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Abstract

This study investigates the water-energy nexus in vineyards adopting innovative practices,
focusing on water management through rainwater harvesting systems and the installation
of photovoltaic panels for renewable energy production. The research focuses on two
regions in Greece, Nemea in Corinthia and Nea Anchialos in Magnesia, using historical
time series of meteorological data to establish water and energy balances. The study aims
to examine the practical use of these technologies to improve water and energy efficiency
in grape and wine production, which are important parts of the country’s primary sector. A
daily water balance model is applied to estimate the required storage capacity of rainwater
tanks for irrigation use in vine cultivation, using daily rainfall and evapotranspiration data
over 20 hydrological years (2001/02-2020/21). Additionally, the installation of photovoltaic
panels covering a specific percentage of the total utilized area in the study parcels is
examined. The analysis showed that the use of a rainwater collection system with a
catchment area of 500 m? for crop areas from 500 to 10,000 m? and using rainwater tanks
from 10 to 200 m3 can ensure demand coverage rates from 60% to 95%. The production of
green energy through the panels ranges from 149 to 156 MWh per year.

Keywords: rainwater harvesting system; daily water balance model; green energy produc-
tion; photovoltaics

1. Introduction

Water and energy are two of the most critical resources in modern agriculture, and
their availability and management significantly influence productivity and sustainability.
In Mediterranean climates, where rainfall is strongly seasonal and prolonged dry periods
are common, securing adequate water supplies for irrigation has become increasingly
challenging. Overexploitation of groundwater in recent decades has lowered aquifer levels
and contributed to salinization of soils and water quality degradation, thereby threatening
the long-term sustainability of agricultural production [1]. These challenges are more
pronounced in Greece, where agriculture accounts for approximately 80-82% of total
freshwater withdrawals [2], and are further intensified due to inefficient irrigation practices
and hydroclimatic variability. Moreover, the country faces major challenges in the domain
of electrical energy, in the context of its transition from lignite-based power generation to
renewable energy sources and the adoption of a free-market model that further complicates
resource management in agricultural [3].
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Viticulture is one of the most important agricultural sectors in Greece because of its
historical and economic significance, but it is also highly vulnerable to water and energy
constraints [4,5]. Grape yield and quality are dependent on water management practices in
vineyards, as both excessive and insufficient water supply can adversely affect vine growth
and fruit composition [5,6]. In Mediterranean countries, such as Greece, groundwater is
the main source of irrigation, which is not only environmentally unsustainable in areas
suffering from water scarcity, but also costly [4]. Treated urban wastewater (reclaimed
water) represents an additional irrigation source, particularly in water scarce Mediterranean
regions. Its reuse can reduce pressure on groundwater resources while its nutrient content
may also reduce the mineral fertilizer requirements [7].

Beyond food production, irrigated perennial crops can provide ecosystem services,
such as climate regulation, soil protection, water regulation and carbon sequestration. Re-
cent research on irrigated orchards has highlighted these broader environmental benefits [8].
Although vineyards differ from orchards, they are also perennial cropping systems and
may provide similar environmental functions. In this context, rainwater harvesting can
reduce dependence on conventional water sources and improve water use efficiency, while
on-farm PV systems can contribute to renewable energy production. Studies of agrivoltaic
systems have also shown potential benefits from the combined production of food and
renewable energy [9]. Therefore, the combined use of RWH and PV systems may contribute
to the environmental sustainability of vineyards.

In addition, the energy consumption by pumping and water distribution systems
increases the overall production costs and reduces profitability [10]. It should be noticed
that in the case of irrigated agriculture, the energy-driven cost of water is quite important
with respect to other on-farm energy expenditures that are associated with fuel, lubricants,
fertilizers, etc. [11].

This situation has led to a growing interest in approaches that can better balance water
and energy use and support more sustainable viticulture under increasing environmen-
tal and economic pressures [12]. The combination of rainwater harvesting (RWH) and
photovoltaic (PV) energy generation seems to be a promising approach to overcome these
challenges. These systems are gaining increasing interest in agriculture because of their
potential to improve water availability, increase resilience against climate variability, and
promote more sustainable water management practices [13].

In particular, at the field scale, RWH systems collect and store rainwater locally for later
use, thereby supplementing irrigation, reducing dependence on groundwater resources,
and improving resilience under dry conditions [13]. Previous studies have been shown
that RWH can improve irrigation reliability and reduce risks to water supply in controlled
environments, such as greenhouses and high value crop systems [14-16]. When RWH
systems are paired with photovoltaic panels, they can serve a dual purpose: the panels
generate renewable energy and provide impervious surfaces for rainwater collection [17].
Such hybrid systems are also consistent with the sustainability goals of the European Green
Deal and promote greater climate resilience in agricultural production systems [18].

