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Abstract: When a substantial number of wind parks are approaching the end of their lifespan, and
developers of renewables are facing decisions about what to do with their assets, concepts such as
hybrid power plants are emerging as a promising solution to enable renewable integration in a cost-
effective and robust manner. This work proposes a decision-aid algorithm to perform a comprehensive
analysis of hybrid power plants, focusing on the energetic contribution and economic feasibility
of converting existing wind power plants into hybrid power plants (i.e., installing photovoltaic
panels and a storage system). The analysis was performed by comparing the option of converting
existing wind plants into hybrid plants with a pure repowering exercise or overplanting using wind
technology only. The obtained results unequivocally demonstrate the added value of hybrid power
plants as they promote: (i) a higher installed capacity and yearly capacity factor (up to 50%); (ii) an
increased efficiency of existing electric infrastructures; and (iii) a positive contribution to a sustainable
energy system with the ability to generate economic value.

Keywords: hybrid power plants; wind energy; solar energy; storage system; optimal design

1. Introduction

The near-100% renewable power systems envisioned for the future require a paradigm
change in how energy systems are planned and operated. Variable renewable energy (VRE)
technologies, such as solar photovoltaic (PV) and wind, will continue to play a crucial role in
most scenarios aimed at achieving near-100% renewable power systems [1]. However, the
high temporal and spatial variability of the power generated by these renewable resources
represents a challenge for preserving the standards of security of supply, the quality of
service, and the robustness of current power systems.

One of the approaches being addressed to minimize the impact of wind and solar
variability is the aggregation of dispersed VRE plants to create a hybrid renewable power
plant (HRPP). These are virtual or co-located power plants that combine two or more
renewable resources with (or without) energy storage systems [2,3]. Many countries
already foresee HRPPs in their legal regimes (e.g., Germany, Denmark [4]). Moreover, a
recent legislation trend (e.g., Portugal [5]) also encourages converting existing power plants
into hybrid power plants. In some cases, the conversion can be done without the need
for a new permitting process, provided that the instantaneous power injection into the
grid does not exceed the previously licensed threshold [6]. This legal regime is highly
relevant to renewable energy operators and investors, especially as these plants continue
the transition from fix-revenue schemes (e.g., feed-in tariffs (FITs)) into trading in the
fully liberalized energy markets [7]. However, given its novelty, there is still a significant
degree of uncertainty around the technical and economic viability of hybrid power plants
in general [8], and questions about how decision-makers can best take advantage of these
legislation trends to improve their financial performance.

In many world regions, wind and solar resources are anti- or inversely correlated,
making the combined production more predictable and controllable [9–11]. Hence, one of
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the most intuitive strategies is the possibility of retrofitting the available area of existing
wind power plants (WPPs) by adding solar PV [12] and storage systems [13].

The research behind this paper focuses on developing a decision-aid optimization tool
to assess the feasibility of converting existing wind plants into hybrid power plants. The
developed tool can analyze the addition of solar PV and storage systems to an existing wind
plant, assessing its added value compared with a pure repowering option or overplanting
with wind technology only, currently the two most common practices in the field [14,15]. In
other words, this manuscript studies and evaluates the option of moving from a utility-scale
single technology power plant (in the case of this study, a wind power plant) (from wind)
to a utility-scale power plant encompassing different technologies (to hybrid), by adding
solar and storage technologies to the existing wind power plant through a hybridization
process [12]. The main contributions of this article are twofold:

1. A methodology to characterize the energy contribution and economic viability of
hybrid power plants in utility-scale applications, providing insights both to plant
owners/developers and grid operators.

2. A decision-aid tool for renewable power plant developers to use in assessing the
optimal hybrid plant configuration that maximizes the project’s financial performance,
given the local resources and area availability, costs, and market prices.

The rest of the paper is organized as follows. Section 2 presents an overview of
hybrid power plants, highlighting the novelty points of this paper. Section 3 details the
methodology followed in this work. Section 4 presents the results. Section 5 presents a
discussion of the results. Section 6 presents the main conclusions and recommendations for
future research.

2. Overview of Hybrid Renewable Power Plants

The sizing of HRPPs, i.e., how much of which technology one should invest in, is a
complex optimization exercise. Several parameters can be selected to be maximized or
minimized, depending on the application [16].

Akter et al. [17] proposed an optimization method for use when determining the
optimal sizing of a hybrid renewable microgrid composed of photovoltaic (PV) cells, a
battery, fuel cells (FCs), and an electrolysis plant. A sizing process is performed to minimize
the entire life cycle cost of the installed equipment and reduce the differences between
the life cycle cost and the total profits from the chemical products sales. Hatata et al. [18]
formulated an optimization method for use in a sizing exercise for an HPP comprising
solar PV, wind turbines, and battery technologies. The sizing exercise was performed
to satisfy a given demand requirement with the least percentage of load interruptions,
using loss of power supply probability (LPSP) as a reliability indicator. Ma [19] proposed
a mathematical formulation to comprehensively analyze the effect of different ratios of
installed wind-solar technology on several decision variables. These include battery bank
size, state of charge (SOC), loss of power supply, excess energy, net present cost, levelized
cost of energy (LCOE), and payback time. Similar works have been developed by Ramli
et al. [20] and Cai et al. [21] that included diesel generators.

