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 
Abstract—Here a methodology is considered aiming at 

evaluating the economic benefit of the provision of a primary 
frequency control unit using a Battery Energy Storage System 
(BESS). In this methodology, two control types (basic and hysteresis) 
are implemented and the corresponding minimum energy storage 
system power allowing to maintain the frequency drop inside a given 
threshold under a given contingency is identified and compared using 
DigSilent’s PowerFactory software. Following this step, the 
corresponding energy storage capacity (in MWh) is calculated. As 
PowerFactory is dedicated to dynamic simulation for transient 
analysis, a first order model related to the IEEE 9 bus grid used for 
the analysis under PowerFactory is characterized and implemented on 
MATLAB-Simulink. Primary frequency control is simulated using 
the two control types over one-month grid's frequency deviation data 
on this Simulink model. This simulation results in the energy 
throughput both basic and hysteresis BESSs. It emerges that the 15 
minutes operation band of the battery capacity allocated to frequency 
control is sufficient under the considered disturbances. A sensitivity 
analysis on the width of the control deadband is then performed for 
the two control types. The deadband width variation leads to an 
identical sizing with the hysteresis control showing a better frequency 
control at the cost of a higher delivered throughput compared to the 
basic control. An economic analysis comparing the cost of the sized 
BESS to the potential revenues is then performed.  
 

Keywords—Battery Energy Storage System, electrical network 
frequency stability, frequency control unit, PowerFactory.  

I. INTRODUCTION 

HE AC power systems stability is a main issue affecting 
power system operation, security, reliability and 

efficiency. Power system stability is threefold: rotor angle 
stability, voltage stability and frequency stability. The rotor 
angle stability is seen as a local imbalance issue of the 
synchronous generations’ units in the electrical grid whereas 
voltage stability is analyzed regarding the balance between 
produced and consumed reactive power in every node of the 
network. The rotor angle stability is considered during 
network design or expansion whereas the frequency and the 
voltage stabilities are a continuous issue to pay attention to 
during the operation of the electricity grid [1]-[6]. 

The power generation and consumption must continuously 
match in order to avoid frequency deviations from the nominal 
value. However, as both consumption and generation 
continuously vary, a proper frequency control of the network 

 
Kréhi Serge Agbli, Ph.D., is with the Research and Development, Clean 

Horizon Consulting, Paris, France (phone: 0033-768-0373; e-mail: 
aks@cleanhorizon.com). 

Samuel Portebos, M.Sc. Head of Engineering, and Michaël Salomon, 
Ph.D., CEO, are with the Clean Horizon Consulting, Paris, France (e-mail: 
sp@cleanhorizon.com, ms@cleanhorizon.com). 

is necessary. This topic becomes even more prevalent with the 
uptake of renewables, which may cause high power 
imbalances on the network, as well as reduce the contribution 
to the frequency control of the conventional units they replace. 
The frequency control principle is based on several actions 
gathered in four control loops: primary, secondary, tertiary 
and emergency controls in a timeline of hundreds of 
milliseconds up to minutes [7]. 

In Europe, BESS-based frequency response is performed by 
around 1,004 MW of batteries; in North America the batteries 
capacity is at about 779 MW and 233 MW in Australia and 
Oceania whereas in Asia the batteries capacity is up to around 
625 MW gathering only operation projects [8]. BESS 
participation to the frequency control is increasingly growing 
mainly due to the reduction in investment cost, which makes 
BESS competitive for those services compared to more 
conventional generation sources (such as thermal, 
hydroelectric or nuclear power plants). 

