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Abstract

The fast growing expansion of wind energy increases the complexities in balancing generation and
demand in the power system, with the integration of battery energy storage system (BESS) into the
wind power system, the variation in wind power can be mitigated to dispatch constant power to the
grid. In this study, the analysis has been conducted on two different model with combined operations
of wind power and battery energy storage.

In Model-1, the analysis was conducted on hybrid wind-battery power system to investigate, the bat-
tery capacity required to deliver constant power dispatch to the grid over different time periods based
on the wind profile, and see if it is economically beneficial to have a battery storage to deliver constant
power over longer time periods. In Model-2, considering the electricity prices, the economic benefits
of combined wind-battery storage system was developed. Considering the charging/discharging of the
battery, the economic benefits of wind-battery storage system were based on the power production
of the wind turbine. The economic benefits were obtained based on the analysis, by taking into ac-
count wind power forecast error, battery operation, costs associated with the loss of battery life, and
maintenance. In both cases the power dispatch capability is decided under the conditions that state of
charge of the battery is within safe range and that the battery power is maintained below its rating.
Simulations of the mathematical models for both the cases are done in MATLAB.

The simulation results for Model-1 shows that, with longer time periods i.e: 6 months, 1 year, constant
power dispatched to the grid is less as compared to the smaller time periods because, its directly related
to storage size and power spilled and the variation in wind power generation. By increasing the storage
size constant power dispatched to the grid can be increased but it is not economically beneficial. The
simulation results for Model-2 shows that, the hybrid wind-storage system was not only economically
beneficial as compared to the wind farm alone, but can also balance the deviation between the actual
and forecast-ed output for the wind turbine to decrease the loss penalty.

Keywords: Battery energy storage, Wind power, Energy management, Renewable energy
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Introduction

Wind power is a rapidly growing and promising renewable energy source of electricity, with the increas-
ing penetration of intermittent renewable energy, conventional energy sources such as thermal power
plants are gradually being replaced by solar power, wind power and energy storage systems.With the
increase in renewable energy resources in the electric power system there are certain challenges rise
with it as well.

In the low carbon future, where the renewable energy sources are replacing the conventional energy
resources one major challenge the power market is facing is the frequency regulation. Network fre-
quency control ensures the continuous balance between the generation and power demand. In the case
that the power demands exceeds the generation, the rotating speed of the synchronized generators
throughout the network starts decreasing, which results in electrical frequency below set-point. Elec-
trical frequency goes above its set-point in case the generation increases as compared to the power
demand. For proper network operation and stability of the system the magnitude and the dynamics
of the electrical frequency needs to be controlled[l]. Any power imbalance results in the frequency
deviation which can be recovered from the power reserves which are activated to maintain electrical
frequency with in required limit such as hydro power plants or thermal power plants[2].

The stochastic nature of the wind causes the wind farms (WFs) to be the non-dispatchable source
of energy and limits the penetration of wind energy into the electric power system. In [3], the grid
frequency deviation due to the wind fluctuations was investigated to shows that the wind power fluc-
tuations from second-long to minute-long periods can result in significant grid frequency deviation. In
[4], the severe impacts caused by the wind turbine fluctuations on the electric power system were in-
vestigated, which shows that wind farm fluctuation affects grid connections, power stability and power
quality of the power system. Therefore, the problems related to the intermittent nature of the wind
generation must be overcome to dispatch high wind power to the grid. There are two methods that
can be used to mitigate the wind power fluctuations:

e In first method, wind power is smoothed without the use of energy storage systems, power
smoothing methods are pitch control angle and wind generator rotor inertia regulation [5]. Al-
though these methods have low investment cost but they do not ensure that the wind turbines
(WTs) can will capture the maximum available energy [6].

e The second method is to smooth the wind power with the use of energy storage system such
as battery, fly wheel, super-capacitor or super conducting magnetic energy storage (SCME). By
using these types of energy storage systems the wind turbines (WTs) can harness the maximum
available power and can be dispatchable to the electric power system.

