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a b s t r a c t

The search of the sustainability in the water system and the improvement of the different targets, which
are included in the different sustainable development goals. It implies the water managers must define
new strategies, which define the establishment of new investment and making-decision in this align-
ment. The new proposed approach proposes the use of hybrid renewable systems, which are optimized
by two simulated annealing procedures included inside of the methodology. It is applied in a real irri-
gation network where there are pump stations. The methodology chooses the best location of the
microhydropowers systems and the selection of the best machine between a database of 674 pump
working as turbines defining the minimum area of photovoltaic systems to be feasible the hybrid
renewable system by a techno-economical analysis. The applied optimization procedure reached an
annual average self-consumption energy value above 0.9, showing an annual positive energy balance of
283 MWh, using renewable energies and they could be sold to the grid. The environmental analysis
shows both an annual reduction of 2838 tones of CO2 emissions and 553 MWh generated using non-
renewable energies.

© 2022 Published by Elsevier Ltd.
1. Introduction

Energy needs water, and water needs energy, this relationship is
an interdependence on which the scientific world has been
focusing its attention in recent decades [1]. Numerous studies seek
to determine the sustainability condition of water distribution
networks. One of the most famous of these is the United Nations by
Sustainable Development Goals (SDGs), which aim to achieve
optimal goods and services for all human beings [2]. Water service
is affected by the demand for this service. The increase in demand
due to population growth has created the need to look for new
energy sources to supply the equipment in a more sustainable
manner [3]. Currently, the improvement of the living standards and
the increase of sustainable water management strategies [4]. The
search for efficiency improvement caused different international
-Romero), mopesan1@upv.es
and national programs, which are focusing on developing strategies
to enhance the adaptive features of water governance [5].

Water management cannot leave out the irrigation use. Agri-
culture consumes 70% of the fresh water withdrawn per year
approximately. It implies the optimal use of water resources, as
well as the improvement of the efficiency in its captation and dis-
tribution, will be the main challenges worldwide [6]. This challenge
was established by the different countries, developing policies,
which searched the improvement of irrigation schemes, the saving
water and its adaptability, mainly in developing countries [7].
Europe defined different directive frameworks, whichwere focused
on the improvement of irrigation efficiency since 2000 [8]. In this
line, the Spanish government carried out an intense irrigation
modernization process between 2002 and 2015. The main aim of
this modernization was to achieve significant water savings, in-
crease flexibility and guarantee the supply [9].

These improvements joined to newchallenges, which search the
use the renewable energies to reduce carbon emissions and to in-
crease the sustainability of the different systems obligate to
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consider new management analyzing the nexus water-energy.
European Union fixed targets on 20% of the consumed energy
should be obtained by renewable technologies [10]. It implies the
agricultural area, which has high solar radiation values, the
photovoltaic technology represents a clean strategy to generate
energy to supply the different consumption in the water distribu-
tion systems [11].

The use of photovoltaic panels (PVP) as a source of energy for
pumping stations is one of the alternatives that is gaining more
fame because it is one of the most promising applications that can
be assigned to this technology [12]. Places that are located in areas
remote from the urban center, non-electrified and/or isolated are
opting for the installation of this alternative because it facilitates
thewater supply in these areas, defining the following functions: (i)
to integrate the rural communities [13], (ii) to constitute a potential
option to draw down water in the remote locations [14], (iii) to
improve the sustainable development of these communities to-
wards zero-net energy consumption [15].

The incorporation of a pumping system based on the use of solar
energy can generate better control of the system and also minimize
the use of water losses in the distribution network [16]. In these
lines, different approaches were defined to take advantage of the
used surface to install a photovoltaic system both ground (called a
ground-mounted photovoltaic panel, GPV) and floating in the free
surface of the reservoirs (called floating photovoltaic panel, FPV)
[17]. In any used system, the variation in the intensity of solar ra-
diation causes the energy production does not remain constant
throughout the day [18]. Therefore, storage is necessary using a
battery bank, especially for pumping systems that aim to meet the
demand regularly, guarantee the service at times when the pro-
duction of electricity is lower or even zero and avoid the lack of
power [19]. Studies even indicate the inclusion of energy storage
systems [20]. Their oversizing can preserve and reduce the pump
engine from energy production reductions due to climatic condi-
tions [21].

These green supplies of energy were considered by different
researchers. As an example of some of them [22], proposed a per-
turb/observed algorithm, which improved the overall system effi-
ciency. An energy management control strategy was optimized by
Ref. [23]. The strategy proposed an optimized control to maximize
the effectiveness of the pump storage hydroelectric double effect
system in the irrigation and electrical power restitution. It operated
under the condition of constant flow since it will be focused on
storage. The challenge was focused on improving the return rate
compared to the traditional PV system [23]. increased return rate
above 30% compared with the traditional PV system [24]. devel-
oped a review of the different variables of the objective functions as
well as the different optimization techniques used by the different
solutions of the problem by multi-objective optimization ap-
proaches as linear programming strategies. The analysis of this
research showed there were few researchers, which considered the
use of hybrid renewable energies applied to hourly demanded
water systems [25]. proposed a stochastic strategy to minimize the
operation cost in a daily pumped-storage unit and irrigation sys-
tem. It was based on forecasted wind power, microgrid load de-
mand and water needed for irrigation in a market environment,
decreasing the annual operation cost above 110,000 V [26]. pro-
posed a modified isotropic model, which defined the best strategy
to pump water to an irrigation pond, minimizing the water con-
sumption. Besides [26], showed different review values of the
literature according to average mitigation cost of reduction of CO2
(153V/tonneCO2), the average value of net present values, although
the energy return on investment depended on the PV generator
dimension. The energy payback time was between 1.94 and 5.25
years while the carbon payback time varied between 4.62 and 9.38
854
years [27]. established a review of the electric power generation
with the help of solar panel/thermoelectric generator/Rakine cycle
based technology applied to irrigation systems. As in previous
cases, the irrigation pump operated to the reservoir and it implied
the optimization was established to control the volume of the
reservoir. The development of strategies, which were focused on
optimized the hybrid renewable systems did not consider the
reservoir or controlled demanded is reduced. Therefore, the anal-
ysis of optimization strategies is necessary when the free demand
of the users, the system is pumped partial or totally and the farmed
area can vary over time.

[28] established the analysis of PV systems combined with
desalination shown Levelized Cost Of Energy (LCOE) equal to 43V/
MWh [29]. developed a comparison between parabolic trough
pump, concentrating dish pump and photovoltaic pump in Sudan.
They reached LCOE values of 30, 53.36 and 68.18 V/MWh, respec-
tively [30]. proposed a genetic algorithm model to find the optimal
photovoltaic panel water system size, considering the maximum
profit as an objective function, showing an improvement in the
annual profit of 18%. A multiobjective optimization procedure was
established by Ref. [31]. The research defined the most efficient
combination of hydrants and subunits to be opened simultaneously
in an irrigation pumped network. The objective function was to
minimize the number of solar photovoltaic panels and the energy
consumption required to drive pumping devices directly connected
to solar panels, reaching a minimum daily energy consumption of
429 kWh without showing the economic values [29]. proposed a
two-stage optimization strategy, which was carried out in an
intelligent microgrid system considering the loadmanagement and
the energy storage enhancement. The proposal increased the irri-
gation efficiency above 10% [32]. developed a hybrid optimized
system using HOMER, which considered photovoltaic/diesel sys-
tem simulated to change the diesel generators required for water
pumping systems. The optimizationwas focused onminimizing the
LCOE value, reaching operation management of 60% using renew-
able energies. A hybrid optimization by genetic algorithms software
was proposed by Ref. [33], which showed LCOE values, which
oscillated between 13 and 108 V/MWh as a function of the hybrid
scenario.

