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Abstract

With the increasing saturation of renewable energy sources (RES), there are growing limitations on the
ability to connect new sources due to the lack of suitable locations or grid constraints. The existing
renewable sources connected to the grid, in turn, pose problems related to generation variability,
requiring the maintaining of costly reserves, and overproduction, resulting in forced outages. Therefore,
grid operators were forced to adopt a more flexible approach when issuing connection permits, the
so-called “cable pooling”, which limits only the power fed into the network in a given node, not the
total power of the connected sources. The article shows a method for optimal (from the investor’s
point of view) sizing of combination of different RES sources connected to the high-voltage network
under cable pooling conditions. The most frequently used RES technologies: photovoltaics and wind
turbines supplemented by the lithium-ion battery energy storage system are used. The main aim of
the work is to examine the relationship between the optimally selected composition of devices and
variables such as the investor’s financial goal, the type of market from which they will derive revenues
and prices on that market with an emphasis on the profitability of energy storage system.

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

1. Introduction
With the increasing saturation of renewable energy sources (RES), there are growing limitations

on the ability to connect new sources due to the lack of suitable locations or grid constraints [1].
The existing renewable sources connected to the grid, in turn, pose problems related to generation
variability, requiring the maintaining of costly reserves, and overproduction, resulting in forced
outages. Therefore, grid operators who previously assumed the sum of the power of various sources
and storage devices connected at one connection point in the grid connection conditions are forced
to adopt a more flexible approach, the so-called “cable pooling”, which limits only the power fed
into the network in a given node and not the total power of the connected sources. This allows for a
more economical and flexible solution consisting of connecting several different RES technologies and
energy storage systems (ESS) to one network node, together forming a hybrid renewable energy source
(HRES). This makes it possible to locate RES of higher capacity in a given location while creating a
more stable power source. This issue has been already reflected in the regulations. In Poland, the
existing regulation [2] enables the connection of two or more renewable energy source installations,
which may belong to one or more producers, to the common connection point and the submitted
amendment [3] proposes the inclusion of ESS in the cable pooling formula. Hungary has introduced
mandatory ESS co-location for solar photovoltaic (PV) assets above a certain size. In France co-located
ESS and PV can participate in the Contract for Differences (auctions with high strike prices) [4]. The
issue of connecting various renewable energy sources limited by the connection power or considering
the connection cost is the subject of a few articles. Among others, the work [5] discusses the issue
of connecting a hydroelectric power plant with floating PV (FPV) located in the reservoir next to the
power plant, the work [6] – connecting FPV with an offshore wind farm and wave energy converters.
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S. Golroodbari et al. in the article [7] try to assess the feasibility of adding an offshore FPV farm to
an existing Dutch offshore wind farm in the North Sea, under the constraint of a certain fixed cable
capacity. The specific capacity of the cable that connects the offshore park to the onshore grid is not
fully used due to the limited capacity factor of the wind farm.

The issue of FPV is also related to the work [8], which concludes with the possibility of integrating
different renewable technologies with the existing FPVs and highlights the benefits of doing so
with some examples. The possibilities of increasing the PV potential by locating new sources at the
connection points of the existing hydroelectric plants are shown in the article [9]. The RES installed
power and energy increase by combining PV and wind turbine (WT) sources is shown in articles [10]
and [11]. K. Obradović et al. [12] analyze how the physical design of PV/WT HRES differs from
single-technology facilities, with a particular focus on spatial layout optimization, electrical design,
and macro siting. Problems related to the location of WT and PV farms in the same area and the
shading of panels by turbine structures and rotor blades, are discussed in [13]. An example of a spatio-
temporal decision-making model which evaluates utility-scale PV, onshore WT, and hybrid PV/WT
power development while techno-economic potential considers technology-specific parameters and
infrastructure costs is presented in [14].

The task of optimizing the composition of HRES also appears in several publications. Most of
them concern isolated HRES, often based on solutions for real locations without grid connection.
In publication [15] the Mixed Integer Linear Programming (MILP) optimization algorithm has been
developed to design an optimal hybrid system composed by solar, wind and diesel generators together
with a battery storage for a mountain hut located in South Tyrol (Italy). The particle swarm optimization
for optimal sizing of a solar-wind-battery HRES for a rural community in Rivers State, Nigeria was
designed in [16]. The objective is to minimize the total economic cost, the total annual system cost
and the levelized cost of energy. A two-step approach was used. The Hybrid Optimization Model
for Multiple Energy Resources (HOMER) Pro Software was used in [17] to minimize the net present
cost, cost of energy, and CO2 emissions of the hybridized energy system (i.e., solar, wind, and diesel)
with battery storage in Bangladesh’s northern area. Medina-Santana et al. in [18] proposed a sizing
methodology that includes long short-term memory cells to predict weather conditions in the long
term, multivariate clustering to generate different weather scenarios, and a nonlinear mathematical
formulation to find the optimal sizing of an HRES for a rural community in the Pacific Coast of Mexico.
K. Kusakana et al. in [19] proposed linear programming to optimize the initial cost of the system’s
components in PV/WT islanded HRESs. The task to optimize the sizing of the system components
for smooth system operation and cost-effectiveness was solved in [20], with a new hybrid optimizer
setup called the Jaya-Grey Wolf Optimizer. The combined objectives of minimizing net annual cost
and loss of supply power probability were achieved for a standalone microgrid environment. Genetic
Algorithm and Particle Swarm Optimization tools were applied in [21] to select the optimum size of
RES consisting of PV modules, WT, and battery ESS (BESS).

