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Abstract

The use of microturbines in irrigation applications represents a great opportunity for in-
creasing sustainable energy generation. Irrigation systems have water flow that can be
used to generate electricity based on microturbines that are acceptably configure such,
that efficiency in crop irrigation is not affected. This research validates this use of micro-
turbines through a system designed specifically for the characterization of microturbine
generation technology. This system includes a closed water pumping circuit capable of
working under, different water flow settings, as well as flow, pressure, and electricity
generation sensors. For this system, the production range of the microturbines and the
pressure loss associated with the various proposed configurations are characterized and
specifically quantified for the best performance. After design and characterization of a
scalable microturbine system, the feasibility and benefits of this application to supporting
most relevant crops supplied by localized irrigation are analysed. The experiments demon-
strate the greatest benefit with the implementation of 15 series microturbines each at 80 V,
alongside non-Citrus fruit, where a favourable balance is achieved for the amortization
period in vineyards and citrus fruit. The results validate a profitable and sustainable design
for electricity generation, with return on investment rates of up to 53%. Therefore, this
research offers real and extensive applications, while being scalable to rural, residential,
urban and industrial settings.

Key Points

» Development of an experimental system for the characterization of water microturbines
and validation in irrigation systems.

* Design of a system to obtain clean energy from the pressure head excess of irrigation
systems based on experimental characterization.

* Analysis of the feasibility and investment of the application of the sustainable energy
generation system to different crops.
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1 Introduction

The use of excess energy in pressurized water systems is one possible alternative to the pico
and microgeneration based hydroelectricity. This generation strategy is included in action
plans and policies that favour the development of a sustainable economy. Additionally, it is
compatible with the requirements of social and environmental wellness (Rodriguez-Pérez et
al. 2021a; Fetting 2020; Fry et al. 2022; Morar et al. 2021; Sinagra, 2023; Rigo et al. 2022;
Simionescu et al. 2020). The development of microturbine technology should be considered
to achieve a reduction in primary energy consumption. Moreover, such a system can help to
improve the security of the energy system (Pirard et al., 2022; Rodriguez-Pérez and Pulido-
Calvo 2019; Romero-Marrero et al. 2018; e Souza et al. 2023).

The price of electric energy is a key factor for the planning and management of water
distribution systems. The potential for energy savings and the impact of different alterna-
tives to achieve energy efficiency in water supply systems are highly variable depending on
geographical constraints and hydraulic characteristics (Lima et al. 2019; Van der Voet et al.
2019).

Water or hydraulic turbines are being installed to save energy and to lessen the envi-
ronmental impact of agriculture. Currently, the European Union (hereafter EU) has imple-
mented ecolabels that allow consumers to identify products and services that have a reduced
environmental impact during its life cycle (Kijek 2015; Pajula et al. 2017; Cordella et al.
2020). This labelling system can be implemented in water distribution networks, which
would contribute to improving the environmental information received by the final water
consumer.

There is currently great scientific and technical interest in analysing and evaluating the
possibilities of recovering unused energy in pressurized and gravity water distribution sys-
tems. Such research investigates the optimal location and operating scheme of the hydraulic
machine to be installed, as well as its influence on the control and management of the pipe-
line network.

This body of specialized literature has evaluated the use of pico and microturbines in
hydraulic networks as an alternative to generate electricity from unused hydraulic energy.
There are regulating valves in most plantations that are used to dissipate the excess energy
by controlling or reducing pressure head of the flow. The objective of these works is to
take advantage of this excess of energy. Table 1 presents relevant studies. The literature is
limited regarding the use of pico and microturbines (W range of power generation) where
the relevant works found respond to the use of water distribution by gravity. Relevant
examples considering the use of small turbines (kW range of power generation), serve to
base the developed forced conduit system and the subsequent experimental analysis of this
research with microturbines. Likewise, Table 1 shows that the majority of turbine applica-
tions respond to water distribution in both residential and rural applications. The proposal of
this study is based on a microturbine application for pressurized conduits, which is a specific
novelty. Additionally, this work innovatively proposes a specific experimental system that
allows different microturbine proposals to be validated in a validation environment with
precision, and scalable results. Likewise, the results are proposed to be relevant not only for
a specific irrigation context, but also for different crops and applied to both the context of
Spain and the European Union.
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Table 1 Synthesis of the biblio- Reference Power Conduit Application of
graphic compilation on the use range the microtur-
of excess energy in hydraulic bine system

