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Abstract: The intermittent nature of the solar resource together with the fluctuating energy demand
of the day-ahead electricity market requires the use of efficient long-term energy storage systems. The
pumped hydroelectric storage (PHS) power plant has demonstrated its technical and commercial
viability as a large-scale energy storage technology. The objective of this paper is to analyse the
parameters that influence the mode of operation in conjunction with a floating photovoltaic (FPV)
power plant under day-ahead electricity market conditions. This work proposes the analysis of
two parameters: the size of the FPV power plant and the total process efficiency of the PHS power
plant. Five FPV plant sizes are analysed: 50% (S1), 100% (S2), 150% (S3), 350% (S4) and 450%
(S5) of the PHS plant. The values of the total process efficiency parameter analysed are as follows:
0.77 for old PHS plants, and 0.85 for more modern plants. The number of daily operating hours
of the PHS plant is 4 h. These 4 h of operation correspond to the highest prices on the electricity
market. The framework of the study is the Iberian electricity market and the Alto Rabagão dam
(Portugal). Different operating scenarios are considered to identify the optimal size of the FPV power
plant. Based on the measured data on climatic conditions, an algorithm is designed to estimate the
energy production for different sizes of FPV plants. If the total process efficiency is 0.85, the joint
operation of both plants with FPV plant sizes S2 and S3 yields a slightly higher economic benefit
than the independent mode of operation. If the total process efficiency is 0.77, there is always a
higher economic benefit in the independent operation mode, irrespective of the size of the FPV plant.
However, the uncertainty of the solar resource estimation can lead to a higher economic benefit in the
joint operation mode. Increasing the number of operating hours of the PHS plant above 4 h per day
decreases the economic benefit of the joint operation mode, regardless of the total process efficiency
parameter and the size of the FPV plant. As the number of operating hours increases, the economic
benefit decreases. The results obtained reveal that the coupling of floating photovoltaic systems with
pumped hydroelectric storage power plants is a cost-effective and reliable alternative to provide
sustainable energy supply security under electricity market conditions. In summary, the purpose
of this work is to facilitate decision making on the mode of operation of both power plants under
electricity market conditions. The case studies allow to find the optimal answer to the following
practical questions: What size does the FPV power plant have to be in order for both plants to be
better adapted to the electricity market? What is the appropriate mode of operation of both plants?
What is the economic benefit of changing the turbine pump of the PHS power plant? Finally, how
does the installation of the FPV power plant affect the water volume of the upper reservoir of the
PHS plant? Knowledge of these questions will facilitate the design of FPV power plants and the
joint operation of both plants.

Keywords: pumped hydroelectric storage power plant; floating photovoltaic power plant; day-ahead
market; economic benefits
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1. Introduction

Limiting global average temperature increases to 1.5 (◦C) above pre-industrial levels
in accordance with the Paris Agreement [1] is a goal for most governments. To achieve
this, CO2 emissions must be reduced to net zero by 2050 as far as possible [2]. In this
sense, the European Union (EU) has set decarbonisation strategies for 2030, which can
be summarised by means of the objectives set out in the Winter Package [3]: (i) a 40%
reduction in greenhouse gas emissions; (ii) 32% renewable energy in the final energy mix;
and (iii) 32.5% energy efficiency improvement. The transport, building and industry sectors
are currently the main sources of greenhouse gas emissions in the EU [4]. The development
of renewable energy technologies to replace fossil fuels in electricity generation has been
a focus of research for several decades now. Some of these studies analysed whether
renewable energies are ready to support the current and future energy demand.

Solar energy has the potential to play a key role in reducing greenhouse gas emissions
because it is abundant, safe, reliable and non-polluting. Solar technologies that can be
used to generate electricity include photovoltaic (PV) and concentrated solar power (CSP).
PV technology is a growing technology for electricity generation [5] and is the subject of
this study. PV power plants have a flexible architecture that allows them to be adapted to
different locations [5]. This technology is subject to intermittency and fluctuations in power
generation. The intermittent nature of the solar resource refers to the fact that the amount
of solar energy that can be captured and converted into electricity using PV systems varies
depending on the time of day, season, and weather conditions [6]. These fluctuations in the
availability of solar energy can make it challenging to integrate solar PV into the electricity
grid and ensure a stable and reliable supply of electricity. To address this issue, several
approaches have been developed, including energy storage systems, such as pumped
hydroelectric storage power plants. This feature puts PV technology at a disadvantage
compared to CSP technology, which allows energy storage. Therefore, overcoming the
possible fluctuating operation of a PV plant due to random weather would put this type
of technology in a privileged position. However, the joint operation of a PV power plant
with a pumped hydroelectric storage power plant can also achieve energy storage. In other
words, to achieve a reliable energy source, one can combine sources with strong temporal
complementarity, such as photovoltaics, and couple them with some kind of energy storage
device, such as a pumped hydroelectric storage power plant.

There are three main types of hydropower plants [7]: impoundment, diversion, and
pumped storage. However, it is important to note that impoundment and diversion
hydropower plants typically use dams to control the flow of water and create a head of
water to drive turbines. Pumped storage hydropower plants also require two reservoirs,
with one located at a higher elevation than the other, which can be created by building
dams. However, there are also run-of-river hydropower plants that do not require a dam
and instead use the natural flow of a river or stream to drive turbines. Tidal and wave
energy converters are also considered types of hydropower facilities that do not require
dams. In this study, we are interested in hydroelectric power plants with reservoirs, in
particular, pumped hydroelectric storage power plant.

A pumped hydroelectric storage (PHS) power plant consists of an upper and a lower
reservoir connected to a penstock, and a reversible pump turbine (See Figure 1). When
electricity is to be generated (generation mode), water flows through the penstock to drive
the hydro turbines. When the hydraulic machine operates as a pump (pumping mode), the
water changes direction and is pumped from the lower tank to the upper tank. In pumping
mode, energy from an external source (e.g., the grid or a PV plant) powers the pumps.
Energy from solar production can be stored under this operating mode.

Some of the operating characteristics of these plants can be summarised as follows:
(i) flexibility in start and stop operations, and (ii) a fast response speed so that it can adapt
to drastic load changes and, therefore, follow load changes. These operating characteristics
enable them to play a balancing role in electrical systems, providing reliability to the system.
This advantage is enhanced by the increasing share of intermittent energy sources in the
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electricity market, such as photovoltaic technologies. Therefore, the flexible characteristics
of this type of plant are expected to be used more extensively. In addition to the advantages
mentioned above, the integration of FPV and PHS systems has the following advantages
for the PHS system:

(i) Water savings. Water savings are due to the reduction in water evaporation due to
the partial coverage of the reservoirs in the PHS systems. This value is estimated to
depend on climate conditions and the percentage of area covered [8].

(ii) Water quality. In terms of water quality, the lack of light produced by partial water
cover creates algae blooms [9].

