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Abstract: In response to water scarcity in the Bashang area of northwest Hebei Province, a cold and
arid region in north China, and to address the diminishing groundwater levels caused by pumping
irrigation, this study investigated the impact of rainwater tank size and water supply on kidney
beans production in greenhouses under various precipitation scenarios to determine the production
potential and development strategies for regional precipitation resources. Under the background
of average annual precipitation, kidney bean yield increased with increasing reservoir volume and
shorter irrigation cycles. Under a 4-day irrigation cycle, the water demand satisfaction rate of kidney
beans reached 100% water demand when the rainwater tank size was 15.7 m3. Against the wide
variation in multi-year regional precipitation from 1992 to 2023, the annual effect of rainwater harvest
was simulated using precipitation data collected 20 years with an 80% precipitation guarantee rate.
The average minimum yield reduction rate obtained was 9.4%, and the corresponding minimum
rainwater tank size was 29.5 m3. By superimposing the rainwater harvested in the shed and nonshed
areas, the volume of the reservoir without yield reduction could be reduced to 20.0 m3. The sum
of discharged and inventory water was much greater than the water scarcity in each water supply
situation. Simulating and analyzing the effect of the relationship between rainwater tank size and
water supply on rainwater harvesting in regional farmland by year provides important data affecting
the construction of regional rainwater storage facilities and water supply efficiency. To achieve a
high, stable yield of kidney beans grown in a greenhouse with shed film and shed area rainwater
harvesting in north China, 2.6 m3 supplementary groundwater irrigation is still needed during the
annual growing season.

Keywords: rainwater harvesting greenhouse production; rainwater tank size; water demand satisfaction
rate; kidney bean

1. Introduction

Water is the fundamental source of life and an indispensable natural resource for
agricultural production [1]. As a major agricultural country, 61.2–63.6% of China’s wa-
ter resources are used for farmland irrigation annually [2]. By 2030, the projected total
water consumption in China will increase to approximately 600 billion m3. Although the
proportion of water usage for agricultural irrigation will decrease to some extent, it will
remain the predominant usage [3]. According to a water footprint analysis, the agricultural
water stress index (the ratio of the total crop water footprint to agricultural water resource
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availability during a given period) has increased from 0.32 in 2000 to 0.49 [4]. Therefore, the
comprehensive expansion of water resources and advancement of water-saving technology
are critical research directions for the sustainable development of society.

The Bashang area in northwest Hebei Province is a major vegetable production base
in China encompassing an annual planting area of over 40,000 hm2, which constitutes 6.6%
of the total vegetable area in Hebei Province [5]. Regional vegetable production plays a
pivotal role in rural revitalization and significantly promotes agricultural development in
the cold and arid regions of north China. However, the Bashang region faces water scarcity
issues, with an average annual precipitation of 382.5 mm and a coefficient of variation for
precipitation of 28.0% during the growing season. Wide variations in rainfall result in an
unpredictable water supply [6]. Annual groundwater extraction in the region amounts to
approximately 220 million m3, with overextraction totaling approximately 50 million m3.
More than 85.0% of the extracted water is used for vegetable irrigation. Large-scale overex-
ploitation in the cold and arid regions of north China has caused various adverse economic
and environmental impacts, including diminishing groundwater levels, land subsidence,
and reduced river flow. In turn, these changes have created an increasingly serious conflict
between water scarcity and environmental degradation [7]. Therefore, the innovation
of “open source and throttling” based on rainwater resources and efficient utilization of
rainwater storage systems has become a crucial factor for agricultural development in
these regions.

The practice of rainwater harvesting (Rainwater Harvesting, RWH) [8–11] is an effi-
cient and sustainable approach to managing agricultural water resources. RWH alleviates
the pressure on water resources and reduces the need for the extensive construction of
water source facilities. It also contributes to erosion control and management of peak flood
discharge [12]. Agricultural RWH for irrigation [13] effectively mitigates the impact of
drought on crop production and reduces groundwater overexploitation, thus playing a
crucial role in agricultural development in semi-arid regions [14]. In recent years, the rapid
changes in the global climate, which mainly manifest as increased temperatures, altered
rainfall patterns, and an increased frequency of extreme weather events, have resulted in
very uneven rainfall patterns. The spatiotemporal relationship between characteristics of
crop irrigation demand and variations in annual precipitation must be analyzed. Rain-
water harvesting and utilization systems [15], which are widely used domestically and
internationally [16], typically employ continuous simulation methods to simulate the size
of the rainwater collecting tank and the effect of varying water supply, while considering
the stochastic nature of rainfall and equilibrium dynamics within storage units. Petit-Boix
et al. [17] assessed the efficiency of water storage tanks based on volume reliability and
water-saving efficacy. A reservoir volume is considered optimal when an increase in tank
size has less than 1% impact on water supply reliability (total volume of rainwater sup-
plied/total volume of daily water demand). Wu et al. [18] found that the interception,
water supply satisfaction rate, and water demand satisfaction rate increase with reservoir
volume for different precipitation patterns (wet, normal, and low). At this point, all rainfall
can be effectively harvested without waste, and a further increase in rainwater tank size
will have no effect. The rainwater tank design should encompass a comprehensive analysis
of stormwater management benefits [19], water supply capacity, and reliability [20] of
the rainwater harvesting and utilization system. Rashid et al. [21] conducted a life cycle
assessment to determine the reliability of components of various rainwater harvesting
systems, including water tanks, roof sizes, water pumps, and different annual rainfall
patterns. They found that 70% of the life cycle impact occurred during the operation of
RWH systems using pumps. Pumping operations produce 6.5 times more CO2 equivalent
than water pipe systems. The most environmentally feasible solutions identified were
RWH systems with tank capacities of 2 and 3 m3 without pumps, as well as RWH systems
with a 2 m3 rainwater tank under a 150 m2; roof with a pump. Furthermore, excessive or
insufficient irrigation frequency and quota can affect water use efficiency and crop yield
composition [22,23]. Wan et al. [24] reported that a 3-day irrigation cycle implemented
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throughout the entire growth stage of radishes enhanced root development, reduced crack-
ing rates and evapotranspiration, and promoted nutritional growth, thereby improving
radish quality. Many studies have investigated RWH agricultural utilization systems,
most of which were aimed at reservoir volume design [25,26] or optimization of irrigation
methods [27,28]. Nevertheless, research on optimization theory and the design of the RWH
system, as well as supply and farmland water-saving irrigation, is relatively insufficient.
This study analyzed the water supply and demand relationship in the cold and arid regions
of north China based on the atmospheric precipitation conditions in Bashang, analyzed the
rainwater tank size of the RWH system, and simulated the production effects of different
rainwater storage methods according to the water-saving irrigation mode of greenhouse
kidney beans. Ultimately, this study sought to provide references for the utilization of blue
hydrating resources of green water and water-saving irrigation systems [29] on farmland.

