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A B S T R A C T

Large-scale energy storage systems, such as underground pumped-storage hydropower (UPSH) plants, are re-
quired in the current energy transition to variable renewable energies to balance supply and demand of elec-
tricity. In this paper, a novel method to determinate the round trip energy efficiency in pumped storage hy-
dropower plants with underground lower reservoir is presented. Two Francis pump-turbines with a power output
of 124.9 and 214.7 MW (turbine) and a power input of 114.8 and 199.7 MW (pump), respectively, have been
selected to investigate the overall operation of UPSH plants. Analytical models and two-phase 3D CFD numerical
simulations have been carried out to evaluate the energy generated and consumed, considering a typical water
mass of 450,000 t and a maximum gross pressure of 4.41 MPa. The results obtained in both analytical and
numerical models show that unlike conventional pumped-storage hydropower plants, the round trip energy
efficiency depends on the pressure inside the underground reservoir. The round trip energy efficiency could be
reduced from 77.3% to 73.8% when the reservoir pressure reaches -100 kPa. In terms of energy balance, the
energy generation decreases down to 3,639 MWh −1 and the energy consumption increases up to
4,606 MWh year−1 compared to optimal conditions.

1. Introduction

Renewable energy sources will have the fastest growth in the elec-
tricity sector, providing almost 30% of power demand in 2023, up from
24% in 2017 [1]. During this period, renewables are forecast to meet
more than 70% of global electricity generation growth. Since, power
generation varies continuously to meet demand fluctuations and ensure
grid voltage and frequency stability, the improvement of electricity sto-
rage systems, such as Pumped Storage Hydropower (PSH), will be es-
sential to ensure the grid integration of variable renewable energies (VRE)
such as wind and solar photovoltaic, where the production depends on
meteorological conditions and varies daily and seasonally. Moreover,
when PSH is used to balancing, it also substitutes conventional fossil fuels
(i.e. natural gas or coal), implying a reduction of greenhouse gas (GHG)
emissions to the atmosphere. Francis pump-turbines are typically used to
produce and consume electrical energy through an alternator-motor ar-
rangement [2]. To adapt to the needs of the grid, modern PSH plants are
equipped with variable-speed pump-turbine machines [3]. Wind-solar
and PSH hybrid power supply system constitute a feasible option to
achieve high penetration levels of VRE [4,5].

In the European Union (EU) there are approximately 270 PSH plants
with a total generating capacity of 127 GW [6], representing 99% of the

electricity storage capacity [7,8]. Although there are some projects of
Underground Pumped Storage Hydropower (UPSH) plants [9–17],
nowadays there are not known plants under operation worldwide. The
stored water in the upper reservoir (located at the surface) contains
potential energy. When the electricity is needed, the water flows into
the underground reservoir and runs a Francis turbine (generation
mode) and the alternator, which feed electrical energy into the grid.
Conversely, the energy from the electrical grid is used by the motor to
run the Francis turbine in pumping mode (consumption), which drives
the water from the underground reservoir (lower) to the surface re-
servoir (upper).

Unlike conventional PSH plants, where upper and lower reservoir
are located at the surface, the operation of UPSH plants is complex due
to the presence of water and air interacting during filling (generation)
and emptying (pumping) processes. In an UPSH plant, the direction and
the air flow rate depends on the operation mode and water flow rate,
respectively. Menendez et al. [18] studied the effect of air pressure on
the stability of the underground infrastructure (lower reservoir) during
the operation time. To reduce the reservoir pressure, it is necessary to
excavate air ducts between the underground reservoir and the surface
(atmospheric conditions). An optimization of the global efficiency of
UPSH plants could be achieved using this approach.
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In this work, the global operation, including both consumption and
generation modes, in UPSH plants is analyzed. Turbine and pumping
modes have been simulated with two Francis pump-turbines using
disused mining structures in closed coal mines as lower reservoir. The
energy balance (generation-consumption) and the round trip energy
efficiency and how it varies depending on the pressure inside the lower
reservoir is investigated. The main objective is to highlight the para-
mount importance of considering the reservoir pressure effects on the
energy balance (generation and consumption), and therefore on eco-
nomic results during the operation of a PSH plant with underground
water reservoir.