systems using turbines

(Christiansen 2016) S F Drinking water
(Azmi et al. 2022) S F Urban buildings
(Kim et al. 2015) S F Residential
(Rodriguez-Pérez et al. S F Rural water
2021b) distribution
(Samora et al. 2016) S F Urban water
distribution
(McNabola et al. 2014) S F Industry
(Boroomandnia et al. 2022) S G&F Urban buildings
S: Small turbines (kW) (Adhikary et al. 2006) M G Rural domestic
M: Pico and microturbines (W) (Songad et al. 2022) M G River
F: Forced conduit (Akshay et al. 2019) M G Rural portable
G: Gravity conduit Author’s proposal M F Crop irrigation

2 Materials and Methods
2.1 Analysis and Selection of Irrigated Crops

The irrigated area in Spain exceeds 38,000 km?, which as increased in the last two
nationwide statistics by approximately 1.25% yearly (MAPA, 2021). The greatest area,
including almost 30% of the total, is located in the Autonomous Community of Anda-
lusia (southern Spain)”. The progressive increase in irrigated area over the last few
years has led to the evolution of the different existing irrigation systems. Thus, within
the different types of irrigation most widespread, the localized or microirrigation sys-
tem stands out for water application to crops of approximately 55% of the irrigated
area of Spain. Compared to other relevant systems, despite having lower penetration
in the country, such as surface, sprinkler or automotive irrigation technology, localized
irrigation systems consume less water resources (MITECO, 2015; Ortega et al. 2002;
Serra-Wittling et al. 2019). Of all the irrigated area in Spain by microirrigation systems,
42.5% is also located precisely in Andalusia, being 80% within the systems of this
region; and increasing its presence by approximately 11% per year in the last decade
(MAPA, 2021). This justifies the selection of the Andalusia region as a geographical
delimitation of this research.

Once the study area has been delimited, several relevant conditions have been considered
to select the crops to be analyzed specifically. The decision factors are as follows:

a) The main crops in Spain are in proportion to the total irrigated area (Fig. 1A).

b) The main crops in the Andalusia region in proportion to the total irrigated area (Fig. 1B).

¢) The main crops were selected, based on the two previous criteria, regarding the use of
localized or microirrigation systems (Fig. 1C).

The six main irrigated crops in Spain are cereals, olive groves, noncitrus fruit trees,
vineyards, citrus fruits and forages, which total more than 80% of the total irrigated
area (Fig. 1A). In Andalusia, the main irrigated crop, with more than 62%, is the olive
grove. This crop, together with industrial crops, fruit trees, cereals, vegetables and flow-
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Fig. 1 The main crops in Spain (A) and in Andalusia (B) in relation to the percentage of the total irrigated
area. (C) Percentage of irrigated area in Andalusia of selected crops through the localized or microirriga-
tion systems (MAPA, 2021)
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Fig. 2 (A) Schematic diagram of the facility, (B) View of the completed facility

ers, forms more than 95% of the irrigated croplands of Andalusia (Fig. 1B). Figure 1C
shows the proportion of irrigated area in the Andalusia region of these selected crops
through the localized or microirrigation systems. Under this criterion, cereals and for-
ages are discarded in this study due to their residual presence in this type of irrigation
system. In addition, the contribution of industrial crops or vegetable and flower crops,
is also quite small compared to the remaining crops and moreover its nationwide weight
is limited. Thus, the four crops that highlight are nationally prevalent, found in the
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Fig. 3 Power generated (P) against inlet pressure (p) for the 5 V microturbine

Andalusia region, and are amenable to the use of localized or microirrigation systems
are: (i) olive groves, (ii) non-Citrus fruit, (iii) citrus fruit and (iv) vineyards. Although
the presence of vineyards near the comparing the irrigated area in Andalusia is limited,
their presence throughout Spain and its economic relevance justifies consideration of
vineyards in this research.

Overpressure in pressurized irrigation systems is the cause of major inconveniences such
economic losses, material fatigue and damage or malfunction of the emitters. Microturbine
installation allows a double tactic: to avoid the harmful effects of overpressures in the pipe
network and to take advantage of this overpressure to obtain economic profitability. Micro-
turbines offer an advantage over pressure-reducing valves of cogenerating energy, rather
than dissipating it without any use.

