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1 | INTRODUCTION
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Abstract

Integration of large-scale wind farms (WF's) into the grid has to meet the critical constraints
set in the national grid code. Wind farm operators (WFOs) are inclined to comply with
these constraints and avoid heavy penalty costs for violating such regulations. However,
this may result in reduced power sent to the grid. Moreover, the addition of new rules to
account for the increased penetration of WFs brings challenges to the profitability of the
WFs. A battery energy storage system (BESS), if sized optimally, can be a reliable method to
fulfill the grid code requirements without sacrificing profit. This paper provides a techno-
economic model to find the optimal rated capacity and power for a BESS in WFs. This
optimization model takes the absolute production and delta production constraints into
account. Two approaches are studied for integrating these constraints into the grid code.
It is shown that the flexible strategy financially outperforms the strict addition of the new
rules. This will be useful, especially to attract investments in wind energy projects despite
the abovementioned limitations in the grid code. All the modeling and analysis are done
for a potential offshore wind power plant (OWPP) in Turkey. Simulation results show the
effectiveness of the optimal BESS in increasing the amount of energy delivered to the grid
and improving the profitability of the OWPP.

power grids [7]. Although uncertainty in small-scale WFs can
be ignored, its presence in large-scale WFs can cause serious

Turkey has increased its installed wind power capacity from 1.73
GW in 2011 to 10.67 GW in 2021. Accordingly, the share of
wind energy in electricity generation has improved from 3.27%
to 10.63% [1]. The total energy demand in Turkey is predicted to
rise from 324.5 TWh in 2022 to 452.2 TWh by 2031 [2]. Hence,
Turkey needs to increase its renewable energy generation capac-
ity even further to meet this demand increase and reduce its
carbon emissions [3]. While the total installed wind energy
power in Turkey has reached 11.4 GW by the end of 2022 with
358 onshore wind farms [4], Turkey’s very first OWPP is yet to
be installed [3, 5].

A review of the integration issues specifically for offshore
WFs is presented in [6]. Uncertainty is inevitable in wind energy
due to its innate variability, which needs to be considered
for economically optimal and technically stable operation of

power quality and power stability problems for the transmis-
sion system operator (TSO). Installing auxiliary ESSs for the
WFs is one of the proposed methods in the literature to address
these challenges [0, 8]. Grid code is a set of rules defined
by the responsible legislator for the secure operation of the
power system. Violating the grid code requirements could lead
to penalties for the power plant operator. In the past, with low
shares of wind energy in power systems, the grid code regula-
tions were rather simple for WEs. However, with the accelerated
installation of WFs, especially large ones, grid code requite-
ments were updated accordingly. New grid codes required WFs
to contribute to grid support actions instead of disconnection.
Frequency support is one of the essential functions for power
system stability. Simply put, it requires the total generation to be
increased during under-frequency conditions and to decrease
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the generation during over-frequency periods to create a bal-
ance between generation and demand. Frequency support, in
this context, is achieved by keeping a certain level of reserve
capacity in the power grid. This is commonly provided by
conventional power plants since it would negatively affect the
financial revenue of WFOs because they would be required
to consistently reduce their generation even under normal fre-
quency conditions. However, in the future, WFs are expected
to be one of the main components contributing to frequency
support due to their faster response times than most traditional
power plants [9, 10]. For instance, in Denmark where the pene-
tration level of wind energy is already high, strict requirements
are set in the Danish grid code for the output active power of
WFs. These include absolute production, delta production, and
power gradient constraints. In this paper, the first two require-
ments are considered and further explained in section 3. Similar
requirements exist in the Korean grid code [11, 12]. A compre-
hensive study on Turkish grid-code requirements for integrating
OWPPs is presented in [13].