The abovementioned works focused on small-scale and “stand-alone” applications of
hybrid plants rather than commercial and utility-scale applications, which are the focus
of this work. Many of the steps required in an HRPP sizing process are the same for
stand-alone and utility-scale applications, such as modeling the system components and
characterizing renewable resources. However, their optimization purposes are different,
and so is the set of constraints included, the type of indicators considered, and the objective
function formulated. In summary, an HPP optimization process typically follows a cost-
minimization approach when operating in stand-alone applications [22,23], and is aimed
at maximizing profit if in grid connect mode [24]. These differences ultimately lead to
different design outcomes.

The studies using market-based revenues to address optimal sizing decisions have
focused mainly on adding storage systems to existing renewable power plants, with the
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premise that a battery system would enable better management of the production profile,
thus yielding increased profits [25]. Małkowski et al. [26] proposed a methodology to study
the technical and economic viability of operating a hybrid photovoltaic–battery energy
storage system. The authors concluded that, although the system’s operation was feasible,
the levelized cost of electricity was two-to-three times higher than the day-ahead (DA)
average market price. Nasrolahpour et al. [27] presented an investment decision-making
tool for wind producers that desire to expand their portfolio by investing in a battery
system. Similar efforts were made by Wang et al. [28], who developed a method to optimize
a hybrid energy storage system (HESS) to support the dispatch of a 30 MW solar PV power
plant in the Australian national electricity market. Results from both studies indicate that
the benefits of a storage system might be limited to specific conditions. In the first study,
profits are achieved only when the power grid is congested, and the battery system is
not co-located with the WPP. In the second study, the positive profit improvements were
attained only for residual storage capacities compared with the PV nominal capacity.

The studies in [26–28] provide an insight into how storage systems can support the
participation of renewable power plants in electricity markets. However, they overlook
the importance of joint wind, solar PV, and storage technology assessments in the same
optimization run to obtain a holistic view of the problem.

To that end, Yang et al. [29] used a bi-level planning model to integrate a wind–
photovoltaic–battery HRPP, proposing a capacity configuration method that considers
the return on investment for the stakeholders. Carvalho et al. [30] performed a technical-
economic analysis of a wind–solar hybrid system deployment in a utility-scale setting.
However, the research was limited to a specific case study on Brazil’s particular (fixed)
remuneration schemes. Shereiqi et al. [31] proposed an optimization strategy to achieve a
reliable wind–solar–battery HRPP. In the first step, a wind power plant is configured to
reduce power losses on the wind power plant. In the second stage, solar PV and batteries are
added to the existing wind farm to reduce the power fluctuations on the output of the HRPP
generation. Similarly, Al-Shereiqi et al. [32] created a strategy that determines the optimal
size of hybrid wind–solar photovoltaic power systems that use heuristic optimization with
a numerical iterative algorithm such that the output fluctuation is minimized. A sizing
exercise was performed to reduce the impact of renewable intermittency and to generate
the maximum output power to the grid at a constant level based on the availability of
renewable energy resources. Nuvvula et al. [33] studied a battery-integrated HRPP that
includes floating solar, bifacial rooftop, and wind energy systems. The system components
were optimized to minimize the levelized cost of energy (LCoE), battery life cycle loss (LCL),
and loss of power supply probability (LPSP). Recent studies have also used real-time data
to perform dynamic multi-objective optimization exercises in the energy field [34]. While
many of the indicators and KPIs are the same (e.g., annual production and other economic
indicators), the data used to perform the optimization is different. To use real-time data
would mean that a system is already in place, and therefore data can be collected in real
time. Many of the presented studies focused on the technical and economic value of adding
new technology (storage, solar PV) to existing systems. Hence, the common approach in
the literature is to use historical data and apply statistical approaches to model the energy
production and market prices throughout the lifetime of a project [7]. A methodology based
on historical data can be more easily applied to different locations and case studies since it
does not depend on real-time data acquisition systems. Furthermore, in many applications,
studies are trying to access the added value of adding new technologies.

