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Keywords: The integration of photovoltaic energy in pumping systems is complex, and the technical constraints of hydraulic
Water pumping and pumping systems must be considered. Exploitation models that link energy management with water man-
Self-consumption

agement are necessary to ensure the profitability of these investments. This research proposes the design and
application of a mathematical model for optimal hourly operation of pumping equipment at the minimum cost
for a pumping station with different configurations of self-consumption photovoltaic generation for one week,
subsequently extended to an entire year. The proposed optimization problem is formulated as a mixed-integer
nonlinear model. Findings of this paper indicate that a self-consumption photovoltaic plant with single-axis
solar tracking can increase production by 33.4% and reduce operating costs by 28.9% compared to a fixed
system. Therefore, more energy is self-consumed (81.6%), and a more efficient pumping operation is achieved.
The use of a two-axis tracker improves photovoltaic production by 3.2% with economic savings of 4.8%
compared to a single-axis tracker, but this difference is small considering its higher investment costs and tech-
nical complexity. As a result, the single-axis solar tracker is generally used in pumping stations to achieve
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efficient management and reduced operating costs.

1. Introduction

Photovoltaic energy is becoming one of the most competitive alter-
natives to conventional energies, especially in Europe, China, and the
United States. Economies of scale and innovation make photovoltaic
energy the most sustainable solution for electricity production, not only
from an environmental but also an economic viewpoint.

One of the main advantages of photovoltaic technology is that
electricity can be produced in situ. Thus, the consumer can obtain their
electricity while contributing to greater energy efficiency in the elec-
trical system through the reduction of losses in the transmission and
distribution lines. In addition, photovoltaic technology promotes
employment and local economic activity with the creation of companies
responsible for designing, installing, and maintaining generation facil-
ities. In short, self-consumption contributes to a more sustainable energy
model.

The advancement of solar technology together with lower prices of
photovoltaic panels, as well as their improved reliability and perfor-
mance, have accelerated the application of this technology to reduce
energy costs in the irrigation of agricultural fields. In addition, the
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highest energy demands for the vast majority of crops occur from March
to October, which coincides with the months of greatest solar radiation;
therefore, there is a greater potential for using photovoltaic energy
during this time. The economic profitability of water pumping facilities
using photovoltaic generation compared to an electricity network or
diesel generators is evident, but the integration of renewable energy and
the pumping and hydraulic systems to which it is coupled presents great
technical complexity. For example, a sudden variation in solar irradi-
ance on cloudy days can shorten the lifespan of the mechanical and
electronic components in the medium term as a result of these sudden
power fluctuations. Currently, this sector employs technology allowing
the implementation of robust, durable, reliable, and efficient
installations.

Solar self-consumption pumping facilities can be either isolated or
grid connected. However, if there was a previous connection to the grid,
the consumer is better off remaining connected to the grid since it
guarantees electricity supply when there is no renewable generation as
well as the possibility of exporting the unconsumed surplus energy to the
grid in exchange for remuneration. In this regard, the need to invest in
storage systems with very high costs is also eliminated.
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Nomenclature
Indices
h index for number of hours
i index for number of fixed-speed pumps
j index for number of variable-speed pumps
Data
Nj study time period
Npp total number of fixed-speed pumps
Nyp total number of variable-speed pumps
e hourly energy sale price (7)
o (€
Phop hourly energy purchase price (%)
P, hourly power of photovoltaic generation (kW)
prw maximum hourly energy exported to the electricity
network (kWh)
?mp.mx maximum hourly energy imported from the electricity
network (kWh)
gmd“ _ maximum volume of the water storage pond (m®)
hondy,, Minimum volume of the water storage pond (m®)
Q‘\‘,PJ max  Mmaximum hourly flow of variable-speed pump j ‘“TS)
Ql\“,l,J_min minimum hourly flow of variable-speed pump j (“;1—3)
Q irrigation demand hourly flow <"‘T3)
Q'r‘eq requested hourly flow reaching the water reception pond
m3
(%)
ph contracted power according to tariff period (kW)
Vg(mdm . maximum volume of the water reception pond (m?)
‘r}mdm . minimum volume of the water reception pond (m?)
QPprea  rated flow of fixed-speed pump i in operation (%)

P}I:‘P,,rated rated power of fixed-speed pump i in operation (kW)

P'QPj_max maximum power of variable-speed pump j (kW)

Kstart starting cost of fixed-speed pumps i (€)

kvp constant for variable pump power-flow ratio j

Variables

ngp hourly energy exported to the electricity network (kWh)

Pﬁ}np hourly energy imported from the electricity network (kWh)

IQXP binary variable equal to 1 if energy is exported from the
pumping station; otherwise, it equals 0

Ill}"p binary variable equal to 1 if energy is imported to the
pumping station; otherwise, it equals 0

Igpi binary variable equal to 1 if the fixed-speed pump i
operates; otherwise, it equals 0

I"}P} binary variable equal to 1 if the variable-speed pump j
operates; otherwise, it equals 0

QEPK hourly flow rate for fixed-speed pump i (“‘%)

Q’{,Pj hourly flow rate for variable-speed pump j <“"T3>

qumpmal total hourly flow rate of pumps (%)

Vl’,‘mdﬂ hourly volume of the water storage pond (m?)

