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Abstract

As renewable energy sources (RESs) become increasingly prevalent, limitations on connect-
ing new sources arise due to insufficient suitable locations and grid constraints. Existing
RES installations introduce challenges such as generation variability, the necessity for costly
reserves, and overproduction, which can lead to forced outages. In response, grid opera-
tors have adopted more flexible connection policies, notably “cable pooling”, which only
restricts the power injected at a given node rather than the total capacity of the connected
sources. This article proposes a method for optimal sizing of diverse RES combinations
connected to high-voltage networks under cable pooling conditions from an investor’s per-
spective. The most prominent findings show the existence of a strong relationship between
optimal RES sizing and composition on financial objectives, revenue sources, and market
prices. Subsequent achievements involve demonstrating that the profitability of energy
storage without subsidies is essentially limited to participation in the capacity market and
that the reduction of RES generation depends on the investor’s financial objective, not on
the market type.

Keywords: optimal sizing; hybrid renewable energy sources; cable pooling; energy
storage systems

1. Introduction
As renewable energy sources (RESs) become increasingly prevalent, limitations on

connecting new sources have emerged due to the scarcity of suitable locations and grid
constraints [1]. Existing RES installations introduce challenges such as generation vari-
ability, the necessity for costly reserves, and overproduction, which can result in forced
outages. Consequently, grid operators who previously calculated the sum of the power
from various sources and storage devices at a single connection point are now adopting a
more flexible approach known as “cable pooling”. This method restricts only the power
injected into the network at a specific node, rather than the total power of all connected
sources. Cable pooling facilitates a more economical and adaptable solution by enabling
the connection of multiple RES technologies and energy storage systems (ESSs) to a single
network node, thereby forming a hybrid renewable energy source (HRES). This approach
allows for the installation of higher-capacity RESs at a given location and contributes to a
more stable power supply, as demonstrated in [2]. Regulatory frameworks have begun to
reflect these developments. In Poland, current regulations [3] permit connecting two or
more RES installations, potentially owned by different producers, to a common connection
point, and a proposed amendment [4] seeks to include ESSs in the cable pooling framework.
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Hungary has mandated ESS co-location for solar photovoltaic (PV) assets exceeding a
certain capacity, while in France, co-located ESSs and PV systems are eligible to participate
in the Contract for Differences, which features auctions with high strike prices [5].

The integration of various RESs, constrained by connection capacity or costs, has been
addressed in several studies. For example, [6] examines the connection of a hydroelectric
power plant to a floating PV (FPV) system located in the adjacent reservoir, and [7] ex-
plores the integration of FPV with offshore wind farms and wave energy converters. S.
Golroodbari et al. [8] assess the feasibility of adding an offshore FPV farm to an existing
Dutch offshore wind farm in the North Sea, considering a fixed cable capacity constraint.
The cable linking the offshore park to the onshore grid is currently underutilized due to
the wind farm’s low-capacity factor. The integration of FPV systems with other renewable
technologies is further examined in [9], which demonstrates the feasibility and advantages
of such combinations through specific examples. Article [10] illustrates the potential to
expand PV capacity by installing new sources at the connection points of existing hydro-
electric plants. The benefits of combining PV and wind turbine (WT) sources, including
increased installed power and energy output, are documented in [11,12]. K. Obradović
et al. [13] investigate the distinct physical design requirements of PV/WT hybrid renew-
able energy systems compared to single-technology facilities, emphasizing spatial layout
optimization, electrical design, and macro-siting. Challenges associated with co-locating
WT and PV farms, particularly the shading of PV panels by turbine structures and rotor
blades, are discussed in [14]. Additionally, [15] presents a spatiotemporal decision-making
model for evaluating the development of utility-scale PV, onshore WT, and hybrid PV/WT
power plants, incorporating technology-specific parameters and infrastructure costs into
the techno-economic assessment.

Numerous studies have addressed the optimization of HRES composition, with a
primary focus on isolated systems implemented in real-world locations lacking grid con-
nectivity. For example, publication [16], developed a Mixed Integer Linear Programming
(MILP) optimization algorithm to design an optimal hybrid system comprising solar, wind,
and diesel generators, along with battery storage (BESS), for a mountain hut in South Tyrol,
Italy. In [17], particle swarm optimization was employed to determine the optimal sizing
of a solar/wind/battery HRES for a rural community in Rivers State, Nigeria, aiming to
minimize total economic cost, total annual system cost, and levelized cost of energy using
a two-step approach. The Hybrid Optimization Model for Multiple Energy Resources
(HOMER) Pro Software (v. 3.11) was utilized in [18] to minimize net present cost, cost of
energy, and CO2 emissions for a hybrid energy system (solar, wind, and diesel-powered
generator) with battery storage in northern Bangladesh. Medina-Santana et al. [19] intro-
duced a sizing methodology incorporating long short-term memory cells for long-term
weather prediction, multivariate clustering for scenario generation, and a nonlinear mathe-
matical formulation to determine optimal HRES sizing for a rural community on Mexico’s
Pacific Coast. K. Kusakana et al. [20] applied linear programming to optimize the initial
cost of system components in islanded PV/WT hybrid renewable energy systems. In [21],
the Jaya-Grey Wolf Optimizer, a novel hybrid optimization tool, was used to optimize
HRES component sizing for smooth operation and cost-effectiveness, achieving the dual
objectives of minimizing net annual cost and the probability of power supply loss in a
standalone microgrid. Genetic Algorithm and Particle Swarm Optimization techniques
were implemented in [22] to select the optimal size of photovoltaic/wind/battery HRES.
In [23], an optimal sizing method for a PV and ESS system was proposed to maximize
annual net profit from electricity sales to the Dutch day-ahead market, with the results
analyzed as a function of energy and technology prices.
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The selection of an optimal HRES structure to ensure adequate customer demand
coverage or minimize network exchange has been extensively investigated. M. A. Mo-
hamed et al. [24] optimized on-grid renewable energy systems using multiple renewable
sources, emphasizing large-scale applications tailored to specific energy loads. The study
employed the Walrus Optimization Algorithm, Coati Optimization Algorithm, and Os-
prey Optimization Algorithm to identify optimal system sizing and energy management
strategies that reduce grid electricity costs. Ref. [25] proposed an optimal sizing strategy
for a grid-connected PV/WT hybrid system with demand-side scheduling, modeling en-
ergy consumption for various load types to facilitate scheduling. Paper [26] reported on
linear programming optimization models for PV/WT hybrid system, demonstrating their
effectiveness in reducing grid energy use in wine production. Paper [16] presented an
optimal sizing method for hybrid energy systems integrating PV, WT, and BESS, ensuring
that total monthly solar and wind energy generation meets monthly energy demand. In
publication [27], the primary objective was to supply the base load in the Helsinki area
using HRES size optimization. The results indicate that an HRES is at least 10.5 times more
cost-effective than a single-source RES.