The issue of the optimal selection of HRES structure to ensure the coverage of the demand
of customers connected to the grid or to minimize the exchange with the network was presented
in the following publications. M. A. Mohamed et al. in [22] optimize on-grid renewable energy
systems using a variety of renewable energy sources, with a particular focus on large-scale applications
designed to meet the energy demand of a certain load. The study employs the Walrus Optimization
Algorithm, Coati Optimization Algorithm, and Osprey Optimization Algorithm to determine the
optimal system size and energy management strategies aimed at minimizing the cost of energy for
grid-based electricity. An optimal sizing strategy for a grid-connected PV/WT hybrid system with
demand side scheduling was proposed in [23]. To do this, the energy consumption related to different
load types were modeled for scheduling. Paper [24] presents results based on linear programming
optimization models for PV/WT HRES, which show how effective they are in minimizing the use of
energy from the power grid in wine production. The paper [15] shows an optimal sizing method for
hybrid energy systems incorporating PV, WT and BESS components where the total monthly solar and
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wind energy amounts should meet the monthly energy demand. Supplying the base load in Helsinki
area was the main goal of the optimization of HRES size in publication [25]. The results indicate that
an HRES is at least 10.5 times more cost-efficient compared to a single RES system.

In publication [26] the authors of this article presented a method of selecting the energy-supply
structure of residential premises based on hourly energy consumption and generation. The method
was adopted here for the purpose of the optimal (from the investor’s point of view) sizing of HRES
source connected to the high-voltage network under cable pooling conditions. The authors decided
to choose the most frequently used RES technologies: PV and WT supplemented by the lithium-ion
battery energy storage system. The aim of the work was to examine the relationship between the
optimally selected composition of devices and variables such as the investor’s financial goal, the
type of market from which they will derive revenues and prices on that market. The authors were
particularly interested in examining when it is profitable to use ESS. The authors decided to choose a
grid-size installation because currently only such installations are involved in some of the markets
under consideration.

2. Definition of the Optimization Problem
The optimization task is to determine the power and capacity of a set of sources consisting of PV,

WT and lithium-ion battery ESS installations ensuring the maximization of the financial goal of the
investment, while limiting the exchange of active power with the grid at any time to a given constant
value. For the purposes of this article, this limit is assumed to be 100 MW. The NPV method was
adopted to calculate investment efficiency. Three variants of the financial objective were considered:

1. Maximizing NPV/CAPEX;
2. Maximizing NPV while ensuring a minimum NPV/CAPEX. For the purposes of this article,

NPV≥0.9·CAPEX (average yearly income ≥3%) was assumed;
3. Maximizing NPV with limited CAPEX. For the purposes of this article, CAPEX≤300 $M

(3,000 $/kW connection capacity) was assumed.

For each of them, three variants of sources of installation revenue were considered:

1. Power Purchase Agreement (PPA), a PPA price range of 50–250 $/MWh was considered (for
values lower than 50 $/MWh the investment was unprofitable);

2. Day Ahead Market (DAM), the range of DAM price changes considered was ×0.25–×4;
3. Capacity Market (CM) plus DAM, a CM price range of 40–300 $/MW was considered.

For the sake of comparison, the issue was also solved for individual technologies. A 30-year
lifetime of the installation was assumed (based on [27–29]) except the battery with 15-year lifetime. A
repeatable annual generation cycle based on weather data for the PV installation [30] and the actual
generation existing at the site of the planned investment (WT, own data from real installation) was
also assumed. Similarly, a repeatable annual cycle was adopted for the DAM, based on data from [31].
Naturally, such an approach is subject to uncertainty, especially related to DAM fluctuations, which
was considered through the simulation for various DAM price levels. In the longer term, generation
may also change due to climate change, but the extent of these changes is difficult to determine. An
additional parameter considered was the reduction of ESS investment costs through available subsidies.
Another simplification was to adopt an hourly generation interval. To reduce calculation uncertainty, a
shorter cycle can be assumed depending on the available data. All data was taken from the available
current sources for actual installations and is included in Appendix A.

