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Modelling and simulation of a photovoltaic pumping system
with hydraulic storage and energy recovery
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Abstract. This paper presents the development of a discrete-time integrated model of a photovoltaic-
powered water pumping system with hydraulic storage and auxiliary energy recovery. The proposed
framework couples electrical power balance with hydraulic feasibility constraints in a modular Simulink
environment. The system includes a photovoltaic generator, a pump with minimum operating threshold and
power limits, a geometrically realistic two-cylinder storage tank, an irrigation subsystem with minimum
pressure requirement, and a micro-turbine for auxiliary energy recovery during gravitational discharge. The
model enables simultaneous evaluation of PV utilization, tank dynamics, irrigation duration, energy deficit,
and curtailment. Simulation results demonstrate the buffering effect of hydraulic storage between variable
solar production and irrigation demand. The automatic irrigation stop logic ensures physically consistent
operation based on delivered volume, tank depletion, and pressure constraints. The auxiliary micro-turbine
contributes measurable energy recovery during irrigation events, reducing net energy deficit and improving
system autonomy. The proposed modelling approach provides a practical tool for sizing and scenario
analysis of PV—pumping—storage irrigation systems and supports optimization of renewable energy
utilization in agricultural applications.

1 Introduction

In the context of the energy transition and alignment 2 System concept and functional

with European climate neutrality objectives, current architecture
policies in the field of renewable energy sources (RES)
and energy efficiency aim to increase the share of green
energy in the national energy mix, reduce greenhouse
gas emissions, and optimize energy consumption.

At the European level, the strategic framework is
established by the European Commission, under the
European Green Deal, which sets the objective of
achieving climate neutrality by 2050. In this regard, the
“Fit for 55” legislative package requires Member States
to increase the share of renewable energy to over 40%
of gross final energy consumption by 2030, while also
strengthening energy efficiency measures.

The Republic of Moldova, in the process of
harmonizing its legislation with the EU acquis through
the Energy Community, has adopted a regulatory
framework that stimulates the development of
photovoltaic, wind, and biomass capacities, as well as

The proposed system is an integrated electro-hydraulic
assembly designed to provide irrigation through
photovoltaic-powered pumping and to use an elevated
storage tank as a hydraulic storage element. The block
diagram of the proposed system is represented in Figure
1.

Photovoltaic energy is the primary source, used
directly to drive the pump and supply the installation’s
own auxiliary loads  (automation, sensors,
communications, lighting). Energy recovery via a
micro-turbine is introduced as an auxiliary function that
harnesses part of the hydraulic energy available during
irrigation and can contribute to supplying auxiliary
loads during periods without irradiance [1-4].
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From a functional perspective, the model is
described by two strongly coupled chains: the energy
chain and the hydraulic chain. The coupling arises
because the available electrical energy determines
pumping and therefore the water level in the tank, while
the tank level determines the pressure available for
irrigation and the energy recoverable by the micro-
turbine.

2.1 Energy chain and PV energy utilization
strategy

2.1.1 Primary source: the photovoltaic plant

The photovoltaic plant provides time-varying power
depending on irradiance and system performance
parameters (global losses and conversion efficiency).
Within the proposed concept, this power represents
the primary determinant of the system operating regime
of the installation. When PV production is sufficient, the
pump transfers hydraulic energy to the storage tank [5].
The pump transfers hydraulic energy to the storage tank,
when PV production is insufficient, pump operation is
interrupted and the system enters a standby or reduced-
operation mode depending on the auxiliary loads [6-7].

2.1.2 The pump as the main load

The pump converts electrical energy into hydraulic
energy stored as gravitational potential energy. The
model reflects a practical constraint: a pump has a
minimum operating threshold therefore the control
includes a minimum start condition. Under normal
operation, the pump attempts to use as much of the
available power as possible to charge the tank, being
limited by:

e the pump’s maximum power;

e the condition that the tank is not full;

e the pumping head (elevation difference plus losses),
which influences the pumped volume for the same
electrical power.

Thus, PV power is used directly for pumping (not
only “surplus”), and the power balance is used as an
evaluation tool to determine how much PV power goes
to the pump, how much covers auxiliary loads, and what
remains unused.

2.1.3 Auxiliary loads and supply regimes

Any real installation includes auxiliary loads: controller,
actuators, communications, sensors, and local lighting.
These can be modelled as a base load plus a peak
load. Auxiliary loads are typically significantly lower
than the pump demand, but they are important because
they can be present even when PV output is low. In
simulation, including them enables quantification of the
energy deficit during periods without PV production and
supports the role of the micro-turbine as an auxiliary

source for on-site consumption.

2.1.4 Power balance, deficit, and overproduction

The power balance separates three operating situations:

1. Sufficient power: PV (and possibly the micro-
turbine) can supply the loads and the pump can
operate to charge the tank [8].