2. Materials and Methods
2.1. Overview of the Study Area

This study was conducted at Zhangbei Key Field Observation and Experiment Station
of Agricultural Resources and Ecological Environment, Ministry of Agriculture and Rural
Affairs in Zhangjiakou City, Hebei Province, China (41◦09′ N, 114◦42′ E), which is located
in an alpine and semiarid ecological region in north China. The test area has an altitude
of 1420 m and an average annual precipitation of 382.5 mm. From April to September,
precipitation accounted for 80% of the annual total, while potential evapotranspiration [30]
was measured at 804.1 mm. The ratio between precipitation and evapotranspiration is
0.489, indicating a degree of dryness (potential evapotranspiration/precipitation) of 2.0.
The average annual temperature is 3.9 ◦C with a frost-free stage lasting for approximately
130 days. The cumulative temperature reaching or exceeding 10 ◦C is 2426.3 ◦C, and the
daily temperature difference average is 15 ◦C. The annual sunshine duration is approxi-
mately 2900 h. A map of the location is shown in Figure 1.

Agronomy 2024, 14, x FOR PEER REVIEW 3 of 19 
 

 

composition [22,23]. Wan et al. [24] reported that a 3-day irrigation cycle implemented 
throughout the entire growth stage of radishes enhanced root development, reduced 
cracking rates and evapotranspiration, and promoted nutritional growth, thereby improv-
ing radish quality. Many studies have investigated RWH agricultural utilization systems, 
most of which were aimed at reservoir volume design [25,26] or optimization of irrigation 
methods [27,28]. Nevertheless, research on optimization theory and the design of the 
RWH system, as well as supply and farmland water-saving irrigation, is relatively insuf-
ficient. This study analyzed the water supply and demand relationship in the cold and 
arid regions of north China based on the atmospheric precipitation conditions in Bashang, 
analyzed the rainwater tank size of the RWH system, and simulated the production effects 
of different rainwater storage methods according to the water-saving irrigation mode of 
greenhouse kidney beans. Ultimately, this study sought to provide references for the uti-
lization of blue hydrating resources of green water and water-saving irrigation systems 
[29] on farmland. 

2. Materials and Methods 
2.1. Overview of the Study Area 

This study was conducted at Zhangbei Key Field Observation and Experiment Sta-
tion of Agricultural Resources and Ecological Environment, Ministry of Agriculture and 
Rural Affairs in Zhangjiakou City, Hebei Province, China (41° 09′ N, 114° 42′ E), which is 
located in an alpine and semiarid ecological region in north China. The test area has an 
altitude of 1420 m and an average annual precipitation of 382.5 mm. From April to Sep-
tember, precipitation accounted for 80% of the annual total, while potential evapotranspi-
ration [30] was measured at 804.1 mm. The ratio between precipitation and evapotranspi-
ration is 0.489, indicating a degree of dryness (potential evapotranspiration/precipitation) 
of 2.0. The average annual temperature is 3.9 °C with a frost-free stage lasting for approx-
imately 130 days. The cumulative temperature reaching or exceeding 10 °C is 2426.3 °C, 
and the daily temperature difference average is 15 °C. The annual sunshine duration is 
approximately 2900 hours. A map of the location is shown in Figure 1. 

 
Figure 1. Location of the research area. 

2.2. Rainwater Storage System 
This test simulated the production of kidney beans in greenhouses. The RWH surface 

mainly consisted of shed film, space between sheds, concrete road surfaces, and building 
roofs, among others. The RWH system used in the greenhouses is shown in Figure 2. A 
gutter was mounted on the framework at the lower end of the greenhouse air outlet. Rain-
water that falls onto the surface of the greenhouse would flow through the gutter, water 
transmission pipe, and precipitation filter device into a storage reservoir, before irrigating 
the kidney bean plot inside the greenhouse through a drip irrigation system. To ensure 

Figure 1. Location of the research area.

2.2. Rainwater Storage System

This test simulated the production of kidney beans in greenhouses. The RWH surface
mainly consisted of shed film, space between sheds, concrete road surfaces, and building
roofs, among others. The RWH system used in the greenhouses is shown in Figure 2.
A gutter was mounted on the framework at the lower end of the greenhouse air outlet.
Rainwater that falls onto the surface of the greenhouse would flow through the gutter,
water transmission pipe, and precipitation filter device into a storage reservoir, before
irrigating the kidney bean plot inside the greenhouse through a drip irrigation system. To
ensure efficient water harvesting, the gutter is installed with a 2‰ slope (the ratio of slope
length to height).
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2.3. Data and Methods
2.3.1. Calculation of Rainwater Harvesting

To facilitate the comparison and calculation of irrigation-related parameters, such as
precipitation, irrigation volume, and soil moisture content, the rainwater harvesting volume
is expressed by the amount of water (m3) harvested over a 240 (m2) greenhouse area.

The rainwater harvesting rate (%) refers to the ratio of the total amount of rainwater
harvested to the total amount of rainfall in any given period.

ψ =
Q1

Q2
× 100% (1)

where Q1 represents the total amount of rainwater harvested (m3) and Q2 represents the
total amount of precipitation (m3).

The coefficient of variation (%) is the ratio of the standard deviation to the mean,
which is a statistic that measures the degree of variation of each observation in the data.

Cv =
σ

µ
× 100% (2)

where σ is the standard deviation, µ is the average value, and the specific unit depends on
the variable.

Based on actual production experience, the RWH volume in this study included
recoverable rainfall during the crop growth stage, as well as rainwater harvested within
60 days before planting the crop. The latter serves as the essential water supply for kidney
beans during transplantation. The shed film rainwater harvesting rate [31] measured in
this study was 89.1%, whereas the rainwater harvesting rate at the rooftop was 90.3%. In
the present study, the rainwater harvesting rates of the shed film, shed coverings, hardened
roads within the shed area, and rooftop were 85.0%, 75%, 75%, and 90%, respectively.
Each value fell within the range specified in the “Technical Specification for Rainwater
Harvesting, Storage, and Utilization Engineering” (GB-T50596-2010) [32].

2.3.2. Rainwater Tank Size

In this study, rainwater was harvested for greenhouse production. Similar to the
calculation of RWH, the tank sizes of water storage facilities were expressed by the volume
of water (m3) harvested over a 240 (m2) greenhouse area.

For this experiment, a reference rainwater tank size of 8.0 m3, which is 1.5 times the
maximum cumulative rainfall for 5 consecutive days during the growing season, was
proposed for the reservoir. The minimum rainwater tank size without discharged water
under a certain irrigation stage for all evaluation years was considered as the maximum
rainwater tank size. Based on this, the representative storage capacities of 8.0, 9.0, 10.0, 12.0,



Agronomy 2024, 14, 1767 5 of 18

15.7, and 53.2 m3 were used to simulate and analyze the influence of rainwater tank size on
the water supply effect in kidney bean fields under specific precipitation scenarios [33].

