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Pumped hydro-energy storage will become a fundamental element of power systems in the coming years by
adding value to each link in electricity production and the supply chain. The growth of these systems is essential
for improving the integration of renewables and avoiding dependence on fossil fuel sources, such as gas or oil.
This paper presents the modeling and application of an optimal hourly management model of grid-connected
photovoltaic and wind power plants integrated with reversible pump-turbine units to maximize the monthly
operating profits of the energy system and meet electricity demand. The techno-economic dispatch model is
formulated as a mixed-integer optimization problem. To assess the proposed model, it is applied to a Spanish case
study system, and the results are obtained for an entire year. The combination of renewable energy and pumped
hydro energy storage reduces energy dependence by decreasing energy costs by 27 % compared with a system
without storage to satisfy the required electricity demand. The findings confirm that storage plays a key role in
energy transition to ensure the security and stability of power systems with a higher share of renewable

generation.

1. Introduction

An energy system based on 100 % renewable energy will only be
possible in the near future if perfect integration between renewable
generation and storage systems is achieved. Many studies have assessed
different technologies to store excess renewable energy and use it when
natural resources are unavailable. Among these, pumped hydro-energy
storage (PHES) [1,2], lithium-ion batteries, lead-acid batteries [3,4]
and compressed air [5,6] stand out. Although hydrogen has been
extensively studied in recent years, it is still in the maturation phase
[7,8].

In 2020, the world's installed pumped hydroelectric storage capacity
reached 159.5 GW and 9000 GWh in energy storage, which makes it the
most widely used storage technology [9]; however, to cope with global
warming [10], its use still needs to double by 2050. This technology is
essential to accelerating energy transition and complementing and
taking advantage of the intermittency of renewable energy. These
storage plants can easily replace natural gas-based technologies as
backup systems for power systems. Currently, this is the most mature,
efficient, and long-term storage technology that has been developed on a
large scale.
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Recently, several studies have assessed the evolution of renewable-
energy power plants combined with PHES from various perspectives.
These integrated systems make it possible to solve the inherent vari-
ability and unpredictability of wind and photovoltaic (PV) generation,
and manage imbalances. Ali et al. [11] study both the negative and
positive impacts of its implementation from socioeconomic and techno-
environmental perspectives. Similarly, the authors in [12] review the
technical, environmental, and economic assessments of photovoltaic
and wind power plant hybrid systems with PHES. Reference [13] pre-
sents the main existing PHES configurations and their advantages and
disadvantages, in addition to proposing new arrangements. Barbour
et al. [14] present a global vision of the interaction between this type of
storage and the electricity market with a high penetration of renewables.

As stated by the authors of [12], models of solar-wind hybrid systems
with PHES can be divided into two categories according to the objective
problem:

Feasibility models: The authors propose feasibility studies of PHES
deployment by including economic indicators such as the cost of energy
(COE), net present value (NPV), and payback.

Energy management models: Other papers propose the optimization
of the energy management of solar-wind-PHES systems to minimize
operational costs.
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Nomenclature

Indexes

h index for number of hours

i index for number of variable speed reversible pump-
turbine units

j index for number of fixed speed reversible pump-turbine
units

y index for number of time windows

Data

Ny total number of hours in the time window

Nv total number of variable speed reversible pump-turbine
units

NF total number of fixed speed reversible pump-turbine units

phep hourly price of energy sales (g7)

Php hourly price of energy purchase (y57)

fw operating costs of wind technology (&%)

fpy operating costs of photovoltaic technology (yrer)

fpump pumping operating costs (&)

frurb turbining operating costs (5%7)

Eby hourly energy from photovoltaic generation (MWh)

EY, hourly energy from wind generation (MWh)

Eb.. hourly energy demand (MWh)

E% in minimum capacity of the storage system (MWh)

ER maximum capacity of the storage system (MWh)

P‘C‘ap grid access capacity (MW)

P{‘urb_min_’i minimum power of variable speed machine i in the
turbining mode (MW)

‘;ump_’mm_i minimum power of variable speed machine i in the

pumping mode (MW)

Pl b nom.i/ P{‘urbmm.j rated power of variable-/fixed-speed machine i/j
in the turbining mode (MW)

Pgump nom.i Pgump,nom.j rated power of variable/fixed-speed machine

i/j in the pumping mode (MW)

n‘;.i / ﬂg.j hourly pumping performance of each variable/fixed-speed
machine i/j

ny/nt;  hourly turbining performance of each variable/fixed-speed
machine i/j

Kstart start-up costs of the reversible pump-turbine units (€)

Variables

E’gxp hourly energy exported to the grid (MWh)

Eﬁnp hourly energy imported from the grid (MWh)

Iélxp binary variable equal to 1 if energy is exported to the grid
and 0 otherwise