Considering the energy storage systems available, batteries are utilised mostly because they are well-
developed technology and because of their power and energy density. while integrating batteries with
wind turbines, power control and system costs must be taken into consideration as well. In [7], a power
dispatch method was proposed based on the state of charge (SOC) of the battery to control the power



1. Introduction

flow of the battery. The penetration level of wind power into the electric power system is compared
with the conventional power system such as nuclear power plants and hydroelectric power, the wind
farms are requited to deliver constant power to the grid at each dispatching interval by transmission
system operator (T'SO). In [8], a control method was introduced to dispatch constant power by aver-
aging the wind power in each dispatching interval.

Storage systems has the ability to charge/discharge at high power and can be flexible based on the shifts
in wind power generation, thereby increasing the economic profit of WFs. In [9], an optimal operation
strategy for battery energy storage system (BESS) with the wind farm is investigated, where intraday
energy imbalances and market prices with linear programming was used to identify the economically
and technically optimal operation of wind-battery storage system. In [10], an optimal operations of
wind turbines with BESS was investigated in intraday, day-ahead and secondary reserve markets using
multi-stage stochastic programming model but taking into account the clearing prices and uncertainty
in the wind power generation. In [11], real-time wind power fluctuation was analyzed to obtain the
economic maximum charging/discharging power of battery storage system in every scheduling period.
The authors aim was to minimize the deviation between the generation plan and actual integrated
power of combined generation system based on quantization index (QI) clustering.

In this paper there are two different models that are studied:

e In Model-1, we determine the battery capacity required by the wind power system to deliver
constant power dispatch based on the wind power profile and the wind turbines input over differ-
ent time periods and investigate if it is economically beneficial to have BESS to deliver constant
power over longer periods. To guarantee the wind-battery system works properly two constraints
are applied: first is that the battery SOC should be kept with in safe ranger and the battery
power should be kept lower then its rating.

o Model-2 investigates a model of combined wind-battery storage system considering the simulation
experiment, which verifies the increase in profit for wind farm owners by using the battery
storage. This study was based on the forcasted value of wind power, deviation in that forecast,
charge/discharge of thew batteries, costs based of the BESS consumption and electricity prices.
The aim for this model was to increase the WFs profit and decrease the deviation between the
actual and forecasted wind power.

The study for both the models is conducted on a 16-MW WF with a real wind power data measured
near Torsby, Sweden.



Theory

2.1 Wind Power:

In order to reduce the COs emission, there is a a growing demand for the renewable power generation[12].
Wind turbine power plants represent the main energy resource being installed in Europe. These plants
are installed to replace the existing generators or to increase the power generation capabilities. In this
section, we will discuss the wind power plants.

2.1.1 Working Principle of wind turbine:

The Working principle of wind turbine is quite simple. Majority of wind turbines consist of three
blades mounted on a tower. The turbines catch the wind energy with the propeller like blades, which
act much like an airplane wing. When the wind blows, a pocket of low-pressure air forms on one side
of the blade. The low-pressure air pocket then pulls the blade towards it, causing the rotor to turn.
This is called lift. The force of the lift is much stronger than the wind’s force against the front side of
the blade, which is called drag. The combination of lift and drag causes the rotor to spin like a turbine.

The wind power plant consists of number of components, which are shown in figure 2.1. The main
component are wind turbine, nacelle, foundation and tower, foundation gives stability to the power
plan and tower has the shape of cone and is often made of steel. The nacelle contains generator,
gearbox, anemometer and electrical equipment. Size of the rotor blades and the tower varies between
different models and the electrical systems can appear differently as well.

The turbine is connected to the primary shaft, also called the low speed shaft. This is then connected
to the secondary shaft in the gear box where the series of gears increase the rotation of the rotor from
about 7-18 revolution a minute to roughly 1800 revolutions per minute. Gearbox is connected to the
generator which at a speed allows the generator to produce AC electricity. There are also turbines
without the gearbox as well for low speed generators.