Over the last three years, the analysis of floating photovoltaic (FPV) systems has been
an emerging topic in scientific literature [10]. 89% of the studies conducted on floating PV
systems focused on reservoirs for hydroelectric generation [10–13]. Therefore, the study
of the joint mode of operation of these power generation systems is an important line
of research. Floating PV plants have PV modules and solar inverters similar to ground-
mounted PV plants. However, the mounting system of the PV modules is very different.
The different components in this type of plant are [8] a main floating body, a connection
floating body, and a mooring system. The profits obtained by an FPV system due to its
integration in a PHS system are as follows:

(i) No land occupancy. The large land area occupied by ground-mounted PV plants com-
petes with agricultural or green zones [14]. With FPV plants, this disadvantage is resolved.

(ii) Cooling of the PV modules. PV modules profit from the cooling provided by water.
This considerably increases the electrical efficiency of the PV modules, resulting in
2.33% [15] to 10% [16] more energy per year.

In the 1990s, the countries of the European Union liberalised their energy systems.
The evolution from heavily regulated to liberalised electricity markets was similar in the
different countries, as it took place within the framework of common European legislation.
The concept of exchange-based zonal markets is the spirit of electricity markets [17]. The
electricity supply structure, the price mechanism, the trading mechanism, and the market
agents are regulated by the electricity market. The electricity market is responsible for
maintaining the balance in the electricity system, as supply (generation) and demand (load)
must be continuously balanced in real time to maintain the reliability of the system.

Therefore, there are two systems—FPV and PHS—which have to be adapted to
the conditions of the electricity market. Several modes of operation are possible: (i) an
independent operation mode, (ii) a joint operation mode, and (iii) an energy storage
operation mode. With the first mode, the two plants operate independently by selling
electricity. With the second mode, the two plants operate jointly selling electricity, but the
energy generated by the FPV plant can be sold as it is generated or it can be used in the
pumping process of the PHS plant so that the PHS plant can then sell electricity at the
most appropriate times. Finally, with the third mode, the two plants operate jointly storing
energy. Choosing the right mode of operation according to electricity market conditions
poses a challenge for such systems. Figure 1 shows a diagram reflecting the interaction
between the three systems studied.
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Figure 1. Representation of the three systems under study [18].

The feasibility and cost effectiveness of integrating FPV systems in PHS power plants
have been extensively studied in the literature [19–22]. Although this type of configuration
was initially used in the electrification of remote areas without access to the public grid, it
has nowadays been extended to large PHS power plants.

Rauf et al. [23] evaluated the integration of a 200 (MW p) FPV power plant into an
existing conventional 1450 (MW) hydropower plant in Pakistan. The results showed
additional energy production of more than 3.5% when the conventional hydropower
plant was combined with an FPV system. Kocaman and Modi [24] investigated the cost
effectiveness of integrating FPV plants into PHS and conventional hydroelectric systems.
The results showed that PHS systems allow a higher solar energy capacity to be installed
in an affordable manner than conventional hydropower systems. Therefore, the integration
of FPV systems into PHS systems is more cost effective than conventional hydropower
systems. These two studies did not take into account electricity market conditions.

Glasnovic and Margeta [25] presented a hybrid system consisting of a PHS plant and
an FPV plant to provide a continuous power supply. The energy supplied by the FPV
power plant was used for the water pumping process of the PHS power plant. The energy
produced by the PHS plant was used to supply electricity to isolated consumers. This
paper only considered one of the possible modes of operation of the proposed system. In
addition, the electricity market conditions are not taken into account.

Due to climate change, decreasing rainfall causes water shortages in some hydroelec-
tric power plant reservoirs. As a result, some hydroelectric power plants remain out of
service for a few months of the year. Bhattacharjee and Nayak [26] analysed the impact
of an FPV power plant on restoring the constant annual output of a PHS power plant.
The results corroborate that this hybrid system is a viable option for restoring the constant
annual yield from a PHS power plant.

In addition to the references provided above, Jurasz et al. [19] presented a detailed
literature review on the joint operation of FPV and PHS systems. These authors stated
that there are a limited number of papers directly dedicated to the joint operation of an
FPV and a PHS plant operating in a day-ahead market. The following are some of the few
papers that address this issue. Jurasz et al. [19] presented an efficient trading strategy for
FPV and PHS systems operating in a day-ahead market. The presented model takes into
account several uncertainties, such as inflow and solar irradiance in a simplified approach.
Study [18] presented analyses of different scenarios of joint operation of FPV and PHS
plants as well as the optimal operating strategy for the day-ahead Iberian electricity market,
depending on the accuracy of the forecasts.

Considering that the inclusion of electricity market conditions has been barely dis-
cussed in the scientific literature, the main objective of this paper is to analyse how certain
parameters of the two electricity generation systems affect their mode of operation in
the Iberian electricity market. For this purpose, we analyse two parameters of a system
consisting of an existing PHS power plant and an FPV power plant to be integrated, taking
into account the conditions of the Iberian electricity market. These parameters are the size
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of the FPV power plant and the efficiency of the pumping process of the PHS power plant.
The indicators used to evaluate the study are the water volume gain and the economic
benefit. This study will be carried out at one of the hydroelectric reservoirs in Portugal, i.e.,
the Alto Rabagão hydroelectric power plant, to assess the influence of the three parameters
on the feasibility of installing a large-scale PV system.

The main contributions of this work are as follows:

(i) Analysing the size of a floating PV power plant under Iberian electricity market con-
ditions. To do so, the available reservoir area, terrain elevations, and existing electrical
infrastructure at the pumped-storage hydroelectric power plant must be estimated.

(ii) Analysing how the efficiency of the pumping process of the hydroelectric power
plant affects the mode of operation of both plants under Iberian electricity market
conditions.

(iii) Analysing the energy storage possibilities of a floating PV power plant when both
plants are operated under Iberian electricity market conditions.

(iv) Analysing the optimal mode of operation of an integrated floating PV-hydroelectric
power plant in order to obtain the maximum economic benefit.

In summary, the purpose of this work is to facilitate decision making in the mode of
operation of both power plants under electricity market conditions. The case studies make
it possible to determinate the optimal answer to the following practical questions: What
size does the FPV power plant have to be in order for both plants to be better adapted to
the electricity market? What is the appropriate mode of operation of both plants? What is
the economic benefit from changing the turbine-pump of the PHS power plant? Finally,
how does the installation of an FPV power plant affect the water volume of the upper
reservoir of a PHS plant? Establishing the answers to these questions would facilitate the
design of FPV power plants and the joint operation of both plants.

This paper is structured as follows: Section 2 provides the context for the case study
location. Section 3 describes the methodological approach to the operation of a floating PV
power plant integrated with a pumped hydro power plant in the day-ahead market. The
results are presented in Section 4. Finally, Section 5 summarises the main contributions and
conclusions of the paper.

2. Context for the Case Study Location

The Iberian Peninsula, comprising Spain and Portugal, is a typical case of an area of
high solar potential and growing energy demand. Renewable energies have been widely
accepted by the population of the Iberian Peninsula; there were 15.4 (GW p) installed photo-
voltaic systems in operation at the end of 2021 [4]. The installed capacity of hydroelectric
power plants was around 23.5 (GW) at the end of 2021 [4].

Most electricity is sold in EU member states through day-ahead markets [27]. In these
markets, the hourly price of electricity depends on supply (amount and sources of energy
available) and demand.

