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A B S T R A C T

This research explores the link between hydropneumatic energy storage capacity and the efficiency and flexi-
bility of hybrid energy systems in water-energy solutions. A new methodology is introduced, featuring mathe-
matical models, experimental data collection, and hydraulic simulations using 1D and 2D CFD models for 
hydropneumatics modeling. A promised energy storage efficiency of around 30–50 % was obtained on a small lab 
scale. The optimization of hybrid systems through Solver and Python algorithms with various objective functions 
enables optimal design choices tailored to specific needs such as drinking water supply, irrigation, or industrial 
processes. Hydropneumatic vessels emerge as an effective storage solution, combining pumped storage and 
hydropower in one circuit. When integrated with renewable sources, such as solar (PV) and wind energy, they 
offer a flexible, long-lasting energy management system, applicable across different water-energy sectors to 
support Sustainable Development Goals. A case study with 4.8 Mm3/year water allocation, producing 1000 MWh 
of hydropower and 13500 MWh of solar energy, achieved 100 % water reliability and a 25-year cash flow of 2.5 
million euros.

1. Introduction

Europe has set an ambitious goal to become the first climate-neutral 
continent by 2050, transitioning from fossil fuels to renewable energy 
sources such as hydropower [1]. The European Union (EU) aims to in-
crease the share of renewables in its energy mix to 42.5 % by 2030, up 
from 23 % in 2022 [2]. However, the intermittent nature of renewable 
sources, such as wind and solar energy, combined with unpredictable 
weather patterns, presents significant challenges [3]. Achieving climate 
neutrality will require the energy system to rapidly adapt to balance 
supply and demand, necessitating efficient storage and the reintegration 
of excess energy [4]. Currently, battery technology faces limitations, 
prompting the use of artificial intelligence to upgrade hydropower 
infrastructure. Its use is crucial to stabilize the output of renewable 
energy sources, thus making it feasible to integrate renewable energy 

systems [5]. This transition demands substantial adaptation of energy 
infrastructure in the next years in terms of feasibility and sustainable 
development [6]. It implies new innovative solutions to address the 
challenges associated with renewable energy [7].

Energy storage is a critical component in the transition to renewable 
energy systems (RES) [8]. Solving problems of fluid flow calculations at 
different length scales enables the solution of different energy challenges 
[9]. To take advantage of their properties are scientific allies to improve 
the energy efficiency of processes and their storage [10]. Hydro-
pneumatic (HP) reservoirs can efficiently store the excess generated 
energy by renewable systems [11]. These tanks operate as water-air 
batteries, using pumps and hydro turbines to transfer water uphill 
[12]. In this system, water-compressed air batteries are employed for 
energy storage; renewable energy powers water pumps that move water 
into hydropneumatic tanks, thereby compressing the air within them 
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[13]. The compressed air energy storage (CAES) technology then uses 
this stored energy by releasing the compressed air to drive water 
through turbines, showing efficiencies of 85 %, with an expected life-
time of around 30 years [14].

Common renewable energy storage solutions are reliable in batteries 
with fast degradation [15], a significant environmental impact [16], 
technical [17] and economical limitations [18]. A pumped-hydro stor-
age enables no degradation cycling solution [19], it is eco-friendly and 
can be underground [20] or uphill with space-saving implementation, 
modular, scalable [21], pecs and quick to install, enabling long-duration 
storage [22], only by adding hydropneumatic tanks [23].

Climate change poses a significant challenge to energy grid stability 
and demand due to extreme weather events [24]. Transitioning from 
fossil fuels to low-carbon power sources is crucial for the electricity 
sector, enhancing grid resilience and security [25]. Flexible electricity 
systems and stable storage solutions are needed to support the grid and 
prevent renewable energy curtailment [26]. Energy storage, particularly 
long-duration storage, is critical for system flexibility in water systems, 
considering these infrastructures are high consumers of energy, which 
must be supplied from RES [27]. Pumped-Hydropower Storage (PHS) is 
the primary source of stored energy, but its deployment is not keeping 
pace with increased demand [28]. Governments worldwide must take 
action to achieve net zero ambitions and prevent grid incidents [29].

Energy storage is crucial as countries prioritize renewable energy for 
post-pandemic recovery plans to achieve net zero emissions [30]. The 
Intergovernmental Panel on Climate Change reported that over 
two-thirds of global greenhouse emissions come from energy genera-
tion. The global installed capacity increased to 700 GW of solar and 
wind installed since 2000 [31]. This significant value cannot prevent 
over 250 TWh of intermittent renewable electricity go unnoticed, 
resulting in 180 million of CO2 emissions in 2020 [31]. Minimizing 
curtailment and wasted energy improves renewable generation utiliza-
tion and capacity factor, leading to higher investment returns [32]. The 
International Renewable Energy Agency (IRENA) highlights the 
importance of pumped storage in balancing supply and demand, 
enabling reliable, low-carbon alternatives [33]. Hydropower, with a 
global installed capacity of over 1330 GW, plays a crucial role in 
renewable electricity generation [34]. The expansion of hydropower 
capacity, including pumped storage, is projected to be necessary for 
achieving energy transition scenarios and limiting temperature rises to 
below 2 ◦C [35]. The IEA Net Zero scenario predicts a doubled total 
hydropower capacity by 2050, adding at least 1300 GW to existing ca-
pacity [36].

Pumped-Hydropower Storage (PHS) is the world’s leading energy 
storage technology, representing over 10 % of the total hydropower 
capacity worldwide and 94 % of the global installed energy storage 
capacity [37]. It offers a better lifetime with lifespans ranging between 
50 and 100 years [38], excellent response time [39], technical readiness 
level [40], inertia for grid resilience [40], and specific hydropneumatic 
parameters [41]. Compared to other electrical storage technologies, 
such as Lithium-Ion Battery (Li-ion), Lead Acid Battery, Vanadium 
Redox Flow Battery (VRF), Compressed-Air Energy Storage (CAES), and 
Hydrogen Bi-directional Energy Storage System, PHS offers a better 
lifetime, excellent response time, technical readiness level, and grid 
resilience [40,41]. PHS identified potential technologies, operational 
framework, comparison analysis, and practical characteristics, 
providing useful and practical information to the energy field [42]. 
Integrating these clean energy systems could contribute to integrating 
the different targets of the sustainable development goals into the 
management of the energy systems [43]. The proposed solution seeks to 
increase a system’s flexibility and reliability, making it less dependent 
on the electric grid. It explores a hybrid solution that maximizes clean 
energy usage for water and energy needs. The inherent nature of the 
solution demands a planned and optimized operation control strategy, 
contributing to water-energy balance availability, efficiency and reli-
ability, diminishing waste and decreasing emissions covering several 

targets of the sustainable development goals (SDG) [41].
The lack of an integrated hybrid energy model with hydropneumatic 

vessels to store energy using renewable sources was defined by 
Ref. [44]. This research pushes researchers to go forward with new 
developments. It combines solutions in a new novel integrated model-
ling as will be presented in the next section where the integration of the 
Python modelling enables the integration of a green renewable solution 
[45].

