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Abstract: This study addresses the need for sustainable and energy-efficient agricultural practices
by integrating turbine systems into greenhouse irrigation setups that utilize water from storage
basins or ponds. The purpose is to harness excess pressure to generate electricity, enhancing overall
system efficiency. This study involves designing a scalable turbine system that adapts to different
greenhouse sizes and water pressure conditions. Key methods include a novel 3D design and
implementation of a turbine outlet, using CAD modeling and high-precision 3D printing, and
the experimental characterization of the system’s power–pressure relationship and pressure losses.
Results demonstrate that a single Banki-type turbine generates nearly 12 W at a maximum pressure of
1.4 bar, 0.98 m3/h of flow, pressure 92% loss performance, and 32% efficiency. Scalability tests in the
study case reveal that up to eight turbines can be installed in series without dropping below the critical
pressure threshold, that is, above 0.6–0.7 bar, the minimum pressure expected for adequate irrigation,
and the turbines collectively produce around 60 W, considering the pressure losses with respect
to production. These findings confirm the system’s potential to enhance sustainability and energy
efficiency in greenhouse operations. This study lays a foundation for future research to optimize
3D-printed components, integrate renewable energy sources, and conduct long-term performance
studies, aiming to further improve the system’s applicability and performance in agricultural settings.

Keywords: irrigation; turbines; sustainability; 3D printing

1. Introduction

The increasing demand for energy-efficient and sustainable agricultural practices
has led to the exploration of innovative solutions in the management of greenhouse en-
vironments [1]. One such promising approach is the integration of turbine systems into
irrigation setups within greenhouses, where the water source is derived from storage
basins or ponds. This method capitalizes on the existing infrastructure to not only meet the
irrigation requirements but also to generate electricity, thus enhancing the overall efficiency
and sustainability of agricultural operations [2]. This method is of special interest in regions
like Almería (Spain).

The agricultural model of Almería, a region in southeastern Spain, stands out for
being a highly efficient model of intensive agriculture in terms of water and nutrient use as
well as energy consumption [3]. Additionally, it is characterized by innovation, compet-
itiveness, and the ability to adapt to demand [4]. Currently, the total area of greenhouse
structures amounts to 32,827 hectares, with greenhouse production reaching 3,561,056 tons
in Almería [5]. Energy consumption is very low, coming almost exclusively from the local-
ized irrigation systems used and the energy demand of passive climate control systems,
representing just over 1.50% of the total production cost [6].

Greenhouse crops are characterized by their drip irrigation systems, which provide
slow and frequent application of water to the crops through emitters. These emitters are
drainage devices present in the pressurized pipe network distributed over the crop surface.
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Drip irrigation systems offer several advantages, such as watering only the surface closest
to the plant, thereby avoiding water loss, reducing weed growth, and not interfering with
other cultivation tasks that can be carried out simultaneously [7]. The drip irrigation
system comprises the system head, primarily the pumping equipment, which provides the
necessary energy for the pressurized operation of the system. Typically, irrigation systems
operate at a pressure between 100 and 200 kPa [8]. The irrigation distribution network
within the greenhouse is usually divided into sectors ranging from 2000 to 10,000 m2. These
sectors are divided into several manifold pipes, which in turn are divided into sets of lateral
pipes that carry the emitters [9].

Traditionally, greenhouse irrigation systems rely on pumps to deliver water at the
necessary pressure. These systems often incorporate pressure-reducing valves to lower
the pressure to levels suitable for irrigation [10]. However, this approach results in the
dissipation of energy that could otherwise be harnessed. In response to this inefficiency,
this study proposes the use of turbines in series within the irrigation system [11]. This
setup not only fulfills the irrigation needs but also converts the excess pressure into electric
energy, providing a dual benefit [12,13]. Pressure-reducing valves have the advantage of
being able to adjust the pressure to a certain value with a certain degree of precision, as is
their purpose. However, the turbines are not initially designed for this purpose; therefore,
the adjustment of said pressure reduction requires a more detailed analysis of how the
turbines, and their implementation in series, affect the water pressure.