In these conditions, the support of the system can also be carried
out using variable frequency drivers, which achieves higher effi-
ciency points in the work of the pumping equipment and, at the
same time, increases the useful life of the pumping equipment [34].
The design of the PV for pumping systems must be able to guar-
antee the optimum operating point to improve the efficiency of the
system [35]. Studies indicate that the use of photovoltaic panels for
pumping systems can reduce greenhouse gas emissions by an
important proportion [36]. In this line, the improvement of water
management is introducing the use of a micro-hydropower system
to increase the energy efficiency and reduce the energy, which is
dissipated in pressure reduction valves [37]. The installations of
these systems enable energy generation, which can be used for self-
consumption if the recovery systems are near the consumption
points [38]. These hydraulic recovery systems were studied for
different researchers who established the best operation mode
[39], regulation strategies [40], optimization strategies for the lo-
cations in water supply networks [41] and used hybrid with PV
systems [42].

Mixing PV systems and microhydropower systems [43], devel-
oped a comparative analysis between a hybrid pump-as-turbine/
solar pilot system (PAT-PV) and a traditional diesel generator. The
research analysed the economic and environmental evaluation but
it did not show any optimization procedure. The payback period of
the analyses was eight years and the energy demandwas only 2% of
the potential generation of the hybrid system. The CO2 emission
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was 2.6 gCO2eq$kWh�1, which was 30 times lower than the tradi-
tional non-renewable system. When the hybrid system (PAT-PV
system) was compared with PV system only, the carbon emission
varied from 57.6 to 92 gCO2eq$kWh�1, respectively.

The alignment of these technologies in water management is
necessary because the energy use in the water sector is growing,
and all the quality requirements need to adapt to climate change
while the reduction of greenhouse gases emissions [44]. The reach
of the different targets of the sustainable development goals (SDG),
which improve the quality of the environment is crucial, including
the reduction of carbon dioxide and other gases that promote
climate change, which generates the implementation of proposals
to control emissions [45]. In the water sector, the cost of water is
largely due to the operation and efficiency of distribution systems
[46]. Several analyses show how implementing system operation
policies can result in improved sustainability of water distribution
networks, as well as improvement in the management of the en-
ergy required [44]. In this line, the proposed sustainable indicators
are necessary to evaluate the water systems and the water man-
agement have tools for evaluating theirs making decisions as well
as knowing their evolution over time.

This research proposes a methodology to integrate the use of
hybrid systems, particularly GPV, FPV and micro hydropower sys-
tems in irrigationwater systems, which have pumped areas in their
irrigation area. The research proposes an optimization strategy,
which evaluates the energy needs and it establishes the best
location of the micro hydropower system, defining the minimum
feasible area of GPV and FPV for reaching the zero-net consumption
of non-renewable energies. The strategy considers economic in-
dexes for the optimization procedure and it develops the evaluation
of the sustainable indicators to evaluate the water operation. The
optimization procedure is applied to irrigation systems, which
operate considering flow on demand. It is a real novelty since the
analysis of energy needs and analysis of the possibility to generate
renewable energy to be self-consumption is not already developed.
The operation scheme is defined in Fig. 1.

The research proposes the optimization of the FPV and GPV as a
function of the farmed area, the recovered energy using micro-
hydropower system integrated into a gravity system and a flow on-
demand in the water system. This generated energy will be
consumed at the consumption point, particularly, at different
pumping stations. The energy excess could be stored using
Fig. 1. Overall effic
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batteries or they would be sold to the grid. The methodology
minimizes the need to purchase energy for the grid when the
hybrid system is not able to supply the energy demand. The novel is
focused on the capacity to work with irrigation system, which
operates on-demand both gravity and pumped systems and this
management is discretized hourly. The manuscript is organized in a
literature background, which is described in this section. The sec-
ond section develops the proposed methodology. The third section
is divided into five sections in which (i) the case study is described;
(ii) the results of the optimization procedure of the hydraulic re-
covery system are shown; (iii) the analysis of the influence of
farmed area is exposed according to hybrid system optimization;
(iv) the energy balance and renewable analysis is exposed; and (v) a
discussion of the optimum solutions. The fourth section contains
the conclusions of the research.
2. Material and methods

The proposed methodology is divided into five different blocks
(Fig. 2), which consider the hydraulic operation of the system
(Block A), the photovoltaic generation (Block B), Economic Analysis
(Block C), Environmental analysis (Block D) and the Techno-
Feasibility model (Block E). The last block integrated all previous
block systems optimized the making-decision considering the
previous blocks according to Fig. 2, which shows the relationship
between blocks. Block A contains two simulated annealing pro-
cedures to develop the optimization procedure related to the hy-
draulic network while Block B establishes the photovoltaic analysis
to be implemented in Block E, which analysis the different
renewable systems as a function of the flow on-demand, farmed
area as well as economic conditions.

This first block is defined by four different steps: networkmodel
(A.1), energy balance (A.2), pumped analysis (A.3) and recovery
analysis (A.4). The first step has themain goal to define the flowand
pressure in each point over time. In this case, a model is developed
using EPANET [47]. The patterns are defined in each irrigation point
considering the irrigation needs. The network considers the
different reservoirs, which supply different irrigation areas. These
reservoirs can supply the demand at each moment, considering the
variable irrigation area as a function of the scenario as well as the
evapotranspiration.

The developed model is used in the second step (A.2) to develop
iency Scheme.



Fig. 2. Proposed methodology.
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the energy balance. This has the goal to define minimum hydraulic
requirements to guarantee the quality of the irrigation service. It
enables the definition of theoretical energy balance as well as the
operation points (flow and injected head) for the pumped area of
the systems. The energy balance in the irrigation points is defined
by the following expression, which was summarized by Ref. [48].
The model considers the annual balance of energy in each moment
defined by Equation (1):
856
Xn

b¼1

ETb ¼
Xn

b¼1

�
EFRb

þ ERIb þ ETRb

�
(1)

where ETb is the total energy, which is supplied in the system in
kWh considering the n irrigation points. This energy considers both
supplied energy by gravity as well as the needed energy supplied by
pump stations; EFRb

is the friction energy dissipated by losses in
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kWh; ERIb is the required irrigation energy in kWh. It enables the
knowledge of the minimum energy to satisfy the irrigation demand
at a satisfactory level for the user; ETRb

is the theoretical recoverable
energy in kWh in this irrigation point. If the analysis point is a line,
the water manager should consider also the theoretical non-
recoverable energy (ENTRÞ due to the topology of the network [48].