The recent literature has examined several challenges associated with HRES under ca-
ble pooling conditions. Paper [11] analyzes energy curtailment, time duration, the capacity
factor, and enhancements in the stability coefficient of the grid system in PV/WT hybrid
renewable energy system operating under cable pooling conditions. Ref. [28] addresses the
selection of suitable deep learning models for multistep, multivariate forecasting of 24 h
PV/WT generation in cable pooling scenarios.

From the literature presented, various objectives for HRES structure optimization
emerge: grid electricity cost [24] or grid exchange [26], demand-side scheduling [25],
monthly [16] or base [27] Energy demand, improvement capacity factor and stability
coefficient [11,29], sustainable balance among energy production, economic viability, and
environmental responsibility [30], system stability [31], cost minimization while ensuring
energy demand coverage in isolated systems [17–23]. Authors employ a wide range of
optimization methods. In computational practice, both linear methods (e.g., Linear (LP)
and Mixed Integer Linear Programming (MILP) optimization algorithms) and nonlinear
ones (NLP, Genetic Algorithm, and Particle Swarm Optimization) are utilized. In recent
years, researchers have also turned to modern hybrid methods, such as the Jaya-Grey Wolf
Optimizer, Walrus Optimization Algorithm, Coati Optimization Algorithm, and Osprey
Optimization Algorithm. The choice of these methods depends on how the problem is
formulated and the complexity of the mathematical model used.

The authors of the article in publication [32] introduced a method for selecting the
energy-supply structure for residential premises based on hourly energy consumption
and generation. The present study adopts this method to determine, from the investor’s
perspective, the optimal sizing of an HRES source connected to a high-voltage network
under cable pooling conditions. The grid-scale installation, as illustrated in Figure 1, com-
prises the most used RES technologies–PV and WT–supplemented by a lithium-ion BESS,
reflecting current market practices. The objective of this study is to analyze the relationship
between the optimally selected device composition and variables such as the investor’s
financial goal, the type of market from which revenues are derived, and prevailing market
prices. A notable research gap exists regarding the influence of HRES income sources and
an investor’s financial objectives on HRES composition, particularly under cable pooling
conditions. This paper addresses this gap by investigating the following topics:
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1. How does the choice of income source influence the optimal HRES structure?
2. How does an investor’s financial goal influence the optimal HRES structure?
3. When is it profitable to include the BESS in the HRES structure?
4. How significant is the advantage of HRES over single-source RES?
5. How large is RES generation reduction under cable pooling conditions?

The first and second of the above points have not yet been addressed in any sources
known to the authors.

Pmax

Popt

Popt

Popt, Eopt

WT energy

PV energy

ESS energy

Figure 1. The structure of the analyzed hybrid renewable energy system.

The remainder of the paper is organized as follows: Section 2 defines the problem,
Section 3 presents its mathematical formulation, Section 4 details the calculations and
results, Section 5 discusses general observations, and Section 6 provides the conclusion.

2. Definition of the Optimization Problem
The optimization problem involves determining the power and capacity of PV, WT,

and lithium-ion battery ESS installations composing the HRES. The objective is to maximize
the financial return on investment while restricting the exchange of active power with the
grid to a specified constant value, set at 100 MW for this study. For grid-scale RES most
often, the limit is based on the technical and operational parameters of the HV network to
which the RES is connected and is determined by the transmission or distribution system
operator. Investment efficiency is evaluated using the Net Present Value (NPV) method.
Three variants of the financial objective are analyzed:

1. Maximizing the ratio of NPV to capital costs, NPV/CAPEX.
2. Maximizing NPV while maintaining a minimum NPV/CAPEX ratio. In this study,

NPV is required to be at least 0.9 times CAPEX, corresponding to an average annual
capital income of at least 3%.

3. Maximizing NPV with a constraint on CAPEX. For this analysis, CAPEX is limited to
$300 M (equivalent to $3000 per kW of connection capacity).

The three financial objectives listed above were selected due to limitations of the ap-
plied optimization methods. These objectives are expected to be achieved using a simplified
formula. First, maximize the financial leverage of initial outlays (NPV/CAPEX). Second,
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maximize NPV while achieving a minimum expected rate of return on invested capital. The
3% average rate of return applied in the second optimization objective corresponds to the
cash flow discount rate used in the NPV calculation. The weighted average cost of capital
(WACC) for bankable power generation projects in the European Union ranges from 14% to
1.1%, depending on the technology, risk tolerance, and geographic location, with the lowest
values observed for PV projects in Germany. Third financial objective, maximize NPV while
accounting for investment constraints (CAPEX) resulting from limited available capital.
The assumed amount, $300 M, allows for an investment comprising of approximately
100 MW WT combined with 100 MW PV and 100 MW ESS with a capacity of 100 MWh.

For each financial objective, three types of installation revenue sources are evaluated:

1. Power Purchase Agreement (PPA), with a price range of $50–$250 per MWh consid-
ered. Investments were deemed unprofitable for PPA prices below $50 per MWh.

2. Day Ahead Market (DAM), with DAM price variations ranging from one-quarter to
four times the base prices.

3. Capacity Market (CM) in combination with DAM, with a CM price range of
$40–$300 per MW considered.

The selected price ranges ensure that further increases or decreases do not significantly
influence the optimal HRES composition or result in an unprofitable investment (NPV < 0).

For comparison, the optimization was also performed for individual technologies. A
30-year operational lifetime is assumed for all installations (based on [33–35]), except for
batteries, which are assigned a 15-year lifetime. Repeatable annual generation cycles are
modeled using weather data for PV installations [36] and actual WT generation data (own
data from a real installation). Similarly, a repeatable annual cycle is used for DAM, based
on data from [37]. This approach introduces uncertainty, particularly regarding DAM price
fluctuations, which are simulated through various DAM price levels. Previous research has
examined the impact of wind and PV generation fluctuations [14], revealing that, provided
that total annual generation remains constant, these fluctuations have a minimal effect on
the selection of installation parameters. Over longer periods, generations may change due
to climate change, although the extent of such changes is uncertain. Additional parameters
include the potential reduction of ESS investment costs through subsidies.