Agrivoltaic systems, which combine photovoltaic panels with crop cultivation, can
also improve water management in agricultural fields. The shade provided by photovoltaic
panels helps maintain lower soil and plant temperatures, retain soil water content and
reduce water losses through evaporation and transpiration [19]. As a result, crop water
requirements decrease and water use efficiency is improved. Therefore, they can support
more efficient water use in agriculture, while also contributing to renewable energy produc-
tion. Regarding the implementation of agrivoltaics in vineyards, there is limited experience
worldwide, although the reported outcomes are encouraging [20].
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Although RWH and PV technologies have been extensively investigated as individual
strategies for improving water availability and renewable energy production, respectively,
their combined assessment in viticultural systems remains comparatively limited. Previous
RWH studies have primarily focused on greenhouse or other agricultural applications [14—
16], whereas agrivoltaic studies have mainly emphasized renewable energy production,
land-use interactions, and microclimatic effects [18-20]. A recent study has also examined
agrivoltaic systems in Mediterranean vineyards, mainly focusing on microclimate, soil
moisture, and vine performance [21]. Consequently, there is still a need for quantitative
assessments that relate long-term rainfall variability, vineyard irrigation requirements, rain-
water storage capacity, and PV energy production within a common case-study framework.

The novelty of the present study does not lie in the development of a new water-
balance model, but in its application within a joint RWH-PV assessment applied to vineyard
systems. In this vein, the proposed framework combines a long-term daily water-balance
simulation with a reliability-based evaluation of RWH storage, considering different vine-
yard and tank sizes, while simultaneously quantifying the renewable electricity production
associated with the PV catchment surface. Its application to two important Greek viti-
cultural regions with different hydroclimatic conditions, i.e., Nemea and Nea Anchialos,
further allows system performance to be compared under different local climatic conditions.
In this way, the study provides a quantitative basis for assessing the potential contribution
of combined RWH and PV infrastructure to water and energy resource management in
Mediterranean viticulture.

Based on the above, the objectives of this study are twofold: (i) to evaluate the relia-
bility of rainwater harvesting tanks as a supplementary irrigation water source, reducing
dependence on conventional water sources (e.g., groundwater); and (ii) to assess the renew-
able energy production potential of the associated PV systems. For this purpose, historical
meteorological data and a daily water balance model were used for two main wine growing
regions of Greece, Nemea and Nea Anchialos. The findings of this study could provide
useful information for improving resource use efficiency and supporting more sustainable
vineyard management under variable climatic conditions.

2. Materials and Methods
2.1. Study Areas

The present study focuses on two regions with strong wine-making interest: the
Regional Units of Corinthia and Magnesia. These areas were selected because of their
established viticultural activity and their different climate and geography, which allow
a comparison of the proposed technologies. Corinthia, in the northeastern Peloponnese,
is one of the main wine-producing regions in Greece and includes the Nemea Protected
Designation of Origin (PDO) zone, which is a mountainous area, known for its large
vineyard area, high wine production, and many wineries. In contrast, Magnesia, located
in Thessaly, has a smaller but locally important wine sector, especially in the coastal area
of Nea Anchialos, where vine cultivation supports local wine production and related
agricultural activities. The locations of the two study areas are shown in Figure 1.

Although indicative figures reported in the literature suggest that Corinthia has a
substantially larger vineyard area compared to Magnesia, consistent and officially disaggre-
gated statistical data at the regional unit level are not readily available in public datasets,
and therefore such values should be interpreted as approximate representations of regional
viticultural scale. The presence of long-standing local cooperatives and established wine
production traditions further highlights the agricultural and economic importance of both
regions within the Greek viticultural landscape.
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Figure 1. Geographical location of the study areas in Greece, including Nea Anchialos (Magnesia)
and Nemea (Corinthia).

The present study is based on a top-down simulation approach and does not refer to
specific experimental vineyard plots. Therefore, vineyard characteristics, such as grape
variety and planting density, were not explicitly considered in the analysis. The simulations
represent typical wine-grape cultivation conditions in the two study areas. Irrigation was
assumed to be applied through a drip irrigation system during the main irrigation period,
i.e., from March to September. Crop water requirements were estimated according to the
FAO-56 methodology, using the corresponding crop coefficient values for wine grapes.

