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Abstract: This study was conducted to determine the irrigation water demand due to solar radiation in
high-tech greenhouses using hydroponic systems in Turkey’s Mediterranean and continental climates,
and to determine the annual water consumption and storage capacity with harvested rainwater. Inten-
sive greenhouse cultivation and the recent increase in modern greenhouse cultivation were important
factors in selecting the provinces for the study. The chosen provinces were Antalya and Adana, with a
Mediterranean climate, and Afyonkarahisar and Kırşehir, with a continental climate. In this research,
depending on the production period, the amount of water consumed per unit of area in greenhouses
in Antalya, which has a Mediterranean climate, was determined to be 1173.52 L m−2 per yr−1, and
in Adana, it was 1109.18 L m−2 per yr−1. In the provinces of Afyonkarahisar and Kırşehir, where
a continental climate prevails, water consumption was calculated to be 1479.11 L m−2 per yr−1 and
1370.77 L m−2 per yr−1, respectively. Storage volumes for the provinces of Antalya, Adana, Afy-
onkarahisar and Kırşehir were found to be 438.39 L m−2, 122.71 L m−2, 42.12 L m−2 and 43.65 L m−2,
respectively. For the provinces of Antalya, Adana, Afyonkarahisar and Kırşehir, the rates of rainwater
harvesting and meeting plants’ water consumption were calculated to be 80.79%, 54.27%, 27.47% and
25.16%, respectively. In addition, the amount of water fee savings that could be achieved by rainwa-
ter harvesting was calculated to be USD 901.3 per yr−1 for Antalya, USD 835.3 per yr−1 for Adana,
USD 247.6 per yr−1 for Afyonkarahisar and USD 210.2 per yr−1 for Kırşehir. As a result, rainwater
harvesting will not only provide economic gain to enterprises but will also be important in reducing the
negative effects of irregular rainfall regimes caused by climate change on underground and surface water
resources. It was also concluded that enterprises should focus on popularizing rainwater harvesting.

Keywords: greenhouse agriculture; rainwater harvesting; irrigation water; plant water consumption;
storage volume

1. Introduction

The importance and effective use of water, which is one of the most basic require-
ments for the continuation of vital activities, is gaining importance day by day. Population
growth and unscheduled industrialization have accelerated the consumption of existing
water resources. However, drought caused by climate change poses a threat to water
resources. Factors such as depletion of water resources, rapid population growth and
unplanned industrialization increase the tendency towards alternative water resources.
The widespread water scarcity for agricultural production, especially in arid/semi-arid
environments in the Mediterranean region, has necessitated implementing strategies to
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increase water use efficiency. In addition to the irregular and unbalanced distribution of
precipitation, climate change has significantly impacted the sustainability of agricultural
production in these regions [1–3]. Effective management of water resources is key to
crops’ sustainability and profitability. Therefore, developing new techniques for efficient
water management under the influence of climate change is encouraged [4]. Considering
that the agricultural sector is one of the activities that demand more water, the scarcity
of water resources requires appropriate management and use of the available water [5].
As water scarcity worsens, increasing competition between different productive sectors
for this limited resource becomes even more evident. Many regions worldwide will face
permanent or seasonal water scarcity conditions due to increasing demand in agriculture
and other productive sectors, and the uncertainty of water resources caused by climate
change [6]. Agriculture is the largest consumer of freshwater worldwide, with irriga-
tion representing approximately 70% of total water use [7]. Additionally, 40% of the
land surface allocated to irrigated agriculture uses water from underground sources [8].
Parker and Brown [9] reported that competition for drinking water has increased in many
parts of the world, and groundwater continues to decline in many regions. Furthermore,
Parker et al. [10] reported that water conservation has become more important in some
regions of Texas, as groundwater resources are depleted. Therefore, using water resources
efficiently and sustainably in agricultural activities is essential. One practice that can help in-
crease the availability of water resources for agricultural use is rainwater harvesting (RWH).
An ancient technique involves collecting and storing surface runoff for later use [11,12].
Rainwater can be collected from the soil surface or the roofs of different structures such
as buildings or greenhouses [13,14]. These systems are presented as an effective way to
expand water supply for agricultural use and are widely used during drought [15]. RWH
is one of the most efficient and simple ways to reduce water consumption from external
sources to meet crops’ water requirements [16]. Harvesting rainwater and using it for
greenhouse irrigation in arid and semi-arid areas with insufficient water resources are
important for sustainability. In greenhouse cultivation, rain gutters and tank volumes must
be made in appropriate sizes for the rainwater to be collected from the greenhouse roof [17].
In plant production in open areas, a significant part of the water needed by the plants
is met by rainfall. However, in greenhouse production, covering material separates the
growing environment from the outside atmosphere. For this reason, all the water require-
ments of the plants to be grown under cover must be supplied to the plants by artificial
means. In modern greenhouses built in recent years, storage structures have been built to
collect rainwater falling on the roof. However, if land and water resources are limited in
low-technology enterprises, producers face major problems in terms of water resources
in cultivation. In this case, irrigation water has to be transported over long distances [18].
However, if the rainwater collected from the greenhouse roof is harvested and stored well,
it can irrigate the plants grown in the greenhouse. However, an appropriate storage facility
should be constructed for harvested rainwater. Thus, harvested rainwater can be used to
grow plants with known water needs in the greenhouse [19]. Water harvesting structures
can potentially increase the productivity of arable areas by reducing the risk of crop failure
and increasing the yield in arid and semi-arid areas where water deficiency is expected due
to insufficient rainfall and the irregular distribution of this rainfall [20].