I{}np binary variable equal to 1 if energy is imported from the
grid and O otherwise

ump S umpj Dinary variable equal to 1 if the variable/fixed-speed

unit i/j runs in the pumping mode and 0 otherwise

mrb S ; binary variable equal to 1 if the variable/fixed-speed unit
i/j runs in turbining mode and 0 otherwise

Smm/ itart, Dinary variable equal to 1 if the variable/fixed-speed unit
i/j starts up and O otherwise

Eh hourly energy stored (MWh)

Egump 1/ ngan
i/j working in the pumping mode (MWh)

hourly energy produced by variable/fixed-speed unit i/j

hourly energy demanded by variable/fixed-speed unit

/ Eturb,]
working in the turbining mode (MWh)

Ehmpmml total hourly energy demanded in the pumping mode

turb i

P
(MWh)

El . o total hourly energy generated in the turbining mode
(MWh)

mm JCh ; cost of hourly start-up of variable/fixed-speed pump
turbine unit i/j (€)
B operating profit (€)

According to this classification, the model proposed in this paper
addresses energy management problems.

On the one hand, research incorporates the calculation of the optimal
sizing of the components of the system assessing different criteria.
Technical criteria are included in these models, such as the loss of power
supply probability [15-17], monthly and annual oversupply [15], and
annual ratio of renewable power to supply power [15]. Along with
technical criteria, economic aspects are important to guarantee cost-
effective optimal operation by incorporating the life cycle cost
[15,18], levelized cost of energy [15,16,19], and cost of energy [17].

On the other hand, other previous papers focus on the optimal
management of electrical systems based on renewable energy with
pumped hydro storage. The authors in [20] analyze the challenges in the
optimal operation of PHES-based energy systems, considering the type
and number of integrated energy sources, the integration of other types
of storage systems, grid connectivity, and solving methods.

Most of the previous studies incorporates a single energy source with
PHES, mainly PV-PHES [21-23] and wind-PHES [24-26]. References
[21,22] minimize the operating cost of a grid-connected photovoltaic
system with a PHES for one day. Kusakana [21] uses a heuristic method,
whereas Makhdoomi and Askarzadeh [22] use a mathematical method
to solve the problem. In [23], a distributed photovoltaic system with
pumped hydro storage in residential buildings in Shanghai is studied.
The authors of [24] propose the optimal daily operation of a system
consisting of a wind power plant and a small pumped hydro storage
system that maximizes profit. References [25,26] use a Virtual Power

Plant approach to maximize the profit of the system. In addition, other
models have included PHES with PV or wind combined with other
renewable or nonrenewable energy sources. References [27,28] propose
optimal daily operating models that aim to minimize the use of fuel from
a diesel generator. The authors in [27] study a system composed of a
photovoltaic plant, diesel generator, and PHES using heuristic methods.
Additionally, the system in [28] includes a wind farm and is solved using
an interior-point algorithm. Ghasemi and Enayatzare [29] analyze the
optimal management of an isolated microgrid based on photovoltaic and
wind power plants, considering pumped hydro-energy storage and a
demand response program to compensate for generation and demand
imbalances during a study day. Other studies analyze the influence of
thermal power plants combined with PHES [30-32]. These models are
complex because they incorporate several equality and inequality
technical constraints to obtain optimal dispatch and minimize total
operating costs.

Mathematical methods are mainly used to solve energy scheduling
problems because they guarantee convergence to an optimal solution (if
it exists). These include mixed-integer programming [25,32-34],
nonlinear programming [35,36], dynamic programming [37,38], and
quadratic programming [39]. It should be noted that the most widely
applied optimization method is mixed-integer programming because it
fits well with the characteristics of energy scheduling models. Currently,
most modeling and optimization software include efficient solvers to
obtain the optimal solution of mixed-integer models.

According to the application of the PHES optimal operation
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problems, many of the reviewed papers assess power systems with a high
share of renewable energy from different countries, including Brazil
[30], Argentina [40], and Southeast Asia [41]. Reference [42] studies
the role of storage systems in the transition to a 100 % renewable energy
electricity sector by 2050 in Europe.

The main gaps identified in the literature are as follows:

e Limited integration of several grid-connected renewable self-
consumption plants with pumped hydro energy storage and revers-
ible pump turbine units.

e Previous models include short-term study periods, which do not
allow for the analysis of the scope of pumped hydro implementation
in real projects.

The goal of this study is to develop an hourly mathematical model
that allows for the optimal management of grid-connected renewable
generation facilities and pumped hydro-energy storage with reversible
pump turbine units to maximize the monthly economic profit of the
system's operation and meet electricity demand. The calculation is
extended over an entire year. The model can take advantage of oppor-
tunities in the electricity market through the purchase and sale of excess
energy generated to the grid. This paper proposes a model including
photovoltaic and wind generation integrated with PHES that is appli-
cable to energy projects. It not only satisfies electricity demand but may
interact with the electricity market. The model is applied to a Spanish
case study, with one-year Spanish real data market prices.