Studies on the optimal sizing of ESSs for WFs can be found
in the literature. Research on optimal BESS for profit maxi-
mization of a WF in the day-ahead market for an Italian case
study is presented in [14]. In [15], authors have developed a
mixed-integer nonlinear model to optimize an ESS for neigh-
boring WTs by considering forecast errors. Optimal sizing and
management of an ESS for a South Korean case are studied
in [16]. Authors in [17] have optimized a Lithium-ion BESS
for WFs considering the costs of auxiliary services, namely
peaking and reserve capacity. A control strategy is designed
in [18] for offshore WFs coupled with ESSs. The proposed
method combines the WF control layer with local controllers of
individual wind turbines to achieve higher efficiency and prof-
itability. A framework for optimizing ESS capacity and location
in a transmission-constrained network to support WFs is pre-
sented in [19]. Optimizing ESS size for inertial support from
WFs is studied in [20]. Network constraints, wind generation
uncertainty, and conventional unit outages are considered. Opti-
mization of ESSs for WFs considering the Korean grid code is
studied in [12]. In [21], authors have optimized a hybrid ESS
consisting of batteries and supercapacitors to achieve a smooth
output power from the WF according to the 1-min and 10-min
ramp rate limits.

It is evident that ESSs are advantageous for WFs. These ben-
efits include but are not limited to reduced power curtailment,
increased revenue, inertial support, filtering high-frequency
fluctuations, and complying with grid code requirements.
Although the BESS technology has matured considerably in the
past few years, it is still deemed expensive for utility-scale instal-
lations. So, given their positive impacts on the integration of
WFs, optimization is needed to find a balance between financial
costs and performance enhancements introduced by the BESS.
In this paper, a two-layer techno-economic optimization frame-
work is presented. The goal is to find the optimal BESS that
increases the annual profit of the WFO by minimizing viola-
tions of the grid code constraints on active power defined for
the integration of WFs by the TSO.

The contributions of this paper are to demonstrate the
impacts of applying flexibility while introducing new rules
namely absolute and delta production constraints into the grid
code by the Turkish TSO.

With increased penetration of large-scale WFs in the main
grid, the Turkish TSO is considering introducing new regula-
tions into the national grid code for the stability and integrity
of the grid. However, since offshore wind energy in Turkey is
an untouched area, adding new rules will most likely disturb
future investments. The new rules under consideration will most
likely include limitations on the active power production of the
WFs. In other countries with already high levels of wind energy,
absolute and delta production constraints are integrated into
their grid codes. In this paper, the introduction of these rules
into the Turkish grid code is considered. The large-scale BESS
technology is analyzed as a viable solution to counteract these
constraints. The contributions are to show BESS technology as
a viable solution to counteract new regulations while maintain-
ing financial profitability. By analyzing two strategies, namely
strict and flexible, it is demonstrated how the inclusion of flex-
ibility in the introduction process of active power constraints
can increase the profits of the WFO. The case study is done to
advocate for Turkey’s very first potential OWPP.

The research presented in this paper is performed in contti-
bution to the Offshore WFs Large-Scale Integration project in
Turkey (WindFlag) [22]. In [3], authors have conducted exten-
sive research to identify suitable sites for installing OWPPs
in Northwest Tutkey, and the Kiytkdy region was introduced
as one of the candidates for this purpose. The proposal for
Kiyitkéy OWPP includes two phases with 60 wind turbines in
each. The 15 MW offshore wind turbine reference model from
the National Renewable Energy Laboratory (NREL), defined
in [23], is considered in this project. So, the Kiytkéy OWPP
is aimed to have a 1.8 GW installed power. Integration of
the Kiytkoy OWPP into the Turkish grid, mainly considering
compliance with grid code requirements related to voltage and
frequency, is thoroughly analyzed in [5].

The remainder of this paper is organized as follows: Sec-
tion 2 provides the wind speed and power data extraction
procedure for the Kiyitk6y OWPP. The details of selected grid
code constraints are described in Section 3. The proposed
techno-economic optimization approach is presented in Sec-
tion 4. Section 5 provides simulation results of the case study
and discussions. Finally, Section 6 concludes the paper.

2 | WIND DATA

The chosen wind turbine model for the Kiytkéy OWPP has a
hub height of 150 m. Historical wind data with houtly, daily,
monthly, and annual temporal resolutions for single point coot-
dinates around the world are available at NASA’s Prediction
of Wotldwide Energy Resources (POWER) Application Pro-
gramming Interface (API) [24]. Hourly wind speed data for
the year 2022 at 50 meters above sea level for the Kiytkoy
OWPP coordinates are extracted from the POWER platform.
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FIGURE 1 Probability distribution function of wind speed in Kiyikdy in
the year 2022 and output power curve of an individual 15 MW reference
offshore wind turbine.

TABLE 1 Parameters of wind speed profile.