As seen in the studies conducted by researchers, Pari et al. [21] reported that a flexible
water storage system (FWSS) could potentially collect an average of 831.7 m3 of water per
year, mitigating excess water in ditches that can potentially cause flooding, and storing
fresh water for irrigation during dry periods. Londra et al. [22] investigated the need for
irrigation of tomatoes per 1000 m2 of greenhouse area in three regions of Crete Island
(Greece), with significant greenhouse areas. In the Vrysses study area, covered tanks from
100 to 200 m3 could meet 95.32% to 100% of the tomatoes’ irrigation needs, while uncovered
tanks from 100 to 520 m3 could meet 94.07% to 100% of the irrigation needs. In Palaiochora,
covered tanks with sizes from 100 to 276 m3 per 1000 m2 of greenhouse area could meet
91.10% to 100% of the tomatoes’ irrigation needs, while uncovered tanks of 100 to 227 m3
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could meet 89.05% to 92.95%. Furthermore, in the Moires study area, covered tanks with
sizes from 100 to 237 m3 could meet 89.09 to 100%, while uncovered tanks of 100 to 210 m3

could meet 87.11% to 91.63% of the tomatoes’ irrigation needs. Piemontese et al. [23] stated
that rainwater harvesting can help maintain crop production and even increase it by 5% to
100%, depending on the characteristics of the region [24–27], and that the water collected
from the greenhouse’s surface can be used for tomatoes. They stated that it can meet 30%
to 60% of the water needs of crops such as cucumbers or peppers.

In greenhouse systems, knowledge of plants’ water and nutrient uptake is crucial for
the development of sustainable strategies that optimally support plant growth [28]. Com-
pared with some alternative strategies, conventional agriculture consumes large amounts
of fresh water and fertilizer for comparatively low yields [29]. Soilless cultivation repre-
sents a valid opportunity for agricultural production, especially in areas with severe soil
degradation and limited water availability [30]. The soilless culture system is a promis-
ing, intensive and sustainable approach with several advantages for crop production [31].
Soilless culture has various classification systems and methods, such as hydroponics, aero-
ponics and aquaponics [32]. Hydroponics is a plant-growing technique in which plants
can be grown in nutrient solutions (containing dissolved plant nutrients) and without soil
(soilless culture), with or without mechanical support such as sand, gravel, vermiculite,
rockwool, perlite, peat moss, coconut fibers or sawdust [33,34]. Hydroponics involves the
cultivation of crops such as vegetables, flowers and herbs without soil [35]. This system
supports high-yield production per unit of area and food production in limited areas, is
less labor-intensive, conserves water and allows for the cultivation of annual crops [33,36].
Irrigation for hydroponics in high-tech greenhouses established in recent years in Turkey
is planned according to the intensity of solar radiation. According to the intensity of
solar radiation in hydroponic culture, the plan for normal irrigation is one application
of irrigation per 80 J cm−2. In this method, plants can be directed to the desired growth
characteristics by reducing or increasing the irrigation intervals [37]. In a study by Ntinas
et al. [38] comparing soil-based greenhouse cultivation in Germany with hydroponic agri-
culture in Greece, they stated that soilless agriculture saved a significant amount of water,
458.4 L m−2 and 216.1 L m−2. Additionally, Gartmann et al. [39] and Massa et al. [40]
reported that the transition to a closed-loop system in soilless agriculture significantly
reduced nitrate pollution of water resources. They also noted that recycling the nutrient
solution optimized water and fertilizer use.

In this study, the water consumption required for tomato production was determined
in the case of irrigation according to the intensity of solar radiation in greenhouses with
hydroponic systems located in four different provinces of Turkey with Mediterranean and
continental climates. In addition, this experiment aimed to calculate the water consumed by
rainwater harvesting, determine the storage capacity and estimate the harvested rainwater’s
rates of meeting the water consumption needs.

2. Materials and Methods
2.1. Study Area

In this study, four provinces of Turkey with different climates were considered to
evaluate the use of rainwater that could be stored on the greenhouse roof as irrigation water
in hydroponic greenhouses. The provinces of Antalya and Adana, which have a Mediter-
ranean climate and greenhouse cultivation is expected, are important greenhouse centers
in the south of Turkey. These provinces have the largest concentration of greenhouses in
Turkey. Due to the ecological characteristics of these provinces, heating costs are low in
winter and greenhouses are left empty in July and August due to high temperatures in
summer. In addition, the province of Afyonkarahisar, which has a continental climate and
is located in the west of Turkey, and the province of Kırşehir, located in the Central Anatolia
region, were included in the study. The area and production are increasing day by day in
the provinces of Afyonkarahisar and Kırşehir, where geothermal resources have begun to be
used for heating greenhouses. Since the heating costs of geothermal resources are low and
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the temperatures in the summer months are lower than in Antalya and Adana, producing
throughout the year in these provinces is possible. In these four provinces, greenhouse cul-
tivation of tomato is dominant in both area and production amounts. In addition, high-tech
greenhouses have increased dramatically in recent years in these provinces. Consequently,
on the basis of the abovementioned data for the development of greenhouse agriculture
in Turkey, four different provinces were selected as the study area, and the possibilities of
using rainwater harvesting in greenhouses with hydroponic agriculture were investigated.
The greenhouse agricultural areas of the provinces are given in Table 1 [41].

Table 1. Greenhouse agricultural areas of the provinces.

Greenhouse Agriculture Areas Turkey Antalya Adana Afyonkarahisar Kırşehir

Low tunnel, da 169,538.3 11,984.0 97,196.0 - 6.0
High tunnel, da 110,426.5 17,106 22,637.2 158 32.0
Plastic greenhouse, da 471,283.9 238,764 7042.0 1859 1710.0
Glass greenhouse, da 59,632.8 43,188.2 2.0 135 -

Total 810,881.5 311,042.2 126,877.2 2152.0 1748.0

The province of Antalya, which has a Mediterranean climate, constitutes 38.4% of the
total greenhouse area in Turkey; the province of Adana constitutes 15.6%; Afyonkarahisar,
which has a continental climate, constitutes 0.3% and the province of Kırşehir constitutes
0.2%. Tomatoes are the most widely grown among the products grown under greenhouse
cultivation in Turkey. Turkey’s production of table tomatoes is 4,139,337 tons; production
is 2,528,291 tons in the province of Antalya (61.1%), 36,826 tons in the province of Adana
(0.9%), 109,131 tons in the province of Afyonkarahisar (2.6%) and 8128 tons in the province
of Kırşehir (0.2%).

2.2. Evaluation of the Provinces in Terms of Precipitation and Solar Radiation

The province of Antalya is located in the Mediterranean region of Turkey at latitude
36.9081 N and longitude 30.6956 E, and its altitude is 39 m. The province of Adana is
at latitude 36.9914 N and longitude 35.3308 E, and its altitude is 23 m. The province of
Afyonkarahisar in the Aegean Region is at latitude 38.756886 N and longitude 30.538704 E,
and its altitude is 1034 m. The province of Kırşehir, located in the Central Anatolia region,
is at latitude 39.1639 N and longitude 34.1561 E, and its altitude is 1007 m.