The concept of using water turbines in irrigation systems, considering their application
within greenhouses, presents unique challenges and opportunities. The primary challenge
lies in designing a system that can efficiently convert the varying pressure levels from
storage basins into usable energy without compromising the irrigation process. To address
this, this study focuses on developing a scalable turbine system that can adapt to different
greenhouse sizes and water pressure conditions.

This research involves an analysis of the power–pressure relationship, pressure losses,
and the overall energy generation potential of the proposed turbine system [14]. The
scalability of the system is a critical aspect, as greenhouses vary significantly in size and
water requirements. By characterizing the system’s performance under different conditions,
the aim is to provide a comprehensive understanding of its feasibility and benefits.

The significance of this research is underscored by the increasing emphasis on sus-
tainable agricultural practices. Greenhouses are integral to modern agriculture, providing
controlled environments for crop production. However, they are also energy-intensive,
particularly in regions where climate conditions necessitate extensive use of irrigation and
climate control systems [15]. Integrating energy generation within the irrigation system
not only reduces the operational costs [16,17] but also aligns with global efforts to enhance
energy efficiency and sustainability in agriculture.

This study presents a detailed design of a turbine system integrated into a greenhouse
irrigation setup. The system’s performance is evaluated through both theoretical analysis
and practical experiments. The relationship between power generation and pressure
levels is analyzed, taking into account the pressure losses incurred [18] due to the turbine
integration, and calculating the potential energy generation for a specific case study. The
findings provide valuable insights into the system’s viability and offer guidelines for its
implementation in various greenhouse settings.

Previous studies have explored various methods to enhance the energy efficiency
of irrigation systems. For instance, hydropower generation from irrigation channels has
been investigated, demonstrating the potential for energy recovery in agricultural set-
tings [19,20]. Additionally, the use of micro-hydro turbines in small-scale irrigation systems
has shown promise in rural and off-grid applications [21]. Another innovative approach
involves the application of fuzzy logic to determine the feasibility of turbine placement.
This method employs a decision-making program that evaluates multiple criteria to op-
timize the integration of turbines within irrigation systems [22–26]. Moreover, research
has been conducted on the specific deployment of micro-turbines in irrigation systems,
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highlighting their adaptability and efficiency in various agricultural environments [27–29].
Studies also delve into the placement of turbines in irrigation channels, examining the
technical specifications and performance outcomes in different settings [30]. This research
builds on these foundations but focuses specifically on the integration within greenhouse
environments, which presents distinct technical and operational challenges. The unique
conditions within greenhouses, such as controlled climates and limited space, necessitate
tailored solutions to effectively incorporate energy recovery systems. Furthermore, general
advancements in microgeneration technologies have been shown to significantly enhance
energy efficiency and sustainability in various applications, providing a solid foundation
for innovative solutions in greenhouse environments [31,32].

The adoption of turbine-based energy generation systems in greenhouse irrigation
can significantly contribute to the sustainability goals of the agricultural sector [33]. By
converting excess pressure into electricity, these systems reduce reliance on external energy
sources and lower the overall carbon footprint of greenhouse operations. Moreover, the
modular nature of the proposed system allows for its adaptation to various greenhouse
sizes and configurations, enhancing its applicability across different agricultural contexts.

Therefore, the integration of turbine systems into greenhouse irrigation offers a promis-
ing avenue for improving the energy efficiency and sustainability of modern agriculture.
This study aims to provide a comprehensive analysis of the design, scalability, and perfor-
mance of such a system, contributing to the growing body of knowledge on sustainable
agricultural technologies. Through detailed theoretical and experimental evaluations, this
study seeks to demonstrate the feasibility and benefits of this innovative approach, paving
the way for its broader adoption in the agricultural sector.