Another key component is the turbine controller, that keeps the rotor speed from exceeding a certain
limit to avoid damage by high winds. The most common value of the wind speed to limit is between
12-15 m/s. An anemometer continuously measures wind speed and transmit the data to the controller.
A parking brake, also housed in the nacelle, stops the rotor mechanically. Yaw motor is connected to
the nacelle where the yaw drive changes the direction to keep the rotor in the direction of the wind to
make it most efficient as possible.

Even though the power generated by the wind turbines depends upon the stochastic nature of wind
speeds, the power generated by wind turbines are computed by:

1
Pren = 30Cp 0 D) AV (2.1)
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Rotor blades
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Figure 2.1: Construction of Wind Power Plant

Where A is the area swept by the blades of the turbine, p is the air density, Vg is the speed of the
wind and C,, is the power coefficient, which depends upon the pitch angle 3 of the blade and the tip
speed ratio A. The tip speed ratio can be computed by:

Viip wr

A = = 2 . 2
Vwind Vwind ( )

In 2.2, Vi, is the blade tip speed and w is the speed of the rotor while r is the radius of the blade.
Normally the rotor speed w is regulated by acting on the controller of the variable wind turbines to
optimize the tip speed ration A which in turn maximizes the coefficient C},. If the wind turbine rotates
too slow, the wind will pass without hitting the turbine blades and if the wind turbine is too fast it
will be difficult for wind to pass through the rotor. Because of this, the wind turbines are designed to
have an optimal tip speed ratio to extract the maximum amount of energy.

2.1.2 Operation Criteria of wind Turbines:

The power extracted from the wind is the cube of the wind speed as seen in eq:2.1, the power genera-
tion increases with the increase in wind speed. Since the power content is low and with the low wind

4
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conditions, wind turbines start only if the wind speed is around 3-4 m/s. Power generation reaches its
rated power generation at wind speed around 9-15 m/s. The power output of a wind turbine is limited
at higher speeds. This limitation in wind power from the turbines can be achieved in three different
ways. Either by pitch control, stall control and active stall control[13]. At high wind condition, such
as above 25 m/s , wind turbines will shut down. Figure 2.2 shows the basic function of pitch control
and stall control, where the rotor blade is in sectional surrounded by the wind[13].

Pitch control Stall control

Figure 2.2: Pitch Control and Stall Control

Considering the pitch control in wind turbines, power flow in wind turbines is controlled by means of
pitch angle of the blades, the blades are turned to or against the wind depending on a small or large
power output[13]. The advantages and disadvantages of pitch control are explained below:

o The advantages of pitch control is that they give a good control over the power output as well
as the possibility of emergency shutdown if needed, reduction in load with the increase in wind
speed, they can assist in the start of wind turbine, another benefit is aerodynamical dampening
and also a built-in braking.[13]

o The disadvantages of pitch control are that they make the system extra complex and increase the
cost of the wind turbine with pitch mechanism and complex control systems[14]. The possibility
of high fluctuations in power output when the wind speed varies fast and the power limitation
varies fast with it as well.[13]

Stall regulation is the cheapest and the simplest control method to regulate power from the wind tur-
bine and it is a passive wind control method[14]. The blades have a fixed angle and are set into a hub.
The power flow in wind turbine is always controlled aerodynamically and are designed to slow the wind
turbine if the wind velocity exceed certain value. It is not possible to manufacture blades that give
stall limitation exactly when nominal power is reached instead the stall effect increases gradually to
nominal wind speed, it generally increases from 8-9 m/s to nominal wind speed. At higher or nominal
wind speeds, total power limitation is reached. when the wind power plant rotation speed is fixed there
is no need to change the blade angle, in case the rotor speed increases proportionally with the wind
velocity, it results in an optimal angle. The stall control is fairly slow and have less power variations
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as compared to the pitch control which is a faster method.[13]

e Some of the disadvantages of the stall control is such that there is a variation in maximum
steady-state power of the wind turbine due to variation of temperature and air density. At lower
wind velocity the power production is low, and if the the wind turbine goes into over-speed it
must be stopped .

