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Abstract: The increasing limitations in the use of fossil fuels due to their limited availability and
pollution have increased the use of renewable energies and storage systems for electricity generation.
To achieve the goals of the integration of renewable energy, sizing and management methods for
hybrid plants are needed to make investments profitable and attractive in these resources. This work
presents an optimization method for the sizing and operation of hybrid plants with storage, choosing
the best combination of technologies based on resource availability, installation costs and market
prices, maximizing an economic index such as the net present value. One of the main contributions of
this work is to reduce the oversizing that occurs in traditional methods through a penalty term for lost
energy, encouraging investment in batteries to store excess energy above the point of interconnection
(POI). In addition, it is intended to cover gaps such as the operation in coupled markets with different
execution periods to maximize the benefits of the investment made and to contemplate different
generation alternatives together with storage. The presented method is tested through sizing and
operation simulations to demonstrate its potential. The presented method is tested through sizing
and operation simulations to demonstrate its potential. In scenario A, the best combination of solar
energy, photovoltaic energy and storage, is chosen. In scenario B, it is shown how the curtailment
of the oversizing is reduced in some months by more than 5%. In scenario C, for daily operation in
coupled markets, it is possible to improve the benefits from 0.7% to 37.04% in the days of the year.

Keywords: batteries; energy storage; optimal sizing; power system management; electricity markets

1. Introduction

Renewable energy resources are clean and increasingly competitive energy sources, so
their growth seems to have no limit. According to the latest projections of the International
Energy Agency (IEA), the contribution of renewable energies to the global electricity
supply will increase from 26% in 2018 to 44% in 2040. These sources will provide enough
energy to power two thirds of the increase in electricity demand, mainly through wind and
photovoltaic energy technologies [1]. This, together with various directives such as [2,3]
at the European level, which set targets for clean energy, makes it essential to consider
investing in renewable energies.

The International Renewable Energy Agency (IRENA), in [4], has pointed out how
investments in renewable energy have grown from USD 50 to USD 300 billion in the last
two decades. Together with renewable energy generation, energy storage systems (ESS)
should be considered [5], especially batteries, as cost-effective and beneficial investment
options, since it is a critical element in the transition to a sustainable electricity system,
able to provide a wide range of services. In addition, ref. [6] noted that clean hydrogen
currently has unprecedented political and business momentum, encouraging hydrogen to
be widely used.

There are works that analyze investments in renewable energies, such as [7], where
the financing, risk and environmental and financial connection of these investments in
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renewable technologies were analyzed. Similarly, in [8], investments in renewable energy
projects were analyzed, pointing out the importance of technological innovation and R&D
investments, which also includes sizing and management methods. The development of
projects with renewable technologies and the improvement of the efficiency of their use is
key [9].

This highlights the need for research in the study and analysis of investments in renew-
able energies, trying to obtain the maximum economic return from the renewable energy
and storage mix, considering all possible markets, in order to make these investments at-
tractive and their development even faster. The use of storage is crucial, obtaining benefits
by arbitraging or reducing the possible curtailment of the plants [10], for the subsequent
sale of energy in markets.

For this, it is essential to consider the correct sizing and operation of the assets [11].
It is important to base the sizing methods on obtaining benefits for the investor, since,
as indicated in [12], only taking into account the technology and installation cost criteria
does not provide an optimal result from a cost-effectiveness perspective.

In [13], mixed integer non-linear programming (MINLP) optimization models are used
to compare the economic performance of hybrid systems with PV generation as the only
alternative of energy source together with batteries. In [14], a multi-objective optimization
method is used to size a storage system to maximize revenue and minimize the daily cost,
in order to adjust to realistic sizes, but without taking into account investment costs or
measuring profit with an economic index. In [15], an MILP problem is proposed for the
sizing of storage systems participating in the frequency reserve market, without consid-
ering the installation costs to be incurred by the investor. In the work developed in [16],
an optimization method for the sizing and operation of photovoltaic energy generation
and storage system based on price control is proposed, with the disadvantage of oversizing
the hybrid plant in some cases to make it profitable. In [17], particle swarm optimization
(PSO) is used to size hybrid energy sources with the objective of minimizing the levelized
cost of energy (LCOE). Minimizing the LCOE is interesting from an investor’s point of
view, but it is also essential to consider market prices to determine the benefit. In [18],
different methods are presented for sizing batteries only in photovoltaic energy plants
to maximize the total annual revenue and try to find cost-effective storage sizes. In [19],
the maximization of economic indexes are evaluated to obtain a hybrid plant, but with PV
generation and storage, which is the only asset to be sized. In [20], the problem of optimal
storage operation together with wind generation to maximize profit is investigated. It can
be observed that it is usual to consider a unique generation source together with storage.
This is an important gap, since there are not several generation sources from which to
choose the best option together with storage.