2.2. Climate and Rainfall Characteristics

The climate in Greece is typically Mediterranean. That broadly means that there is a
cold and rainy season lasting from mid-October until the end of March while the period
from April to September is generally warm and dry, with limited rainfall. Long sunshine
duration is also characteristic of most parts of the year. Due to the country’s complex
topography, several climatic subtypes occur within the broader Mediterranean climate
regime across different regions of Greece.

For the purposes of the present study, two representative rainfall stations were se-
lected, one for each study area where the RWH tanks and photovoltaic systems will be
installed, based on the availability and completeness of daily rainfall records. The rainfall
data used for the tank sizing analysis were obtained from the database of the National Ob-
servatory of Athens for the period 2001-2021. The selected dataset covers 20 hydrological
years (2001/02-2020/21), thus exceeding the minimum rainfall record length of 10 years
recommended for rainwater harvesting tank sizing by Tsihrintzis et al. [22]. This 20-year
rainfall record, although smaller than the typical 30-year climatological normal, contains
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both dry and wet clusters, thus being considered quite representative of the long-term
climatic variability of the broader Mediterranean.

2.3. Daily Water Balance Simulation Model

A daily water balance simulation model was adopted following the approach pro-
posed by Londra et al. [14], in which rainfall, the effective catchment area of the photovoltaic
panels, the runoff coefficient, storage tank capacity, irrigation water demand, and evapo-
transpiration losses (expressed in volumetric terms) are considered on a daily time step. A
daily time step was selected because RWH system performance depends on the sequence
of rainfall dynamics and irrigation demand, allowing tank storage, overflow and water
deficits to be calculated day by day, while coarser-scale data smooth rainfall variability and
intermittency effects which are important for representing short-term storage dynamics
and tank sizing. Therefore, daily rainfall and evapotranspiration data were used in the
water balance model, as also employed in numerous previous RWH studies [14,15].

Although a sensitivity analysis comparing daily and coarser temporal resolutions was
not performed, monthly or seasonal time steps may provide comparable estimates of total
water availability. However, such temporal aggregation cannot explicitly represent daily
changes in tank storage, overflow, and water deficits. Since the present study evaluates
RWH system performance and reliability for different storage capacities, rather than total
annual water availability alone, a daily time step was retained.

For each simulation day, a preliminary tank water balance is first calculated as

S} = Stankt—1+ Rt — Dy — E; 1)

where S} is the unconstrained preliminary storage balance, S;;,x;—1 is the actual stored
water volume at the end of the previous day, R; is the harvested rainwater volume, D;
is the daily gross irrigation water requirement of the vineyard, calculated as described in
Section 2.3.2, and E; represents evaporation losses from the storage tank. In the present
study, E; was considered negligible because closed tanks were assumed. All variables are
expressed in terms of equivalent water depths (mm).

The preliminary storage balance is subsequently constrained by the physical limits of
the tank, as described in Section 2.3.3. Therefore, negative tank storage is not permitted
in the simulation. A negative preliminary balance results in zero actual tank storage
and an external water requirement, whereas a preliminary balance exceeding the tank
capacity results in overflow. The water balance simulation model is embedded within an
optimization context, to estimate the required tank volume ensuring a desirable reliability
level. For a given storage capacity, it also allows for evaluating the system’s performance
under varying hydrological conditions.

The configuration of the integrated rainwater harvesting and photovoltaic (RWH-PV)
system considered in the present study is schematically illustrated in Figure 2.

2.3.1. Harvested Rainwater Volume

The daily volume of harvested rainwater from the photovoltaic panel surface, denoted
as Ry, is estimated as follows:
Ry =C-Ap-P ()

where C is the so-called runoff coefficient, A, is the effective photovoltaic catchment area
projected onto the horizontal plane (m?), and P; is the daily rainfall depth at the end of t-th
day (mm).

Rainfall depth was considered with respect to the horizontal plane, as conventionally
reported by meteorological stations. In the present analysis, an effective horizontal PV
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catchment area of 500 m? was adopted, incorporating a panel slope of 35°. A runoff
coefficient of C = 0.90 was used to account for minor collection losses from the smooth and
impervious PV surface. The estimation of harvested rainwater follows the conventional
rainfall-runoff approach, in which the collected volume is determined from catchment area,
rainfall depth, and runoff efficiency [23].
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Figure 2. Schematic representation of the integrated rainwater harvesting—photovoltaic (RWH-PV)
system considered in the study.

2.3.2. Soil Water Storage and Irrigation Demand

The soil water storage within the vineyard root zone (SW;) is simulated by using a
daily water balance approach, representing the soil as a conceptual dynamic reservoir
replenished by the effective rainfall and depleted by crop evapotranspiration:

SW; = max (swt,1 + Py — ETey, 0) 3)

where SW; is the soil water storage at the end of ¢-th day (mm), SW;_; is the soil water
storage at the beginning of t-th day (mm), P,z is the daily effective rainfall (mm), and ET
is the daily crop evapotranspiration (mm day1).