Most of the literature on the sizing of HRPPs for utility-scale applications is presented
without a common reference point to effectively compare alternative options for decision-
makers. The studies in [26–28] concluded that adding a battery storage system would
increase costs, but did not provide a comparative basis for other solutions that might still be
beneficial (e.g., overplanting with the same technology or adding other renewable source
technologies). Furthermore, the optimized configuration of an HRPP is mainly performed
on a single case study [29–33], which may undermine the potential for generalizing the
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results to other locations. The technical and economic performance of an HRPP in utility-
scale applications that participates in the DA market depends on the complementarity
profile of the renewable energy resources feeding the technologies that constitute the
HRPP [35]. Furthermore, it will also depend on how well the production profile can
correlate with energy prices [36,37], especially if no storage system is installed. Hence, the
methodology proposed in this paper builds on the current literature by:

• Comparing the obtained results with the industry’s standard practices. These typi-
cally include repowering or overplanting with single technologies. The premise is
that by comparing with standard industry practices, the proposed methodology and
the results obtained could highlight the added value of HRPPs and better inform
stakeholders and decision-makers in the energy sector.

• Applying it to different case studies, with different complementarity profiles of renew-
able production and DA market prices at different timescales. The premise is that, by
considering different case studies, the results obtained could provide more insights
into the debate on the technical and economic feasibility of hybrid power plants.

• Considering the capacity addition of wind, solar PV, and battery technologies when
performing an HRPP sizing optimization for day-ahead market (DAM) participation,
rather than focusing mainly on the design of the storage system [26–28]. The hypoth-
esis here is that considering all technologies in the optimization exercise allows the
model to have a more comprehensive view of the problem, thus obtaining holistically
optimized decisions. Failing to do so may lead to solutions that are not as efficient
when considering technical and economic perspectives.

3. Methodology
3.1. Problem Formulation

Let us consider the perspective of a wind power plant (WPP) owner whose assets are
approaching the end of their lifetime. The investor is facing the decision about what to do
with them in the near future. Assuming that the decision-maker is willing to keep the asset
in the portfolio, he/she is left with three alternatives (Figure 1). The first is to perform a
simple repowering exercise, substituting the old wind turbines with new ones (Option 1).
The second is to take advantage of the new legislation frameworks encouraging existing
power plants to be overplanted or converted to hybrid plants. The overplanting can be
done using only wind technology (Option 2), keeping the wind plant as such. It can also
be done by adding solar PV and storage system technologies instead, converting it into a
hybrid power plant (Option 3).

A pre-requisite of the legislative framework is that all generation groups and the
storage system are co-located and share the same point of common coupling (PCC) to
the grid (Figure 2). Another is that the instantaneous power delivered to the grid does
not surpass the licensed capacity of the existing wind plant at the PCC. In this work,
the internal network of the hybrid plant was modeled as ideal. Lastly, as renewable
technologies mature, remuneration schemes evolve from fixed revenues (e.g., feed-in
tariffs) to fully market-based. For this reason, the analysis presented in this study is based
on DAM revenue streams. Hence, the energy produced is remunerated at the market price
of that specific hour. The hybrid plant behaves as a price taker in the energy market in this
work. Indeed, this aligns with the developer’s perspective when pre-assessing a future
project’s economic viability.
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3.2. Optimal Design and Sizing of Hybrid Power Plants (OPT.Hy)

The optimization method proposed in this work was designed to identify the optimal
wind, solar PV, and storage capacity to be added to an existing wind plant that yields
the maximum financial return for a power plant owner/developer participating in the
DAM, expressed in terms of its net present value (NPV). Several restrictions condition the
optimal configuration: hourly wind–solar power production, storage system operating
conditions, grid-connection capacity, power plant’s area availability, and economic per-
formance. Figure 3 summarizes the developed algorithm’s main inputs, outputs, and the
optimization formulation followed.
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In the next subsections, the mathematical formulation behind the proposed algorithm
is presented.

3.2.1. Variable Renewable Generation

The power production of the VRE power plants for each hour t of year y is determined
by the product of the optimal capacity for each technology (CW and CPV-), the normalized
hourly annual production profile for each of the technologies (p(t)W and p(t)PV-), and
a random parameter that translates the inter-annual variability of both resources (ξ(y)W

and ξ(y)PV): Equation (1). Furthermore, the wind power production was then modeled as
a function of the number of turbines to be repowered/added to the existing wind plant:
Equation (2). It was assumed that the wind turbines have a rated power of 2 MW:

PVRE(y, t) = CW ·p(t)W ·ξ(y)W + CPV ·p(t)PV ·ξ(y)PV , ∀t,y (1)

CW = 2·N (2)

3.2.2. Energy Storage System

The energy stored in the battery system in each period t is determined using the level of
energy stored in the previous hour and the energy inputs PCHA(y, t), scaled with the round-
trip efficiency (η), and the energy outputs PDIS(y, t) : Equation (3) [39]. Furthermore,
Equations (4) and (5) impose that the system is always operated within the optimally
designed system parameters, namely the rated power (PBAT) and energy capacity (EBAT).
YBAT(y, t) is a binary variable that assumes the value 1 when the battery is in discharge
mode, and 0 otherwise:

EBAT(y, t) = EBAT(y, t− 1) + η·PCHA(y, t)− PDIS(y, t), ∀t,y (3)
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PCHA(y, t) ≤ PBAT ·(1−YBAT(y, t)), ∀t,y (4)

