticulture without PV. The scenario with

lowest opacity is then adapted to reflect varying revenue and cost

assumptions. To permit full mechanization and reduce OPEX of

viticulture one scenario is analyzed where every fourth row is

removed. The impact of reduced CAPEX of the PV due to

economies of scale in the production of AVS is assessed in two

scenarios. Scenarios considering the self-consumption of a share of

the produced energy are also examined. Furthermore, the

production of higher-value premium and ultra-premium grapes is

analyzed in distinct scenarios. Another scenario explores the

condition where grape yields are not adversely affected by PV

shading. The analysis concludes with a final scenario that

combines a total of six positive changes, including an increase in

the feed-in tariff for energy.
4.1 Scenarios for different degrees
of opacity

The scenarios outlined in Table 1 differ in their degree of

opacity, resulting in varying shading intensities and grape yields

when compared to the baseline scenario of viticulture without PV.

Scenario 1, featuring opaque modules, achieves the highest energy

yield. With increasing module transparency from Scenario 2 to

Scenario 4, energy yield priority diminishes.

The viticultural costs under the AVS for Scenarios 1 to 4 reflect

significantly higher shares of manual labor due to the inability of
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over-the-row machinery to navigate rows with PV system support

structures. The Baseline scenario, representing viticulture alone,

shows a modest profit of €1,708 per hectare per year. As shading

intensity increases from Scenarios 1 to 4, viticultural losses also rise,

with Scenario 1 incurring the highest loss at €6,732 per hectare per

year. Only Scenario 4, which utilizes the most transparent PV

modules, achieves the minimum required grape yield of 66% to

qualify as an AVS under German regulation (section 2.2.3).

Scenarios with higher opacity fail to meet this minimum

requirement. Therefore, Scenario 4 serves as the basis for

adaptation in subsequent scenarios.

In terms of PV operations, Scenario 1 yields the highest

profit at €45,648 per hectare per year, followed by Scenarios 2

and 3 with positive profits of €21,752 and €9,602 per hectare per

year respectively. Scenario 4, however, records losses from

PV operations.

Overall profitability is realized in Scenarios 1, 2 and 3, which

post net profits of €38,916, €15,867 and €5,169 per hectare per year

respectively. In these scenarios, the emphasis on electricity yield

ensures PV profits surpass viticultural losses. Conversely, Scenario 4

which ensures the vineyard site to remain agricultural land results

in overall losses, as combined revenues from PV and viticulture fail

to cover costs.

The NPV calculations, detailed in Table 2, indicate that only

Scenarios 1 and 2 approach paybacks at all. However, both

scenarios fail payback within the planned useful life of 20 years,

that would align with the duration of external financing.

For Scenarios 3 and 4, revenues are insufficient to recoup initial

investments and annual costs. Given the current investment costs

for PV systems, and the presumed yield levels for both energy and

grapes, alongside assumed energy and wine price points, an

investment in AVS is economically impractical. Therefore, such

investments would necessitate cross-subsidization from other

revenue streams within the wine business.
4.2 Scenario with fewer rows to permit
full mechanization

To facilitate full mechanization using over-the-row technology,

Scenario 5 simulates an adapted vineyard configuration in which

every fourth row, containing support structures for the PV system,

is removed. This adjustment results in a 25% reduction in both

viticultural OPEX and grape yield compared to Scenario 4.

A comparison of the viticultural profit between Scenario 4 and

Scenario 5, as presented in Table 3, reveals that the removal of vines

in rows with support structures enhances economic outcomes.