The main constraint in primary frequency control is the 
necessity of a quick response in order to avoid frequency 
drops reaching a Nadir out of the allowed thresholds in a 
timeline of hundreds of milliseconds up to a few seconds. The 
increased penetration of intermittent renewables tends to 
decrease the total inertia of electrical networks leading to an 
increased need in ultra-fast response [3], [4], [9]. In this 
context, BESS-based power system is one of the alternatives 
allowing to provide fast primary frequency control thereby 
reinforcing the stability of the network. The frequency control 
unit power response is proportional to the frequency deviation 
value with a deadband in which no control action is 
performed. Several methods to implement primary frequency 
control are compared based on South Africa’s grid code 
requirement, the frequency control unit set-point’s 
transmission time step-size and time lag, and the data 
acquisition time lag. Based on these constraints, several works 
emphasizing on primary frequency control based on BESS 
have been done [10]. The common basic primary control 
principle encompasses one or two of the following terms 
according to whether or not the control unit is based on BESS: 
the regulating power, proportional to the frequency deviations, 
and an offset term computed to manage the BESS State-of-
Energy (SOE) [7], [9], [11]-[14].  

In this paper, techno-economic analysis is performed on 
both basic primary frequency control principle commonly 
found in the literature and a variant including a hysteresis 
component intending to enhance the quality of the frequency 
response. The analysis also aims at evaluating the economic 
impact of both primary frequency control principles. 
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First, the considered methodology of the economic benefit 
of both approaches will be highlighted, then the related 
simulation results obtained on IEEE 9 bus model under 
PowerFactory will be brought out. The storage assets sizing 
versus the annualized investing and operating cost will be 
provided with analysis on the business model in which the 
method with the best frequency response quality could be 
deployed. 

II. METHODOLOGY OF ECONOMIC BENEFIT ASSESSMENT OF 

BESS ASSET DEDICATED TO PRIMARY FREQUENCY CONTROL 

The main objective of this research is to determine whether 
BESS-based frequency control units can be technically suited 
and economically viable compared to more conventional 
alternatives. The battery-based primary control units (BESSs) 
proposed should be able to properly maintain the frequency of 
the grid within the allowed thresholds following a drop due to 

the occurrence of a given contingency. The variable of the 
sizing exercise is at first the power rating of the BESS, as, 
over these short-term simulations, the impact on the energy 
rating is disregarded. Indeed, the used energy to deal with a 
contingency is negligible compared to the useful energy of 
typical batteries designed to maintain the nominal charge or 
discharge power rating during at least 15-min whereas the 
frequency setpoint is reached over a few seconds (5-30s). 
Based on these results, and depending on the dead-band 
scenario considered, the BESS representing the lowest cost 
will be identified as the best solution. Moreover, the impact of 
the BESS’ operation over a long-term frequency control 
period (monthly or yearly scale) on the energy rating will also 
be considered in the economic analysis. The techno-economic 
analysis methodology to assess the sizing in terms of both 
power rating and energy rating of the BESS and the 
corresponding cost is summarized in Fig. 1. 

 

 

Fig. 1 The techno-economic analysis methodology to assess the revenues and the capacity of the battery 
 

As depicted in Fig. 1, the first step consists of defining a 
contingency and identifying the minimum BESS power rating 
allowing to alleviate the impact of the contingency and 
maintain the frequency within an acceptable range. Then, the 
proper frequency control method paired to the identified 
minimum battery power rating is considered as a candidate 
solution. 

Next, the energy rating of the storage system is assessed in 
order to calculate the investment cost. This is done through a 
dedicated Simulink model. Indeed, the PowerFactory model is 
dedicated to performing transient analysis of the grid with a 
timescale of a dozen seconds. Therefore, to assess the MWh-
capacity based on long duration data (over a period of several 
hours with around 1s time-step), a Simulink model is used 
since the quasi-dynamic simulation of PowerFactory only 
covers a 15-min time-step simulation with steady-state 
calculation, which is insufficient for the long-term impact on 
the sizing being assessed.  

Finally, knowing the MW/MWh capacity of the storage 
system, the project cost can accurately be assessed, allowing 
to compare the candidate solutions and identify the least costly 
one.  

The aforementioned methodology will be followed 
considering two BESS strategies. The first strategy is the basic 
BESS developed in PowerFactory and available as “Template” 

in PowerFactory library. The second one is the hysteresis 
BESS developed by Clean Horizon Consulting. 