PDIS(y, t) ≤ PBAT ·YBAT(y, t), ∀t,y (5)

3.2.3. Technical Restrictions

The hybrid power plant must ensure that, at each time step, the power balance inside
the system is such that the power injected into the electrical grid does not surpass the
licensed capacity: Equations (6) and (7) [29]. In these equations, PDAM(y, t) refers to the
energy delivered to the day-ahead energy market, PCURT(y, t) refers to the energy curtailed,
and PPCC is the maximum injection capacity to the power grid:

PVRE(y, t) + PDIS(y, t) = PDAM(y, t) + PCHA(y, t) + PCURT(y, t), ∀t,y (6)

PDAM(y, t) ≤ PPCC, ∀t,y (7)

Furthermore, the wind and solar PV capacity installed is also restricted by the available
power plant area: Equations (8) and (9) [9]. The absence of such constraints can lead to
unfeasible results in real locations, as discussed by Talent and Du [40], especially when
addressing the conversion of existing power plants into HRPPs. Furthermore, it was
considered that the PV panels could be installed in 2/3 of the area occupied by the wind
park. The remaining 1/3 would continue unoccupied for access roads and to account for
the shading effects of the wind turbines in the solar PV panels:

CW ·AW ≤ APP (8)

1
3
·CW ·AW + CPV ·APV ≤ APP (9)

3.2.4. Economic Performance

The yearly revenue (G(y)) along the lifetime of the hybrid renewable power plant
is given by the difference between the revenue streams coming from selling electricity in
the DAM and the respective operational and management costs of its assets (OPEXTEC):
Equation (10) [30]. The HRPP remuneration is assumed to be market based and, therefore,
the revenues obtained are derived based on the energy produced by the HRPP, in year y and
hour t (PDAM(y, t)) multiplied by the prices observed in the day-ahead electricity market.
A technical approach to relying on historical data and statistics was used to simulate the
electricity prices, a method commonly found in the literature on this topic. This model
uses historical hourly data (λDAM(t)) and a forecasted inflation rate (i(y)) for the next five
years [7]. A constant inflation rate was assumed from the fifth year onwards.

The investment costs of the hybrid power plant are determined using Equation (11).
The first term refers to the investment cost of repowering the pre-existing wind park
(assuming that the initial investment was already recuperated in full and the repowering
cost equals 50% of the initial capital costs (CAPEX)). The second term in Equation (11)
refers to the investment costs of the added capacity [30]. The subscript TEC in Equations
(10) and (11) serves to indicate the operation and maintenance costs (OPEX) and CAPEX
costs of each technology composing the HRPP:

G(y) = ∑
t

PDAM(y, t)·λDAM(t)·i(y)− ∑
TEC

OPEXTEC(y) , ∀y (10)

I = PW ·50%·CAPEXW + ∑
TEC

CTEC·CAPEXTEC (11)
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The investment return is then evaluated using the net present value (NPV) indicator,
derived from the discounted cash flows using discount rate r : Equation (12) [30].

NPV = −I + ∑
y

G(y)
(1 + r)y (12)

3.3. Optimization Formulation and Solving Method

The optimization model proposed in this work has as its objective function the condi-
tion defined by Equation (12)—subject to all the physical, technical, and financial constraints
on the hybrid power plant project given by Equations (1)–(11). On its basic configuration,
this formulation originates a large-scale, complex, and non-linear combinatorial problem
with a mixed-integer nature (MINLP) [41].

In this work, a solving method comprising metaheuristic and mixed-integer linear
programming was used [42].

The original MINLP model was divided into two sub-models:
(1) The investment part, where the candidate solutions for the system sizing

(CW , CPV , CBAT , PBAT) are determined and evaluated using a metaheuristic approach,
namely a genetic algorithm (GA) [43,44];

(2) The operational part, with a mixed-integer linear model (MILP) simulating the
hourly operation of the hybrid system for its entire lifetime [45,46].

By doing so, two linear sub-models are created, allowing for the solving method to
take advantage of the linear solvers’ speed and reliability, and the versatility and flexibility
of the metaheuristic ones [29]. In short, the proposed solving method works as follows:

STEP 1 A 1st candidate solution is arbitrarily created by the GA algorithm;
STEP 2 The candidate solution is transferred as input parameters to the MILP model;
STEP 3 The MILP model is solved using the CPLEX;

STEP 4
The feasibility of the solution and its respective objective function value is
transferred as the fitness function value for the GA algorithm; A very large penalty
is added to the fitness function if the candidate solution is infeasible;

STEP 5 Repeat STEPs 2 to 4 until stopping criteria is met.