Although Scenario 5 experiences a reduction in grape yield

relative to Scenario 4, this loss is more than offset by the lowered

management costs due to full mechanization. Enabling efficient

mechanization under PV is particularly crucial for bulk wine

production, as assumed in this study. However, for premium

wines (section 4.5), the yield reduction might offset the benefits

of mechanization.
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4.3 Scenarios with reduced CAPEX for the
PV system

Given the relative novelty of AVS in viticulture, current

installations are predominantly custom-built solutions. It is

anticipated that standardized, off-the-shelf systems will emerge as

the technology gains broader acceptance, leading to a reduction in

prices. Table 3 illustrates the impact of 10% and 25% reductions in

CAPEX for the PV system on overall profitability. A 25% reduction

in CAPEX comes close to achieving break-even for the PV part of

operations. To achieve a break-even point for the whole AVS based
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solely on reduced system costs, the CAPEX would need to decrease

by 29% relative to the values used in Scenario 4.
4.4 Scenarios with self-consumption of
produced energy

Scenarios 1 to 4 are predicated on the assumption that all energy

produced by the PV system is fed into the grid at a fixed market

price. However, higher opportunity costs arise when the winery can

utilize a portion of the produced energy for its internal processes.
TABLE 3 Effect on profitability of every 4th row removed and reduced CAPEX for the PV system – Scenario 5 and two variations based on Scenario 4,
based on a cultivated area of one hectare (annual costs and revenues).

Unit Scenario 4 Scenario 5
Scenario 5.1.1
PV CAPEX -10%

Scenario 5.1.2
PV CAPEX -25%

PV Yes Yes Yes Yes

Opacity of PV modules % 51 51 51 51

Removal of vineyard rows No Every 4th row Every 4th row Every 4th row

Grape yield hl/ha 73.7 55.3 55.3 55.3

Wine price €/hl 110 110 110 110

Energy yield MWh/ha 872 872 872 872

Energy price €/kWh 0.08 0.08 0.08 0.08

Cost Viticulture €/ha -10,725 -7,794 -7,794 -7,794

Revenue Viticulture €/ha 8,107 6,083 6,083 6,083

Profit Viticulture €/ha -2,618 -1,711 -1,711 -1,711

Cost PV (CAPEX) €/ha -67,995 -67,995 -61,196 -50,996

Cost PV (OPEX) €/ha -18,855 -18,855 -18,855 -18,855

Revenue PV €/ha 69,760 69,760 69,760 69,760

Profit PV €/ha -17,090 -17,090 -10,291 -91

Total Profit €/ha -19,708 -18,801 -12,002 -1,802
Source: own calculation.
Bold: Changes compared to initial scenarios.
TABLE 2 Calculation of net present value for AVS scenarios with different degrees of shading.

Coast and revenues in €/ha Scenario 1 Scenario 2 Scenario 3 Scenario 4

Viticulture - annual cash flow

Management cost -10,725 -10,725 -10,725 -10,725

Revenue 3,993 4,840 6,292 8,107

PV - initial investment

Investment cost -1,201,140 -1,261,469 -1,286,870 -1,359,900

PV - annual cash flow

OPEX -18,855 -18,855 -18,855 -18,855

Revenue 124,560 103,680 92,800 69,760

NPV at 20 years of useful life at r=0,056 -28,126 -325,883 -463,024 -787,609

Amortization in year of useful life 21 41 – –
Source: own calculation.
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Self-consumption would be especially advantageous for wineries

from spring to fall, during daylight hours when PV energy

production is at its peak. During these periods, cooling systems -

which are essential for many winery operation - operate

predominantly in the hottest hours of the day, coinciding with

maximum energy production and aligning production

with consumption.

Even though many vehicles already allow relatively rapid

charging up to a high level of battery power, it is critical to

recognize that vehicles are typically used during the day when

electricity production is highest, necessitating flexibility in charging

schedules to decouple energy production from the charging process.

In the future, innovations such as easily replaceable batteries, tools,

or autonomous vehicles that operate at night and recharge during

the day may enhance this flexibility, though they would entail

additional investment costs.

To minimize connection costs, the AVS should be

geographically proximate to the winery’s site. It is important to

note that the self-consumption of energy has limits and cannot scale

indefinitely with the expansion of vineyard areas under PV.