3. Mathematical Model
The optimization problem for the financial objective 1 is a nonlinear problem (NLP) with linear

constraints and the objective function being the quotient of first-degree polynomials. For financial
objectives 2 and 3, the problem is a linear problem (LP).
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The search variables are:

wtip – installed WT power [MW];
pvip – installed PV panels power [MWp];

esp – installed ESS power [MW];

esc –
installed ESS useful capacity [MWh], the battery capacity was assumed to be between 1 and
10 h.

The following parameters are used in calculations:

To investigate the dependence on energy prices on DAM:

α – coefficient changing EPDAM 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.

Other variables used in the model:

wt(i) – used wind energy at the i-th hour [MWh];
pv(i) – used solar energy at the i-th hour [MWh];

esch(i) – ESS charging energy at the i-th hour [MWh];
esds(i) – ESS discharging energy at the i-th hour [MWh];

ese(i) – energy stored in ESS at the end of the i-th hour [MWh];
gs(i) – electricity sale to grid at the i-th hour [MWh];
gb(i) – electricity bought from grid at the i-th hour [MWh];

ESPCM – ESS power assigned to CM [MW];
ACT – ESS active market participation indicator [Boolean].

Multiplier calculating NPV for ILT years of equal year cash flow YCF at discount rate R:

NPVC =
1 − (1/(1 + R))ILT

1 − 1/(1 + R)
, NPV = YCF·NPVC.

NPV associated with CCAP and COM [$/MW]:

CNPV = 1000·(CCAP + NPVC·COM).

NPV associated with WT CAPEX and O&M costs [$/MW]:

WTNPV = 1000·(WTCAP − CCAP + NPVC·(WTOM − COM)).

NPV associated with PV CAPEX and O&M costs [$/MW]:

PVNPV = 1000·(PVCAP − CCAP + NPVC·(PVOM − COM)).

NPV associated with ESS power CAPEX and O&M costs [$/MW]:

ESPNPV = 1000·((ESPCAP − CCAP)·(1 − β) + NPVC·(ESPOM − COM)).

NPV associated with ESS capacity CAPEX and O&M costs [$/MW]:

ESCNPV = 1000·
(

ESCCAP·(1 − β) + NPVC·ESCOM +
BCAP

(1 + R)BLT

)
.
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Total CAPEX [$]:

TCAPEX =1000·
[
CCAP·MPC + (WTCAP − CCAP)·wtp+

(PVCAP − CCAP)·pvp + (ESPCAP − CCAP)·(1 − β)·esp+

ESCCAP·(1 − β)·esc
]
.

Total NPV [$]:

TNPV = NPVC·
[

ACT·
( NH

∑
i=1

(gs(i)·α·(EPDAM(i)− IBC))−

NH

∑
i=1

(gb(i)·(α·(EPDAM(i) + IBC) + TF)) + 1000·EPCM·ESPCM
)
+

(1 − ACT)·EPPPA·
NH

∑
i=1

gs(i)
]
− TCAPEX.

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.

Common constraints:

Empty storage at the year's start:
ese(0) = 0.

Empty storage at the year's end:
ese(NH) = 0.

Energy balance at the i-th hour:

wt(i) + pv(i) + esdc(i)− esch(i) = (1 + IAL)·gs(i)− gb(i).

Energy stored in ESS at the i-th hour:

ese(i) = ese(i − 1) + esch(i)·ESEF − esdc(i)
ESEF

.

ESS capacity assumed to be between 1 and 10 hours:

esp ≤ esc ≤ 10·esp.

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

0 ≤ wt(i) ≤ WTE(i)·wtip.
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Used PV energy at the i-th hour not greater than available generation:

0 ≤ pv(i) ≤ PVE(i)·pvip.

For assurance of full use of grid connection capacity:

wtip + pvip + esp ≥ MCP.

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

0 ≤ esds(i) ≤ esp.

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

0 ≤ esch(i) ≤ esp.

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

0 ≤ ese(i) ≤ esc.

Constraint limiting the annual number of ESS cycles:

ESEF·
NH

∑
i=1

esch(i) ≤ BLC
BLT

·esc.

Energy send to grid not greater than grid connection capacity:

0 ≤ gs(i) ≤ MCP.

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

0 ≤ gb(i) ≤ MCP·ACT.

Case-dependent constraints:

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

ACT = 0.

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

ACT = 1.

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

ESPCM = 0.

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

0 ≤ ESPCM ≤ MCP.

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

ESPCM ≤ esp.
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For cases 12, 22 and 32, average yearly income ≥3%:

TNPV ≥ 0.9·TCAPEX.

For cases 13, 23 and 33, CAPEX ≤3,000 $/kW connection capacity:

TCAPEX ≤ 1, 000·MCP·3, 000.

Objective functions (to minimize):


f = − TNPV

TCAPEX
, for cases 11, 21 and 31;

f = −TNPV, for cases 12, 13, 22, 23, 32 and 33.