The values of monthly average precipitation and solar radiation between 1930 and
2023 provided by the General Directorate of Meteorology for provinces in different climate
zones are given in Table 2 [42].

The total annual precipitation in the provinces of Antalya and Adana, which are located in
the south of Turkey and have a Mediterranean climate, is 1053.40 and 668.80 mm m−2 month−1,
respectively. Furthermore, it is 451.40 mm m−2 month−1 in the province of Afyonkarahisar,
which has a continental climate and is located in the west, and 383.20 mm m−2 month−1 in the
province of Kırşehir, located in Central Anatolia. It can be seen that the amount of precipitation
in the provinces of Afyonkarahisar and Kırşehir is lower than that in the provinces of Antalya
and Adana. The value of average radiation is 1623.9 in Antalya and 1543.2 J cm−2 in Adana. In
the provinces of Afyonkarahisar and Kırşehir, it is 1506.6 and 1489.2 J cm−2, respectively. In
this case, while the amount of irrigation to be given to the plant increases depending on the
values of radiation in the regions with a Mediterranean climate, the possibility of harvesting
rainwater is high due to the high amount of rainfall. However, in provinces with a continental
climate, due to the high values of radiation, the amount of irrigation to be given to the plant
will be high but the amount of rainwater that can be harvested will be low.
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Table 2. Monthly changes in the average precipitation and radiation values of the provinces.

Months

Antalya Adana Afyonkarahisar Kırşehir

Precipitation,
mm m−2

month−1

Radiation,
J cm−2

Precipitation,
mm m−2

month−1

Radiation,
J cm−2

Precipitation,
mm m−2

month−1

Radiation,
J cm−2

Precipitation,
mm m−2

month−1

Radiation,
J cm−2

January 234.50 763.2 113.60 712.8 46.90 666.0 48.30 640.8
February 150.20 925.2 89.00 871.2 38.40 889.2 35.20 856.8

March 92.10 1573.2 65.50 1483.2 44.60 1440.0 39.60 1400.4
April 49.00 1969.2 51.00 1792.8 47.00 1836.0 41.00 1738.8
May 34.30 2289.6 48.10 2185.2 50.10 2235.6 44.30 2192.4
June 11.00 2494.8 22.10 2404.8 41.50 2386.8 34.60 2329.2
July 4.40 2394.0 10.20 2325.6 21.80 2059.2 8.30 2311.2

August 4.30 2210.4 9.30 2127.6 18.00 2138.4 7.90 2106
September 16.90 1857.6 19.30 1764.0 23.60 1771.2 13.00 1742.4

October 70.90 1414.8 42.80 1360.8 40.30 1270.8 26.20 1234.8
November 129.70 903.6 71.50 838.8 32.40 788.4 36.30 748.8
December 256.10 691.2 126.40 651.6 46.80 597.6 48.50 568.8

2.3. Determination of Crop Water Requirements

Daily water consumption in greenhouses with hydroponic agriculture was determined
according to the intensity of solar radiation. Transpiration is the process of water moving
through a plant and essentially evaporating from its leaves. The difference between the
water given in the substrate for cultivation and the water drained is the amount of water
the plants use for transpiration. We calculated daily crop water requirements by month on
the values given in Equation (1).

CWRd =
(SR × TT)× (1 + DT)

1000
(1)

In the equation, CWRd is the daily crop water requirement (L m−2 day−1), SR is the
solar radiation (J cm−2), TT is the transpiration target (mL J−1) and DT is the drainage
target (%).

In determining crops’ water requirements, the transpiration target was taken to be
2 mL J−1 and the drainage target was 30% for a value of radiation of 1 J cm−2.

2.4. Determining the Storage Pool’s Capacity

Daily values of rainfall were used to determine the accurate rainwater storage capacity.
However, since these values are not known for many areas, monthly rainfall amounts were
used in this study in order to determine the storage capacity [37]. The monthly amount of
rainwater that can be stored was calculated with Equation (2) [43].

CVm = Pre × Rc (2)

In this equation, CVm is the amount of water harvested (L m−2 month−1), RC is the
rate of water harvesting (%) and Pre is the monthly precipitation (mm month−1). The RC
value was taken to be 90% in the calculations. Storable monthly rainfall was calculated
with the help of Equation (3).

STPm = CVm − CWRm − EVpond (3)

In this equation, STPm is the monthly stored rainfall (L m−2 month−1), CWRm is the
monthly crop water requirement (L m−2 month−1) and EVpond is the evaporation losses
from the storage pool (L m−2 month−1).

In the calculations, evaporation losses from the storage pool were taken to be 0,
assuming that the pool’s surface is covered with PE plastic. As a result of the calculations,
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when the monthly amount of storable precipitation (STPm) was positive, the pool was
filled, and when STPm was negative, the water in the pool decreased.

Storable annual precipitation depending on the stored monthly rainfall was deter-
mined with Equation (4).

STPy = ∑(+)STPm (4)

The annual deficit due to the plants’ water consumption was calculated with Equation (5).

DEFy = ∑(−)STPm (5)

The amount of stored annual precipitation was calculated with Equation (6).

STBy = STPy − DEFy (6)

In determining the storage capacity, the following conditions were taken into ac-
count [37,43].

1. When STBy > 0 or STPy > DEFy, the amount of stored water will meet the plants’
water needs during the production period. In this case, the storage capacity should be
considered to be VST = DEFy (L m−2).

When the changes in precipitation over the months are large, the storage volume should
be increased. In this case, the storage volume should be VST = DEFy (1 + VC)(L m−2).

2. If STBy < 0 or STPy < DEFy, the stored rainfall is insufficient for irrigation. In this case,
two conditions must be considered:

(a) If the amount of stored rainfall is greater than the monthly maximum rainfall
collected (STPy > CVmmax), then the storage volume should be VST = STPy,
and when the variation in precipitation over the months is large, it should be
determined as VST = STPy (1 + VC).

(b) If the amount of stored rainfall is less than the monthly maximum rainfall
collected (STPy < CVmmax), then the storage volume should be VST = CVmmax,
and when the variation in precipitation over the months is large, it should be
determined as VST = CVmmax (1 + VC).