Parameter Value
Maximum wind speed 17 (m/s)
Average wind speed 5.76 (m/s)
Weibull distribution shape parameter 2.422
Weibull distribution scale parameter 6.486 (m/s)

Two mathematical methods can be used to calculate wind speed
at an elevation different from the measurement height. These
techniques include the logarithmic profile and the power law
profile [25]. In this paper, the power law profile method is
utilized to find wind speed data at the desired hub height
of 150 m. The power law profile equation is shown below
[24, 25]:

Y
v =1 x (ﬁ) : 1)

The wind turbine reference model used in this study has a
hub height (b;;) of 150 m, and the wind measurement height
(hyr) is 50 m. The surface roughness parameter (&) of the open
water surface is taken as 0.1006, according to [24]. The prob-
ability distribution of wind speed for the proposed Kiyikoy
OWPP location is illustrated in Figure 1. It can be seen that wind
speed data follow the Weibull distribution function. Important
parameters of the distribution function are listed in Table 1.

The power vs. wind speed curve of the 15 MW reference
wind turbine model is plotted in Figure 1. The power output
of an individual wind turbine is obtained, and its distribution
function is shown in Figure 2.

3 | GRID-CODE CONSTRAINTS ON
OUTPUT ACTIVE POWER

Two of the regulations for the active power output of WFs
applied in the Danish grid code are explained here [7, 10,
12]. These regulations ensure stable grid operation in terms
of supply and demand balance despite uncertainties in wind

Wind Turbine Power (MW)

FIGURE 2  Probability distribution function of an individual 15 MW
reference offshore wind turbine power in Kiyikdy in the year 2022.

energy. In addition, they motivate WEFOs to adopt solutions that
bring stronger contributions to the energy supply chain and,
eventually, higher economic returns.

3.1 | Absolute production constraint

As the name suggests, this constraint limits the WI’s output
power to avoid overloading. The predefined power limit can be
set to a constant value for small-scale WFs or grids where the
wind energy penetration is small. However, for large-scale WFs,
especially those integrated into grids with high wind energy
potential, the WI would be required to enter the day-ahead mar-
ket like any other power plant. In this scenario, the output power
limit for every hout should be assigned separately based on the
available power. In other words, the output power limit is also
the committed power for that specific hour.

Due to the uncertainty in wind energy, the realistically avail-
able power from the WI can be higher or lower than the
predefined power limit. Without any ESS, curtailment is the
only tool for the WFO to decrease the available power to
the committed power level. If the available power is below the
committed power, the WFO will be fined for the power mis-
match. On the contrary, the presence of an ESS allows the
WFO to store the extra power and utilize it in periods of lower
available power. Hence, it is evident that the installation of ESS
can significantly reduce power curtailment and power mismatch,
which leads to higher financial profit for the WFO.

In this paper, the absolute production limit or the commit-
ted power in each hour is derived from the original hourly wind
speed data extracted in the previous section.

3.2 | Delta production constraint

Based on grid code requirements for active power, WFs must
hold a certain amount of reserve power while connected to the
grid to contribute to the power system stability during emer-
gencies, similar to the spinning reserve in traditional power
plants. This constraint is normally defined as a percentage of
the output power.
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Without any ESS in place, the WFO is forced to constantly
decrease the output power. In this way, the required reserve
power is kept in the form of a spinning reserve in wind turbine
generators. Investing in installing an ESS helps the WFO to ful-
fill a part of the required reserve power by the energy stored in
the ESS. Hence, the output power of the WF and its financial
profit increase significantly if the ESS is optimally selected.

4 | TECHNO-ECONOMIC
OPTIMIZATION MODEL FOR SIZING OF
THE BESS

4.1 | Control methodology

Based on the constraints explained in the previous section, two
strategies can be developed for the united operation of OWPP
and ESS. In the first strategy, the WFO is expected to deliver the
required power based on the committed power, no more and
no less. In other words, the absolute production constraint level
equals the committed power at each hour. So, any deviation,
whether higher or lower than the committed value, is grounds
for the penalization of the WFO by the TSO. So, when the total
available power from the WF and ESS exceeds the sum of com-
mitted output and reserve powers, all of the extra power must
be kept as reserves and cannot be injected into the grid as it will
surpass the committed output power. This is the strict strategy
in this paper.