The degradation of storage capacity over time is not explicitly modeled for the sake
of simplicity and because the level of degradation depends on the exact battery chemistry.
It can be partially addressed by increasing capital capacity costs and decreasing capacity
limits. For example, a 20% degradation over 15 years corresponds to approximately a
10% increase in capital capacity costs and narrowing the capacity range from 1 to 10 h to
between 0.9 and 9 h. Sample calculations for the capacity market and 20% degradation over
15 years using this simplified method confirmed that although the exact results depend on
the inclusion of ESS capacity degradation, the general conclusions remain unchanged.

The calculations limit the annual number of battery cycles to the number correspond-
ing to 320 full discharges, which, given an assumed lifespan of 15 years, results in a total of
4800 cycles, which is consistent with the value given in the literature.

An hourly generation interval is adopted as a simplification; a shorter interval may be
used to reduce calculation uncertainty if data are available. Due to the specificity of the
optimization problem described and the various financial objective variants adopted by the
authors; two types of optimization methods (computational engines) will be used for the
calculations. These include an LP algorithm for solving financial objectives 2 and 3, and an
NLP algorithm for solving financial objective 1. A more detailed description of the selected
algorithm’s structure is provided in Section 3.

All data was taken from the available current sources for actual installations and is
included in Appendix B.
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3. Mathematical Model
Cases under consideration:
Case 11 – PPA, financial objective 1;
Case 12 – PPA, financial objective 2;
Case 13 – PPA, financial objective 3;
Case 21 – DAM, financial objective 1;
Case 22 – DAM, financial objective 2;
Case 23 – DAM, financial objective 3;
Case 31 – CM, financial objective 1;
Case 32 – CM, financial objective 2;
Case 33 – CM, financial objective 3.
Objective functions:

F.1. Objective function 1.–maximizes the ratio of total NPV to capital costs:

f = − Total_NPV
Total_CAPEX

, for cases 11, 21 and 31. (1)

F.2. Objective function 2.–maximizes the total NPV value over the installation lifetime:

f = −Total_NPV, for cases 12, 13, 22, 23, 32 and 33. (2)

Common constraints:
Total CAPEX calculation [$] as a sum of five components: costs common for the whole

site, costs related to power of PV, WT and ESS, and costs related to ESS capacity taking into
account the level of ESS funding (β):

Total_CAPEX =

1000·
[
Common_CAPEX·Max_Connection_Power + (WT_CAPEX−

Common_CAPEX)·WT_Installed_Power+

(PV_CAPEX − Common_CAPEX)·PV_Installed_Power+

(ESS_Power_CAPEX − Common_CAPEX)·(1 − β)·ESS_Installed_Power+

ESS_Capacity_CAPEX·(1 − β)·ESS_Installed_Capacity
]
.

(3)

Total NPV calculation [$] as a sum of yearly income from all three considered markets
multiplied by constant reflecting their 30-year discounted sum, taking into account the
level of DAM prices (α) and active participation in DAM (ACT), and less-so the 30-year
discounted sum of installation O&M costs and less CAPEX:

Total_NPV =

NPVC·
[

ACT·
( NH

∑
i=1

(Grid_Sold_Energy(i)·α·(DAM_Energy_Price(i)− Imbalance_Cost))−

NH

∑
i=1

(Grid_Bought_Energy(i)·(α·(DAM_Energy_Price(i) + Imbalance_Cost)+

Transmission_Fee)) + 1000·CM_Power_Price·ESS_Power_In_CM
)
+

(1 − ACT)·PPA_Energy_Price·
NH

∑
i=1

Grid_Sold_Energy(i)
]
−

1000·NPVC·[Common_O&M_Cost·Max_Connection_Power+

(WT_O&M_Cost − Common_O&M_Cost)·WT_Installed_Power+

(PV_O&M_Cost − Common_O&M_Cost)·PV_Installed_Power+

(ESS_Power_O&M_Cost − Common_O&M_Cost)·ESS_Installed_Power+

ESS_Capacity_O&M_Cost·ESS_Installed_Capacity]− Total_CAPEX.

(4)
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For assurance of the full use of grid connection capacity, the sum of the installed RES
power has to be at least equal to connection capacity:

WT_Installed_Power + PV_Installed_Power + ESS_Installed_Power ≥ Max_Connection_Power. (5)

ESS capacity assumed to be between 1 and 10 h:

ESS_Installed_Power ≤ ESS_Installed_Capacity ≤ 10·ESS_Installed_Power. (6)

Empty storage at the year’s start:

ESS_Stored_Energy(0) = 0. (7)

Empty storage at the year’s end:

ESS_Stored_Energy(NH) = 0. (8)

Energy balance at the i-th hour:

WT_Used_Energy(i) + PV_Used_Energy(i) + ESS_Discharging_Energy(i)−
ESS_Charging_Energy(i) =

(1 + Auxiliary_Energy_Losses)·Grid_Sold_Energy(i)− Grid_Bought_Energy(i).

(9)

Energy sent to grid not greater than the grid connection capacity:

0 ≤ Grid_Sold_Energy(i) ≤ Max_Connection_Power. (10)

Energy acquired from grid not greater than the grid connection capacity and equal 0
at PPA market:

0 ≤ Grid_Bought_Energy(i) ≤ Max_Connection_Power·ACT. (11)

Used WT energy at the i-th hour not greater than available generation:

0 ≤ WT_Used_Energy(i) ≤ WT_Output(i)·WT_Installed_Power. (12)

Used PV energy at the i-th hour not greater than available generation:

0 ≤ PV_Used_Energy(i) ≤ PV_Output(i)·PV_Installed_Power. (13)

Energy stored in ESS at the i-th hour:

ESS_Stored_Energy(i) = ESS_Stored_Energy(i − 1)+

ESS_Charging_Energy(i)·ESS_E f f iciency−
ESS_Discharging_Energy(i)

ESS_E f f iciency
.