The GA algorithm will keep running until the stopping criteria is met. In this work,
two stopping criteria are active. The first criterion is defined by the function tolerance, i.e.,
the algorithm will stop when the average relative change of the best fitness function is
smaller than a given threshold over a given number of generations. The threshold was set
to 1.0 × 10−6 and the number of generations to 50. The second criterion is related to the
maximum generations, i.e., the algorithm will stop if the maximum number of generations
is reached. The maximum number of generations was defined as 400, which corresponds
to 100 times the number of variables.

Figure 4 illustrates the flowchart of the applied solving method.
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3.4. Application of the OPT.Hy Methodology
3.4.1. Case Study Selection and Scenario Construction

When assessing the technical and economic feasibility of converting existing WPP
into HRPP (and designing HRPPs in general), one of the determinant factors is the com-
plementarity of the wind-and-solar primary resources in the power plant’s site [47]. Since
this study also considers DAM revenue streams, the other key factor is the correlation
of the production profile of the HRPP with the DAM prices. The developed algorithm
was applied to assess the feasibility of converting a reference WPP with 20 MW installed
capacity and 2.5 km2 area availability into an HRPP in three different locations. Indeed, in
many world regions, wind and solar PV are, on average, anti-correlated. However, these
case studies were selected because they display distinct wind–solar complementary profiles
and different hybrid–DAM price correlations at different timescales. Table 1 displays the
main characteristics of the selected case studies.
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Table 1. Main characteristics of the selected case studies.

Case
Study

Capacity
Factor

Correlations

Wind–Solar Wind–DAM Hybrid–DAM

Day Year Day Year Day Year

CS1 Low −0.04 −0.91 −0.57 −0.25 0.24 −0.42
CS2 Average −0.86 −0.61 −0.08 −0.26 0.38 −0.48
CS3 High −0.82 0.70 0.08 −0.57 0.43 −0.52

Figure 3 depicts both the daily and the yearly production profile of wind and solar PV
technologies for the selected locations.

In Case Study 3, both solar PV and wind have a positive yearly correlation because
they show higher capacity factors during most of the year (up to September). The capacity
factor decreases accentually during the last months of the year (Figure 5c, bottom).
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Furthermore, in these locations, the capacity factor of the wind is higher during the
night hours, while the DAM prices are higher during the daytime hours, hence the negative
correlation. Again, in Case Study 3, we can verify a slight increase in wind production
in the late afternoon, when the electricity prices increase (Figure 5c, top), with the final
wind–DAM correlation showing a slightly positive result. When adding the solar PV
technology, produced only during the day, the final HRPP capacity factor is positively
correlated with DAM prices at the daily time scale. At the yearly time scale, the correlation
is negative because the capacity factor of the HRPP is higher in months when the electricity
prices are lower, and vice-versa (Figure 5, bottom).

Three scenarios were created to establish a comparative analysis to derive the added
value of converting an existing wind plant into a hybrid power plant. Each scenario repre-
sents the options available to the decision-maker depicted in Figure 1. Scenario 1 (reference
scenario) refers to the scenario where only the repowering of the existing WPP is considered
(Option 1). To construct this scenario, the decision variables CW , CPV , PBAT e EBAT were
fixed to 0. The second scenario, Scenario 2, along with repowering, considers overplanting
with wind technology, keeping the power plant as a wind plant (Option 2). To construct
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this scenario, the decision variables CPV , PBAT e EBAT were fixed to 0. Lastly, Scenario 3
refers to the final option of converting the existing WPP into an HRPP by considering the
addition of both wind and solar PV technologies together with a storage system (Option 3).

3.4.2. Input Data

A time series of hourly data was used for the wind, solar PV power production, and
market prices, with 2016 as the reference year. The data was gathered from:

1. An MCP (measure–correlation–prediction) method was used to create the time series
of wind power production used in this work. The MCP method is based on a neuronal
network technique using real and numerical weather prediction data [48].

2. The photovoltaic geographical information system (PVGIS) tool was used to gather
the hourly PV power data of the selected case studies [49]. The optimized slope and
azimuth option were used for each HRPP location, as well as crystalline silicon PV
panels, considering 14% of the system’s losses (related to losses in cables and power
inverters, among other factors).

3. The time series for day-ahead market (DAM) prices used in this study refers to the
Iberian market (MIBEL) [50]. A correction factor was introduced so that the average
market price reflects recent market trends (an average price of 53.40 €/MWh from
2017 to 2019).

Data regarding the other technical and economic parameters used in this study is
shown in Table 2, as well as the characteristics of the technologies considered (Table 3).

Table 2. Technical and economic data used in the study.

Parameter
Value Unit

Symbol Description

APP Area available for wind and PV installation 2.5 km2

ξ(y)W Interannual variability of wind power
production 1± 0.05 -

ξ(y)PV Interannual variability of solar PV power
production 1± 0.06 -

PPCC
Licensed power at the point of common
coupling 20 MW

r Discount rate 7 %
i(y) Inflation rate:

Year 1 (REF) 1 %
Year 2 1.2 %
Year 3 0.8 %
Year 4 1.2 %
Year ≥ Year 5—Lifetime 1.3 %

Table 3. Summary of the inputs regarding the technology costs and performance used in the study.