2.3.3. Crop Irrigation Stage

Based on the results of a study on the impact of various irrigation gradients on
temporal and spatial water consumption characteristics, yield, and the water use efficiency
of kidney bean fields in greenhouses assessed in the Zhangbei Experiment Station water-
saving irrigation experiment, 80% of the soil field’s water capacity was chosen as the
reference irrigation scheme. Greenhouse kidney beans were cultivated using ridging
covered with black mulch and drip irrigation under the film. The ridge spacing was 1 m,
with one row planted in each ridge, two plants in each hole, and a hole spacing of 30 cm.
Water was supplied using drip irrigation emitters spaced 25 cm apart. Transplanting took
place on June 8th, with harvesting ending on September 3th 2022–2023. The greenhouse
kidney beans were irrigated nine times throughout the growth stage. The parameters for
each stage are shown in Table 1.

Table 1. Irrigation water quantity and consumption intensity at the different growth stages of
greenhouse-grown kidney beans.

Stage Start Date–End Date Duration (d) Irrigation Depth
(1) (cm)

Irrigation
Quota (2) (mm)

Unit Water
Consumption
(mm·d−1)

I 6.08–6.26 19 20 11.4 0.6
II 6.27–7.03 7 40 13.8 2.0
III 7.04–7.12 9 40 18.8 2.1
IV 7.13–7.22 10 40 31.0 3.1
V 7.23–7.30 8 40 26.0 3.3
VI 7.31–8.07 8 40 27.4 3.4
VII 8.08–8.16 9 40 34.0 3.8
VIII 8.17–8.25 9 40 31.9 3.5
IX 8.26–9.03 9 40 31.3 3.5
Irrigation stage 6.08–9.03 88 40 225.6 2.6

(1) Irrigation depth refers to the planned wetting depth of irrigating the soil. (2) Irrigation quota refers to the water
requirement of the kidney bean plant.

The irrigation stages of 14, 20, 35, and 88 times were established based on the reference
stage of 9 irrigation times (Table 1). When the total number of irrigations was 88 times
(high-frequency irrigation), the maximum irrigation quota per event is 3.5 mm, which will
not exceed the field capacity or cause field loss. The water requirements of kidney beans are
assumed to be constant across different irrigation cycles and tank sizes, so the simulation
considers the effects of irrigation times (irrigation cycle) on the rainwater tank size and
water supply of kidney bean fields.

2.3.4. Statistical Analysis of Rainfall

The daily rainfall data reported by the Zhangbei Meteorological Station for the 25-year
period from 1992 to 2023 were used. Statistical analysis revealed that the coefficient of
variation for regional precipitation during the crop growing season [34] was 28.0%.

The average rainfall over the past 25 years was used as the baseline for categorizing
annual precipitation. Three years with near-average rainfall were selected to represent
normal years, 3 years with the least rainfall were used to represent dry periods, and 3 years
with the most rainfall represent wet periods [35].

Rainfall was estimated in three ways: (1) by taking the daily arithmetic average of
the total rainfall over 25 years; (2) affected by extreme dry years, the annual precipitation
over the past 25 years was ranked from the highest to the lowest. The top 80% of 25 annual
precipitation data were selected [36]; (3) by analyzing the annual rainfall throughout the
25-year period.
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2.3.5. Evaluation of Rainwater Tank Size and Production Effects under Different Water
Supply Scenarios

If the sum of the amount of water stored in the reservoir after the last irrigation and
the rainwater harvested between the last and next irrigation time points is more than the
rainwater tank size:

Water supply satisfaction rate (%) Si =
R
Di

× 100% (3)

where R (m3) is the design rainwater tank size of the reservoir, and Di (m3) is the water
demand for stage i.

If the sum of the total water volume stored in the tank after the last irrigation and the
rainwater harvested from subsequent irrigations is less than the rainwater tank size:

Water supply satisfaction rate (%) Si =
Vi−1

Di
× 100% (4)

where Vi−1 (m3) is the sum of the amount of water stored in the tank after irrigation from
the previous period and the rainwater collected during the last and next irrigation time
points.

If the sum of the amount of water stored in the reservoir after the last irrigation and
the rainwater harvested between the last and next irrigation time points is less than the
amount of water required during this stage, then water scarcity will occur:

Water scarcity
(

m3
)

Li = Di − Vi−1 (5)

Water demand satisfaction rate (%) Ni =
Di − Li

Di
× 100% (6)

When Vi−1 > Di, then Ni < Si; when Vi−1 ≤ Di, then Ni = Si [37].
If the sum of the amount of water stored in the reservoir after the last irrigation and

the rainwater harvested between the last and next irrigation time points is greater than the
rainwater tank size, water discharge will occur:

Ai = ∑t
m=1(Vi,m − R) (7)

where Vi,m (m3) represents the sum of the amount of water stored in the reservoir before
the m rainfall of this stage and the rainwater harvested of the m rainfall, and t (time) is the
rainfall time. If Vi,m is less than R after the m rainfall, the volume of water discharged after
this rainfall is calculated as 0 m3.

Yield reduction rate (%) yi = (1 − Yi
Di

)× Ky × 100% (8)

where yi is the yield reduction rate (%) during the i growth stage; Yi is the volume of
rainwater irrigated in the i growth stage (m3). When water is scarce during the growth
stage, Yi represents Di − Li. When there is no water scarcity, Yi represents Di; Ky is the
yield response coefficient of the influence of water scarcity on kidney bean growth. The Ky
of kidney bean recommended by the Food and Agriculture Organization [38] was adopted,
as shown in Table 2.

Yield reduction over the whole growth stage (%) y =

[
1 −

4

∏
i=1

(1 − yi)

]
× 100% (9)

where 4 is the growth stage number of kidney beans.
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Table 2. Yield response coefficient of greenhouse kidney beans at different growth stages.

Growth Stage Start Date–End Date Day (d) Ky
(1)

Seeding stage 6.08–7.03 26 0.2
Flowering—fruit stage 7.04–7.22 19 1.1
Fruiting stage 7.23–8.16 25 0.75
Picking stage 8.17–9.03 18 0.6
Total time 6.08–9.03 88 1.15

(1) Ky: yield response coefficient.

The relationship between precipitation resource supply and kidney bean demand in
greenhouses was analyzed based on the principle of water balance [39] using the contin-
uous simulation method [40] according to the Yield Before Spillage principle [41]. The
specific simulation process is as follows: (1) The optimal water-saving irrigation scheme
was determined based on the research results of a preliminary water-saving irrigation ex-
periment for kidney beans at the experimental station, and the optimal irrigation quantity
and time data table were obtained; (2) The initial volume N0 of the storage reservoir was
determined based on the precipitation in April and May over 25 years, with the current
water storage V calculated according to crop water demand Di and harvested rainwater;
(3) Normal RWH occurs when V < R; otherwise overflow occurs (7); (4) The water supply
satisfaction rate, water demand satisfaction rate, and kidney bean yield reduction rate
were calculated during each irrigation stage using (3), (4), (6), (8), and (9), respectively;
(5) Steps 1 to 4 were repeated; (6) Based on the optimized irrigation stage Im, the RWH area
was expanded and steps 1 to 4 were repeated to determine the effect of storage and water
supply over a span of 20 years with an 80% rainfall guarantee rate, providing a reference
for kidney bean harvesting in greenhouses located in cold and arid areas of north China.