Portugal and Spain operate the same electricity market (Iberian Electricity Market,
MIBEL by its acronym in Spanish). This market was created in 2004. MIBEL includes
two main markets, where most transactions are carried out: the day-ahead market and
the intra-day market. However, energy is mainly traded on the day-ahead market. In
addition, it has the technical restrictions market and the complementary services market,
where the number of transactions is lower. In this type of market, there are two main agents
called the market operator and the system operator. The market operator is the market
manager of the day-ahead and intra-day market. In MIBEL, it is called OMIE, for its
Spanish acronym. The system operator is the market manager of the technical restrictions
market and complementary services market. The system operator in Portugal is called
REN, and in Spain, it is called REE.

OMIE uses the marginalist model for its transactions. In this model, electricity pro-
ducers make their bids based on the marginal cost of production. This model includes
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all costs, such as the cost of emissions, the cost of fuel, the variable cost of operation and
maintenance. It also includes taxes.

2.1. Description of the Day-Ahead Market

The operating principle of the day-ahead market is that of an auction. As in any
auction, there are two types of agents: selling agents and buying agents. The generating
plants and energy importers are the selling agents. The traders who resell their energy on
the retail market or export it and the end consumers who use the wholesale market are the
buying agents.

The mechanism of operation of the day-ahead market is as follows: (i) On day D− 1,
at 12:00, selling agents submit the electricity bid for each hour of day D. (ii) On day D− 1,
at 12:00, buying agents submit the purchase offer for each hour of day D. (iii) On day D− 1,
OMIE builds the supply and demand curves according to the criteria shown in Figure 2.

The intersection of the supply and demand curves determines the market price for
each hour of day D. Therefore, all matched sell (buy) bids are charged (paid) at the same
price. Figure 2 shows an example of this procedure.

Figure 2. Supply and demand curve.

The supply and/or demand for each hour of day D may vary, resulting in an imbalance.
Several reasons can cause such an imbalance: (i) generation failures, (ii) transmission
failures, and (iii) variations in expected weather conditions. An imbalance in the system is
called a deviation. Therefore, the deviation is the difference between the predicted power
and the actual power available. Deviations can be classified according to their direction:
upward deviation and downward deviations.

From a power plant perspective, there is an upward deviation when there is overpro-
duction and a downward deviation when there is underproduction. By contrast, on the
demand side, there is an upward deviation when there is a shortfall in consumption, and a
downward deviation when there is overconsumption. When a deviation occurs, a payment
obligation may occur, depending on the market’s needs.

Market needs in the Iberian Electricity System are determined by the concept known as
the net system balancing need (NNBS, by its acronym in Spanish). This indicator examines
whether the total production is higher or lower than the scheduled production. Therefore,
the NNBS determines whether the production deviation is favourable or detrimental to
the electricity system. Two situations can occur:

(i) If NNBS > 0, the net production of the electricity system is lower than scheduled in
the market and thus more energy is required.

(ii) If NNBS < 0, the net production of the electricity system is greater than scheduled in
the market and thus less energy is required.

According to the NNBS indicator, deviations can be classified according to whether
they are in favour or against the market:

(i) Deviation in favour. This is a deviation that occurs in the same direction as the market
need. For example, the power plant produces less energy than scheduled and the
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NNBS < 0, or when the power plant produces more energy than scheduled and the
NNBS > 0.

(ii) Against deviation. This is a deviation that occurs in the opposite direction to the
market need. For example, the power plant produces less energy than scheduled and
the NNBS > 0, or when the power plant produces more energy than scheduled and
the NNBS < 0.
Deviations have an economic impact, which are either positive or negative. Therefore,
deviations in favour are associated with a price (PUD/PDD) and deviations against
are associated with a cost (CUD/CDD). OMIE sets the PUD and the PDD. The cost
of deviation CUD (CDD) is the difference between the absolute value of the marginal
market price and the PUD (PDD).

2.2. Case under Study

The Alto Rabagão pumped hydroelectric storage power plant is located in the district
of Vila Real in Northern Portugal (latitude 41◦44′16′′ N, longitude 7◦51′14′′ W, and altitude
of 880 (m)) [28]. The project is led by the Portuguese energy company EDP. The upper
reservoir of the Alto Rabagão has already been built. The surface area is 2200 (ha), and it
has a volume of 569 (hm3), and a maximum water level of 185 (m) [28]. The River Rabagão
feeds this reservoir. In order to guarantee the environmental flow of the lower part of the
river, the power plant always discharges a part of the flow without generating electricity.
In this case, the reserved volume is 11 (hm3). Figure 3 shows a Google Earth image of the
Alto Rabagão pumped hydroelectric storage power plant.

Figure 3. Google Earth map of the Alto Rabagão PHS power plant.

This hydroelectric power plant was commissioned with a total output of 67 (MW)
in the year 1964 [28]. This plant uses 2 binary groups (hydro turbine-pump) [28]. The
total power in pumping mode is 62 (MW) [28]. Obviously, the total maximum flow rate is
not the same in generation mode as in pumping mode. These values are 46.5 (m3/s) and
33 (m3/s), respectively [28].

3. Methodology

When the objective of the FPV–PHS system is to maximise economic benefits by
offering energy in the day-ahead market, the aim is to sell the available energy during
the times when market prices are the highest. Under these conditions, the uncertainty
provided by the FPV system is a major drawback. Therefore, analysing the size of the FPV
plant can help make the right decision.

In order to achieve the objectives sought with this study, the following methodology
is proposed:

(i) Deducing possible modes of operation.
(ii) Parametric analysis.
(iii) Meteorological data selection.
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(iv) FPV power plant design.
(v) FPV power plant size

The first step is to define the possible modes of operation of both plants under the
Iberian electricity market conditions. In the second step, the parameters of the power
plants that make up the system will be identified and those that may influence the mode
of operation of both power plants under electricity market conditions will be analysed.
The third step is the selection of meteorological data. The step before calculating the
photovoltaic energy is to select the meteorological data from the location of the pumped-
storage hydroelectric power plant. Obtaining the energy generated by the floating PV plant
per square metre of PV field is the fourth step of this methodology. Finally, step 5 defines
the indicator used to evaluate the operating model for both plants.

3.1. Deducing Possible Modes of Operation

The size of a floating PV plant determines the mode of operation of both plants in
the electricity market. In addition, the efficiency of the pumping process is also a factor
conditioning the mode of operation of both power plants. Therefore, the possible modes of
operation of both plants under electricity market conditions must be determined.

The possible modes of operation, regardless of market conditions, are as follows:

(i) Continuous operation of the hydropower plant, i.e., 24 h a day, is a mode of oper-
ation that would deplete the available water in the upper reservoir, meaning there
would not be a sufficient annual flow to maintain the required average flow at full
power. Therefore, the mode of operation of a hydroelectric power plant is intermittent.
Forecasting the times with the highest energy prices determines the operating times
of the hydropower plants. The water stored in the upper reservoir is conserved for
use during the times that provide the greatest economic benefit. The rest of the time,
it can operate in pumping mode. Due to the mode of operation of these plants, the
transmission lines to the grid also operate intermittently. Therefore, they can be used
by a floating PV plant.