The research was based on the search for a clean storage system 
(without short lifespan and waste) to compete with the typical batteries 
in this important energy transition stage. The research deeply studied 
possible solutions how to create a new storage system based on a clean 
solution (i.e., hydropneumatic behaviour to reduce the volume and 
consequently the ground space) in small energy communities, where the 
volume/power of water-energy needs is reduced. The proposed pro-
cedure can also be extended to large systems, depending only on the 
volume of vessels and pump capacity. Hence, this study differs from 
existing ones due to the use of integrated modelling developed through 
the presentation of all mathematical formulations for hydropneumatic 
simulation, in terms of flow behaviour, operation under different con-
ditions, storage capacity, and storage efficiency, when integrated into a 
pumped-storage system with PV Solar. It enables in reverse mode to 
turbine and produce energy as a back recovery renewable energy 
system.

In addition to reviewing the state of the art and establishing novelty, 
the manuscript is divided into three other parts. The second section deals 
with the development of the methodology in terms of hydropneumatic 
system formulations, photovoltaic systems, reversible pumping, as well 
as optimization by Solver and Python algorithms applied to hybrid so-
lutions. It contains the computational fluid dynamics (CFD) study, as 
well as the description of the laboratory used. The third section deals 
with the results obtained in the previous sections as well as the applied 
solution of the hybrid model. The fourth section deals with the conclu-
sions and future lines of research. The research is complemented with 
two appendices. Appendix A contains different figures and tables that 
support the discussion of the results. Appendix B contains all the acro-
nyms, variables, and their units used in the research.

2. Methodology and materials

2.1. Developed methodology

The proposed research methodology is divided into four parts to 
create a complete hybrid energy model based on hydropneumatic ves-
sels used as batteries to create potential energy available when the 
intermittent resources are not: (i) Mathematical flow characterization in 
pump and hydropower operation modes and of all other systems ele-
ments in 1D or/and 2D CFD models; (ii) Lab tests development about the 
pumped-storage capacity and efficiency; (iii) Hybrid energy solution 
models developed; in solver and Python, depicting a HES with PHS, as a 
tool to develop various power combinations to address the optimization 
with the integration of intermittent renewable energies, as the best 
sustainable and economic energy solution. This model allows analysis of 
the behavior and adaptability of each potential hybrid energy system, 
including the ability to store excess energy of wind/solar energy pro-
duction in hydropneumatic vessels composed of water-air, during pe-
riods when energy demand is lower than production, and the ability to 
produce hydropower during periods when the demand exceeds the 
production. The energy sources chosen to integrate the hybrid solution 
have a long lifespan, which with a proper control system can be 
extended. The control of the system is also crucial for the high-efficiency 
operation of each energy source in the hybrid solution. The control 
system requires an independent analysis. The model restricts the oper-
ation of some energy sources to specific intervals to guarantee that they 
operate at the highest efficiency that is what the optimization algorithm 
does.
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Fig. 1a presents the electric configuration for the hybrid energy so-
lution. This shows the main components to regulate the generated en-
ergy by Maximum Power Point Tracking (MPPT) when PV systems, wind 
turbines and PHS are combined. Fig. 1b presents the logic sequence by 
which the model is designed to simulate and optimize a hybrid energy 
solution. First, it runs a simulation, secondly/lastly it allows it to be 
optimized to find suited solutions for the operation of the hybrid solu-
tion. In the simulation process, input data must be first defined, clean, 
and correctly allocated to each energy source, load, etc. Then the model 
evaluates if the primary renewable energy sources (solar and/or wind) 
can fulfill the energy and water needs (water needs are by default dis-
counted from the upper reservoir). If not, it requires auxiliary energy. 
Additionally, the PHS system is responsible for managing the storage of 
water and energy production by discharge to aid in the satisfaction of 
energy/water needs in case the primary sources fail to do so. The 
auxiliary energy, either grid of batteries by default, fulfills the rest of the 
energy needs and powers the pumps to ensure enough water for the 
requirements. With the simulation setup, it is possible to proceed to the 
optimization, wherein single or multi-objective functions are defined, 
with the decision variables corresponding to multiplier factors that 
directly dictate the contribution of each energy source to the operation 
of the system. The optimization methods defined are presented further.

After the characterization of all hybrid energy systems, the optimi-
zation process runs for each water-energy need (Fig. 1), with two initial 
optimization formulations in Solver, for different objective functions, 
labelled as OPT1, and OPT2. OPT1: Maximize the lifetime Cash Flow; 
OPT2: Minimize the consumption of Grid Energy used for pump oper-
ation; or/and NSGA-II (in Python): Maximize the hydropower produc-
tion and Minimize the consumption of Grid Energy used for pump 
operation. The Cash Flow corresponds to the difference between reve-
nue (selling excess energy to the grid) and costs (buying energy from the 
grid). The NSGA-II algorithm was used to optimize the hybrid system 
applied to the case study, in Python, for two objective functions: Mini-
mize grid energy for pump operation and Maximize hydropower 
generated. The algorithm is based on common optimization methods 
(gradient for a single objective and NSGA-II for two objectives). The 
objective functions were selected based on logical parameters that 
highly dictate how the system operates. These same algorithms and 
objective functions can be used for different systems, requiring specific 
modifications for each case study assembly [46].