2. Methodology

2.1. Problem statement

Conventional PSH are normally limited by topography restrictions.
Disused underground space, such as closed coal mines or abandoned
underground cavities, may be used as lower reservoir of UPSH plants.
Thus, UPSH plants provide siting flexibility and retain the system re-
liability and availability characteristics of conventional PSH plants
[19,20]. Moreover, the use of this type of underground structures has
important environmental benefits compared to surface PSH plants (i.e.
the excavation of large surface reservoirs) [12]. The energy generation
and consumption in PSH plants depends on the water mass and the net
head between upper and lower reservoirs. In the operation of UPSH
plants the underground reservoir is at a different pressure from atmo-
spheric pressure. In generation mode, the water flow displaces the ex-
isting air in the network of tunnels, which passes through the air ducts
upwards. Conversely, in pumping mode, the water flow sucks the ex-
iting air in the outside atmosphere which passes through the air ducts
downwards. Therefore, it is essential to analyze the reservoir pressure
to know the behavior of UPSH plants during the operation time.

The round trip energy efficiency in surface PSH plants is calculated
by dividing the energy output (turbine mode) by the energy input
(pumping mode). The round trip energy efficiency takes values lower
than 100% due to the losses, and usually it can vary in the 70–80% range
[21–23]. A typical scheme of an UPSH plant using disused underground
space (i.e. closed coal mines) is presented in Fig. 1. Maximum net head in

turbine mode (HNET-T) and pumping mode (HNET-P) are indicated. In a
conventional PSH plant, the energy losses in penstock in turbine mode
(hf-T) and pumping mode (hf-P), and the kinetic energy losses in the
discharge into the lower reservoir (Ke-T) and upper reservoir (Ke-P) are
considered to estimate the net head and the energy balance. As indicated
in Fig. 1, to determinate the net head in UPSH plants, it is also required
to analyze the effect of the reservoir pressure during the operation time
(hP), in turbine mode (hP-T) and pumping mode (hP-P). The pressure in-
side the underground reservoir influences the energy balance and
therefore the round trip energy efficiency. Finally, the round trip effi-
ciency also includes the equipment-related losses (Francis pump-turbine,
motor-generator and transformer) [24].

2.2. Francis turbines parameters and performance curves

Two Francis pump-turbines have been selected to analyze the in-
fluence of reservoir pressure on the round trip energy efficiency in
UPSH plants. Table 1 shows the main parameters in pumping mode for
Turbine 1 and Turbine 2. Table 2 shows the main parameters con-
sidered in turbine mode for the Turbine 1 and Turbine 2.

The non-dimensional performance curves for Francis Turbine 1 and
Francis Turbine 2 are illustrated in Fig. 2 for both turbine and pumping
operation modes, which correspond to typical situation encountered for
Francis turbines in hydroelectric power plants. [25,26]. Two different
scenarios have been analyzed in turbine mode, at 100% opening (full
load) and at 40% opening (technical minimum). In pumping mode, only
a scenario at full load has been considered, since the Francis turbine
distributor is always opened at 100% in pumping mode [27,28].

2.3. Analytical model

Menendez et al. [26] carried out a similar study to analyze the ef-
fects of pressure inside the underground reservoirs of UPSH plants on
the energy generation in turbine mode. As indicated in Fig. 1, the di-
rection of air flow switches depending on the operation mode (turbine
or pump). To study the operation of the Francis turbine in pumping
mode and the evolution of the emptying phase, the previous 1-D ana-
lytical model developed in MATLAB and already validated in [26], has
been reformulated for the reverse mode. The objective of the

Fig. 1. Schematic design of an UPSH plant in closed mines. Energy lines in turbine and pumping modes. Influence of underground reservoir pressure on the energy
generation and consumption (power output and power input).
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formulation is to estimate the values of the amount of energy con-
sumed, the pressure inside the reservoir and the Mach number within
the air ducts. Therefore, a system of equations is applied iteratively,
with a time step of 1 s for water and for air between the maximum gross
and minimum gross head. To solve the problem, the equations for the
water circuit have been taken into account first. The energy equation
between both reservoirs, together with the performance curve of the
Francis turbines in pumping mode have been applied, see Eq. (1). In
Eq. (2) mass conservation is applied to study the emptying of the lower
reservoir and the filling of the upper one, considering a maximum gross
pressure of 4.41 MPa and a minimum gross pressure of 4.26 MPa for a
reservoir volume of 450,000 m3. For the air circuit, Eq. (3) has been
applied to take into account that the pressure in the reservoir is a
function of the overall head losses for the total air flow rate (which
must be equal to the water flow of the pump according to continuity).
In particular, the head losses are including both major losses and minor
losses [29] which include, kinetic energy in the discharge to the upper
reservoir, changes of direction and changes of cross-section. The major
losses in the water and air circuit have been calculated using the
equation formulated by D'arcy-Weisbach [30].