Following the FAO-56 methodology [24], medium-textured soil conditions and an
effective rooting depth of 1.5 m were used to represent the soil-plant system. An available
water content of 0.16 m3 m—3
the total available water (TAW) in the root zone was calculated as 240 mm. The readily
available water (RAW), i.e., the fraction of total available water that can be depleted before

crop water stress occurs, can be calculated as RAW = p x TAW, where p is the soil water

was assumed for the representative soil conditions. Thus,

depletion factor.

Using the above-mentioned soil conditions, effective rooting depth and an assumption
of depletion factor p = 0.70, the readily available soil water was calculated as RAW = 0.70
x 240 = 168 mm. In the present model, SW; represents the remaining readily available soil
water in the root zone, which is constrained between 0 and 168 mm.
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When SW; is insufficient to meet crop water requirements, “external” water provided
through irrigation is required to maintain non-stress conditions and sustain potential
crop evapotranspiration rates. When SW; is fully depleted (SW; < 0), the crop water
requirements must be supplied through irrigation.

The irrigation period was assumed to extend from March to September, corresponding
to the main stages of vine growth and development under Mediterranean climatic con-
ditions. Within this period, daily irrigation requirements were subsequently calculated
as follows:

max (0, ETei — Py — st) max (0, Kep - ETot — Papy — SWt_1>

D; = o = 9 4)

where D; is the daily gross irrigation requirements (mm), ET, is the daily crop evapotran-
spiration, K, is the crop coefficient, ET; is the daily reference evapotranspiration (mm),
and ¢; is the irrigation application efficiency.

The crop coefficient is varying according to the vineyard growth stage, adopting
the values recommended by FAO-56 [24] for wine grapes: K, ;,; = 0.30, K i = 0.70, and
K¢ end = 0.45. The variable ET; is calculated on the grounds of meteorological data, by
using the FAO Penman—Monteith equation [25]. The daily effective rainfall Py is es-
timated assuming that 80% of the measured rainfall contributes to soil water storage,
following previous irrigation studies under Greek vineyard conditions [26]. By considering
well-managed drip irrigation systems, the irrigation application efficiency is set equal to
e; = 0.90.

The irrigation demand D; represents the daily gross irrigation water requirement of
the vineyard. It is calculated from the crop evapotranspiration requirement not covered
by effective rainfall and available soil water and is adjusted for the irrigation application
efficiency. When the effective rainfall and stored available water were sufficient to meet
crop evapotranspiration (SWi—1 + Per; > ET,), the irrigation requirements are set equal to
zero (D; = 0).

Conversely, when crop evapotranspiration exceeds the available water supply by
effective rainfall and soil water storage, the deficit is assumed to be fully covered by
irrigation, adjusted by the irrigation system efficiency, e;.

Under complete depletion conditions, where soil water storage is exhausted (SW; < 0),
the irrigation demand approaches the full crop evapotranspiration requirements.

Daily changes in soil water are governed by the balance between incoming effective
rainfall and outgoing crop evapotranspiration. When rainfall occurs, the soil water is first
replenished up to its maximum capacity, while any excess water beyond this threshold is
considered as surface runoff or percolation. Conversely, when evapotranspiration exceeds
available soil water, irrigation is required to cover the deficit.

Finally, assuming that irrigation is applied through a drip irrigation system with an
application efficiency of 0.90, the average annual irrigation requirements were calculated at
350 mm/y in the Nea Anchialos area and at 250 mm/y in the Nemea area.

2.3.3. Reliability Optimization Approach for Rainwater Tank Sizing

Based on the previously defined equations, the model combines the daily harvested
rainwater from the PV panels with the daily gross irrigation water requirement. For each
simulation day, the preliminary balance calculated using Equation (1) is constrained by the
physical storage limits of the tank as follows:

Stank,t = min[Vtankr max(O, S?)] (5)
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where Sy, ¢ is the actual available water volume stored in the tank at the end of ¢-th day,
S} is the unconstrained preliminary storage balance calculated using Equation (1), and
Viank is the tank storage capacity.
When the tank is full, the overflow volume, O;, can be calculated as follows:
O; = { S? — Viank, if S;,‘k > Viank ©6)
0, if S 2( < Vtank

Overflow occurs only after the irrigation demand has been fully met. Conversely,
when the stored rainwater volume in the tank, S,y ,+ is inadequate to meet the demand,
D;, the deficit will be met by an external water supply, T;, such as the public water network
or a private drill, calculated as follows:

T, — { Dt — Stank t/ .if Stankt < D¢ @)
0, if Stank,t =D

In the present study, an initially empty rainwater tank is assumed, and an effective
rainwater catchment area of 500 m? was considered.