The benefit of using active stall control is that it offers advantages of both the pitch control and stall
control. the rated power level can be achieved precisely, due to the pitch control blades without the
effects of the difference in velocity or air density because of stall control. Similarly, by using the stall
control the uncertainties in the rated power level can also be avoided because of the pitch control.
Active stall control provides power control, we can also use the blade pitch system to accelerate the
blades from idling to operational speed and back to safe idling in case of functional error or grid loss[15].

The control methods of wind turbine are chosen depending on the type of wind power plants. Active
stall control and stall control is used mostly when the wind power plant is constructed with the fixed
rotor speed. Pitch control is used when the wind power plant is constructed with the variable rotor
speed but nowadays, all large wind turbines have pitch control and variable rotor speed.

2.1.3 Types of Wind turbines:

There are two basic types of wind turbines the horizontal axis wind turbines (HAWT) and vertical
axis wind turbine (VAWT). Most of the wind turbines have a horizontal axis design with the blades
that rotate around a horizontal axis as shown in figure: 2.1. Horizontal axis wind turbine (HAWT) is
basically of two types. One is upwind turbines where the wind hits the blade before the tower and the
other is downward wind turbine where the wind hits the tower before the blade. Upwind turbines and
downwind turbines both include a yaw drive and motor, components that turn the nacelle to keep the
rotor facing the wind when its changes its direction.

Vertical axis wind turbines(VAWT) exists in smaller scale as compared to HWAT and one model is
shown in figure: 2.3, they further divided into two main types based on their designs. One is drag-
based, or Savonius, and the other is lift-based or Darrieus. Savonius turbines generally have rotors
with solid vanes that rotate about a vertical axis. Whereas Darrieus turbines have a tall vertical air
foil style which resembles in shape of an eggbeater.

When comparing both HAWT and VAWT, HAWT extracts more power from the wind. They can
also operate on higher wind speeds. Moreover, they are more efficient. They require a streamline
wind conditions where a constant stream and wind direction is available. As a disadvantage , They
require high maintenance. On the other hand, VAWT rotating axis of the blade is perpendicular to
the direction of the wind. VAWT are small in size and therefore, extract less power from the wind and
they can’t be build at a higher altitude because they are not robust and breakdown easily.

2.2 Energy storage systems(ESS):

With the increase in the share of wind power in the electrical grid it points towards the major challenge
that implies with the wind power integration in the grid. For the wind power plants to function as
the conventional power plants, energy storage systems can be added in combination with the wind
power plant. On one hand, by adding energy storage(ES) device with the wind power plant, not only
increase the storage of power and energy but also when integrated into to the grid, it makes it more

6
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%

b

Figure 2.3: Vertical Axis Wind Turbine (VAWT)

controllable, predictable and less variable[16].

On the other hand, energy storage can provide the several service such as grid frequency regulation,
forecast accuracy improvement and power gradient reduction[17], and have specific requirements on
the energy storage system(ESS); while some of these applications require high power density. Others
require low power density[17]. There are many types of energy storage systems available in the market.
Despite all of them can be associated with the wind power plants, not all of them are suitable. After
the extensive study of their properties, they are tabulated below in table 2.1. A deeper knowledge
Battery energy storage systems(BESS) is gained from [19]. We will have a brief look at few of these
technologies below:

e Super-capacitors

Super-capacitors are the very high capacitance energy storage device. They are used for storage
which is undergoing frequent charge and discharge cycles at a very high current and short du-
ration. Its efficiency is considered around 95% longer life time which allows thousands of cycles
without considerable loss of energy storage capacity. Super-capacitors are suitable for applica-
tions in the wind industry where they are able to provide power for short periods of time to
suppress fast wind power fluctuations. The major drawback of this kind of energy storage is that
they are low energy density which leads to high costs for large scale applications.