I’}Dndm hourly volume of the water reception pond (m®)

PQP( power of fixed-speed pump i (kWh)

P}{,p] power of variable-speed pump j (kWh)

Pl mpiowa total hourly power of pumps (kWh)

Iﬁ‘mn‘ binary variable equal to 1 if pump i starts; otherwise, it
equals 0

C?mm hourly starting cost of fixed-speed pumps i (€)

1.1. Literature review of photovoltaic pumping stations

There are several configurations of photovoltaic panels such as being
fixed on the ground or assembled on a solar tracker, that is on movable
support structures that track sun movement. The latter allow more en-
ergy to be captured by the panels by keeping them orientated perpen-
dicularly to the sun’s rays, thus increasing the hours of solar pumping.
The authors of [1] review the components, types, and applications of
solar tracker photovoltaic systems. The authors of [2] investigate the
technical and economic performance of 1 kWp photovoltaic panels with
different types of solar trackers and rotation angles. In Ref. [3], the
performance of a fixed photovoltaic system with a two-axis solar tracker
is compared. Based on the analysis, the photovoltaic system with the
tracker obtains an average irradiation gain from 17.2 to 31.1% over
fixed panels.

From the perspective of the integration of a photovoltaic facility in a
pumping station, the authors of [4] examine in detail papers focusing on
the components of the facility, for example the characteristics of solar
panels, pumps, and tracking mechanisms, among others. Similarly,
paper [5] analyzes the configuration and size of the pumping station and
solar panels. Articles [6,7] evaluate the most influential parameters in
the performance of the system (configuration and size of the photovol-
taic plant, type and control of the pump and motor) in addition to
describing the most commonly used optimization techniques. In this
regard, work [8] focuses on the study of other parameters such as angle
of incidence, temperature, shadows, and air mass. In Refs. [9,10], the
effect of the pumping head on the efficiency of the system is analyzed. In
addition, paper [10] evaluates the effect of solar radiation. The authors
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of [11] study performance from a technical, economic, and environ-
mental viewpoint.

Some pumping stations have a water storage pond to optimize the
management of energy generation and water resources. In these cases,
the water is pumped and stored in a pond during the day using the
electricity generated by its self-consumption photovoltaic facility. The
stored water is used at night, on cloudy days, or when the volume of
water pumped is not enough to meet water demand required by the
system. Works [12,13] analyze and optimize photovoltaic facilities with
storage systems for water pumping, achieving self-consumption of
practically all the available energy. One article [12] evaluates the
self-consumed energy based on different photovoltaic and turbine pro-
ductions, while paper [13] studies two types of storage (water pond and
batteries). Recently, the authors of [14] propose a model for optimal
short-term operation in a real pumping station with a water storage
pond and different types of pumps in addition to a self-consumption
photovoltaic plant.

An important component of solar pumping is the variable frequency
drive that allows the pumps to work in a range of frequencies with
variable flow rates according to the needs of each moment to maximize
the electrical energy collected from the panels. Work [15] selects the
most appropriate pump for photovoltaic irrigation applications to run at
different operating frequencies. The authors of [16] quantify energy
losses for different scenarios and meteorological data (pumping water at
variable frequency and direct pumping at constant power).

Regarding the mathematical techniques used to optimize the design
and operation of these facilities, work [17] applies a genetic algorithm
to optimize the system, including the investment cost of the photovoltaic
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plant and the income from the sale of crops. Other research focuses on
modelling and multi-objective optimization for the sizing of a water
pumping system with photovoltaic generation based on evolutionary
algorithms with the application of technical and economic criteria, as do
two other articles [18,19]. In addition, paper [19] includes the volume
of excess water as a criterion.

Finally, articles [20-22], and [23] analyze the economic viability of
different photovoltaic systems with a wide variation of powers consid-
ered for irrigation water pumping in areas such as Morocco [20], Iran
[21], India [22], and the Mediterranean region [23]. In addition, work
[23] analyzes different irrigation configurations both with and without
variable frequency drive in the pumps as well as the use of different
types of energy: renewable, diesel, and electricity from the grid. The
authors of [24] compare the economic costs between the use of diesel
and photovoltaic energy for irrigation pumping. Their results show that
irrigation by photovoltaic energy is much more beneficial for certain
crops such as soybeans, sunflowers, strawberries, etc. Another work [25]
proposes a prototype in which the solar tracker system tracks sunlight in
three different directions, reaching a 25% increase in efficiency.

1.2. Contribution of this article

Previous works propose simple short-term models without address-
ing the great challenge of the joint management of water and energy
resources or the incorporation of photovoltaic self-consumption plants
with different types of solar trackers for water pumping for agricultural
irrigation. Therefore, in order to achieve a more complete and realistic
operation model, this research proposes the development of an hourly
model for optimal management of a pumping station with different
types of pumps, ponds for water regulation and storage, and a self-
consumption photovoltaic plant to minimize weekly operating costs
for an entire year. In addition, this research can lead to more technically
and economically realistic studies since it analyzes in detail the use of
different configurations of photovoltaic panels for water pumping: fixed,
a single north-south axis solar tracker, and a two-axis solar tracker.

The remainder of the article is presented as follows: Section 2 for-
mulates the mathematical model for the optimal operation. Section 3
presents the case study and analyzes the results obtained from the
application of the model with different types of solar trackers to an
existing pumping station. Finally, Section 4 summarizes the main con-
clusions of this research.

2. Mathematical formulation of the technical-economic dispatch
model

Sharp increases in the prices of wholesale electricity market antici-
pates an even more uncertain future for the energy costs of irrigation
communities [26,27]. In the coming years, massive penetration of
renewable energy will allow a reduction in the average price of elec-
tricity generation, although an increase in price volatility is also ex-
pected over the days, months, and years, depending on the availability
of intermittent sources of electricity production [28].