To overcome the previous gaps, the main scientific contributions of
this study can be summarized as follows:

e Development of a new optimal techno-economic scheduling for en-
ergy systems to satisfy electricity demand at maximum profit.

e Integration of self-consumption renewable power generation plants
(wind and photovoltaic) connected to the grid and a pumped hydro
energy storage system with fixed and variable speed reversible
pump-turbine units in the proposed model.

e Application of this model to Spanish energy system operation
throughout the year.

The remainder of this paper is organized as follows. Section 2 pre-
sents the limitations of this study and the formulation of the mathe-
matical model. Section 3 describes the case study. Section 4 presents and
discusses the results. Finally, Section 5 summarizes the main conclusions
drawn from this study and the scope for further research.

ELECTRICITY GRID
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2. Methodology

Pumped hydro energy storage must be turned into a support for
renewable energy to achieve a stable, flexible, and secure electrical
system with 100 % renewable integration. This article aims to develop
an optimal hourly model for technical and economic dispatch applied to
power systems with photovoltaic, wind, and pumped hydro energy
storage connected to the grid to meet the required demand. This model
takes advantage of the opportunities in the electricity market every hour
through the purchase and sale of energy and thus can maximize the
profit of the system for a month. To test the model, it is applied to a
system with data on generation, electricity demand, technical data of
reversible pump-turbine units, and real prices for the purchase and sale
of energy in the electricity market. The optimum operating results of the
system were obtained over the entire year. Fig. 1 shows a diagram of the
proposed model.

2.1. Assumptions of the study

To model this problem, the following assumptions have been taken
into account:

e The proposed model integrates pumped hydro energy storage with
grid-connected self-consumption generation facilities. Consequently,
if renewable power generation and PHES are insufficient, the system
can purchase energy from the electricity market to meet its elec-
tricity demand at all times.

The model incorporates the purchase of energy through a contract
indexed to electricity prices in the wholesale market. This assump-
tion allows us to obtain an optimal economic dispatch for every hour.
In addition, the model includes the possibility of selling surplus
production at a price set in the electricity market every hour.

e Power renewable production forecasts and electricity prices for
importing/exporting energy to the grid each hour are available the
day before to obtain optimal management of the system. Neverthe-
less, the hourly prices of the Spanish wholesale electricity market for
an entire year are used to assess the behavior of the study system
[43].

The problem only incorporates reversible pump-turbine units.

The model includes fixed and variable speed reversible pump-turbine
units.

e The performance of the reversible pump-turbine units is assumed to
be constant for the entire operating range considered in both the
pumping and turbining modes [44].

The affinity laws of the centrifugal pumps are used to calculate the
minimum power values of the units in both the pumping and

h
Eimp ngp

E Upper reservoir

h
pump, total
Eh

turb, total

Reversib!e Pumping
pump-turbine
units
Generation

Lower reservoir

Fig. 1. General diagram of the proposed techno-economic dispatch model.
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turbining modes. Water pumping facilities generally operate above
35 Hz to avoid mechanical failures and reduce the lifespan of these
units.

The model assumes that evaporation losses do not affect the behavior
of the system because the storage volume and water withdrawal
system operation are designed such that these losses do not affect
useful volume availability.

Wind and photovoltaic power plants are designed to prioritize
meeting the electricity demand required by the system each hour,
irrespective of their generation costs, and to inject any surplus power
into the storage system or electricity distribution network. Therefore,
wind and photovoltaic generation costs are not included in the
objective function.

The proposed dispatch model penalizes the start-up and shutdown
processes of the units because many on-off transitions result in
accelerated degradation of the units.

2.2. Mathematical formulation

As previously mentioned, the objective of this model is to calculate
the optimal hourly dispatch of electrical systems based on the integra-
tion of renewables with pumped hydro-energy storage connected to the
grid, which maximizes the operating profit during the established time
window. Thus, the model, together with the technical and economic
constraints of the system components, is defined by an objective
function.

2.2.1. Objective function

The objective function maximizes the economic benefit of operating
a system based on renewable energy generation plants combined with
pumped-storage hydropower. Eq. (1) is expressed as the difference be-
tween the hourly sale of the excess generation to the electricity market
(pgxp -ngp) and the hourly costs of all the agents that make up the system.
These costs correspond to the ones associated with the pumping/turbine
operations (fpump’Egump.mmlv frurb Bl orq)» the hourly cost of importing

energy from the grid (p{‘mp and the start-up costs of the pump-

lmp)’

turbine units (C" ). Index y indicates the time window and

start,i’ sta.rt J
can have a value from 1 to Y, where Y is the total number of time
windows considered in the analysis. In this study, the time window
corresponds to one month; therefore, the total number of time windows
is 12 because the optimization is extended to an entire year to analyze
the real scope of the management of systems involving renewables and

storage.