2.3.6. Simulation Method

Using Python programming, the effects of rainwater tank size and kidney bean field
production under different water supply scenarios were simulated.

3. Results
3.1. Impact of Rainwater Tank Size on Water Demand Satisfaction for Kidney Bean Fields

Based on the average daily rainfall of 25 years, the greenhouse reference irrigation
stage for kidney beans (Table 1) was used to simulate and analyze the impact of rainwater
tank size on water supply satisfaction rate, discharged water quantity, and yield reduction
rate for greenhouse kidney bean fields (Figure 3). As rainwater tank size increased, the
satisfaction rate of rainwater storage supply to kidney bean fields increased significantly,
while the corresponding yield reduction rates and discharged water quantity decreased.
When the rainwater tank size reached 15.7 m3, the discharged water volume became
zero, while the corresponding water supply satisfaction rate and yield reduction rate
remaining unchanged at 104.1% and 1.8%, respectively. The water demand satisfaction rate
during the growth stage was 99.2%, with a water scarcity of only 0.5 m3. Therefore, under
average annual precipitation and reference irrigation system conditions, along with RWH
for 60 days before transplantation, a minimum rainwater tank size of 15.7 m3 is required
to eliminate the discharged water volume and achieve near equilibrium between water
supply and demand.

The effects of reservoir volume on the water supply satisfaction rate, water demand
satisfaction rate, water scarcity volume, water discharge volume, and yield reduction rate
of greenhouse-grown kidney beans were simulated and analyzed (Table 3). Clearly, a
rainwater tank size of V2 can effectively store all rainfall during the stage from 60 days
before transplanting to the end of harvesting. The volume of water harvested before
transplanting was 9.4 m3, resulting in a total water supply of 56.4 m3, which slightly
exceeded the water demand of 54.1 m3. However, under the reference irrigation scheme,
2.7 m3 of rainfall harvested during the last irrigation stage was not utilized for irrigation,
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leading to a deficit of 0.5 m3 and a yield reduction of 1.8%. Compared with V2, V1 produced
6.4 m3 of discharge water in the first three irrigation stages of the kidney bean growth stage,
with most of the water discharged during the first stage. Furthermore, the discharged water
volume accumulated throughout the entire harvest stage was 7.8 m3, which equates to a
difference between the capacities of the two rainwater tanks. The expanded size of V2 can
accommodate V1’s water discharge.
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Figure 3. Rainwater tank size under the average daily rainfall of 25 years and reference irrigation
scheme scenario-water supply effect.

Table 3. Annual average precipitation of 25 years and rainwater tank size and water supply effect
under the reference irrigation stage (1).

Item Irrigation Stage

Stage I II III IV V VI VII VIII IX I–IX

Start date–End date
(m.dd–m.dd) 6.08–6.26 6.27–7.03 7.04–7.12 7.13–7.22 7.23–7.30 7.31–8.07 8.08–8.16 8.17–8.25 8.26–9.04 6.08–9.03

Water demand (m3) 2.7 3.3 4.5 7.4 6.2 6.6 8.2 7.7 7.5 54.1
RWH volume (m3) 7.7 3.8 5.4 6.8 6.1 4.5 4.9 5.1 2.7 47.0

Supply rate (2) (%)
V1 292.1 241.3 177.1 107.4 118.6 109.8 63.0 63.9 67.9 89.8
V2 343.0 434.1 330.2 211.5 242.7 227.6 157.9 125.6 94.0 104.1

Demand rate (3) (%)
V1 100.0 100.0 100.0 100.0 100.0 100.0 63.0 63.9 67.9 84.9
V2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 94.0 99.2

Water scarcity (m3)
V1 0.0 0.0 0.0 0.0 0.0 0.0 3.0 2.8 2.4 8.2
V2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.5

Water discharge (m3)
V1 5.0 0.5 0.8 0.0 0.0 0.0 0.0 0.0 0.0 6.4
V2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Yield reduction
rate (%)

V1 0.0 0.0 10.8 20.5 29.1
V2 0.0 0.0 0.0 1.8 1.8

(1) V1, 8 m3 rainwater tank; V2, 15.7 m3 rainwater tank, which is the minimum rainwater tank size that can
effectively harvest rainfall throughout the whole growth stage without water discharge under the background of
average annual rainfall. (2) Supply rate: the water supply satisfaction rate. (3) Demand rate: the water demand
satisfaction rate.

The average daily RWH volume during the kidney bean growth stage fluctuated
widely at the study site by 0.0–1.4 m3 over 25 years, with the heaviest rainfall occurring
from 10 July to 25 July (Figure 4) and averaging at 0.7 m3/d. With a rainwater tank size
of 8.0 m3, the water supply exceeded the demand by 2.9 times before July 3, based on
pre-transplantation water supply and low water consumption intensity during the seedling
stage. However, as water consumption intensity increased and water supply decreased,
average daily dissipation surpassed average daily rainfall, leading to a gradual decrease
in the water demand satisfaction rate, which dropped to 63.0–67.9% after 7 August. The
greenhouse kidney beans experienced a water scarcity of 8.2 m3 and discarded 6.4 m3

during the growth stage, resulting in a yield reduction rate of up to 29.1%.
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3.2. Impact of Irrigation Frequency on The Water Demand Satisfaction Rate of Kidney Bean Fields

The study simulated and analyzed the effects of irrigation frequency on the water
demand satisfaction rate and yield reduction rate of kidney bean fields in greenhouses based
on the average daily rainfall of 25 years. As irrigation frequency and rainwater tank size
increased, the water demand satisfaction rate gradually reached 100%, whereas the water
scarcity volume and yield reduction rate decreased to 0 (Table 4). Using 8.0 m3 and 12 m3

rainwater tanks, when the irrigation frequency increased from nine to 88 times, the water
scarcity volume decreased by 2.5 m3 and the water demand satisfaction rate increased by
4.5 percentage points. Because of the shortened irrigation stage, the single irrigation quota
decreased, resulting in a sharp reduction in single water scarcity. Furthermore, because of
the continuous shortening of the last irrigation stage with the increase in irrigation frequency,
more rainwater was stored to supply crops; thus, the water demand satisfaction rate of kidney
beans during the growth stage increased.

Table 4. Effect of rainwater tank size and water supply on different irrigation cycles under average
annual precipitation.

Tank Size (m3) Irrigation Times
(Time) Supply Rate (%) Demand Rate

(%)
Water Discharge
(m3)

Water Scarcity
(m3)

Yield Reduction
Rate (%)

8.0

9.0 89.8 84.9 7.8 8.2 29.1
14.0 89.8 86.5 7.8 7.3 27.2
20.0 89.8 87.3 7.8 6.9 27.1
35.0 89.8 88.2 7.8 6.4 25.1
88.0 89.8 89.4 7.8 5.7 22.7

12.0

9.0 97.2 92.3 3.7 4.2 16.6
14.0 97.2 93.3 3.7 3.3 12.9
20.0 97.2 94.7 3.7 2.9 11.3
35.0 97.2 95.6 3.7 2.4 9.3
88.0 97.2 96.8 3.7 1.7 6.8

15.7

9.0 104.1 99.2 0.0 0.5 1.8
14.0 104.1 100.0 0.0 0.0 0.0
20.0 104.1 100.0 0.0 0.0 0.0
35.0 104.1 100.0 0.0 0.0 0.0
88.0 104.1 100.0 0.0 0.0 0.0
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During the growth stage, water was mostly discharged during the early period, when
there was no water shortage. Therefore, the discharge volume only changed with the
rainwater tank size but did not change with the increase of irrigation frequency.