4. Calculations and Results
The problem was modeled in the Mosel® language and the calculations were performed by

Xpress® IVE [32] software with default settings. In addition to the search variables, the annual energy
consumed and supplied to the grid, losses in the internal installation and in the ESS as well as the
reduction of PV and WT generation were also calculated. The data corresponding to the maximum
NPV was taken as the starting point in the NLP calculations. The global extremum for NLP feasible
problems has always been reached with computation time not exceeding several minutes, while the
LP problems were solved in several seconds. The results were transferred to and analyzed in an Excel
spreadsheet. The main emphasis in the analyses was placed on examining the profitability of ESS. The
selected results are presented below.

Case 11: It can be seen in Table 1 and Figure 1 that 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. Due to the higher CAPEX but also the higher efficiency of WT, their share
increases as the PPA price increases. The RES output reduction is negligible independently of the PPA
price. The last rows of the table show that the increase in the NPV/CAPEX value compared to the
use of single PV technology 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 energy mix for PPA prices
<90 $/MWh while in other cases HRES gives greater output.
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Table 1. 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 0.0 0.0 15.2 36.3 53.0 63.2 80.7 88.1 96.1 98.3

Installed PV power [MWp] 154.2 153.6 153.2 149.3 141.1 134.5 128.4 117.1 107.4 97.6 92.9

Installed ESS power [MW] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CAPEX [$M] 111.5 111.1 110.8 130.8 156.6 177.0 188.2 206.6 211.4 216.8 216.9

NPV/CAPEX [%] 14.1 27.1 40.1 66.3 93.3 120.8 148.4 218.1 288.1 428.6 569.3

Annual net grid output [GWh] 143.9 143.3 143.0 173.0 211.8 242.1 258.9 286.2 293.7 302.0 302.3

RES output reduction [%] 1.1 1.0 1.0 0.8 0.6 0.7 0.7 0.8 0.7 0.8 0.8

NPV/CAPEX – PV only [%] 14.1 27.1 40.1 66.2 92.3 118.3 144.4 209.6 274.8 405.2 535.7

NPV/CAPEX – WT only [%] -3.3 10.8 24.9 53.1 81.4 109.6 137.8 208.4 279.0 420.1 561.3

Annual net grid output
– PV only [GWh] 143.8 143.3 143.0 142.3 141.7 141.2 141.0 140.5 140.2 139.5 139.2

Annual net grid output
– WT only [GWh] 231.8 231.7 231.7 231.6 231.4 231.3 231.2 231.1 231.0 230.9 230.9

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 1. Case 11 without ESS CAPEX subsidy – calculation results depending on the PPA price.

Case 12: Table 2 shows the 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 $/MW. The results not presented here show that with an increasing ESS subsidy, both its capacity
and energy expressed in [h] increase. Single ESS leads to a lack of solutions for all PPA prices. The
RES output reduction increases with the PPA price increase. The last rows of the table show that
the increase in the NPV value and grid output compared to the use of single PV (especially) or WT
technology is significant.
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Table 2. 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] 104.2 144.7 160.2 196.1 231.0 285.2 334.1

Installed PV power [MWp] 140.3 186.4 195.5 216.4 233.8 287.7 353.0

Installed ESS power [MW] 0.0 0.0 0.0 0.0 0.0 15.8 46.5

Installed ESS capacity [MWh] 0.0 0.0 0.0 0.0 0.0 51.3 217.9

CAPEX [$M] 256.9 347.2 376.1 443.2 506.4 648.7 842.5

NPV [$M] 231.2 331.6 421.0 660.4 916.6 1,471.7 2,092.6

Annual net grid output [GWh] 352.0 432.7 452.9 492.8 523.4 579.9 645.3

RES output reduction [%] 2.9 12.6 15.8 22.6 28.3 35.4 38.9

NPV – PV only [$M] 111.2 156.0 194.9 299.4 410.7 647.0 961.4

NPV – WT only [$M] 217.3 288.8 479.2 688.7 1,147.4 1,648.4

Annual net grid output
– PV only [GWh] 157.1 189.4 196.9 215.4 225.1 244.0 488.4

Annual net grid output
– WT only [GWh] 310.1 353.5 399.2 429.3 476.9 514.5

Case 13: As can be seen in Table 3, 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. Due to the higher CAPEX but also the higher efficiency of WT, their power increases as the
PPA price increases while PV size remains stable. The RES output reduction is very low independently
of the PPA price. The last rows of the table show that the increase in the NPV value and grid output
compared to the use of single PV (especially) or WT technology is significant.