2. Materials and Methods

In this section, the components and functionality of the designed turbine system
for integrating energy generation into the greenhouse irrigation setup are detailed. The
schematic provided in Figure 1 illustrates the key elements and their interconnections
within the system.
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In Figure 2, the location where the installation would be placed is shown.
The components of the designed system are described below:

• Water Tank: A large, durable structure designed to hold 144 m3 of water, positioned
at an elevation to facilitate gravity-fed flow to the pump. Acts as the primary water
reservoir for the greenhouse irrigation system, ensuring a consistent supply for both
irrigation and energy generation purposes.

• Water Pump: A high-capacity pump capable of handling the flow rate and pressure
demands of the system, drawing water from the tank and delivering it to the turbines
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and irrigation network. Increases the water pressure to the required level for driving
the turbines and ensuring adequate irrigation.

• Turbines: Designed to operate efficiently under the pressure and flow conditions of
the irrigation system, connected sequentially to maximize energy generation while
managing pressure drops effectively. Convert the hydraulic energy from the pressur-
ized water into electric energy, placed in series to optimize energy extraction from the
flowing water. Turbines are used in this system as a substitute for pressure-reducing
valves, since the water requires pumping from the pond at a higher pressure than that
subsequently required for irrigation.

• Pressure Indicators: Precision pressure sensors placed before and after the turbines
to ensure accurate pressure readings, essential for optimizing the performance of the
turbines and maintaining appropriate irrigation pressure. Measure the water pressure
at various points within the system to monitor and control the operation.

• Flow Indicator: A flow meter installed upstream of the turbines to provide real-time
data on water flow, helping to adjust the pump operation and turbine settings as
needed. Measures the flow rate of water within the system to ensure that the turbines
receive an adequate and consistent supply of water.

• Valve: A robust, adjustable valve that can be regulated to manage water pressure and
flow, ensuring the optimal operation of the turbines and protecting the system from
pressure spikes, in case of turbine malfunctioning. Controls the flow and pressure of
water entering the turbine system, allowing for manual adjustments and maintenance.
This also enables characterization of the system pressure.

• Electric Regulator: An electronic device that adjusts the voltage and current from the
turbines, protecting the battery and other electric components from fluctuations in
power generation. Regulates the electric output from the turbines to ensure a stable
and usable power supply.

• Battery: A high-capacity battery designed to store the energy produced by the turbine
system, providing a reliable power source for the greenhouse’s electric needs. Stores
the electric energy generated by the turbines for later use.

• Voltage Indicators: Voltage sensors placed at strategic points within the electric circuit
to monitor the performance of the turbines and the regulator. Measure the electric
output of the turbine system, providing data on voltage levels.

• Current Indicators: Current sensors installed in the electric circuit to monitor the
current flow from the turbines to the battery and other electric components. Measure
the electric current in the system, ensuring that the flow of electricity is within safe
and optimal operating limits.

• Irrigation Network: A network of pipes and emitters designed to deliver water effi-
ciently to the plants within the greenhouse, operating at lower pressures to benefit
from the pressure reduction provided by the turbines. Distributes water throughout
the greenhouse, ensuring that all plants receive adequate moisture.

The water pump draws water from the storage tank and increases its pressure. This
pressurized water is then directed through a valve and flow indicator before entering the
turbines. As the water passes through the turbines, it drives the turbine blades, generating
electric energy. Pressure indicators placed before and after the turbines monitor the pres-
sure drop across the turbines, ensuring optimal operation and maintaining the necessary
pressure for the irrigation network.

The generated electric energy is regulated by the electric regulator to provide a stable
power output, which is then stored in the battery. The voltage indicators provide real-time
data on the electric output, allowing for monitoring and adjustments as needed.

Finally, the water exits the turbines at a reduced pressure and is distributed throughout
the greenhouse via the irrigation network, ensuring efficient water delivery to the plants.