A reliability metric, R,, is applied as an indicator of the performance of the rainwater
harvesting (RWH) system in satisfying a predefined water demand. In the present study,
reliability is empirically defined as the percentage of simulation days during which the
water demand is fully met by the stored rainwater. Mathematically, it is expressed as

N
Re= (N > ) -100% (8)

tot

where Nj is the number of days water demand is fully met, and Ny is the total number
of simulation days. By setting a specific reliability level, the minimum required storage
capacity of the RWH tank is determined by solving the underlying optimization problem.

2.4. Photovoltaic Systems

Photovoltaic panels installed in non-exploited parts of vineyards can serve two pur-
poses: renewable energy production and rainwater collection for irrigation. In the present
study, the PV panels were assumed to be installed adjacent to the vineyard rather than
above the vine rows; therefore, PV-induced shading effects on vineyard evapotranspiration
were not considered. A PV system with a nominal capacity of 100 kWp was considered,
consisting of approximately 250 modules of 400 W each. For the rainwater harvesting
analysis, an effective PV catchment area of 500 m? was adopted. The panels were assumed
to be installed at a fixed tilt angle of 35°, allowing rainfall runoff to be directed towards the
rainwater storage system.

According to Greek Law 5106/2024, the installation of photovoltaic systems on agri-
cultural land is subject to specific regulations. Farmers are allowed to install systems with a
capacity of up to 1.0 MW, provided that the panels do not exceed 0.8% of the arable land in
each Regional Unit. Systems below 1.0 MW are exempt from full environmental permitting,
as long as a “Certificate of Exemption from Environmental Approval” is obtained [27].

Table 1 presents the estimated average annual specific energy yield of photovoltaic
systems in the two study areas, expressed in kWh/kWp. The values were obtained from
the Photovoltaic Geographical Information System (PVGIS), developed by the European
Commission Joint Research Centre (JRC), and were subsequently used to estimate the
annual electricity production of the considered 100 kWp PV system [28]. The estimated
average annual specific energy yield is slightly higher in Nemea (1560 kWh/kWp) than
in Nea Anchialos (1490 kWh/kWp), according to the PVGIS estimates for the two study
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locations. The resulting annual capacity factors are 17.8% and 17.0%, respectively, which
are in agreement with recent estimates, based on detailed spatial analyses of the PV solar
potential of Greece [29].

Table 1. Estimated average annual specific energy yield of photovoltaic systems in the study areas.

Average Annual Specific Energy Yield

Area (KWh/KWp)
Nemea Corinthia 1560
Nea Anchialos Magnesia 1490

Estimation of Electric Power Generation

According to the current regulatory framework, photovoltaic systems installed on
agricultural land are subject to specific restrictions regarding their capacity and the area
occupied by the installation [27]. These restrictions should therefore be considered when
planning a PV system in agricultural areas.

In the present study, an effective PV catchment area of 500 m? is considered for the
rainwater harvesting analysis, as described in Section 2.3.1. For the energy analysis, a
nominal PV system capacity of 100 kWp is assumed. The PV system is installed adjacent to
the vineyard. Annual electricity production is estimated using the average annual specific
energy yields obtained from PVGIS and presented in Table 1 [28]. The annual energy
production is calculated as

Epv = DPipst - YPV )

where Ej; is the annual electricity production (kWh year’l), P;,st is the nominal installed
PV capacity (kWp), and YPV is the average annual specific energy yield (kWh kWp~!
year ).

Accordingly, for the considered 100 kWp system, the estimated annual electricity
production is 149 MWh in Nea Anchialos and 156 MWh in Nemea. The generated electricity
could contribute to covering the energy requirements of vineyard operations, while any
surplus electricity could potentially be supplied to the electricity grid.

3. Results

Daily rainfall data from the two stations were analyzed to determine the mean annual
rainfall (P), and the maximum (Ndd, max), minimum (Ndd, min), and mean (Ndd) lengths
of the longest annual dry spells, as reported in Table 2. The two stations record substantially
different amounts of annual rainfall; however, the duration of associated dry periods is
quite similar, ranging from approximately 2.5 to 3.0 consecutive months. More specifically,
the “Nemea” station records a mean annual rainfall of 637 mm and a mean longest dry
period of 45.2 days, while the “Nea Anchialos” station records lower mean annual rainfall
of 485 mm, accompanied by a slightly longer mean dry period of 52.1 days.