Table 3. 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] 71.9 104.0 105.7 116.4 121.1 121.9 122.5 124.1 125.1 126.2 126.8

Installed PV power [MWp] 146.9 147.8 154.7 167.2 167.7 166.1 164.6 161.0 158.7 156.4 154.9

Installed ESS power [MW] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CAPEX [$M] 213.3 261.5 268.5 292.7 300.0 300.0 300.0 300.0 300.0 300.0 300.0

NPV [$M] 19.7 53.8 90.1 165.9 245.3 325.0 404.8 604.3 803.9 1,203.3 1,602.8

Annual net grid output [GWh] 291.5 356.7 363.8 387.6 394.7 394.9 395.1 395.4 395.6 395.7 395.8

RES output reduction [%] 2.0 3.4 4.1 6.5 7.3 7.2 7.2 7.2 7.1 7.1 7.1

NPV – PV only [$M] 16.2 31.9 48.2 82.4 118.5 156.0 194.9 299.4 410.7 647.0 891.9

NPV – WT only [$M] -28.4 -5.5 18.1 42.6 95.8 154.8 219.4 288.8 468.1 647.4 1,006.1

Annual net grid output
– PV only [GWh] 152.7 158.1 164.6 174.1 182.8 189.4 196.9 215.4 225.1 242.7 242.7

Annual net grid output
– WT only [GWh] 220.8 230.8 236.8 250.1 277.5 306.5 332.8 353.5 355.3 355.3 355.3
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Case 21: Table 4 shows that installation is profitable only for DAM price multiplier >0.33 and that
ESS is not profitable for any of the DAM price mulitipliers analyzed. Further calculations show that
only for DAM price multiplier >2.0 and ESS CAPEX subsidy >80% ESS were selected. Depending on
the DAM price multiplier share of PV/WT power differs significantly. The RES output reduction is
very low independently of the DAM price multiplier. The last rows of the table show that the increase
in the NPV/CAPEX value compared to the use of single PV and WT technologies is significant for
single PV technology and, for larger DAM price multipliers, also with single WT technology. The grid
output is largest for single WT technology.

Table 4. 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 0.0 80.4 100.7 104.0 104.6 104.6 104.6 104.6 104.5 104.6

Installed PV power [MWp] 166.2 162.2 125.3 90.4 49.0 0.8 0.0 0.0 0.0 0.0 0.0

Installed ESS power [MW] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CAPEX [$M] 119.4 116.7 211.7 218.8 196.5 165.6 165.1 165.1 165.1 165.0 165.1

NPV/CAPEX [%] -44.6 -21.8 30.8 112.6 195.5 364.2 533.7 703.3 872.8 1,042.4 1,211.9

Annual net grid output [GWh] 152.0 149.1 288.2 299.9 269.8 226.7 225.9 225.9 225.9 225.9 226.0

RES output reduction [%] 3.1 2.5 2.6 2.5 2.2 2.1 2.1 2.1 2.1 2.1 2.1

NPV/CAPEX – PV only [%] -44.6 -21.8 26.7 98.0 169.4 312.2 455.1 597.9 740.7 883.6 915.7

NPV/CAPEX – WT only [%] -59.7 -32.6 25.1 109.8 194.6 364.2 533.7 703.3 872.8 1,042.4 1,211.9

Annual net grid output
– PV only [GWh] 152.0 149.1 146.3 144.9 144.0 142.9 142.2 141.9 141.7 141.6 141.5

Annual net grid output
– WT only [GWh] 227.8 227.0 226.7 226.3 226.1 226.0 225.9 225.9 225.9 225.9 226.0

Case 22: As can be seen in Table 5 and Figure 2 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 results not presented here show that ESS only case leads to a lack of solutions
for all DAM price multipliers. The RES output reduction is very significant for nearly all DAM price
multipliers. The last rows of the table show that the increase in the NPV value and grid output is
significant compared to the use of single PV (especially) or WT technology.
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Table 5. 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] 145.2 195.6 260.4 293.7 327.7 341.2 346.9 348.9

Installed PV power [MWp] 187.5 220.1 331.6 422.0 501.3 561.0 631.4 698.9

Installed ESS power [MW] 0.0 0.0 54.2 87.9 98.8 102.7 120.1 134.1

Installed ESS useful capacity [MWh] 0.0 0.0 235.0 440.5 564.6 659.3 765.6 850.9

CAPEX [$M] 348.8 444.9 729.0 932.9 1,089.4 1,188.1 1,292.1 1,378.9

NPV [$M] 313.9 592.4 1,266.8 2,078.6 2,957.7 3,874.2 4,815.7 5,775.7

Annual net grid output [GWh] 427.5 486.9 599.8 660.6 699.9 720.4 739.4 752.8

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

NPV – PV only [$M] 130.4 253.6 522.8 825.5 1,154.3 1,499.6 1,855.9 2,222.5

NPV – WT only [$M] 218.2 444.0 973.4 1,573.1 2,218.7 2,899.9 3,608.4 4,337.1

Annual net grid output
– PV only [GWh] 174.5 217.4 242.5 265.7 280.3 288.8 295.7 303.4

Annual net grid output
– WT only [GWh] 305.1 389.6 459.5 504.0 534.2 559.0 577.4 591.0
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Figure 2. Case 22 without ESS CAPEX subsidy – calculation results depending on the DAM price multiplier.