This integrated approach not only meets the irrigation requirements of the greenhouse
but also harnesses the otherwise wasted energy from pressure reduction, contributing to
the sustainability and energy efficiency of the agricultural operation.
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The schematic in Figure 1 outlines the key components and their interconnections
within the system. Following the schematic design, the system has been installed as shown
in Figures 3 and 4. These figures provide a visual representation of the setup within the
greenhouse environment and illustrate the practical application of the schematic design.
As shown in Figures 3 and 4, the system implementation is as follows.
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The water tank, depicted in Figure 4, is an open storage basin that serves as the primary
water reservoir. This tank, positioned near the greenhouse, ensures a consistent supply of
water for both irrigation and energy generation. The water pump, also visible in Figure 4,
is installed adjacent to the tank. This pump draws water from the tank and increases its
pressure to the required level. The pump is connected via pipelines to the rest of the system
inside the greenhouse. The drive system of the pump consists of a two-stroke engine with
a displacement of 52 cc, capable of developing a power of 1450 W. The pump offers a flow
rate up to 12 m3/h with a power of 24 m of water column and a suction capacity of 7 m.
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Inside the greenhouse, as shown in Figure 3, the water flows through a network that
includes several key components:

• Turbine: The turbine is installed in the irrigation pipeline, converting the hydraulic
energy from the pressurized water into electric energy. The turbine’s placement ensures
optimal energy extraction while maintaining the necessary water pressure for irrigation.

• Pressure Indicators: These indicators are strategically placed before and after the turbine
to monitor the pressure levels. Their location before and after the turbine provides
critical data for assessing the pressure drop and ensuring efficient turbine operation.

• Flow Indicator: Positioned upstream of the turbine, the flow indicator measures the
water flow rate entering the turbine. This real-time data assists in adjusting the pump
operation and optimizing the turbine’s performance.

• Valve: Installed near the flow indicator, the valve regulates the water pressure and
flow entering the turbine. This adjustable valve allows for manual adjustments and
maintenance, ensuring the system operates within safe parameters.

• Electric Regulator and Battery: Located near the electric components, the electric
regulator adjusts the voltage and current generated by the turbine, ensuring a stable
power output. The battery, placed nearby, stores this energy for later use, providing a
reliable power source for the greenhouse.

• Voltage Indicators and Current Indicators: These sensors are placed at strategic points
in the electric circuit to monitor the performance of the turbine and the regulator. They
provide essential data on voltage and current levels, ensuring the system operates
within optimal electric parameters.

The irrigation network, visible in Figure 3, distributes water throughout the greenhouse.
The network of pipes and emitters delivers water efficiently to the plants, benefiting from the
pressure reduction provided by the turbine to ensure all plants receive adequate moisture.

Figure 5 showcases the installed turbine, a Banki-type turbine featuring 7 blades. This
turbine, with maximum dimensions of 16.8 × 15.1 × 9.8 cm3, operates at a maximum
rotational speed of 1500 RPM. Constructed from durable plastic, the turbine weighs around
1000 g. The selected rotational speed (in RPM) corresponds to a range of working flow rates,
showing that for the minimum flow rate of 0.25 m3/h, the rotational speed is approximately
211 RPM, and for the maximum flow rate of 0.98 m3/h, the rotational speed is approxi-
mately 827 RPM. The speed range between 200 and 800 RPM is a direct consequence of the
inlet flow rate to the system, which varies according to operating conditions. The RPM will
not normally be controlled or adjusted during operation; they are the natural result of the
incoming flow rate. It should be noted that, although this is the maximum range, the speed
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is normally kept stable in each of the turbines within its section of the system. The reason
why the RPM can drop to around 200 is that the last turbine placed, when placed in series,
receives a significantly lower flow rate, which affects its rotation speed.
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3. Results
3.1. 3D Design and Implementation of the Turbine Outlet

The turbine selected in this study, chosen for its wide availability, is an open outlet
turbine with no fluid redirection. However, for the intended application within the green-
house irrigation system, it was necessary to modify the turbine to include an outlet channel
to be able to redirect the pressurized water of the irrigation system to the turbine. This
modification allows the redirected irrigation water to be channeled appropriately to the
plantation, ensuring efficient and targeted watering of the crops. To achieve this, a novel
design of the turbine cover and outlet channel was created using 3D modeling.