The second strategy represents a more flexible market envi-
ronment toward renewable energies. Here, the WFO is charged
with fines only if the power delivered to the grid is below the
committed output power. Hence, under situations where avail-
able energy is more than required, the WFO is permitted by
the TSO to inject more power into the grid under the condition
that the provided reserve capacity is updated accordingly. Going
forward, this strategy will be cited as the flexible strategy.

Needless to say, any shortage of reserve power in either one
of the strategies leads to penalties for the WFO.

A block diagram of the proposed techno-economic model is
illustrated in Figure 3.

4.2 | Technical algorithm

The inner layer of the two-level techno-economic model con-
sists of a technical algorithm. The proposed mixed-integer
nonlinear programming (MINLP) based technical algorithm
is developed and presented in Algorithm 1. A nomencla-
ture including definitions of abbreviations and parameters is
included in Table 2. Initially, based on the state of charge (SOC)
of the BESS and its rated output power, the amounts of powers
available for charge and discharge are calculated. Next, the total
available power from the OWPP and BESS is obtained. If the
available power is more than enough to deliver the committed
output power and fulfill the committed reserve power, then the
output power can be readily identified as equal to the committed
power. However, for the flexible strategy, the committed pow-

ALGORITHM 1 The proposed mixed-integer nonlinear algorithm

forh)=1: H do

By e (h) = min{[SOC)y,,. — SOC(h— 1)] X Cp »/ (e X 100), Py p/1c}
By p(b) = Max{[SOC,,;, = SOC(h — 1)] X Cp g X p/100, Py X N}
Py (h) = Powpp(h) = Py,p(h)
if]?/il/‘/ </j> > [[)(wr/(/j) + I)bell—RZ’f (lj)] then

if Strategy = Y} Hexibl!' then

B (b) = Payy(h) X [1/ (1 + RR)]
Leom—res(h) = Feyy (h) X RR

end if

Fou (h) = Fey (h)
else

Find Optimal Output Power

1\'[ax[j)/lz‘/ (lf) - [)(,U/II—R.“I (’lj)’ 0] < P()m‘ (}j> < min[[?‘lv/ (/J)9 P(,am (’l])]
end if
if Powpp(h) < Po, (b) then

Py(h) = Max[Powpe () = Loy (h), Py, ()]
else

Fp(h)y = min[Powpp (h) = Pou (h), Ppc (h)]
end if
Py (b) = —{Pp p(b) — min[Pp(h), 0}
Py (h) = Max{[Lowrp (5) — Po. (b)], 0}
if P3(h) > 0 then

SOC(h) = SOC(h— 1) + [Ps(h) X 1¢-/ Ciyp] X 100
else

SOC(h) = SOC(h— 1) + [Py(B)/ p X Cp.z)] X 100
end if
B ap(h) = | B (h) = Pou (B)]
Pr pp(h) = Max{l,,—pee (B) — [Py () — Lo, (4)], 0}

end for

ers need to be updated beforehand, as shown in Algorithm 1.
On the other hand, if the available power is below the sum of
committed powers, then optimization is performed to find the
optimal output power. The upper and lower limits of the output
power are given in Algorithm 1. So, an exhaustive search with
a simple loop function is integrated to find the optimal output
power that gives the maximum profit at the hour under analysis.

Once the output power is determined, BESS power and SOC
are obtained accordingly. Furthermore, provided reserve capac-
ities in the BESS and spinning forms are calculated. Finally,
violations in each one of the constraints are assessed.

4.3 | Economic sub-model

The economic sub-model is programmed as the outer layer of
techno-economic optimization. The equivalent annualized cost
(EAC) method is adopted. EAC takes both capital and main-
tenance costs into account. The annualized cost of BESS is
then calculated by considering the expected lifetime as shown
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FIGURE 3 Block diagram of the proposed

techno-economic model.
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grid-code constraints
Y N
Calculate profit
Y
Final solution? End
Next solution
in (2) [12]. The capital recovery factor (1) used for calculating A+ntxr
the annualized form of capital costs from the lifetime (£.) and = m ©)

interest rate (r) parameters is obtained as follows [12, 17]:

The optimization problem in this study is formulated as a

CostB = [(Co #BC % Cor) + (Cost B x PB,R)] maximization. The annualized cost of the BESS and penalty