Eventually, the demand for self-consumed energy will reach

equilibrium, beyond which additional PV installations will result

in decreasing percentages of self-consumption, thereby diminishing

the average price effect. The actual proportion of self-consumption

is highly contingent upon the size of the PV system and the winery’s

specific energy demands and distribution patterns throughout

the year.

Table 4 presents the outcomes when 10% and 25% of the

winery’s electricity needs are assumed to be met by AVS-

produced electricity at a rate of €0.2035 per kWh, which

corresponds to the average electricity price for industrial users

(non-households) (Destatis, 2024). Comparing these two levels of
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self-consumption, it becomes evident that the monetary value of

self-consumed energy significantly enhances profitability.

Specifically, 10% self-consumption at €0.2035 per kWh results in

a 15% increase in value, while 25% self-consumption leads to a 39%

increase in average value.

Similar positive effects are observed if the feed-in tariff increases,

possibly due to a price premium for AVS-produced energy, or if

energy yields improve due to more efficient PV modules or greater

solar radiation - such as might be found in southern France or

Spain. To achieve a break-even point, there would need to be a 27%

increase in either the energy yield or the price, or a combination of

both, relative to the assumptions used in Scenario 5. That said,

Scenario 5.2.2 with a 39% increase of energy value leads to a profit

of €8,122 per hectare and year for the AVS.
4.5 Scenarios for production of premium
grapes with crop insurance

In addition to generating electricity, constructing PV systems

over vineyards provides several supplementary benefits, particularly

in terms of offering physical protection to plants and crops.

However, the value of such protection is contingent upon the

value of the crops themselves. Consequently, it is more rational to

protect vineyards that produce premium grapes, such as those used

in Verband der Deutschen Prädikatsweingüter (VDP) Große

Gewächse (GG) wines in Germany or Grand Cru wines in

France, rather than vineyards that produce lower-quality, bulk

wine grapes.

In the context of premium and ultra-premium grape

production, a reduction in yield is often desirable. For Scenario

4.1 in Table 5, the target yield is set at 50 hectoliters per hectare (hl/
TABLE 4 Effect of self-consumption of produced energy on profitability – variations of Scenario 5, based on a cultivated area of one hectare (annual
costs and revenues).

Unit Scenario 5

Scenario 5.2.1
10% of own

consumption at
0.2035 €/kWh

Scenario 5.2.2
25% of own

consumption at
0.2035 €/kWh

Grape yield hl/ha 55.3 55.3 55.3

Wine price €/hl 110 110 110

Energy yield MWh/ha 872 872 872

Energy price €/kWh 0.08 0.092 0.111

Cost Viticulture €/ha -7,794 -7,794 -7,794

Revenue Viticulture €/ha 6,083 6,083 6,083

Profit Viticulture €/ha -1,711 -1,711 -1,711

Cost PV (CAPEX) €/ha -67,995 -67,995 -67,995

Cost PV (OPEX) €/ha -18,855 -18,855 -18,855

Revenue PV €/ha 69,760 80,529 96,683

Profit PV €/ha -17,090 -6,321 9,833

Total Profit €/ha -18,801 -8,032 8,122
Source: own calculation.
Bold: Changes compared to initial scenarios.
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ha). Hence, the shading effect aligns with the targeted yield

reduction, though the impact on grape quality remains to be

thoroughly investigated.

The grape price is assumed to be €500 per hectoliter, reflecting

the current market price for Champagne grapes, a typical example

for ultra-premium products. For comparative purposes, Scenario 4,

which relies on manual labor, is chosen, as manual viticultural

practices, including grape harvesting, are standard in premium wine

production, particularly in plots that are not fully mechanized.

It is assumed that the winery maintains crop insurance, which

would become redundant if the vines are adequately protected by

the PV system. Comprehensive crop insurance costs approximately

6% of the insured sum (Unfiltriert Versicherungsmakler GmbH,

2024), translating to about €1,500 per hectare for the specified yield

and grape price. These insurance savings are factored into the profit

calculations. Such insurance typically covers losses only in the year

the initial damage from frost or hail occurs and not in subsequent

years due to damage to the shoot. Therefore, this represents a

conservative estimate, as the value of AVS protection may be even

greater if it effectively shields the vines from hail and frost.