A. The Frequency Control Principles and the Considered 
Hypotheses to Underlie the Study 

 

Fig. 2 Frequency control principles indicating basic approach in the 
Powerfactory Template (Basic BESS principle) 

 
The two frequency control principles to be integrated in the 

BESS are presented in the following. Fig. 2 highlights the 
basic frequency control principle where the power set-point of 
the storage unit is fixed based on the frequency deviation with 
an inactive deadband. The power set-point follows the same 
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path regardless of the frequency deviation direction: forward 
trend when dropping or backward trend under control action 
(Fig. 2).  

Contrary to the previous case, the hysteresis BESS principle 
is depicted on Fig. 3. Whenever the frequency deviation is 
higher than the maximum value Dfamx (in absolute value) at 
which the maximal power of the storage unit is delivered, 
forward and backward paths are the same. Whenever the 
frequency deviation is lower than Dfmax, the backward path 
follows another path, mimicking a hysteresis (Fig. 3). 

 

 

Fig. 3 Frequency control principles indicating hysteresis approach in 
the Clean Horizon Consulting model (BESS hysteresis): when 

frequency drop Nadir is lower than Dfmax at which the available 
entire BESS capacity is activated 

 
In the case the frequency deviation does not reach Dfmax, 

the backward path of the hysteresis is depicted on Fig. 4 (path 
2 in red). This backward trend avoids a sharp raise of the 
frequency. During the backward path, the last power set-point 
value in the forward path remains the maximum allowable set-
point on the backward path (Fig. 4).  

 

 

Fig. 4 Frequency control principles indicating hysteresis approach in 
the Clean Horizon Consulting model (BESS hysteresis): when 

frequency drop Nadir is lower than Dfmax at which the available 
entire BESS capacity is activated 

 
The BESS has the ability to provide whether active or 

reactive power assistance either to perform frequency control 
or voltage control according to (1): 
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          

 
The voltage control assistance is here neglected by tuning 

the related control parameter Kv to a null value.  
The control block receives both active and reactive current 

inputs (Ipin and Iqin) with a priority flag indicating whether 
an active power control priority or reactive power control one. 
Therefore, when reactive power control priority is ongoing, 
the reactive current (Iqcmd) is going to vary between -Imax 
and Imax limiting therefore the current value of the active 
current output. Whenever the active power control priority is 
allowed, the active current output (ipcmd) varies from 0 to 
Imax, limiting thereby the value of the reactive current as 
indicated by (2) and (3) [6]: 
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The two frequency control principles (basic and hysteresis) 

are implemented in DSL (DIgSILENT Simulation Language). 
Those two models only differ by the respective block 
definitions in the linked common models: The corresponding 
frequency control method is implemented in each block 
definition model (basic of Fig. 2 and the hysteresis frequency 
control of Figs. 3 and 4) (Fig. 5).  

The state transition diagram of the Basic BESS principle is 
provided in Fig. 6 to summarize the basic principle block 
definition of Fig. 5: 
 Transitions 0.1 or 0.4 from start state: frequency deviation 

(f = f-f0) could be negative whenever the frequency 
drops down or positive in case the frequency rises above 
the reference frequency f0. Transition 0.1 occurs if f is 
negative and 0.4 when positive. In the following 
description, from the start state, it is considered the 0.1 
transition where the frequency is in the negative part of 
the deadband. 

 Transition 1.1: when the frequency drops outside the 
deaband, the frequency control follows the forward path 
of Fig. 2 until to reach the maximum available frequency 
control asset power at -f2 (Fig. 2).  

 Transition 2.1: If the frequency control action starts 
increasing, the frequency goes back toward the reference 
value f0, the control follows the same control path 
according to the Fig. 2. 

 Transition 4: If the frequency increases above the 

1

- f1 = -dB- f2 = - Dfmax

1

1

1

f2 = Dfmax f1 = dB

ΔPmax

ΔP[pu]

Δf [Pu]

- ΔPmax

Deadband = 2xdB

1

2

Forward path

Backward path2 1

2

2

1 2

1

- f1 = -dB- f2 = - Dfmax

1

1

1

f2 = Dfmax f1 = dB

ΔPmax

ΔP[pu]

Δf [Pu]

- ΔPmax

Deadband = 2xdB

1

2

Forward path

Backward path

2
2

2
2



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:14, No:10, 2020

329

 

 

reference value f0, the control enters the positive 
deadband area (Fig. 2). 