X/l + (COJ‘Z‘B’O&M X PB,R)’

costs for violations of the grid code are subtracted from
@) the annual revenue from selling power to the grid. Hence,
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TABLE 2 Nomenclature. TABLE 3  BESS parameters.
Abbreviation Definition Parameter Definition Value
BESS Battery Energy Storage System Cost B¢ BESS capacity cost 1 (M$*/MWh)
EAC Equivalent Annualized Cost CiostBO8M BESS operation and maintenance cost 0.015 (M$*/MW)
ESS Energy Storage System CostBP BESS power cost 0.3 (M$* /MW)
MINLP Mixed Integer Nonlinear Programming r Interest rate 2%
NREL National Renewable Energy Laboratory L BESS lifetime 10 years
OWPP Offhore Wind Power Plant Nc Charge efficiency 0.895
SOC State of Charge np Discharge efficiency 0.895
TSO Transmission System Operator *Million US dollars.
WFO Wind Farm Operator
Parameter Definition the total profit as the objective function for maximization is
a Surface roughness parameter mathematically defined (see (4)).
Ne Charge efficiency

H H
7 Discharge efficiency Pofit = | Poy )X SU)| = Cost® = | Fipx ¥ B _ip(h) X S()
A Capital recovery factor =1 =1
Cost? BESS cost ($) H
CostB€ BESS capacity cost (§) Fpp X Z PV,DP (b) X S(@ . (4)

Cost B,0&M
Cost B

Ch.r
Fap

Pp.p
Ppr
Py
Pp-r
I Com
PCW//—Kw
Lous
Lowrp
Lip
Py oap
B pp
-

RR

BESS operation and maintenance cost ($)
BESS power cost ($)
Rated capacity of BESS (M\Wh)

Penalty factor for violating absolute production
constraint

Penalty factor for violating delta production constraint
index of time steps

Number of time steps

Wind turbine hub height

Wind measurement height

BESS lifetime (years)

Available power (MW)

Power available for charge into the BESS (MW))
Power available for discharge from the BESS (MW)
Rated power of BESS (MW)

BESS power (MW)

BESS reserve power (MW)

Committed output power (MW)

Committed reserve power (MW)

Output power (MW)

OWPP power (MW)

Spinning reserve power (MW)

Power violating absolute production constraint (MW)
Power violating delta production constraint (MW)
Interest rate (%)

Reserve ratio

Electricity selling price (§/MWh)

Maximum permitted SOC for BESS (%)

minimum permitted SOC for BESS (%)
Hub-height wind speed (m/s)

Measured wind speed (m/s)

h=1

5 | SIMULATION RESULTS

Simulations are performed in the MATLAB environment. The
proposed technical algorithm based on MINLP is implemented
in the inner layer of the optimization model, and the economic
sub-model is placed in the outer layer. The BESS optimization
is presented in the first subsection. Then, a sensitivity analy-
sis considering variations in three parameters is presented. The
parameters for the BESS are tabulated in Table 3.

5.1 | Optimization results

The selected battery module has a rated capacity of 3 MWh
and a power rating of 1.5 MW. The wind generation uncertainty
is taken as 2%. Standard practice in optimization studies is to
run simulations under the worst-case scenario. So, the available
power from OWPP is considered to be 2% below the wind
power profile found in Section 2 for the entire 8760 h of the
year. Penalty factors are both taken equally as 5. In addition, the
committed reserve power is set to be 10% of the committed
power for delivery to the grid. The selling price of electricity is
set as 100 $/MWh.

In this subsection, the optimal number of battery packs is
identified. Due to the limited number of options for the single
optimization parameter, an exhaustive search method is adopted
to find the global maxima. The optimal BESS capacity under the
aforementioned conditions was found to be 33 MWh for the
strict strategy and 27 MWh for the flexible strategy.