In recent years, irrigation communities, thanks to favorable legisla-
tion on self-consumption, technological maturity, and the continuous
reduction of the costs of solar panels, have made large investments in
self-consumption photovoltaic generation facilities to improve the eco-
nomic viability of their farms. It must be taken into account that the
integration of photovoltaic energy in these irrigation water pumping
systems is complex, and the technical constraints of the hydraulic and
pumping systems must be considered. Irrigation communities generally
pump water to a storage pond for further use for irrigation, which allows
adequate water management. From this storage pond, the water is
distributed by gravity to the irrigated fields. Pumping stations are usu-
ally equipped with several pumps, some of which incorporate a variable-
speed drive to work with variable flow rates according to the required
needs, allowing a more efficient pumping operation.
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2.1. Literature review of dispatch models

Previous research has focused on techno-economic dispatch prob-
lems to optimize the use of available water for irrigation and the
scheduling of pumping equipment at minimum operating costs.

Thus, to minimize operating costs, these models define an objective
function that includes the energy consumption cost of the pumping
system, maintenance costs, and/or water costs. Each model must comply
with technical constraints associated with the maximum pumping ca-
pacity and maximum and minimum storage capacity.

Most of the papers reviewed express a mixed-integer linear mathe-
matical model [29-31] with integer decision variables related to the
running mode of pumps and continuous variables associated with pump
parameters and/or storage capacity. These models are generally simple
and do not include the characterization of different types of pumps or
the joint management of water and energy resources.

Regarding solving methods, many authors use mathematical tech-
niques to calculate the optimal operation of pumping stations and
ensure convergence to an optimal solution. In addition, most calculation
software incorporates efficient solvers to achieve an optimal solution for
any type of problem (linear, mixed-integer, or nonlinear).

2.2. Purpose and formulation of the model

Efficient management of water infrastructures, photovoltaic gener-
ation, and electricity consumption is essential in irrigation systems.
Therefore, this article aims to design and apply a new hourly model for
optimal weekly management of pumping equipment according to
different configurations of photovoltaic panels to meet the required
water demand at the minimum operating cost at an existing pumping
station (see Fig. 1) for an entire year. The self-consumption photovoltaic
plant is connected to the electrical distribution network so that it can
purchase energy from the electricity market at a fixed price according to
the tariff periods when the photovoltaic installation itself is not able to
meet the irrigation demand. In contrast, when there is excess generation,
the surplus energy can be exported to the grid to gain additional income.

Next, the formulation of the proposed model is explained with the
objective function, the hydraulic and electrical constraints, and the ap-
proaches considered for its development.

Equation (1) presents the objective function that seeks to minimize
the operating costs of a pumping station, expressed as the difference
between the system costs and the income from the sale of excess
photovoltaic production. On the one hand, the costs correspond to the
purchase of energy in the electricity market when photovoltaic pro-
duction is not sufficient to meet demand. On the other hand, the costs of
starting the pumping equipment are included to group the operating
hours together, thus avoiding continuous inefficient starting and stop-
ping. Regarding income, the sale price is only associated with the price
of energy in the wholesale market.

Nep
Z xrart,)

Equation (2) establishes the energy balance of the system to meet the
required hourly demand.
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Equations (3)-(7) show the constraints associated with the hourly
import/export of energy from and to the electricity market. Binary
variables are used to make this decision and prevent import/export from
occurring simultaneously. The imported hourly energy will not exceed
the fixed limit of contracted power at that time, while the exported
hourly energy will be less than or equal to the maximum available
photovoltaic production.
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Fig. 1. Overview of the proposed management model.

o<p], < P}‘mp ., 3) Equations (11) and (12) show the starting order of the pumping

} equipment according to the number of pumps needed to meet the water
0< Pl;xp < ngpmx .Iilxp ()] demand.
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Equati 13-15 t the limits of th ter fl tes of th

no+r <1 e quations present the limits of the water flow rates of the

Equations 8-10 characterize the behavior of the pumping equip-
ment. On the one hand, it is assumed that fixed-speed pumps have an all-
or-nothing operating mode: the pumps run at full load; when operating,
their power is equal to their rated power, and when stopped, their power
is 0. On the other hand, to characterize the variable-speed pumps, the
affinity laws that relate the flow and power with the rotation speed are
used. Flow rate is proportional to the rotation speed of the pump shaft,
while the absorbed power varies with the cube of the rotation speed
[32]. From these relationships, an equation is obtained that relates both
variables to each other (flow rate and power) for any pump speed. It
should be noted that several approaches are used for this modelling:

1. The total hydraulic head remains constant against changes in speed
for two reasons:

a. Friction losses in the pipeline are very small because the pipes of
the water pumping systems for agricultural irrigation have large
diameters to obtain high efficiency in the water transport and
distribution system.

b. The water reception and storage ponds have large areas to keep
the height of water approximately constant.

2. The performance remains constant against changes in speed for the
following reason:

a. The Sarbu and Borza approach allows disregarding this perfor-
mance variation in the case that the speed variation is less than
33% of the pump’s rated speed [33].

pumping equipment (fixed- and variable-speed pumps).

i h 0
QFP, = QFP, rated L] ):“P, 13)
h 0 i h h
VPjmin ‘I‘}Pj < QVPJ < QVPJ‘maX.IVP] as
Nrp Nvp
V) i V)
prnp,mml = Z QF[’, + Z QVPJ (15)
i=1 =1

Equations 16-20 show the constraints associated with the water
reception pond and the water storage pond. Equations 16 and 17
determine the hourly water level in each of the ponds, while Equations
18 and 19 impose the limits associated with their capacities. Equation
(20) establishes that the available volume of the storage pond at the
beginning must coincide with the available volume at the end of the
study period.