3. Results and Discussion
3.1. Determining the Ratio of Rainwater Harvesting to Meet Plants’ Water Consumption and
Storage Capacity

The storage structures needed to collect harvested rainwater must be built in appro-
priate sizes. In order to determine the volume of the storage structure to be planned, it is
necessary first to determine the water consumption of the plants and the amount of water
that can be gained from precipitation. Production in greenhouses in the province of Antalya
starts in the last week of August and continues until the end of June. The required storage
capacities and the amount of rainwater that can be harvested according to the calculated
amount of water consumption in the production period, depending on the monthly rainfall
and daily total radiation intensities of the province of Antalya, are given in Table 3.

According to Table 3, the highest rainfall in the province of Antalya’s climate conditions
is in December, and the total annual rainfall is 1053.4 mm. Considering that 90% of
the precipitation falling on the greenhouse cover’s surface is harvested, the amount of
precipitation that can be stored is 948.06 mm m−2 yr−1. The change in the amount of
monthly water consumption in the greenhouse according to monthly rainfall and the
intensity of solar radiation in Antalya is given in Figure 1.
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Table 3. Change in the amount of water consumption depending on daily total intensity of radiation
of the province of Antalya.

Months
Precipitation,

mm m−2

month−1

CVm,
mm m−2

month−1
dm CWRd,

L m−2 day−1

CWRm,
L m−2

month−1

STPm,
L m−2

month−1

STP
Accumulated,

L m−2 month−1

IW,
L m−2

January 234.50 211.05 31 1.98 61.51 149.54 370.56 0.00
February 150.20 135.18 28 2.41 67.35 67.83 438.39 0.00
March 92.10 82.89 31 4.09 126.80 −43.91 394.48 0.00
April 49.00 44.10 30 5.12 153.60 −109.50 284.98 0.00
May 34.30 30.87 31 5.95 184.54 −153.67 131.31 0.00
June 11.00 9.90 30 6.49 194.59 −184.69 −53.38 53.38
July 4.40 3.96 31 6.22 0.00 3.96 3.96 0.00
August 4.30 3.87 31 5.75 0.00 3.87 7.83 0.00
September 16.90 15.21 30 4.83 144.89 −129.68 −121.85 121.85
October 70.90 63.81 31 3.68 114.03 −50.22 −172.08 50.22
November 129.70 116.73 30 2.35 70.48 46.25 46.25 0.00
December 256.10 230.49 31 1.80 55.71 174.78 221.03 0.00
Total 1053.40 948.06 1173.52 225.46
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Figure 1. Change in the amount of monthly water consumption in the greenhouse according to
monthly rainfall and the intensity of solar radiation in the province of Antalya.

Considering that greenhouse cultivation starts in the last week of August and ends
in the end of June in the climate conditions of the province of Antalya, which has a
Mediterranean climate, 7.83 L of water can be stored by collecting precipitation in July and
August. Assuming that 90% (15.21 L) of the precipitation in September is collected and
7.83 L m−2 of water kept in the tanks is used, only 15.90% of the 144.89 L of water needed
in September will be met by precipitation. The remaining amount of irrigation water
needed in September (129.68 L) must be met from different sources. While the amount
of irrigation required on the basis of solar radiation decreases in October, the amount of
irrigation water needed from external sources is 50.22 L with the increase in precipitation.
Under the climatic conditions of the province of Antalya, rainwater collection begins in
November. As can be seen in Table 3, the amount of irrigation water needed due to the
decrease in solar radiation in November is 70.48 L, and the amount of rainwater collected
is 116.73 L. Under these conditions, the remaining 46.25 L of the collected precipitation can
be stored. Suppose 90% of the rainfall in Antalya is collected after November. In that case,
it is possible to meet the irrigation water requirements in the greenhouse without water
from external sources until the end of May. In order to size the tanks to be established
to store rainwater, the volumes calculated according to the amount of monthly rainfall
and water consumption must be known. Table 3 gives the storage volumes calculated
depending on monthly precipitation and the plants’ water needs under Antalya’s climate



Atmosphere 2024, 15, 884 8 of 17

conditions. As can be seen from the calculations, if 90% of the rainwater is harvested, the
highest storage volume occurs in February, with 438.39 L m−2 month−1. Under Antalya’s
climate conditions, when 90% of the precipitation (948.06 L m−2) is harvested, 80.79% of
the annual water consumption (1173.52 L m−2) can be met. Accordingly, 19.21% of the
water needed must be met from external sources.

Production in greenhouses in the province of Adana starts in the last week of August
and continues until the end of June. The required storage capacities and the amount of
rainwater that can be harvested according to the calculated amount of water consumption
in the production period, depending on the monthly precipitation and daily total intensity
of radiation of the province of Adana, are given in Table 4.

Table 4. Changes in the amount of water consumption depending on the daily total intensity of
radiation of the province of Adana.

Months
Precipitation,

mm m−2

month−1

CVm,
mm m−2

month−1
dm CWRd,

L m−2 day−1

CWRm,
L m−2

month−1

STPm,
L m−2

month−1

STP
Accumulated,

L m−2 month−1

IW,
L m−2

January 113.60 102.24 31 1.85 57.45 44.79 106.03 0.00
February 89.00 80.10 28 2.27 63.42 16.68 122.71 0.00
March 65.50 58.95 31 3.86 119.55 −60.60 62.11 0.00
April 51.00 45.90 30 4.66 139.84 −93.94 −31.83 31.83
May 48.10 43.29 31 5.68 176.13 −132.84 −164.67 132.84
June 22.10 19.89 30 6.25 187.57 −167.68 −332.35 167.68
July 10.20 9.18 31 6.05 0.00 9.18 9.18 0.00
August 9.30 8.37 31 5.53 0.00 8.37 17.55 0.00
September 19.30 17.37 30 4.59 137.59 −120.22 −102.67 102.67
October 42.80 38.52 31 3.54 109.68 −71.16 −173.83 71.16
November 71.50 64.35 30 2.18 65.43 −1.08 −174.91 1.08
December 126.40 113.76 31 1.69 52.52 61.24 61.24 0.00
Total 668.80 601.92 1109.18 507.26