Figure 4 illustrates the annual generation during the optimiza-
tion process. It is evident that the increase in total generation
for the flexible strategy is much higher compared to the
strict one. This is because the output power is limited by the
committed power in the strict strategy, but in the flexible
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Strict Flexible TABLE 4  Optimization results.
1.67402 ¢ ] 1.76 1
_ s o Without With optimal With optimal
§ 1.67401 § 1.74 // BESS BESS (strict) BESS (flexible)
) =) s’ A
2 1674 2172 ',’ Optimal number of - 11 9
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= = /
Ei 1.67399 L; L7 ‘/' Optimal capacity of — 33 27
E E / BESS (MWh)
Z1.67398 Z168_.7 A
= Optimal rated power - 16.5 13.5
1'673976 20 40 60 1‘666 20 40 60 OTRESS (I
BESS Capacity (MWh) BESS Capacity (MWh) Annualenergy — 1.674 1074 L7
delivered to the grid
(TWh)
FIGURE 4  Annual generation during the optimization process.
Annual energy 36.8 1.38 3.28
violating the
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Production Constraint 20 Production Constraint Annual revenue from 167.4 167.4 171.1
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= = Flexible '/ = = Flexible grid (M$)
z ;B
< v = Annual penalty for 18.4 0.69 1.64
> ’ > S
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g '/o g 10 (MS$)
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FIGURE 5 Constraint violations during the optimization process. Reserve Capacity
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strategy, the committed power is updated based on the
available power.

Variations of the constraint violations and annual profit dur-
ing the optimization process are shown in Figure 5. For the
strict strategy, violations in both constraints decrease with the
number of BESS modules, eventually reaching zero at 42 MWh
BESS capacity. In contrast, violations in the flexible strategy
start increasing after a certain number of BESS modules. The
annual profit curves in Figure 6 show that the flexible strat-
egy is more profitable than the strict strategy at their respective
optimal points. Numerical results are summarized in Table 4 to
show the effects of installing a BESS and the choice of strategy.

It can be seen from Table 4 that without any BESS, the
penalty cost for violating the grid-code constraints is quite high

and considerably decreases the profit. In contrast, BESS can
clear the violations to a substantial extent depending on the
permitted strategy. Ultimately, the annual profit is increased
by 13.24 M$ for the strict strategy and 16.8 M$ for the
flexible strategy.

The reserve capacity graphs for the first day are shown in
Figures 7-9. As shown in Figure 7, without BESS, the spinning
reserve is inadequate to match the required reserve capacity.
With the optimal BESS in place and the strict strategy in opet-
ation, the total reserve capacity provided by the BESS and
spinning reserve is either equal to or more than the required
amount (see Figure 8). In the last scenario, with the optimal
BESS and the flexible strategy, the energy stored in BESS can
contribute to the output energy after the committed power
and committed reserve capacities are modified. In this way, as
shown in Figure 9, the total provided reserve capacity meets

85U8017 SUOLUWIOD dA1Ie.1D) 3{cedl|dde aupy A peusenob ale sapie VO '8sn JO Sa|nl 1oy Akeiq 1 8UIIUO A8]IAN UO (SUOTPUOD-PUR-SULBIALI0D" AB 1M AFIq 1 [BUUO//SIY) SUOTIPUOD pUe SIS 1 8L 88S *[120Z/v0/8T] Uo ARiqiT aul|uo A8 |IM ' Se1seAlN iU L nBoaeno Aq 02621 Z6d/6v0T 0T/I0pu0o" A 1M Ale.d 1 jpul UOyoessa.ie /Sty wouy papeojumod ‘0 ‘vz T2SLT



8 MOKHTARE and KEYSAN
i =150 1
‘ Re§erve Capacity | § — et
30 ‘-Required A WBESS * Bl Spinning ® s = Flexible
~ >
§ '3 100 - 7
(=
<
§20 8
2]
o0 2 <~ pmme—=- -
5 D 50 " S
=10 m pmm——= N
[sa} — - .
< T \
E [ .
0 5, | | Y
3 10 15 20 0 2 4 6 8 10

Time (hour)

FIGURE 8  Reserve capacity for the first day with the optimal BESS and
strict strategy.

Reserve Capacity
BEBESS *

‘-Required A Ml Spinning @

NS [98)
(=) (=)

Energy (MWh)
)

5 10 15 20
Time (hour)
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the updated but slightly higher required values. This is advan-
tageous because the spinning reserve is decreased, and more of
the available OWPP power can be delivered to the grid.

In the strict strategy, having lower wind power than expected
due to uncertainty, energy stored in batteries helps the spinning
reserve fulfill the required reserve capacity. However, in the flex-
ible strategy, the power commitments to the electricity market
are updated according to uncertainty. During houtrs 11-14 of
Figure 9, a portion of the energy stored in batteries is enough
to fulfill the required reserve capacity, and there is no need to
keep a spinning reserve, so the entire wind power is delivered to

the grid.