The design of the hydraulic turbine cover included a coupling to redirect the drive
water towards an irrigation pipe. This design was optimized to minimize turbulence and
facilitate water flow, thereby improving the system’s efficiency. To enhance the fluid’s exit
towards the irrigation pipes, an outlet nozzle was designed with a larger diameter than the
turbine’s inlet. This feature aimed to facilitate water outflow, reducing the possibility of
internal turbulence. A smooth and continuous flow is crucial for system efficiency and to
prevent premature wear of the components.

Additionally, to avoid the formation of dead volumes within the turbine, the cover
was designed so that the volume increases as it approaches the outlet nozzle, guiding the
flow more efficiently and ensuring that no stagnant areas affect system performance.

The cover was manufactured using 3D printing technology with PLA material. PLA
(polylactic acid) is a bioplastic that offers an appropriate combination of strength and
durability, suitable for applications where exposure to high temperatures is not a critical
factor. 3D printing allows the creation of complex geometries with high precision and
significantly reduces production time and cost. The weight of the cover is 226 g, which
adds to the 1000 g of the turbine.

To ensure a watertight seal between the casing and the turbine, a rubber gasket was
incorporated. This gasket prevents possible water leaks, guaranteeing the system’s efficiency
and reliability. The cover and the turbine casing were connected using M6 screws, along
with their respective nuts and washers. This fastening method provides a robust and easy-to-
maintain connection, allowing for easy disassembly for maintenance or inspection tasks.

The design process began with the initial conceptualization of the outlet channel and
cover, ensuring it would fit the existing turbine model. Using CAD 25.0 software, the design
was refined to create a precise 3D model. Key considerations included the dimensions,
fitment, and structural integrity of the cover and channel. Before printing, the design was
subjected to simulations to verify that it would handle the expected water pressure and
flow without failure.
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For the 3D printing process, a durable and water-resistant material was selected to
ensure longevity and reliability under operational conditions. The cover and outlet channel
were printed using a high-precision 3D printer. The printing process included multiple
iterations to ensure the final product met the design specifications.

Once printed, the cover and outlet channel were carefully assembled and integrated with
the existing turbine. This involved ensuring a secure fit and sealing any potential leakage
points. The integrated turbine was then tested within the irrigation system to verify its
performance, and adjustments were made as necessary to optimize the fit and functionality.

A detailed plan view of the 3D-printed component is shown in Figure 6. This schematic
includes all critical dimensions and annotations, serving as a blueprint for the design
and providing exact measurements and specifications needed for replication or further
modification. It plays a crucial role in documenting the design process and ensuring
consistency in manufacturing.
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Figure 6. Detailed plan view of the 3D-printed turbine cover and outlet channel.

The final design of the 3D-printed turbine cover and outlet channel are shown in
Figure 7. These images illustrate the completed component, highlighting the detailed design
and its smooth integration with the existing turbine. Figure 7 displays the final 3D-printed
cover and outlet channel from different angles, showcasing the design’s inclusion of a flange
for secure attachment to the turbine body and a channel to direct the water flow effectively.
The novel design and integration of the 3D-printed cover and outlet channel significantly
enhanced the functionality of the turbine within the greenhouse irrigation system. This
modification not only ensures efficient irrigation but also demonstrates the potential of
using 3D printing technology for customized solutions in agricultural applications.
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Figure 8 showcases the printed turbine cover and outlet channel after its integration
into the greenhouse irrigation system. This image highlights the practical application of the
3D-printed component, demonstrating its secure fitment and functional role in redirecting
the irrigation flow. The installation ensures that the modified turbine operates effectively
within the system, maintaining optimal water pressure and directing the flow precisely
to the designated areas. This figure provides a clear visual confirmation of the successful
implementation and operational efficiency of the 3D-printed design within the realworld
greenhouse environment.
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3.2. Experimental Characterization of the Turbine System

The following section of the results focuses on the experimental characterization of the
turbine system for the specific application within the greenhouse irrigation setup. Initially,
a single turbine was characterized to understand its performance under different pressure
conditions and electric loads.