V,fnndm. = V:(:nldrec + Q?eq - Q[’jump.mm/ (16)
V,}:ond," = V:;nld“ - Q;‘) + QZump.mtal a7)
Voot < Vondee < Vponde as)

pondin < Voo < Vpondm 19)
Vionds (0) = Viona, (Nb) (20)

P’}p, =P }F'p,.,mled'l/p’a (8) Equations (21) and (22) calculate the constraints related to the starting

costs of fixed-speed pumps since as previously mentioned, irregular

Pl =kyp- (leizp )3 ) operation of the pumping equipment can result in inefficient operation

! ! and reduce the lifespan of the equipment. The use of a binary variable is

Pyp ) necessary to decide whether the fixed-speed pumps start each hour and

kyp = 5+ (10) thus take into account their corresponding cost. The constant kg, rep-
VP; (faom)

934

resents the starting cost of a pump.
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According to the equations of the model, the proposed problem
constitutes a mixed-integer nonlinear optimization model (MINLP) that
determines the technical-economic hourly dispatch of a pumping sta-
tion. The solution reflects the optimal hourly management of the pumps
and the water reception and storage ponds according to different con-
figurations of the photovoltaic panels (fixed, single north-south axis
tracker, and two-axis tracker). To better illustrate the behavior of the
model, it should be noted that the optimization problem is solved
separately every hour for a week, and the decision-making process is
progressively repeated for the 52 weeks of an entire year.

This MINLP problem is solved by GAMS software (General Algebraic
Modelling System) by applying branch-and-cut techniques to divide the
nonlinear model into a list of subproblems that facilitate obtaining an
optimal solution. The execution time was 168 h, and a computer with an
Intel® Core i7 processor, 3.00 GHz CPU, and 16 GB of RAM was used.

(21)

<

— Ustart;

(22)

3. Analysis of results
3.1. Description of the case study

Photovoltaic pumping systems for irrigation are growing in recent
years to reduce dependence on electrical grids. Globally, most pumping
stations are located in India, Iran, Brazil, Spain, among others [34].
These sites have large water needs as well as a huge solar potential. The
average solar radiation value in these countries is around 4 kWh/m? per
day [35]. It should be noted that the periods of greatest water demand
coincide with the periods of greatest solar radiation. As a result, the
authors chose a pumping system in Spain due to the high potential of
solar energy and the availability of the technical specifications of the
main components of the system. Thus, the real techno-economic scope of
the joint management of water and energy resources integrated in a
pumping station with different configurations of self-consumption
photovoltaic generation is analyzed.

The model proposed in Section 2 is tested with real data from a
pumping system with photovoltaic self-consumption formed by different
energy and water infrastructures that provide irrigation services to an
area of 2751 ha of crops through two water ponds and a water pumping

Fig. 2. Water pumping system.
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station in the province of Huesca, Spain [14] (see Fig. 2). This site
(latitude: 41.855° and longitude: 0.390°) has a great potential for solar
radiation, which is within the range of 1691.4 kWh/m? to 2024.4
kWh/m? per year, received on a tilt PV surface [35].

Electricity consumption is seasonal, being very high in the months of
the irrigation season from May to September. In 2019, this pumping
station recorded an annual electricity consumption of 2729 MWh and
water consumption of 25.42 hm®. Fig. 3 represents the volume of water
pumped in this irrigation system on a monthly basis; it illustrates greater
demand in the months of irrigation season.

Table 1 presents the most relevant technical data for the pumping
station. It is composed of five pumps in parallel, which allows the pro-
gressive entry of different pumps for a water supply that varies ac-
cording to demand. In irrigation pumping facilities, it is common to
operate at a frequency equal to or greater than 35 Hz to avoid pressure
drops in the pumping equipment. The study’s system has two water
ponds: 1) a lower pond (reception pond) fed by communicating vessels
of the nearest water transport channel and from which the pumping
station draws water, and 2) an upper pond (storage pond) to which
water is pumped. For a more detailed technical and economic descrip-
tion of the study facility, work [14] can be consulted.

The pumping system also has a self-consumption photovoltaic gen-
eration plant connected to the grid with an installed power of 1.5 MW.
Fig. 4 shows a comparison of photovoltaic production according to the
main configurations of the photovoltaic panels. The incorporation of the
system with single-axis solar tracking increases photovoltaic production
by 33.4% compared to a fixed system.

3.2. Results

3.2.1. Definition of scenarios

The proposed optimal hourly technical-economic management
model (MINLP) seeks to minimize the weekly operating costs of a
pumping station with a self-consumption photovoltaic plant connected
to the grid with different configurations of solar panels throughout the
entire year. This research offers a detailed comparison of the optimal
hourly management obtained from the pumping equipment and the
water reception and storage ponds with the three configurations used for
the photovoltaic modules (fixed system, single north-south axis solar
tracking, and two-axis solar tracking). In addition, the case without
photovoltaic self-consumption is initially calculated in order to analyze
further benefits of photovoltaic generation.