The knowledge of the operation flows enables the definition of
the operation of the pumped systems (A.3). It allows water man-
agers to define the regulation strategy of the pumps, and therefore,
it establishes the energy needs of the system. Otherwise, the
knowledge of the operation flows in the gravity system as well as
the values of the theoretically available energy enable the recovery
analysis using microhydropower systems. This analysis is consid-
ered in step A.4. This stage is focused on the recovery analysis and it
is defined by two different stages. The first stage, called A.4.1
Location optimization, is established by five different stages: (i)
Definition Optimization Function; (ii) Generation of the initial
configuration; (iii) Simulated Annealing procedure; (iv) Localiza-
tion Recovery Systems; and (v) Operational Points.

The optimization procedure was developed using WaterPAT soft-
ware, which was programmed by the authors. The schematic pro-
cedure of the simulated annealing is defined in the following figure.

Fig. 3 shows the different steps. An ordered list of the elements,
which want to be optimized is generated. The order is established
according to the energy balance defined by the objective function.
The algorithm uses different parameters as initial temperature (TiÞ,
the final temperature (Tf ), cooling ratio (a) and number of transi-
tions for each temperature step (L0). A sensitivity analysis is
developed previously to improve the optimization. The transition
temperature (Tt) is calculated according to a geometrical relation,
which is defined by a a coefficient. The range of the parameters is
Fig. 3. Example of one of the simulated procedures applied to the methodology.
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defined between 2 and themaximum number of lines in the supply
system. The simulated procedure defines new combinations be-
tween different m elements. It stopes when it reaches the optimum
configuration for the N system. The procedure is completely
defined and evaluated by Ref. [41].

The simulated annealing is developed using the Levelized Cost of
Energy (LCOE) [49]. It is used as the optimization function to be
minimized. This function only takes into account expenses (initial
investment and annual costs) and it does not depend on energy
prizes.

LCOER ¼
ICR

0 þPi¼T
i¼1

ACR
i

ð1þkÞi
Pi¼T

i¼1
RER

i

ð1þkÞi
(2)

where ICR
0 is the initial investment in V in the year 0, considering

the electric line to reach the supply points; ACR
i is the operation and

maintenance costs in V for the year i; RERi is the annual recovered
energy in kWh for the year i; T is the lifetime in years, considering
25 years since it coincides with the photovoltaic panels; k is the real
discount rate using a sensitivity analysis between 0.01 and 0.1. The
real discount rate included both nominal discount rate and ex-
pected inflation rate, similar to other software (e.g., HOMER) [50].

When the optimization function is defined, the simulated
annealing is applied. It establishes the initial configuration and runs
the optimization procedure. This procedure was defined and applied
by Ref. [41]. The solution of the simulated annealing determines the
best locations of the recovery systems, considering the different
pipes and the different optimization functions. When the location is
finished, the methodology continues to choose the best machine
(A.4.2). The selection of the machines contains the second optimi-
zation procedure. This optimizes by simulated annealing and the
model searches for the best machine to be installed in the previous
optimized location, which defines the available operation points.

This step is defined by five different steps, which are focused on:
(i) establishing the databasemachine, (ii) Definition of the regulation
strategy. This sub-step defines the operationmode of the machine. It
can choose between non-variation rotational speed or variable
rotational speed. When the variation rotational speed is considered,
different strategies are analysed: best power head (BPH), best effi-
ciency head (BEH) and best power flow (BPF) [51]; (iii) the initial
configuration is defined according to (i) and (ii); (iv) the simulating
procedure is developed; (v) the best solution is established in terms
of the optimization function and the different variables to choose the
number of machines, flow regulation per machine and recovered
head depending on the selected optimal strategy.

When block (A), which performs on the hydraulic system, es-
tablishes the real recovered energy using hydropower, the second
block starts if the consumed energy is higher than generated en-
ergy. The second block (B) is focused on the get the maximum
energy by solar irradiance by square meter. The block is defined by
four different sub-blocks. The first sub-block establishes the cal-
culus of the hourly irradiance along the year. It improves the
analytical model proposed by Ref. [31]. From the angle of latitude,
day of the year, angle of declination, and angle of sunset time, the
extra-terrestrial irradiation incident on a horizontal plane is
calculated. With this value, the ratios for diffuse radiation and
direct radiation are obtained. From the sunrise and sunset times,
assuming an isotropic sky, it is possible to calculate the diffuse,
direct and global hourly irradiance components as a function of the
tilt angle of the panel. It is necessary to know the geometrical
characteristics of the panels and floating systems, to determine the
installed power, performance decay, minimum distance between
panels and ratio between the installed area and the used area.
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Finally, it calculates the performance from the hourly average
temperature.

The equation modelling for the GPV system, which is integrated
into the proposed methodology is described and developed by
Ref. [31]. The methodology used the equations modelling devel-
oped by Ref. [52] when the FPV systems are integrated with the
optimization procedure. The PV analysis used a performance ratio
equal to 0.7 to include the different efficiencies of the panels.

The optimization procedure considers the installation of both
GPV and FPV systems. FPV systems are installed on the free water
surface of the different reservoirs to use this area. This solutionwas
proposed by Ref. [17]. The optimization module considers: the
characteristics of the photovoltaic panel using a database, the same
for both fixed and floating; floating system characteristics using the
patented inclination equal to 5� [53]; the tilt angle is left variable
for the ground-mounted system and it is 5� for the floating system,
cost and energy production are simplified as a function of the used
area. The analysis of output power of FPV and GPV is different since
the installation of the PV panels is different. The analysis of the PV
areas is a function of the available surface both reservoir and
ground. The use of the water surface of the reservoir is to take
advantage of these areas as well as to decrease the water losses by
evaporation, which can be reduced by between 33 and 50%.
Although the FPV power is higher due to lower cell temperature,
The research does not consider this phenomenon, being on the side
of safety in the estimation of the generated powers [54].

The third block (C) is the economic analysis. This block has im-
plications for both blocks A and E (Fig. 2) to develop the selection of
the machines as well as the final feasible optimization analysis. This
block defines the feasibility of the system. The economic analysis
considers different ratios and prizes used by others published
research. The goal of this section is the establishment of the economic
ratio to use in the optimizationprocedures andmakingdecision tools.
Table 1 shows the different used values as well as the references.

The fourth block (D) is focused on the analysis of the environ-
mental impact of the solution in the system. This block analyses the
non-renewable energy resource according to Ref. [69], the green-
house emissions for this resource as well as the economic impact of
these CO2 emissions. The analysis of the non-renewable energy
(ENREÞ use is defined energy coefficient (EC), which is defined by the
follow expression proposed by Ref. [69].

ENRE ¼ EC$Ec (3)

where EC is the coefficient, which relates between energy gener-
ated by non-renewable resources and consumed energy in the
system. It is equal to 1.954; ENRE is the non-renewable energy
resource in kWh, Ec is the consumed electrical energy in the system
by the grid in kWh.