Figure 9 illustrates the relationship between pressure and power output for the turbine
under various electric loads (10 Ω, 20 Ω, and 50 Ω). The graph demonstrates that, as
the pressure increases, the power output also increases for all loads. Notably, the turbine
achieves nearly 12 W of power at the maximum installation pressure of approximately
1.4 bar. This is the maximum pressure from the pump for this particular plantation. For
higher pressures, progressively greater power results would be obtained.
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The experimental data begin at a pressure of around 0.6–0.8 bar, as pressures lower
than this range are not considered practical for the operation of this irrigation system. At
these lower pressures, the power output starts at about 1 W for a 10 Ω load, gradually
increasing as the pressure rises. The power output for the 20 Ω and 50 Ω loads follows a
similar trend but at different rates, reflecting the load-dependent efficiency of the turbine.
The graph shows that higher resistive loads result in lower power outputs at the same
pressure, indicating the sensitivity of power generation to the electric load connected to
the turbine.

This detailed analysis of Figure 9 confirms that the turbine operates efficiently within
the pressure range of the greenhouse irrigation system. The turbine can generate significant
power even at the higher pressures typically found in the setup, ensuring that the energy
recovery from the irrigation system is both feasible and beneficial for sustainable operation.

The efficiency is also obtained as the relation of the upstream water flow rate and
its pressure at the inlet, with the electrical power at the outlet as shown in the follow-
ing expression. The results provide an efficiency of around 30%, considering that the
rotational speed does not reach the maximum that is possible for the turbine in its real
implementation conditions.

ε =
P

Q ∗ p
(1)

where:

ε: efficiency
P: power (W)
Q: flow (m3/s)
p: pressure (N/m2)

Figure 10 shows the characteristic curves that reflect the relationship of efficiency with
respect to the flow rate and pressure ranges analyzed.
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Following the initial characterization of a single turbine, the system was further
analyzed to determine the performance when multiple turbines are installed in series. As
expected, the installation of additional turbines results in increased power generation but
also a progressive loss of pressure. It is crucial to ensure that the pressure does not drop
below the minimum operational threshold of 0.8–0.6 bar. The purpose of adding several
turbines is not only to obtain more power, but also to progressively reduce the pressure to
the irrigation value, thus replacing the function that the reducing valve would perform.

In Figure 11, the graph represents the generated power at different electric loads
and varying pressures, with each pressure value corresponding to the number of turbines
installed in series. As the number of turbines increases, the pressure decreases, impacting
the power generation capabilities of the system. Note that the legend in Figure 11 refers to
the value of power generated in W. Likewise, on the axis of the number of turbines, the
corresponding pressure in bar is indicated in parentheses, given that, as the number of
turbines in series progressively increases, the total output pressure decreases.



Hydrology 2024, 11, 149 11 of 14Hydrology 2024, 11, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 11. Power generation with multiple turbines in series under various loads and pressures. 

4. Discussion 
The results obtained from the 3D design and implementation of the turbine outlet, as 

well as the experimental characterization of the turbine system, provide valuable insights 
into the feasibility and efficiency of integrating turbine-based energy generation into 
greenhouse irrigation systems. This discussion section interprets these findings in the con-
text of the existing literature and the initial hypotheses, while also exploring the broader 
implications and potential future research directions. 