In the case of premium wines, with the insurance cost waiver,

the profitability of the viticultural activity increases to a positive

outcome of €15,775 per hectare.

The implementation of an AVS may also support a sustainable

marketing narrative. This marketing benefit is particularly potent in

a direct-to-consumer sales context, forming the basis for Scenario

5.3. Here, the average wine price is set at €200 per hectoliter to

reflect the enhanced value achieved through cellar door sales in
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bottles as opposed to bulk sales. The cost savings from foregoing

crop insurance, again at 6% of the insured sum, amount to €664 per

hectare. These assumptions yield a profit for the viticultural activity

of €3,930 per hectare. Nevertheless, the viticultural profits in both

scenarios remain insufficient to balance the losses from energy

generation, resulting in overall negative total profits.
4.6 Scenario with grape yields unaffected
by PV

Preliminary results from the research conducted at Geisenheim

University suggest that the installation of PV systems above vines -

resulting in a combination of reduced solar radiation and protective

synergy effects - does not necessarily lead to diminished grape yields.

However, these initial findings require long-term experimental

validation. In Scenario 4.2, it is assumed that grape yields are not

impacted by the presence of PV systems, and the scenario is therefore

based on the average German grape yield of 90 hl/ha.

In Scenario 4.2, as outlined in Table 6, the number of vines and

viticultural costs are assumed to be equivalent to those in Scenario

4. Consequently, manual labor is required for every fourth row

where over-the-row technology cannot be utilized.

For this scenario, viticultural activities are slightly below the

break-even point. With a yield of 90 hl/ha, the wine price required

to achieve break-even is €119/hl. However, the losses from the PV

component remain unmitigated and cannot be compensated by the

viticultural profits.
TABLE 5 Effect of premium wine prices on profitability – variation of Scenarios 4 and 5, based on a cultivated area of one hectare (annual costs
and revenues).

Unit Scenario 4
Scenario 4.1

Price premium for
high quality grapes

Scenario 5
Scenario 5.3

Price premium for
cellar door sales

Grape yield hl/ha 73.7 50.0 55.3 55.3

Wine price €/hl 110 500 110 200

Energy yield MWh/ha 872 872 872 872

Energy price €/kWh 0.08 0.08 0.08 0.080

Cost Viticulture €/ha -10,725 -10,725 -7,794 -7,794

Revenue
Viticulture

€/ha 8,107 25,000
6,083 11,055

Cost saving
crop insurance

€/ha - 1,500
664

Profit Viticulture €/ha -2,618 15,775 -1,711 3,925

Cost
PV (CAPEX)

€/ha -67,995 -67,995 -67,995
-67,995

Cost PV (OPEX) €/ha -18,855 -18,855 -18,855 -18,855

Revenue PV €/ha 69,760 69,760 69,760 69,760

Profit PV €/ha -17,090 -17,090 -17,090 -17,090

Total Profit €/ha -19,708 -1,315 -18,801 -13,165
Source: own calculation.
Bold: Changes compared to initial scenarios.
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4.7 Scenario with combined strong positive
changes in key variables

The adapted scenarios analyzed thus far have identified investment

costs and revenue from the PV system as the primary economic drivers

for profitability of AVS. Unsurprisingly, the current high investment

cost of up to €1.36 million per hectare for the PV system represents the

most significant leverage on economic performance. To achieve

profitability, either these costs must be substantially reduced, and/or

the revenue from feeding-in and/or self-usage of the electric energy

must be significantly increased. By contrast, the impact of the viticulture

system on the overall economics is relatively minor. Specifically:
Fron
- A 10% reduction in CAPEX for the PV system reduces losses

by 39%.

- A 10% increase in feed-in tariffs reduces losses by 37%.