(14)

ESS discharging power at the i-th hour not greater than installed ESS power:

0 ≤ ESS_Discharging_Energy(i) ≤ ESS_Installed_Power. (15)
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ESS charging power at the i-th hour not greater than installed ESS power:

0 ≤ ESS_Charging_Energy(i) ≤ ESS_Installed_Power. (16)

ESS stored energy at the i-th hour not greater than installed ESS capacity:

0 ≤ ESS_Stored_Energy(i) ≤ ESS_Installed_Capacity. (17)

Constraint limiting the annual number of ESS cycles:

ESS_E f f iciency·
NH

∑
i=1

ESS_Charging_Energy(i) ≤ Battery_Cycle_Li f e
Battery_Year_Li f e

·ESS_Installed_Capacity. (18)

Case-dependent market specific constraints:

For cases 11, 12 and 13, energy cannot be bought from the grid:

ACT = 0. (19)

For cases 21, 22, 23, 31, 32 and 33, energy can be bought from the grid:

ACT = 1. (20)

For cases 11, 12, 13, 21, 22 and 23, there is no CM in these cases:

ESS_Power_In_CM = 0. (21)

For cases 31, 32 and 33, ESS power assigned to CM not greater than connection capacity:

0 ≤ ESS_Power_In_CM ≤ Max_Connection_Power. (22)

For cases 31, 32 and 33, ESS power assigned to CM not greater than ESS power:

ESS_Power_In_CM ≤ ESS_Installed_Power. (23)

For cases 12, 22 and 32, average yearly income ≥ 3%:

Total_NPV ≥ 3%·NH·Total_CAPEX. (24)

For cases 13, 23 and 33, CAPEX is limited to $3 M per 1 MW of connection capacity:

Total_CAPEX ≤ 3,000,000·Max_Connection_Power. (25)

The search variables are as follows:
ESS_Installed_Capacity – Installed ESS useful capacity [MWh];

ESS_Installed_Power – Installed ESS power [MW];
PV_Installed_Power – Installed PV panels power [MWp];

WT_Installed_Power – Installed WT power [MW].
Other variables used in the model:
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ACT – ESS active market participation indicator [Boolean];
ESS_Charging_Energy(i) – ESS charging energy at the i-th hour [MWh];

ESS_Discharging_Energy(i) – ESS discharging energy at the i-th hour [MWh];
ESS_Stored_Energy(i) – Energy stored in ESS at the end of the i-th hour [MWh];

ESS_Power_In_CM – ESS power assigned to CM [MW];
Grid_Bought_Energy(i) – Electricity bought from grid at the i-th hour [MWh];

Grid_Sold_Energy(i) – Electricity sale to grid at the i-th hour [MWh];
PV_Used_Energy(i) – Used solar energy at the i-th hour [MWh];

Total_CAPEX – total capital investment [$];
Total_NPV – NPV value over installation lifetime [$];

WT_Used_Energy(i) – Used wind energy at the i-th hour [MWh].

Multiplier calculating NPV for Installation_Li f etime years of equal yearly cash flow
YCF at discount rate R:

NPVC =
1 − (1/(1 + R))Installation_Li f etime

1 − 1/(1 + R)
, NPV = YCF·NPVC. (26)

The following parameters are used in calculations:
To investigate the dependence on energy prices on DAM:

α − coefficient changing DAM_Energy_Price(i) values [–], α = 0.25–4.0;

To investigate the dependence on ESS subsidy:

β − reduction of ESS CAPEX due to subsidy [–], β = 0.0–0.9.

Symbols not previously defined are provided in Appendix B. The optimization prob-
lem for financial objective 1 is formulated as a nonlinear program (NLP) with linear
constraints (3)–(23) and the objective function F.1 (1), which is expressed as the quotient
of first-degree polynomials. For financial objectives 2 and 3, the problem is a linear pro-
gram (LP) with both the objective function F.2 (2) and the constraints (3)–(24) for financial
objective 2 and (3)–(23), (25) for financial objective 3—being linear relationships. Based
on real installations, ESS capacity is limited to between 1 and 10 h. ESS operation, ac-
counting for efficiency, power, capacity, and annual cycle number limits, is represented
by Equations (6)–(8) and (14)–(18). The optimization process determines the charging and
discharging volume for each hour. Maximum PV and WT generation are based on the
installed capacities and deterministic weather data (Equations (12) and (13)), while the
actual used generation is also determined through optimization. Grid exchange, con-
strained by connection capacity, is described in Equations (10) and (11). The components of
NPV are specified in Equations (3) and (26), market conditions are detailed in constraints
(19)–(25), and the formulas for total capital investment and NPV calculation are provided
in Equations (3) and (4).

The objective functions and constraints used for the optimization of each case are
summarized in Table 1.
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Table 1. Variants of the objective function and constraints depending on the financial objective and
the market.

1 2 3

MAX(NPV/CAPEX)

F1 F2 F2

(1)–(18) (1)–(18) + (24) (1)–(18) + (25)

PPA

DAM

CM

Financial Objective MAX(NPV)
while maintaining a

minimum
NPV/CAPEX ratio

MAX(NPV)
with a constraint on

CAPEX value

Objective Function

Constraints for all Markets

Additional constraints
depending on Market

(19) + (21)

(20) + (21)

(20) + (22) + (23)

4. Calculation Methods and Results
The problem was modeled in the Mosel® language, and the calculations were per-

formed using the Xpress® IVE (v. 1.26.00) [38] software under default settings. In addition
to the search variables, annual energy consumption and grid supply, losses within the inter-
nal installation and the ESS, and reductions in PV and WT generation were also calculated.
The data corresponding to the maximum NPV served as the starting point for the NLP
calculations. The global extremum for NLP-feasible problems has always been reached
within several minutes, while the LP problems were solved within seconds. A flowchart
illustrating the optimization process is presented in Figure 2.

The results were transferred to and analyzed in an MS Excel 365 platform spreadsheet.
The selected result tables are provided in Appendix A, and a summary of case-by-case
results is presented below.

START

Initial data

Optimization process for
Objective Function – F2

maximum?

STOP

Y

N

START

Initial data

Optimization process for
Objective Function – F1

maximum?

STOP

Y

N

Linear programming (LP) Nonlinear programming (NLP)

Stop (end) for LP optimization

 for Financial Objective 2 and 3.
 Starting point for NLP optimization

for Financial Objective 1.

Stop (end) for NLP optimization.

 Optimal solution found of NLP 

optimization for Financial Objective 1.

Figure 2. Flowchart illustrating the optimization process used for the calculation of specific variants.
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Case 11–PPA, financial objective 1.
Sample results are shown in Table A1 and Figure 3. The main observations are

as follows:

• ESS profitability: ESS is not profitable for any of the PPA prices analyzed. The results
not presented here show that this is also the case for a subsidy covering up to 90% of
the ESS CAPEX.

• The RES output reduction is negligible, independently of the PPA price.
• The increase in the NPV/CAPEX value compared to the use of single PV technol-

ogy is relatively small. This is also the case for single WT technology for PPA
prices > 60 $/MWh. Grid output is larger for single WT technology than for the energy
mix for PPA prices < 90 $/MWh, while in other cases HRES gives greater output.

• Due to the higher CAPEX and also the higher efficiency of WT, their share increases as
the PPA price increases.