Case 0. No photovoltaic self-consumption

Case 1. Fixed photovoltaic modules

Case 2. Photovoltaic modules with one-axis tracker
Case 3. Photovoltaic modules with two-axis tracker

Water demand is the key variable that determines the profitability of
a photovoltaic system for agricultural irrigation. The more solar re-
sources used, the greater the profitability of the facility. In general, the
more sunlight there is, the more water a crop needs, but there is also a
greater amount of photovoltaic energy available for water pumping.
Conversely, during cloudy or rainy days, the production of electricity
from solar panels will be low or even null, but the evapotranspiration of
the crops will also be low. It should be noted that the factor that in-
fluences evapotranspiration even more than temperature is solar irra-
diance. For this reason, there is a positive correlation between pumping
through photovoltaic generation and water needs since, on a cloudy day,
although it is not possible to irrigate, evapotranspiration, and therefore
water loss, is also minimal.

3.2.2. Monthly analysis

Tables 2 and 3 summarize the optimal monthly results for energy and
water, respectively.

The variable-speed drive is an essential component for water
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Fig. 3. Monthly volume of water required for pumping.

Table 1
Technical data of the pumping station.
PUMPS WATER PONDS
Type Fixed- Variable- Reception  Storage
speed speed
Number 4 1 1 1
Rated power at 50 Hz (kW) 400 400 - -
Rated flow at 50 Hz (m%/h) 1967 1967 - -
Minimum power at 35 Hz - 137.2 -
(kW)
Minimum flow rate at 35 - 1377 - -
Hz (m*/h)
Minimum volume (m?) - - 75,000 200,000
Maximum volume (m3) - - 155,000 280,000

pumping by photovoltaic generation since it varies the rotational speed
of the pump motor by modifying the power frequency, and in this way, it
modifies the characteristic curve of the pump, adapting it to the avail-
able solar production. This method of regulating the pumping equip-
ment provides energy savings since no additional losses are introduced.

Thanks to the solar tracker, the pump can run more hours per day
and supply a higher flow throughout the day. In addition, the use of
variable-frequency drives reduces the frequency in hours that the rated
power of the motor is not reached and thus extends the pumping time,
even if not at rated flow.

400,000
350,000
300,000
250,000
200,000

150,000

Photovoltaic generation (kWh)

100,000

50,000

0

The number of fixed-speed pumps in operation varies according to
irrigation demand, and their operating hours are synchronized to
improve pumping efficiency and avoid successive starts and stops. Doing
this has two important drawbacks: reduction in the lifespan of the
pumping equipment and higher electricity consumption.

Cases 2 and 3 included the incorporation of one-axis and two-axis
solar trackers, respectively. It is possible to increase the photovoltaic
self-consumption in all months of the year with respect to Case 1 (fixed
system). As a result, the amount of energy imported from the grid
necessary to meet demand is reduced, and the reception and storage
pond levels are within the capacity limits. However, the energy
improvement is not as important when changing from single-to double-
axis trackers. In Case 3 (two-axis tracker), the energy exported to the
grid is greater than that in Case 2 (one-axis tracker) because by slightly
increasing the photovoltaic production, there are more hours in which
the minimum power of the variable-speed pump is not reached (137.2
kW). In addition, there are more hours in which the storage pond rea-
ches its maximum capacity and cannot pump more water through the
photovoltaic plant. As a consequence, the self-consumption ratio is
slightly affected.

The model tends to seek an optimal value of self-consumed photo-
voltaic energy by virtue of which the model manages the optimal
operation of the system at minimum cost. It should be noted that the
model must always meet the required water demand; thus, if generation
with solar panels is insufficient, the system purchases energy from the