o Flywheels

Flywheel energy storage are the mechanical energy storage devices which store energy in the form
of kinetic energy. They store their kinetic energy in a rotor which is charged/discharged through
a motor/generator.[18] Flywheels are charged by accelerate the rotor to a very high speed. It
can be done during the off-peak hours by drawing energy from the grid or from the wind power
plant. Flywheel energy storage(FES) has a direct relation with rotor mass and square of the
speed surface. So higher the speed, more energy is stored in the system. There are two cate-
gories of flywheel:low-speed flywheel and high-speed flywheels. Flywheel energy storage(FES)
devices such as high-speed FES are able to speed up to 100 000 rpm. They can be used for short
duration (approx. one hour). Moreover, they require little maintenance. Flywheel can be opti-
mised for either storage or for power capabilities making the design unsuitable. Therefore, they
can’t be used as the sole providers of the energy storage for the power generation applications.
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e Lithium Ion Batteries

Lithium ion batteries are one of the most widely used batteries. They are used commonly in
the electric vehicles. The cathode of the Li-ion batteries is lithiated metal oxide while the anode
is made of graphite carbon with layering structure. The electrolyte in Li-ion batteries can be
solid polymer, gel or liquid. However, the majority of the batteries use liquid electrolytes which
contain lithium salt such as; LiPF6, LiCIO4, LiBF4 etc. During the charging process, lithium
ions migrate from cathode to anode through electrolyte where they combine with the electrons
and deposited between the carbon layers as lithium atoms.Whereas the discharging process is
it 's reverse.

Lithium ion batteries are characterized as the most efficient batteries among the energy storage
technologies and have high energy densities of around 150-200 Wh/kg. Lithium ion batteries
have depth of discharge(DOD) at 80% and they can operate at temperatures between -30° C and
60° C. The main drawback in using the lithium ion batteries is their initial high cost due to their
packaging and internal overcharge protection circuits.

Lithium ion batteries are widely used in electric and hybrid electric vehicles. Li-ion batteries are
considered most suitable solution for grid support application such as; commercial end energy
management systems, frequency regulation, wind power smoothing and Solar PV power smooth-
ing as well.

The use of Li-ion battery technologies for grid support applications was verified in several field
demonstrations. In 2017, Hornsdale power reserve was deployed by Tesla which has a capacity of
129 MWh and 100 MW. Later, it was expanded to 194 MWh at 150 MW in 2020. This energy
storage plant is used to provide stability to the grid and also used to prevent blackouts.

Table 2.1: Battery Properties Comparisons [[19],[20],[21], [22]]

. . . Operating
Discharge Cost in Cycll S C ) T ife Energy Self  Dis- | Specific Temper-
Technology time $ /kWh pability @ (Years) | (n%) charge Energy ature i
% DOD 7% (%) (Wh/Kg) | of,
Na-S Sec-Hrs 200-600 | 2500 @100 | 10-15 75-85 NO 125-175 320
Lead-acid Sec-Hrs 50-150 ?@07062000 5-10 70-80 <0.2 30-50 -5 to 40
Ni-Cd Sec-Hrs ;1286 3500 @100 | 10-20 60-80 0.2-0.3 40-60 -40 to 50
.. 900- 1500-3500
Li-ion Sec-Hrs 1300 @80 10-15 75-95 1-5 150-250 -30 to 60
100 -
VRB Sec-10 Hrs | 600 13,000 @75 10-20 70-85 No 30-50 0 to 40
200 -
Flywheel Sec-Hrs 150,000 | 20 85-95 - 100-130 -35 to 40

2.2.1 Selection of Battery Energy Storage System(BESS):

Battery Energy Storage systems (BESS) are made up of multiple electrochemical cells connected in
series or stacking them together to get the desired voltage and capacity. The different properties of
batteries are discussed in table 2.1. Upon looking at the table , we can conclude that Nickle-Cadmium
batteries suffer from "memory effect"[27] and these batteries are quite costly. Moreover, they pose some
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health risks as well. Flow batteries can be used as well in renewable applications because of their long
term storage of energy. Flow batteries include Vanadium redox batteries (VRBs) and Ploysulfide bro-
mide batteries (PSBs), which is due to their reliability and recycling capabilities. Lead-acid batteries
are in the market for more then a decade now and are highly suitable for renewable integration. Reason
being, their low cost and low self discharge. Lithium-ion batteries have the highest energy density ,
are light in weight as well and portable which enhances their flexibility and modularity. Amongst all
these battery types, only lithium ion and lead-acid batteries are available commercially.