Y
max(Profit(B Z

y=1

E"

pump total —funE rurh total

b

S T

<> Z Z
=1 - Csmrt i C\raer

(€))
2.2.2. Constraints
e System energy balance

The sum of the energy supplied by the different sources must be
equal to the electricity demand (E!},,) each hour, as shown in Eq. (2).
The system demand must be satisfied at all times. First, the electricity
imports from the grid (E! mp)> Wind and photovoltaic generation energy

(EW, EPV), and the contribution from storage (EM ) are considered

turb, total
system inputs. On the other hand, energy exports to the grid (ngp) and
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energy pumped to storage (Egmmml) are considered system outputs.

Wind and photovoltaic production (Ej,, EL,) are data in this model
because the maximum energy available from each renewable technol-
ogy during each hour is used to meet the system demand as much as
possible. If a surplus is produced, it is used to meet storage needs or
injected directly into the electricity distribution network.

ES,. =E! —E' +E\+Eb +E"

‘dem — “imp exp

h
Epump.mml (2)

urbtotal

e Constraints imported from/energy exported to the grid

Eq. (3) indicates that the purchase and sale of energy in the elec-
tricity market cannot occur simultaneously. I | ngp are binary variables

associated with the hourly decision to import or export energy to the
grid. Therefore, there are three possible combinations: energy imports

(Il*,‘np =1, ngp = 0), energy exports (Ilf}np =0, I}elxp =1), or either imports
Or exports (ﬂ‘ =0, ngp =0).
o+ <1 3

imp exp

The hourly limits of the energy imported (Ef mp) and exported (Ehxp) to

the electricity distribution network are presented in Egs. (4) and (5),
respectively. The maximum values of these variables are conditioned by

the values of the binary decision variables (I" Xp). Consequently, if the

imp?

system is under the import condition If' = 1, the upper limit of the

imported energy variable (E! mp) 1S the energy demand (E" ). In contrast,

‘dem
if the system is under the export condition, I?xp =1, the exported energy

variable (EZXP) will be limited to the connection capacity to the grid

(P, -AD).
h h h

0 < Elmp S IIImp Eollem (4)
h h h

0 < Eexp S ]exp.P;ap'At (5)

e Pumped hydro storage system constraints

Eq. (6) calculates the available stored energy (E?t) at the end of each
hour in the upper reservoir.

h
Ez’urhmm[ (6)

Depending on the number of established time windows for the
analysis, the levels of the storage system have certain constraints, as
expressed by Egs. (7) and (8).

Eq. (7) implies that the stored energy available in the initial hour
must be equal to that existing at the end of the last time window
considered in assessment (Y); that is, the storage finishes as it starts.

h __ ph h
E.\r - E.rt +E

‘pump total

Ey (h=1) =Ejy(h=Ny) @

Eq. (8) establishes that the stored energy available in the final hour of
a time window is the same as the one that exists in the first hour of the
following time window.
Ey, (h=Ny) =Ej  (h=1) (®)

sty

Hourly limits of energy stored (E!, ;.. ) are defined in Eq. (9).

st max
h h h
Eet min S Eﬂ S Es[ ;max (9)

As discussed in Section 2.1, a constant performance of the reversible
pump turbine units for the entire operating range is considered in both
the pumping and turbining modes (Egs. (10)-(13)).

Eq. (10) shows the hourly capacity range of the variable-speed units

in the turbine mode (E" wrb)- The binary variable I, rbl determines

whether the variable-speed units in turbine mode run hourly. nh is the
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hourly turbining performance of each variable speed machine. The
lower limit is conditioned by the minimum power of the variable-speed
machine in the turbining mode (P! .), whereas the upper limit

turb,min,i
corresponds to the rated power of the variable-speed units (Pmrb nomi)*
) U ) h
”U Pz:,ub min,i Ilurbt -At < Et:nhx < ”u Pl:,«rb nom.i Ilz(rhx -Ar (10)

The energy generated in the turbining mode by the fixed-speed units
(EL,;) is presented in Eq. (11). It is assumed that fixed-speed turbines
cannot change their loads. Therefore, if a fixed-speed unit operates, the

generated energy corresponds to its rated power (P" .); otherwise,

turb,nom,j

its value is zero. The binary variable I wrp; determines whether the fixed-

speed units in the turbine mode run every hour. n['j is the hourly tur-
bining performance of each fixed-speed machine.