The model manages the energy available/produced by each energy 
source, following a specific hierarchy. Therefore, if renewable energy is 
scarce due to its intermittence, the model seeks the energy deficit 
through other sources, such as the PHS system. With a hydropneumatic 
tank as a storage mechanism for the PHS system, the energy retrieved or 
stored inside it is deduced according to the hydraulic parameters of the 
hydropneumatic: head, volume capacity, enter flow, water needs or exit 
flow, making a water-energy balance each time step. The model pos-
sesses a hierarchal order, to prioritize renewable sources over the elec-
tric grid towards carbon neutrality of the entire system. Additionally, the 
model does not impose a single energy path and solution. It can evaluate 
each source and dictate multiple solutions, according to the optimiza-
tion defined, to contribute to the load demand by the system, making it 
flexible and a simple approach to simulate the control strategy of com-
plex hybrid energy systems.

The functions were chosen due to the goal of the project; to diminish 
grid consumption and to implement a pumped-hydro storage system. 
Therefore, the second objective function is reasonable to consider, as it 
explores the capability of the PHS system, to compare its potential to a 
simple pump station system. Initially, the algorithm was designed to 
attribute a decision variable to each hour and factor (Hydropower, Grid, 
and Solar), totaling around 25 thousand variables, increasing the 
computational time and creating an exaggerated precision. Therefore, 
an approximation is identical to the one used in Solver (variables allo-
cated to periods of the day/month) to decrease the number of decision 
variables. Hence, 315 variables were used in the Python algorithm to 

Fig. 1. General Model for a Hybrid Energy System: (a) scheme of the grid; (b) 
flow chart.
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manipulate the energy balance during the year. A summary of the hybrid 
model is presented. The model receives the input data from specific 
energy sources, on a default hourly timestep. It then manages the energy 
balance between each source and their contribution to fulfilling a 
defined consumption (energy and/or water), respecting restrictions, 
such as the minimum and maximum volume of the hydropneumatic in 
the pump hydro storage (PHS) solution. Regarding the most complex 
part of the model simulation, the PHS iteration process, the feasible 
turbine, and the pumped volume always respect the minimum and 
maximum defined parameters of all system components. The optimi-
zation method serves to seek the best solutions according to the defined 
objective. For instance, OPT1 maximizes the lifetime cash flow, where 
the decision variables are multiplier factors attributed to the hydro-
power, pumping via solar energy and pumping via grid energy, to allow 
the optimization process to manage the energy balance in the best way 
possible. Restrictions were defined for these factors [0,1] and for the 
consumption needs reliability to ensure their fulfillment.

2.2. Formulations and materials

2.2.1. Flow modelling
The steady or unsteady states can be simulated using the character-

istic lines are expressed as follows: 

QP =CP − CaHP (1) 

QP =Cn + CaHP (2) 

where Ca =
gA
a , the acronyms list could check in Appendix B

If H and Q values are known in points A (left) and B (right) of grid 
points in a pipe system, then 

CP =QA
gA
a

HA −
fΔt
a

QA|QA| =0 (3) 

Cn =QB
gA
a

HB −
fΔt
a

QB|QB| =0 (4) 

Equations (3) and (4) are basic algebraic relationships that can be 

used to describe the transient propagation of hydraulic grade lines and 
water flow rates. Solving simultaneously Equations (3)–(5), the flow can 
be calculated along the pipe system: 

QP =0.5(CP +Cn) (5) 

2.2.2. Hydropneumatic modelling
Hydropneumatic vessels are a versatile method for energy storage, 

utilizing the principles of compressible fluids like air and incompressible 
fluids like water or oil. The compressed gas, compressed by a pump or 
power source, stores potential energy in the form of pressure difference 
between the gas and the external environment. The energy can also be 
released through expansion, pushing the liquid out of the vessel, which 
can drive a hydraulic motor, generate electricity, or perform mechanical 
work. Hydropneumatic vessels can be used in water networks for 
smoothing pulsations, providing emergency power, or compensating for 
leakage. They can also be used as renewable energy storage, storing 
excess energy when production exceeds demand and releasing it when 
needed. These solutions are robust, cost-effective, and offer high round- 
trip efficiency, making them suitable for various energy storage needs.

Hence, by using a hydropneumatic vessel for energy storage, in-
dustries can improve energy efficiency, manage energy loads more 
effectively, and reduce dependence on external power sources.

Hydropneumatic reservoirs are filled by part of water and air (Fig. 2). 
The air can operate as a compressed air energy storage giving potential 
energy for the system. The mathematical formulation can be expressed 
as follows: 

QP,orifice =(CP − Cn) −
(
Ca,i +Ca,i+1

)
HP (6) 

QP,orifice =CAo
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2gΔHP

√
(7) 

HP,air =HP + Hb − zP − ΔHP,orifice (8) 

VP,air =Vair − AC(zP − z) (9) 

zP = z + 0.5
(
QP,orifice +Qorifice

)Δt
Ac

(10) 

Fig. 2. Scheme of experimental hydropneumatic (HP) vessel. (a) Hydropower mode; (b) Pump mode; (c) Hydropneumatic tank.
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where HP,air is the absolute pressure head at the end of an analyzed time 
step, VP,air is the air volume at the end of an analyzed time step, Vair is the 
air volume, QP,orifice is the flow through the orifice, Ao is the cross-section 
of the orifice, C is the discharge coefficient of the orifice, pc is the pol-
ytropic coefficient (usually takes a value of 1.2), z is the initial elevation 
of the free surface, Hb is the barometric pressure, C is the constant 
computed in the initial condition of the air vessel, zp is the free surface 
elevation at the end of the time step, and Ac is the cross-section of the air 
vessel. The equation of an air vessel is obtained considering the poly-

tropic law 
(

HP,airVpc
P,air = C

)
, which needs to be solved simultaneously 

with the following five equations.
The hydropneumatic (HP) system is used to generate energy through 

two approaches: electricity dispatch using a hydro-turbine and pumping 
system. The HP operates in two stages: water charge and discharge. In 
the water charge stage, the ball-valve BV-01 is actuated to induce a 
water hammer, causing a pressure surge [37,40]. This surge propagates 
in the system, causing backflow directed towards the HP. The pressure of 
air in the HP increases due to the compression of the air. In the water 
discharge stage, the compressed air expands, expelling water through 
the BV-02. The charge and discharge stages can be performed 
frequently, with 9 charge/discharge stages examined in this study, 
indicating a sequence of water hammer event occurrences. The HP can 
operate through two different approaches: the electricity dispatch sys-
tem using a hydro-turbine and the pumping system.