In [21], a sizing is proposed through a multi-objective optimization, reducing the
cost of the system but also seeking to minimize the emissions of the generation, nor
considering different generation sources. The stochastic formulations [22] are also applied
to the problem of sizing and profit maximization for the owner participating in the daily
and real-time markets, but without specifying different periods as in this paper and not
contemplating investment costs.

The problem of sizing is also approached from a technical point of view. In [23], it
is presented how to determine the optimal size of wind-solar photovoltaic hybrid energy
plant (without storage and its management) using heuristic optimization, with an iterative
algorithm to minimize fluctuating production. Studies such as [24] evaluate the sizing of
storage systems to compensate for fluctuating wind and solar power generation through
optimal economic dispatch. Another approach for sizing can be to determine the optimal
generation mix, as in [25], where a flexible fuzzy programming approach is proposed for it.

In [26], a storage system sizing technique is proposed, taking into account the possible
errors made in the temporal prediction. The impact of hybrid power plants, with pho-
tovoltaic energy and solar thermal energy, from a technical point of view, is analyzed
in [27]. Following this point of view, in [28], a sizing of distributed generation and storage



Energies 2023, 16, 3432 3 of 16

is proposed for the improvement of the system and maximizing benefits from a company’s
point of view, but not measuring with any economic index the investment over the years.
The work developed in [29] focuses on solving the problem of grid inertia, without consid-
ering investment costs, through frequency control as well as a focus on the use of storage
systems. A method for optimal sizing of a BESS, not a full hybrid plant, to provide different
services to the power system is included in the work developed in [30]. In [31], the focus
is on reducing system losses and voltage unbalance, leaving the economic criterion as an
added benefit, not as the focus of the solution. In addition, only one type of generation is
considered, without considering if there are more beneficial options.

The sizing problem has also been studied for island systems. In [32], the optimization
of the size of an existing plant is studied. There are also studies for isolated networks,
as can be seen in [33]. With regards to other, less common technologies, we refer to
a review covering all types of CHP optimization problems using meta-heuristic algorithms,
including operation and sizing [34].

Most methods in the literature focus on sizing with a single source of generation and
storage. For a correct evaluation and maximization of the investment, it is necessary to
evaluate all options with predictions of generation and installation costs. Issues of interest
to investors, such as economic performance and installation costs must be evaluated in the
method, to obtain real and feasible sizing in its application. Another gap in the existing
methods is to perform the operation of the plant considering only one market, or several in
some works, but which are executed in the same time intervals.

Thus, this article presents an optimal sizing and operation method that attempts to
integrate the various renewable resources together with storage. Thanks to the model
presented, it is possible to participate in different markets at the same time, including the
hydrogen market, in order to make investments attractive.

As the main contributions of this work, the following are highlighted:

• Optimization model to size resources, maximizing the net present value and adjusting
to the maximum investment as a constraint (even not spending the entire budget in
some cases), to find highly attractive and realistic investments;

• Reduction of curtailment that occurs due to oversizing with a penalty term for lost
energy, encouraging investment in storage;

• Evaluate all resources at the same level to maximize the benefit, considering avail-
ability, market prices and installation costs, choosing the best option based on the
input parameters;

• Modeling and integration of participation in different time-coupled markets (hourly
and fifteen minutes), with the possibility of incorporating ancillary services market;

• Consideration of the number of daily charge and discharge cycles of storage in the
optimization model, taking care of the valuable life for real results.

2. Method

This section presents the proposed method for sizing and optimal operation of hybrid
plants in coupled markets. It is an MINLP optimization model, with three technologies
(extendable to more) as alternatives: wind energy, photovoltaic energy and storage systems.
The plant can operate in two coupled markets, M1, with hourly execution, and M2, every
15 min.