Technology CAPEX OPEX Land Use Round-Trip
Efficiency Lifetime

REF

[M€/MW] [%CAPEX/Year] [km2/MW] [%] [Years]

Wind: 1.00 3.00 0.050 - 25
[51,52]PV: 0.70 1.70 0.025 - 25

Battery:
0.75 15 [53]Energy 0.25 1.25 -

Power 0.90 0.03 -

4. Results

The main results for the three case studies and the three scenarios considered are
presented in Table 4.



Energies 2022, 15, 2560 12 of 19

Table 4. Results of the optimal design for the hybrid renewable power plant (HRPP) for the three
case studies.

Energetic Indicators Economic Indicators

Additional Capacity Energy→
Market

Load
Factor

Curtailed
Energy

Investment
Cost

Market
Revenue

Marginal
Value IRR NPV

MW MWh GWh/Year % GWh/Year M€ M€/Year €/MWh % M€

W PV PBAT EBAT

CS1
Opt1 - - - -

49.4 28.1 0 10.0 2.281 46.16 20 15.6Opt2 0 - - -
Opt3 0 25 0 0 80.6 45.9 4.707 27.5 4.223 52.42 14 23.7

CS2
Opt1 - - - - 57.9 32.9 0 10.0 2.858 49.35 25 22.2
Opt2 2 - - - 61.8 35.2 2.089 12.0 3.052 49.38 23 22.3
Opt3 0 23 0 0 88.4 50.3 5.019 26.1 4.751 53.73 16 27.4

CS3
Opt1 - - - - 58.1 33.1 0 10.0 2.904 49.97 26 22.8
Opt2 4 - - - 66.7 38.0 3.298 14.0 3.317 49.76 21 23.3
Opt3 0 24 0 0 90.9 51.8 8.121 26.8 4.953 54.44 17 29.0

• Case Study 1: the pure repowering option (Opt1) in this case study originates the
supply of 49.4 GWh of energy per year, on average, to the energy market, which
corresponds to a load factor for the interconnection line of 28%. The energy produced
had an average market price of 46.16 €/MWh. When considering overcapacity, the
results demonstrate that adding wind capacity (Opt2) over the PCC limit is not optimal.
Instead, the optimal decision is to add 25 MW of PV technology (Opt3). The addition
of PV technology would originate the supply of 80.6 GWh/year to the energy market,
increasing the load factor of the interconnection line to 46%. The average market
price per MWh produced also increased by 6.26 €/MWh, assuming the value of
52.42 €/MWh. This allowed an increase of NPV from 15.6 to 23.7 M€. However, the
internal rate of return (IRR) decreases in the Opt3 scenario compared with the pure
repowering option, going from 20% in Opt1 to 14% in the Opt3 scenario.

• Case Study 2: the pure repowering option (Opt1) in this case study originates the
supply of 57.9 GWh/year to the energy market, corresponding to a load factor for
the connection line of 33%. When considering the overcapacity scenario with wind
technology only (Opt2), the results show that 10% of overcapacity increases the eco-
nomic performance of the WPP. This result translates into a supply of 61.81 GWh to
the energy market, an interconnection line load factor equal to 35%, and an average
market price of 49.38 €/MWh. However, the Opt3 scenario for Case Study 2 reveals
that the optimal decision is to repower the initial 20 MW of wind technology and add
23 MW of PV technology. This decision results in a supply of 88.4 GWh annually to
the energy market, increases the interconnection line’s load factor from 35% to 50%,
and the average market price for the produced energy from 49.38 to 53.73 €/MWh.
The NPV of the project also increases from 22.3 M€ in the Opt2 scenario to 27.4 M€. As
in Case Study 1, the IRR of the hybrid project is lower (16%) in Opt3 compared with
the 25% and 23% of Opt1 and Opt2, respectively.

• Case Study 3: the pure repowering option (Opt1) in this case study originates the
production of 58.1 GWh yearly, which corresponds to a connection line load factor
of 33%. The Opt2 scenario shows the added value of installing an overcapacity of
20%, i.e., adding 4 MW to the original wind plant. The decision to add 4 MW of wind
technology increases the energy produced to 66.7 GWh yearly, which also increases
the load factor of the connection line to 38%. As in Case Study 2, the Opt3 scenario
shows that the optimal decision is to repower the 20 MW of wind technology and add
24 MW of PV technology. In this scenario, the highest NPV is achieved (29 M€), with
90.9 GWh per year being supplied to the energy market, a load factor of 52%, with an
average market price of 54.44 €/MWh.
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In all three case studies, the NPV of the project increased as we moved from Opt1 to
Opt3, indicating that the overall economic performance of converting the existing WPP
into an HRPP is higher than the pure repowering option (Opt1) or overplanting with
wind technology only (Opt2). However, the IRR of the project is lower, given the higher
investment costs for the solar PV technology utilized. Hence, the results show that the
value of the investments in the HRPP should not be analyzed in purely economic terms (i.e.,
using only the IRR indicator), but should also be looked at in the context of its contribution
to a sustainable energy system and its ability to generate value.