Dual axis solar tracker
Single axis solar tracker

mFixed system

JAN FEB MAR APR MAY JUN JuL AUG SEP oCcT NOV DEC

Fig. 4. Monthly photovoltaic production with the three configurations studied.
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Table 2
Optimal monthly energy results for the four case studies.
Month Case Ppy (kWh) Pexp (kWh) Pimp (kWh) % Pgerp Ppp (kWh) Pyp (kWh) Ppump, totat (KWh) A Ppy A Pexp A
Pimp
JAN 0 - - 24,380 - 0 24,380 24,380 - - 0%
1 99,049 91,038 16,488 8.09% 0 24,499 24,499 0% 0% —32%
2 110,896 64,856 0 41.52% 37,200 8839 46,039 12% —29% —100%
3 117,234 71,195 0 39.27% 38,971 7068 46,039 18% —22% —100%
FEB 0 - - 28,254 0 28,254 28,254 - - 0%
1 247,092 222,752 6608 9.85% 0 30,948 30,948 0% 0% —76%
2 253,251 200,525 2334 20.82% 35,200 19,859 55,059 2% —10% —92%
3 260,645 207,920 2334 20.23% 35,200 19,859 55,059 5% —7% —92%
MAR 0 - - 337,829 283,429 54,400 337,829 - - 0%
1 150,430 20,456 206,309 86.40% 191,314 144,978 336,292 0% 0% 38%
2 260,634 2960 103,905 98.86% 267,486 94,094 361,580 73% —86% —69%
3 260,947 2926 85,608 98.88% 249,771 93,858 343,629 73% —86% —75%
APR 0 - - 271,439 - 219,429 52,010 271,439 - - 0%
1 194,579 16,893 73,369 91.32% 142,286 108,770 251,056 0% 0% —73%
2 243,397 2194 36,078 99.10% 178,286 98,995 277,280 25% —87% —87%
3 261,093 9644 38,627 96.31% 190,286 99,116 289,402 34% —43% —86%
MAY 0 - - 545,982 - 490,686 55,296 545,982 - - 0%
1 264,644 17,985 293,587 93.20% 398,571 141,674 540,246 0% 0% —46%
2 296,155 542 240,009 99.82% 434,000 101,622 535,622 12% —97% —56%
3 306,267 1220 249,133 99.60% 432,229 121,952 554,181 16% —93% —54%
JUN 0 - - 566,909 507,428 59,481 566,909 - - 0%
1 203,850 23,319 356,717 88.56% 450,857 86,383 537,240 0% 0% —37%
2 355,328 992 217,285 99.72% 428,571 143,050 571,621 29% —78% —62%
3 372,797 3374 183,201 99.09% 445,714 106,909 552,624 36% —25% —68%
JUL 0 - - 635,525 538,514 97,011 635,525 - - 0%
1 232,074 1369 460,168 99.41% 540,286 150,587 690,873 0% 0% —28%
2 385,382 236 292,508 99.94% 558,000 119,655 677,655 66% —83% —54%
3 396,433 483 330,534 99.88% 559,771 166,712 726,484 71% —65% —48%
AUG 0 - - 650,613 547,371 103,242 650,613 - - 0%
1 252,369 2051 401,697 99.19% 545,600 106,419 652,019 0% 0% —38%
2 381,813 1831 312,497 99.52% 575,714 116,765 692,479 51% —-11% —51%
3 389,557 2410 310,522 99.38% 575,714 121,954 697,668 54% 18% —52%
SEP 0 - - 470,446 - 418,286 52,160 470,446 - - 0%
1 198,524 2487 263,836 98.75% 332,571 127,301 459,872 0% 0% —43%
2 297,285 1012 211,770 99.66% 411,429 96,615 508,043 50% —59% —55%
3 297,285 3831 163,915 98.71% 358,286 99,549 457,834 50% 54% —65%
OCT 0 - - 250,070 - 205,485 44,585 250,070 - - 0%
1 220,016 92,194 96,689 58.10% 145,257 79,254 224,512 0% 0% —61%
2 222,859 9570 60,290 95.71% 200,171 73,406 273,578 1% —90% —76%
3 225,734 9618 46,205 95.74% 193,086 69,235 262,320 3% —90% —81%
Nov 0 - - 12,361 - 0 12,361 12,361 - - 0%
1 162,413 153,838 11,537 5.28% 12,000 8112 20,112 0% 0% —6%
2 209,311 188,740 2126 9.83% 12,000 10,697 22,697 29% 23% —83%
3 224,069 203,498 2126 9.18% 10,286 12,412 22,697 38% 32% —83%
DEC 0 - - 9500 0 9500 9500 - - 0%
1 115,006 104,258 4924 9.35% 0 15,672 15,672 0% 0% —48%
2 115,657 102,354 2547 11.50% 3543 12,308 15,850 1% —2% —73%
3 123,885 110,334 2397 10.94% 3543 12,405 15,948 8% 6% —75%

electricity market to satisfy the demand.

However, in the winter months, that is in the months outside the
irrigation season, all the photovoltaic energy produced is sold to the
grid, and thus the system receives income (see Table 2). Another situ-
ation in which the system exports energy to the grid is when the avail-
able photovoltaic generation is less than the minimum power capable of
absorbing the variable-speed pump.

3.2.3. Analysis of a week of peak demand

Fig. 5 represents the optimal operation for one week in July ac-
cording to the type of solar tracking system studied: fixed (Fig. 5a), one-
axis tracker (Fig. 5b), and two-axis tracker (Fig. 5c¢). July is the month of
greatest water demand for almost all crops as well as the month of
greatest insolation (Fig. 5d). In all cases studied, the system imports
energy from the grid in the hours of lowest energy cost to meet the
necessary demand for irrigation. In addition, thanks to the variable-
speed drive, the system exploits solar production and connects its
pumps during daytime periods of high solar radiation to store water and
ensure the possibility of being able to irrigate on cloudy or rainy days
with low or no solar radiation. Agricultural irrigation occurs at night

mainly to reduce evaporation losses. Consequently, at night, the storage
pond decreases in volume to satisfy the irrigation demand, while in the
daytime, its volume increases through pumping via the solar panels.

For Cases 2 and 3 with solar tracking, the energy purchased from the
electricity market is lower than in Case 1 (fixed system) since by
increasing photovoltaic production by 66.05% and 70.82%, respec-
tively, the system can self-consume more energy. It is not necessary to
import as much energy from the grid (reductions of 36% and 28%,
respectively) to satisfy the required demand and meet the other elec-
trical and hydraulic constraints imposed on the model.