The CO2 emissions value (CO2E) caused by this generation could
be estimated according to the following expression [70]:

CO2E¼CO2C$ Ec (4)

where CO2C is equal to 0.331 kgCO2=kWh [71], CO2E is the CO2
emissions in. kgCO2

These emissions are punished by a tax, which is established
considering a value proposed by Ref. [66]. This carbon tax (CT )
enables the definition of the profit for the use of renewable en-
ergies or the punish for the consumption non-renewable energies.
The economic value can be defined by the following expression:

CO2C¼CT$ CO2E (5)

Where CO2C is the cost/profit in V for the environmental profit; CT
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is the carbon tax. It is equal to 0.1162V/kg CO2. This CT considers an
annual increase equal to 3% according to Ref. [72].

Finally, block E defines the making decision stage, which de-
velops the techno-feasibility model. This block develops the study
of the different approaches and possible configurations (M), which
could be defined in the management system. The different con-
figurations are defined in Table 2.

The six configurations included in the methodology are: (A)
Pumped system; the methodology can consider there are pump
stations in the water system, and therefore, it considers the energy
need to supply the different pumped areas; (B) Recovery system;
the methodology studies the possibility to install the different re-
covery systems according to block A, whichwas defined previously;
(C) FPV, themethodology considers the possibility to install floating
photovoltaic systems in the reservoirs of the system; (D) GPV, the
methodology considers the possibility to install a ground-mounted
photovoltaic system, (E) Batteries (off-grid); the methodology de-
fines the connection to the grid, which enables the energy sales or
(F) it does not consider the batteries use and the system is con-
nected to the grid.

The feasible model establish for each configuration different an-
alyses included six different steps. The definition of the configuration
continues, considering the different economic hypotheses, including
the energy price of both purchase and sale. The model considers
three discount rates (0.01, 0.04, 0.07), two different energy block
prices as a function of the time (i.e, current and future prices). Be-
sides, the procedure should carry out the following constraints when
the configuration considers the use of a storage system. The model
considers a lifetime of twenty-five years, which is coincided with the
lifetime of the PV systems. The model considers that in the optimi-
zation the properties of the battery remain constant throughout its
lifetime and are not affected by external factors such as temperature,
similar to other optimization software [50]. However, when there are
charge/discharge cycles, the capacity decrease of these elements. To
consider this factor, the model defined an increased coefficient of
1.25 to take into account the loss of battery capacity and therefore
indirectly include it in the feasible analysis.

The model considers the different used areas to optimize the
photovoltaic area both FPV and GPV. Different combinations can be
chosen considering the area and the inclination angle when the
photovoltaic system is on the ground and the different areas when
the photovoltaic system is floating. The analytical model enables
the definition of the best solution by comparing the Net Present
Value (NPV) between the situation without recovery and photo-
voltaic installation with the situation defined by the configuration
and hypotheses. The procedure calculates the economic savings
according to the following expressions [73]:

NPVI
0 ¼

Xi¼T

i¼1

�ACI
i

ð1þ kÞi
(6)

NPVm ¼ � IC0 þ
Xi¼T

i¼1

ðAIi � ACiÞ
ð1þ kÞi

(7)

DNPV ¼NPVm � NPVI
0 (8)

S¼△NPV
NPVI

0
$100 (9)

Where NPVI
0 is the Net Present Value without recovery and

photovoltaic installation in V, ACI
i is the annual cost, including

operating and energy costs in V, NPVm is the Net Present Value for



Table 1
Economic costs used in the optimization procedure.

Investment Cost

Injected and Recovery Systems IC ¼ P
ICj

ICCD Control Device. Electric and
Electronic devices for the
control of the system

0:24$IC [55]

ICOPC Other Project Cost including
Engineering, Taxes

0:19$IC

ICCivil Civil works 1020
� V

kW

� [56]

ICPATs Hydraulic and motor/generator
Cost

350
� V

kW

� [57]

ICCV Control Valves CðVÞ ¼ ADðmmÞa A ¼ 0.028 a ¼ 1.86 [58]
ICPRV Pressure Reducing Valve A ¼ 1.34 a ¼ 1.32
ICPipe Pipe Cost A ¼ 0.218 a ¼ 1.053
ICFM Flowmeters A ¼ 0.195 a ¼ 1.59

Ground-mounted Photovoltaic ICGPV Solar Panels and installation 700 V=kW [59]
ICSoil Purchase of rural land 10000 V=Ha

Floating Photovoltaic ICFPV The floating structure, not
including Solar Panels and
installation

54:69
V

m2 ðb ¼ 5�Þ [60]

Joint investment ICConnection Electrical connection 25500 ðVÞþ 77
�V
m

�
$LðmÞ [56]

ICBattery Batteries. Replacement for half
of the study years, for 60% of the
current price.

518:8 V=ðkWhÞ [61]

Investment Goverment
Investment Goverment K The ratio of the investment

supported by Government
Hypothesis 1: K ¼0 [62]
Hypothesis 2: K ¼0.5

Annual Income
Joint annual income ICSales Energy sales For all tariff periods: [63]

Current Energy prices:
Power installed: 0 V/kW
Energy prices: 0.05 V/kWh

Future Energy prices:
Power installed: 0 V/kW
Energy prices: 0.10 V/kWh

Production Tax: 7%
Access Tax: 0.0005 V/kWh

Annual Cost
AC ¼ P

ACj
Injected and Recovery Systems and Joint Investment ACOMEX Operational and maintenance

cost
0:1$IC [64]

Ground Mounted and Floating Photovoltaic ACOMEX 15
V

kW$year
[65]

Joint annual Cost ACPurchase Energy purchase Depending on the tariff period: [63]
Current Energy prices:
P1-0.106938 V/kW 0.1295 V/kWh
P2-0.053515 V/kW 0.1195 V/kWh
P3-0.039164 V/kW 0.1124 V/kWh
P4-0.039164 V/kW 0.1069 V/kWh
P5-0.039164 V/kW 0.1031 V/kWh
P6-0.017869 V/kW 0.0996 V/kWh
Future Energy prices:
Double the current prices
Purchase Tax: 5.11269632%
Renting the electricity meters: 50 V/month

Environmental Data
Carbon emissions CT Carbon Tax. A growth rate of 3%

per year is assumed
116:2 V=TnCO2 [66,67]

Floating Photovotaic CW Savings due to reduced
evapotranspiration

1
V

m3
[68]

Table 2
Definition of the different configurations.

Element Configuration

A B C D E F

Pumped Analysed Analysed Analysed Analysed Analysed Analysed
Recovery System Analysed Analysed Analysed Analysed Analysed Analysed
FPV Not Analysed Not Analysed Analysed Analysed Not Analysed Not Analysed
GPV Not Analysed Not Analysed Not Analysed Not Analysed Analysed Analysed
Batteries Analysed Not Analysed Analysed Not Analysed Analysed Not Analysed
Connected to grid Not Analysed Analysed Not Analysed Analysed Not Analysed Analysed

GPV.- Ground-mounted Photovoltaic System; FPV.- Floating Photovoltaic system.
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the defined configurations and assumptions in V, according to IC0
investment cost in V, ICi annual cost including operation and en-
ergy purchase (depending on the configuration) in V and AIi
annual revenue from energy sales in V, DNPV is the difference of
Net Present Values inV; S is the percentage of economic savings; if

NPVm >NPVI
0 then S >0%, if NPVm <NPVI

0 then S < 0%, if NPVm ¼
NPVI

0 then S ¼ 0%, and if NPVm ¼ 0 then S ¼ 100%.
The procedure defines two minimum areas. The first area de-

fines the minimum value for getting S ¼ 0% and the second area
defines S ¼ 100%. For GPV, the minimum areas are defined as a
function of tilt angle. The techno-feasible model studies the
different feasible analyses including the energy balance by an
iterative procedure. It considers different values of the farmed areas
in the irrigation system since the facilities cannot define an opti-
mized farmed area because the farmed area depends on other so-
cial and economic factors linked to agriculture. It causes the water
management can know the minimum areas to reach hybrid sys-
tems, which will feasible the self-consumption in energy terms.