In the present research context, the main objective is to experimentally validate
the feasibility of using the excess hydraulic energy (i.e., overpressure) that frequently
occurs in localized or microirrigationsystems (i.e., pressurized) through the installation
of microturbines. The corresponding electricity generation can power on site appli-
cations or provide generation to the grid. As a secondary or instrumental goal, it is
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Fig. 4 Power generated (P) against inlet pressure (p) for the 12 V microturbine

necessary to design and execute an experimental laboratory facility that demonstrates
suitability for this main purpose. This experimental evaluation will be conducted for
selected crops. Different test alternatives are evaluated, testing turbines of different
powers as well as with different pressures to determine viable and profitable solutions.
The economic feasibility analyses are conducted by calculating the benefit generated by
the installed system.

2.2 Design and Implementation of the Experimental Evaluation System

To experimentally evaluate the feasibility of pico and microturbines in localized or microir-
rigation systems, the following design criteria for an experimental facility are proposed:

1. Enables characterization the operation of microturbines, including generation and
efficiency.

2. Allows regulation of the water static pressure at the turbine inlet.

Forms a closed circuit so as not to consume water during experimental tests.

4. Is adaptable to different microturbine configurations.

w
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Fig. 5 Power generated (P) against inlet pressure (p) for the 80 V microturbine
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Fig.6 Schematic diagram of the implantation of the microturbines in the plot
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Fig. 7 Benefit ratio against number of turbines coupled in series both in the European Union (EU) and
Spain

Table 2 Results for the four selected crops and its three variants considered

Crop and variant N° of Crop Annual  Initial investment Marketing ~ Marketing Instal-
crop ir-  irrigated irrigation + unit mainte- ben- ben- lation
rigation area time (h)  nance per area efit (Spain) efit (EU)  life
lines (C)(ha) (US$/ha) (US$/ha) (US$/ha)  (years)

Olive grove 1 16 6.18 547.5 290 71 134 6.4

Olive grove 2 20 6 547.5 373 92 173 6.4

Olive grove 3 80 20 547.5 448 110 207 6.4

Citrus fruit 1 34 6.86 1825 555 137 257 1.9

Citrus fruit 2 35 16 1825 245 60 113 1.9

Citrus fruit 3 25 8 1825 350 86 162 1.9

Not citrus fruit 1 130 2.75 120.5 5294 1304 2451 29

Not citrus fruit2 160 4 120.5 4480 1104 2074 29

Not citrus fruit 3 124 32 120.5 4340 1069 2010 29

Vineyard 1 56 2.41 756 2602 641 1205 4.6

Vineyard 2 74 35 756 2368 583 1096 4.6

Vineyard 3 92 4 756 2576 634 1193 4.6

Figure 2 shows the final designed and installed facility The different components of this
experimental validation facility are as follows:

A hydraulic inlet pump that automatically supplies the needed water to the system.

e A water tank from where water is pumped and returned from the system to form a closed
circuit for experimental testing. This system can be adapted to open circuits and charac-
terize specific water volume consumption.

e A series of control pressure valves are distributed at the pump outlet, at the inlet of the
microturbine, with in three lateral lines configured parallel to the microturbine line.
With this spatial arrangement, the desired inlet static pressure to the microturbines is
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Fig. 8 Profitability ratio regarding the number of microturbines coupled in series and the number of oper-
ating hours (3500 h, 3600 h, and 3700 h) both in the EU and Spain

precisely regulated.

e Pressure measuring sensors at the inlet and outlet of microturbines are included to char-
acterize the efficiency of microturbines in terms of static pressure drop. The percentage
efficiency responds to the difference in pressure at the outlet compared to the inlet.

A water flow metre was used to characterize the discharge and pressure ratio.

Voltage and current sensors to characterize microturbine power generation.
Connecting pipes, whose diameter is similar to that used in real irrigation systems. Typi-
cal nonfixed irrigation joints are used to allow modification to the system, including the
number of turbines in the test.

Three models of microturbines are considered (i.e.,5, 12 and 80 V, DC power). The guar-
anteed operating time of this model of microturbines is 3500 h at maximum performance.
Although its real running time is much longer, this value is considered for the characteriza-
tion and validation conducted in this work. First, the model is characterized by varying the
inlet pressures in the turbine from 0.5 bar up to 2 bar (in increments of 0.1 bar). With this
it is known when the turbines have a better performance within irrigation water pressures.