+ + = +
g

aQ bQ c h K Q P
g

1 [ ]
w

UG

w

2
1

2

(1)

= = +dh
dt

m Q
A

m H H H
H

1 G MAX G MIN T

T (2)

= + + +P
g g

K K K K
N

Q1 ( )UG

a a

2 3 4 5
2

2
(3)

where:

h = Gross pressure (MPa)
K1 = Loss coefficient (Major Losses, Water Flow)
PUG = Reservoir pressure (MPa)
Q = Pump flow rate (m3 s − 1)
HG MAX = Maximum gross pressure (4.41 MPa)
HG MIN = Minimum gross pressure (4.26 MPa)
HT = Height of the tunnels (6.5 m)
a, b and c = Coefficients of the pump equation
A = Surface of the reservoir (m2)
K2 = Loss coefficient (Major Losses, Air Duct)
K3 = Loss for kinetic energy (Air Flow)
K4 = Loss for bends (Air Flow)
K5 = Loss for changes in cross -section (Air Flow)
N = Number of air ducts
g = Gravitational acceleration (9.81 m s-2)
ρw = Water density (1000 kg m-3)
ρa = Air density (1.2 kg m-3)

Geometrically, the one-dimensional analytical model considers a
total water capacity of 450,000 m3 in an underground reservoir with
the form of a network of connected tunnels with a cross-section of
30 m2. Several design options based on the air input have been ana-
lyzed, from 1 to 6 air ducts with circular cross-section in the
0.2–4.68 m2 range. The air ducts connect the reservoir with parts of the
existing mining drifts through a 60 m long tube.

Due to the high velocities reached by the air flow in some of the
cases analyzed, the model considered also the effects of compressible
flow. To include this formulation in the model, the loss coefficient for
compressible flow in pumping mode, K2C, is defined according to

Table 1
Main parameters considered in the study for Turbine 1 and Turbine 2 in pumping mode.

Pumping mode Q (m3 s−1) Max. Gross Pressure
(MPa)

Max. Net Pressure
(MPa)

Min. Gross Pressure
(MPa)

Min. Net Pressure
(MPa)

Efficiency (%) Max. Pump Input
(MW)

Turbine 1 23 4.41 4.49 4.26 4.34 89.8% 114.86
Turbine 2 40 4.41 4.47 4.26 4.32 90.0% 199.76

Table 2
Main parameters considered in the study for Turbine 1 and Turbine 2 in turbine mode.

Turbine mode Q (m3 s−1) Max. Gross Pressure
(MPa)

Max. Net Pressure
(MPa)

Min. Gross Pressure
(MPa)

Min. Net Pressure
(MPa)

Efficiency (%) Max. Turbine Output
(MW)

Turbine 1 32 4.41 4.27 4.26 4.12 91.4% 124.9
Turbine 2 55 4.41 4.30 4.26 4.15 91.4% 214.7

Fig. 2. Non-dimensional performance curves of the Francis turbines. (a) Turbine and pump performance curves for Francis Turbine 1 and; (b) Turbine and pump
performance curves for Francis Turbine 2. Note: Typical diameters and rotational velocities have been employed for both Turbines (see [26]) to calculate the head
and flow coefficients.
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Eq. (6). When the Mach number is higher than 0.3, the compressible
flow calculation is activated, using this new coefficient in the system
resolution. For that purpose, the formulation for the discharge of a
pressurized gas tank through a long, narrow pipe has been adapted for
the major loss in the air duct. In this case, it has been considered as a
partial vacuum inside the reservoir that induces the suction of outside
air at atmospheric conditions. Moreover, it has been assumed that the
Mach number is below unity, with the convective term neglected and a
maximum pressure inside the reservoir of 1 bar for practicability.
Through Eq. (4) and Eq. (5) the pressure drop with compressible flow
inside the reservoir is determined taking into account that the mass
flow considered passes from the pressure in the outside atmosphere to
the underground reservoir by means of air ducts, where the flow of air
is sucked when the Francis pump turbine operates in pumping mode.
The flow of water is equal to the sum of the air flow that comes in
through air ducts. Because it is compressible flow, Eq. (6) determines
the value of the major losses for a compressible flow K2c, different from
the coefficient K2 that had been previously calculated.
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where:

Pa = Atmospheric pressure (0.1013 MPa)
f = Friction factor (0.02)
As = Air duct section-cross (m2)
m = Mass flow (kg s − 1)
L = Air ducts length (60 m)
Q = Flow rate (m3 s − 1)
D = Air ducts diameter (m)
v = Air velocity (m s − 1)
K2C = Loss coefficient for compressible flow (Major Losses, Air
Ducts)

2.4. CFD numerical models

To compare the results of the 1-D analytical model, a CFD numerical
model has been carried out. Menendez et al. [26] already developed a
3D numerical model to investigate the effect of reservoir pressure on
energy generation (turbine mode) in UPSH plants. For the present

investigation, the model has been modified to analyze the operation in
pumping mode in order to evaluate the effect of reservoir pressure on
energy consumption. Fig. 3 shows the geometry of the considered
model and the mesh details. The objective of the simulation is to obtain
the values of the water flow in the exit of the pump and reservoir
pressures for different cross-sections of air duct, keeping constant the
value of the maximum gross pressure at the entrance of the pump
(4.41 MPa). Simulations were carried out with the turbines indicated in
Table 1 and Table 2. The general design considers 6 ventilation shafts,
one at the end of each tunnel. Simulations have been made for air ducts
diameters of 0.5 m and 1 m. To economically optimize the design of the
underground reservoir, calculations have also been made with a single
shaft, located at the end of the central tunnel.

The simulations were performed with the commercial CFD software
Ansys Fluent V16.0, solving the Unsteady Reynolds-Averaged Navier-
Stokes (URANS) equations with a two-phase (water and air) scheme.
This numerical model is developed meshing the geometry into different
small cells in which the flow equations must be solved after dis-
cretization. In this model, a second-order upwind discretization has
been implemented for convective terms, with a first order scheme for
temporal terms and central differencing for diffusion terms. For the
closure of turbulence, a robust k-epsilon RNG model with standard
logarithmic wall functions was employed. The application of neutral
boundary conditions has been fulfilled introducing large ventilation
rooms where atmospheric pressure values were set on top, away from
the vent shafts. Also, a porous jump (internal) boundary condition has
been used to simulate the pump. For the water, a pressure outlet con-
dition is imposed for the pump, representing the gross head that drives
the water flow rate to the upper reservoir. Finally, the unsteady re-
solution of the discretized equations, with time steps in the order of
10−3 s, provides the final solution of the model. More precisely, vari-
able time stepping was used in order to automatically change the time
step when an interface is moving through finer meshes or if the inter-
face velocity is high. The variable time step is based on the maximum
Courant number near the VOF interface. A 3D structured mesh has been
developed for the entire domain, employing tetrahedral and hexahedral
cells because of their suitable adaptation to the geometry. The mesh
used for the calculations reaches up to about 4.62 × 106 cells. More
details for the mesh topology and the accuracy of the CFD model can be
found in Menéndez et al. [26]. The Volume of Fluid (VOF) approach
[31] has been selected for the two-phase (water and air) modeling.

3. Results and discussions

3.1. Analytical model results

The system of equations using MATLAB presented in Section 2.3 has
been applied in order to know the evolution of the emptying of the

Fig. 3. CFD Numerical model. (a) 3D Geometry of the UPSH plant; (b) Mesh details of the model, tunnels and air duct.
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underground reservoir in pumping mode. Fig. 4 shows the results of the
simulations for Turbine 1. A water flow rate of 23 m3 s−1 between the
maximum and minimum gross pressure (4.41 and 4.26 MPa, respec-
tively) were considered. Fig. 4a shows the results for the total energy
consumption (MWh cycle−1) considering different cross-sections of air
ducts. Fig. 4b shows the pressure in the underground reservoir (kPa).
The pressure decreases when the air ducts cross-section decreases
(higher values of negative relative pressure are required to aspirate the

outside air). The energy consumed reaches 623.83 MWh cycle−1 when
the pressure inside the lower reservoir is 0 kPa, and increases up to
637.79 MWh cycle−1 when the reservoir pressure is 100 kPa. Fig. 4 also
indicates different feasible operating zones with continuous and dashed
red lines. The system would be in the compressible zone with non-
negligible convective effects (extremely high velocities of air flow with
shocked flow in the air ducts) if the cross-section of air ducts is lower
than 0.13 m2. Note that isolines of cross-section correspond to