(ii) Selling electricity as it is generated would be the operation mode of a floating PV
power plant without the possibility of storing energy (Mode A). If the floating PV
power plant has a storage system, as in this case, another mode of operation is to
store electricity, in the form of stored water, as it is generated (Mode B). To do this,
water would be pumped from the lower reservoir to the upper reservoir. In this way,
a greater economic benefit could be obtained by turbining this water at times of high
prices. Considering Modes A and B, it is also possible to sell and store electricity
simultaneously as it is generated (Mode C).

The decision to use one mode of operation or another is determined by the electricity
market conditions. Five cases are possible:

(i) Case 1: No deviation. This would be the ideal case (a highly unlikely situation). The
energy bid on day D− 1 coincides with the energy available on day D. This case is
characterised by the absence of a penalty, as there are no deviations. The marginal
market price would be the selling price. The floating PV plant operates in Mode A
(selling electricity as it is generated). The two power plants operate independently.

(ii) Case 2: An upward deviation (energy bid on day D− 1 is less than the energy available
on day D) and NNBS > 0. As the deviation is in favour of the system, there is no
penalty, and a collection right is generated. The marginal market price would be the
selling price. The floating PV plant operates in Mode A (selling electricity as it is
generated). The two plants operate independently of each other.

(iii) Case 3: An upward deviation (energy bid on day D− 1 is less than the energy available
on day D) and NNBS < 0. As the deviation goes against the system, the right to be
charged for the surplus energy will be lower than the marginal market price. Therefore,
the floating PV plant may store the surplus energy in order to sell it on another day
at the marginal market price. The floating PV plant operates in Mode C. The joint
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operation of the two plants may be the best option. In this case, the size of the floating
PV plant will be a determining factor in the choice of its mode of operation. The
efficiency of the pumping process also influences the choice.

(iv) Case 4: An downward deviation (the energy bid on day D − 1 is greater than the
energy available on day D) and NNBS > 0. As the deviation is against the system, a
payment obligation is generated. This price is higher than the market price. Therefore,
it is the worst situation for the floating PV plant as the plant loses money. The floating
PV plant operates in Mode A (selling electricity as it is generated). The mode of
operation will be joint, as the pumped hydroelectric power plant helps to cover the
energy imbalance of the floating PV power plant.

(v) Case 5: An downward deviation (the energy bid on day D − 1 is greater than the
energy available on day D) and NNBS < 0. As the deviation is in favour of the system,
there is no penalty. The marginal market price would be the selling price. The floating
PV plant operates in Mode A (selling electricity as it is generated). The two plants
operate independently of each other.

3.2. Parametric Analysis of a Pumped Hydroelectric Storage Power Plant

A pumped hydroelectric storage power plant has a configuration of two water reser-
voirs (upper and lower reservoirs) at different heights, connected by penstocks. In genera-
tion mode, power is generated as water flows down the penstock from one reservoir to the
other, passing through a turbine that is coupled to an electric generator. Once the water has
been turbined, it is stored in the lower reservoir. Therefore, this system acts similarly to a
battery, as it can store energy and release it when needed. In pumping mode, the system
absorbs electrical energy as it pumps water back to the upper reservoir. In this mode of
operation, the electric generator functions as a motor and the hydraulic turbine as a pump.
This system generally uses a single penstock, which is used in both modes of operation.

The power flow is bidirectional depending on the operation mode. Therefore, each
mode of operation, generation mode and pumping mode, will have certain parameters.

3.2.1. Generation Mode

The parameters involved in the generation mode are the available head (ha), the
turbined flow rate (qt), the density of water (ρ), the acceleration due to gravity (g), the
electric generator efficiency (ηg), and the hydro turbine efficiency (ηt). Therefore, the
hydroelectric power can be calculated using Equation (1) [26]:

Pg = Pt · ηg = ηt · ρ · g · ha · qt · ηg (1)

As the hydroelectric power plant is built, the parameter ha can be considered to remain
constant, as replacing the penstocks or modifying ha would not be a cost that can be
assumed. The replacement of the turbine and the electric generator, although costly, could
be feasible.

Another aspect to be taken into account is the variation of the water level in the upper
reservoir. When the upper reservoir has a large capacity, several studies have considered
this parameter to be constant over the operation interval [26,29].

3.2.2. Pumping Mode

The parameters involved in the pumping mode are the elevating head (he), the pumped
flow rate (qp), the density of water (ρ), the acceleration due to gravity (g), the electric motor
efficiency (ηm), and the pump efficiency (ηp). Therefore, the electrical power absorbed in
the pumping process can be calculated using Equation (2) [26]:

Pa =
ρ · g · he · qp

ηm · ηp
(2)
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Following the same reasoning as above, it can be considered that the parameter he
remains constant, and that the substitution of the pump and the electric motor is admissible.

Next, the two modes of operation are related. For this purpose, the following parame-
ters are defined: the turbine generating coefficient (kt), the water pumping coefficient of the
pumping process (kp), and the total process efficiency (µ). The following are the equations:

kt = ηg · ηt · ρ · g · ha (3)

kp =
ρ · g · he

ηm · ηp
(4)

µ =
kt

kp
= ηg · ηt · ηm · ηp (5)

For water pumped and then used for generation, all efficiency factors are applied in
both pumping and production modes. The following is therefore fulfilled:

Pg = kt · qt (6)

Pa = kp · qp =
kt

µ
· qp (7)

The typical µ of this type of hydroelectric plant ranges from 65% to 80%, depending on
the technical characteristics of the equipment [30]. Obviously, the lower value corresponds
to older plants. Other studies estimate that a maximum of 70% to 85% of the electrical
energy absorbed from the grid can be recovered for the pumping process [29]. Technological
advances over the last 25 years have resulted in modern systems with µ of up to 87% [21].

The Alto Rabagão pumped-storage hydropower plant has a turbine generation co-
efficient (kt) of 1.44086 (MWs/m3), and the total efficiency of the pumping process (µ) is
0.77 [28].

Taking into account the volume of water available, the Alto Rabagão pumped-storage
hydroelectric power station operates at full power for 4 h a day [28]. Therefore, the energy
generated each day is 268 (MWh).

There are several parameters that can be used to evaluate and analyse PHS power
plants, such as (i) capacity, (ii) total process efficiency, (iii) energy yield, (iv) power output,
(v) cost, (vi) environmental impact, (vii) cycle time, (viii) maintenance requirements, and
(ix) lifetime. As the PHS plant is already built and the impact of the implementation of an
FPV plant in its upper reservoir is analysed, parameter (ii) is considered to be appropriate.
The influence of the parameter µ on the joint operation of both plants is analysed in this
paper. The parameter µ is 0.77 in old plants. In contrast, this parameter is usually 0.85 in
modern plants.

3.3. Parametric Analysis of a Floating PV Power Plant

The main component of a floating PV plant is the PV modules; therefore, the parame-
ters of this type of plant are related to this element. These parameters are the technology
used to manufacture of the PV module (solar transmittance of glazing (τ), and solar absorp-
tance of PV layer (α)), the number of PV modules (NPV), the module dimensions (module
width (WPV), module length (LPV) and module surface (APV)), the efficiency electrical of
the PV module (ηe), the available solar resource, the tilt angle of the PV module (β), and
the orientation of the PV module (γ). The last three parameters are included in the incident
solar irradiance parameter (It). Therefore, the power generated by a floating PV power
plant can be calculated using Equation (8) [31]:

PPV = NPV · APV · (τ · α) · It · ηe (8)
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3.3.1. Technology Used to Manufacture of the PV Module

Currently, there are three PV module technologies: monocrystalline, polycrystalline
and thin film (CdTe). These three technologies have different electrical efficiencies. However,
in this section, we are interested in the transmittance–absorption product. The commonly
used value of the transmittance–absorption product (τ · α) is 0.9 [32,33].