E! Jh At (11)

turby '7;,,‘ turb nomj L turp j

Eq. (12) indicates the hourly energy limits of the variable-speed units
in the pumping mode (E! ump)- The binary variable Ih ; determines
whether the variable-speed units in the pump mode run hourly 1y, is the
hourly pumping performance of each variable-speed machine. The
lower limit is associated with the minimum power of the variable-speed

machine in pumping mode (P" .), whereas the upper limit corre-

pump,min,i

sponds to the rated power of the variable-speed units (P}, om.)-

h
( pump,min, 1/']1)1) pump,i At < Epzumpl — ( pump,nom 1/'7p x) pump,i” At (12)

The calculation of the hourly energy of the fixed-speed units in

pumping mode (E" pump;) 18 shown in Eq. (13). If a fixed-speed unit oper-

ates, the pumped energy is associated with its rated power (P umpnom s
otherwise, its value is zero. The binary variable I', . determines
) s . b

whether the fixed-speed units in pumping mode run hourly. 7;; is the

hourly pumping performance of each fixed-speed machine.

h
Bt = (Phanpions [ 1h3) T (13)

The pumping/turbining operating modes in the variable/fixed-speed
units cannot occur simultaneously, as defined by Egs. (14) and (15).

Dy + Ly < 1 14
m oo <1 (15)

pump.j turbj —

Egs. (16) and (17) calculate the total turbined and pumped energies

(EL s totats Erump orat) PET hOUT, TeSDECtively:
NV Eh NF Eh
h turb,i turb.j
Epvpio = D+ D (16)
=1 i p ’71,/
NV
h _
Eppaoiat = D Epunpi My + Z s Mg a7

i=1

e Start-up cost constraints

Egs. (18)-(21) present the constraints associated with the startup
costs of reversible pump -turbine units with fixed and variable speeds.
The binary variables (I (I ) and (I e art ]) make it possible to decide the
start of the variable- and fixed-speed units, respectively. Parameter kgt
is the cost associated with the start-up of the pump-turbine units.

start,i

h h—1 h h
I/mm/u - Ipump i + Ilurbx - Imrht = Imm i (18)
h _ Jh
Cmmt T Dstart I.xmrr,[ (19)
h h—1 h h—1 h
[purpr lpumpj + Iturbj ]mrbj = Istarr\/ (20)
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Ch slurl '[?rarr.j (21)

startj —

From the objective function and the constraints of the formulated
optimization problem, the model is of the mixed-integer type, as there
are integer decision variables corresponding to the import/export of
electricity and the operation mode of the units (pump/turbine), in
addition to continuous variables. To efficiently model and optimize the
proposed mathematical problem, GAMS® software (General Algebraic
Modeling System) is used. It applies branching and cutting techniques,
thus allowing the original model to be divided into sub-problems for
their resolution. The proposed model is applied to 12 time windows
associated with the 12 months of a year. As a consequence, the resolu-
tion of the proposed mixed-integer model has a 10-hour and 15-minute
runtime using a computer with an Intel® Core i7 processor, 3.00 GHz
CPU, and 16 GB of RAM.

3. Case study definition

The case study for the assessment of the model's behavior comprises
a set of photovoltaic plants, a set of wind farms, and a pumped hydro-
energy storage plant that satisfies the determined electricity demand
of an electro-intensive industry. The system is grid-connected to pur-
chase energy from the electricity market if necessary to meet electricity
demand. In addition, the facility can sell the excess generation in ex-
change for additional income.

The scope of the model provides the necessary flexibility to address
other study scenarios and/or other locations, such as the combination of
reversible pump-turbine units with fixed and variable speeds, the inte-
gration of different types of renewable or non-renewable energy, or
variable system demand.

Table 1 lists the input data for the case study system. The perfor-
mance data for the pump-turbine units include their hydraulic perfor-
mance and those associated with the motor generator and transformer.
As previously mentioned, this performance is considered constant under
all storage working conditions. Regarding the unit typology, only
variable-speed units are incorporated, as they are better suited to the
integration of renewable generation because they enable the power
consumed in the pumping mode to be varied and the turbine to operate
at peak efficiency over a larger portion of its operating band. In addition,
the number of start-ups is lower than that in fixed-speed machines, thus
more efficient and economical operation can be achieved.

Table 2 lists the operation and maintenance costs of each technology
included in the system. These data are the average values from Atalaya's
projects and technology providers information.

Figs. 2 and 3 show the hourly net wind and photovoltaic generation
profiles, respectively, from existing plants in the Ebro Valley (Saragossa,
Spain) in 2019. In total, 1352 GWh of energy is produced per year from
wind farms and 2065 GWh from the photovoltaic plants.