The techno-feasible analysis includes the temporal analysis of
the different environmental ratios, which show the support of each
renewable system for the necessary energy. The following ratios are
analysed in the final balance:

- Self-Consumption Index (SCI) is the ratio between renewable
energy, which is consumed in the pump station and the needed
energy.

- Recovered Ratio (RR) is defined as the ratio between recovered
energy by microhydropower system and the necessary energy
by the pump stations

- Photovoltaic Ratio (PVR) is defined as the ratio between gener-
ated energy by the photovoltaic systems (GPV or FPV) and the
necessary energy by the pump stations.

- Recovered Energy Sales Ratio (RESR) is the ratio between
recovered energy, which is sold to the grid and the total
recovered energy by the microhydropower system.

- Photovoltaic Sales Ratio (PVSR) is the ratio between generated
photovoltaic energy, which is sold to the grid and the total
generated energy by the photovoltaic systems.
Fig. 4. Case study (ETRS89 UTM
860
- Purchased Energy Ratio (PER) is the ratio between purchased
energy to the grid and the necessary energy for the pump
station

- Recovery Energy Ratio (RER) is the ratio between microhydro-
power energy used for the pump station and the necessary
energy for the pump station.

- Photovoltaic Energy Ratio (PVER) is the ratio between photo-
voltaic energy used for the pump station and the necessary
energy for the pump station.

- Reduction of the CO2 emissions (RCO2) is the estimation of the
decrease of CO2 emissions, considering the renewable energy
generated by the hybrid renewable system.

3. Results

3.1. Case study

The water system is located in Aspe (Alicante, Spain). The water
system supplies 3708 ha in which the main crop is the table grapes.
The irrigation system is pressurized and the level of the crops was
located between 395m and 211m. Therewere four reservoirs, which
supply the different sectors of the pressurized system. The main
reservoir (R-1), which is located at level 384.5 m receives the irri-
gation water, which comes from different sources (well and Jucar-
Vinalop�o transfer mainly) [74]. R-1 distributes the water between
different reservoirs by gravity. There are two high zones, which
should be pumped to guarantee the minimum pressure and there-
fore the demanded flow in the system. It implies the need to operate
with two pump stations (P-1 and P-2 respectively). The irrigation
network was simulated using EPANET, which was calibrated ac-
cording to the proposed methodology by Ref. [75]. (see Fig. 4)

The high difference levels between irrigation points enable the
possibility to install recovery systems in the irrigation network.
Besides, the high surface of the reservoir enables the possibility to
install a floating photovoltaic system to generate green energy,
reducing thewater losses in the reservoir as a consequence of water
evaporation. Both pumped stations are near the reservoirs, which
are called R-1 and R-2 respectively. The water network is built on
ductile iron, although there are short branches, which are built
using high ductile polyethene (HDPE). The total pipe length is
274 km and the diameters are between 31 mm and 1200 mm. The
30S 694899E 4246291N).
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installation has 390 multiuser hydrants in which the pipes are
connected by a manifold to supply the irrigation points using pol-
yethene pipes. P-1 station is defined by three pumps in parallel. The
best efficiency point of these machines is 111 l/s and 50 m w.c.,
being the efficiency equal to 0.83 and its nominal rotation speed
1760 rpm. In contrast, the P-2 station is defined by three pumps in
parallel. The best efficiency point of these machines is 120 l/s and
53 mw.c., being an efficiency equal to 0.79 and its rotational speed
1760 rpm. The main characteristics of the pumped stations are
defined in Appendix 2 in Table 1.

The analysis includes different scenarios, which considered
different values of the farmed area since the analysis cannot
consider an optimum farmed value. It is because the farmed area
does not depend on the feasibility of the energy system but on
others constraints, which are linked to the agricultural production
system such as prices, water availability, and social and environ-
mental conditions. The farmed area depended on the other con-
ditions linked to economical and social. Particularly, the
methodology considered five hypotheses: 50%, 60%, 75%, 90% and
100% of the farmed area compared to the available irrigation area.
The analysis of the pump systems establishes the need to develop
the energy balance and the knowledge of the operation points of
the systems. Besides, block A enables the optimization of the re-
covery system as well as the calculus of the energy balance when
the recovery systems are located and the machines are selected.
The following values were obtained in both pumped stations ac-
cording to pumped and recovered values of energy, considering the
irrigation needs between 2001 and 2020 [76]and analyzing the
average temperature in the case study between 2007 and 2016.

Finally, to describe the data of the case study, Fig. 5 shows the
average value of the solar irradiation for both systems (FPV and
GPV) as well as the average temperature value.

The solar radiation varied between 0.12 kWh/m2 (January) and
0.32 kWh/m2 (July) when the GPVwas analysed. The analysis of the
solar radiation oscillated between 0.160 kWh/m2 (January) and
0.280 kWh/m2 (July when FPV was studied. The average values of
temperature oscillated between 6 �C and 25 �C from December and
July respectively. The characteristic of the PV panels were defined in
Appendix 2 (Table 2).

3.2. Selection machine optimization

If P-1 is analysed, the recovered energy using hydropower sys-
tems is greater than the consumed energy by the pump station
between 50 and 75% of the farmed used. In this P-1 station, the
annual excess of generated energy is around 24,000 kWh. When
the farmed area increases above 75% the energy needs are higher in
the P1 station, and the increase of the recovered energy by the
circulating flows in the water network cannot compensate for it. In
this assumption, the lack of energy to reach the zero-net con-
sumption of non-renewable energy is around 26,800 kWh each
year. When P-2 is analysed in similar terms, comparing energy
needs in the P-2 station and the recovered energy, all assumptions
showed a lack of green energy to reach the zero-net energy con-
sumption. In this case, the lack of annual energy oscillates between
50,400 and 101,525 kWh from 50 to 100% farmed area, respectively.
The lack of energy in the different assumptions establishes the need
to complement using other renewable systems, particularly, PV
panels both GPV and FPV.

Fig. 6 shows the different LCOE values when the optimization
procedurewas applied, considering different farmed areas between
10 and 100%, four different discount rates (k) and a different
number of installed recovery systems (NRS) from 1 to 10. When
different rates are analysed, considering k ¼ 0.01 (Fig. 6a), k ¼ 0.04
(Fig. 6b), k ¼ 0.07 (Fig. 6c) y k ¼ 0.1 (Fig. 6d), the trend of all figures
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is similar, the LCOE decreased between 70 and 80% as a function of
the increase of the farmed area. If the NRS increased, the LCOE
increased between 340 and 520%. Currently, the farmed area is
around 75%. In this case, the LCOE value is between 0.38 and 0.58
V/kWh when two recovery systems are considered. These values
are lower than published values, which were between 0.63 and 1.17
V/kWh by Ref. [77], using pump working as turbine. The optimized
LCOE values decreased 50% compared with the published values.
However, the LCOE reached uniform values when the farmed area
was above 60%, showing variation lower than 0.05V/kWh.