Using the 8.0 m3 rainwater tank, the yield reduction rate of kidney beans during
the growing stage was 22.7% at an irrigation frequency of 88 times, which was lower by
6.4 percentage points than that at an irrigation frequency of nine irrigation times. Using the
12.0 m3 rainwater tank, the yield reduction rate decreased by 9.8 percentage points with
the increase in irrigation frequency. Irrigation frequency and reservoir volume affected the
water supply. However, compared with irrigation frequency, the yield reduction rate was
more sensitive to the change in rainwater tank size.

When the rainwater tank size was 8.0 m3, as the irrigation cycle was shortened and
the irrigation frequency during the growing stage increased from nine to 88 times, the
water demand satisfaction rate of kidney beans increased from 84.9% to 89.4%, and the
yield reduction rate decreased from 29.1% to 22.7% (Figure 5). Statistical analysis revealed
that the relationship between irrigation frequency (x) and yield reduction (y) exhibited a
quadratic curve: y = 0.0012x2 − 0.191x + 30.275 (R2 = 0.9737).
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rainwater tank.

The shortening of the irrigation cycle increases the reuse rate of the rainwater tank
size, leading to a decrease in the required rainwater tank size for guaranteed yield [42].
This reduction helps lower construction costs but also increases the expenses for irrigation
operations and results in shallower wet soil layers after irrigation. Determining the appro-
priate irrigation cycle should take into account RWH and utilization engineering, and the
crop’s agronomic demands.

3.3. Effect of Rainwater Tank Size and Water Supply under Partial Annual Rainfall

The minimum reservoir volume and water supply effect without water discharge were
simulated and analyzed based on data on 25 years of annual precipitation, using a 4-day
irrigation cycle (Table 5). Three distinct precipitation scenarios representing dry, normal,
and wet years were chosen, each consisting of three typical years. The average values of the
minimum reservoir volume without discharged water were 10.6, 19.7, and 42.7 m3 for dry,
normal, and wet years, respectively. The corresponding yield reduction rates were 70.5%,
14.2%, and 0%, respectively. These results highlight significant differences in rainfall water
supply across different years. The rainfall water supply varies greatly between years with
different precipitation levels. In the same dry year, substantial differences were observed
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in the temporal distribution of precipitation during the growth stages in 1997, 2002, and
2022, leading to a 39.5% difference in the yield reduction rate. Despite a 14.3 mm increase
in rainfall during the growing stage of 2022 compared to 2002, the yield reduction rate
in 2022 was 26.4% higher than that in 2002, mainly because rainwater collected before
transplanting had a greater impact on the yield reduction rate, and the rainfall during the
growing stage of kidney beans in 2022 mainly occurred during the early and middle stages,
when water from the rainwater tank was sufficient. In contrast, rainfall during the growth
stage in 2012 was 236.0 mm, which is 55.9 mm more than that in 2000; however, because it
was primarily concentrated in the early and middle stages, the kidney bean yield reduction
rate only increased by a mere 8.4 percentage points compared to 2000. Therefore, the
concrete analysis of the correlation between rainwater tank size and water supply impact
in various years is crucial for the development of regional rainwater storage facilities and
the enhancement of water supply efficiency.

Table 5. Minimum rainwater tank size of undiscarded water under a 4d irrigation cycle in different
rainfall years-water supply effect.

Scenarios Typical Year Growth Rainfall
(m3)

Water Storage (1)

(m3)
Minimum Size
(2) (m3)

Water Scarcity
(m3) Supply Rate (%) Yield Reduction

Rate (%)

Dry year
1997 18.0 6.7 6.1 32.9 40.6 88.0
2002 30.1 11.0 17.2 14.4 67.7 48.5
2022 33.6 3.2 8.4 22.7 58.7 74.9

Normal year
2000 43.2 15.9 20.4 3.8 97.2 14.8
2005 52.6 12.5 20.0 1.3 105.8 4.5
2012 56.6 11.9 18.6 5.9 110.9 23.2

Wet year
1994 102.1 10.5 53.2 0.0 179.8 0.0
1995 87.9 4.6 33.5 0.0 146.6 0.0
1998 60.8 19.4 41.4 0.0 131.3 0.0

(1) Water storage: the volume of rainwater stored before transplanting. (2) Minimum size: the volume of the
rainwater tank without discarding water.

During a 4-day irrigation cycle, the rainwater tank size and water supply effect under
the two scenarios of 25 years of annual precipitation for all years and 20 years of annual pre-
cipitation under an 80% guarantee rate were simulated and analyzed (Table 6). Consistent
with the results of the annual average precipitation scenario, the yield reduction rate, water
scarcity volume, and discharge of kidney beans all decreased with an increase in rainwater
tank size. The comparison showed that under the 25-year average precipitation scenario,
the minimum rainwater tank size needed to achieve no discharged water was 15.7 m3,
whereas it needed to be as high as 53.2 m3 under the 20-year precipitation scenario with an
80% guarantee rate and the 25-year precipitation scenario for all years, a 3.39-fold difference.
The yield reduction rate increased from the annual average precipitation scenario of 0.0%
to 9.4% and 18.6% in the multi-year average precipitation scenario. Table 6 shows that the
minimum average yield reduction was 9.4%, and the corresponding rainwater tank size
was 29.5 m3 under the annual precipitation scenario of an 80% guaranteed rate. Therefore,
storage capacity and water supply regulation for annual farmland production can only be
designed according to the natural rainfall and temporal distribution of each year.

Table 6. Analysis of the effect of rainwater tank size and water supply under a 4-day irrigation cycle (1).

Precipitation
Statistical Method

Rainwater Tank
Size (m3) Supply Rate (%) Demand Rate

(%) Water Scarcity (m3) Water Discharge
(m3)

Water (2)

Inventory (m3)

Yield
Reduction
Rate (%)

25 years of mean
daily precipitation 15.7 104.1 100.0 0.0 0.0 2.2 0.0

20-year
precipitation at 80%
probability (3)

8.0 80.8 78.7 11.5 17.7 1.8 41.1
9.0 83.2 80.9 10.4 16.4 1.9 36.7
10.0 85.5 83.0 9.2 15.1 2.0 32.8
12.0 89.7 86.6 7.3 12.8 2.4 29.0
29.5 109.4 95.4 2.5 2.2 8.2 9.4
53.2 113.4 95.4 2.5 0.0 10.4 9.4
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Table 6. Cont.