Regarding the purchase and sale of electricity prices, the hourly
prices of the Spanish wholesale electricity market in 2019, published by
the market operator OMIE [43], were considered to analyze the

Table 1
Study system data.
Demand (MW) 396
Grid connection capacity (MW) 396
Rated wind power (MW) 465
Rated photovoltaic power (MW) 860
Quantity and type of reversible pump-turbine 4 variable speed units, no fixed
units speed units
Delivered turbine power to the grid per pump/ 99
turbine unit (MW)
Absorbed pumping power from the grid per 113.5
pump/turbine unit (MW)
Maximum stored energy (MWh) 5750
Pump/turbine system performance 0.90
Start-up costs (€) 10
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Table 2

Operation and maintenance costs of the technologies used

(€/MWh).
Wind generation 15
Photovoltaic generation 8
Pumped hydro storage plant 3.5

behavior of the system.
4. Results and discussion

The proposed mixed-integer model of techno-economic operation
maximizes the monthly profit generated by the study system, and the
results are obtained for all months of the year. This model obtains the
optimal hourly number of units in operation and their operating mode

. . . . . h
(turbining or pumping) with their respective values of energy (Eg, ;,

E;‘ump,i), level of stored energy (El), and amount of energy imported

(E{;np) or exported (Eé'xp) to the grid for each hour during the 8760 h of a

90,000
80,000

— 70,000

= 50,000
'S 30,000
20,000
10,000
0

12 3 45 6 7

(2]
o
[~
(=3
o

Net wind generation [MWh
5
[=3
8

91
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year. Integer variables (value O or 1) are included such that the model
determines the operating mode of the machine pump-turbine units
(turbine I’éub,i or pump Igump,i)’ their start-up (I, ., ), and the mode of grid
use (import (I{}"p) from or export (IZXP) to) according to the hourly
operation of the assessed system, which maximizes its operating profit.

The following sections discuss the role of pumped hydro energy
storage, the increased or decreased availability of renewable energy
generation, and the economic results obtained from the application of
the model to the study system.

4.1. Impact of pumped hydro energy storage

First, this section compares the results obtained with and without
pumped hydro energy storage in order to assess the importance of
storage to the operation of grid-connected renewable systems. The
following two cases are considered:

Case 0. No pumped hydro energy storage.

Case 1. Integration of pumped hydro energy storage.

0111213141516 17 18 19 20 21 22 23 24

Hour

Fig. 2. Hourly net wind generation (2019).

250,000

200,000

150,000

100,000

50,000

Net photovoltaic generation [MWh]

0 M

1

12 3 456 7 8 91011121314151617 18 19 20 21 22 23 24

Hour

Fig. 3. Hourly net photovoltaic generation (2019).
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Table 3 presents the optimal monthly results. An important advan-
tage of the incorporation of pumped hydro-energy storage is the
reduction in the risk of energy curtailment. Energy curtailment is an
order from the market operator for large-scale photovoltaic (PV) and
wind power plants, and self-consumption facilities reduce production
for grid capacity reasons. This is because there are times when the dif-
ferences between the stochastic energy supply and demand are very
large.

In Case 0, the energy system would not be able to take advantage of
all the renewable energy available to meet the electricity demand;
therefore, energy curtailment would occur. In this scenario, wind and
photovoltaic power production is reduced in most months of the year to
comply with the restrictions on the maximum amount of energy
exported to the grid in the model. By reducing renewable production
owing to grid capacity issues, the energy system would have to increase
the amount of energy purchased in the electricity market during all
months to meet the system's electricity demand at all times.

However, in Case 1, the incorporation of reversible pump-turbine
units allows for the surplus of renewable production to be stored
when needed, and the economic results are optimized. The model self-
consumes as much energy as possible from renewable generation
plants, either directly or indirectly, by using a storage plant to meet the
electricity demand. In this scenario, energy curtailment is not produced;
therefore, all the available renewable power generation is used to satisfy
the electricity demand, and if a surplus is generated, it is used to fill the
storage system or exported directly to the grid. In addition, the system
avoids exports and receives additional income from the sale of surplus.
In the summer months, with greater renewable generation, it is possible
to meet the electricity demand with renewable energy by almost 90 %.
By contrast, in winter months with less photovoltaic generation, the
system must purchase more energy from the electricity market to cover
the required electricity demand.

To illustrate the storage operation, Fig. 4 shows the management for
one day in July, when there is greater renewable power generation. As
can be seen, in the central hours of the day with excess photovoltaic
generation and less wind power generation, the storage is filled by the
units working in pumping mode so that the stored energy can be used in
the hours when there is not enough renewable generation and the power
purchase prices in the electricity market are high. On the other hand,
during the night hours, when there is only wind energy with low
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production, the storage is emptied to meet the electricity demand;
therefore, in these hours, the units work in turbining mode, adapting
their power to system needs.

In summary, in addition to supporting the operation of electricity
generation systems with renewables and providing greater reliability
and efficiency, the storage system can avoid situations in which wind or
photovoltaic production must be reduced to lend stability to the power
system when there is little demand and excess renewable generation.

4.2. Impact of renewable energy

This section examines the impact of renewable energy generation on
the results obtained from the four-week analysis conducted over the
study year.

Fig. 5 shows the hourly results attained to meet the demand during a
week in four different months (January (Fig. 5a), April (Fig. 5b), July
(Fig. 5¢), and October (Fig. 5d)), which correspond to periods with
greater or less available renewable generation, to better assess the
behavior of the model.