3.3.2. Electrical Efficiency

Electrical efficiency is defined as the efficiency of the module to convert incident solar
irradiance into electrical energy. This efficiency depends on the type of manufacturing
technology used for the PV module. The manufacturer of the PV module provides the elec-
trical efficiency (ηre f ) at the reference temperature (Tre f ) of 25 (◦C) and a solar irradiance of
1000 (W/m2). To obtain the electrical efficiency (ηe) under other conditions of temperature
(Tc) and solar irradiance (It), the equation provided by Evans [34] is often used [35,36]. This
equation is as follows [34]:

ηe = ηre f ·
[
1− βre f ·

(
Tc − Tre f

)]
(9)

where βre f is the temperature coefficient; (1/oC) is normally provided by the PV module
manufacturer.

According to the literature, if the operating temperature of the PV modules exceeds
25 (◦C), the electrical efficiency decreases [36,37]. The effects of the ambient temperature,
the incident solar irradiance and the wind speed must be considered. The number of models
for predicting the operating temperature of a PV module is high [38]. Dutra et al. [37] show
20 models in their work. One such model is presented by Mattei et al. [39], which offers
satisfactory results. This model uses the normal operating cell temperature (NOCT). This
parameter is provided by the PV module manufacturer. This model uses the ambient
temperature (Ta), the solar irradiance (It) and the NOCT (determined under the following
conditions: 800 (W/m2) of solar irradiance, 20 (◦C) of ambient temperature and 1 (m/s) of
wind speed at the height of the PV module). The proposed equation is as follows:

Tc = Ta + (NOCT − 20) · It

800
(10)

The electrical efficiency of FPV plants is higher than that of ground-mounted PV
plants. This increase depends on the environmental conditions at the installation site:
(i) For Choi [40], efficiency increases up to 11%. (ii) For Liu et al. [16], the efficiency
increases up to 10%. (iii) For Oliveira-Pinto and Stokkermans [41], the efficiency ranges
from 0.31% to 2.59%. (iv) For El Hammoumi et al. [15], the efficiency increases up to 2.33%.

3.3.3. Incident Solar Irradiance

The equation proposed by Duffie and Beckman [42] is usually used to determine the
total solar irradiance It(n, T, β) on tilted surfaces:

It(n, T, β) = Ibh(n, T) · cos θi
cos θz

+ Idh(n, T) ·
(

1 + cos β

2

)
+

+ (Ibh(n, T) + Idh(n, T)) · ρg ·
(

1− cos β

2

)
(11)

where Ibh is the beam irradiance on the horizontal plane, Idh is the diffuse irradiance on
the horizontal plane, θz is the zenith angle of the sun, θi is the incident angle calculated
using the equation proposed by Duffie and Beckman [42], β is the tilt angle, and ρg is the
ground reflectance.
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According to the above, the energy supply must be hourly. For this purpose, Equation (11)
is integrated from sunrise (TR) to sunset (TS) in one-hour intervals:

Ht(n, β) =
∫ TS(n)

TR(n)
It(n, T, β)dT (12)

where Ht is the total solar irradiation, n is the day of the year, and T is the solar time.

3.3.4. Number and Dimensions of PV Modules

Once the location of the PHS power plant, the tilt angle, the orientation, the PV
module technology, and the model of the PV module used have been defined, the only
parameter that will influence the size of the floating PV power plant is NPV . This value is
determined in the section on the optimisation of the floating PV power plant.

There are several parameters that can be used to evaluate and analyse FPV power
plants: (i) capacity, (ii) efficiency, (iii) energy yield, (iv) cost, (v) environmental impact,
(vi) maintenance requirements, and (vii) durability. Although all parameters are important,
parameters (i), (ii) and (iii) are adapted to the subject matter of this work, as the size of the
FPV power plant encompasses these parameters.

3.4. Meteorological Data Selection

The third step is the selection of meteorological data. The previous step in the calcula-
tion of the photovoltaic energy is to select the meteorological data from the location of the
PHS power plant.

Precise knowledge of the amount of incident solar irradiance on a horizontal surface
is essential to optimising the FPV plant. However, it is unlikely that a weather station
is available at the dam to record global and diffuse solar irradiance over the horizontal
surface. For this reason, using a proven solar model, such as the one proposed in [43],
is necessary. This model has been validated with real data from weather stations [44],
and has been used in similar studies, as it more accurately predicts solar irradiance under
different climate conditions [18,45,46]. In addition, meteorological data must be expressed
in hours, as this is the time interval used in the Iberian electricity market. The method
presented by [43] meets these specifications, as it determines the hourly beam and diffuse
solar irradiance on a horizontal surface under the meteorological conditions of a specific
location and for each day of the year. This method follows three steps: (i) Hottel’s clear-day
model [47] to estimate the solar irradiance transmitted through a clear atmosphere; (ii) Liu
and Jordan’s clear-day model [48] to determine the diffuse solar irradiance for clear skies;
and (iii) Fourier series approximation to adapt the clear-sky models to the meteorological
conditions of the reservoir. Therefore, the Ibh and Idh values of Equation (11) are determined
by the method proposed in [43].

Monthly beam and diffuse solar irradiation on horizontal surfaces are necessary
to apply the method [43]. The data should cover at least 10 years of meteorological
measurements to build a good picture of the local climate, thus reducing the uncertainty
that could be caused by using meteorological data from a specific year. Although there
are several sources of meteorological data available, this method uses the PVGIS tool [49],
an EU project which provides freely accessible solar radiation databases. Specifically, the
PVGIS-SARAH2 database, with data which are satellite based and a time period from
2011 to 2020, was used.

Figure 4 shows the monthly beam and diffuse solar irradiation on horizontal surfaces
at the Alto Rabagão dam obtained using the PVGIS tool [49]. Figure 5 shows the results
obtained using the method proposed in [43] for beam and diffuse solar irradiation on a
horizontal surface under the meteorological conditions at the Alto Rabagão dam.

The monthly mean daytime and nighttime temperatures are presented in Figure 4.
The average monthly maximum daytime temperature is 27.7 (◦C), and the average monthly
maximum night-time temperature is 14.9 (◦C).



Electronics 2023, 12, 2250 13 of 25

Figure 4. Environmental conditions.

Figure 5. Beam and diffuse solar irradiation on a horizontal surface.

3.5. The FPV Power Plant Design

The design of a ground-mounted photovoltaic plant has been studied by several
authors [31,46]. In contrast, there are few studies on FPV power plants from this point of
view [50].