0

100

200

300

400

500

600

 50  100  150  200  250

PPA price [$/MWh]

Installed WT power [MW]

Installed PV power [MWp]

Installed ESS power [MW]

CAPEX [$M]

NPV/CAPEX [%]

Annual grid output netto [GWh]

Figure 3. Case 11 without ESS CAPEX subsidy: calculation results depending on the PPA price.

Case 12–PPA, financial objective 2.
Sample results are shown in Table A2. The main observations are as follows:

• Lack of solutions for the assumed average profit level of 3% and PPA price
< 80 $/MWh.

• Without subsidies, the participation of ESS is profitable only at a PPA price > 150 $/MWh.
The results not presented here show that, with an increasing ESS subsidy, both its
capacity and energy expressed in [h] increase. Single ESS technology results in a lack
of solutions across all PPA prices.

• The RES output reduction increases with the PPA price increase.
• The increase in the NPV value and grid output compared to the use of single PV

(especially) or WT technology is significant.

Case 13–PPA, financial objective 3.
Sample results are shown in Table A3. The main observations are as follows:

• ESS is not profitable for any of the PPA prices analyzed. Further calculations show
that only for PPA prices > 150 $/MWh and ESS CAPEX subsidy > 85%, small ESS
were selected.
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• The RES output reduction is very low, independently of the PPA price.
• The increase in the NPV value and grid output compared to the use of single PV

(especially) or WT technology is significant.
• Due to the higher CAPEX and also the higher efficiency of WT, their power increases

as the PPA price increases while PV size remains stable.

Case 21–DAM, financial objective 1.
Sample results are shown in Table A4. The main observations are as follows:

• Installation is profitable only for DAM multiplier > 0.33.
• ESS without subsidy is not profitable for any of the DAM multipliers analyzed. Fur-

ther calculations show that only for DAM price multiplier > 2.0 and ESS CAPEX
subsidy > 80% were ESS selected.

• The RES output reduction is very low, independently of the DAM multiplier.
• The NPV/CAPEX value increase compared to the use of single PV and WT technolo-

gies is significant for single PV technology and, for larger DAM multipliers, also for
single WT technology. The grid output is largest for single WT technology.

• Depending on the DAM multiplier share of PV and WT power differs significantly.

Case 22–DAM, financial objective 2.
Sample results are shown in Table A5 and Figure 4. The main observations are

as follows:

• No solution exists for the assumed average profit level of 3% and the DAM price
multiplier < 0.75.

• The participation of ESS is profitable for the DAM price multiplier > 1.0. The higher
the ESS CAPEX subsidy, the lower the DAM price multiplier for ESS selection and the
larger power and capacity of selected ESS’s. The results not presented here show that
a single ESS leads to no solutions for all DAM price multipliers.

• The RES output reduction is very significant for nearly all DAM price multipliers.
• The NPV value and grid output are significantly larger compared to the use of single

PV (especially) or WT technology.
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Figure 4. Case 22 without ESS CAPEX subsidy: calculation results depending on the DAM price multiplier.

Case 23–DAM, financial objective 3.
Sample results are shown in Table A6. The main observations are as follows:
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• ESS is not profitable for any of the DAM price multipliers analyzed. Further calcula-
tions show that ESS was selected, starting with a DAM price multiplier of 0.75 and an
ESS CAPEX subsidy of 90%. The higher the DAM multiplier, the lower the subsidy
required for ESS selection. For the DAM price multiplier < 0.5 only PV and WT were
selected regardless of the size of the EXX CAPEX subsidies.

• The RES output reduction is <10%, independently of the DAM multiplier.
• The increase in the NPV value and grid output is significant for the DAM price

multiplier > 0.33, compared to the use of single PV, WT, or ESS technology.

Case 31–CM+DAM, financial objective 1.
Sample results are shown in Table A7. The main observations are as follows:

• ESS is profitable for any of the CM prices > 120 $/kW, for the CM price > 160 $/kW,
only ESS is selected. The results not shown here show that the lower the DAM price
multiplier, the lower the CM price, at which ESS is profitable (always with power
100 MW and capacity 1 h).

• The RES output reduction is negligible, independently of the CM price.
• The increase in the NPV/CAPEX value and grid output compared to the use of single

technologies depends on the CM price and technology.
• For the DAM price multiplier > 2.0, only WT are selected; for the DAM price

multiplier < 0.5, only PV and ESS are selected.

Case 32–CM+DAM, financial objective 2.
Sample results are shown in Table A8. The main observations are as follows:

• For the DAM price multiplier < 0.75, no solution exists for CM prices < 120 $/kW.
• The same energy mix is selected for any of the CM prices analyzed: 196.5 MW PV,

239.6 MW WT, and 100 MW/1 h ESS (1 h is the minimum allowed capacity). Further
calculations show that for the DAM price multiplier > 1.0, higher DAM prices select,
higher PV & WT power values, along with higher ESS capacities [h]; for the DAM
price multiplier < 0.5 only PV and ESS are selected.

• The RES output reduction strongly depends on the DAM multiplier.
• The increase in the NPV value and grid output for HRES is significant compared to

the use of single PV, WT, or ESS technology.

Case 33–CM+DAM, financial objective 3.
Sample results are shown in Table A9 and Figure 5. The main observations are

as follows:

• ESS is always selected above some CM price level. While WT and PV installed power
decreases with the CM price increase, the ESS power increases up to 100 MW (always
with 1 h capacity). The results not presented here show that the lower the DAM values,
the lower the CM price values for which ESS are selected, with power up to 100 MW
and a capacity of 1 h.

• For the DAM price multiplier < 0.5, only PV and ESS are selected.
• The RES output reduction strongly depends on the DAM multiplier.
• While the increase in the NPV value is significant compared to the use of single PV

(especially), WT, or ESS technology for all CM prices, grid output for CM > 100 $/kW
is greatest for single WT sources.
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Figure 5. Case 33 without ESS CAPEX subsidy and with the DAM price multiplier = 1.0: calculation
results depending on the CM price.

5. Key Observations
It should be noted that the results are site-specific and depend on the proportion and

distributions of PV and WT generation, as well as on price volatility in the DAM.
The analysis revealed the following patterns:

• The optimal composition of energy sources across all markets is strongly influenced
by the financial objective of the investment, as illustrated for the DAM in Figure 6.
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Figure 6. Optimal composition of sources depending on the financial objective of the investment
for DAM.
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• For all financial objectives considered, the optimal composition of sources depends on
the investment income source, as demonstrated for financial objective 1 in Figure 7.
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Figure 7. Optimal composition of sources depending on the source of income and corresponding
price level for financial objective 1.
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• The influence of price levels on the optimal composition of sources varies depending
on financing options and financial objectives. In cases 11, 12, 21, 22, and 31, the impact
is greater, while in cases 13, 23, 32, and 33, it is less pronounced (see Figures 3–5);

• Participation in the CM results in source selection being strongly influenced by DAM
prices, as shown in Figure 8.
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Figure 8. Optimal composition of sources depending on the DAM price for financial objective 1
and CM.