According to Table 4, the month with highest rainfall in the climate conditions of
Adana is December, and the total annual rainfall is 668.80 mm. Considering that 90%
of the precipitation falling on the greenhouse cover’s surface is harvested, the amount
of precipitation that can be stored is 601.92 mm m−2 yr−1. The change in the amount
of monthly water consumption in the greenhouse according to monthly rainfall and the
intensity of solar radiation in Adana is given in Figure 2.
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Considering that greenhouse cultivation starts in the last week of August and ends at
the end of June in the climate conditions of the province of Adana, 17.55 L of water can be
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stored by collecting precipitation in July and August. Assuming that 90% (17.37 L) of the
precipitation in September is collected and 17.55 L m−2 of water kept in the tanks is used,
only 25.38 1% of the 137.59 L of the water needed in September will be met by precipitation.
The remaining irrigation water needed in September (120.22 L) must be obtained from
different sources. While the amount of irrigation required according to the solar radiation
decreases in October, the amount of irrigation water needed from external sources is 71.16 L
with increased precipitation. Under Adana’s climate conditions, rainwater collection begins
in December. As can be seen in Table 3, the amount of irrigation water needed due to the
decrease in solar radiation in December is 52.52 L, and the amount of rainwater collected is
113.76 L. Under these conditions, the remaining 61.24 L of the collected precipitation can be
stored. Suppose 90% of the rainfall in Adana is collected after December. In that case, it is
possible to take irrigation water in the greenhouse without the need for an external water
supply until the end of March. In order to size the tanks to be established to store rainwater,
the volumes calculated according to the monthly amount of rainfall and water consumption
must be known. Table 4 presents the storage volumes based on monthly precipitation
and the plants’ water needs under Adana’s climate conditions. As can be seen from the
calculations, if 90% of the rainwater is harvested, the highest storage volume occurs in
February, with 122.71 L m−2 month−1. In Adana’s climate conditions, when 90% of the
precipitation (601.92 L m−2) is harvested, only 54.27% of the annual water consumption
(1109.18 L m−2) can be met. Accordingly, 45.73% of the water needed must be obtained
from external sources.

Greenhouse production continues year-round in the province of Afyonkarahisar,
which is located in the Aegean region and has geothermal resources. The required storage
capacities and the amount of rainwater that can be harvested according to the amount of
water consumption calculated during the production period, depending on the monthly
precipitation and daily total intensity of radiation in the province of Afyonkarahisar, are
given in Table 5.

Table 5. Change in the amount of water consumption depending on daily total intensity of radiation
in the province of Afyonkarahisar.

Months
Precipitation,

mm m−2

month−1

CVm,
mm m−2

month−1
dm

CWRd,
L m−2

day−1

CWRm,
L m−2

month−1

STPm,
L m−2

month−1

STP
Accumulated,

L m−2

month−1

IW,
L m−2

January 46.90 42.21 31 1.85 57.35 −15.14 26.98 0.00
February 38.40 34.56 28 2.47 69.16 −34.60 −7.62 7.62
March 44.60 40.14 31 4.00 124.00 −83.86 −91.48 83.86
April 47.00 42.30 30 5.10 153.00 −110.70 −202.18 110.70
May 50.10 45.09 31 6.21 192.51 −147.42 −349.60 147.42
June 41.50 37.35 30 6.63 198.90 −161.55 −511.15 161.55
July 21.80 19.62 31 5.72 177.32 −157.70 −668.85 157.70
August 18.00 16.20 31 5.94 184.14 −167.94 −836.79 167.94
September 23.60 21.24 30 4.92 147.60 −126.36 −963.15 126.36
October 40.30 36.27 31 3.53 109.43 −73.16 −1036.31 73.16
November 32.40 29.16 30 2.19 65.70 −36.54 −1072.85 36.54
December 46.80 42.12 31 1.66 0.00 42.12 42.12 0.00
Total 451.40 406.26 1479.11 1072.85

In Afyonkarahisar’s climate conditions, the most precipitation occurs in January, and
the total annual precipitation is 451.4 mm. Considering that 90% of the precipitation falling
on the greenhouse cover’s surface is harvested, the amount of precipitation that can be
stored is 406.26 mm m−2 yr−1. The change in the amount of monthly water consumption
in the greenhouse according to monthly rainfall and the intensity of solar radiation in the
province of Afyonkarahisar is given in Figure 3.
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Considering that greenhouse cultivation in Afyonkarahisar’s climate conditions starts
in the last week of December and ends in the first week of December, 42.12 L of water
can be stored by collecting precipitation in December. Assuming that 90% (42.21 L) of the
precipitation in January is collected and 42.12 L m−2 of water kept in the tanks is used, all
(100%) of the 57.35 L water needed in January will be met by precipitation. Assuming that
26.98 L of water in the tank and 34.56 L of the water supplied by rain are used in February,
88.98% of the 69.16 L of water needed in February will be met by rain. The remaining
amount of irrigation water needed in February (7.62 L) must be obtained from different
sources. As can be seen from the calculations made in Table 5 for Afyonkarahisar, where
the amount of rainfall is low, irrigation water is not needed only in December and January
when planting is carried out, so it is possible to store rainfall this month. Accordingly,
42.12 L m−2 of storage capacity is sufficient to store the precipitation in December. In
Afyonkarahisar’s climate conditions, when 90% of the precipitation (406.26 L m−2) is
harvested, only 27.47% of the annual water consumption (1479.11 L m−2) can be provided.
Accordingly, 72.53% of the water needed must be supplied from external sources.

Production in greenhouses continues all year round in the province of Kırşehir, which
has geothermal resources. The required storage capacities and the amount of rainwater
that can be harvested according to the calculated amount of water consumption in the
production period, depending on the monthly precipitation and daily total intensity of
radiation of the province of Kırşehir, are given in Table 6.

Table 6. Change in the amount of water consumption depending on daily total intensity of radiation
of the province of Kırşehir.