Case 23: Table 6 shows that ESS is not profitable for any of the DAM price mulitipliers analyzed.
Further calculations show that ESS were selected, beginning with the DAM price multiplier =0.75 and
ESS CAPEX subsidy =90%. The higher DAM price multiplier the lower subsidy level was needed for
the ESS selection. For the DAM price multiplier <0.5 only PV and ESS were selected. The RES output
reduction is <10% independently of the DAM price multiplier. The last rows of the table show that 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.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2025 doi:10.20944/preprints202508.1116.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1116.v1
http://creativecommons.org/licenses/by/4.0/


12 of 24

Table 6. 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 0.0 105.9 122.0 124.2 126.6 127.8 128.6 129.1 129.5 129.7

Installed PV power [MWp] 100.0 100.0 153.4 165.8 160.8 155.4 152.7 151.0 149.8 148.8 148.5

Installed ESS power [MW] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CAPEX [$M] 75.8 75.8 268.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0

NPV [$M] -39.0 -22.4 77.0 305.8 538.8 1,005.4 1,472.2 1,939.1 2,406.1 2,873.2 3,340.2

Annual net grid output [GWh] 93.8 93.8 357.9 388.9 389.4 389.7 389.8 389.8 389.9 389.9 389.8

RES output reduction [%] 0.6 0.6 5.4 8.6 8.6 8.5 8.5 8.5 8.5 8.6 8.6

NPV – PV only [$M] -39.0 -22.4 32.7 134.6 253.6 522.7 807.9 1,093.2 1,378.4 1,663.6 1,948.8

NPV – WT only [$M] -95.1 -52.3 42.8 220.7 434.7 866.4 1,298.0 1,729.6 2,161.2 2,592.9 3,024.5

NPV – ESS only [$M] -160.8 -158.1 -152.3 -143.8 -135.3 -118.3 -101.2 -83.5 -47.1 2.7 60.5

Annual net grid output
– PV only [GWh] 93.8 93.8 164.3 192.1 217.4 241.2 241.2 241.2 241.2 241.2 241.2

Annual net grid output
– WT only [GWh] 216.1 216.1 244.3 330.8 349.2 349.2 349.2 349.2 349.2 349.2 349.2

Annual net grid output
– ESS only [GWh] -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -11.2 -16.8 -22.4 -27.1

Case 31: It can be seen in Table 7 that 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 equal to
MCP=100 MW and minimum allowed capacity 1 h). For the DAM price multiplier >2.0 only WT are
selected, for the DAM price multiplier <0.5 only PV and ESS are selected. The RES output reduction
is negligible independently of the CM price. The last rows of the table show that the increase in the
NPV/CAPEX value and grid output compared to the use of single technologies depend on the CM
price and technology.
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Table 7. 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] 104.0 104.0 104.0 104.0 104.0 104.5 98.4 0.0 0.0 0.0 0.0

Installed PV power [MWp] 45.9 49.0 46.8 45.9 45.9 50.9 0.0 0.0 0.0 0.0 0.0

Installed ESS power [MW] 0.0 0.0 0.0 0.0 0.0 100.0 100.0 100.0 100.0 100.0 100.0

Installed WT power [MWh] 0.0 0.0 0.0 0.0 0.0 100.0 100.0 100.0 100.0 100.0 100.0

CAPEX [$M] 194.5 196.5 195.1 194.5 194.5 276.2 233.6 87.7 87.7 87.7 87.7

NPV/CAPEX [%] 195.5 195.5 195.5 195.5 195.5 203.7 219.5 248.6 306.1 421.2 536.3

Annual net grid output [GWh] 267.0 269.8 267.8 267.0 267.0 268.8 207.6 -6.1 -6.1 -6.1 -6.1

RES output reduction [%] 2.2 2.2 2.2 2.2 2.2 1.7 2.0 0.0 0.0 0.0 0.0

NPV/CAPEX – PV only [%] 169.4 169.4 169.4 169.4 169.4 169.4 169.4 169.4 169.4 169.4 169.4

NPV/CAPEX – WT only [%] 194.6 194.6 194.6 194.6 194.6 194.6 194.6 194.6 194.6 194.6 194.6

NPV/CAPEX – ESS only [%] -54.5 -14.2 26.2 66.6 107.0 147.3 187.7 228.1 268.5 369.4 470.4

Annual net grid output
– PV only [GWh] 144.0 144.0 144.0 144.0 144.0 144.0 144.0 144.0 144.0 144.0 144.0