An overview of the proposed method is shown in Figure 1, indicating the inputs and
outputs to the system. The aim is to evaluate which is the best investment to size a hybrid
plant and manage it, participating in several markets coupled at the same time, with the
objective of maximizing profits.

The inputs of the algorithm are the annual (or years of analysis) unit profile of wind
and PV generation, installation costs of all technologies, characteristics of the assets and
annual price profiles (or years of analysis) of the M1 and M2 markets. As outputs, we
obtain the size of the generation and storage, the scheduling of charge and discharge and
the participation in each moment on the markets.
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OPTIMAL
SIZING AND
OPERATION

- Tecnology costs
- Generation profiles
- Markets data
- Market prices
- Investment budget

- Sizing plant
- Market participation
- Management ESS

Investor criteria

NPV, IRR, payback

inputs outputs

Figure 1. Flowchart of the proposed sizing and operation method.

As a result of the conceptualization and model presented, it is possible to extend it to
more markets and generation sources. Table 1 shows the parameters and variables used to
model the optimization problem for daily operation and the optimal sizing problem.

To simplify the nomenclature, the model is presented for a single year, which can be
extrapolated to as many years as desired for the analysis of optimal sizing.

Table 1. Nomenclature.

Sets πM1
d,h

Selling price on the market hourly market M1
(EUR/MWh).

D Set of D days of a year, d ∈ D. πM2
d,h,t Selling price on the 15-min market M2 (EUR/MWh).

H Set of H hours of a day, h ∈ H. α
Weight factor related to the to penalization
of curtailment.

T Set of T intervals of an hour, t ∈ T. EPOI Limit of the point of connection (MWh).
Parameters Variables

CPV Installation cost for photovoltaic energy generation
(EUR/MW). PVsize Maximum installed capacity for photovoltaic energy

resource (MW).
CWind Installation cost for wind generation (EUR/MW). Windsize Maximum installed capacity for wind resource (MW).
CESS Installation cost for ESS generation (EUR/MWh). ESSsize Maximum installed capacity for ESS (MWh).

Eload
d,h,t Internal load in day d, hour h and period t (MW). EPV

d,h,t
Power injection by photovoltaic energy generation in
interval t of hour h and day d (MWh).

MPV
d,h,t

Generation profile for photovoltaic energy in day d,
hour h and period t (pu). EWind

d,h,t
Power injection by wind generation in interval t of
hour h and day d (MWh).

MWind
d,h,t

Generation profile for wind in day d, hour h and
period t (pu). EM1

d,h,t
Energy sold on market M1 in the interval t of hour h
and day d (MWh).

N Number of charge and discharge cycles. EM2
d,h,t

Energy sold on market M2 in the interval t of hour h
and day d (MWh).

Emax,ch
d,h,t

Maximum energy charged by battery in interval t of
hour h and day d (MWh). Ech

d,h,t
Energy charged by battery in interval t of hour h and
day d (MWh).

Emax,ch
d,h,t

Maximum energy discharged by battery in interval t
of hour h and day d (MWh). Edis

d,h,t
Energy discharged by battery in interval t of hour h
and day d (MWh).

SOCmin, SOCmax Minimum and maximum state of charge of storage. EBat
d,h,t

Energy stored in the battery in interval t of hour h and
day d (MWh).

ηch Battery charge efficiency. Binary

ηdis Battery discharge efficiency. BMs
d,h,t

Binary variable to indicate the sale of energy on
markets M1 and M2.

Inv Total investment in assets in millions of euros
(MEUR). BGridBuy

d,h,t
Binary variable to indicate the purchase of energy.

Bch
d,h,t Binary variable to indicate the charge of battery.

Bdis
d,h,t Binary variable to indicate the discharge of battery.

2.1. Objective Functions

The two objective functions proposed in this work are presented below. The first
function is utilized for the daily operation of the hybrid plant, with the goal of maximizing
profits through participation in different markets. In this case, the operation is performed
for a specific size of the hybrid plant. The second objective function is used for sizing
the resources of the hybrid plant, seeking the maximum benefit for the investor based on
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an economic index. In this case, the sizes of the generation and storage components are
variables to be calculated in the optimization.

2.1.1. Operation

In the daily operation of the power plant, the maximum economic benefit is sought
from the sale of energy to the market. To achieve this, it is necessary to consider the largest
possible number of market types, whether they have a short execution interval (minutes)
or an hourly one, in order to have more alternatives.