The following considerations have been taken into account in this study:

(i) The shape of the available area. In ground-mounted PV power plants, the irregular
shape of the ground greatly influences the design [46]. In the case of FPV power
plants, complex irregular shapes are not possible due to the nature of the floating
platform. Therefore, the design of FPV power plants is more similar to designs with
regular shapes [51]. The dimensions of the main floating body component chosen
defines the shape of the FPV power plant. The system chosen for mounting the PV
modules uses two main floating bodies. Each of them has the following dimensions:
1160× 935× 370 (mm) [52]. The usual shape of FPV power plants is rectangular, or
they can be decomposed into this type of shape [53,54].

(ii) The tilt angle. Another aspect is the tilt angle of the PV modules. In ground-mounted
photovoltaic plants, the tilt angle is chosen to maximise the incident solar irradiance
on the PV modules. This tilt angle is related to the latitude at the site. In FPV power
plants, on the other hand, the tilt angle is chosen to ensure the stability of the PV
modules. Therefore, tilt angles are chosen that are not related to the latitude at the
site. With FPV systems, the tilt angle is chosen in accordance with the stability of the
floating platform. The tilt angle of a PV module must avoid the detrimental effects
of wind loads, waves and water currents. Therefore, floating platforms limit the tilt
angle of PV modules. Specifically, there are three standard values for tilt angles:
5 (◦) [52,55], 12 (◦) [56]. In [18], the FPV power plants using each of these tilt angles
are summarised.

Floating platforms with a tilt angle of 5 (◦) [52,55] are chosen. They can withstand
wind loads of 180 (km/h).

(iii) The orientation. As is the case with ground-mounted photovoltaic plants, the use of
an optimal orientation is not a problem. Therefore, the optimum orientation is 0 (◦) in
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the northern hemisphere and 180 (◦) in the southern hemisphere [42]. As the chosen
PHS power plant is in the northern hemisphere, an orientation of 0 (◦) will be used.

(iv) The shading effect between modules. Due to the connecting floating body component,
which connects the main floating bodies to each other, and the low tilt angle of the
modules, the shading between PV modules will be quite low. However, the algorithm
will take this into account.

(v) The albedo. Typical albedo values for different ground surfaces were calculated by [57–59].
Where no information is available, a value of 0.2 is often used [60]. In contrast, the
albedo of water bodies ranges between 0.05 [16,41,50] and 0.07 [16]. Therefore, an
albedo of 0.05 was used.

(vi) Only one commercial PV module model will be used. The model chosen is the
JAM72S30 525-550/MR, which is manufactured by JASolar. The characteristics of the
module are as follows: power, 550 (W p); dimensions, 2279× 1134 (mm); and surface
area, 2.58 (m2). The algorithm works for any PV module.

(vii) FPV power plant configuration. In ground-mounted photovoltaic plants, several
rack configurations can be used [46]: 1V × NPV , 2V × NPV , 3V × NPV , 2H × NPV ,
3H × NPV , etc. In FPV systems, by contrast, the 1H × NPV configuration is typically
used to minimise wind loads on the PV modules.

(viii) The transversal and longitudinal installation distance. The system chosen for mount-
ing the PV modules uses two main floating bodies [52]. Each of them has the following
dimensions: 1160× 935× 370 (mm) [52]. The transverse maintenance distance is
et = 25 (mm), and the longitudinal maintenance distance is el = 378 (mm) [52].

(ix) The number of PV modules. According to the dimensions of the PV modules and
the main floating bodies, the basic configuration will be 10× 20 PV modules. An
almost square shape measuring 23.62× 31.09 (m) (AT = 734.19 (m2)), and a power of
0.11 (MW p) is obtained with these configurations. This basic unit is surrounded by
floating connecting bodies. The connection floating body acts as a foothold during the
construction and maintenance of the FPV system. The dimensions of the connection
floating bodies vary depending on the manufacturer. In this study, they have the
following dimensions: 1097× 575× 240 (mm) [52].

The algorithm used to determine the total energy is based on 3 steps: (i) the determi-
nation of total solar irradiance; (ii) the determination of the total surface area of the PV
modules; and (iii) the determination of the total energy. These steps are explained in more
detail below:

(i) The determination of total solar irradiance (Ht). This can be calculated using Equa-
tion (12) and the restrictions indicated above.

(ii) The determination of the total surface area of the PV modules (AT). The total surface
area of the PV modules (AT) can be found with

AT = ∑NPV
i=1 WPV · LPV (13)

where NPV is the number of PV modules, WPV is the module width, and LPV is
the module length. The shadows that each row casts on the adjacent row in the
longitudinal direction is an aspect taken into account by the algorithm designed.

(iii) The determination of the total energy. The total energy can be determined by the
following equation:

EPV = Ht · AT (14)

3.6. The FPV Power Plant Size

The size of the FPV power plant can be chosen according to several criteria:

(i) The power of the PHS power plant. The power of the PHS power plant is 67 (MW)
and its capacity is 973 (GWh).

(ii) The area available for deployment of FPV plant. The available area is 2200 (ha).
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(iii) The volume of water in the upper reservoir. The size of the FPV power plant to supply
the electrical energy required to raise the water level of the upper reservoir by a certain
level by means of the pumping mode of operation of the PHS plant.

(iv) The pumping mode. The size of the FPV plant to supply the electrical energy required
for the pumping mode of operation of the PHS plant.

(v) The number of operating hours of the PHS plant. The size of the FPV power plant to
supply the electrical energy necessary to increase the number of operating hours of
the PHS plant.

Each of these criteria is discussed in the Results section.

4. Results and Discussion

In this paper, the year 2022 was selected to frame the study presented. The daily
hourly marginal market price (MMP), the price of upward deviations (PUD) and the price
of downward deviations (PDD) can be found in [61]. Figure 6 shows the daily hourly
marginal Iberian market price for the year 2022.

Figure 6. Daily hourly marginal Iberian market price for the year 2022.

Figure 7 shows the annual average hourly marginal Iberian market price for the year
2022. As can be seen in Figures 6 and 7, the four hours with the highest prices are 19:00,
20:00, 21:00 and 22:00. Therefore, these will be the hours of the PHS plant operation. The
FPV plant will obviously not generate power during these hours.

Figure 7. Annual average hourly marginal Iberian market price for the year 2022.

As the power of the PHS power plant is 67 (MW), the following power ratings for the
FPV power plant are chosen as a starting point for the study: 33.55 (MW p) (50% PHS), 67.1
(MW p) (100% PHS), 100.65 (MW p) (150% PHS), 201.30 (MW p) (300% PHS), and 301.95
(MW p) (450% PHS).

Table 1 summarises the parameters of the FPV plant sizes studied based on the
proposed methodology.
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Table 1. Parameters of the FPV plant sizes studied.

Parameter Size

Designation S1 S2 S3 S4 S5
Power (MWp) 33.50 67.10 100.65 201.30 301.95
Occupied area (hm2) 22.39 44.78 67.18 134.35 201.53
Occupied area (%) 1.018 2.04 3.05 6.12 9.16
Number of total PV modules 61,000 122,000 183,000 366,000 549,000
Annual energy (GWh) 49.82 99.65 149.47 298.94 448.41

The capacity of all the plant sizes studied does not exceed the plant capacity of
973 (GWh).

Two values for the parameter µ are analysed in this paper. They are 0.77 for old PHS
plants and 0.85 for modern PHS plants.