• For PPA and all financial objectives, as well as for the DAM with financial objective
1, ESS are generally not profitable, regardless of subsidies. For DAM with financial
objectives 2 and 3, subsidies for ESS capital expenditures enable profitability at lower
DAM prices (see Figure 9). In the absence of subsidies, ESSs are primarily selected for
participation in the CM, and, in some cases, they are the only sources selected.

• In most scenarios, both the financial objective and grid output were significantly
higher for HRES compared to single technologies, as shown in Figures 10 and 11.

• The production variability of HRES was substantially lower than that of single tech-
nologies. For example, in May in Case 23, the coefficient of variation was 1.12 for PV
only, 0.99 for WT only, and 0.69 for HRES.
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Figure 9. Optimal composition of sources depending on the ESS CAPEX subsidy for financial
objective 2 and the DAM price multiplier = 1.0.
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Figure 11. Single technology NPV and grid output in relation to HRES in Case 23.

6. Summary, Conclusions, and Future Research Directions
The presented method allows for selecting an optimal mix of RESs while simultane-

ously limiting active power transfer with the grid. The results indicate a strong dependence
of the optimal HRES structure and total combined power on the financial target, revenue
sources, and prevailing market prices. Due to higher investment costs, the share of WT
relative to PV is greater at higher market prices. The profitability of ESSs without subsidies
is largely restricted to participation in the capacity market. At CM prices > 120 $/kW the
technology mix may consist solely of ESSs. A profitable share of ESSs in a PPA requires a
price exceeding 150 $/MWh, which is only possible with preferential rather than market
prices. The profitability of including ESSs in the energy mix for DAM is possible only under
high price volatility. For the latter two markets, the conclusions are practically independent
of ESS investment cost subsidies.

Consistently, both the profitability and total generation of HRES generally exceed
those of individual technologies. The reduction in RES generation is influenced by the
financial target, ranging from a few percent for financial objectives 1 and 3 to over 40% for
financial objective 2, and is practically independent of market type.

Based on the above statements, it follows that an investment decision in HRES must
account for planned revenue sources and the investor’s financial objective, in addition
to weather conditions. It can be expected that the optimal composition of sources will
differ significantly depending on the expected rate of return or the amount of available
capital. The accuracy of the method can be enhanced by using weather and market data
from several consecutive years. On the other hand, considering the large, difficult-to-
predict changes in market prices alongside the rapid growth of RES generation, the greatest
weight should be given to long-term fixed-value contracts, such as PPA and CM contracts,
especially for investments involving ESSs.
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Due to the strong dependence of the optimal source mix on DAM prices shown in the
article, further investor analysis should include calculating financial results for selected
variants under various DAM price scenarios when these prices serve as a revenue source.
This issue is particularly critical when the DAM is the sole revenue stream. Such analyses
can be conducted by calculating the NPV using a methodology analogous to the one
applied in this study.

The advantage of the method presented in the article is its relative simplicity and short
calculation time, enabling the simulation of many both weather and market variants.

Future research will extend the presented analyses by incorporating uncertainties in
renewable generation and market prices, sensitivity analyses, and calculations with various
data sets for different climatic and market conditions.
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Appendix A. Results Tables

Table A1. Case 11 without ESS CAPEX subsidy: calculation results depending on the PPA price.

PPA Price [$/MWh] 50 55 60 70 80 90 100 125 150 200 250

Installed WT power [MW] 0 0 0 15.2 36.3 53.0 63.2 80.7 88.1 96.1 98.3

Installed PV power [MWp] 154 154 153 149 141 135 128 117 107 97.6 92.9

Installed ESS power [MW] 0 0 0 0 0 0 0 0 0 0 0

CAPEX [$M] 112 111 111 131 157 177 188 207 211 217 217

NPV/CAPEX [%] 14.1 27.1 40.1 66.3 93.3 121 148 218 288 429 569

Annual net grid output [GWh] 144 143 143 173 212 242 259 286 294 302 302

RES output reduction [%] 1.10 1.00 1.00 0.80 0.60 0.70 0.70 0.80 0.70 0.80 0.80

NPV/CAPEX–PV only [%] 14.1 27.1 40.1 66.2 92.3 118 144 210 275 405 536

NPV/CAPEX–WT only [%] −3.30 10.8 24.9 53.1 81.4 110 138 208 279 420 561

Annual net grid output
–PV only [GWh] 144 143 143 142 142 141 141 141 140 140 139

Annual net grid output
–WT only [GWh] 232 232 232 232 231 231 231 231 231 231 231
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Table A2. Case 12 without ESS CAPEX subsidy: calculation results depending on the PPA price.

PPA Price [$/MWh] 50 55 60 70 80 90 100 125 150 200 250

Installed WT power [MW] 104 145 160 196 231 285 334

Installed PV power [MWp] 140 186 196 216 234 288 353

Installed ESS power [MW] 0 0 0 0 0 15.8 46.5

Installed ESS capacity [MWh] 0 0 0 0 0 51.3 218

CAPEX [$M] 257 347 376 443 506 649 843

NPV [$M] 231 332 421 660 917 1472 2093

Annual net grid output [GWh] 352 433 453 493 523 580 645

RES output reduction [%] 2.90 12.6 15.8 22.6 28.3 35.4 38.9

NPV–PV only [$M] 111 156 195 299 411 647 961

NPV–WT only [$M] 217 289 479 689 1147 1648
Annual net grid output
–PV only [GWh] 157 189 197 215 225 244 488

Annual net grid output
–WT only [GWh] 310 354 399 429 477 515

Problem infeasible a

a The gray area indicates the range of variables and parameters for which the problem is infeasible.

Table A3. Case 13 without ESS CAPEX subsidy: calculation results depending on the PPA price.