Thus, the objective function of the optimal operation, which takes into account all
types of assets, as well as two markets with different execution times, is defined as follows:

max z1 =
h=H

∑
h=1

EM1
d,h,1 · π

M1
d,h︸ ︷︷ ︸

Market M1

+
h=H

∑
h=1

t=T

∑
t=1

EM2
d,h,t · π

M2
d,h,t︸ ︷︷ ︸

Market M2

+
h=H

∑
h=1

[
t=T

∑
t=1

(
Ech

d,h,t + Eload
d,h,t

)]
· πM1

d,h︸ ︷︷ ︸
Operation cost

(1)

where the profit is determined by participating simultaneously in the M1 and M2 markets,
with different execution intervals. As the operation of the power plant is limited to a short
horizon of hours or days, the value of D is set to 1 and the set of hours in the desired
horizon, such as H = 24, is defined. Additionally, the cost of providing power to internal
loads and charging the battery from the grid is taken into consideration.

The MINLP optimization model for the operation is composed of the objective function (1)
and the associated constraints (6)–(13), (15)–(20) defined in Section 2.2.

2.1.2. Sizing

To achieve optimal sizing of the hybrid plant, it is necessary to consider the objective
of daily operation, which is to maximize daily profit through participation in various
markets and to calculate cash flows accordingly. Since the sizing is done based on a given
investment budget, it is important to use an economic index to evaluate the investment.

Typically, sizing algorithms based solely on investment costs and operating benefits
tend to oversize the plants. This is because, numerically, it is often more profitable to install
excess generation capacity and curtail the excess energy produced. To avoid this, a penalty
term is proposed to be included in the objective function. This term penalizes the oversizing
of the plant and seeks to produce realistic and practical results in a real-world environment.

This work proposes maximizing the net present value (NPV) to determine if asset se-
lection and management, participation in various markets and discounting the investment
result in benefits. The objective function for sizing is defined as follows:

max NPV → max −I0 +
y=Y

∑
y=1

CFy

(1 + k)y︸ ︷︷ ︸
Profit markets

−
y=Y

∑
y=1

NCFGy

(1 + k)y︸ ︷︷ ︸
Penalty curtailments

(2)

where I0 represents the total investment made in the generation and energy storage system
(ESS), k is the discount rate, Y denotes the number of years of analysis or project and, finally,
CF refers to the annual cash flow generated by participating in all markets. This annual
cash flow is defined as:

CFd =
d=D

∑
d=1

h=H

∑
h=1

(
EM1

d,h,1 · π
M1
d,h

)
+

d=D

∑
d=1

h=H

∑
h=1

t=T

∑
t=1

(
EM2

d,h,t · π
M2
d,h,t

)
+

d=D

∑
d=1

h=H

∑
h=1

[
t=T

∑
t=1

(
Ech

d,h,t + Eload
d,h,t

)]
· πM1

d,h

(3)

The penalty term, referred to as non-cash flow generated (NCFG), is introduced to
penalize excessive oversizing of the generation resources of the hybrid plant. Depending
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on the generation costs, resource availability and price forecasts, it is possible for the plant
to be oversized beyond the point of connection (POI). The NCFG is defined as:

NCFGd = α ·
d=D

∑
d=1

h=H

∑
h=1

t=T

∑
t=1

[
(EPV,max

d,h,t − EPV
d,h,t) · π

M1
d,h + (EWind,max

d,h,t − Ewind
d,h,t ) · π

M1
d,h

]
(4)

The NCFG penalizes the excessive oversizing of the generation resources of the hybrid
plant. It is calculated as the energy not served due to curtailment in each type of generation.
This is determined as the difference between the maximum possible injection according
to the sizing, EPV,max

d,h,t and EWind,max
d,h,t , and the actual energy injected, EPV

d,h,t and Ewind
d,h,t , dur-

ing each interval t. The unserved energy is then economically valued by multiplying it
with the market price. It is further weighted by the coefficient α to determine the amount
of penalty.

This penalty term is intended to promote the investment and use of storage together
with the generation source. The α value can be tuned from 0 to a saturation value specific
to each case (from which it does not penalize more). Depending on the value it takes,
it will penalize to a different degree and affect the sizing. A small α will allow a lot of
curtailment, while a big value will decrease curtailment and will further adjust the sizing
of the resources.