2.2.3. Pump modelling
An analytical model characterized by mathematical equations 

derived from the fundamental principles of fluid dynamics and ther-
modynamics can predict the relationship between pressure, flow rate, 
efficiency, and power consumption. So based on the Method of Char-
acteristics (MoC) or the balance of flow energy and continuity equation 
the steady state conditions can be simulated. In a most complete char-
acterization based on the hydraulic grade line, the pump characteristic 
curve fitted by a polynomial equation depending on rotational speed, N, 
and characteristic lines (Cp and Cn) previously defined for the pipe flow 
equations, allows the following equation to estimate the pump flow 
(Qp): 

QP =
2 − B1NCa −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(B1NCa − 2)2
− 4C1Ca

(
A1CaN2 + CP + Cn

)√

2C1Ca
(11) 

where: A1, B1, and C1 constants of a pump curve, and N is the rotational 
speed in rpm.

2.2.4. Turbine modeling
The turbine modelling can be simulated as a hydraulic dynamic 

orifice resistive element [21,45,47], where the head lost by the flow rate 
is characterized by a hydrodynamic orifice equipped with variable 
discharge and rotational speed coefficients as shown: 

qT =CgCs

̅̅̅̅̅
hT

√
(12) 

where qT is the relative flow through the turbine orifice, hT is the relative 
turbine head available, Cg is the opening gate coefficient, and Cs is the 
runner’s rotational speed coefficient.

The mathematical representation of turbomachinery parameters can 
be based on the specification of the relationship between flow rate Q, 
speed N, head H, and torque T, which are also referred to as pump 
characteristics. Some parameters can be defined as dimensionless values 
related to the point of best efficiency (also known as nominal or rated 
conditions) to be used as reference in different applications and the 
following equations [48]: 

q=
Q
QR

; h =
H
HR

; n =
N
NR

(13) 

Cs is calculated using equation (16). 

Cs =1 +
αR − 1
βR − 1

(
n̅
̅̅
h

√ − 1
)

(14) 

where αR is the relative runaway discharge (QRW/QR), βR is the relative 
runaway rotating speed (NRW/NR), n is the relative runner speed, and h 
is the relative turbine net head.

Assessing efficiency is a complicated task that depends on numerous 
parameters. The following pair of equations can be used: 

ηR
N
NR

for N < NR Cg

(
NRW

NRW − NR
−

N
NRW − NR

)

ηR for N>NR (15) 

where N is the rotational turbine speed in rpm, and NRW is the runaway 
rotational speed in rpm.

Equation (15) is based on turbine parameters, and it can be utilized 
as a dynamic boundary condition for assessing the extreme pressure 
occurrence in a hydropower system. Equation (16) comprises two un-
knowns, so another condition must be established. Assuming that the 
losses at the junctions between the pipe and turbine are negligible, the 
transient net head can be approximated by H = HP,i − HP,i+1. Consid-
ering equations of MOC, then: 

H=
CP − QP

Ca,i+1
−

QP − Cn

Ca,i
(16) 

The Newton-Raphson method is used to obtain QP as follows: 

QP,j =QP,j+1 −
f
(
QP,j− 1

)

fʹ
(
QP,j− 1

) (17) 

2.2.5. CFD modeling
The transient flow modelling of a reversible hydropower system can 

be conducted using the Navier-Stokes equations in combination with 
steady-state equations as well as semi-empirical models. The numerical 
resolution can be performed using packages such as ANSYS, OpenFOAM, 
Flow3D, and FloEFD, among others. The commercial package FloEFD is 
a fully CAD-embedded CFD that simulates appropriately laminar, tran-
sitional, and turbulent flows. Dynamic meshes can be considered for 
modelling rotating components of a reversible hydropower system based 
on a suitable coordinate system and angular velocity. The conservation 
and momentum equations in the conservation form are presented below 
[49]: 

∂ρ
∂t

+
∂

∂xi
(ρvi)= 0 (18) 

∂ρvi

∂t
+

∂
∂xj

(ρviv)+
∂p
∂xi

=
∂

∂xj

(
τij + τR

ij

)
(19) 

where v is the water velocity in m/s, ρ is the water density in kg/m3, and 
τij is the viscous shear stress tensor in Ns/m2. τij is computed as (for 
water) [50]: 

τij = μ
(

∂vi

∂xj
+

∂vj

∂xi
−

2
3

δij
∂vk

∂xk

)

(20) 

The Reynolds-stress tensor is based on the Boussinesq assumption. τR
ij 

is computed as follows [50]: 

τR
ij = μt

(
∂vi

∂xj
+

∂vj

∂xi
−

2
3

δij
∂vk

∂xk

)

−
2
3

ρkδij (21) 

where μ is the dynamic viscosity coefficient in Ns/m2, μt is the turbulent 
eddy viscosity coefficient in kgm/s, k is the turbulent kinetic energy in 
m2/s3, and δij is the Kronecker delta function.

The k − ε turbulence model has been extensively used for modelling 
transient flows, in which ε represents the turbulent dissipation [51]: 
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μt = fu
Cuρk2

ε (22) 

where Cu is a constant and fu is a turbulent viscosity factor computed by: 

fu =

⎛

⎜
⎜
⎝1 − e− 0.0165

ρ
̅̅
k

√
y

μ

⎞

⎟
⎟
⎠

2
(

1+
20.5με

ρk2

)

(23) 

where y is the distance from the wall.

2.2.6. Pumped-hydropower storage modeling
The Laboratory pump system was later reproduced in the hydraulic 

simulator model, enabling a more complex study of the pumped-storage 
system for comparison with the experiment tests produced in the labo-
ratory. With this, it is possible to enhance hydraulic circuits and bypass 
the limitations associated with physical experiments.

The hydraulic circuit designed in WaterGEMS recreates the labora-
tory pumped-storage system and increments the reverse mode, i.e. hy-
dropower, to complete the PHS system and fully analyze it. A general 
purpose valve (GPV) was implemented in a bypass pipeline to allow the 
simulation of the hydropower operation as if Pump-2 would have been 
replaced by a turbine. Parameters such as pipe length, material, headloss 
coefficients, diameter, pump characteristics, and reservoir levels were 

defined according to the laboratory, obtaining an almost identical vir-
tual recreation. The pump curves provided by the manufacturer were 
extrapolated to the software to precisely reproduce the existing pumps 
as for the Pump-2.