PPA Price [$/MWh] 50 55 60 70 80 90 100 125 150 200 250

Installed WT power [MW] 71.9 104 106 116 121 122 123 124 125 126 127

Installed PV power [MWp] 147 148 155 167 168 166 165 161 159 156 155

Installed ESS power [MW] 0 0 0 0 0 0 0 0 0 0 0

CAPEX [$M] 213 262 269 293 300 300 300 300 300 300 300

NPV [$M] 19.7 53.8 90.1 166 245 325 405 604 804 1203 1603

Annual net grid output [GWh] 292 357 364 388 395 395 395 395 396 396 396

RES output reduction [%] 2.00 3.40 4.10 6.50 7.30 7.20 7.20 7.20 7.10 7.10 7.10

NPV–PV only [$M] 16.2 31.9 48.2 82.4 119 156 195 299 411 647 892

NPV–WT only [$M] −28.4 −5.50 18.1 42.6 95.8 155 219 289 468 647 1006

Annual net grid output
–PV only [GWh] 153 158 165 174 183 189 197 215 225 243 243

Annual net grid output
–WT only [GWh] 221 231 237 250 278 307 333 354 355 355 355

Table A4. Case 21 without ESS CAPEX subsidy: calculation results on the DAM price multiplier.

DAM Price Multiplier [−] 0.25 0.33 0.5 0.75 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Installed WT power [MW] 0 0 80.4 101 104 105 105 105 105 105 105

Installed PV power [MWp] 166 162 125 90.4 49.0 0.80 0 0 0 0 0

Installed ESS power [MW] 0 0 0 0 0 0 0 0 0 0 0

CAPEX [$M] 119 117 212 219 197 166 165 165 165 165 165

NPV/CAPEX [%] −44.6 −21.8 30.8 113 196 364 534 703 873 1042 1212

Annual net grid output [GWh] 152 149 288 300 270 227 226 226 226 226 226

RES output reduction [%] 3.10 2.50 2.60 2.50 2.20 2.10 2.10 2.10 2.10 2.10 2.10
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Table A4. Cont.

DAM Price Multiplier [−] 0.25 0.33 0.5 0.75 1.0 1.5 2.0 2.5 3.0 3.5 4.0

NPV/CAPEX–PV only [%] −44.6 −21.8 26.7 98.0 169 312 455 598 741 884 916

NPV/CAPEX–WT only [%] −59.7 −32.6 25.1 110 195 364 534 703 873 1042 1212

Annual net grid output
–PV only [GWh] 152 149 146 145 144 143 142 142 142 142 142

Annual net grid output
–WT only [GWh] 228 227 227 226 226 226 226 226 226 226 226

Table A5. Case 22 without ESS CAPEX subsidy: calculation results depending on the DAM
price multiplier.

DAM Price Multiplier [−] 0.25 0.33 0.5 0.75 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Installed WT power [MW] 145 196 260 294 328 341 347 349

Installed PV power [MWp] 188 220 332 422 501 561 631 699

Installed ESS power [MW] 0 0 54.2 87.9 98.8 103 120 134

Installed ESS useful capacity [MWh] 0 0 235 441 565 659 766 851

CAPEX [$M] 349 445 729 933 1089 1188 1292 1379

NPV [$M] 314 592 1267 2079 2958 3874 4816 5776

Annual net grid output [GWh] 428 487 600 661 700 720 739 753

RES output reduction [%] 14.1 23.9 31.1 34.9 39.6 41.9 43.7 45.4

NPV–PV only [$M] 130 254 523 826 1,154 1500 1856 2223

NPV–WT only [$M] 218 444 973 1573 2219 2900 3608 4337
Annual net grid output
–PV only [GWh] 175 217 243 266 280 289 296 303

Annual net grid output
–WT only [GWh] 305 390 460 504 534 559 577 591

Problem infeasible a

a The gray area indicates the range of variables and parameters for which the problem is infeasible.

Table A6. Case 23 without ESS CAPEX subsidy: calculation results depending on the DAM
price multiplier.

DAM Price Multiplier [−] 0.25 0.33 0.5 0.75 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Installed WT power [MW] 0 0 106 122 124 127 128 129 129 130 130

Installed PV power [MWp] 100 100 153 166 161 155 1 53 151 150 149 149

Installed ESS power [MW] 0 0 0 0 0 0 0 0 0 0 0

CAPEX [$M] 75.8 75.8 268 300 300 300 300 300 300 300 300

NPV [$M] −39.0 −22.4 77.0 306 539 1005 1472 1939 2406 2873 3340

Annual net grid output [GWh] 93.8 93.8 358 389 389 390 390 390 390 390 390

RES output reduction [%] 0.60 0.60 5.40 8.60 8.60 8.50 8.50 8.50 8.50 8.60 8.60

NPV–PV only [$M] −39.0 −22.4 32.7 135 254 523 808 1093 1378 1664 1949

NPV–WT only [$M] −95.1 −52.3 42.8 221 435 866 1298 1730 2161 2593 3025

NPV–ESS only [$M] −161 −158 −152 −144 −135 −118 −101 −83.5 −47.1 2.70 60.5

Annual net grid output
–PV only [GWh] 93.8 93.8 164 192 217 241 241 241 241 241 241

Annual net grid output
–WT only [GWh] 216 216 244 331 349 349 349 349 349 349 349

Annual net grid output
–ESS only [GWh] −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −11.2 −16.8 −22.4 −27.1
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Table A7. Case 31 without ESS CAPEX subsidy and with the DAM price multiplier = 1.0: calculation
results depending on the CM price.

CM Price [$/kW] 40 60 80 100 120 140 160 180 200 250 300

Installed WT power [MW] 104 104 104 104 104 105 98 0 0 0 0

Installed PV power [MWp] 45.9 49.0 46.8 45.9 45.9 50.9 0 0 0 0 0

Installed ESS power [MW] 0 0 0 0 0 100 100 100 100 100 100

Installed WT power [MWh] 0 0 0 0 0 100 100 100 100 100 100

CAPEX [$M] 195 197 195 195 195 276 234 87.7 87.7 87.7 87.7

NPV/CAPEX [%] 196 196 196 1965 196 204 220 249 306 421 536

Annual net grid output [GWh] 267 270 268 267 267 269 208 −6.10 −6.10 −6.10 −6.10

RES output reduction [%] 2.20 2.20 2.20 2.20 2.20 1.70 2.00 0 0 0 0

NPV/CAPEX—PV only [%] 169 169 169 1694 169 169 169 169 169 169 169

NPV/CAPEX–WT only [%] 195 195 195 195 195 195 195 195 195 195 195

NPV/CAPEX–ESS only [%] −54.5 −14.2 26.2 66.6 107 147 188 228 269 369 470

Annual net grid output
–PV only [GWh] 144 144 144 144 144 144 144 144 144 144 144

Annual net grid output
–WT only [GWh] 226 226 226 226 226 226 226 226 226 226 226

Annual net grid output
–ESS only [GWh] −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10

Table A8. Case 32 without ESS CAPEX subsidy and with the DAM price multiplier = 1.0: calculation
results depending on the CM price.