2. Energy deficit: available power is insufficient to
cover the loads and/or the pump’s minimum
operating threshold. In this case Py.fappears, useful
as a sizing indicator (need for backup, reserve, load
reduction, control optimization).

3. Overproduction: PV produces power but it cannot
be used, for example when:

e the tank is full and the pump cannot pump further;

e the pump is already at maximum power and PV
power still remains;

e the control logic stops the pump for technical
reasons (thresholds, operating constraints).

Overproduction is important in research because it
shows where “unused renewable energy” exists and
indicates optimization directions: increasing tank
volume, adjusting pump power, changing the control
strategy, or adding a useful load (e.g., auxiliary
charging).

2.2 Hydraulic chain

2.2.1 The tank as hydraulic storage and temporal
decoupling element

The tank is not only a “gravitational battery” in the
energy sense; it is primarily a technological element that
decouples pumping from irrigation. Water can be
pumped during the day, depending on PV availability,
while irrigation can take place at a convenient time
without depending on irradiance at that moment. This
decoupling is essential for robust operation.

In the model, the volume V(t) is the main state
variable. Its increase/decrease is determined by the
difference between pumped flow and irrigation flow.
The tank has a realistic geometry, and the volume—level
relationship is purely geometric, such that for a given
geometry the same volume corresponds to the same
level.

2.2.2 Irrigation network and minimum pressure
condition

Drip irrigation requires a minimum pressure at the
emitters (for example approximately equivalent to ~1
bar) and exhibits hydraulic losses in pipes, filters, and
fittings. In an engineering model, it is not sufficient to
state “water flows from the tank”; it must be verified
whether the available pressure is sufficient. Therefore,
the system includes a dedicated subsystem (Pipe/Head)
that:

e computes the available head at the relevant point;

e subtracts the reserve required for drip irrigation and

the losses;
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e decides logically whether irrigation can continue
(the can drip signal).

2.2.3 Irrigation event with automatic stop

Irrigation is implemented as a controlled event: it starts
at a set time and stops automatically when one of the
following conditions is met: the target volume has been
delivered, the tank becomes empty, or the available
pressure/head no longer satisfies the drip irrigation
condition.

2.2.4 Auxiliary recovery via micro-turbine

During irrigation, water flows under gravity and a net

pressure drop exists along the path, which can be used

by a micro-turbine [9]. The model treats the micro-

turbine as an auxiliary element, limited by:

e the net available head after ensuring minimum

pressure for drip irrigation;

o the actual irrigation flow rate;

o the turbine rated power and conversion efficiencies.
This recovery is useful for supplying auxiliary loads

and reducing deficit during periods without PV.

Moreover, simulation results indicate the operating

conditions under which recovery becomes relevant and

when it remains negligible.

3 Mathematical representation of the
subsystems

3.1.1 Discretization and state variables

The model is discretized using a fixed time step kAt, and
all quantities are evaluated at discrete instants t;, = kAt.
The main state variable is the water volume stored in the
tank V,, [m3].

From the stored volume, the water level h is
computed. This level determines the available hydraulic
head and the feasibility condition for drip irrigation. In
Simulink, the tank volume state is maintained using a
discrete memory element, which breaks algebraic loops
and ensures stable simulation.

3.1.2 PV Model based on irradiance

The PV power is computed from the irradiance G (t) and
the installed PV power. In general form:

Gt
Pov() = Pinst * 1555y /mz * PR * Tlconv (1)

where P, is the installed, 1000 W/m? corresponds
to the standard solar irradiance (STC), PV power, PR is
the performance ratio accounting for global losses, and
Neonvls the conversion efficiency (MPPT/inverter, as
applicable). The irradiance profile is provided as hourly
values and interpolated to match the simulation time
step, so that Ppy is available at each discrete time step.

0< PPV(t) =< Pinst (2)

In the implementation, irradiance is introduced as an
hourly vector Gpand interpolated to the simulation time
step.

3.1.3 Electric load model

Auxiliary consumers are described by a load profile
Pyoaq (t)consisting of a base load and, optionally, a peak-
load interval. For peak intervals that may cross
midnight, the activation condition is defined logically so
that the profile remains continuous for h € [0,24).

3.1.4 Tank dynamics and volume balance

The tank volume is updated using the balance of inflow
and outflow rates:

Vk+1 = Sat(Vk + (qump,k - Qirrig,k)At'O'Vmax) 3

where Qpymp kand Qirrig i are flow rates in m3/s

3.1.5 Volume—level relationship for a two-cylinder
tank

The volume—level relationship is:
4

—, osv<sy
A1

s 4)

h(V) =
hi+ =2 Vi<V < Vg

Where:

A; - area of the lower tower;

A, - area of the upper tower;

V; - volume of the first tower;

V - present volume.