Months
Precipitation,

mm m−2

month−1

CVm,
mm m−2

month−1
dm CWRd,

L m−2 day−1

CWRm,
L m−2

month−1

STPm,
L m−2

month−1

STP
Accumulated,

L m−2 month−1

IW,
L m−2

January 48.30 43.47 31 1.67 51.65 −8.18 35.47 0.00
February 35.20 31.68 28 2.23 62.38 −30.70 4.78 0.00
March 39.60 35.64 31 3.64 112.87 −77.23 −72.46 72.46
April 41.00 36.90 30 4.52 135.63 −98.73 −171.18 98.73
May 44.30 39.87 31 5.70 176.71 −136.84 −308.02 136.84
June 34.60 31.14 30 6.06 181.68 −150.54 −458.56 150.54
July 8.30 7.47 31 6.01 186.28 −178.81 −637.37 178.81
August 7.90 7.11 31 5.48 169.74 −162.63 −800.00 162.63
September 13.00 11.70 30 4.53 135.91 −124.21 −924.21 124.21
October 26.20 23.58 31. 3.21 99.52 −75.94 −1000.16 75.94
November 36.30 32.67 30 1.95 58.41 −25.74 −1025.89 25.74
December 48.50 43.65 31 1.48 0.00 43.65 43.65 0.00
Total 383.20 344.88 1370.77 1025.89
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In Kırşehir’s climate conditions, the most precipitation occurs in December, and the
total annual precipitation is 383.2 mm. Considering that 90% of the precipitation falling
on the greenhouse cover’s surface is harvested, the amount of precipitation that can be
stored is 344.88 mm m−2 yr−1. The change in the amount of monthly water consumption
in the greenhouse according to monthly rainfall and the intensity of solar radiation in the
province of Kırşehir is given in Figure 4.
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Since greenhouse cultivation starts in the last week of December in Kırşehir’s climate
conditions and ends in the first week of December, 43.65 L of water can be stored by collecting
precipitation in December. Assuming that 90% (43.47 L) of the precipitation in January is
collected and 43.65 L m−2 of water kept in tanks is used, all (100%) of the 51.65 L water
needed in January will be met by precipitation. Moreover, assuming that 4.78 L of water
in the tank and 35.64 L of the water supplied by rain are used in March, 35.81% of the
112.87 L water needed in March will be met by rains. The remaining amount of irrigation
water needed in March (72.46 L) must be obtained from different sources. As can be seen
from the calculations in Table 6 for Kırşehir, where the amount of rainfall is low, irrigation
water is not needed only in December, when planting is carried out, so storing rainfall in
this month is possible. Accordingly, 43.65 L m−2 of storage capacity is sufficient to store
the rainfall in December. In Kırşehir’s climate conditions, when 90% of the precipitation
(344.88 L m−2) is harvested, only 25.16% of the annual water consumption (1370.77 L m−2)
can be met. Accordingly, 74.84% of the water needed must be supplied from external sources.

In many regions, there is a surplus of water to irrigate plants during the rainy seasons,
while a water deficit occurs during the dry seasons. For plants grown in greenhouses
during rainy periods, rainwater flowing from the roofs of the greenhouses can be harvested
and used for irrigation. Additionally, saline irrigation water can be used after mixing with
rainwater. For this purpose, greenhouses with sufficiently large water troughs and tanks
must be built to harvest rainwater. In order to calculate the storage for rainwater and
irrigation systems, it is necessary to know the irrigation water requirements of the plant
to be grown [43]. Looking at the studies conducted by the researchers Singh et al. [27], in
the Ludhiana region (India), where the average annual rainfall is 781.5 mm, 60% of the
irrigation water needs of pepper plants can be met with a 125 m3 tank in a greenhouse with a
floor area of 560 m2, and if the floor area is between 560–4000 m2, a storage tank can be used.
They reported that its capacity will vary across 125–892 m3. Londra et al. [44] examined
the reliability of rainwater tanks for meeting the irrigation needs of begonia and tomato
crops in two regions of Greece with low annual rainfall (419 mm and 448 mm). In the study,
they found that 65–72% of the irrigation needs of the begonia plants during a 12-month
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growing season could be met with closed tanks of 100 to 200 m3 per 1000 m2 of greenhouse
area, and 90–100% of the irrigation needs of the tomato plants during the 8-month growing
period could be met with closed tanks of 100–290 m3 per 1000 m2 of greenhouse area. They
also reported that the affordability with open tanks was 91%, with a critical tank capacity
of 177 m3 for a greenhouse area of 1000 m2. Boyacı and Kartal [25] found that 61.49% of
the irrigation water to be given to tomato plants in a greenhouse without heating between
April and September in the province of Kırşehir (Turkey) and 47.74% of the total irrigation
water need in the case that the greenhouse was heated throughout the year, was rainwater.
It has been reported that this can be met by harvesting. Additionally, it has been stated
that the storage capacity can be met with tanks with a capacity of 0.21 and 0.30 m3/m2

in heated and unheated greenhouses, respectively. Boyaci and Kartal [26] determined the
plants’ daily amount of water consumption depending on the month in greenhouses that
are not heated regularly in Kumluca district of the province of Antalya (Turkey) according
to the FAO’s Penman–Monteith method. The results obtained in that study determined
that it was possible to meet all of the needed for irrigation water to be given to the plant
by rainwater harvesting during the periods between September and June, when single-
crop tomato cultivation was carried out in the province, where the annual rainfall was
734.44 L m−2, and that a storage volume of 0.40 m3 m−2 was needed in the greenhouse.
Baytorun et al. [18] found that the methods that provided the most appropriate value of
plant water consumption according to the climatic conditions of Mersin (Turkey) are the
FAO-Radiation and the FAO’s Blaney-Criddle methods. Scientists commonly use these
methods to assess plants’ water needs [45,46]. Moreover, using the water consumption
and rainfall calculated according to the FAO-Radiation method, the storage capacity is
0.25 m3 m−2 and the amount of water harvested from the greenhouse roof can meet the
plants’ water needs for 7 months between November and May. According to the FAO’s
Blaney-Criddle method, it was determined that the storage capacity was 0.19 m3 m−2 and
that plants’ water consumption could be met for 6 months in the period between November
and April. In the study conducted by Baytorun et al. [37] to determine the irrigation water
needed due to solar radiation in high-tech greenhouses with soilless agriculture according
to TS825 standards and to determine the annual water consumption and storage capacity
with harvested rainwater, as a result of the calculations made for the western Mediterranean
region, it was found that if 90% of the rainfall was harvested in the Mediterranean region,
72% of the annual water consumption could be met, and 45% in the eastern Mediterranean
region. In the inner regions where the continental climate prevails, 22–32% of the annual
water consumption could be met with 90% of the harvested rain, depending on the amount
of precipitation. They calculated the required storage volume to be 0.420 m3 m−2 in the
western Mediterranean region, 0.096 m3/m2 in the eastern Mediterranean region and
0.044 m3 m−2 in Kırşehir, where the continental climate prevails. Ertop et al. [13] The
amount of water that can be obtained from rain harvesting from greenhouses in Antalya,
which has approximately half of the greenhouses in Turkey, is 224,992,795.8 m3 annually.
Monthly calculations throughout the year showed that the least water could be collected in
August (938,447.53 m3) and the most (54,771,210 m3) in December. For this reason, they
stated that some of the plants’ water consumption needs can be met by adequate storage in
areas close to the greenhouse.