Table 2. Mean annual rainfall (P) and the mean, maximum, and minimum durations of the longest
annual dry periods (Ngdq, Nqd max, and Ngq min) at the studied stations over 20 hydrological years
(2001/02-2020/21).

Rainfall Administrative Altitude Longitude Latitude P Naq Nadmax  Nddmin
Station Region (m) (Deg.) (Deg.) (mm) (Days) (Days) (Days)
Nemea Corinthia 305 22.65780 37.82630 637.0 45.2 91 21
Nga Magnesia 320 22.7943 37.8170 485.5 52.1 94 26
Anchialos
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Figure 3 illustrates the monthly rainfall time series over the 20 hydrological years
(2001/02-2020/21). At both stations, rainfall is predominantly concentrated during the
wet season (October to April). This pattern is followed by a distinct dry period during the
summer months (May to September), which is a characteristic feature of the Mediterranean
climate.

Nemea

B 3
o o

151
=1

l’ ! .l‘

L. I .lm "|1Iu|‘||”“.n||' f ‘[.M' MIUH.’ , ‘.h N “ |’ HJ,M |f‘ ! [H'Hm H‘ v “ L H I ’H[H u’“ I 'l I'H.[“"‘ |

1001 1002 1003 1004 10/05 1006 10007 1008 1009 10/10 10/11 10/12 10/13 10/14 10715 10/16 10/17 10/18 10/19 10/20

Monthly Rainfall (mm/month)
8

Date

Nea Anchialos
= 300
=
2 250
E 200
= 150
-E 100
e
> 50
: Ll e gl Lol |
= 0 | | | | |||.| N AT
=]
b 1001 1002 1003 10/04 1005 1005 1007 1008 1009 10/10 10/11 1012 10713 10/14 10/15 10716 1017 10/18 10/19 10/20

Date

Figure 3. Monthly rainfall time series over 20 hydrological years (2001/02-2020/21) at meteorological
stations: Nemea (Corinthia, Greece); and Nea Anchialos (Magnesia, Greece).

Figure 4 illustrates the water requirements for irrigation over 20 hydrological years
(2001/02-2020/21), highlighting the temporal variability throughout the year. Increased
water demand is observed during the summer months, reflecting higher potential evapo-
transpiration rates and reduced rainfall, while lower irrigation requirements are evident
during the winter period.

The seasonal patterns shown in Figures 3 and 4 also provide an indication of the
periods during which stored rainwater is most likely to be available or depleted. Tank
replenishment occurs mainly during the wetter autumn and winter months, when rainfall
is relatively high and irrigation demand is low or absent. Conversely, stored water is
progressively depleted during the spring and summer irrigation period, when rainfall
becomes limited and crop water demand increases. Consequently, water deficits are more
likely to occur during prolonged dry periods in the main irrigation season, particularly in
Nea Anchialos and for larger cultivated areas. The exact timing and duration of individual
deficit periods vary among hydrological years because of interannual rainfall variability.

Figures 5 and 6 illustrate the reliability curves of the rainwater harvesting system in
meeting irrigation demands, as a function of storage tank volume, for a catchment area
of 500 m? and cultivated areas ranging from 500 to 10,000 m? in the regions of Nemea
and Nea Anchialos. As shown in Figure 5, for a cultivated area of 500 m?, the system
reliability coefficient (R.) ranges from 84% to 95% for storage tank volumes between 10 and
200 m?, respectively. As the cultivated area increases, the reliability coefficient decreases
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for the same range of tank sizes, given that the rainwater catchment area remains constant.
However, it is worth noting that in all cases the reliability remains above 80%, which is
quite a satisfactory value for irrigation purposes.

Nemea

. L
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Figure 4. Monthly irrigation water demand over 20 hydrological years (2001/02-2020/21) at Nemea
(Corinthia, Greece) and Nea Anchialos (Magnesia, Greece).
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Figure 5. Reliability curves of the rainwater harvesting system for meeting irrigation demands as a
function of storage tank volume (Vpi), for a catchment area of 500 m? and cultivated areas ranging
from 500 to 10,000 m? in the region of Nemea (Corinthia).
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Figure 6. Reliability curves of the rainwater harvesting system for meeting irrigation demands as a
function of storage tank volume (Vi ), for a catchment area of 500 m? and cultivated areas ranging
from 500 to 10,000 m? in the region of Nea Anchialos (Magnesia).