This relationship is purely geometric; therefore, for
the same geometry, the mapping V < his unique and
does not depend on PV, pump, or turbine parameters.

3.1.6 Model and pumped volume

The pump operates as the main load supplied by PV
when the available power exceeds the minimum
operating threshold and the tank is not full [10]. The
total pumping head includes the static elevation
difference, the filling level, and equivalent losses:

Hpump = Hstatic + han + Hloss,pump [m] (5)

where hg;; may be defined as:
e “in-water” filling (depends on level): hgy = hy,
e “top filling” (discharge pipe reaches the top): hg; =
Hiotal
The pumped volume over At, based on the power
allocated to the pump is:

P, n At
AV — _pump /pump
PgHpump
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The actual pump power is limited by:
0< Ppump (t) < Ppump,max 7

and is applied only when storage capacity is available in
the tank.

3.1.7 Water demand and irrigation with automatic
stop

The target volume for one irrigation event is computed
automatically from the agricultural parameters of the
irrigated sector:

N = Nsector Mstump/ha (8)
Vrequired = m ™l v

Where:

®  Viequirea - the volume required for irrigation;
®  Ngecror - the number of hectares;

®  Ngtump/ha - NUMber of stump per hectare;

®  Nurig - irrigation system efficiency.

Irrigation starts at the set time and stops automatically
when:

*  Vieliverea = Viarger(target reached);
e V., — O(tank empty);

o the drip-pressure condition is not satisfied.
3.1.8 Drip condition and net head for the micro-
turbine

For drip irrigation, a minimum pressure is imposed and
expressed as equivalent head:

Hgrip = 10 Pgrip [m] (10)
Required head:
Hreq = Harip + Hioss,dist [M] (11)
Available head:
Hayail = hy + AHgeo [M] 12)

Net head for the micro-turbine:
ngn = max (Hayai — Hreqr 0) [m] (13)

Irrigation is allowed only if Hypgy > Hyeq

3.1.9 Micro-hydro model: turbine + generator

Hydraulic power:

Phyd = nggenQirrig [KW] (14)

Recovered electrical power:

Pgen = min (Phyd Nturb Ngen’ Pgen,max) (15)

3.1.10 Energy Balance, Deficit, and PV
Curtailment

Energy deficit:
Pger = max (Poad — Ppv — Pgen, 0) [KWh] (16)
Unused PV overproduction (curtailment):
Peurt = max (Ppy — Pysed, 0) [KWh] a7

where P,g.41s the power effectively absorbed by the
loads (pumping + auxiliary consumption).

4 Simulation scenario

4.1 Simulation settings and photovoltaic
system profile

The simulation was performed in discrete time with a
fixed step kAt, chosen to capture both the daily variation
of solar irradiance and the slow tank
charging/discharging processes. The total simulation
duration is set over a multi-day horizon in order to
observe the repeatability of operating regimes and the
accumulation of effects from one day to the next. The
irradiance profile is provided as hourly values Gpand is
interpolated to the simulation step to obtain
G (t)available at each discrete instant.

The photovoltaic (PV) power is computed from the
installed power P, irradiance, and a global
performance factor that accounts for losses and
conversion efficiency. In this way, the PV dataset can be
easily changed by replacing the irradiance vector,
enabling the evaluation of multiple scenarios (clear day,
partially cloudy day, different season) without
modifying the model structure [11].

Figure 2 illustrates the Simulink implementation of
the proposed model. The following figure shows the
general schematic and the interconnections between its
components, used for simulating the pumping, tank
storage, irrigation, and auxiliary recovery operating
modes through a micro-turbine.

4.2 Energy and hydraulic parameters of the
system

The pump is defined by the maximum power B,ymp max»
a minimum operating threshold, and the overall
efficiency 7,ymp. In the simulation, the minimum
threshold reflects the physical limitation of operating at
very low power levels, while the pumping head includes
the static elevation difference and equivalent losses
along the pumping line. This head is decisive for the
pumped volume, since the same available power can
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produce different flow rates depending on the pumping
height and losses.

The irrigation subsystem is defined by a maximum
installed flow rate Qjrrigmax» representing the network
capacity, and by the minimum pressure condition at the
emitters. The minimum pressure is introduced in the
model as an equivalent head, while hydraulic losses are
accounted for separately for distribution and for
pumping. The micro-turbine is defined by its rated
power and conversion efficiencies, producing energy
only during irrigation and only when the net available
head drop is positive. In most scenarios, the micro-
turbine plays an auxiliary role and is interpreted as a
supply source for internal loads.
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Fig. 2. General schematic in Simulink

5 Results and discussion

5.1 Energy performance analysis

Over the four simulated days, the photovoltaic produced

a total of 388.36 kWh. The distribution of this energy

reflects the system's operational priorities:

e 349.30 kWh (=89.9%) were used for pumping water
into the elevated tank.

e 36.54 kWh (=9.4%) supplied electrical loads
directly.

e 252 kWh (=0.65%) represented curtailed
photovoltaic energy.