4.1. The Area Available for Deployment of an FPV Plant

In this case, an area of 2200 (ha) is available. According to Table 1, the surface area is
not a limiting factor. The size of the plant could be further increased in accordance with the
available area, but other aspects limiting the size of the FPV plant have to be analysed.

4.2. The Volume of Water in the Upper Reservoir

Water scarcity has become a topical issue. Water resources are necessary for human
consumption and agriculture. The shortage of rainfall means that the upper reservoirs of
the PHS power plants are not at their maximum capacity. For example, Figure 8 shows the
water volume of the upper reservoir of the Alto Rabagão during the year 2022 [62]. The
year 2022 was particularly dry. As a result, the upper reservoir level was approximately
20% for almost all the months of the year. The increase in volume in the last few months
of the year is due to the PHS power plant operating in pumping mode, with the resulting
loss in economic benefit.

Figure 8. Volume of water in the upper reservoir in 2022.

Figure 9 shows the estimated water volume of the upper reservoir of the Alto Rabagão
for different sizes of FPV plants if all the energy generated were to be used to pump water.

Figure 9. Volume of water in the upper reservoir.
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The sizes of the analysed FPV plants occupy a very small water body compared to
the total surface of the upper reservoir and reach remarkable upper reservoir levels. For
example, size S1 occupies 1.018% of the upper reservoir and manages to pump a volume of
water representing 16.85% of the upper reservoir. For size S2, these values would be 2.04%
and 33.71%, respectively. For size S3, these values would be 3.05% and 50.56%, respectively.
For size S4, these values would be 6.12% and 101.13%, respectively. For size S5, these
values would be 9.16% and 151.69%, respectively.

As can be seen in Figure 9, the S5 size of the FPV plant obtains a water volume of
more than 100%, so this power is not suitable. Similarly, larger sized FPV plants are not
suitable.

The S4 sized FPV plant achieves 100% of the capacity of the upper reservoir. This is
the limiting size for an FPV plant. All other sizes of FPV plants studied are suitable.

Therefore, sufficient energy can be stored for load management in the electricity grid
with the FPV plant sizes studied (S1, S2, S3 and S4).

4.3. Usual Operation of the PHS Plant

The number of daily PHS plant operating hours is four. These four hours of operation
correspond to the highest prices on the electricity market. In addition, the PHS plant
operates under the conditions of Case 1: No deviation.

Figure 10 shows the daily energy generated with 4 daily hours of PHS plant operation
during the year 2022. According to Figure 10, the number of PHS plant operating days is
71 days (20% of the days). The purpose of installing an FPV plant in the upper reservoir is
for the PHS plant to operate 365 days a year.

The annual energy generated was 18.60 (GWh). This falls far short of its capacity,
which is 973 (GWh). From an economic point of view, this earned EUR 4956259.88 from the
sale of the energy generated.

Figure 10. Daily energy generated by the PHS plant during the year 2022.

Figure 11 shows the daily energy absorbed during the pumping mode of the PHS
plant in the year 2022. The correspondence between these two figures can be seen when
comparing Figures 8 and 11.

Figure 11. Daily energy absorbed by the PHS plant during the year 2022.
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The annual energy absorbed in pumping mode was 47.09 (GWh). Therefore, in 2022,
this plant absorbed more energy than it generated: specifically, 28.49 (GWh).

From an economic point of view, the cost of this absorbed energy was EUR 5,047,474.74.
It can be concluded that this PHS plant operated under economic losses during the
year 2022.

4.4. Operation of the PHS Plant Together with the FPV Plant

Figure 12 shows the energy generated by the analysed FPV plants. Figure 12a shows
the hourly distribution of the energy generated by the FPV plant size S2 on 21 June
(Summer Solstice). Figure 12b shows the daily distribution of the energy generated by each
FPV plant size.

Figure 12. Energy generated by the sizes of FPV plants analysed.

4.4.1. 4 h of Daily PHS Plant Operation

Figure 13 shows the daily energy generated with 4 h daily PHS plant operation during
the year 2022, using the water pumped with the energy generated by each size of the FPV
plant, i.e., joint operation mode of both plants. With the FPV plant size S1, the PHS plant
is not operational every day of the year. In contrast, the PHS plant is operational every
day of the year with the other sizes. In addition, water storage is achieved in the upper
reservoir, namely 12.28% and 51.21%, respectively, with the FPV plant sizes S3 and S4. The
PHS plant operates under Case 1 conditions: No deviation. In addition, it operates during
the 4 h of highest electricity market prices.

Figure 14 shows the economic benefit from the independent and joint operation modes
of both plants, for the sizes S1 and S2 and pumping process efficiency of 0.77 and 0.85.

The joint operation mode is characterised by 4 h of PHS plant operation per day
during the year 2022, using the water pumped with the energy generated by the FPV plant
sizes S1 and S2.

The independent operation mode is characterised by 4 h of daily PHS plant operation
during the year 2022 depending on the available water and FPV plant sizes selling the
energy as it is generated. The FPV plant operates under Case 1 conditions: No deviation.

For µ = 0.77, the economic benefit is always higher in the independent mode of
operation. This is true even if there are deviations of 10%, in Cases 3 and 4.
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Figure 13. Daily energy generated by the PHS plant during the year 2022.

Figure 14. Economic benefit from the independent and joint operation modes with S1 and S2.
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For µ = 0.85, the economic benefit is slightly higher in the joint operation mode of
FPV plant size S2. If the FPV plant size is S1, the economic benefit is slightly higher in the
independent operation mode. However, if deviations of 10% occur in Cases 3 and 4, the
economic benefit is slightly higher in the joint operation mode.

Figure 15 shows the economic benefit from the independent and joint operation modes
of both plants, for the sizes S3 and S4 and the pumping process efficiency of 0.77 and 0.85.

Figure 15. Economic benefit of the independent and joint operation modes with S3 y S4.

The joint operation mode is characterised by 4 h of daily PHS plant operation during
the year 2022, using the water pumped with the energy generated by the FPV plant sizes
S3 and S4. The surplus energy from the FPV plant is sold as it is generated. The FPV plant
operates under Case 1 conditions: No deviation.

The independent operation mode is characterised by 4 h daily PHS plant operation
during the year 2022 depending on the available water and FPV plant sizes selling the
energy as it is generated. The FPV plant operates under Case 1 conditions: No deviation.

For µ = 0.77, the economic benefit is always higher in the independent mode of
operation. This is true even if there are deviations of 10%, in Cases 3 and 4.

For µ = 0.85, the economic benefit is slightly higher in the joint operation mode of
the FPV plant size S3. If the FPV plant size is S4, the economic benefit is slightly higher
in the independent operation mode. This is true even if there are deviations of 10%, in
Cases 3 and 4.

The more important renewable energies become in the electricity market, the greater
the need for an energy storage system. Therefore, as the results obtained here are very
similar in the joint and independent operation mode of both plants, it can be assumed that
the economic benefit from the joint operation mode of both plants will increase as the need
for energy storage increases. Several studies confirm that the joint operation mode of both
plants can play an important role in balancing systems with a high penetration of variable
renewables [26].