CM Price [$/kW] 40 60 80 100 120 140 160 1 80 200 250 300

Installed WT power [MW] 197 197 197 197 197 197 197 197 197 197 197

Installed PV power [MWp] 240 240 240 240 240 240 240 240 240 240 240

Installed ESS power [MW] 100 100 100 100 100 100 100 100 100 100 100

Installed WT power [MWh] 100 100 100 100 100 100 100 100 100 100 100

CAPEX [$M] 537 537 537 537 537 537 537 537 537 537 537

NPV [$M] 608 649 689 729 770 810 850 891 931 1032 1133

Annual net grid output [GWh] 515 515 515 515 515 515 515 515 515 515 515

RES output reduction [%] 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3

NPV–PV only [$M] 608 649 689 729 770 810 850 891 931 1032 1133

NPV–WT only [$M] 444 444 444 444 444 444 444 444 444 444 444

NPV–ESS only [$M] 107 147 188 228 269 369 470

Annual net grid output
–PV only [GWh] 217 217 217 217 217 217 217 217 217 217 217

Annual net grid output
–WT only [GWh] 390 390 390 390 390 390 390 390 390 390 390

Annual net grid output
–ESS only [GWh] −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10

Problem infeasible a

Problem infeasible a

a The gray area indicates the range of variables and parameters for which the problem is infeasible.
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Table A9. Case 33 without ESS CAPEX subsidy and with the DAM price multiplier = 1.0: calculation
results depending on the CM price.

CM Price [$/kW] 40 60 80 100 120 140 160 180 200 250 300

Installed WT power [MW] 124 124 117 109 105 104 104 104 104 104 104

Installed PV power [MWp] 161 161 157 149 121 87.7 87.7 87.7 87.7 87.7 87.7

Installed ESS power [MW] 0 0 15.9 39.0 70.8 100 100 100 100 100 100

Installed WT power [MWh] 0 0 15.9 39.0 70.8 100 100 100 100 100 100

CAPEX [$M] 300 300 300 300 300 300 300 300 300 300 300

NPV [$M] 539 539 539 542 552 574 610 651 691 732 832

Annual net grid output [GWh] 389 389 381 364 334 302 302 302 302 302 302

RES output reduction [%] 8.60 8.60 6.40 4.10 2.20 1.70 1.70 1.70 1.70 1.70 1.70

NPV–PV only [$M] 254 254 254 254 254 254 254 254 254 254 254

NPV–WT only [$M] 435 435 435 435 435 435 435 435 435 435 435

NPV–ESS only [$M] −54.5 −14.2 26.2 66.6 107 1 47 188 228 269 369 470

Annual net grid output
–PV only [GWh] 217 217 217 217 217 217 217 217 217 217 217

Annual net grid output
–WT only [GWh] 349 349 349 349 349 349 349 349 349 349 349

Annual net grid output
–ESS only [GWh] −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10 −6.10

Appendix B. Data, Symbols and Variables

Summary of data used in the article and their symbols:

Technical data:

Battery_Cycle_Li f e expected battery life [cycles], Battery_Cycle_Li f e = 4800 [39]

Battery_Year_Li f e expected ESS battery lifetime [year], Battery_Year_Li f e =

15 [33]

ESS_E f f iciency one-way energy storage efficiency [–], ESS_E f f iciency = 0.922
(corresponding to A/C–A/C round trip efficency at invertor
= 0.85 [39])

Auxiliary_Energy_Losses installation auxiliary energy losses, Auxiliary_Energy_Losses =
0.03 (3% of transmitted energy) [40]

Installation_Li f etime expected installation lifetime [year], Installation_Li f etime =

30 (based on [33–35])

Max_Connection_Power maximum active power exchange with the grid [MW], as-
sumed
Max_Connection_Power = 100

NH number of hours [h], i = 1...NH, NH = 8760

PV_Output(i) PV energy output at the i-th hour [MWh/MWp], [36]

WT_Output(i) WT energy output at the i-th hour [MWh/MW], (own data
from real installation)
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Economic data:

Battery_CAPEX ESS battery replacement CAPEX [$/kW], Battery_CAPEX =

200 [33]

Common_CAPEX CAPEX common for the whole site: transformer, intercon-
nection, land acquisition, control, common electrical works
[$/kW],
Common_CAPEX = 100 (estimated on the base of [33])

Common_O&M_Cost fixed O&M annual cost common for the entire site: transformer,
interconnection, control, security [$/kW], Common_O&M_Cost =
5 (estimated on the base of [41])

CM_Power_Price contracted capacity market (CM) price [$/kW],
CM_Power_Price = 40–300 [42]

DAM_Energy_Price(i) day-ahead market (DAM) prices at the i-th hour [$/MWh] [37]

PPA_Energy_Price contracted electricity price at the PPA market [$/MWh],
PPA_Energy_Price = 50–250 [43]

ESS_Capacity_CAPEX ESS capacity CAPEX [$/kWh], ESS_Capacity_CAPEX = 401
$/kWh [33]

ESS_Capacity_O&M_Cost ESS capacity fixed O&M annual cost [$/kWh],
ESS_Capacity_O&M_Cost = 10.613 [33]

ESS_Power_CAPEX ESS power CAPEX [$/kW], ESS_Power_CAPEX = 376 [33]

ESS_Power_O&M_Cost ESS power fixed O&M annual cost [$/kW],
ESS_Power_O&M_Cost = 22.43 [33]

Imbalance_Cost average cost of imbalance [$/MWh], Imbalance_Cost = 3 [44]

PV_CAPEX PV CAPEX [$/kW], PV_CAPEX = 658 [41]

PV_O&M_Cost PV fixed O&M annual cost [$/kW], PV_O&M_Cost = 7.56 [41]

R discount rate [–], R = 0.03 [45]

Transmission_Fee transmission fee [$/MWh], Transmission_Fee = 3 [46]

WT_CAPEX WT CAPEX [$/kW], WT_CAPEX = 1483 [41]

WT_O&M_Cost WT fixed O&M annual cost [$/kW], WT_O&M_Cost = 35 [41]

Other symbols:

BESS battery energy storage system

CAPEX capital costs

CM Capacity Market

DAM Day Ahead Market

ESS energy storage system

FPV floating PV

HRES hybrid renewable energy source
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LP linear problem

MILP Mixed Integer Linear Programming

NLP nonlinear problem

NPV Net Present Value method

PPA Power Purchase Agreement

PV solar photovoltaic

RES renewable energy source

WT wind turbine
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