- A 10% premium on the wine price improves the overall result

by just 7%.
Given that only considerable changes to the CAPEX are

sufficient to render AVS profitable, it is logical to consider a

combination of these changes. An illustrative scenario

encompassing combined positive modifications across six key

drivers is presented in Table 7. This scenario assumes that the

grape yield remains unaffected by shading from the PV system

(Scenario 4.2) and that the wine is priced at cellar-door value
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(Scenario 5.3). Additionally, the energy production yield is

increased by 10%, potentially due to a more southerly location of

the AVS. Furthermore, energy feed-in tariffs are assumed to be 10%

higher, with 10% of the energy being self-consumed at opportunity

costs of €0.2035 per kWh (Scenario 5.2.1). This scenario exemplifies

a simultaneous combination of substantial, yet conceivable,

modifications to six variables under the existing conditions.

Under these strong assumptions, both components of the AVS -

the energy generation and the viticultural activity - achieve positive

results. This leads to a total profit of over €20,000 per hectare per

year, ultimately resulting in a positive Net Present Value (NPV)

after 31 years. However, the time required to achieve payback still

exceeds the recommended useful life of 20 years, as stipulated by tax

regulations and the typical duration of external financing.
5 Discussion and future research

The discussion section synthesizes the research findings,

delineates the limitations, and proposes an agenda for future

research into AVS in viticulture.
5.1 Framework of economic assessment
and summary of results

This study has developed a comprehensive framework that

integrates a wide array of factors influencing the economic
TABLE 7 Effects of combined positive changes in key variables, based on
a cultivated area of one hectare (annual costs and revenues).

Unit
Combination -
Scenario 4.3

Grape yield unaffected compared to
German average (scenario 4.2)

hl/ha
90.0

Wine price assuming cellar door sales
(scenario 5.3)

€/hl 200

Energy yield + 10% (scenario not
prior shown)

MWh/ha
959

Energy price: 10% price increase, 10%
self-consumption (based on
scenario 5.2.1)

€/kWh 0.10

Cost Viticulture €/ha -10,725

Revenue Viticulture €/ha 18,000

Profit Viticulture €/ha 7,275

Cost PV (CAPEX) -10% (scenario 5.1.1) €/ha -61,196

Cost PV (OPEX) €/ha -18,855

Revenue PV €/ha 95,488

Profit PV €/ha 15,438

Total Profit €/ha 22,713
Source: own calculation.
Bold: Changes compared to initial scenarios.
TABLE 6 Effect of unaffected grape yields on profitability, based on a
cultivated area of one hectare (annual costs and revenues).

Unit Scenario 4
Scenario 4.2

No PV effect on
grape yield

Grape yield hl/ha 73.7 90.0

Wine price €/hl 110 110

Energy yield MWh/ha 872 872

Energy price €/kWh 0.08 0.08

Cost
Viticulture

€/ha -10,725
-10,725

Revenue
Viticulture

€/ha 8,107
9,900

Profit
Viticulture

€/ha -2,618 -825

Cost
PV
(CAPEX)

€/ha -67,995 -67,995

Cost
PV (OPEX)

€/ha -18,855 -18,855

Revenue PV €/ha 69,760 69,760

Profit PV €/ha -17,090 -17,090

Total Profit €/ha -19,708 -17,915
Source: own calculation.
Bold: Changes compared to initial scenarios.
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performance of AVS in viticulture. The framework utilizes

parameters derived from existing research and expert advice,

applied to the geographic and physical conditions of AVS at

Geisenheim University. However, the framework’s generality

ensures its universal applicability to different locations, regulatory

environments, and business conditions.

Under the current cost and revenue conditions, along with the

specific geographical context of Geisenheim in Germany, AVS is

not economically viable. Positive profit can only be realized after 21

and 41 years if the PV modules have no or low transparency

(Scenarios 1 and 2), but this would likely result in insufficient grape

yield. In all other scenarios with higher transparency PV modules,

the revenues generated from PV never balance the associated costs.