Regarding photovoltaic production curves, the incorporation of the
solar tracker flattens the production curve since it allows extension of
the maximum power time and thus produces a greater capacity for more
hours per day (see Fig. 5). The one-axis solar tracker (Case 2) moves east
to west as the day goes by, while the two-axis solar tracker (Case 3)
modifies both the direction of the axis and its angle with respect to the
earth. Therefore, this type of module is oriented directly to the sun
throughout the year. The curves for Cases 2 and 3 are similar because in
Case 2, the tracker has a slight inclination to the south since this practice
is common to achieve a flatter curve. If it were completely horizontal,
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Table 3
Optimal monthly water results for the four case studies.
Month Case Qrp (m3) Qvp (ms) Vpond,,. (avg) Voond, (avg)
(m®) (m®
JAN 0 0 235,954 141,162 213,838
1 0 235,954 139,194 215,806
2 182,931 53,023 130,393 224,607
3 191,642 44,312 132,398 222,602
FEB 0 0 278,080 151,068 203,932
1 0 278,080 149,704 205,296
2 173,096 104,984 148,082 206,918
3 173,096 104,984 146,658 208,342
MAR 0 1,393,760 539,700 138,242 216,758
1 940,788 992,673 130,737 224,263
2 1,315,361 618,099 124,442 230,558
3 1,228,251 705,209 127,761 227,239
APR 0 1,079,040 520,183 130,229 224,771
1 699,690 899,533 113,762 241,238
2 876,720 722,503 116,475 238,525
3 935,730 663,493 116,423 238,577
MAY 0 2,412,947 542,646 138,436 216,564
1 1,959,975 995,618 130,032 224,968
2 2,134,195 821,398 114,262 240,738
3 2,125,484 830,109 112,609 242,391
JUN 0 2,495,280 543,737 142,300 212,700
1 2,217,090 821,927 123,311 231,689
2 2,107,500 931,517 124,976 230,024
3 2,191,800 847,217 126,028 228,972
JUL 0 3,054,538 639,953 141,848 213,916
1 2,656,855 1,037,636 124,395 230,605
2 2,743,965 950,526 121,682 233,318
3 2,752,676 941,815 125,385 229,615
AUG 0 2,691,699 1,028,301 119,770 235,230
1 2,682,988 1,037,012 118,084 236,916
2 2,831,075 888,925 124,155 230,845
3 2,831,075 888,925 119,847 235,153
SEP 0 2,056,920 520,680 141,364 213,636
1 1,635,420 942,180 127,021 227,979
2 2,023,200 554,400 125,691 229,309
3 1,761,870 815,730 119,357 235,643
OCT 0 1,010,476 445,903 134,206 220,794
1 714,302 742,078 135,834 219,166
2 984,343 472,037 112,727 242,273
3 949,499 506,881 114,580 240,420
NOV 0 0 120,000 151,633 203,367
1 59,010 60,990 149,915 205,085
2 59,010 60,990 150,665 204,335
3 50,580 69,420 151,511 203,489
DEC 0 0 88,571 153,146 201,854
1 0 88,571 152,693 202,307
2 17,422 71,149 153,006 201,994
3 17,422 71,149 153,067 201,933

there would be a slight decrease in irradiance at noon due to the ge-
ometry of the tracker movement.

3.2.4. Annual analysis

During the winter months, when the demand for irrigation is very
low, the demand can be met with only photovoltaic generation for cases
with solar tracking without needing to purchase energy from the elec-
tricity market (see Fig. 6). In addition, the electricity generation po-
tential of the self-consumption photovoltaic plant can be used to export
surpluses of energy to the distribution network and consequently obtain
income from its sale. It should be noted that the photovoltaic energy
source is always the main and priority source to satisfy the demand, and
in the daytime hours with solar radiation, the pumps provide the system
with the volume of water that they are capable of pumping. The grid is
only used in a specific and complementary manner in periods of high
irrigation demand, corresponding mainly to the summer months when
the available photovoltaic energy is insufficient to meet demand. In
addition, this study’s system has a six-period high voltage tariff con-
tracted, but the grid is only available in the cheapest tariff period
associated with night hours and weekends since in the other periods
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with higher energy costs, the system has a minimum contracted power
and cannot incur penalties for excess power.

Table 4 shows the optimal annual results for the four case studies.
Regardless of the solar system configuration used, the installation of a
photovoltaic self-consumption plant increases pumping hours during
daytime hours and reduces costs of the pumping station, by decreasing
the amount of energy imported from the grid to meet the weekly water
demand. Case 1 reduces the annual sum of energy purchased from the
grid by 42.36% compared to Case 0, while Cases 2 and 3 reduce it by
61.05% and 62.81%, respectively. Case 0 uses mostly fixed speed pumps
as it needs to buy all the energy in the electricity market during the night
hours and weekends with lower energy cost to meet the irrigation de-
mand. Nevertheless, the cost per volume of water pumped is the highest
compared to the rest of the cases studied since there is no photovoltaic
energy support in this case.

Cases 2 and 3 achieve a higher self-consumption ratio (81.62% and
80.64%, respectively) since the solar tracker increases the energy
captured by the panels by maintaining a more perpendicular orientation
to the sun’s rays. In Case 3 with a two-axis solar tracker, self-
consumption is slightly lower than with the one-axis system. This is
due to the increase in exported energy when production increases as a
consequence of the storage pond being at full capacity for a greater
number of hours, and on a greater number of occasions, the minimum
power of the variable-speed pump is not reached through using more
fixed-speed pumps.

It is common to include the ratios of energy consumed per volume of
water and the cost per volume of water in profitability studies of water
pumping facilities for agricultural irrigation. Cases 2 and 3 obtain a
higher and similar ratio of energy consumed per volume of water (0.158
kWh/m?) since by using a solar tracker, thus exploiting greater solar
radiation, the number of fixed-speed pumps is greater than in Case 1;
therefore, there is higher energy consumption. Regarding the cost per
volume of water pumped, Case 3 obtains the lowest ratio (0.0033 €/m%)
since the use of a two-axis solar tracker maximizes the solar energy
captured and thus increases water pumped during daytime hours and
reduces the need to purchase energy from the electricity market.

4. Discussion

From the analysis of the results, it can be verified that it is always
more profitable to maximize the self-consumption of photovoltaic en-
ergy due to the savings obtained by the system when it stops consuming
energy from the grid to pump water for agricultural irrigation. The costs
avoided include the cost of electricity generation on the wholesale
electricity market as well as fees for the use of electricity networks and
taxes. However, the additional income from the sale of surplus photo-
voltaic generation is only valued at the price set by the wholesale
electricity market.