The 3D design and successful implementation of the turbine outlet demonstrated the 
practical applicability of customizing standard components to meet specific operational 
needs. The modification allowed the open outlet turbine to function efficiently within the 
greenhouse irrigation system, ensuring targeted water delivery to the plants. This inno-
vation aligns with previous studies that have highlighted the benefits of using 3D printing 
technology for creating bespoke components in agricultural systems. The ability to rap-
idly prototype and implement such modifications not only enhances system efficiency but 
also offers a cost-effective solution to adapting existing technologies for new applications. 

The experimental characterization of the turbine system provided critical data on the 
power generation capabilities under varying pressure conditions and electric loads. The 
findings confirmed that the turbine operates effectively within the pressure range of the 
greenhouse irrigation system, achieving nearly 12 W of power at the maximum pressure 
of 1.4 bar. The data also highlighted the importance of maintaining sufficient pressure 
levels, with the operational range identified as between 0.6 and 1.4 bar, to ensure optimal 
performance, considering also that the outlet pressure of one turbine will be the inlet pres-
sure of the next turbine when they are connected in series. 

The analysis of multiple turbines installed in series further emphasized the scalability 
of the system. The results indicated that up to eight turbines could be installed without 
dropping below the critical pressure threshold, generating approximately 60 W of power. 
This finding supports the hypothesis that series installations can enhance energy recovery 
in irrigation systems. However, it also underscores the need for careful pressure manage-
ment to prevent efficiency losses. The system’s scalability suggests that larger greenhouse 
operations, or those with higher initial pressures, could benefit significantly from this ap-
proach. Specifically, the findings indicate that the installation of 10 turbines would result 
in the generation of approximately 0.066 kWh of energy. This generated energy has the 
potential to be utilized in two primary ways: first, for self-consumption within the system, 

Figure 11. Power generation with multiple turbines in series under various loads and pressures.

The graph clearly shows that the system can accommodate up to approximately eight
turbines. At the point of installing the ninth turbine, the input pressure for the subsequent
turbine would fall below 0.7 bar, which is considered too low for efficient operation. At this
stage, the system generates around 60 W of power, indicating a practical limit for turbine
installation. Starting from the eighth turbine, the electrical production becomes very low,
nearly negligible. This is because the turbine blades, when operating below 0.6–0.7 bar,
fail to achieve continuous rotation. Additionally, reducing the irrigation pressure below
this pressure can cause significant issues within the irrigation system. The inability of the
turbines to maintain consistent rotation under these conditions not only diminishes energy
output but also risks compromising the functionality and reliability. As shown in Figure 10,
efficiency varies between 32% and 28% within the range of pressures we are working with.
As more turbines are added, pressure losses occur, causing this efficiency to change. This
characterization is carried out from the sensor system described previously, without the
use of specific software.

The scalability of the system is evident from the results, showing that the number of
turbines that can be installed in series depends significantly on the initial input pressure,
the number of parallel lines, and the power rating of the turbines used. This analysis
underscores the importance of balancing the number of turbines with the available pressure
to optimize both irrigation and power generation within the greenhouse setup.

4. Discussion

The results obtained from the 3D design and implementation of the turbine outlet, as
well as the experimental characterization of the turbine system, provide valuable insights
into the feasibility and efficiency of integrating turbine-based energy generation into
greenhouse irrigation systems. This discussion section interprets these findings in the
context of the existing literature and the initial hypotheses, while also exploring the broader
implications and potential future research directions.

The 3D design and successful implementation of the turbine outlet demonstrated the
practical applicability of customizing standard components to meet specific operational
needs. The modification allowed the open outlet turbine to function efficiently within the
greenhouse irrigation system, ensuring targeted water delivery to the plants. This innova-
tion aligns with previous studies that have highlighted the benefits of using 3D printing
technology for creating bespoke components in agricultural systems. The ability to rapidly
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prototype and implement such modifications not only enhances system efficiency but also
offers a cost-effective solution to adapting existing technologies for new applications.