Finally, two NRS were chosen according to the number of pump
stations since the optimization procedure enables the installation
of these recovery systems near pump stations. Fig. 7a shows the
optimization carried out by the simulated annealing to choose the
machines, which operate in each recovery system. For each re-
covery system, the simulated annealing procedure optimizes the
number of installed machines in parallel. Particularly, two ma-
chines were the best solution for recovery system 1 (RS-1) and one
machine for the recovery system (RS-2). Fig. 7a shows the LCOE
value as a function of the specific speed (nst) for RS-1 and RS-2
when the farmed area was 50%. In this case, the LCOE value for
this machine was 0.53 once the characteristic curves of both group
machines are considered (Fig. 6d). The specific speed was 130 and
48 rpm (m, kW) for the machines RS-1 and RS-2. LCOE value was
around 0.44 when the farmed area was 75% (Fig. 7b). In this case,
the specific speeds of the optimized selectionwere 129 and 44 rpm
for RS-1 and RS-2, respectively. Fig. 7c shows the values for 100%
farmed area, reaching LCOE values near 0.33 and specific speeds of
136 and 38 rpm for RS-1 and RS-2, respectively. The optimization
analysis showed that the typology of the machines did not change
significantly when the farmed area varies. It implies the need to use
axial machines for RS-1 and radial machines for RS-2.

3.3. Farmed area analysis

The consideration of the values for economic and environmental
costs, which were defined in Table 1 enables the development of
the feasibility analysis using the proposed methodology and the
different configurations. Besides, the results show the feasibility
values considering the current energy prices and estimating the
future energy prices according to Ref. [63]. Each feasibility analysis
shows results considering Fig. 8a shows the results when the P-1
and RS-1 are considered without the use of GPV and FPV (Config-
uration B according to Table 2). The results show the self-
consumption is unfeasible for any discount rates, using micro-
hydropower system in which the energy generation is higher than
the energy necessary for the pumping. In contrast, if the future
energy price is considered, self-consumption is feasible when the
farmed area is higher than 70%. If the same analysis is developed in
P-2 (Fig. 8c), when the RS-2 is analysed according to configuration B
(i.e, without GPV and FPV), the green generation is feasible when
the farmed area is higher than 80% for any discount rate and
considering the current energy prices. When the feasible analysis
considered the future energy prices, the self-consumption is
feasible when the farmed area is greater than 50%.

If the study considers a public investment equal to K ¼ 0.5, the
self-consumption is feasible in P-1 when the farmed area is higher
than 50% for any discount rates, considering the future prices
(Fig. 8b), and the facilities are feasible when the farmed area is
higher than 80%, considering the current energy prices. If P-2 is
analysed (Fig. 8d) the savings are present in all ranges of the farmed
area when it is higher than 60%, considering current and future
energy prices The figure shows the feasibility of the system ac-
cording to techno-feasible analysis and therefore, it shows the
possibility to reach a zero-net energy balance in the annual



Fig. 5. Average solar radiation and temperature each month (a) Hourly between January and June; (b) Hourly between July and December; (c) Average each month.
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operation system.
Fig. 9 shows different configurations when the GPV and FPV are

considered in P-1. Fig. 9a shows the area necessary for FPV panels
when configuration C is analysed. This configuration (Table 2)
supposes the use of RS-1 supported with FPV panels in which the
energy excess is stored using batteries. The advantage of FPV sys-
tems is the use of the water surface of the reservoir and therefore,
the water management does not have to buy farmed area for the
installation of the FPV system. Besides, the installation of the FPV
862
causes the evaporation decrease of the water in the reservoir. It
causes the reduction of leakages costs, which were considered in
the feasible analysis according to Table 1.

Fig. 9a shows the minimum area to reach an NPV equal to 0,
considering future energy prices without public investment. When
the farmed area is analysed, the FPV area is between 28,000 and
30,000 m2 when the farmed area oscillates between 50 and 100%
respectively, considering discount rates equal to 0.01. If the results
for k ¼ 0.01 and k ¼ 0.04, Fig. 9a shows the minimum FPV area to



Fig. 6. LCOE values for different discount rates (k) (a) k ¼ 0.01, (b) k ¼ 0.04, (c) k ¼ 0.07, (d) k ¼ 0.1.
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get savings considering the current energy prices and the public
investment (K ¼ 0.5). If these results are observed in Fig. 9a, the
variation of the FPV area is non-linear as a function of the farmed
area. If the discount rate is 0.01, the FPV area varies from 10,000 to
7000m2, while the farmed area change between 50 and 100%. If the
discount rate is 0.04, this FPV area oscillates between 25,000 and
12,000 m2 for the farmed area of 50 and 100% respectively. The
trend is similar when the configuration D is analysed (Fig. 9b), the
used area for the installation of FPV is reduced between 7.8% and
28% as a function of the minimum area for NPV ¼ 0 considering
future prices, or the minimum area to create savings considering
the current energy prices and different discount rates (Fig. 9b).

The configurations E and F analysed the use of GPV instead of
FPV. The trend of these configurations is similar for configurations C
and D, although the used areas change for the installation of the
GPV when different energy prices and different discount rates. In
general terms, the GPV areas and FPV areas are similar when the
current prices are used and the discount rate is 0.01. Similar values
and trends were obtained when the P-2 system was analysed
considering the different configurations and economical
hypotheses.

3.4. Energy balance and renewable share analysis

Once the best solution is chosen by the optimization procedure,
the annual energy balance can be estimated each hour considering:
(i) the consumed energy by pump station discretizing the tariff
period, which changes between six different prices from P1 to P6 as
a function of the day and month of the year (Table 1); (ii) the
recovered energy by the excess of the hydraulic pressure in the
system using microhydropower system; (iii) the generated energy
by FPV/GPV panels installed in the system. Fig. 10a shows the
annual energy balance in the P-1 systemwhen the farmed area was
75%. In this case, the annual consumed energy by the pump station
(injected into the network) was 103,387 kWh, the annual generated
by PATs was 131,572 kWh, and the annual generated by the GPV
panels was 243,844 kWh. These values showed an annual positive
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balance equal to 283,125 kWh (connected to the grid or stored in
batteries when the system is off-grid) and an annual negative
balance equal to 10,187 kWh (the energy should be bought in the
grid or supplied using batteries).

Fig. 10b shows the discretized hourly values for injected,
recovered and generated energies on some days of July, as well as
the hourly balance defining if there is excess or deficit of energy to
supply the pump station. Besides, this figure indicates the tariff
period in which the pump station is operating to define the saving
of the energy consumption. Except in singular hours, there is an
excess of the generated energy by the renewable system, showing
the capacity of the system to sell or store energy. Particularly, the
maximum excess was 1989 kWh and the maximum deficit was
186 kWh in this date window (14e17 July). Fig. 10c shows the
hourly energy values, considering the GPV is disconnected to the P-
1 because the generated energy using PATs is enough to satisfy the
injected energy demand. In this case, the results show the lack of
generated energy by GPV and all green energy is generated by the
recovered systems. The injected values are lower than in July
(Fig. 10b) due to irrigation needs decreasing for the grapes in
November. In this stage, the excess energy was 1534 kWh and the
maximum deficit was 29 kWh.