Annual net grid output
– WT only [GWh] 226.1 226.1 226.1 226.1 226.1 226.1 226.1 226.1 226.1 226.1 226.1

Annual net grid output
– ESS only [GWh] -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1

Case 32: Table 8 shows that for any of the CM prices analyzed the same energy mix is selected:
196.5 MW PV, 239.6 MW WT and 100 MW/1 h ESS. Further calculations show that for the DAM price
multiplier >1.0 the higher DAM prices, the higher values of PV&WT power are selected together
with higher ESS capacities [h], for the DAM price multiplier <0.75 no solution exists for CM prices
<120 $/kW, for the DAM price multiplier <0.5 only PV and ESS are selected. The RES output reduction
strongly depends on the DAM price multiplier. The last rows of the table show that the increase in
the NPV value and grid output for HRES is significant compared to the use of single PV, WT or ESS
technology.
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Table 8. 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] 196.5 196.5 196.5 196.5 196.5 196.5 196.5 196.5 196.5 196.5 196.5

Installed PV power [MWp] 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6 239.6

Installed ESS power [MW] 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Installed WT power [MWh] 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

CAPEX [$M] 536.8 536.8 536.8 536.8 536.8 536.8 536.8 536.8 536.8 536.8 536.8

NPV [$M] 608.1 648.5 688.9 729.2 769.6 810.0 850.4 890.7 931.1 1,032.1 1,133.0

Annual net grid output [GWh] 514.5 514.5 514.5 514.5 514.5 514.5 514.5 514.5 514.5 514.5 514.5

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] 608.1 648.5 688.9 729.2 769.6 810.0 850.4 890.7 931.1 1,032.1 1,133.0

NPV – WT only [$M] 444.0 444.0 444.0 444.0 444.0 444.0 444.0 444.0 444.0 444.0 444.0

NPV – ESS only [$M] 107.0 147.3 187.7 228.1 268.5 369.4 470.4

Annual net grid output
– PV only [GWh] 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4

Annual net grid output
– WT only [GWh] 389.6 389.6 389.6 389.6 389.6 389.6 389.6 389.6 389.6 389.6 389.6

Annual net grid output
– ESS only [GWh] -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1

Case 33: It can be seen in Table 9 and Figure 3 that while WT and PV installed power decreases
with the CM price increase, the ESS power increases up to MCP=100 MW (always with 1 h capacity).
The results not presented here show that the lower the DAM prices, the lower the CM price values for
which ESS are selected (always with power 100 MW and capacity 1 h), for the DAM price multiplier
<0.5 only PV and ESS are selected. The RES output reduction strongly depends on the DAM price
multiplier. The last rows of the table show that 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 price >100 $/kW is greatest for single WT sources.
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Table 9. 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] 124.2 124.2 117.3 109.0 104.8 104.2 104.2 104.2 104.2 104.2 104.2

Installed PV power [MWp] 160.8 160.8 157.4 149.0 120.8 87.7 87.7 87.7 87.7 87.7 87.7

Installed ESS power [MW] 0.0 0.0 15.9 39.0 70.8 100.0 100.0 100.0 100.0 100.0 100.0

Installed WT power [MWh] 0.0 0.0 15.9 39.0 70.8 100.0 100.0 100.0 100.0 100.0 100.0

CAPEX [$M] 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0

NPV [$M] 538.8 538.8 538.8 541.5 552.2 574.0 610.4 650.7 691.1 731.5 832.4

Annual net grid output [GWh] 389.4 389.4 380.7 363.7 334.2 302.3 302.3 302.3 302.3 302.3 302.3

RES output reduction [%] 8.6 8.6 6.4 4.1 2.2 1.7 1.7 1.7 1.7 1.7 1.7

NPV – PV only [$M] 253.6 253.6 253.6 253.6 253.6 253.6 253.6 253.6 253.6 253.6 253.6

NPV – WT only [$M] 434.7 434.7 434.7 434.7 434.7 434.7 434.7 434.7 434.7 434.7 434.7

NPV – ESS only [$M] -54.5 -14.2 26.2 66.6 107.0 147.3 187.7 228.1 268.5 369.4 470.4

Annual net grid output
– PV only [GWh] 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4 217.4

Annual net grid output
– WT only [GWh] 349.2 349.2 349.2 349.2 349.2 349.2 349.2 349.2 349.2 349.2 349.2

Annual net grid output
– ESS only [GWh] -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1 -6.1
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Figure 3. Case 33 without ESS CAPEX subsidy and with the DAM price multiplier =1.0 – calculation results
depending on the CM price.
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5. General Observations
It should be noted that all results are site-specific and depend on the proportion and distribution

of PV and WT generation, as well as price volatility on the DAM. The following patterns can be
observed:

• The optimal composition of sources depends on the financial objective of the investment, which
for DAM is shown in Figure 4 below.
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Figure 4. Optimal composition of sources depending on the financial objective of the investment for DAM.
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• The optimal composition of sources depends on the investment source of income, which for
financial objective 1 is shown in Figure 5 below.
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Figure 5. Optimal composition of sources depending on the source of income and corresponding price level for
financial objective 1.