The lower reservoir is set with an initial water level of 0.5 m and a 
total area of 1.606 m2, recreating the two existing tanks in the laboratory 
as one single open tank in waterGEMS. The pipelines have a constant 
diameter of 50 mm and the same material, ductile iron (Hazen-Williams 
coefficient = 130). The valves used in the pump system simulation are of 
the ”Throttle” type, which allows the regulation of the flow in the circuit 
and adjusts the head loss coefficient according to the closure percentage 
of the valves. With a flow control valve (FCV) would not have been 
possible to manipulate this on WaterGEMS. Both throttle control valves, 
BV-01 and BV-02, are configured according to the manufacturer’s 
datasheet (Sylax DN50 Butterfly valves); using a fully open discharge 
coefficient of 0.0036 and a calibrated valve characteristic curve, which 
determines the discharge coefficient variation according to the closure 
percentage (Fig. 3).

The operational hydraulic circuit of the pumping system depicted in 
the Hydraulic CERIS laboratory serves as the basis for analysis of the 
pumped hydropower storage theory. Furthermore, in the hydraulic 
simulator, the hydropower mode (circuit’s reverse direction) is addi-
tionally explored. The laboratory’s pumped-storage system is limited by 
the lower reservoir and the hydropneumatic tank capacity. The pipeline 

Figure 3. Laboratory’s pumped-storage station: a) laboratory set-up; b) Lower reservoir + Pumps; c) Hydropneumatic vessel; d) Spherical flow control valve; e) 
Grundfos pumps.
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is made of ductile iron (Chazen− williams = 130) with a nominal diameter of 
50 mm. Its total length via pump-1 and pump-2 is 5.1 and 6 m, 
respectively.

Fig. 3a presents the scheme of the lab setup. The lower reservoir, 
Fig. 3b, composed of two tanks, has a total area (ALR) of 1.606 m2 and a 
height of 0.70 m. It is elevated from the ground by 0.10 m; and the outlet 
pipe location, which connects the reservoir to the pumped-storage sys-
tem, can be considered at the very bottom of the reservoir. The 
maximum volume of the reservoir is up to 0.964 m3, nonetheless, it is 
sufficient for storage and steady experiments in a small defined time 
interval.

The hydropneumatic tank’s, Fig. 3c, function is to simulate an upper 
reservoir of high elevation at a laboratory scale. Therefore, the hydro-
pneumatic uses compressed air, inside its volume, to increase the hy-
draulic grade line at the upper tank. Table 1 presents the main 
characteristics of the hydropneumatic tank.

The pumped-storage system has two Grundfos pumps, of fixed 
rotational speed (imposed by the grid frequency), with the nomencla-
ture/order presented in Fig. 3d and the flow control valve in Fig. 3e. 
Further information about the pumps’ operation and characteristics is 
described in the next section. The pumped-storage system possesses two 
4 kW Pumps from Grundfos, of fixed rotational speed. Further specifi-
cations of the pumps are presented in Table 1.

As in the laboratory experimental tests for the storage capacity. The 
research used WaterGEMS software [52] to simulate for the different 
hydraulic heads in the hydropneumatic tank, with different valve clo-
sures. The executed simulations are distinguished by the initial head in 
the tank, designated as Hi

HP, which represents the height of the water 
column in the tank at the beginning of the test. The values of Hi

HP are 5, 
10, and 20 m w.c., respectively. In each head simulation, a variable 
closure pattern is tested, that explores the variation of flow and head 
losses induction on the pumping behavior.

The efficiency of the pumped-storage system and the energy stored in 
each trial can be evaluated based on the laboratory and simulation re-
sults. Firstly the potential energy of the water and air within the 
hydropneumatic tank is calculated at the start and the end of the 
experiment/simulation, through the following expressions, eq. (24) and 
eq. (25) [53]. Subsequently, the variation is derived, thereby enabling 
the computation of storage efficiency through the division of the po-
tential energy delta by the total energy consumed by the pump 
operation. 

Ew
p =mgh = ρVgh =

ρgV2

A
1

3.6 106 (24) 

Ea
p =

P Vair

γ − 1
1

3.6 106 (25) 

where Ep
w is the water potential energy in kWh; ρ is the water density, 

equal to 998 kg/m3; g is the acceleration of gravity equal to 9.8 m2/s; V is 
the water volume inside the hydropneumatic tank in m3; AHP is the 
bottom area of the hydropneumatic tank in m2; Ep

a is the compressed air 
potential energy in kWh; Pair is the air pressure inside the hydro-
pneumatic tank in Pa; V air is the air volume inside the hydropneumatic 
tank in m3; and γair is the heat capacity ratio equal to 1.4.

Regarding the hydropower simulation. The general purpose valve 
characteristic headloss curve was used to simulate the behaviour of a 
turbine, thus the reverse mode of pumped-hydropower storage accord-
ing to Ref. [54].

3. Results and discussion

3.1. CFD analyses

2D CFD simulations have been performed to know the behaviour of 
all hydraulic variables and components during operation modelling in a 
reversible hydropower system using the OpenFoam model [55] to 
simulate the hydropneumatic performance. The discretization of tem-
poral derivatives was conducted with the finite volume method in 
combination with a 2nd order spatial scheme. A rectangular mesh was 
configured with an appropriate number of cells that can represent all 
hydraulic phenomena.

To ensure a proper and acceptable accuracy of the results, the dis-
cretization mesh followed a typical Mesh Sensitivity Analysis (MSA), in 
which the density of cells is gradually increased and the solution re- 
assessed towards an independence on the mesh size [47,49]. The dis-
cretization of the mesh was performed by assuming an initial coarse 
mesh with a total number of cells equal to 35,888, followed by a mesh 
refinement process. This process stopped when the difference in the 
head drop between consecutive meshes was less than 1 %, which 
occurred for mesh with 135,472 cells. This CFD model and 1D Method 
Of Characteristics (MOC) model for hydropneumatic vessels were 
already calibrated in previous research [47,49,54].