3.2. Economic Savings from Rainwater Harvesting and Irrigation Water Fees

In the study, the amount of water consumed by plants for the provinces of Antalya
and Adana, the water fees corresponding to the amount of harvested rainwater and the
savings that can be obtained from harvested rainwater are given in Tables 7 and 8.
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Table 7. Amounts of savings that can be obtained from rainwater harvesting for the provinces of
Antalya and Adana.

Months
Antalya Adana

CWRm, m3 Water Fee,
USD CVm, m3 Fee Savings,

USD CWRm, m3 Water Fee,
USD CVm, m3 Fee Savings,

USD

January 3075.7 37.5 10,552.5 128.6 2872.6 35.0 5112.0 62.3
February 3367.7 41.0 6759.0 82.4 3171.2 38.6 4005.0 48.8
March 6340.0 77.3 4144.5 50.5 5977.3 72.8 2947.5 35.9
April 7679.9 93.6 2205.0 26.9 6991.9 85.2 2295.0 28.0
May 9227.1 112.5 1543.5 18.8 8806.4 107.3 2164.5 26.4
June 9729.7 118.6 495.0 6.0 9378.7 114.3 994.5 12.1
July 0.0 0.0 198.0 2.4 0.0 0.0 459.0 5.6
August 0.0 0.0 193.5 2.4 0.0 0.0 418.5 5.1
September 7244.6 88.3 760.5 9.3 6879.6 83.8 868.5 10.6
October 5701.6 69.5 3190.5 38.9 5484.0 66.8 1926.0 23.5
November 3524.0 42.9 5836.5 71.1 3271.3 39.9 3217.5 39.2
December 2785.5 33.9 11,524.5 140.5 2625.9 32.0 5688.0 69.3

Total 58,676.0 715.1 47403.0 577.7 55,458.9 675.9 30,096.0 366.8

Table 8. Amount of savings that can be obtained from rainwater harvesting for the provinces of
Afyonkarahisar and Kırşehir.

Months
Afyonkarahisar Kırşehir

CWRm, m3 Water Fee,
USD CVm, m3 Fee Savings,

USD CWRm, m3 Water Fee,
USD CVm, m3 Fee Savings,

USD

January 2867.5 34.9 2110.5 25.7 2582.4 31.5 2173.5 26.5
February 3458.0 42.1 1728.0 21.1 3118.8 38.0 1584.0 19.3
March 6200.0 75.6 2007.0 24.5 5643.6 68.8 1782.0 21.7
April 7650.0 93.2 2115.0 25.8 6781.3 82.6 1845.0 22.5
May 9625.5 117.3 2254.5 27.5 8835.4 107.7 1993.5 24.3
June 9945.0 121.2 1867.5 22.8 9083.9 110.7 1557.0 19.0
July 8866.0 108.1 981.0 12.0 9314.1 113.5 373.5 4.6
August 9207.0 112.2 810.0 9.9 8487.2 103.4 355.5 4.3
September 7380.0 89.9 1062.0 12.9 6795.4 82.8 585.0 7.1
October 5471.5 66.7 1813.5 22.1 4976.2 60.6 1179.0 14.4
November 3285.0 40.0 1458.0 17.8 2920.3 35.6 1633.5 19.9
December 0.0 0.0 2106.0 25.7 0.0 0.0 2182.5 26.6

Total 73,955.5 901.3 20,313.0 247.6 68,538.6 835.3 17,244.0 210.2

If the water needed in the greenhouse is taken from an external source with pressurized
irrigation, the irrigation fee is USD 0.012 m−3 according to the 2024 pricing. In the case of
irrigation in a 50,000 m2 greenhouse in the province of Antalya, depending on the values
of radiation, the annual water consumption will be 58,676.0 m3 and the annual fee will be
USD 715.1. However, in the province of Antalya, if rainwater is harvested in the greenhouse
and 90% of the rainfall is collected, the irrigation fee that can be saved was calculated to
be USD 577.7 if the irrigation is given to the greenhouse with pressurized irrigation. The
annual water consumption in the province of Adana is 55,458.9 m3 and the annual fee will be
USD 675.9 However, suppose that rainwater is harvested in the greenhouse in Adana, and
90% of the rainfall is collected. In that case, the irrigation fee that can be saved was calculated
to be USD 366.8 if irrigation is given to the greenhouse with pressurized irrigation.

In the case of irrigation in a 50,000 m2 greenhouse in the province of Afyonkarahisar,
depending on the values of radiation, the annual water consumption will be 73,955.5 m3

and the annual fee will be USD 901.3. In the province of Afyonkarahisar, the irrigation fee
that can be saved was calculated to be USD 247.6. In the case of irrigation in a 50,000 m2

greenhouse in the province of Kırşehir, depending on the values of radiation, the annual
water consumption will be 68,538.6 m3 and the annual fee will be USD 835.3. Furthermore,
in the greenhouse in the province of Kırşehir, the irrigation fee that could be saved was
calculated as USD 210.2.
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According to the results, 80.8% of the total fee can be saved by rainwater harvesting,
since Antalya’s rainfall is higher than in other provinces. In Adana, 54.3% of the total fee
will be covered. In the province of Afyonkarahisar, which has a continental climate, 27.5%
of the total fee can be saved by rainwater harvesting. Due to the low rainfall in the province
of Kırşehir, the amount that can be saved will be 25.2%. Ertop et al. [13] determined that
if rainwater harvesting is carried out in greenhouses in the province of Antalya, because
of one year’s rain harvest, producers can earn a total economic gain of USD 1,237,460.38
with gravity irrigation and USD 3,149,899.14 with pressurized irrigation. They reported
that the profit from tomato cultivation may increase due to the gain from irrigation, which
may lead to a positive trend towards rain harvesting in greenhouse enterprises.