Nine scenarios were developed in this study to assess the

influence of different economic drivers on the profitability of

AVS. The cost and revenue associated with the PV system have

the strongest impact on overall profitability. The PV system could

become profitable through various avenues: enhanced returns from

more efficient solar panels, a location with greater solar radiation,

higher feed-in tariffs, usage of energy with higher opportunity costs

(e.g., self-consumption), or reduced costs through economies of

scale and technological advancements. For instance, a 10%

reduction in CAPEX for the PV system and a 10% increase in

feed-in tariffs could reduce losses by 39% and 37%, respectively.

The impact of viticulture on the overall profitability of AVS is

comparatively minor. A 10% increase in wine prices or a similar

synergistic benefit between PV and viticulture would only decrease

losses by 7%.

To make AVS profitable, a combination of positive influences

on the cost and income structure is necessary. If six key variables are

improved by 10% each, AVS becomes profitable after 31 years.
5.2 Future development of the
economic framework

The economic assessment framework utilized in this study

encompasses several limitations and simplifications that can be

enhanced in future iterations and specific applications. Future

improvements should focus on the following seven areas:
Fron
1. Grid connection costs: The costs of connecting the AVS to

the electric grid depend on the geographical distance and

geological and logistical conditions between the AVS and

the grid and should be included in the analysis of real

business cases.

2. Variable feed-in tariffs: A fixed feed-in tariff per kWh was

used for simplification, not accounting for penalties or

negative tariffs during periods of oversupply. Annual

revenues and profits from the PV system are likely to be

significantly impacted by variable feed-in tariffs, which

should be considered in real-case scenarios. Future

availability of low-cost energy storage systems may buffer

peak supply but add to CAPEX.
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3. Dynamic revenue and cost streams: The analysis applied

here assumes uniform revenue and cost streams over the

lifespan of the system. The framework can be extended to a

dynamic model with annual variations in revenue and

costs, accounting for panel deterioration, expected rising

opportunity costs of self-consumed energy, and increasing

OPEX, e.g. due to wage increases as well variable costs

and revenues for the different stages of a newly

planted vineyard.

4. Expected future revenues and cost: Historical prices and

costs may be inadequate predictors of future economic

performance. Therefore, economic assessments should

ideally use anticipated future values for both prices and

costs. For instance, the wine price used in the base scenario

is based on long-term historical averages and does not take

into account the current low bulk wine prices (~€80/hl),

which make traditional viticulture unprofitable.

5. Discount rate and structural risk: The applied discount

rate of 5.6% reflects historical sectoral and wine

business risks but fails to account for emerging

structural risks such as climate change (van Leeuwen

et al., 2024) and the declining global wine demand,

which leads to intense price competition and declining

profitability (Del Rey and Loose, 2023). A higher

discount rate should be employed to incorporate

these additional risks. If future revenue streams are

subject to higher discount rates, either investment costs

must decrease or revenues need to increase to

maintain profitability.

6. Economic life synchronization adding to cost and risk: The

economic lifespan of PV components and the vineyard

should be synchronized. Establishing an AVS alongside a

new vineyard could protect young vines, representing an

optimal solution. However, this approach necessitates

simultaneous large investments, with new vineyard

planting costs in Germany currently estimated at €40-

50k. Both viticulture and PV systems are long-term

investments with lifespans of at least 20 years,

representing high sunk costs. This lump-sum risk should

be considered in the analysis by increasing the risk

premium for the discount rate.

7. Useful life assumption: The study assumes a useful life of 20

years for the AVS aligning with the tax law prescribed

useful life of such an investment. Given market conditions

and high uncertainty, wine businesses may be reluctant to

invest unless the innovation pays off within 10 years.
5.3 Agenda for future research into AVS

The economic framework and the various scenarios highlight

the necessity for more empirical knowledge and parameter

estimates. An extensive agenda of required research is suggested
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here, encompassing several key areas: the viticultural effects of AVS,

the quantification of synergistic benefits, the optimal design of

viticultural processes, and the assessment of both positive and

negative external effects.