 

 

 

Fig. 5 Both frequency control principles in the composite frame 
 

 

Fig. 6 State Transition Diagram (Basic BESS principle) 
 

The basic BESS principle reversely follows the same 
control in the positive area where the frequency deviation 
remains positive. 

The state transition diagram of the hysteresis BESS 
principle in Fig. 7 summarizes the hysteresis principle block 
definition of Fig. 5. The only difference being the control 
under hysteresis path when the frequency is brought back 
toward the reference value (Fig. 7).  
 Transition 3.1: If the frequency control action starts 

increasing, the frequency goes back toward the reference 
value f0, the control follows the hysteresis control path 
(backward path) according to Figs. 3 and 4. 

 Transition 3.2: If the frequency control action drops anew 
before having moved in the positive part of the deadband, 

the hysteresis path (backward path) is followed by the 
control (Figs. 3 and 4). 

 Transition 4: If the frequency increases above the 
reference value f0, the frequency control action enters the 
positive deadband area (Figs. 3 and Fig. 4). 

The positive part of the diagram is also the reverse control 
principle of the negative part. 

III. SIMULATIONS UNDER POWERFACTORY TO ASSESS THE 

BATTERY POWER NEEDED FOR BOTH BESS 

The PowerFactory model is performed based on IEEE 9 
Bus bar model available in [15], [16]. Three BESS-based 
subsystems have been integrated to this grid as shown in Fig. 
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8. Two BESS based on the basic frequency control principle: 
one being the PowerFactory template and the second built by 
the authors to correspond to previously defined hysteresis-
based BESS. 

The N-1 contingency retained to assess the support effect of 
each kind of frequency control principle (basic and hysteresis) 
is the tripping of the generator G2 (270 MVA). 

The frequency control constraint and bound are defined in 
the grid code of each country. To remain more generic, we are 
going to consider two kinds of deadband representing a strong 
grid framework (European or North American network for 
instance) and weak grid or microgrids: small deadband for 
high inertia and strong grid and large deadband for low inertia 
and weak grid.  

 

 

Fig. 7 State Transition Diagram (hysteresis BESS principle) 
 

 

Fig. 8 Single Line Diagram of the IEEE 9 Bus System 
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A. Small Deadband Configuration 

The small deadband configuration considers the following 
parameters for the frequency control: 
 dB = 10 mHz 
 f’1 = 10 mHz 
 f’2 = 210 mHz 

By tripping the generator G2 at 5 s, the frequency drop 
based on the two kinds of control principle is plotted together 
with the battery power profile (Fig. 7). 

The steady state frequency deviation (in absolute value) 
remains out of the deadband and lower than Dfmax. Both 
BESS types lead to the same battery size and the same Nadir 
(49.19 Hz). A 62.5 MVA battery system, for both control 
approaches, is needed to sustain the frequency drop at 49.19 
Hz Nadir. 

When steady state frequency deviation is greater than 
Dfmax: 
 The backward hysteresis path cannot be followed since 

the frequency remains too low.  
When steady state frequency deviation is lower than 

Dfmax: 
 Backward frequency response is better for hysteresis path. 

It emerges therefore that: 
 Both BESS have the same sizing results. 
 Pbat (basic and hysteresis) = 62.5 MVA. 
 Hysteresis BESS leads to a slightly better frequency 

control than the basic one. 

B. Large Deadband Configuration 

The large deadband configuration considers the following 
parameters for the frequency control: 
 dB = 200 mHz 
 f’1 = 200 mHz 
 f’2 = 400 mHz 

By tripping the generator G2 at 5 s, the frequency drop 
based on the two kind of control principle is going to be 
plotted as well as the battery power profile (Fig. 8). 