Fig. 4. Analytical model results for Turbine 1 in pumping mode depending on the air duct cross-section. Water flow rate at full load of 23 m3s −1. (a) Total energy
consumption (MWh cycle−1); (b) Negative relative pressure in underground reservoir (kPa).

Fig. 5. Analytical model results for Turbine 2 in pumping mode depending on the air duct cross-section. Water flow rate at full load of 40 m3 s−1. (a) Total energy
consumption (MWh cycle−1); (b) Negative relative pressure in underground reservoir (kPa).

Fig. 6. Results for Turbine 1 considering a pressure in underground reservoir between 0–200 kPa. (a) Energy consumption and generation; (b) Round trip energy
efficiency and feasible operating zones.

J. Menéndez, et al. Journal of Energy Storage 28 (2020) 101234

5



hyperbolas in the plots. When the cross-section is between 0.12–0.2 m2

the system would be in a compressible zone but with negligible con-
vective effects. Therefore, it is recommended to operate with a reservoir
pressure higher than −50 kPa (cross-section of air ducts greater than
0.2 m2).

Similar results are obtained for Turbine 2 and illustrated in Fig. 5. A

water flow rate of 40 m3 s−1 in pumping mode at full load and the same
gross head as for Turbine 1 have been considered. In this model, the
compressible zone with non-negligible convective effects is reached for
cross-section of air duct lower than 0.2 m2. When the cross-section of
air duct is between 0.2–0.28 m2 the system would be in compressible
zone with negligible convective effects. For Turbine 2, it is also

Fig. 7. Results for Turbine 2 considering a pressure in underground reservoir between 0–200 kPa. (a) Energy consumption and generation; (b) Round trip energy
efficiency and feasible zones of operation.

Fig. 8. Numerical simulations results. Water velocity and flow rate in the tunnels of underground reservoir during operation phase. (a) Turbine 1 in turbine mode; (b)
Turbine 2 in turbine mode; (c) Turbine 1 in pumping mode and; (d) Turbine 2 in pumping mode.
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recommended to operate outside the compressible zone, with air duct
cross-section greater than 0.4 m2 and reservoir pressure higher than
−50 kPa.

In Fig. 6, the results obtained by Menendez et al. [26] in generation
mode at 100% opening (full load) and at 40% opening (technical
minimum), have been combined with the simulations in pumping mode
to obtain the round trip energy efficiency of the UPSH plant. Fig. 6a
shows the energy generation and consumption for the Turbine 1 con-
sidering a reservoir pressure in the 0–200 kPa range. Here, it must be
noticed that negative relative pressures in the pumping mode have been
represented as positive values for convenience, in order to ease the
comparison. The energy generation decreases and the energy con-
sumption increases when the reservoir pressure increases. Specifically,
in the pressure range considered, the energy generation decreases from
482.27 to 455.78 MWh cycle−1, and the energy consumption increases
from 623.83 to 650 MWh cycle−1. Fig. 6b shows the round trip energy
efficiency for the same pressure range. Fig. 6b also indicates different
operating zones, coinciding with the zones indicated in Fig. 4 (con-
tinuous and dashed red lines). In the feasible operating zones, the
global efficiency varies from 77.3% at a pressure of 0 kPa to 73.8%
when the reservoir pressure reaches −100 kPa. If the pressure is re-
duced to −50 kPa (upper limit of the recommended operating zone),
the global efficiency results 75.6%.