Precipitation
Statistical Method

Rainwater Tank
Size (m3) Supply Rate (%) Demand Rate

(%) Water Scarcity (m3) Water Discharge
(m3)

Water (2)

Inventory (m3)

Yield
Reduction
Rate (%)

25 years of annual
precipitation (4)

8.0 75.5 73.8 14.2 15.5 1.6 48.3
9.0 77.8 75.9 13.1 14.3 1.7 44.5
10.0 79.9 77.9 12.0 13.1 1.8 40.9
12.0 83.9 81.4 10.1 10.9 2.0 39.9
29.5 100.9 89.7 5.6 1.8 6.7 18.6
53.2 104.1 89.7 5.6 0.0 8.5 18.6

(1) The content of this section is based on the analysis of three rainfall statistical types. (2) The water inventory refers
to the water remaining in the rainwater tank after the kidney bean’s entire growth stage. (3) Arithmetic average is
performed after 20 years of calculation of each index, rainwater except rainwater tank size. (4) Arithmetic average
is performed after 25 years of calculation of each index and rainwater, excluding rainwater tank size.

3.4. Influence of An Expanding Water Source on Rainwater Tank Size and Water Supply

Shed film rainwater harvesting is the main way. At the same time, rainwater harvesting
surfaces such as the space between sheds, concrete roads, and the rooftop are superimposed
for rainwater harvesting [43,44]. The influence of rainwater tank size and the effect of the
water supply on the greenhouse rainwater kidney bean production system is simulated
and analyzed, as shown in Table 7. Given the background of 20 years, during which the
irrigation stage is 4 days long and there is an 80% interannual precipitation guarantee rate,
the yield of kidney beans irrigated only by shed film rainwater harvesting will decrease
regardless of the size of the rainwater tank (Table 6). When the yield reduction rate of the
growing stage of kidney beans was 10%, the water scarcity of the kidney bean field was
2.8 m3, the water discharged was 5.9 m3, and the corresponding rainwater tank size was
20.3 m3. With the same yield reduction rate of 10%, when rainwater is jointly harvested
from runoff surfaces such as the shed film, the space between sheds, concrete roads, and
the rooftop, the discharged water of the kidney bean field increases to 26.4 m3, and the
rainwater tank size can be reduced to 13.5 m3. The results showed that the rainwater
tank size of kidney beans could be rapidly reduced by the development and utilization of
rainwater harvesting water sources outside the shed film. However, due to the influence of
rainfall harvesting and rainfall timing, water scarcity will inevitably occur, resulting in a
decrease in production.

Table 7. Effect of rainwater tank size and water supply on rainwater harvesting in the shed area with
an 80% precipitation guarantee rate (1),(2).

Area (3) Area (4)

Ratio

Harvesting
rate
(%)

Stacking Water Collection in Sequence

10% Yield Reduction Rate 15% Yield Reduction Rate

Size (5) Tank
Size

Water
Scarcity

Water
Discharge Inventory Tank

Size
Water
Scarcity

Water
Discharge Inventory

(m3) (m3) (m3) (m3) (m3) (m3) (m3) (m3) (m3)

Shed 1.0 85.0 - 20.3 2.8 5.9 4.9 17.0 3.8 8.0 3.8
Shed
space 0.2 75.0 - 15.4 2.8 16.4 4.6 13.5 3.9 18.4 3.7

Road 0.1 75.0 22.0 14.5 2.7 20.7 4.7 13.0 3.6 22.5 4.0
Rooftop 0.1 90.0 20.0 13.5 2.8 26.4 4.7 12.0 3.7 28.1 3.9

(1) Rainwater harvesting volume: the volume of rainwater harvested 60 days before planting and during the entire
growth stage of kidney beans. (2) The data in this table were analyzed based on rain collection in the superimposed
shed area and an irrigation cycle of 4 days. (3) The rooftop is made of a colored steel material, which has a higher
rainwater harvesting rate than other materials. The road refers to a concrete road surface between sheds. The shed
space refers to the space between sheds. (4) The Area ratio is the ratio of the areas of the different components to
the area of the shed. (5) Size: tank size required to achieve no yield reduction.

Table 7 shows that at yield reduction rates of 10% and 15%, the volume of rainwater
discarded was 5.9 and 8.0 m3, respectively, with the remaining water in the storage reservoir
after kidney bean harvesting at 4.9 and 3.8 m3, respectively. The total is 3.9 and 3.1 times the
water scarcity volume, respectively. Upon successive superimposition of runoff harvesting
from different surfaces around the shed area, minimal change was observed in inventory
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water volume, whereas a rapid increase in discharged water volume occurred. The results
demonstrate that the total volume of water harvested around the shed area could fully
satisfy the irrigation demand for kidney bean cultivation. However, even with a scarcity of
only 2.9 or 4.1 m3, a yield reduction rate of 10% or 15% would still occur.

4. Discussion
4.1. Minimum Rainwater Tank Size of Water Storage Facilities

Rainwater harvesting can reduce soil erosion, alleviate regional waterlogging, and
improve agricultural productivity, acting as an efficient soil and water conservation sys-
tem [45]. The rate of rainwater harvesting, the slope of the gutter, and the size of the
rainwater harvesting tank are critical parameters in the design of a rainwater storage sys-
tem. According to GB-T50596-2010 [32], the recommended harvesting rate for shed film
rainwater in areas with rainfall between 250 and 500 mm is 85%–90%. The harvesting rate
of shed film rainwater observed in this study was 89.1%, which meets the relatively high
level stipulated by the national standards. Li et al. [46] demonstrated that the rainwater
harvesting rate of the RFRH system was 87%, with better utilization during light rain
(<5 mm). In this study, the rainwater harvesting rate was 89.1%, effectively utilizing rainfall
above 0.06996 mm, and the positive impact is evident. The tank size for rainwater har-
vesting is designed to maintain the flow balance between rainwater harvesting and water
demand [47]. Jing et al. [48] used the continuous simulation method and found that the
rainwater retention rate, water demand satisfaction rate, and water supply guarantee rate
increased with an increase in reservoir volume. However, the increasing speed gradually
slowed down, and the results of this experiment were similar. However, as the rainwater
tank size increases, the scale and cost of construction increase correspondingly. Further-
more, with the increasing land cost, optimizing the size of the rainwater harvesting tank is
essential. Guan et al. [49] established a reservoir water supply benefit evaluation model
(RWSBEM) based on the energy analysis theory. They found that the ecological water
supply benefit of water tanks is the largest, whereas the agricultural water supply benefit
is the smallest, and the cost increases rapidly with increases in the size of the rainwater
tank. Imteaz et al. [50] proposed the concept of water balance modeling, indicating that the
optimal tank size can be determined based on roof size and rainwater demand and can be
represented by a single generalized equation. The findings indicate that for a 150 m2 roof
area in dry and normal rainfall years, the optimal water tank size was 30,000 liters, which
resulted in a 50% reduction compared with the commonly used Rippl method. This means
that determining the minimum storage capacity to meet specific water supply demands
should consider factors such as farmland water demand for expected crop yield, reservoir
construction costs [51], and available supplementary water sources. Based on the analysis
presented in this paper, further improvements are needed to optimize the rainwater tank
size in this scenario.