Although initially a higher NPV or other index may be obtained, oversizing the plant
excessively over the connection point, a large curtailment makes that energy unusable, not
allowing it to be stored and used in other markets or ancillary services. This can even be
very detrimental to the investment if the prices for which the plant was sized change a lot,
not having the flexibility of storage to minimize the negative effects of this change.

The MINLP optimization model for the sizing of the investment in resources is com-
posed of the objective function (2) and constraints (5)–(13), (15)–(20), presented below.

2.2. Problem Constraints

All constraints associated with the operation and size problems are defined in this
section. First, the maximum investment that can be made in assets is limited in Equation (5),
where the investment is divided between the installed power of the generation sources
as well as the storage systems. This constraint allows optimal sizing according to the
maximum investment that can be realized.

Inv ≥ CPV · PVsize + CWind ·Windsize + CESS · ESSsize (5)

In Equation (6), the balance to be met at the POI of the hybrid plant to the grid
is represented.

EPV
d,h,t + Ewind

d,h,t + Edis
d,h,t + EGridBuy

d,h,t = Eload
d,h,t + Ech

d,h,t + EM1
d,h,t + EM2

d,h,t,

∀d ∈ D, ∀h ∈ H, ∀t ∈ T,
(6)

where this balance is applied for each period t for the entire horizon of days (in operation
case) or years (in sizing) analyzed. It must be fulfilled that the available photovoltaic energy
(EPV

d,h,t), wind (Ewind
d,h,t ) or discharge of the storage systems (Edis

d,h,t) is equal to the load of the
plant, sold energy in the different markets (EM1

d,h,t, EM2
d,h,t) or the charge of the storage (Ech

d,h,t).
Equation (7) represents the maximum energy that can be injected into the grid at the

connection point. This is determined by the net available energy of the hybrid plant.

EPOI ≥ EM1
d,h,t + EM2

d,h,t, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (7)
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In order to avoid simultaneous participation in the energy purchase and sale market, it
is necessary to define the restrictions (8)–(10), also limiting the maximum amount of energy
to be injected or consumed:

BMs
d,h,t + BGridBuy

d,h,t ≤ 1, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (8)

EM1
d,h,t + EM2

d,h,t ≤ BMs
d,h,t · E

POI , ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (9)

Eload
d,h,t + Ech

d,h,t ≤ BGridBuy
d,h,t · EPOI , ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (10)

Equations (11) and (12) limit the maximum PV and wind generation injections as a
function of the total available energy:

EPV
d,h,t ≤ MPV

d,h,t · PVsize, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (11)

Ewind
d,h,t ≤ Mwind

d,h,t ·Windsize, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (12)

Another contribution of this work is the possibility of participating in two coupled
markets simultaneously, M1 and M2, with different execution times. This could be extrapo-
lated to more than two markets due to the modeling of the problem. The market with the
shorter execution time (M2) will be the one that determines into how many intervals, t, an
hour, h, should be split.

Instead of dividing the whole year directly into the total number of intervals, we work
on the hours of the day, and these are divided into intervals determined by the market with
the shortest execution time. This allows to establish a better relationship between markets
and execution times. This is shown in Figure 2.

Hourly market

En
er

gy

time

15-min market

Figure 2. Diagram of coupled markets.

To relate the two markets, a set must be defined that relates the execution intervals
of the smaller market to the other market. Thus, for example, if market M2 is executed
every 15 min and market M1 is executed every hour, the values to be taken by t must be
in the set {1, 2, 3, 4}. The value in hourly market M1 must be maintained during the four
intervals that define an hour. That is, for each period t, the value in the first period must be
maintained to complete the hour with the same energy value. The equation which models
the coupled simultaneity of participation is defined as:

EM1
d,h,1 = EM1

d,h,t ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (13)
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This modeling of the problem allows adding additional markets at different times.
For example, to add another market M3 that closes every half hour, it is sufficient to define
a set m ∈ {1, 3}, and include the following constraint equation:

EM3
d,h,1 = EM3

d,h,m+1, , ∀y ∈ Y, ∀d ∈ D, ∀h ∈ H, ∀m ∈ M, (14)

where with this set, it is possible to relate t1, the first fifteen minutes, with t2, which is
the second fifteen minutes, making the half-hour constant. This would be the same in the
second half hour.