3.3. Adoption of Rainwater Harvesting in Greenhouse Enterprises, Determination of Some
Limitations and Institutional Support

The rainwater harvesting method, which is not widely used in Turkey, will effectively
solve the problems encountered in arid and semi-arid regions [47]. Looking at the studies
conducted by researchers on adopting rainwater harvesting, Carvajal et al. [48] reported
that groundwater resources are intensively used to supply water to the increasing green-
house agriculture in southeastern Spain. They reported that harvesting rainwater could
be an excellent alternative to increase the availability of water resources and minimize
the use of groundwater, but despite all these advantages, the use of rainwater by farmers
in this area is limited. Similarly, in a study on using rainwater harvesting for irrigation
purposes, Velasco-Muñoz et al. [49] found that this technique was used at a low level in
greenhouses. However, it requires low levels of investment and has great potential for
collecting rainwater. López-Felices et al. [50] reported that competent authorities should
encourage rainwater harvesting systems in southeastern Spain to enable and popular-
ize farmers’ use of rainwater harvesting for agricultural irrigation. They also found that
there should be a focus on increasing farmers’ education, providing them with financial
support, and increasing environmental awareness. Considering the studies carried out
by researchers, it has been stated that rainwater harvesting is very important in reduc-
ing the pressure on underground and surface water resources and decreasing irrigation
costs by saving water in enterprises. In addition, it was concluded that focus should be
placed on disseminating information on rainwater harvesting to enterprises. Moreover,
López-Felices et al. [50] stated that there are various approaches to increase farmers’ aware-
ness of these aspects, such as organizing educational programs such as workshops, seminars
and training sessions; conducting publicity campaigns or arranging field demonstrations.
Additionally, efforts can be made to raise public awareness about the benefits of RWH so
that farmers can gain commercial benefits from using environmentally friendly techniques.
Similarly, rainwater harvesting needs to be expanded in greenhouse enterprises in Turkey.
Water consumption in high-tech greenhouses is very large, and this water is generally
supplied by groundwater. The adoption of rainwater harvesting by greenhouse enterprises
will also reduce the pressure on underground and surface water resources.

Electrical conductivity is a measure of water’s salinity, one of the most important
factors affecting the quality of irrigation water, and tolerance of conductivity varies de-
pending on the type of crop [51,52]. Therefore, using water at high levels of conductivity is
important to prevent yield losses. Irrigation with water with high electrical conductivity
(EC) levels may affect the nutrient uptake capacity of plants [53]. On the other hand, if the
conductivity of irrigation water is very low, it may not be sufficient to meet the nutrient
needs of plants [51]. In this case, nutrients can be provided by the use of fertilizers [50].
Additionally, microbiological activities that will occur over time due to keeping water in
ponds should be prevented. Water quality parameters are very important, since irrigation
and fertilization in high-tech greenhouses depend on the pH and EC. Therefore, the quality
parameters of rainwater harvested in enterprises must be determined. For this reason, it
is important to purify rainwater using reverse osmosis, ultraviolet light and ozonation
methods. Another critical problem is sediment in the water harvested from greenhouse
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surfaces. It is essential to prevent dirt from entering the pond because otherwise, it can clog
the irrigation system and prevent even adequate crop irrigation [54]. In this case, filtering
methods are important for reducing losses in efficiency.

Although there are regulations on rainwater collection, storage and discharge systems
in Turkey, there are no regulations on the water harvested in greenhouses and its use. In
addition, the large size of the storage pools to be established by greenhouse enterprises
is one of the biggest obstacles for the enterprises. Businesses need to use an area equal
to the greenhouse area or buy or rent this area if it does not belong to the business. This
will also cause high initial investment costs for businesses. However, the construction of
large-scale storage ponds through state support or local governments and their operation
with appropriate regulations will facilitate the adoption of rainwater harvesting.

4. Conclusions

Harvesting rainwater and using it for plant irrigation in arid and semi-arid areas where
water resources are insufficient is important for sustainability in greenhouse cultivation. In
this study, the amount of irrigation in the hydroponic greenhouse was calculated according
to the intensity of solar radiation. The amount of water consumed per unit of area in the
greenhouses in the provinces of Antalya and Adana, where a Mediterranean climate is
observed, was 1173.52 and 1109.2 L m−2 yr−1, depending on the production period. In the
provinces of Afyonkarahisar and Kırşehir, where continental climates are observed, water
consumption was calculated to be 1479.11 and 1370.77 L m−2 yr−1. Storage volumes were
found to be 438.39 L m−2, 122.71 L m−2, 42.12 L m−2 and 43.65 L m−2 for the provinces of
Antalya, Adana, Afyonkarahisar and Kırşehir, respectively. The proportion of plants’ water
consumption by met rainwater harvesting in the provinces was calculated to be 80.79%,
54.27%, 27.47% and 25.16% for the provinces of Antalya, Adana, Afyonkarahisar and
Kırşehir, respectively. In addition, the amount of savings that could be achieved through
rainwater harvesting was USD 901.3 for the province of Antalya, USD 835.3 for Adana,
USD 247.6 for Afyonkarahisar and USD 210.2 for the province of Kırşehir. According
to the study’s results, although the need for irrigation water increases due to increasing
solar radiation in regions with a Mediterranean climate, the rate of meeting plants’ water
requirements with rainwater harvesting will be higher than in regions with a continental
climate. This will contribute to greenhouse enterprises in terms of saving water and
reducing irrigation costs. However, in regions with a Mediterranean climate, high storage
volumes will bring high business costs. But its construction with governmental support
and operation with appropriate regulations will make it easier for businesses to adopt
rainwater harvesting. Accordingly, the rainwater that can be collected, depending on the
amount of precipitation in the provinces investigated in the study, will not only provide
economic gain to greenhouse enterprises but will also contribute to reducing the negative
effects of irregular precipitation regimes that occur due to climate change on underground
and surface water resources. In addition, it was concluded that the focus should be placed
on disseminating information on rainwater harvesting in greenhouse enterprises.
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