4.2. Enhanced Utilization of Multi-Year Precipitation Data

The annual average meteorological value represents the general climate characteristics
of the region, and the more accumulation of meteorological data, the better the representa-
tion [52]. However, in the face of wide interannual fluctuations in monsoon climate regions,
farmland production will be significantly influenced by temporal and spatial factors and
precipitation quantity in the current year [53,54]. In arid and semi-arid areas, crop produc-
tivity is sensitive to seasonal changes in meteorological variables such as precipitation, soil
moisture, temperature, and evaporation [55,56]. Therefore, rain-fed farming production
should only be simulated and analyzed according to annual precipitation scenarios. In this
study, the yield reduction rate of kidney bean production in annual simulations increased
from 0% to 18.6% under the 25-year fractional annual precipitation scenario, highlighting
the importance of using annual precipitation data. Therefore, adopting annual meteorolog-
ical data based on years with an 80% guaranteed rate [57] is considered a practical method
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of analyzing and utilizing meteorological data to ensure agricultural stability amidst
climatic changes.

4.3. Selected Crop Irrigation Scheme

Rational rainwater harvesting patterns and irrigation strategies are crucial for optimiz-
ing the yield and water use efficiency of kidney beans. Low- and high-frequency irrigation
can decrease the number of plant reproductive organs and increase the rate of flower bud
shedding. Once a certain irrigation frequency and quota are reached, continued irrigation
will lead to decreased crop yield and water utilization rate. Therefore, 4 days/time (in this
study, it is the middle irrigation frequency) is selected as the optimal irrigation frequency
for kidney beans, which can effectively improve the water supply satisfaction rate and
yield of kidney beans, ensuring the normal transpiration and growth of kidney beans.

In general, the water requirement of kidney beans is constant across irrigation cycles
and tank sizes [58]. Du et al. [59] set three different types of irrigation frequencies for
peppers: 5, 10, and 15 d, and the irrigation times were 13, 7, and 5, respectively. Based
on the practical water demand of vegetable cultivation in a local facility, the total amount
of irrigation was 22.8 L (liters) per treatment, the design principle of which is analogous
to this study. Puertolas et al. [60] treated tomato and basil with three different irrigation
frequencies of 1 day/time, 0.5 day/time, and 3 day/time, and the irrigation amount of
different treatments was consistent (75% of that received by a well-watered treatment-WW).
The study found that the 0.5 day/time irrigation frequency and the 3 day/time irrigation
frequency reduced evapotranspiration by 80% and 70%, respectively, compared with the
WW irrigation treatment. This suggests that the 3 day/session irrigation frequency reduces
water use to a greater extent, despite the similar amount of irrigation, which is extremely
close to the 4 day/session irrigation frequency chosen in this study.

Wang et al. [61] found that, in terms of the day before irrigation, the dry area treated
with an irrigation frequency of 8 days/time (low-frequency irrigation) was much larger
than that treated with 4 days/time, a large arid area appeared before each irrigation in
the later period, and the temporary dry area before irrigation may cause water stress in
potatoes. As far as the day after irrigation is concerned, the lower the irrigation frequency,
the larger the wet zone. A larger wet zone lasts longer, which will affect soil aeration. These
two factors may explain the decrease in potato yield under less frequent treatments, so
the irrigation frequency of 1 day/time (high-frequency irrigation) is the optimal irrigation
treatment. In this study, 4 days/time was the optimal irrigation frequency for kidney beans.
The reason for the difference in results may be that the ideal conditions for potato growth
require high and constant soil water potential and soil oxygen diffusion rate, while kidney
beans like moderately moist soil, and high-frequency irrigation will lead to anaerobic
respiration in the root layer, which is detrimental to the invigoration of kidney beans.
In addition, the irrigation cost will increase as the frequency of irrigation increases, and
considering the cost and benefits of an irrigation project when determining a suitable
irrigation frequency is necessary.

4.4. Supplementary Water Source to Ensure Stable Agricultural Production

In light of the spatial and temporal mismatch between crop water demand and rainfall
supply, the regulation of rainwater storage reservoirs has become essential to ensuring
a stable crop yield [62]. Apart from selecting drought-tolerant crops [63] and enhancing
soil moisture retention [64], utilizing reservoir water for irrigation can help stabilize and
improve farmland water conditions. In areas lacking surface water resources, groundwater
extraction is a common method of replenishing farmland water supply [65]. Yan et al. [66]
found that through rainwater harvesting and supplementary irrigation of rice, rainfall-
adapted irrigation reduces the irrigation frequency and the total irrigation water by 43%
compared to traditional irrigation and nitrogen fertilization patterns. These findings
indicate that rainfall-adapted irrigation improves the storage and utilization capacity of
rainwater. Rainfall-adapted irrigation also increases root length, root and shoot biomass,
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net photosynthetic rate, crop growth rate, nitrogen accumulation, percentage of productive
tillers, harvest index, and nitrogen harvest index. The current study revealed that even with
a maximum rainwater tank size of 53.2 m3 in a year with an 80% precipitation guarantee
rate, greenhouse kidney bean production still experienced an annual water shortfall of
2.5 m3. The timing and magnitude of this shortfall varied significantly from year to year.
However, the end-of-harvest inventory water reached a high of 10.4m3, which was 4.2 times
the water scarcity incurred. Therefore, maintaining the balance between water production
and consumption across the entire greenhouse area and judicious use of groundwater
sources can supplement fluctuating irrigation needs met by storage reservoirs to ensure
high yields in rainwater-fed kidney bean production systems.

5. Conclusions

The water supply and demand of greenhouse kidney bean production in northwest
Hebei province increased with reservoir volume and a reduced irrigation cycle under the
annual average precipitation scenario. The simulation analysis showed that under the
optimized 4-day irrigation cycle, when the rainwater tank size reached 15.7 m3, all the
rainfall during the growth stage and 60 days before the transplant of kidney beans could
be effectively harvested, with a water discharge volume of 0, a water demand satisfaction
rate of 100%, and a yield reduction rate of 0%. Considering the variability in regional
precipitation, average annual rainfall is not a scientific guide to production. This study
selected 20 years with an 80% precipitation guarantee rate to simulate the water supply
effect of rainwater. The results showed that the average minimum yield reduction rate was
9.4%, corresponding to a minimum rainwater tank size of 29.5 m3. The size of the rainwater
tank without yield reduction can be reduced to 20 m3 by superimposing the space between
greenhouses, hardening roads, and roofs. However, any further reductions in the size of the
rainwater tank would increase yield reduction rates. The total of discharged and inventory
water under each scenario exceeded the water scarcity volume. Therefore, appropriately
increasing the rainwater tank size and irrigation frequency, as well as exploring methods
for utilizing discharged and inventory water, can enhance the water supply satisfaction
rate of kidney beans and lead to a higher yield.
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51. Okoye, C.O.; Solyalı, O.; Akıntuğ, B. Optimal sizing of storage tanks in domestic rainwater harvesting systems: A linear
programming approach. Resour. Conserv. Recy. 2015, 104, 131–140. [CrossRef]