These markets can represent the case of a main market and other markets for ancillary
services or other markets. Considering participation in deviation or short-time markets
is interesting, due to the variability of generation, with storage offering flexibility to the
system. This can result in economic benefits, the greater possibility of renewable energy
integration and greater system reliability.

Storage system is modeled by the following set of equations. Equation (15) represents
the update of the stored energy in each period. In (16)–(18), simultaneous charging and
discharging of the battery is constrained. Finally, the maximum and minimum energy
stored in each interval is defined in (19):

EBat
d,h,t = EBat

d,h,t−1 + Ech
d,h,t · η

ch − Edis
d,h,t ·

1
ηdis , ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (15)

Bch
d,h,t + Bdis

d,h,t ≤ 1, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (16)

Ech
d,h,t ≤ Emax,ch

d,h,t · Bch
d,h,t, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (17)

Edis
d,h,t ≤ Emax,dis

d,h,t · Bdis
d,h,t, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (18)

Batsize · SOCmin ≤ Ebat
d,h,t ≤ Batsize · SOCmax, ∀d ∈ D, ∀h ∈ H, ∀t ∈ T. (19)

Finally, the daily energy that can be charged or discharged by the battery is defined
in (20). This is essential to protect the battery and maintain its lifetime throughout the
project, and to provide realism to the solution of the problem.

h=H

∑
h=1

t=T

∑
t=1

[
Edis

d,h,t + Ech
d,h,t

]
≤ N · Batsize, ∀d ∈ D. (20)

3. Test Case

To test the presented method, two different generation scenarios will be used for the
analysis. For simplicity and to observe the differences, the same energy prices will be
used for both cases. In Figure 3, the prices used for the analysis are shown, with the main
market data, M1, with a resolution of one hour, and the secondary market data, M2, with a
resolution of 15 min.

Table 2 shows the investment data, with generation and storage costs used in the
scenarios. The cost of land or areas to place the generation is not taken into account.

Table 2. Resource costs.

Cost Value

PV energy generation costs 550,000 EUR/MW
Wind energy generation costs 1,200,000 EUR/MW

Battery cost 300,000 EUR/MWh
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Figure 3. Day-ahead market price (a) and 15-min market price (b).

3.1. Scenario A

This scenario will use data collected in [35], specifically from Great Britain. Unit
profiles of wind energy and PV energy generation, shown in Figure 4, will be used.

For this scenario, the plant has installation limitations of 60 MW of wind energy
generation and 170 MW of photovoltaic energy, with no restrictions on the use of batteries,
while the limit of the connection point is 100 MW. The limit for purchase at the connection
point is 30 MW.

A 15-year period is analyzed, with a discount rate of 2% and a maximum invest-
ment of EUR 100 million. A 1-year simulation is performed, and its result is considered
approximately constant for the entire 15-year period.
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Figure 4. Photovoltaic energy (a) and wind energy (b) generation in Great Britain.
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3.2. Scenario B

In this scenario, only PV energy generation is considered. An estimate of the energy
generation in Seville, Spain, has been chosen using the PVGIS tool [36]. This profile is
shown in Figure 5.
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Figure 5. Photovoltaic energy generation in Seville, Spain.

The plant has installation limitations of 170 MW of photovoltaic energy generation,
with no restrictions on the use of batteries, while the connection point limit is 100 MW.
A period of 30 years is analyzed, with a discount rate of 2% and a maximum investment of
100 million euros.

3.3. Scenario C

Scenario C is used to test participation in two coupled markets with different closing
times. For this purpose, the prices from Figure 3 are shown together with the evolution
of PV energy generation from Scenario B, for a specific size of hybrid plant. To be more
restrictive and observe the influence of participation in the two markets, the limit for
purchase at the connection point is lowered to 10 MW.

4. Simulations and Results

This section presents the results of the application of the proposed method for sizing
and operation in different cases. In scenario A, the plant is sized, taking into account
storage, PV energy generation and wind energy generation for the profiles shown above.
In scenario B, the sizing is performed only with PV energy generation and battery to
observe the influence of the NCFG and α term. For sizing, only the hourly market will be
considered, due to the complexity of predicting markets at shorter execution times. Finally,
in scenario C, one of the combinations of energy generation and battery size is chosen to
operate the hybrid plant in one day, participating in two coupled markets simultaneously.