• Depending on the financing option and the financial objective, the price level may have a greater
(cases 11, 12, 21, 22, 31) or smaller (cases 13, 23, 32, 33) impact on the optimal composition of
sources (see Figures 1–3);
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• When participating in CM, the selection of sources is also influenced by the DAM prices as shown
in Figure 6 below.
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Figure 6. 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 DMA and financial objective 1 the ESS generally
is not profitable, independently of the subsidies. For DAM and financial goals 2 & 3, the subsidies
to ESS CAPEX help to achieve profitability at lower DAM prices (see Figure 7 below). Without
subsidies ESS are selected primarily for CM participation, and then in some cases they are the
only selected sources.
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Figure 7. Optimal composition of sources depending on the ESS CAPEX subsidy for financial objective 2 and the
DAM price multiplier = 1.0.

• For most cases (but not for all) both financial objective and grid output were significantly higher
for HRES than for single technologies as shown in Figures 8 and 9.

• Production variability of HRES was much lower than for single technologies, for example in May
in Case 23 coefficient of variation was equal: 1.12 for PV only, 0.99 for WT only and 0.69 for HRES.
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Figure 9. Single technology NPV and grid output in relation to HRES in Case 23.

6. Summary and Conclusions
According to the authors, the presented method allows for determining a starting point for

selecting the optimal source mix while limiting the active power fed into the grid. As can be seen,
this strongly depends on the financial objective and the source of revenue. Since there is also a strong
dependence on DAM prices, if they are a source of revenue, further analysis should be carried out
by calculating the financial result for the selected variant with various changes in DAM prices. This
is particularly important when DAM is the sole source of revenue. In the case of long-term, fixed-
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value contracts (PPA and CM – if revenues from the CM market alone ensure at least investment
profitability), the relationship with generation changes can be examined, but long-term forecasts are
subject to significant uncertainty, especially for wind. Analyses can be performed by calculating NPV
using a method like the one used in this paper.

7. Future Research
The authors’ further goal is to carry out the analyses given in the previous point, considering the

variability forecasts in statistical terms.
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Appendix A. Symbols and Variables
Summary of data used in the article and their symbols:
Technical data:

NH number of hours [h], i = 1...NH, NH = 8760
MCP maximum active power exchange with the grid [MW], assumed MCP = 100
WTE(i) WT energy output at the i-th hour [MWh/MW], (own data from real installation)
PVE(i) PV energy output at the i-th hour [MWh/MWp], [30]
ESEF one-way energy storage efficiency [–], ESEF = 0.922 (corresponding to A/C–A/C

round trip efficency at invertor = 0.85 [33])
IAL installation auxiliary energy losses, IAL = 0.03 (3% of transmitted energy) [34]
ILT expected installation lifetime [year], ILT = 30 (based on [27–29])
BLT expected ESS battery lifetime [year], BLT = 15 [27]
BLC expected battery life [cycles], BLC = 4800 [33]

Economic data:
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EPPPA contracted electricity price at the PPA market [$/MWh], EPPPA = 50–250 [35]
EPDAM(i) day-ahead market (DAM) prices at the i-th hour [$/MWh] [31]
EPCM contracted capacity market (CM) price [$/kW], EPCM = 40–300 [36]
IBC average cost of imbalance [$/MWh], IBC = 3 [37]
TF transmission fee [$/MWh], TF = 3 [38]
R discount rate [–], R = 0.03 [39]
CCAP CAPEX common for the whole site: transformer, interconnection, land acquisition, control,

common electrical works [$/kW], CCAP = 100 (estimated on the base of [27])
COM fixed O&M annual cost common for the entire site: transformer, interconnection, control,

security [$/kW], COM = 5 (estimated on the base of [40])
WTCAP WT CAPEX [$/kW], WTCAP = 1483 [40]
WTOM WT fixed O&M annual cost [$/kW], WTOM = 35 [40]
PVCAP PV CAPEX [$/kW], PVCAP = 658 [40]
PVOM PV fixed O&M annual cost [$/kW], PVOM = 7.56 [40]
ESPCAP ESS power CAPEX [$/kW], ESPCAP = 376 [27]
ESPOM ESS power fixed O&M annual cost [$/kW], ESPOM = 22.43 [27]
ESCCAP ESS capacity CAPEX [$/kWh], ESCCAP = 401 $/kWh [27]
BCAP ESS battery replacement CAPEX [$/kW], BCAP = 200 [27]
ESCOM ESS capacity fixed O&M annual cost [$/kWh], ESCOM = 10.613 [27]
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