5.3.1 Research into the viticultural effects of AVS
The impact of top-mounted PV modules on the viticulture

beneath them is currently not well understood. Research is needed

in three main areas: (a) the effect of PV modules on the quality and

yield of wine, (b) the extent and value of various potential

synergistic benefits from PV modules protecting the vines, and

(c) the impact of the mounting structure on viticultural processes.

5.3.1.1 Research into the effect of shading on wine quality
and yield

Changes in the ingredients and chemical composition of berries

and wine due to partial but continuous shading are currently hardly

investigated. Therefore, it is crucial to thoroughly understand how

PV systems impact vine quality and yield. The scenarios examined

in this study identified yield and wine value as the primary drivers

for synergistic benefits. Producers of premium and ultra-premium

wine, who stand to benefit most from these high synergies, need to

discern the effects of PV systems on the quality and composition of

their wines. For instance, growers of grand cru wines must be

assured that the quality of their wines will not be adversely affected

before they adopt AVS solutions. Conversely, producers in the base

segment, where a certain quality level suffices, should focus on

understanding the impact of PV systems on yield. In this regard, the

effects of varying degrees of opacity must also be analyzed.

Long-term trials are necessary to substantiate and potentially revise

the assumptions regarding PV’s impact on yield presented in this

study’s scenarios. Due to significant annual variations in growing

conditions, robust estimates require long-term data series. For

example, the first trial year in Geisenheim in 2023, characterized by

unusually wet conditions in late summer, resulted in higher yields

under PV systems due to better protection from Botrytis cinerea

infection. It is important to note that these results are preliminary, as

it was the first harvest year under AVS and the buds had developed

under non-AVS conditions the previous year. The long-term effects of

shading on bud development in subsequent years remain unknown.

5.3.1.2 Synergistic benefits for viticulture

AVS hold significant potential for mitigating the effects of

climate change on viticulture. These systems offer numerous

benefits, such as reduced need for plant protection, improved

water management, decreased risks of late frost, sunburn

protection, and hail protection.

A recent analysis of AVS in apple farming has already

demonstrated synergies for plant protection. For example, the

amount of fungicides needed can be reduced due to less moisture

accumulating on leaves and fruits sheltered by PV modules

(Trommsdorff et al., 2023). Additionally, AVS can play a critical

role in rainwater harvesting and water management, especially on

shallow or sandy soils with low water-holding capacity. It will also

impact the grapevine water status by reducing the evaporative
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demand. This ensures that yields remain stable during

increasingly hot and dry years, conditions under which grape

yields typically decline. Given that drought during heat waves will

become an increasingly limiting factor, rainwater harvesting and

drip irrigation via AVS may become essential even in German

viticulture, and certainly in Southern Europe. Experimental trials

are necessary to determine which physical designs of AVS can

effectively protect vines from hail. Initial AVS experiments with

apple trees indicate that hail may still enter through gable spaces.

The value of these synergies critically depends on geographical

conditions (e.g., water stress, hail risk, late frost risk) and is likely to

change as climate change continues (van Leeuwen et al., 2024).

Ideally, multiple trials should be conducted in diverse locations to

gather sufficient information under different conditions.

Simulations show that the economic value of these synergistic

benefits critically depends on the value of the wine produced. The

more profitable the vineyard, the greater the value of the synergies.

Highly valuable crops, such as grand cru, highly prized single

vineyards, and famous appellations like Burgundy or Champagne,

benefit most from AVS synergies. These wine-growing areas also

have the capacity to absorb the adverse effects of climate change on

the economic sustainability of wine production (van Leeuwen et al.,

2024). Therefore, future experimental AVS should be tested in

viticultural areas with high economic value.

5.3.1.3 Viticultural processes under PV

The physical setup of PV systems affects the feasibility of

viticultural processes. With current technology, integrating vines

and PV posts within the same row would necessitate increased

manual labor in otherwise fully mechanized vineyards. From a cost

perspective, this suggests the removal of vines in rows with PV

posts. Scenario 5 assumes a 25% reduction in yield due to this

configuration, an assumption that needs empirical validation and

potential adjustment.