4.1. Scenario A

In this scenario, the most optimal investment option according to maximizing the NPV
is the installation of 60 MW of wind generation. This translates into a total investment of
72 MEUR, which is 28 MEUR less than the maximum investment limit. Despite having more
budget for investment, the best option is to invest only in wind generation, not investing in
other resources, because it will not increase the net present value of the investment.

It is demonstrated how the method seeks the best option for the investor without the
need to spend the entire budget, saving money for the investor, which is a key advantage.
In addition, this result coincides with the values collected in LCOE analysis, where onshore
wind energy presents a smaller value than photovoltaic energy or batteries, making it a
better investment when there is an appropriate wind profile.

Table 3 shows a sizing comparison and economic performance data if the annual profile
were the same for each month of the year, to see how the method performs according to the
availability of the generation resource, which changes for each month of the year.
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Table 3. Sizing comparison for each month of the year participating in the day ahead market.

Month PV (MW) Wind
(MW)

ESS
(MWh) NPV (EUR) IRR

(%) Investment

January 0 60 0 87,888,550 15.2 72 MEUR
February 0 60 0 61,097,001 11.6 72 MEUR
March 50.91 60 0 128,773,250 15.8 100 MEUR
April 50.91 60 0 61,048,578 9.2 100 MEUR
May 141.41 0 74.04 118,245,445 14.6 100 MEUR
June 167.50 0 26.24 121,558,100 15.2 100 MEUR
July 151.59 0 55.43 160,512,939 18.7 100 MEUR
August 166.43 6.08 3.91 109,994,630 14.1 100 MEUR
September 50.91 60 0 138,465,872 16.7 100 MEUR
October 50.91 60 0 103,139,340 13.4 100 MEUR
November 0 60 0 125,544,887 19.9 72 MEUR
December 0 60 0 129,307,840 20.4 72 MEUR

It is observed how in only four months of spring and summer, photovoltaic energy
generation would be installed as the main source, but in the remaining eight months,
the main source is wind energy generation alone or accompanied by photovoltaic energy
generation. The month-by-month analysis is consistent with the results obtained for the
sizing of the entire year.

Furthermore, in the month of August, it can be seen that due to the photovoltaic
energy and wind energy generation profiles and prices, the sizing model presented chooses
all technologies and storage, not excluding any of the alternatives, as all of them are
considered profitable.

4.2. Scenario B

The objective in this scenario is to size a hybrid plant using photovoltaic energy
generation and storage in a location where there is a large amount of solar radiation,
reducing curtailment and promoting the installation of storage.

For this purpose, a comparison is also made between the model without penalty,
very similar to other sizing methods present in the literature, and the method proposed
contemplating the penalty, with a non-zero α. This will allow showing the influence of the
proposed method.

Applying the proposed sizing method, the most optimal sizing solution is formed by
131.15 MW of photovoltaic energy generation and 92.88 MWh of storage. These values are
those that obtain the maximum NPV: 291,430,088 EUR, investing the maximum possible
budget of 100 MEUR.

Table 4 shows a detailed analysis of the sizing according to the profiles of the different
seasons of the year. In this case, the optimal sizing is very similar in all cases, due to the
uniformity of the generation profile. In months with lower radiation, it can be seen that
less battery size would be installed, since there would not be as much surplus photovoltaic
energy for storage and subsequent sale. All this has repercussions in lower economic
indexes for the months with less generation.

Table 4. Sizing comparison for each season of the year participating in the day ahead market with
α = 1.

Season PV Size (MW) ESS Size (MWh) NPV (EUR) IRR (%)

Winter 133.60 88.39 233,110,096 14.6
Spring 130.17 94.70 315,173,776 18.4
Summer 131.15 92.88 335,398,839 19.3
Autumn 133.04 89.34 166,560,782 11.4
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To evaluate the influence that the term of non cash flow generated (NCFG), the sizing
is carried out by defining α = 0, obtaining results of 140.09 MW of photovoltaic energy
generation and 76.49 MWh of storage with an NPV of 374,590,511 EUR. This implies that if α
is not considered, allowing a great curtailment, about 8.94 MW more generation is installed,
but more importantly, 16.39 MWh less of storage are installed. In Figure 6, the energy lost
due to curtailment is shown, penalizing it with α = 1, and not penalizing it (α = 0). This is
the total energy that cannot be injected, discounting that which is stored.