The experimental characterization of the turbine system provided critical data on
the power generation capabilities under varying pressure conditions and electric loads.
The findings confirmed that the turbine operates effectively within the pressure range
of the greenhouse irrigation system, achieving nearly 12 W of power at the maximum
pressure of 1.4 bar. The data also highlighted the importance of maintaining sufficient
pressure levels, with the operational range identified as between 0.6 and 1.4 bar, to ensure
optimal performance, considering also that the outlet pressure of one turbine will be the
inlet pressure of the next turbine when they are connected in series.

The analysis of multiple turbines installed in series further emphasized the scalability
of the system. The results indicated that up to eight turbines could be installed without
dropping below the critical pressure threshold, generating approximately 60 W of power.
This finding supports the hypothesis that series installations can enhance energy recovery in
irrigation systems. However, it also underscores the need for careful pressure management
to prevent efficiency losses. The system’s scalability suggests that larger greenhouse
operations, or those with higher initial pressures, could benefit significantly from this
approach. Specifically, the findings indicate that the installation of 10 turbines would result
in the generation of approximately 0.066 kWh of energy. This generated energy has the
potential to be utilized in two primary ways: first, for self-consumption within the system,
which would directly offset the energy demand from external sources; and second, by
feeding the energy back into the grid, contributing to the overall efficiency and sustainability
of the energy system. By adopting this approach, it is possible to quantitatively assess the
energy dynamics of the system, specifically evaluating the balance between the energy that
the turbines consume and the energy that they generate. This approach also provides a
strong foundation for the further optimization and broader application of the energy-saving
device, showcasing not only its feasibility but also its potential for scalable impact.

The broader implications of these findings are significant for sustainable agricultural
practices. Integrating energy generation into greenhouse irrigation systems not only re-
duces operational costs but also contributes to energy efficiency and sustainability goals.
This dual functionality of irrigation and power generation can help offset the energy de-
mands of greenhouses, particularly in regions with high energy costs or limited access to
reliable electricity.

Future research directions could focus on optimizing the design and materials used for
the 3D-printed components to further enhance durability and performance. Additionally,
exploring the integration of renewable energy sources, such as solar panels, with the
turbine system could provide a more comprehensive solution to energy management in
greenhouses. Investigating the long-term performance and maintenance requirements of
the system in different climatic conditions would also provide valuable data to support
widespread adoption.

This study thus demonstrates the practical and theoretical viability of using turbine-
based energy generation in greenhouse irrigation systems. The successful implementation
and experimental characterization provide a strong foundation for future advancements in
this field, highlighting the potential for sustainable and efficient agricultural practices.

5. Conclusions

This study demonstrated the feasibility and benefits of integrating turbine-based gen-
eration within greenhouse irrigation systems, addressing the goals of enhancing energy
efficiency and sustainability. While traditional irrigation systems use pressure-reducing
valves to lower the high pressure from pumps drawing water from storage basins, this
study proposed using turbines to reduce pressure while generating electricity, thus utiliz-
ing the otherwise wasted energy. By designing and implementing a 3D-printed turbine
outlet cover, the study showcased the potential for customizing components to meet
specific needs, ensuring efficient water delivery. Experimental results confirmed that a
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single turbine could generate nearly 12 W within the operational pressure range of 0.6 to
1.4 bar, and scalability tests showed that up to eight turbines could be installed in series,
generating around 60 W without dropping below the critical pressure threshold. These
findings advance the objective of converting excess pressure into electric energy, in turn
reducing operational costs and supporting sustainability goals by lowering greenhouse
carbon footprints. The study highlights the importance of balancing the number of turbines
with available pressure to optimize both irrigation and power generation. Future research
should focus on optimizing 3D-printed components, integrating other renewable energy
sources, and conducting long-term performance studies in various climatic conditions, es-
tablishing a strong foundation for practical applications of turbine-based energy generation
in greenhouse irrigation systems.
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