In weeks with less available photovoltaic production, such as
January and October in the figures presented (Fig. 5a and d, respec-
tively), more energy is needed from the electrical grid in the first hours
of the day to satisfy the demand of the system. These hours correspond to
the lowest energy costs, considering the price figures used in this case.
Consequently, during these periods, the units run in the pumping mode
to fill the upper storage reservoir. Similarly, in the hours with high
excess generation, the model also takes advantage of filling the upper
reservoir even when the sale price is beneficial, because the maximum
exported quantity is limited by the connection capacity to the electrical
grid (396 MW). Therefore, the usefulness of pumped hydro-storage is
verified, as it ensures security in the power system and reduces the en-
ergy costs for the system. If it is not available, part of the photovoltaic
and wind production would be lost owing to the limitation of the access
point and connection to the grid when the demand is much lower than
the generation.

In weeks with higher photovoltaic generation and wind generation,
the need to purchase energy from the electricity market to satisfy the
required demand of the system is considerably reduced. In addition, the
hours of maximum possible surplus energy exported to the grid increase
with consequent additional income.

Table 3
Optimal monthly energy results for Cases 0 and 1 (MWh).
Month Case Eimp Eexp Epv Ew Epump, tot Eturb, tot A A A A %
Eimp Eexp Epv Ew demand coverage

1 0 161,598 34,178 80,057 87,147 - - - - - - 45

1 144,014 15,409 80,057 90,357 34,960 30,565 -11% —55% 0 % 4% 51

2 0 91,379 59,978 107,345 127,367 - - - - - - 66

1 73,042 48,699 107,345 141,181 35,576 28,820 —20 % -19% 0% 11 % 73

3 0 73,189 83,718 162,001 114,639 - - - - - - 75

1 67,723 75,961 173,012 142,214 40,831 28,467 -7 % -9 % 7 % 24 % 77

4 0 75,702 102,694 196,564 115,549 - - - - - - 73

1 42,340 100,402 201,892 146,294 50,047 45,043 —44 % 2% 3% 27 % 85

5 0 97,172 108,983 230,462 66,470 - - - - - - 67

1 65,003 107,764 243,684 105,734 52,263 40,229 -33% 1% 6 % 59 % 78

6 0 73,128 121,324 254,298 79,018 - - - - - - 74

1 49,874 115,926 259,453 96,681 30,853 25,892 -32% —4 % 2% 22 % 83

7 0 64,017 128,109 261,859 87,353 - - - - - - 78

1 38,448 136,027 277,093 122,681 38,919 31,348 —40 % 6 % 6 % 40 % 87

8 0 82,382 116,305 245,197 83,351 - - - - - - 72

1 64,237 113,342 249,487 100,130 24,790 18,902 —22% -3 % 2% 20 % 78

9 0 106,912 82,776 188,129 72,855 - - - - - - 63

1 81,069 75,018 191,309 91,842 33,593 29,511 —24 % -9 % 2% 26 % 72

10 0 107,382 61,550 129,245 110,042 - - - - - - 64

1 93,270 45,868 133,188 119,189 29,014 23,858 -13% —25% 3% 8 % 68

11 0 156,938 28,308 80,322 76,169 - - - - - - 45

1 146,430 14,699 80,322 79,343 30,294 24,018 -7 % —48 % 0 % 4% 49

12 0 139,843 26,245 65,564 105,958 - - - - - - 52

1 140,506 20,327 68,514 116,062 44,219 34,088 0 % —23% 4% 10 % 52
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Fig. 4. Optimal operation of PHES during a day in July.

Within the central hours of the day, the ones with higher energy costs
in the assessed case, the pump turbine units run in turbine mode to take
advantage of the energy from the storage reservoir, in addition to
renewable generation (mainly photovoltaic) to meet the demand
without using the grid.

However, great variability was observed in wind generation. Cli-
matic instability in autumn and winter causes energy generation bursts
during these periods. In the hours with maximum wind-generated
values, there is a greater export of energy to the grid, whereas in the
hours with lower wind-generated values and without photovoltaic
generation, the system must purchase energy from the electricity market
to meet demand.

Finally, storage is essential for reducing the uncertainty in renewable
energy generation. The energy stored can be used on cloudy days with
low solar radiation or times with low wind resources to guarantee
electricity demand without the need to purchase energy during hours
with high energy costs. Additionally, the system can sell energy to the
electricity market to obtain additional income. The model makes the
most appropriate decision for each hour to maximize the operating
profit in each month of the study year.

4.3. Impact of annual economic results

This section analyzes the annual energy and economic results ob-
tained from applying the model to the case study.