When the goal is to determine the flow and air pocket condition 
during the operational phase of the system, the 2D CFD model can 
provide quite appropriate results along the time in all the parts of the 
system geometry with about 42 h of calculation. In some cases, the 1D 
model is not able to predict accurately the evolution of the pressure head 
since it considers a constant variation of the water level at the HP. The 
CFD model considers all the details of the system and the initial condi-
tions can be introduced with the highest similarity to the real model. 
Before presenting the CFD results, this grid independence analysis was 
conducted and resulted in the following choice. Mesh 3 was considered 
enough in terms of accuracy and computational time-consuming. It was 
not presented here because it was already analyzed in a previously 
referenced study by authors [56].

Fig. 4 shows the volume fraction and the velocity vectors during the 
flow establishment steps after opening the BV1. The water enters the HP 
when the flow is established at time 0.70 s (Fig. 4a) leading to a 
compression of the air pocket and increasing the pressure. The pressure 
suffers several changes due to the change in the flow direction towards 
the air vessel as shown in Fig. 4a–d. This attitude continues until a 
steady state flow is established in the pipe from time 1.40 s–5.90 s. 
During this time interval, the pressure stays almost constant in the air 
pocket. Upon closing the BV3 at time 5.80 s, the pressure in the air 
pocket rises and the air pocket size is reduced as shown in Fig. 4e and f. A 
vortex is shaped in the valve position in Fig. 4f with high velocity 
leading to perturbation of flow and very fast change in the flow regime.

The major pressure jump happens when the valve is completely 
closed as shown in Fig. 4g. At this moment the air pocket is in the highest 
compression situation with the smallest size. It leads to a very high jump 
in pressure. When the BV3 is completely closed, some backflow is 
formed mainly in the pipe upstream of the air valve and as well in the 

Table 1 
Hydropneumatic Tank Characteristics and Pumps hydraulic and electrical 
specifications.

Hydropneumatic Tank Pump characteristics Electrical Specifications

HP Volume 
Capacity 
[m3]

1 Pump Nominal 
Flow Rate [m3/ 
h]

31.3 Rated Power 
[kW]

4

Diameter [mm] 809 Nominal Head 
[m]

28.2 Frequency 
[Hz]

50

Maximum 
Pressure 
[bar]

13 Shut-off Head 
[m]

35.8 Rated 
Voltage [V]

3x 380-415

Compressed 
Gas

Air Maximum Flow 
[m3/h]

38 Rated 
Current [A]

8

Head @Max. 
Flow [m]

24.3 Rated speed 
[rpm]

2910–2930

Maximum 
Pressure [Bar] 
@140 ◦C

16 Motor 
Efficiency 
[%]

88.5
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near-wall zone in the downstream branch. In Appendix I, Figure A.1
represents the velocity contours and air-water interface position at HP.

3.2. Experimental storage capability values

This information is key in the simulation based on experimental re-
sults developed in the hydraulic lab, which was described in section 
2.2.6. It was necessary to calibrate the pump in WaterGEMS to replicate 
the laboratory conditions. In the laboratory experiments, Pump-1 was 
singularly used, and the BV-01 valve was handled to control the flow, 
located upstream of the pump inlet, as shown in Fig. 3-e. The bottom 
reservoir, composed of two tanks with the same volume and height, has 
an initial water elevation of 0.5 m, to its base. For each trial, the initial 
hydraulic grade line (HGL) in the lower reservoir is identical; i.e. 0.5 m, 
excluding the difference between the floor and the base of the tanks, as 
the rest of the system is also located at the same height from the floor. 
The storage capacity test was divided into multiple trials, each with two 
control input parameters: initial pressure in the hydropneumatic tank 
and closure stage of the valve (% closure). In each trial, the valve closure 
percentage was fixed throughout the experiment. Table A.1 presents the 
registered results.

With these results, the pumped volume can be computed, plus the 
average flow in each trial as well. The pumped-storage system in the 
laboratory does not have a flowmeter, therefore the flow can only be 
obtained as an average, resulting from the division of the pumped vol-
ume by the measured timestamp, as described in eq. (26). 

Qavg
ΔV
Δt

=
ALR

(
ZLR

i − ZLR
F
)

Δt
(26) 

The computed values derived from the results are presented in 
Table A.1 in Appendix A.

The average pump head can be determined using the pump curves 
provided by the Grundfos manufacturer, based on the average flow 
rates. By considering the maximum flow rate in each trial and the flow 

rate towards the end of the period, the average flow rate allows for the 
estimation of the pump head, pump efficiency, and pump power. With 
these estimated values, it is possible to calculate the total energy cost 
over the recorded period and divide it by the total pumped volume to 
assess the pump’s storage capacity in kWh/m3. Table A.2 in Appendix A
summarizes the results of the storage capability tests, highlighting key 
parameters essential for the study of pumped-storage systems. From 
Table A.2, it is evident that as the average flow rate decreases, due to 
valve closure, the storage performance deteriorates, as the energy 
required to pump each cubic meter of volume increases. When the flow 
rate is minimal, nearly zero, the energy cost per pumped volume in-
creases exponentially, reaching levels up to ten times higher than the 
average values. In Trial 1, the hydropneumatic system (HP) operates 
with air at atmospheric pressure. The subsequent tests involve three 
different hydropneumatic pressure heads, each utilizing different 
methods of valve closure operation.

3.3. Storage capacity of hydropneumatic air pressure variation

The storage capacity analysis compared results with the empiric 
parameters obtained in the CERIS/IST Hydraulic Laboratory and using 
WaterGEMs. In this analysis, three different hydropneumatic pressure 
heads were defined, each one with three different methods of valve 
closure operation.

Different potential energy levels within the hydropneumatic (HP) 
system were analyzed. For an initial head of 5 m w.c. in the hydro-
pneumatic (HHP

i ) tank, the parameters over time are depicted in Fig. The 
evolution of the pump head and flow rate corroborates the laboratory 
findings, which demonstrate that the pump reaches its operational limit, 
preventing further volume transfer to the hydropneumatic vessel once 
the maximum pump head is achieved. Table A.3 provides the cumulative 
energy results for each valve pattern, which closely correspond to those 
obtained in laboratory experiments.