Figure 6 shows the percentiles (10 to 90) of each case study’s daily injected power for
a whole year of operation. The top graphics represent the Opt2 (overcapacity with wind)
scenario, while the second row represents the Opt3 (hybrid) scenario.
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The WPP has an average hourly injected power of 5.67 MW in Case Study 1, 7.08 MW
in Case Study 2, and 7.63 MW in Case Study 3. When the PV technology is added
(i.e., in the hybrid row), these values increase to 9.22, 10.12, and 10.41 MW in case studies
1, 2, and 3, respectively. The solar PV technology addition increases both the load factor of
the connection line and the average energy market remuneration per MWh produced in all
three case studies.

Figure 7 depicts the day’s hybrid plant production per technology, with the production
profile most similar to the average power injection shown in Figure 4. Once more, the first
row refers to the wind scenario, and the second row the hybrid scenario.

As shown in Figures 6 and 7, for case studies 2 and 3, the produced and injected power
during the night is lower in the hybrid scenario compared with the wind scenario. This is a
consequence of the added wind capacity in the WPP scenario in both case studies, which
does not occur in the hybrid scenario. Instead, all the additional capacity is in the solar PV
technology in the hybrid scenario. The addition of solar PV technology largely contributes
to reinforcing the power output during the daytime with higher DAM prices.

Storage systems did not appear in the optimal configuration of the hybrid plant in any
case study. This result indicates that the batteries’ expected contribution to minimizing
curtailment and enabling arbitrage in the DAM does not offset the current investment
costs. Consequently, all the excess energy produced (above the 20 MW limit) is wasted.
Mild curtailment can be observed in Figure 7 for case studies 1 and 3; although on yearly
average, the curtailed energy is 4.707 GWh for Case Study 1, 5.019 GWh for Case Study 2,
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and 8.121 GWh for Case Study 3 (recall Table 4), which represents 6%, 5%, and 8% of the
total produced energy in case studies 1, 2 and 3, respectively. Figure 8 depicts the curtailed
energy duration curve for each case study.
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5. Discussion

In this section, the main findings of this work concerning the energetic contribution
and economic feasibility of converting existing wind plants into hybrid plants are presented
and discussed. The main findings can be divided and interpreted according to their impact
on the technical, economic, and environmental domains of sustainable energy systems.

5.1. Technical and Environmental Domains

• Higher renewable installed capacity and yearly capacity factor: the concept of an
HRPP allows for an increase in renewable energy systems (RES) installed capacity. In
all three case studies, the initial WPP capacity doubled when the plant was converted
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to an HRPP, maintaining the maximum injected power as prescribed. Consequently, a
higher energy value is delivered yearly to the network, increasing the capacity factor
of the (hybrid) power plant compared with keeping the plant as a wind power plant.

• Higher curtailment levels: converting an existing WPP into an HRPP originates
higher curtailment energy, especially if no storage system is installed. This result was
expected due to the increase in installed capacity (above the permitted power), which
allows for the generation of higher amounts of energy and, for a short annual period
(<5% hours of the year, approximately), the power produced will be above the allowed
interconnection grid capacity, making curtailment inevitable. For that reason, all three
case studies show an increase in curtailed energy when a hybrid solution is in place
compared with the reference scenario.

5.2. Economic Domain

• Higher energy marginal value: adding solar PV technology to a WPP yields a higher
correlation between the power plant’s daily profile and market prices. Thus, a higher
market value per MWh produced is achieved, as demonstrated by the increase in the
energy produced marginal value from the wind to the hybrid scenario in all three
case studies. This increase in value is expected to occur in most Southern European
locations due to existing complementarity between wind and PV generation profiles.
The site-depending relevance is proven by the results of the three case studies with
distinct wind and PV profiles.

• Higher investment costs: the results show that investing in an HRPP is more capital-
intensive than pure repowering due to the solar PV technology capacity. The high
investment costs can be considered to be a barrier to small stakeholders with limited
access to capital. Furthermore, the higher investment costs of the HRPP option
compared with the pure repowering option also decreases the IRR of the project.

• Higher profitability of the investments: when comparing an HRPP with the other
options (e.g., repowering, or repowering plus wind overcapacity), even though invest-
ment costs are higher, the profitability of the hybrid solution is also higher, as shown
by the presented net present values obtained for all three case studies. Moreover, a
hybrid mix of energy sources can represent higher flexibility in adapting to changes
in environmental conditions, thus offering investors a potential mitigation effect on
long-term risks linked to climate changes and new consequent regulations.