3 Results and Discussion

Based on the experimental facility developed, the following variables of the microturbines
are analysed:

(1) Efficiency of microturbines with respect to pressure drop. The pressure drop in a single
microturbine, using differential pressure sensors previously described, is measured as
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3%, successively increasing with the number of turbines coupled in series in the same
water line.

(2) Discharge and pressure ratio. This allows us to characterize the piping of the microir-
rigation systems and unify the analysed crop data into a single parameter. For this study,
0 =9.672p"%%3 (R? = 1.00) where Q is the flow discharge (I/min) and p is the pressure
at the turbine inlet (bar).

(3) Generation of microturbines. The power generated by the three models of microtur-
bines of different voltages (5 V, 12 and 80 V (Figs. 3, 4 and 5)) was analysed within
the typical pressure range of crops where the hydropower system could be applied
(between 0.5 bar and 2 bar). For this, the consumption load profile in resistive mode has
been adjusted to the output of the microturbine and within the permissible range. The
highest power generation is obtained with a power of 14.8 W and using the 80 V micro-
turbine. Figures 3, 4 and 5 show the relation between the maximum power generated by
the turbine (P), according to the water pressure (p) and the resistance (R) to control the
load applied to the turbine.

With the key of the microturbines characterized and relevant efficiency and generation
data obtained, an implementation scheme is proposed in Fig. 6. The circuit starts with
a pump, which is part of the existing irrigated area and drives the water throughout
the whole irrigation system. The supply or application of the water scheme in the plot
is organized from a main distribution line and a series of lateral branch lines. In each
of these lateral lines a microturbine system is installed in a parallel or bifurcated way
(Fig. 6). This system consists of a set of microturbines coupled in series (the number of
coupled microturbines is a matter to be determined in this study), together with a sys-
tem of manual valves. A valve is installed at the beginning and another at the end of the
microturbine section, such that the microturbine line is parallel to a lateral line. Thus,
in the case of maintenance requirements or failure in the microturbine system, changing
the position of passage in the valves the bifurcation of flow through the microturbines
section is cancelled and instead water flows only along the lateral line and water appli-
cation is never interrupted.

Next, the application of the designed system of microturbines to the four key crops pre-
viously selected is analysed. This process compares the parameters corresponding to the
economic profitability (related to the benefit) with the time lapse needed to obtain these
benefits in relation to the annual irrigation time of each type of crop.

To calculate the energy savings of this investment, we consider the average price of
electricity in 2022 (i.e., the last year for which all data are available). A comparison is made
between the prices of 2022 in Spain and those of the European Union (EU). For this, we use
the data provided by the Iberian Electricity Market Operator (OMIE, www.omie.es). The
average price of electricity in 2022 was approximately 210 US$/MWh for Spain, while for
the EU in 2022 it was approximately 250 US$/MWh.

For calculating the number of turbines coupled in series per line two scenarios are
assumed. The first scenario corresponds to the average price of the EU, while the sec-
ond scenario concerns the average price in Spain. To determine the optimal number of
turbines coupled in series on each line (N), as many turbines as are cost-effective will be
installed. To obtain the optimal number of turbines, the following algorithm is applied
(by iterative calculation) to maximize profitability:

@ Springer


http://www.omie.es

Water Microturbines for Sustainable Applications: Optimization Analysis... 1021

N .
Lineprofit for Nturbines (US$) = 2-71 Py~ 'V,P, — C.— C,, (1)

Income per turbine (US$) = Py’ 'V, P.

Cost per turbine (US$) = C, + C,,

Power genertad per turbine (kW) = Py’

where N = number of turbines coupled in series on each line; P = maximum experi-
mental mechanical power of the turbine (14.8 W); n = experimental efficiency of each
turbine (0.97 for each turbine, but efficiency is progressively reduced as the number of
turbines coupled in series increases); V,, = turbine’s design life according to manufac-
turer (3500 h) (note that this value for the experimental useful life represents a conser-
vative estimate); P, = average electricity price in 2022 (i.e., 210 US$/MWh in Spain and
250 U$/MWh in the EU); Cc = acquisition cost (6 USS$ per turbine + 1 US$ by hydraulic
joints); and Cm = maintenance cost (1 USS$ per turbine during its lifetime).