Fig. 4. Volume fraction and velocity vectors in air vessel and valve position: Left - during the pump mode: (a) t = 0.70 s, (b) t = 0.90 s, (c) t = 1.20 s, (d) t = 1.40 s, 
(e) t = 5.80 s, (f) t = 5.90 s. Right - during turbine mode: (g) t = 6.00 s, (h) t = 6.10 s, (i) t = 6.20 s, (j) t = 6.50 s.
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The laboratory circuit, modelled in WaterGEMS, shows a high degree 
of consistency with the experimental data, as evidenced by the calcu-
lated average parameters presented in Table A.4. For a hydropneumatic 
tank head of 10 m w.c., the time-dependent system curve for each valve 
pattern is illustrated in Figure A.3. The intersection of the pump curve 
with the system curve occurs at a lower initial flow rate compared to the 
scenario with a 5 m w.c. head. Figure A.3c demonstrates the effect of 
valve closure during operation, which significantly increases the head 

loss coefficient, causing the system curves to approach a vertical 
asymptote over time. The energy results for the 10 m w.c. head in the 
hydropneumatic vessel are summarized in Table A.5, with the computed 
average hydraulic parameters in Table A.6, both showing strong align-
ment with experimental data.

At a head of 20 m w.c., the pump is unable to deliver additional flow 
due to its 36 m head limit. The system curve starts at a higher point with 
a lower initial flow rate, as shown in Fig. 5, which also illustrates the 

Fig. 5. (a) Circuits evolution for Hi
HP = 20 m w.c.; (b) System curve evolution for Hi

HP = 20 m w.c.; and (c) pump’s performance through time for Hi
HP = 20 m w.c.
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increasing verticality of the system curves as valve closure and head 
losses rise. The pump’s energy performance and average hydraulic pa-
rameters are summarized in Tables A.7 and A.8.

3.4. Energy storage efficiency

The potential energies obtained for each trial, and the resultant en-
ergy stored in the hydropneumatic vessel are presented in Table 2, 
where Ep

w is the water potential energy in kWh and Ep
a is the compressed 

air potential energy, in kWh, with i and f are the initial and final dura-
tion registered time. The final column presents the storage efficiency of 
each trial, dividing the stored energy by the energy consumed by the 
pump.

In WaterGEMS, the precision at which the pump surpasses its 
maximum operating head, resulting in zero flow, is significantly higher 
compared to measurements taken in the lab due to pressure fluctuations. 
As a result, the valve closure pattern does not influence the evaluation of 
potential energy, with variations occurring only between different 
hydropneumatic head simulations. However, the pump’s energy con-
sumption does vary depending on the valve pattern, which in turn af-
fects storage efficiency. On average, the absolute deviation between the 
simulation and empirical efficiencies is 2.46 %. This small deviation is 
primarily due to the simulation energy results being calculated using 
total incremental values, while the storage efficiencies derived from 
laboratory trials are based on average power results and the duration of 
each experiment. Additionally, the volume calculations in the hydro-
pneumatic vessel for experimental analysis were based on measured 
heights in the laboratory. Nevertheless, the energy results and effi-
ciencies obtained from both the simulations and experiments closely 
align, highlighting the technical and economic viability of energy pro-
duction. This alignment also underscores the potential for highly effi-
cient energy utilization when combined with other available renewable 
resources.

3.5. Hybrid model application

The hybrid energy system model integrates solar, wind, and auxiliary 
options with a Pumped-Hydropower Storage (PHS) system to optimize 

water and energy management, crucial for both urban and rural sectors. 
The model, shown in Fig. 1, supports various configurations, including 
renewable energy sources with or without grid and battery support. An 
extensive analysis using Solver optimization methods, GRG Nonlinear 
with the multistart feature, was conducted to compare different ap-
proaches for water-energy allocation. The system can be self-sustainable 
for lower water-energy demands without relying on grid energy. Table 3
presents the total results for an average year, for a certain value of water 
allocation (4.8 Mm3), with a lifetime of 25 years of cash flow. The 
lifetime cash flow considers no selling excess of PV solar to the grid in 
the first five years due to government restrictions. The optimization 
methods yielded nearly identical results, with both approaches maxi-
mizing hydropower generation and using no grid energy due to suffi-
cient hydropower and solar energy. OPT1 slightly increased profit by 
selling excess solar energy, while OPT2 showed minor differences for 
4.8 Mm3 water allocation. Both optimizations met energy and water 
needs efficiently.

Fig. 6 shows the 24-h energy balance, highlighting the harmonious 
operation of renewable subsystems to meet water-energy needs. At 
night, hydropower covers energy demands, while solar energy takes 
over during the day. The "Energy Deficit" remains zero, indicating no 
need for grid energy, while excess solar energy is sold as "Energy Sur-
plus," particularly at midday.

Fig. 7-b shows a high solar surplus sold due to reservoir volume 
limits, preventing additional water pumping. The reservoir’s hourly 
storage level significantly impacts the system’s energy balance. Fig. 7-a 
highlights the interplay between solar generation, reservoir levels, and 
pumped volumes in the OPT1 method, which maximizes lifetime cash 
flow. All optimization methods achieved 100 % water reliability, 
ensuring 24-h irrigation for any water allocation, including 4.8 Mm3, 
across the entire season. The study emphasizes the importance of 
meeting both water and energy needs for irrigation, drinking water 
supply, or industrial processes. Fig. 7-b’s pie chart illustrates the energy 
contributions from solar, hydropower, and grid sources in the hybrid 
energy system.

Finally, the yearly energy balance is shown in Fig. 7b, for the case of 
lifetime cash flow maximization (OPT1). For 4.8 Mm3, this optimization 
configuration presents the best solution, as for energy parameters, all 
methods have identical results, but, ultimately, this obtains the best cash 
flow. ”Grid In” corresponds to energy sold to the grid and ”Grid Out” to 
energy purchased from the grid. Fig. 7c and d shows the distribution of 
power according to source.

The yearly energy and water volume balance using the Solver or 
Python models with OPT1 (Fig. 7e) and OPT2 (Fig. 7f). The main dif-
ferences are in the Energy Sell to the Grid, the use of PV energy for PHS 
in pumping mode, the top reservoir fullness that allows to allocation of 
the water needed, and the use of PHS in turbine mode. Depending on the 
objective function previously defined the complete models (Solver or 
Python) developed can get results to fit the best economical solution, the 
maximum hydropower operation, the lower carbon footprint, or others.