Following, the results obtained for Turbine 2 are shown in Fig. 7.
Once again, the pressure in the underground reservoir is considered as
positive in both situations (turbine and pumping modes). Operative
zones are also indicated in Fig. 7b with continuous and dashed red
lines, as indicated for this model in Fig. 5. The energy generation de-
creases from 473.08 to 452.30 MWh cycle−1 and the energy

consumption increases from 623.83 to 650 MWh cycle−1 in the pres-
sure range of 0–200 kPa. Within feasible operating zones, the round trip
energy efficiency varies from 75.8% to 72.7% when the reservoir
pressure is in the 0–100 kPa range. If the air duct cross-section is de-
signed to reach a reservoir pressure of 50 kPa, the global efficiency
increases up to 74.3%. Finally, when the reservoir pressure reaches
values of 25 kPa, the global efficiency would be of 75.1%. In generation
mode, operating at 40% load (12.8 m3 s−1 and 22 m3 s−1 of water flow
rate for Turbine 1 and Turbine 2, respectively), the operation pressure
in the reservoir reaches lower values, although the global efficiency is
also penalized.

Although it is recommended to operate at reservoir pressures lower
than 50 kPa in both Turbine 1 and Turbine 2, outside the compressible
zone to avoid extremely high velocities and shocked conditions in the
air ducts, the generation of energy is maximized and energy con-
sumption is minimized when the cross-section of the air ducts is greater
than 4 m2 (equivalent to single air duct with 2.25 m in diameter).

3.2. Numerical model results

The CFD simulations that have been carried out for the present in-
vestigation analyze the main fluid-dynamic parameters (static pressure
and water velocities in the underground reservoir and static pressure
and air velocities in the air ducts) during the emptying of the under-
ground water reservoir. The simulations have been performed with the
reservoir partially filled with water. The model considers the perfor-
mance curves shown in Fig. 2 for both Turbine 1 and Turbine 2 as an
internal boundary condition and a pressure outlet of 4.41 MPa
equivalent to the maximum gross head at the entrance of the Francis

Fig. 9. Static pressure in the lower reservoir and air duct in pumping mode. Reservoir partially filled with water. (a) Turbine 1 with an air duct cross-section of
1.2 m2; (b) Turbine 2 with a cross-section of air ducts of 1.2 m2.
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turbines. The simulations have been developed for different air duct
cross-section (0.2–1.2 m2) and the simulation time has been extended
until the transient evolution of the initial stage is fulfilled. Fig. 8 shows
the water flow velocities at the entrance of the Francis turbines (com-
pletely submerged) in the lower reservoir for both generation and
consumption modes. The water flow rate has been verified in the si-
mulations for Turbine 1 and Turbine 2, and the results obtained match
the design parameters of the turbines that have been considered.

Fig. 9 shows the static pressure in the underground reservoir for
Turbine 1 (Fig. 9a) and Turbine 2 (Fig. 9b) during the operation of the
UPSH plant in pumping mode. A cross-section of air ducts of 1.2 m2 has
been considered. The water flow rate in Turbine 2 (40 m3 s−1) is
greater than the water flow rate in Turbine 1 (23 m3 s−1). The static
pressure in the reservoir reaches −1.56 kPa for Turbine 1 and
−3.65 kPa for Turbine 2.

Complementarily, Fig. 10a shows the static pressure for Turbine 2
considering an air ducts cross-section of 0.2 m2. The air velocity in
underground reservoir and air duct is shown for Turbine 1 in Fig. 10b
considering an air duct cross-section of 1.2 m2 and a water flow rate of
23 m3 s−1.

When the air ducts cross-section is reduced up to 0.2 m2, the static
pressure in the lower reservoir for Turbine 2 exceeds the operating limit
(−100 kPa). Regarding the static pressure in the same Turbine 2 with a
cross-section of air ducts of 1.2 m2, the pressure increases strongly up to
−3.65 kPa. The maximum air flow velocity reaches −22 m s−1 in the

air duct, and this value decreases in the reservoir. Water and air flows
are interacting during the emptying process. In both Figs. 9 and 10, the
depth of the water sheet inside the reservoir can be seen. The gap be-
tween the water sheet and the roof of the reservoir is occupied by air.

3.3. Comparison between analytical and numerical results

The results obtained in both analytical and CFD numerical models
are compared in Table 3. Reservoir pressure values in Turbine 1 and
Turbine 2 considering air ducts cross-section of 0.2 and 1.2 m2 are
shown in pumping mode. Both analytical and CFD numerical models
present similar results. The biggest difference (around a 14% dis-
crepancy) is observed in Turbine 1 with an air duct cross-section of
0.2 m2, varying from −1.34 to −1.56 kPa.