 

 

Fig. 9 Small deadband (deadband = 10 mHz and dfmax = 210 mHz) configuration with frequency deviation reduced below than dfmax 
 

 

Fig. 10 Large deadband (deadband = 200 mHz and dfmax = 400 mHz) configuration at the same battery power for both BESSs 
 

The steady state frequency deviation (in absolute value) is 
brought back within the deadband. Both BESS types lead to 
the same battery size and the same Nadir. The basic BESS-
based battery power set-point comes back to zero, contrary to 
that of the hysteresis BESS. 

 

The hysteresis BESS enhances the frequency control 
compared to the basic BESS when considering an identical 
BESS sizing. The needed energy throughput is however higher 
with hysteresis BESS than with the Basic one, as shown in the 
next section. 
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Fig. 11 Large deadband (deadband = 200 mHz and dfmax = 400 mHz) configuration leading to the same Nadir 
 

IV. SIMULATIONS UNDER MATLAB-SIMULINK TO ASSESS THE 

BATTERY CAPACITY NEEDED FOR BOTH BESS 

Both the basic- and hysteresis-based BESSs Simulink 
models synopsis graph is highlighted below. Because the 
BESSs alone do not affect significantly a strong grid (high 
inertia) frequency, the open loop model is relevant to analyze 
the impact of the two BESSs on the energy rating sizing when 
considering a high inertia continental network. 
 The basic and hysteresis Simulink models contain the 

same behavior as the one implemented in PowerFactory 
(the same basic and hysteresis principles).  

 Both models are simulated based on the same frequency 
deviation data. 

 The smallest capacity allowing to maintain the frequency 
in the minimum and maximum bounds is retained. 

We consider a standard capacity allocation constraint as it 
could be required by a typical grid operator. The maximum 
storage capacity related to the operation band is 15-min (Fig. 
10). The needed storage capacity for BESS-based primary 
control will be calculated in the 15-min threshold. Whenever 
the required storage system throughput energy will be lower 
than the 15-min storage capacity allocated to primary 
frequency control, 1-h capacity will be considered at a given 

power (Fig. 10); contrariwise, the storage capacity will be four 
times the throughput assessed energy. 

 

 

Fig. 12 Energy storage asset operation band assumption 

A. SIMULINK-Based Battery Capacity (MWh) Assessment: 
High Inertia Continental Network 

Both basic- and hysteresis-based BESSs Simulink models 
synopsis graph are presented below. Because the BESSs alone 
do not significantly affect a large grid’s frequency, the open 
loop model is relevant to compare the two BESSs impact 
considering a high inertia continental network. 

 

 

Fig. 13 High inertia continental network in which the BESS participate in the frequency control for both BESSs 
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Fig. 13 (a) shows the synopsis model and the related 
Simulink model is provided by Fig. 13 (b). The battery system 
considered has a power of 62.5 MVA as indicated earlier. The 
frequency deviation data are plotted in Fig. 14.  

We consider a simulation over one-month and deduce that 
the related capacity could be representative of the overall 
sizing of the storage unit. The results are scaled up to one-year 
analysis. The BESS SOC is also plotted in Fig. 14. 

Considering small deadband results, it emerges that:  
o 15-min storage capacity is enough for both basic and 

hysteresis BESSs. 
o The amount of energy discharged by basic BESS is 216 

MWh whereas that of the hysteresis BESS is 366 MWh. 
This result corresponds to the expected behavior that the 
hysteresis BESS leads to a higher energy throughput than 
basic BESS. 

The two BESSs therefore lead to the same capacity since 
the 15-min storage asset) is sufficient enough for both 
deadbands and both BESSs (only considering the operation 
band energy component): 
 62.5 MW battery system power. 
 15-min storage capacity allocated to operation band 

dedicated to primary frequency control.  

B. SIMULINK-Based Battery Capacity (MWh) Assessment: 
Low Inertia Microgrid Network 

Both the Basic- and hysteresis-based BESSs Simulink 
models synopsis graph are provided. The grid model has been 
integrated leading to a closed loop model. The BESS action 
therefore affects the grid frequency. This behavior 
corresponds to that of a microgrid with low inertia, where 
BESS is the main control device. 