5.2 | Sensitivity analysis

During simulations, three parameters have the most impact on
the optimal capacity of BESS. These parameters include wind
generation uncertainty, absolute production penalty factor, and
delta production penalty factor. Results of the sensitivity anal-
ysis by changing these parameters from the aforementioned
conditions one at a time are presented in Figure 10.

It can be seen from Figure 10 that the optimal capacity of
BESS starts increasing for both strategies. For the strict strategy,
beyond 9% uncertainty, the available power from the OWPP
in the worst-case scenatio is so low that any BESS would not
get the chance to be charged efficiently and contribute to the

Wind Generation Uncertainty (%)

FIGURE 10  Sensitivity analysis on wind generation uncertainty.
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FIGURE 12  Sensitivity analysis on delta production constraint.

process enough to compensate for its cost. As opposed to
the strict strategy, the optimal BESS capacity under the flex-
ible strategy starts decreasing gradually from 8% uncertainty
and reaches 0 at 9.5% uncertainty, where installation of BESS
becomes economically unreasonable.

As illustrated in Figures 11 and 12, in the strict strategy,
the change in the optimal battery capacity against penalty fac-
tors is always increasing until reaching a point where batteries
become too expensive for their technical contributions, and
hence, the curves in these figures are constant thereafter. The
higher the penalty factors, the higher the necessity for batteries
to compensate for the reserve capacity requirement.

Installation of more BESS modules is justified because the
penalty costs of violations have risen.
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The results for the flexible strategy are different. Here, the
BESS is not just another source of reserve capacity but also
contributes to the output energy. So, even with zero penalty fac-
tors, installing a BESS is deemed more beneficial for the flexible
approach than the strict one. Also, contrary to the strict strategy,
a steady increase or decrease in the optimal capacity of BESS is
not observed.

A similar analysis can be performed for the amount of wind
generation uncertainty. With zero uncertainty, BESS is obsolete
in the case of a strict energy market environment. In contrast,
since BESS can help increase revenue from the power sold to
the grid, it is found to be a reasonable choice in the flexible strat-
egy. It is interesting to note that in the case of flexible grid-code
regulations, which is the basis for the development of the sec-
ond strategy, a smaller BESS capacity is required for the majority
of uncertainty values.

6 | CONCLUSION

This paper presented an optimization approach for sizing
BESS coupled to WFs. The techno-economic framework was
designed to maximize the annual profit of the WFO by avoid-
ing violations in the relevant grid-code constraints on the active
power, including absolute and delta production constraints. The
proposed mixed integer nonlinear technical algorithm quickly
found the global maxima.

Two different methods wete studied for adding the absolute
and delta production constraints. The strict method represents
the rigid and sudden inclusion of these constraints, and the
flexible technique provides a smoother transition toward new
regulations. These led to two strategies being defined for the
combined operation of the WF and BESS in the day-ahead
market environment. The strict strategy limited the power out-
put of the OWPP to a previously committed value, but the
flexible approach was open to modifying the permitted power
output from WF to increase the share of renewable energies
on the generation side and decrease carbon emissions even fur-
ther. An easy-to-implement MINLP-based technical algorithm,
which can model both strategies, was proposed. The proposed
algorithm was then utilized in a two-layer techno-economic
optimization to maximize annual profit by finding the optimal
BESS capacity.

Simulation results were provided for the first potential
OWPP in Turkey. The strict strategy resulted in an optimal
BESS with 33 MWh capacity, which led to a 13.24 M$ increase
in the annual profit. As expected, the flexible strategy reached
a higher increase of 16.8 M$ in the annual profit with a smaller
optimal BESS capacity of 27 MWh.

In a nutshell, optimization results showed that installing an
economically reasonable and optimally chosen BESS can help
the WFO effectively address the abovementioned active power
restrictions that might be set by the TSO in the future and ulti-
mately improve its annual profit. Moreover, it was presented
how flexibility in the process of introducing new grid code
constraints can maintain an active interest in investments by

providing a higher profit margin. Hopefully, this will increase
interest in financial investments in the proposed Kiytkéy OWPP.
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