3.4. Assessment of energy losses and economic impact

Considering a water mass of 450,000 t and a maximum gross
pressure of 4.41 MPa the energy generation is 159 and 156 GWh year−1

for Turbine 1 and Turbine 2, respectively. The operation pressure in the
underground reservoir influences the energy balance and therefore, it
has an important impact on the economic results. Energy balance and
economic impacts regarding optimal conditions are shown in Fig. 11.
Fig. 11a shows the reduction in energy generation and the increase in
energy consumption for Turbine 1 and Turbine 2 when the operation

Table 3
Comparison between the results obtained in analytical and numerical models for Turbine 1 and Turbine 2.

Turbine Water flow rate (m3 s−1) Air duct section (m2) Reservoir pressure (kPa) Analytical
models

Reservoir pressure (kPa) Numerical
models

Turbine 1 23 0.2 −33.76 −36.79
1.2 −1.34 −1.56

Turbine 2 40 0.2 −107.80 −114.00
1.2 −3.58 −3.65

Fig. 10. (a) Static pressure in the lower reservoir of Turbine 2 in pumping mode and an air duct cross-section of 0.2 m2; (b) Air velocity in the air duct and lower
reservoir for Turbine 1 in pumping mode and an air duct cross-section of 1.2 m2.
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pressure (in absolute values) varies from 25 to 100 kPa. Fig. 11b shows
the economic impact considering an average price in the daily market
of 56.31 € MWh−1 for energy generation (turbine mode) and a cost of
42.56 € MWh−1 for energy consumption (pumping mode) [[26],[32]].
When the pressure inside the lower reservoir reaches 100 kPa, an in-
crease in energy consumption of 4606.80 MWh year−1 in Turbine 1 and
4550.70 MWh year−1 in Turbine 2, is produced. Regarding the energy
generation at −100 kPa, it is reduced to 3639.90 MWh year−1 for
Turbine 1 and to 2950.20 MWh year−1 for Turbine 2. From the eco-
nomic point of view, when the reservoir pressure reaches −100 kPa, it
has an impact of 401.03 k€ year−1 for Turbine 1 and 359.80 k€ year−1

for Turbine 2.

4. Conclusions

In this paper, the round trip energy efficiency of UPSH plants has
been investigated. In addition, an optimization of the global efficiency
in UPSH plants has been envisaged using this approach. Two Francis
pump-turbines with a power output of 124.9 and 214.7 MW (turbine)
and a power input of 114.8 and 199.7 MW (pump), have been selected.
Unlike conventional PSH plants, where both upper and lower reservoir
are located at the surface, the round trip energy efficiency of UPSH
plants depends on the operation pressure in the underground water
reservoir. Analytical and CFD numerical models have been developed
to analyze the pressure inside the reservoir during the operation of
UPSH plants. The reservoir pressure depends on the water flow rate in
both turbine and pumping modes and the cross-section of air ducts. The
reservoir pressure has a negative effect on the energy balance (gen-
eration-consumption) and economic results. A water mass of 450,000 t
and a gross pressure of 4.41 MPa have been considered in both analy-
tical and numerical simulations.

The results obtained for the pumping mode show that it is re-
commended to operate at least with reservoir pressures higher than
−50 kPa, outside the compressible zone to avoid high velocities of air
flow and shocked conditions in the air ducts. For Turbine 1, when the
operation pressure reaches −100 kPa an increase in energy consump-
tion up to 4606.80 MWh year−1 and a reduction down to
3639.90 MWh year−1 in energy generation may be produced. This

implies a reduction in the round trip energy efficiency from 77.3% to
73.8%. Economically, it means accumulated losses of 401.03 k€ year−1

compared to optimal conditions. For Turbine 2, the round trip energy
efficiency varies from 75.8% to 72.7% and the economic losses reach
359.80 k€ year−1 when the reservoir pressure varies from 0 to
−100 kPa. In summary, an impact on the energy balance of 8246.7 and
7500.9 MWh year−1 is produced at an operation pressure of −100 kPa
for Turbine 1 and Turbine 2, respectively. Although it is recommended
to operate at reservoir pressures higher than −50 kPa in both Turbine 1
and Turbine 2 (outside the compressible zone), the generation of energy
is maximized and energy consumption is minimized when the cross-
section of the air ducts is greater than 4 m2.
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