4.4.2. 5 or More Daily Hours of PHS Plant Operation

Figure 16 shows the economic benefit from the independent and joint operation modes
of both plants for the size S4 with the pumping process efficiencies of 0.77 and 0.85, and
5 daily hours of PHS plant operation.

The joint operation mode is characterised by 5 h per day of PHS plant operation
during the year 2022, using the water pumped with the energy generated by the FPV plant
size S4 and when the surplus energy from the FPV plant is sold as it is generated. The
FPV plant operates under Case 1 conditions: No deviation.

The independent operation mode is characterised by 4 h of daily PHS plant operation
during the year 2022 depending on the available water and FPV plant selling the energy as
it is generated. The FPV plant operates under Case 1 conditions: No deviation.

For µ = 0.77 and µ = 0.85, the economic benefit is always higher in the independent
mode of operation. This is true even if there are deviations of 10% in Cases 3 and 4.

For all other plant sizes, the economic benefit is always higher in the independent
mode of operation. This profit increases as the power of the FPV plant decreases.
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Figure 16. Economic benefit from the independent and joint operation modes with S4.

5. Conclusions

This paper examines the sizing of a floating photovoltaic (FPV) power plant for in-
tegration into an existing pumped hydroelectric storage (PHS) power plant in order to
improve the performance thereof. In addition, the parameter known PHS plant total pro-
cess efficiency is also used to evaluate the plant. The Alto Rabagão pumped hydroelectric
storage power plant in Northern Portugal was the subject of the study. The following power
outputs were analysed for the FPV plant: 33.55 (MW p) (50% PHS), 67.1 (MW p) (100%
PHS), 100.65 (MW p) (150% PHS), 201.30 (MW p) (300% PHS), and 301.95 (MW p) (450%
PHS). These FPV plant sizes are referred to as S1, S2, S3, S4 and S5, respectively. The
values of the total process efficiency parameter analysed are 0.77 for old PHS plants, and
0.85 for more modern plants. The results obtained confirm which scenarios earn economic
benefits from a PHS plant and an FPV plant operating together or independently.

The study shows the following conclusions regarding the volume of water in the
upper reservoir:

(i) The actual data showed that the volume of water available in the upper reservoir is a
critical parameter that determines the PHS plant operating days. The PHS plant only
operated 20% of the days in 2022. In addition, more energy is absorbed in the pumping
process than the energy generated by the PHS plant. Therefore, the economic benefit
was negative.

(ii) The sizes of the FPV plants analysed occupy a very small body of water compared to
the total surface area of the upper reservoir, specifically, 1.018% for S1, 2.04% for S2,
3.05% for S3, 6.12% for S4, and 9.16% for S5.

(iii) The FPV plant sizes analysed have the capacity to reach significant higher reservoir
levels (if all the energy generated by the FPV plant sizes was used to pump water),
specifically, 16.85% for S1, 33.71% for S2, 50.56% for S3, 101.13% for S4 and 151.69%
for S5.

(iv) In total, 100% of the water volume of the upper reservoir is obtained with an occupied
water body surface of 6.12%.

From an economic benefit point of view and taking into account 4 h of PHS plant
operation per day during the year 2022 (the 4 h of highest electricity market prices and
the PHS plant always operating under the conditions of Case 1: No deviation), the study
shows the following conclusions:

(i) During joint operation of both plants, the S1 size FPV plant is not able to operate the
PHS plant every day of the year. In addition, the economic benefit is slightly higher
with the independent operation mode (Case 1: No deviations), regardless of the value
of the total process efficiency parameter analysed. However, if deviations of 10% occur
in Cases 3 and 4, the economic benefit is slightly higher in the joint operation mode.

(ii) During the joint operation of both plants, the S2 size of the FPV plant is able to operate
the PHS plant every day of the year. If the total process efficiency is 0.85, this mode of
operation earns a slightly higher economic benefit than the independent operation of
both plants (Case 1: No deviations).
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(iii) During joint operation of both plants, the FPV plant sizes S3 and S4 are able to operate
the PHS plant every day of the year and, in addition, obtain a surplus water volume
of 12.28% and 51.21%, respectively, of the capacity of the upper reservoir.

(iv) During joint operation of both plants, the S3 size of FPV plant is able to operate the
PHS plant every day of the year and sell the surplus energy directly as it is generated
(in this case, no water is stored). If the total process efficiency is 0.85, this mode of
operation earns a slightly higher economic benefit than the independent operation
mode of both plants (Case 1: No deviations).

(v) In the joint operation of both plants, the FPV plant size S4 is able to operate the PHS
plant every day of the year and sell the surplus energy directly as it is generated
(in this case, no water is stored). The economic benefit is slightly higher with the
independent operation mode (Case 1: No deviations), regardless of the value of the
total process efficiency parameter analysed.

In summary, if the total process efficiency is 0.85, the joint operation of both plants with
FPV plant sizes S2 and S3 yields a slightly higher economic benefit than the independent
mode of operation. If the total process efficiency is 0.77, there is always a higher economic
benefit in the independent operation mode, irrespective of the size of the FPV plant.
However, the uncertainty of the solar resource estimation can lead to a higher economic
benefit in the joint operation mode.

Increasing the number of PHS plant operating hours above 4 h per day decreases the
economic benefit from the joint operation mode, regardless of the total process efficiency
parameter and the size of the FPV plant. The economic benefit decreases as the number of
operating hours increases.
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Nomenclature
AT Total surface area of the PV modules (m2)
EPV Total energy (Wh)
g Acceleration due to gravity (m/s2)
Ht Total irradiation on a tilted surface (Wh/m2)
ha Available head (m)
he Elevating head (m)
Ibh Beam irradiance on a horizontal surface (W/m2)
Idh Diffuse irradiance on a horizontal surface (W/m2)
It Total irradiance on a tilted surface (W/m2)
kp Water pumping coefficient (W· s/m3)
kt Turbine generating coefficient (W· s/m3)
LPV Module PV length (m)
NOCT Normal operating cell temperature (◦)
n Ordinal of the day (day)
Pa Power input of the electric motor (W)
Pg Power output of the electric generator (W)
PPV Power output of the PV module (W/m2)
Pt Power output of the hydro turbine (W)
qt Turbined flow rate (m3/s)
qp Pumped flow rate (m3/s)
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T Solar time (h)
Ta Ambient temperature (◦)
Tc PV cell temperature (◦C)
Tre f Reference temperature (◦C)
TR Sunrise solar time (h)
TS Sunset solar time (h)
WPV Module PV width (m)
α Solar absorptance of PV layer (dimensionless)
β Tilt angle of photovoltaic module (◦)
βre f Temperature coefficient (1/◦C)
γ Azimuth angle of photovoltaic module (◦)
δ Solar declination (◦)
ηe PV module efficiency (%)
ηg Electric generator efficiency (%)
ηm Motor generator efficiency (%)
ηp Pump efficiency (%)
ηre f PV module efficiency at the reference temperature (%)
ηt Hydro turbine efficiency (%)
θi Incidence angle (◦)
θz Zenith angle of the Sun (◦)
λ Latitude angle (◦)
µ Total pumping process efficiency (%)
ρ Density of water (kg/m3)
ρg Ground reflectance (dimensionless)
τ Solar transmittance of glazing (dimensionless)
ω Hour angle (◦)
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