Fig. 11a shows the SCI and PVR values for three different sce-
narios of farmed areas as a function of the used area when there
were installed GPV systems in the P-1 system. It shows the mini-
mum SCI value is 0.35, without GPV and considering 50% of the
farmed area. The self-consumption increases 71% and 85% when
the farmed areawas 75 and 100%, respectively. It indicates the high
recovery potential when there are microhydropower systems,
which take advantage of the excess pressure in the network,
contributing to a decrease of leakages in the network. The inclusion
of the GPV showed capacities to generate the necessary energy,
which increased linearly from 0 until 60when the farmed used area
was 45,000m2, The RR oscillated between 1.47 and 0.82 for 50% and
100% farmed area. Both high values PVR and RR showed enough
capacity to generate by green renewable energies the necessary
energy but the SCI cannot be 1 because the generation is dislocated



Fig. 7. LCOE average values (k ¼ 0.04) for different farmed Areas (a) 50%, (b) 75%, (c) 100%, (d) Characteristics parameters of the chosen machines in the optimization procedure (Id.-
Identification of the machine in the database; Nm.-number of installed machines; D.- Diameter of impeller; n.- rotational speed; nst1.- specific speed of the ReS1; nst2.- specific speed
of the ReS2; QBEP.- Flow for the best efficiency point; HBEP.- Recovered head for the best efficiency point of the machine).

A.V. Mercedes Garcia, F.J. S�anchez-Romero, P.A. L�opez-Jim�enez et al. Renewable Energy 195 (2022) 853e871
of the demanded energy. The annual decrease of CO2 emissions
reached above 1400 Tones, which varied linearly according to the
GPV area (Fig. 11b).

When the P-2 systemwas analysed the annual average SCI value
was 0.83, the RR value was around 0.65 for any farmed area above
50%. In this case, PVR linearly increased between 15 and 32 as a
function of the farmed area, considering a similar trend of the P-1
system. RESR oscillated between 0.69 and 0.49 for the P-2 system
when the farmed area was analysed between 50% and 100%,
respectively. Finally, the RER value varied between 0.20 and 0.33 for
the P-2 system when the farmed area was analysed between 50%
and 100%, respectively.

Fig. 11b shows the PVSR, PVR, PER and RCO2 values of the P-1
system. PVSR and PVER values increased exponentially reaching
values around 0.98, 0.94 and 0.83 for PVSR when the GPV area was
5000 m2 and the farmed area were 50%, 75% and 100% respectively.
PVER showed values of 0.23, 0.31 and 0.48 when the farmed area
was 50%, 75% and 100% respectively, considering a GPV area of
5000 m2. The PER values were 0.16, 0.1 and 0.09 when the farmed
area was 100%, 75% and 50% respectively. All values were asymp-
totic when the area increased for these values. If P-2 system was
analysed, PVSR and PVER values increased exponentially reaching
values around 0.88, 0.86 and 0.78 for PVSR when the GPV area was
5000 m2 and the farmed area were 50%, 75% and 100% respectively.
PVER showed values of 0.41, 0.43 and 0.53 when the farmed area
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was 50%, 75% and 100% respectively, considering a GPV area of
5000 m2. The PER values were 0.25 approximately for any farmed
area value.

Fig. 11c shows the values discretized by months, considering
10,000 m2 of GPV system. The annual balance showed the SCI
oscillated between 0.61 and 0.97 in January and July respectively,
showing an annual average of 0.93. The total self-consumption was
not possible, although the system showed the capacity to generate
more energy of the necessary showing average values of PVR and
RR of 1.28 and 9.52, respectively. It implied the sales could do in all
months. PVSR varies between 0.90 and 1 in July and November,
being the annual average 0.97. RESR showed high variability caused
by the irrigation needs of the crops. These values were between
0.17 and 0.77 for July and November respectively, being the annual
average of 0.53.

Fig. 11d shows the ratios of RER, PVER and PER, which define the
origin of the necessary energy for the P-1 system each month. The
minimum RER value was 0.27 in January, being a maximum of 0.86
in November. It shows the high potential of the recovery system to
supply the pump station. The PVER oscillates between 0.06 and
0.45 for November and February, respectively. The annual average
value was 0.33. Finally, the energy purchase (PER) oscillated be-
tween 0.03 and 0.37 for May and January, respectively. The annual
value was 0.07 when the P-1 system was analysed.



Fig. 8. Average savings according to the farmed area and discount rates for configuration B (a) P-1 no considering public investment, (b) P-1 considering public investment; (c) P-2
no considering public investment, (d) P-2 considering public investment.

Fig. 9. Used area of photovoltaic systems for different discount rates and energy prices in P-1 (a) Configuration C, (b) Configuration D, (c) Configuration E, (d) Configuration F.
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Fig. 10. Annual Energy balance considering GPV, microhydropower system and injected energy by the pump when P-1 system is analysed and the farmed area is 75%. (a) Annual (b)
Hourly example between 14th and 16th July for configuration E or F; (c) Hourly example between 17th and 19th November for configuration A or B.

A.V. Mercedes Garcia, F.J. S�anchez-Romero, P.A. L�opez-Jim�enez et al. Renewable Energy 195 (2022) 853e871
3.5. Discussion on the optimum solutions

Appendix 03 shows an analysis of the different obtained LCOE
values when different configurations, different real discount rates,
the energy prices (current and future) and the consideration of the
possible public investments in both pumped systems (P-1 and P-2).
866
The table shows the combinations in the different configurations in
which the use of hybrid systems is not feasible (it is defined by (a) in
the different cells of the table). Table shows LCOE values, which are
inside of the obtained values in other published researchers [77]
and European reports [78]. These LCOE values considered the
maximum area of the reservoir both R-1 and R-2, 45,000 and



Fig. 11. Indicator values as a function of the farmed area when P-1 system is analysed for configuration F (a) SCI-PVR values (b) Annual Energy balance considering GPV,
microhydropower system and injected energy c)Monthly environmental indicators (d) Sales and Purchases ratios for each month.
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80,000 m2, respectively. These areas are considered by the different
scenarios to get the LCOE values. These values are marked using (b)
and (c), respectively. The analysis showed the increase of energy in
the future, will be these hybrid systems could be feasible without
considering public investments, and the use of different discount
rates did not cause significant differences between LCOE values.
The increasing trend of the energy prices could think the feasibility
of renewable systems connected to grid or off-grid are similar when
the economic parameters are analysed. However, the use of FPV
(Configuration D or F) is more interesting from a sustainability
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point of view, since they showed other sustainable advantages in
terms of use of water surface and reduction of the evaporation.