 

 

Fig. 14 Small deadband-based simulation: SOC of the battery under both basic and hysteresis BESS for 15-min storage 
 

 

Fig. 15 Low inertia microgrid in which the BESS participate in the frequency control for both BESSs 
  

Fig. 15 (a) presents the synopsis model and the related 
Simulink model is provided by Fig. 15 (b). The battery system 
considered has a power of 62.5 MVA, as previously 
considered. 

In order to assess the impact of both BESS control units on 
the grid’s frequency under Simulink simulation, the grid 
model should be considered under Simulink. The first order 
grid model presented below [3], [4], [17] is integrated in the 
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Simulink models simulated. 

1) The Grid Model and Its Parameters’ Identification 
Process 

The first-order grid model is configured based on the 
PowerFactory electrical network. The grid equation (Fig. 16) 
and the parameters identification are summarized in the 
following. 

 

 

Fig. 16 Low inertia microgrid in which the BESS participate in the 
frequency control for both BESSs 

  
The frequency deviation first order model of the grid 

implemented under Simulink is as follows [3], [4]: 
 

∆𝑓 ൌ
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ೖ∙೑బ
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ఛ∙௦ାଵ
∙ ∆𝑝      

 
where ∆𝑝 = ∆𝑝௕௔௧ - ∆𝑝ௗ௜௦, ∆𝑝௕௔௧ the battery power in MW, 
∆𝑝ௗ௜௦ the load sudden variation power in MW. 

The grid parameters identification is done by the way of 
three steps. First, in steady state, the parameter k could be 
assessed as: 

 

𝑘 ൌ
∆௣

∆௙∙ௌ೙
∙ ∆𝑝          

 
The second step determines the network inertia through the 

formula: 
 

𝐻 ൌ
∑ ௌ೙೔∙ு೔೔

ௌ೙
          

 
Finally, by running the PowerFactory model considering 

50% of incremental load increase, ∆𝑝 and ∆𝑓 are measured.  
 

TABLE I 
GRID DYNAMIC CHARACTERISTICS 

 Grid characterization 

∆𝑝 [MW] 157.5 

∆𝑓 [Hz] 0.38936 

k 0.4460 

 
These parameters are identified from the 62.5 MVA BESS-

based grid in PowerFactory environment. The obtained 
parameters are used to configure the Simulink model. 

2) The BESSs Impact on the Frequency Deviation and the 
Battery SOCs Time Series Results 

Only the battery capacity necessary to deal with the 
frequency regulation is considered. The State of Charge is 
therefore allowed to vary from 0.05 to 0.95. The related 
assessed battery capacity will therefore be the intrinsic 
capacity dedicated to frequency regulation related to the 
operation band energy component, as stated before. 

The simulation is performed based on one-month cycle 
disturbance data. Thence, the needed energy capacity 
representative of the overall sizing of the storage unit is 
deduced. The results are scaled up to one-year analysis. The 
BESS SOC is also plotted on Fig. 17. 

 

 

Fig. 17 Small deadband-based simulation: SOC of the battery under both basic and hysteresis BESS for 15-min storage 
 

The closed loop simulation roughly leads to the same 
conclusion. 

Considering small deadband results, it emerges that:  
o 15-min storage capacity is enough for both basic and 

hysteresis BESSs. 

o The amount of energy discharged by the basic BESS 
throughput is 365 MWh whereas that of the hysteresis 
BESS is 431 MWh. This result corresponds to the 
expected behavior the hysteresis BESS leads to a higher 
energy throughput than basic BESS. 

The two BESSs therefore lead to the same capacity since 
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the 15-min storage asset (only operation band energy 
component) is sufficient for both deadbands and both BESSs: 
 62.5 MW battery system power. 
 15-min storage capacity allocated to operation band 

dedicated to primary frequency control.  
From this analysis based on Basic and hysteresis BESS 

dedicated to primary frequency control, the simulations based 
on the small deadband needing more throughput energy from 
the BESS leads to the same sizing for both Basic and 
hysteresis BESS. However, the hysteresis BESS provides a 
better frequency control maintaining the resulting regulated 
frequency closer to the reference value (50 Hz). 