In the case of Nea Anchialos, the reliability is lower, which is expected given that this
area receives approximately 150 mm less rainfall on average annually, resulting in reduced
rainwater collection. Specifically, for a cultivated area of 500 m?, the system reliability
coefficient ranges from 72% to 82% for storage tank volumes between 10 and 200 m?,
respectively. The value of reliability decreases as the cultivated area increases; however, it
remains above 60% in all cases examined.

The relatively small differences observed between some reliability curves, particu-
larly for the larger irrigated areas, indicate that increasing tank capacity alone does not
always result in a proportional improvement in system performance. When the rainwater
catchment area remains fixed at 500 m2, the total volume of water that can be harvested
becomes the main limiting factor as the irrigated area increases. Under these conditions,
enlarging the storage tank cannot fully compensate for the imbalance between the available
harvested rainwater and the larger irrigation demand. This explains the progressive flat-
tening and convergence of some reliability curves for larger irrigated areas and highlights
the importance of considering the relationship between catchment area, irrigation demand,
and tank capacity rather than tank size alone.

From a practical perspective, the reliability curves can be used to identify indicative
storage ranges rather than a single universally optimal tank size. For a cultivated area of
500 m?, tank volumes of approximately 100-150 m? in Nemea provide reliability values
above 90%, while further increases result in relatively small gains. In Nea Anchialos,
most of the improvement for the same cultivated area is achieved with approximately
50-80 m3, after which reliability approaches a plateau near 80%. For larger cultivated areas,
particularly 5000~10,000 m?, increasing tank volume only produces limited improvements
because the fixed 500 m? rainwater catchment area becomes the main constraint. Therefore,
in such cases, increasing the catchment area would be more effective than further increasing
tank capacity. These values should be considered indicative for the simulated conditions
rather than universal design recommendations, since the appropriate storage volume also
depends on the target reliability level and local rainfall conditions.
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4. Discussion

The results are generally consistent with previous RWH studies carried out under
Mediterranean conditions. Londra et al. [14], using a daily water balance model for
greenhouse irrigation in Greece, also reported that increasing tank volume improves
system reliability, although the additional benefit becomes progressively smaller for larger
storage capacities. Similarly, Londra et al. [15] showed that the rainfall regime and the
duration of dry periods strongly affect the required storage capacity and the reliability of
RWH systems. Although these studies focused on greenhouse crops rather than vineyards,
the same general behavior is observed in the present study. In particular, the higher
reliability obtained for Nemea compared with Nea Anchialos reflects the higher annual
rainfall available for rainwater harvesting. These findings confirm that RWH tank sizing
cannot be considered independently of local rainfall conditions, irrigation demand and the
relationship between catchment and cultivated areas.

Regarding combined PV-RWH systems, Garcia-Chica et al. [17] demonstrated the
potential of using PV surfaces for both energy production and rainwater harvesting. In
the present study, the emphasis is placed on the long-term reliability of RWH for vineyard
irrigation under two different Greek climatic conditions, together with the associated PV
energy production. Regarding the use of PV surfaces for rainwater harvesting, the present
study focuses on the quantity of collected water and does not assess its quality. Since water
quality may be affected by surface contaminants, appropriate first-flush management and
water quality monitoring could be considered before irrigation use [30]. The electricity
produced by the PV systems can be used for different purposes within vineyard operation,
with the potential to increase energy self-sufficiency and reduce the amount of electricity
drawn from the grid. Main uses include powering groundwater pumps, supporting drip
irrigation systems, storing energy on-site and possibly supplying electricity to winery
facilities.

Irrigation can represent an important component of vineyard energy use because
electricity is required for water pumping and pressurization. In drip irrigation systems,
the actual energy demand depends mainly on pumping head, system pressure, operating
time, and pump efficiency [31]. Accordingly, the energy required for irrigation can vary
considerably among vineyards and irrigation system configurations.

Vineyard studies reported substantial variability in irrigation related electricity con-
sumption, depending mainly on irrigation requirements, pumping head and system config-
uration. For example, electricity use for vineyard irrigation pumping has been reported to
range from approximately 1000 to 3750 kWh ha~! under different irrigation regimes [32],
while other grape production studies have reported values around 685 kWh ha~! [33].

A general estimate of the energy required for the operation of the irrigation system
can be made by assuming an average operating time of 2 to 4 h per irrigation event over
a 120-day irrigation period. Taking into account the pump characteristics, the annual
energy consumption for irrigation pumping is estimated to range from approximately 120
to 700 kWh per 1000 m? per year.

In cases where groundwater is extracted through boreholes, higher-capacity pumps
are generally required. For pumping depths of 30-80 m, submersible pumps with rated
power of 1.5 to 3.0 kW are often used. Assuming an average daily operating time of 2-3 h,
the annual energy consumption for groundwater pumping is estimated to range from about
1000 to 3000 kWh, depending on irrigation demand and aquifer depth.