The analysis of LCOE values of the hybrid systems showed the
results are aligned with other published proposals, improving in
many cases. Appendix 3 showed LCOE values above 0.08 V/kWh
when the maximum reached LCOE value was 0.04 V/kWh in the
irrigation system located in Villena, which is around 30 km from
this case study and they have similar characteristics [79]. Config-
uration A showed is not feasible in any case. The consideration of
the PAT systems according to flow over time and the demand value
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caused this unfeasibility. The rest of the configuration showed
feasibility in all hypotheses when the public investment is
considered and all hypotheses when the energy price is increased.
Configuration B showed LCOE values, which oscillated between
0.472 and 0.846 V/kWh. The lowest value was reached in the P-2
system when the discount rate was 0.04, there was no public in-
vestment and the analysis considered the current price of the en-
ergy. The highest value was reached at the value of 0.07, current
price, no public investment and it was in the P-1 system.

Some of the situations analysed in Appendix 3 were chosen to
develop a sensitivity analysis when economical parameters change.
Fig. 12 shows this analysis when it was applied in five scenarios (one
of each feasible configuration according to Appendix 3). Seven eco-
nomic parameters were analysed as a function of the configuration
analysed. When Configuration B has analysed its sensitivity consid-
ering the lifetime, Investment Cost of Recovery System and Annual
Cost of Injected and Recovery Systems. When these parameters
decreased a 25%, the LCOE value varied 1.91%, �6.55% and �14.5%
respectively. If the parameter economic increased a 25%, The LCOE
value changed �1.43%, 8.18% and 18.13% respectively. When Savings
were analysed, this value changed �29.98%, 65.15%, and 55.08%
when the economic parameters (i.e., Lifetime, Annual Cost of Injec-
ted and Recovery systems) decreased by a value of 25%. If they
increased 25%, the saving value oscillated 29.03%, �81.36%
and �55.08%. This variation is aligned with the variation shown by
Ref. [49].

This analysis was analysed in Configuration C for the scenario,
which considers a discount rate of 0.07, K equal to 0.5 and future
energy prices. This configuration showed a value of 0.089V/kWh
and Savings equal to 100%. The LCOE and Saving variation can be
observed in Fig. 12b for the following parameters: lifetime, In-
vestment Cost of the recovery system, Annual Cost injected and
recovery systems, investment cost and the annual cost of the
photovoltaic system, investment cost and annual cost of the bat-
tery. The maximum variation of the LCOE was 11.46% when the
investment cost of the photovoltaic system increased a 25%. A
similar trend can be observed in Fig. 12c in Configuration E.

Fig. 12c shows variations of the LCOE, which oscillated
between �7.64% and 6.97% when the economic parameters
increased by 25%. When these parameters decreased 25%, the LCOE
values varied between �5.28% and 4.16%. Saving values changed
between �13.14% and 14.09% when the parameters increased 25%,
while the values oscillated between �17.61% and 9.59% when the
parameters decreased 25%.

Fig. 12d shows the sensitivity analysis of configuration D, ana-
lysing the variation of the different economic parameters as life-
time, the investment cost of recovery systems, annual costs of
injected and recovery systems, investment cost and the annual cost
of photovoltaic systems. LCOE value varied between �9.18% and
5.25% for the different parameters increasing a 25%. LCOE vale
oscillated between �3.65% and 11.44% when the parameters
decreased by 25%. Saving values varied between �9% and 15.44%
when the parameters increased a 25% while the saving values
oscillated between �19.29% and 6.03% when the parameters
decreased a 25%. A similar trend showed Fig. 12e.

4. Conclusions

The sustainability improvement of the different targets included
in the different sustainable development goals implies the water
managers must define new strategies, which define the establish-
ment of new investments andmaking-decision in this alignment. In
this line, this research proposes a new optimization procedure,
which enables the making-decision by water managers to consider
the use of photovoltaic systems and microhydropowers when their
868
facilities have energy consumption points (e.g., pump stations).
The research proposes a global optimization of the system, on

the one hand, it considers hydraulic optimization and on the other
hand, it develops the photovoltaic optimization in which the op-
timum capacity is related to the surface area to be occupied,
considering the optimum tilt angle. The capacity of the batteries is
optimized according to the existing hourly energy balances for each
day of the year. The discretization was considered based on other
published researches [80,81]. It enables the getting of the
maximum capacity necessary to deal with the potentially accu-
mulable excess energy and periods of energy shortage.

The new proposed approach is optimized by two simulated
annealing procedures, which choose the best location of the micro-
hydropowes system and the selection of the bestmachine between a
database of 674 pumps working as turbines. These recovery systems
were defined by estimating the characteristic curves using adimen-
sional numbers and the database of tested machines. The used
objective function was the LCOE and the location definition and
machine selection were developed considering the criteria of mini-
mum service pressure to guarantee the demanded flow in each
irrigation point. As a novel, the proposed methodology considered
the use of the FPV or GPV analyzing different configurations to
develop a deep techno-feasible analysis by an iterative procedure. It
considered different farmed area scenarios, different GPV and FPV
areas as well as the connection on the grid of the systemor storage in
batteries. This procedure considered both economic and environ-
mental indexes to develop a feasible analysis. This proposal is a new
challenge in the improvement of the self-consumption in irrigation
systems since there were others published researchers, which ana-
lysed the use of PV panels in pumped stations between source and
deposit or in discretized pumped irrigation systems. As a new ahead
step, this research proposes the optimization using renewable en-
ergies considering both green energy systems (i.e., hydraulic and
solar), which were applied in an irrigation pressurized system with
both pumped and gravity distributed system considering the on-
demand operation flow.

The definition of the feasible analysis showed the feasibility of
the proposals for both GPV and FPV as a function of the area and
discount rates, determining savings above 15% compared to current
systems, which are connected to the grid to supply the pump sta-
tions. The strength of the methodology abides in its powerful to
solve the different configurations using different hybrid renewable
systems, which depends on the specific variables discretized and
defined by the proposed optimization procedure, considering the
variation of the farmed area, which influences themaking-decision.
LCOE values oscillated between 0.04 and 0.10 V/kWh both con-
nected off-grid and on-grid when different configurations and
scenarios such as discount rate, energy price and public invest-
ment, considering both photovoltaic and microhydropower sys-
tems. The increase in the energy price showed a decrease in the
LCOE value in both operation systems, although the use of FPV
systems (Configuration D) could be more interesting if the sus-
tainable value of the decrease of the evaporation and use of the
water surface are considered. The evolution of the different in-
vestments and annual costs will help to decide the selection of the
best configuration. The use of hydropowers systems demonstrated
it is not feasible if the PV systems are not considered (Configuration
A and B), a consequence of the topology of thewater system and the
variability of the circulating flows in the recovery systems and the
pumped station, which could not be coincided.

A robust sensitivity analysis was developed and it showed the
influence of the different parameters in the variation of the LCOE
and Saving values, showing a SCI above 0.93. The optimization
procedure improved the different indicators values. This method-
ology improves the achievement of the targets included in the



Fig. 12. Sensitivity analysis of the LCOE and Saving value for the different configurations (a) Configuration B; (b) Configuration C; (c) Configuration E; (d) Configuration D; (e)
Configuration F.
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sustainable development goals, particularly, the SDG-11, which is
focused on sustainable cities and communities and its application,
analysis and studies should be targeted by the different managers
of the communities.
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