V. STORAGE ASSETS SIZE VERSUS THE ANNUALIZED 

INVESTING AND OPERATING COST 

In this section, the investment cost of the BESS system is 
assessed based on the assumptions in Fig. 18. As said earlier, 
the hysteresis BESS requires more energy than basic one, 
however the 15-min storage dedicated to frequency control is 
sufficient for the hysteresis control principle as it is for the 
basic control principle. Therefore, the 1-h storage capacity is 
considered for both frequency control principles (Fig. 12). 

 

 

Fig. 18 BESS business case hypotheses 
 

Based on the assumptions of Fig. 18, the annualized cost (4) 
of the BESS is assessed. The Levelized Cost of Energy is also 
calculated by extrapolating the results over the lifetime of the 
BESS (5). 

 

𝐶𝑜𝑠𝑡஺௡௡௨௔௟௜௭௘ௗ ൌ ∑ ஼೔

ሺଵା௥ሻ೔
௡
௜ୀ଴      (4) 

 

𝐿𝐶𝑂𝑆 ൌ ஼௢௦௧ಲ೙೙ೠೌ೗೔೥೐೏

∑
ಶ೔

ሺభశೝሻ೔
೙
೔సభ

      (5) 

  
where: Ci the spent cost in year i, r is the actualization rate, Ei 
is the throughput energy in year i. 

A. Annualized Cost of the Battery Asset: High Inertia 
Continental Grid and Low Inertia Microgrid 

It appears from Fig. 19 that, if any annualized new 
investment cost of a conventional thermal assets is higher than 
25.46 M€, the hysteresis BESS is a more economical 
investment. 

 

 

Fig. 19 Components of the costs for small deadband study case based 
on the Hysteresis energy injected on the grid (M€) 

B. The Study Case in Favor of the Hysteresis BESS System 

In the case of renewables penetration, the requirement of 
power reserve for frequency containment may be necessary. If 
investment in new assets is required, the BESS system could 
be preferable to conventional solution. 

In a low inertia microgrid with high renewables penetration 
and potential curtailment of intermittent renewables, the 
primary frequency control based on hysteresis BESS could be 
the better option compared to basic frequency control. 

VI. CONCLUSION 

In order to obtain the sizing of a storage asset dedicated to 
performing primary frequency control, a methodology is 
proposed and applied to both basic and hysteresis frequency 
control based on BESS for small and large deadbands 
application. Based on N-1 contingency in the PowerFactory 
environment, the energy storage asset power is identified. 
Then by considering a given grid disturbance, under 
MATLAB-Simulink, the needed MWh-capacity of both 
control approaches (basic and hysteresis) is computed. For a 
given primary control frequency method, the related storage 
asset has been sized. Then, the corresponding cost of the 
solution has been calculated.  

Only the annualized cost of the storage asset has been 
calculated here by lack of real project data for comparison 

The proposed methodology could be applied to a given 
frequency control project to compare different energetic assets 
for a convenient investment analysis.  

APPENDIX 

The IEEE 9 bus system example PowerFactory model 
parameters are made available in [15], [16]. The related 
energetic devices data are provided hereafter. 

 
TABLE II 

GENERATORS 

 Synchronous generators 

 G1 G2 G3 

Nominal power [MVA] 512 270 125 

Voltage [kV] 24 18 15.5 

Power factor 0.9 0.85 0.85 

Components of the costs for small dead band study case 
based on the Hysteresis energy injected on the grid (M€)
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TABLE III 
TRANSFORMERS 

 Transformers 

 TF1 TF2 TF3 

Nominal primary voltage 24 18 15.5 

Nominal secondary voltage 230 230 230 

 
TABLE IV 

LOADS 

 Loads 

 A B C 

Apparent Power [MVA] 125 90 100 

Power factor 0 0 0 
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