5.3. Technical and Economic Domains

• Storage systems are economically unattractive when trading only at DAM: the main
benefits of adding storage systems to the HRPP—more stable energy output and
less curtailed energy—to enhance the HRPP’s participation in DAM do not offset
the current investment costs it requires, discouraging developers from investing in
distributed storage systems under simulated actual conditions.

5.4. Technical, Economic, and Environmental Domains

• Increased network and land-use efficiency: installing capacity over the (permitted)
maximum limit while maintaining the technical injection power limits (of whichever
technology) allows us, on the one hand, to optimize the use of existing grid infrastruc-
ture and, on the other, to contribute to deploying a representative share of PV capacity.
At the same time, land use is optimized as there is a higher installed capacity per area
unit, avoiding the need to commit additional land to electricity production purposes.

• Spark collaborations between the solar and wind sector: although this work was
conducted mainly from wind power plant owners/operators/investors’ point of
view, the results show an opportunity for solar developers as well. In the context of
hybridizing current wind parks, PV solar developers have an opportunity to join forces
with wind promotors and bypass some of the legal requirements of installing new
plants, such as environmental impact assessments and connection node auctions, since
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all the licensing and investments in grid infrastructure and substations are already
in place.

6. Conclusions

In this work, a decision-aid algorithm was proposed and used to perform a compre-
hensive analysis of the hybrid power plant concept, focusing on the energetic contribution
and economic feasibility of converting an existing wind plant into a hybrid power plant.

The results show that, although more capital intensive, hybrid power plants can be
more economically efficient for power plant owners and developers, with the return on
investments (represented by NPV) increasing by an average of 21%, when compared with
investments in pure repowering and overplanting with wind technology only. From the
point of view of their energetic contribution to power systems, the results demonstrate the
added value of HRPPs. Converting existing wind plants into hybrid power plants could
play a key role in accelerating the transition to the near-100% RES power systems that are
aspired to for the future by providing an opportunity for yielding:

1. A higher installed capacity and average yearly capacity factor, increasing the contri-
bution from RES in power systems.

2. The optimal use of grid and land, contributing to the economic and environmental
sustainability of power systems.

Future works should include diversified revenue streams to incentivize investments
in storage systems. Distributed storage systems are expected to be crucial in providing
stability and flexibility for future power systems. Therefore, making investments in these
systems viable from an economic point of view should be encouraged by legislators and
regulators. HRPPs equipped with storage systems could provide, for instance, services
such as voltage and frequency control, providing flexibility, and serving resilience needs for
the system, while diversifying revenue streams for investors. Hybrid plants participating
in ancillary service markets are already being tested in some areas of the world (e.g., Texas,
USA), and are expected to be replicated widely in the near future.
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Nomenclature

Acronyms η
Round-trip efficiency of the energy storage
system (%)

HRPP Hybrid renewable power plants λDAM(t)
Hourly day-ahead electricity market prices
(€/MWh)

WPP Wind power plant Integer Variables
DAM Day-ahead market N Number of wind turbines to be installed (#)
PCC Point of common coupling CPV Solar PV capacity to be installed (MW)

POI Point of interconnection PBAT
Power capacity of the storage system to be
installed (MW)

NPV Net present value EBAT
Energy capacity of the storage system to be
installed (MWh)

MILP Mixed-integer linear problem Positive Variables
GA Genetic algorithm PVRE(y, t) Hourly power produced by the HRPP (MW)

Sets EBAT(y, t)
Hourly energy stored in the battery system
(MWh)

y Set for years in the project’s lifetime PCHA(y, t)
Hourly charging power in the battery system
(MW)

t Set for hours in a year PDIS(y, t)
Hourly discharging power in the battery
system (MW)

Parameters PDAM(y, t)
Hourly power delivered to the electricity
grid (MW)

APP
Area available for wind and PV installation
(km2)

PCURT(y, t) Hourly power curtailed (MW)

AW
Land use for MW of wind technology
installed (km2/MW)

G(y) Yearly revenues (M€)

APV
Land use for MW of solar PV technology
installed (km2/MW)

OPEXTEC(y)
Yearly operational costs per technology type
(M€)

PPCC
Licensed power at the point of common
coupling (MW)

CAPEXTEC Investment costs per technology type (M€)

r Discount rate (%) PW Original WPP wind power capacity (MW)
i(y) Inflation rate (%) I Total investment costs (M€)

p(t)W Normalized hourly annual production profile
for the wind technology

(
p(t)w ∈ [0, 1]

) Binary Variables

p(t)PV Normalized hourly annual production profile
for the solar PV technology

(
p(t)PV ∈ [0, 1]

) YBAT(y, t)
Binary variable linked to the storage system
operation. It assumes the value 1 when the
battery is in discharge mode and 0 otherwise.

ξ(y)W Random parameter modeling the interannual
variability of wind power production

Real Variables

ξ(y)PV Random parameter modeling the interannual
variability of solar PV power production

NPV Net present value of the project (M€)
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