As a result of a lower purchase of electricity from the grid, the
pumping station with fixed photovoltaic modules (Case 1) achieves a
44.87% reduction in annual costs compared to the situation without a
PV self-consumption system (Case 0). This percentage is higher in Cases
2 and 3 with solar tracking, reaching 60.84% for the 1-axis system and
62.75% for the 2-axis one. From the results obtained, it is verified that
the proposed mathematical dispatch model with photovoltaic genera-
tion allows a reduction of the operating costs of the irrigation water
pumping system by maximizing photovoltaic self-consumption.

The pumping station with solar tracking can increase self-
consumption annually by 20% compared to a fixed system (Case 1),
while the difference between the one-axis (Case 2) and two-axis (Case 3)
systems is negligible. Solar tracking systems allow a flatter production
curve, thus exploiting more hours of solar radiation for pumping and
reducing the need to purchase energy from the electricity market
(—32.42%/—35.46% annually with respect to a fixed system if a one-
axis/two-axis tracker is used, respectively) to satisfy the irrigation
demand.
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Fig. 5. Optimal hourly energy results for the three case studies with photovoltaic generation in July.
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Fig. 6. Monthly distribution of demand coverage with photovoltaic generation and electricity from the grid for the three case studies.
of a mathematical model that minimizes the weekly operating costs of a
Table 4 . pumping station through optimal hourly management of pumping
Annual results for the four case studies. . . . .
equipment, water infrastructures, and a self-consumption photovoltaic
Case 0 Case 1 Case 2 Case 3 generation plant connected to the grid to satisfy the demand required for
Qpump, total (M) 25,418,371 25,418,371 25,418,371 25,418,371 irrigation. The optimization process is repeated for the 52 weeks of an
Ppump, total (KWh) 3,803,312 3,783,340 4,037,505 4,023,886 entire year.
Ppy (kWh) - 2,340,045 3,131,968 3,235,945 To validate the model, the authors applied it to an existing pumping
Pimp (kWh) 3,803,312 2,191,929 1,481,349 1,414,602 " ith different confi i £ sol s to obtain a detailed
Pory (KWh) © 748,638 575.812 626,452 system with different configurations of solar panels to obtain a detaile
Pectt.consumption (%) — 68.01 81.62 80.64 technical and economic analysis of the integration of self-consumption
Ratio kWh/m?® 0.150 0.148 0.158 0.158 photovoltaic plants. The most interesting findings of this research are
Total cost (€) 225,916 124,533 88,461 84,137 as follows:
Total income (€) - 36,203 29,143 31,667
Ratio €/m® 0.0089 0.0049 0.0035 0.0033

The two-axis tracking system (Case 3) is a more complex system that
requires more site preparation, more space to avoid shading between PV
modules, additional strip excavations for cabling, and also some addi-
tional elevation. As a consequence, these installations have a higher
investment and maintenance cost as well as a higher construction
complexity since they have two degrees of freedom to perfectly align the
photovoltaic panels perpendicular to the sun’s rays. Work [36] analyzes
the economic profitability of PV systems with different configurations
(fixed and solar tracker). That paper considered that the investment cost
of dual-tracker solar systems is more than double the investment cost of
the fixed system, while the cost of the single-axis tracker system in-
creases by 22%.

There are reviews that verify the production increase of PV systems
with solar trackers [3,37]. Those publications obtain an improvement
ratio from 17% to 40%. Our paper shows that the pumping station
analyzed with a single-axis solar tracker (Case 2) increases the energy
produced by 33.4% compared to a fixed system (Case 1), that is, within
the range observed in the literature. The two-axis tracking system is
unprofitable compared to the small increase obtained in energy pro-
duced with respect to the single-axis tracking system (4.44% additional).

For these reasons, water pumping systems generally opt for the
installation of photovoltaic modules with single-axis solar tracking (Case
2) by balancing the cost of adding tracking structures with the increase
in energy production. The availability of a flatter production curve in
single-axis solar tracking is also a great improvement for better opera-
tion of pumping facilities compared to fixed systems.

5. Conclusions

The adequate integration of self-consumption photovoltaic plants in
water pumping systems presents a great challenge for irrigation since it
must include the perfect coupling of a renewable generation system and
a hydraulic and pumping system. This paper proposes the development
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e The proposed mathematical model always tends to exploit the
available photovoltaic production to meet irrigation needs and
therefore works to minimize the operating costs of the pumping
station. If necessary, the model uses the electrical grid as an auxiliary
source to satisfy the water demand for irrigation at all times.
Solar tracking systems improve the way in which the output power is
delivered. Maximum power is reached practically from the first hour
of the morning so that the production remains almost constant until
late in the afternoon. As a result, this system improves the operation
of the pumping system, yielding a more stable operation with fewer
fluctuations in the variable frequency drive.

e The best selection of solar panels for pumping stations is the single-
axis tracker since the dual-axis tracker only provides a 3.2% increase
in energy production, while investment cost and technical
complexity are significantly higher.

In short, this research can help improve the design and operation of
pumping stations with grid-connected photovoltaic plants. The inte-
gration of electricity production to the pumping and storage hydraulic
facilities, so critical in these systems, can lead to more complete and
realistic studies from technical and economic viewpoints. In addition,
this approach can become a very useful tool for selecting the most
suitable configurations for solar panels according to site characteristics
and technical conditions of the water pumping system.
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