The result of applying Eq. (1) to the two electricity price scenarios (i.e., Spain and
the EU) are shown in Fig. 7. The benefit is maximized for 15 turbines in the energy price
scenario in Spain, as well as for 21 turbines for the energy scenario in the EU. Note that
average price of electricity directly affects the maximum point on the curve for each
scenario, so in Spain, having a lower price, less benefit will be generated (in relation to
the same electricity generated) with each turbine. Applying the most restrictive case,
the number of turbines immediately below the lowest maximum number is considered,
i.e., 14 turbines. In this case, the 15th turbine produces a marginal benefit (US$0.03).
Since its implementation would represent an insignificant profit, its installation is dis-
carded. It is evident that the price of electricity fluctuates greatly. As shown in Fig. 7,
comparing 14 and 15 turbines placed in series, the gain is practically negligible.

To assess the validation of the proposed hydropower system in the previously selected
crops (i.e., olive grove, fruit trees (citrus and noncitrus) and vineyards), a series of crops is
analysed based on the number of lines, crop irrigated area, and annual irrigation time. For
comparative purposes, the following variables are calculated for each of the crops:

US$> _ C.+CuNL

Initial investment + unit maintainance per area ( b c 2)
a a

N i—1
i P wPe — > Ym
Unit bene fit per area Uss = 2w P Vb = G = G LL 3)
ha C’(z
Facility's operating li f e time (years) = Au 4)
t

where L = number of crop irrigation lateral lines (Fig. 7); Ca = crop irrigated area (ha); and
At = annual irrigation time (hours/years), having already defined the other variables.
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The Table 2 shows the results for each of the four crops studied and for the three
variants assumed for each crop. The range of benefit per hectare generated if the crops
were located in Spain or in the rest of the EU is shown. Notably, the price of electric-
ity in Spain is one of the lowest in the EU, therefore, this comparative study represents
one of the scenarios that is least economically favourable to microgeneration systems.
Finally, the last column shows the number of years needed for the turbines to reach their
minimum number of operating hours according to Eq. (4)

The return on investment (ROI) is 28% for Spain and 53% for the EU. Likewise, the
benefit that would be obtained for every 100 h above the turbine design life would be 13%
(3.6 US$) for Spain and 8% (4.3 US$) for the EU, as shown in Fig. 8.

4 Conclusions

To overcome the contrasting results reported between laboratory tests (using a spe-
cially designed facility) and full-scale numerical modelling for four types of irrigated
crops in southern Spain, this study considers the application of microturbines to harvest
excess hydraulic energy (overpressure). The optimal number of microturbines coupled
in series for each lateral irrigation line in a plot has been determined by maximizing the
unit benefit according to the electricity prices in Spain and in the European Union. This
optimal system is determined to be 15 80 V turbines in series. It is verified that micro-
turbines generate a profitable electrical implementation, with high rates of return on
investment, up to 53%, according to the price of electricity. Based on annual irrigation
time, the hydropower system is amortized in the least time when used with non-citrus
fruit crop (1.9 years). This occurs because this crop requires the most hours of irrigation
per year. The crop for which the highest unit benefit is obtained by commercialization
of energy is noncitrus fruit (~ 1668 US$/ha). However, because it is a crop that requires
a few hours of irrigation per year, it results in the longest amortization period of the
hydropower system. The crops with the lowest unit benefit are olive grove and citrus
fruits (~ 131 US$/ha, ~ 135 US$/ha). However, since citrus fruits require more than
three times the number of irrigation hours per year, their amortization period is lower
by the same proportion. Vineyards show a balance between benefit and amortization
period (~ 892 US$/ha, 4.6 years), within its limited presence in the context of the study.
The system proposes a form of generation that is limited to excess pressure in the water
network, since the turbines cause a loss of load. Therefore, the proposed design places
them at the end of the installation, which also limits its topology. Additionally, due to
this head loss, the maximum benefit is limited to a certain value of turbines. It has been
demonstrated that the application of microturbine systems to exploit excess hydraulic
energy (overpressures) in the irrigation crops and regions selected in this study, scal-
able from rural applications in springs to industrial water applications, is a viable and
efficient alternative for power generation.

Future work will explore the implementation of our system in different crops to further
validate its potential for serving long-term applications.
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