The low curtailment ratio indicates effective
utilization of the installed PV capacity under the
selected tank volume (550 m?) and pump rating (15 kW).

Total electrical load demand during the simulation
was 103.60 kWh, of which:

e 84.36 kWh were successfully supplied,

e 19.24 kWh (=18.6%) represented energy deficit,
occurring mainly during nighttime peak-load
periods when neither PV nor turbine generation was
suffice.

The distribution of the analysed energy flows is

illustrated in Figure 3.

PV curtailed 2,52 kWh
PV losse:
15%

s .
14,61 kWh  p—
Tllrbine L -

Deficit
losses 31%
Turbine curtailed 19,24 kWh

Fig. 3. Energy diagram

The pump consumed 349.30 kWh of electrical
energy. Considering the pump efficiency of npump = 0.8,
the hydraulic energy effectively stored in the tank is
estimated as:

Enydrautic = 349.30 X 0.8 = 279.44 [kWh]

The corresponding pump conversion losses amount
to approximately 69.86 kWh, representing mechanical
and hydraulic inefficiencies.

5.2 Irrigation performance and hydraulic
behaviour

The irrigation demand was automatically computed
based on agricultural parameters:

e Sector area: 10 ha

e Plant density: 3000 vines/ha

e Irrigation dose: 10 L/vine

This resulted in a required net irrigation volume of
300 m? per event, corresponding to 333.33 m? extracted
from the tank after accounting for irrigation efficiency
(N = 0.9).

During the first three days of simulation, irrigation
started at 21:00 and stopped automatically when the
target volume was delivered. The duration of irrigation
was approximately 7.25 hours, ending at 04:15 the
following morning. The stop condition was consistently
“target volume reached”. The main parameters obtained
from the simulation are illustrated by the graphs shown
in Figure 4.
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Fig. 4. Simulation output graphs

5.3 Micro-turbine energy recovery

The auxiliary micro-hydropower unit generated a total
of 62.43 kWh over the four-day simulation period.
However, due to the absence of electrical storage, only
47.82 kWh were effectively used to supply loads, while
14.61 kWh represented surplus generation.

The turbine reached its rated limit of 3 kW during
peak hydraulic head conditions. The combined turbine
and generator efficiency (Mww = 0.75 and ngen = 0.92)
yields an overall electro-hydraulic conversion efficiency
of approximately:

Ntotal = 0.75 % 0.92 = 0.69

Thus, approximately 69% of the available hydraulic
power was converted into electrical power within rated
limits.

6 Conclusions and future work

The development and implementation of a discrete-time
integrated electro-hydraulic model of a photovoltaic-
powered water pumping system with gravitational
storage and auxiliary micro-hydro energy recovery are
presented. The proposed framework extends
conventional energy balance approaches by explicitly
coupling electrical power allocation, hydraulic head
availability, reservoir geometry, and irrigation control
logic within a unified simulation environment.

The photovoltaic installation was considered the
primary energy source for pumping, directly driving the
conversion of electrical energy into gravitational
potential energy stored in an elevated reservoir. The
reservoir modelled using a realistic two-cylinder
geometry, acts as a hydraulic buffer that temporally
decouples variable photovoltaic production from

50
Time [h]

60 70 80 920

irrigation demand. This decoupling enables irrigation to
occur independently of instantaneous solar irradiance,
thus improving system robustness and operational
flexibility.

Energy balance analysis highlights three key
operating regimes: full photovoltaic utilization during
pumping, surplus photovoltaic production when storage
capacity is saturated, and deficit conditions during low
irradiance periods. These indicators provide a
quantitative basis for optimization of pump rating,
reservoir volume, and photovoltaic capacity.

The developed Simulink model demonstrates a
flexible and robust design tool for photovoltaic
irrigation systems with hydraulic storage. It allows
parametric analysis of geometric, hydraulic, and
energetic variables while maintaining physical
consistency between volume, level, head, and power.

Future work includes:

e experimental validation of the proposed model
under real operating conditions,

e sensitivity analysis regarding tank geometry, pump
rating, and photovoltaic capacity,

e techno-economic assessment of integrating micro-
hydro recovery,

e and extension of the framework toward hybrid
storage configurations including battery systems.

e system upgrade by adding an electrical energy
storage battery.

The proposed modelling approach provides a solid
basis for the design and optimization of autonomous
renewable-powered irrigation systems and supports the
transition toward more energy-efficient and resilient
agricultural infrastructure.
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