Table 4 presents the annual energy consumption and economic re-
sults. Considering the 2019 Spanish electricity market prices, power
renewable generation plants, together with pumped hydro energy
storage (Case 1), satisfy the demand of the system for 56 % of the hours
of a year (4901 h) without having to purchase energy from the elec-
tricity market. Compared to the case without storage (Case 0), the
integration of PHES reduces the amount of energy to be purchased from
the electricity market to satisfy the demand by 20 %, which implies an
economic saving in the operation of the system of up to 27 % with
respect to Case 0.

The sale price of surplus wind and photovoltaic production is the
price set in the wholesale electricity market, whereas the energy pur-
chase price includes the cost of energy acquisition in the electricity
market, regulated tariff for using the grid, and corresponding taxes.
Hence, it is always necessary to maximize the self-consumption of
renewable generation plants to meet demand as a result of the savings
that the system achieves by no longer importing energy from the grid.

Some studies have assessed the role of energy storage in renewable
power systems [21,22,34]. These studies obtained a reduction in oper-
ation cost from 11 to 50 % with an optimal combination of the com-
ponents of the system. Therefore, the results of this paper are within the
range reported in the literature (27 %). A compromise should be made
between the installation of additional generation and storage capacities.

Regarding energy curtailment, Case 0 reduces annual photovoltaic
generation by 8 % compared with Case 1, whereas annual wind power
generation is reduced by 17 %. Owing to the incorporation of PHES, the
system takes advantage of all renewable generation available each hour
and avoids the risk of energy curtailment.

Therefore, a PHES with reversible pump-turbine units of variable
speed achieves better integration of photovoltaic and wind plants,
rapidly adapting their production to maintain balanced generation at all
times with greater energy independence and consequent operation cost
savings.

5. Conclusions and further research

The use of pumped hydro-energy storage is essential in current
electricity grids with a high share of renewable energy because it allows
for the optimization of the use of generated energy and the possible
reduction of excess energy discharges. In addition, it can replace com-
bined heat and power plants, which are dependent on gas imports and
produce high CO; emissions, as a backup system to guarantee electricity
supply in combination with renewable energy.

This paper presents a techno-economic hourly model applied to
assess the operation of pumped hydro storage projects and large-scale
self-consumption renewable generation plants. The model also has the
possibility of selling generated surpluses. The model is applied to a case
study with real hourly data of photovoltaic and wind generation, and
energy purchase and sale prices, in addition to the technical data of the
reversible pump turbine units.

The main findings of this study are as follows:

e The model maximizes the use of wind and solar resources. In half of
the months of the year, >70 % of the electricity demand is met by
stochastic renewable sources and the hydroelectric storage, reducing
dependence on the grid.

e Pumped hydro energy storage is a key component in the manage-
ment of electrical systems. The technical constraints of the grid
associated with the secure operation of power systems may cause
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Table 4

Annual results obtained.
Case Case 0 Case 1
Eimp (MWh) 1,229,642 1,005,956
Eexp (MWh) 954,169 869,442
Epy (MWh) 2,001,043 2065,356
E,, (MWh) 1,125,916 1,351,708
Eturb, total (MWh) - 360,741
Epump, totat (MWh) - 445,359

Demand coverage 64 % 71 %
Energy purchase costs in the electricity market (€) 75,594,553 56,163,318
Revenues from the sale of surplus energy(€) 46,375,098 43,360,557

rejections or curtailments during hours when there is a large amount

of renewable energy generation. This type of storage reduces these

situations.
e By combining one or more renewable energy sources with a storage
system, the facility acquires management capacity, in addition to
increasing its efficiency and flattening the generation profile.
The units are run in pumping mode for hours with the lowest energy
cost to fill the upper storage reservoir. In contrast, during hours with
little or no renewable energy production, water is released from the
upper reservoir when the system must satisfy its electrical demand.
The integration of photovoltaic and wind energy sources, and PHES
reduces the cost of purchasing energy in the electricity market by up
to 27 % (56,163,318 €) compared with the case without a storage
system (75,594,553 €) to meet the required electricity demand.
The storage system avoids the risk of energy curtailment, as it has
been verified that, in the PHES-wind-PV model, the maximum en-
ergy generated by the renewable plants in each hour is used, whereas
in the case without storage, the annual wind power generation is
reduced by 17 % and the photovoltaic generation by 8 %.
Further research in which variable efficiency is incorporated in the
operating range of reversible pump turbine units should be con-
ducted, as the assumption of a variable efficiency value may improve
the accuracy of the assessment.

In short, the application of the proposed model for the optimal
operation of electrical systems based on renewable generation combined
with large-scale pumped hydro storage helps improve the competitive-
ness and viability of power systems. The best decision is made every
hour to reduce high energy costs and obtain efficient and resilient
management of water use. Ultimately, pumped hydro energy storage
improves energy efficiency and allows a higher share of renewable en-
ergy sources to be integrated into electrical systems in a secure, stable,
and flexible manner.
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