Alternative static constructions and different vineyard designs

should be considered to better align existing viticultural technologies

with AVS. In the long term, technological solutions such as the

deployment of autonomous robots may enable full mechanization

even in rows with posts, though this would increase CAPEX.

5.3.2 Research into more cost-efficient PV
systems for AVS

The scenario simulations identified the costs and revenues from

the PV system as the strongest drivers of profitability for AVS. On

the cost side, future experimental trials should aim to find cost-

efficient solutions for mounting PV systems.

There are numerous opportunities to increase revenue from

electric energy. For instance, selecting locations with higher solar

radiation, such as Spain, Italy, or Southern France, can result in

greater energy yield. These areas are also the most adversely

impacted by climate change. Additionally, employing more

efficient panels and viticultural setups that permit higher opacity

of the panels can produce more electric energy.

Generally, AVS becomes more profitable as feed-in tariffs and

the opportunity costs for self-consumption increase. Similarly, the
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greater the difference between these two prices, the more attractive

it is to use the electric energy within the business or to market it

locally. This price differential varies across countries and may

fluctuate over time.

Aligning a company’s electricity demand with energy

production is crucial. Monitoring the temporal and seasonal

patterns of electricity demand in a winery and understanding its

flexibility are prerequisites for adjusting the generation and

consumption of electric energy. Energy storage systems can

increase the share of on-site energy consumption if their benefits

outweigh their costs. In the long term, autonomous vineyard

management robots could allow vineyard tasks to be performed

at night while recharging during the day. This would increase self-

consumption and reduce the carbon footprint at the farm level.

Additional options include local marketing of electric energy, such

as at electric charging stations at the cellar door, and fostering inter-

industry co-operations with complementary users of electric energy.

5.3.3 Research into positive and negative external
effects of AVS

The economic framework developed in this study focuses on the

adaptation of an AVS from the perspective of an individual

business. From the viewpoint of a wine business, the decision is

driven by profitability - whether the investment will pay off over

time and generate a positive return. If not, the wine business should

consider investing in more lucrative options, such as roof- or

ground-mounted PV systems, or planting grape varieties better

adapted to climate change.

A holistic economic assessment from a welfare perspective also

includes the positive and negative externalities of AVS. Examples of

positive externalities include increased biodiversity (Walston et al.,

2024), reduced carbon emissions (if not already accounted for in

specific feed-in tariffs), and the preservation of traditional

viticultural landscapes. Potential negative external effects include

the reduced aesthetic appeal of cultural landscapes due to large AVS

installations. While PV systems may provide shade and serve as

focal points in the landscape, they inevitably impact the visual

appearance of the landscape and its acceptance by society (Fischer

et al., 2023; Biró-Varga et al., 2024).

If wine businesses are not financially compensated for these

externalities through subsidies, they are unlikely to consider them in

their investment decisions. If positive externalities arise, their value

should be assessed in long-term viticultural experiments. The AVS

installation at Geisenheim will provide valuable information in this

regard in the future. A comprehensive assessment of positive and

negative external effects of AVS is still necessary.
5.4 Conclusion

AVS have the potential to play a crucial role in mitigating the

effects of climate change on viticulture while simultaneously

reducing the carbon footprint. This innovative solution was

assessed in this study through the application of plausible
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assumptions. The general economic framework developed here

can be universally applied to future trials under varying conditions.

In their current developmental stage, AVS are not yet market-

ready for widespread commercial adoption within the German

market, a phenomenon consistent with many emerging

innovations in their initial trial phases. Currently, the costs of

AVS significantly exceed the returns over a 20-year period,

rendering them economically unviable for wine businesses at this

time. This study identifies that the costs and revenues associated

with PV systems have the greatest impact on economic profitability,

followed by the value of the wine produced and the synergistic

benefits. The research underscores the necessity for further

investigation to obtain reliable empirical estimates for cost and

revenue calculations. An extensive agenda for future research in this

area has been developed and outlined.
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