As for the operation of a drip irrigation system, little additional energy beyond water
pumping is needed, since it operates at low pressure (generally 1 to 2 bars). This makes
it more efficient than sprinkler systems [34]. In this study, the PV system produces about
149-156 MWh per year, while the vineyard’s direct energy demand is only a small part
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of this amount. This leaves a large energy surplus, which can be used for other farm
operations or applications.

A temporal mismatch may arise between PV electricity generation and irrigation
energy demand, since PV generation is concentrated during daylight hours, whereas
irrigation may be scheduled during cooler periods of the day or at night. Battery energy
storage systems (BESS) may mitigate this mismatch by storing excess electricity generated
during the day for later use. Such systems can increase energy availability during non-solar
hours and improve on-site self-consumption [35]. However, their effectiveness depends on
the temporal profiles of PV generation and irrigation demand, as well as on the selected
battery capacity and operating strategy. Alternatively, excess electricity may be exported to
the grid, subject to the applicable regulatory and market framework, potentially providing
an additional source of income and improving the economic viability of the investment.

Moreover, the electricity produced could be used to operate small or medium-sized
winery facilities. Energy use in wineries can typically range from 0.2 to 0.6 kWh per liter of
wine produced, depending on the level of mechanization and processing needs [36]. For
instance, a facility producing 100 m> per year would need around 20,000 to 60,000 kWh
annually, which can be supplied by a part of the PV system'’s yearly output.

In summary, adding photovoltaic systems to a vineyard can provide energy for irriga-
tion and water management, while surplus electricity may also be used for other farm or
winery activities or supplied to the electricity grid. This flexible use of energy can improve
both the sustainability and the economic performance of vineyard businesses.

From an economic perspective, the annual PV production estimated in this study
(149-156 MWh) indicates a considerable potential for reducing electricity purchased from
the grid, particularly when part of the generated electricity is directly used for irrigation
pumping or winery operations. However, the actual economic benefit depends on several
factors, including the level of self-consumption, electricity prices, the applicable compensa-
tion scheme for electricity exported to the grid, as well as the investment and operating
costs of the PV system. Therefore, a complete economic assessment would require a de-
tailed analysis of the temporal energy demand of each vineyard or winery together with
investment-specific cost data. Such an analysis is beyond the scope of the present study but
represents an important next step for evaluating the economic feasibility of the proposed
system.

5. Conclusions

This study evaluated the combined use of rainwater harvesting (RWH) and photo-
voltaic (PV) systems as a means of improving water and energy management in vineyards
in two areas of Greece, Nemea and Nea Anchialos. The results showed that RWH systems
can cover a significant percentage of the irrigation water demand, with a reliability coeffi-
cient R, ranging from 60% to 95%, depending on the rainfall regime of the study area, the
tank volume and the vineyard size. The highest reliability values were observed in Nemea,
due to its favorable climatic characteristics.

Furthermore, the analysis of the results showed that increasing the volume of the
RWH tank improved the reliability of the system, although the benefit gradually decreases
after a certain tank volume. Therefore, the need for proper tank sizing is highlighted, based
mainly on the relation between rainfall and irrigation requirements of the vineyard in each
study area and not only on maximizing the tank volume.

The addition of photovoltaic panels, not only ensures the rainwater collection surface
of the RWH system, but also produces renewable energy and consequently enhances the
overall efficiency of the system. The estimated annual energy production, which ranges
from 149 to 156 MWh, is higher than the typical energy needs of viticultural activities,
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creating an energy surplus that could be directly used for other farm or winery activities or
supplied to the electricity grid.

A limitation of the present study is that the analysis is based on typical vineyard
conditions and not on measurements from specific vineyard plots. In addition, PV energy
production was estimated on an annual basis rather than measured in an operating vineyard
system; consequently, the hourly matching between PV generation and irrigation energy
demand and the required battery storage capacity were not examined. Also, potential
shading effects of the PV panels on crop water requirements were not considered, since the
panels were assumed to be installed next to the vineyard. Future research could include
field validation of the RWH-PV system, evaluation of different PV catchment areas and
rainwater tank sizes under future climate scenarios, and a detailed economic analysis of the
RWH-PV system. In conclusion, it can be asserted that the combined application of RWH
and PV systems constitutes a technically promising approach for vineyards, especially
in areas where water and energy management are particularly important. The proposed
system can contribute to more efficient use of available resources and enhance the resilience
of viticultural production in conditions of climate variability.
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