4. Conclusions

A new pumped-hydropneumatic storage technology has been 

Table 2 
Laboratory and simulation energy storage results.

Trial 
Lab

Ei
w 

[kWh]
Ef

w 

[kWh]
Ei

a 

[kWh]
Ef

a 

[kWh]
Estored 

[kWh]
ηstorage 

[%]

1 0.00163 0.00413 0 0.0273 0.0298 57.1
Hydropneumatic Tank at HP ~ 5m
2 (0 %) 0.00160 0.00365 0.0156 0.040 0.0265 49.6
3 (34 %) 0.00185 0.00402 0.0142 0.0303 0.0183 33.9
4 (67 %) 0.00185 0.00216 0.0142 0.0188 0.00491 7.8
Hydropneumatic Tank at HP ≈ 10m
5 (0 %) 0.00163 0.00315 0.0310 0.0538 0.0243 46.7
6 (34 %) 0.00185 0.00345 0.0285 0.0453 0.0184 39.6
7 (67 %) 0.00175 0.00190 0.0295 0.0333 0.00395 8.3
Hydropneumatic Tank at HP ≈ 20m
8 (0 %) 0.00145 0.00220 0.0660 0.0813 0.0161 41.8
9 (34 %) 0.00145 0.00215 0.0660 0.0845 0.0192 29.2

Simulation 
HP

Ei
w 

[kWh]
Ef

w 

[kWh]
Ei

a 

[kWh]
Ef

a 

[kWh]
Estored 

[kWh]
ηstorage 

[%] - 0 
%/34 
%/Var.

5m 0.00169 0.00390 0.0139 0.0345 0.0228 51.9/ 
40.0/ 
49.6

10m 0.00169 0.00348 0.0286 0.0459 0.0191 46.6/ 
37.5/ 
43.4

20m 0.00169 0.00272 0.0582 0.0689 0.0117 37.7/ 
29.3/ 
33.4

Table 3 
Technical-economic results.

Optimization method: OPT1 OPT2

Turbine Volume [m3] 6,503,314.808 6,503,314.8
Pumped Volume [m3] 11,553,481.9 11,553,941.6
Hydropower [kWh] 1,077,716.3 1,077,716.3
Solar Energy for Pump [kWh] 5,249,196.2 5,249,405.0
Grid Energy for Pump [kWh] 0.0 0.0
Grid Energy [kWh] 0.0 0.0
Solar Excess to Grid [kWh] 8,335,480.0 8,335,271.0
Lifetime Cash Flow [€] 2,527,096.0 2,477,787.0
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integrated with other renewable energy sources, including PV solar, 
wind, the grid, and batteries. A promised energy storage efficiency of 
around 30–50 % was obtained on a small lab scale. The optimization 
hybrid model was developed using Solver and Python, allowing 
enhanced hybridization with pneumatic vessels as upper reservoirs. 
While Solver is limited to non-linear and evolutionary optimization 
methods, Python enables the application of multiple optimization al-
gorithms. The methodology involved integrating physical and mathe-
matical modelling, experimental tests, and efficiency characterization, 
leading to a hybrid model applied in a real case study. The system’s 
versatility was demonstrated through 1D and 2D flow models that 
characterized flow behaviour in hydraulic circuits during energy 
production.

The study explored the energy storage capacity of a hydropneumatic 
(HP) system, demonstrating promising results for integrating intermit-
tent renewable sources with pumped-hydropower storage (PHS). The 
HP system operates in two modes: hydropower, using available water, 
and pumping, using compressed air. The model was applied to a real- 
world scenario, ensuring water allocation and enabling energy storage 
from PV solar surplus, which powers a pumping station and compresses 
air in the HP vessel. This stored energy is later released in hydropower 
mode when PV energy is unavailable. Two optimization strategies 
identified the most cost-effective design solutions.

A real application of all models was developed for a system with 
water-energy nexus needs, in particular, to guarantee a water allocation 
from the hydropneumatic vessel of 4.8 Mm3 per year, more distributed 
between March and October. The potential energy guaranteed by HP, 
combined with a pumped-hydropower storage solution to integrate PV 
solar, turned the system based on an energy grid into a hybrid renewable 
solution, allowing energy storage in the HP vessels, whenever there is a 
surplus of PV Solar. This energy surplus feeds the pumping station to 
pump water to the water needs and the HP, compressing the air inside it, 

and increasing its potential energy to be released in hydropower mode 
when energy is needed and PV is not available. Two optimization so-
lutions based on two different objective functions allowed us to define 
and select the best technic-economic design solution. The solution ob-
tained allows a turbine volume in an average year of 6500 Mm3 and a 
Pump Volume of 11500 Mm3, producing hydropower and Solar energy 
of 1000 MWh and 13500 MWh, respectively with 100 % water reli-
ability, ensuring 24-h irrigation for any water allocation with a lifetime 
(25 years) cashflow of 2.5 M€.

Limitations of the research included the single hydraulic circuit, 
which prevents simultaneous pump and turbine operation, and the 
absence of characteristic curves for hydropneumatic energy storage 
capacity and performance under varying conditions and sizes, as these 
depend on specific system objectives. Additionally, control and elec-
tronic simulation analysis were not part of this study. Future research 
should focus on optimizing multi-circuit models, characterizing effi-
ciency curves for diverse water-energy needs, and integrating control 
systems. Expanding the modularity and scalability of the hydro-
pneumatic system, exploring new renewable integrations, and assessing 
its sustainability across various environments will enhance its viability 
as a long-term energy storage solution.
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out during Modesto Pérez-Sánchez’s stay at the CERIS-IST research 
center, called “INCORPORATION OF NEW WATER RESOURCES IN 
IRRIGATION SYSTEMS THROUGH THE USE OF SUSTAINABLE TECH-
NOLOGIES AND COMPUTATIONAL TOOLS TO MITIGATE WATER 
SCARCITY”

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rineng.2024.103117.

Data availability

Data will be made available on request. 

References

[1] P. Roos, A. Haselbacher, Analytical modeling of advanced adiabatic compressed air 
energy storage: literature review and new models, Renew. Sustain. Energy Rev. 
163 (2022) 112464, https://doi.org/10.1016/j.rser.2022.112464.
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