52. van der Wiel, K.; Bintanja, R. Contribution of climatic changes in mean and variability to monthly temperature and precipitation
extremes. Commun. Earth Environ. 2021, 2, 1. [CrossRef]

53. Ekwueme, B.; Agunwamba, J. Trend Analysis and Variability of Air Temperature and Rain-fall in Regional River Basins. Civil
Eng. J. 2021, 7, 816–826. [CrossRef]

54. Haque, M.M.; Rahman, A.; Samali, B. Evaluation of climate change impacts on rainwater harvesting. J. Clean. Prod. 2016, 137,
60–69. [CrossRef]

55. Gidey, E.; Dikinya, O.; Sebego, R.; Segosebe, E.; Zenebe, A. Analysis of the long-term agricultural drought onset, cessation,
duration, frequency, severity and spatial extent using Vegetation Health Index (VHI) in Raya and its environs, Northern Ethiopia.
Environ. Syst. Res. 2018, 7, 13. [CrossRef]

56. Ribeiro, A.F.S.; Russo, A.; Gouveia, C.M.; Páscoa, P. Modelling drought-related yield losses in Iberia using remote sensing and
multiscalar indices. Theor. Appl. Climatol. 2019, 136, 203–220. [CrossRef]

https://doi.org/10.1016/j.scienta.2019.108972
https://doi.org/10.1016/j.agwat.2020.106043
https://doi.org/10.1007/s11269-013-0477-y
https://doi.org/10.1016/j.agwat.2023.108542
https://doi.org/10.1175/1520-0442(2002)015%3C0545:VOAPAI%3E2.0.CO;2
https://doi.org/10.1016/j.jenvman.2023.118261
https://www.ncbi.nlm.nih.gov/pubmed/37290311
https://doi.org/10.1016/j.fcr.2021.108326
https://doi.org/10.1016/j.agwat.2020.106142
https://doi.org/10.1016/j.jclepro.2014.03.075
https://doi.org/10.1007/s11269-016-1255-4
https://doi.org/10.1016/j.jclepro.2015.02.021
https://doi.org/10.1016/j.agwat.2004.09.033
https://doi.org/10.1016/j.desal.2008.05.013
https://doi.org/10.1016/j.scs.2016.08.008
https://doi.org/10.1016/j.catena.2013.08.018
https://doi.org/10.1006/jare.2000.0705
https://doi.org/10.3390/hydrology10030059
https://doi.org/10.3390/pr8111435
https://doi.org/10.1016/j.jclepro.2022.130991
https://doi.org/10.1016/j.resconrec.2015.08.015
https://doi.org/10.1038/s43247-020-00077-4
https://doi.org/10.28991/cej-2021-03091692
https://doi.org/10.1016/j.jclepro.2016.07.038
https://doi.org/10.1186/s40068-018-0115-z
https://doi.org/10.1007/s00704-018-2478-5


Agronomy 2024, 14, 1767 18 of 18

57. Zhou, Z.; Liu, Y.; Zhang, M.; Zhang, T.; Wang, Y. Effect of agroclimatic resources change on 675 dry crops in Longdong Yuan.
Chin. Agric. Sci. Bull. 2023, 39, 55–60. (In Chinese)

58. Chang, J.; Kan, Y.; Wang, Y.; Huang, Q.; Chen, L. Conjunctive Operation of Reservoirs and Ponds Using a Simulation-Optimization
Model of Irrigation Systems. Water Resour. Manag. 2017, 31, 995–1012. [CrossRef]

59. Du, L.; Zheng, Z.; Li, T.; Zhang, X. Effects of irrigation frequency on transportation and accumulation regularity of greenhouse
soil salt during different growth stages of pepper. Sci. Hortic. 2019, 256, 108568. [CrossRef]

60. Puértolas, J.; Albacete, A.; Dodd, I.C. Irrigation frequency transiently alters whole plant gas exchange, water and hormone status,
but irrigation volume determines cumulative growth in two herbaceous crops. Environ. Exp. Bot. 2020, 176, 104101. [CrossRef]

61. Wang, F.-X.; Kang, Y.; Liu, S.-P. Effects of drip irrigation frequency on soil wetting pattern and potato growth in North China
Plain. Agr. Water Manag. 2006, 79, 248–264. [CrossRef]

62. Li, Y.-H.; Tung, C.-P.; Chen, P.-Y. Stormwater Management toward Water Supply at the Community Scale—A Case Study in
Northern Taiwan. Sustainability 2017, 9, 1206. [CrossRef]

63. Sadok, W.; Lopez, J.R.; Smith, K.P. Transpiration increases under high-temperature stress: Potential mechanisms, trade-offs and
prospects for crop resilience in a warming world. Plant Cell Environ. 2021, 44, 2102–2116. [CrossRef] [PubMed]

64. Kool, D.; Tong, B.; Tian, Z.; Heitman, J.L.; Sauer, T.J.; Horton, R. Soil water retention and hydraulic conductivity dynamics
following tillage. Soil Till. Res. 2019, 193, 95–100. [CrossRef]

65. Stahn, H.; Tomini, A. On conjunctive management of groundwater and rainwater. Resour. Energy Econ. 2017, 49, 186–200.
[CrossRef]

66. Yan, J.; Wu, Q.; Qi, D.; Zhu, J. Rice yield, water productivity, and nitrogen use efficiency responses to nitrogen management
strategies under supplementary irrigation for rain-fed rice cultivation. Agr. Water Manag. 2022, 263, 107486. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11269-016-1559-4
https://doi.org/10.1016/j.scienta.2019.108568
https://doi.org/10.1016/j.envexpbot.2020.104101
https://doi.org/10.1016/j.agwat.2005.02.016
https://doi.org/10.3390/su9071206
https://doi.org/10.1111/pce.13970
https://www.ncbi.nlm.nih.gov/pubmed/33278035
https://doi.org/10.1016/j.still.2019.05.020
https://doi.org/10.1016/j.reseneeco.2017.05.002
https://doi.org/10.1016/j.agwat.2022.107486

	Introduction 
	Materials and Methods 
	Overview of the Study Area 
	Rainwater Storage System 
	Data and Methods 
	Calculation of Rainwater Harvesting 
	Rainwater Tank Size 
	Crop Irrigation Stage 
	Statistical Analysis of Rainfall 
	Evaluation of Rainwater Tank Size and Production Effects under Different Water Supply Scenarios 
	Simulation Method 


	Results 
	Impact of Rainwater Tank Size on Water Demand Satisfaction for Kidney Bean Fields 
	Impact of Irrigation Frequency on The Water Demand Satisfaction Rate of Kidney Bean Fields 
	Effect of Rainwater Tank Size and Water Supply under Partial Annual Rainfall 
	Influence of An Expanding Water Source on Rainwater Tank Size and Water Supply 

	Discussion 
	Minimum Rainwater Tank Size of Water Storage Facilities 
	Enhanced Utilization of Multi-Year Precipitation Data 
	Selected Crop Irrigation Scheme 
	Supplementary Water Source to Ensure Stable Agricultural Production 

	Conclusions 
	References