This oversizing results in a loss of energy over several months of 1000 MWh (an
average of more than 32 MWh per day) that cannot be stored. To use this energy, a new
investment in storage would have to be made, which is more expensive for the investor.
By defining α = 1, the curtailment is considerably reduced, and the storage sizing is
adequate to store a large part of the energy produced.

Although with α = 0, a slightly higher NPV is obtained in this sizing, it is interesting
to size prioritizing that not too much energy is left over and stored. This makes the owner’s
investment more flexible in terms of profitability and changes in new scenarios, electricity
prices or new markets, making the investment more interesting and less rigid throughout
the years of the project.

Finally, Figure 7 shows the influence of Equation (20), which limits the maximum
number of daily charge and discharge cycles for the same case as the previous figure. It is
observed that, if no limit is defined, the maximum limit is exceeded on some of the days
shown for January and August. If this number is not limited, the battery could be used
in an uncontrolled way, maximizing the benefits, but not being a real result because the
battery would degrade more, not reaching the useful life of the project.
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Figure 6. Energy not injected due to curtailment (a) and percentage of energy over total energy
produced not injected (b).
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Figure 7. Number of daily charge and discharge cycles for the first 20 days of January (a) and July (b).

4.3. Scenario C

In this scenario, the participation in two coupled markets of the hybrid plant with
battery is tested. The optimal plant size from the previous scenario of 131.15 MW of
photovoltaic energy generation and 92.88 MWh of storage are chosen to demonstrate
the operation defined in Section 2.1.1. For the analysis, an hourly execution market, M1,
and another fifteen-minute market, M2, are considered. For greater clarity in the results,
the day will be divided into 96 intervals of 15 min.

Figure 8 shows the evolution of prices and the results obtained in the operation of
the hybrid plant for day 2 of the year with the sizing obtained. It is observed how the
constraint (13) for the participation in the markets is satisfied, maintaining during four
periods of 15 min the same value for the market that is executed hour by hour, while the
one that is executed every 15 min remains free.

For this day, contemplating the two markets and with the price evolution shown,
a daily profit of 18,853.13 EUR is achieved, while if only participating in the hourly market,
M1, the profit is 18,359.97 EUR. This represents an increase of 2.61% profit for only one day
in January, one of the worst photovoltaic energy generation seasons.

Table 5 shows some days on which the method of operation is applied to compare benefits.

Table 5. Comparison of profits due to market participation on various days of the year.

Day Without M2 (EUR) With M2 (EUR) Improve (%)

1 18,359.97 18,853.13 2.61
181 47,283.94 47,622.34 0.71
295 21,544.82 34,219.59 37.04

It can be seen that since the price of the M2 market is more variable over time, the ben-
efits oscillate, with reasonable increases on day 1, small increases on other days, such as
day 181, or a significant increase on day 295, where it is more convenient to participate on
the M2 market instead of the M1 market.



Energies 2023, 16, 3432 14 of 16

Therefore, it is shown that a method that considers two markets coupled in time is
necessary and can improve the profitability of the hybrid plant, always choosing the best
option at each instant of time.
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Figure 8. Electricity prices of markets (a) and participation (energy sale) in markets (b).

5. Conclusions

In this work, a method of sizing and managing hybrid plants has been proposed to
make them attractive to investors, with participation in several coupled markets. All types
of generation technology are put on the same level to choose which is the best decision to
invest in based on a budget, while maximizing the NPV, to see which is the most profitable
sizing combination based on resource availability and storage.

It is proposed to reduce the curtailment that occurs when the plant is oversized, penal-
izing the energy that cannot be injected or stored, in order to better adjust the generation
and storage sizes. In addition, the participation in coupled markets with different execu-
tion time is defined, in order to participate in different markets seeking to increase the
profitability of the investment.

The results show that an optimal sizing is produced depending on the location and
budget, choosing the most optimal combination. Thanks to the proposed definition, the cur-
tailment of the plant is reduced, reducing the oversizing that occurs in many cases. The op-
eration also shows how profitability is improved as a result of the participation in two
coupled markets with different execution intervals.

Future work will focus on improving the storage management system to improve
investor profitability, as well as integrating the method into multi-objective optimizations
that meet investor criteria.
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