2.3 Power Market:

A consequence of increased penetration level of wind power in the electric power system is that the
spot market will be more volatile and the requirement for the real-time balancing capacity will be
increased. The larger demand for the balancing capacity is due to the fluctuations in the wind power
generation, also because it is difficult to predict wind speed accurately for more than 24 hour. Increase
volatility in spot prices is not necessarily a problem, as long as these prices reflect the true marginal
cost of the system operations and the players can respond to correctly to these prices, while the errors
in wind power forecast will result in less efficient usage of the system. The forecast errors in wind
power production make it necessary to invest in the increased flexibility of the existing units or install
new power plants. Hence it is important to reduce the wind power forecast error or if the consequences
can be mitigated.

2.3.1 Nord Pool Market:

Generally in an electricity market a typical contract is that the seller injects an amount of energy in
the electric power system during a certain period such as intraday or day-ahead market, and the buyer
extracts the same amount of energy during the same period. In the Nordic electricity market 1h is
used as a trading period.

The trading in the Nordic electricity market is mostly done ahead of the trading period. Consumers
and producers can trade based on the forecasts in market places such as: day-ahead sport market,
Elspot, the adjustment market Elbas and bilateral contracts. Elspot is the sealed bid auction market
with sealed marginal pricing, while the spot market is the most important market because it has the
largest volumes and the pricing of the spot market also have an influence on the other markets.

The Nordic system operator runs a real time balancing market during the trading period. The mar-
ket is used for restoring primary control reserves, manage transmission congestion and to restore the
frequency to it nominal value, these controls are considered as tertiary controls. Practically, the con-
sumers and the producers are expected to follow the trading in the day-ahead spot markets. If there
are any minor deviations in the system they will be managed by the primary control, but if the oper-
ator sees that the frequency may increase or drop outside the normal operation interval then the bids
will be activated from the real-time balancing market[28]. The players are only paid for the period
that are activated during the real-time balancing and the market is also voluntary. The up-regulation
price is uniform for all up-regulation bids and the down-regulation price is also uniform for all down-
regulated bids. The measurement of the generation and the consumption is compiled after the trading
period and are compared with the real-time balancing market and the day-ahead spot market and this
information is used for the imbalance settlement.

Nordic power system has a large share of hydro power plants and a considerable storage capacity in
hydro reservoirs, and thermal power plants such as: nuclear power plants are used for base load or

9
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gas turbines which have a short start-up time are used for short term power production. This tells
us that the ramp rates and unit commitment is rarely a constraint for Nordic power system. The
main impact of the forecast errors is related to the up and down-regulation units because the system
had to deviate from the planned generation, which may result inn extra costs such as: opportunity
costs (change in water value), lower efficiency, and start-up and shut-down costs. All these costs are
included by the player before they submit there bids in real-time balancing market[28]. Therefore, the
price difference will increase between the real-time balance market and day-ahead spot market with
increasing volumes of activated real-time balance market ( the different in these markets is referred
as regulation fees), which indicates higher costs for the players responsible in the imbalance market
and also for the system operator in the real-time balancing phase. Furthermore, more units will be
stopped or started more frequently and the system resources will be deployed less efficiently because
more units will be operated off their best efficiency points due to forecast errors.

10
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In this paper, two different models are investigated. In Model-1, we propose a method to define the
battery capacity that is required to deliver constant power for the system. During the planning and
designing of the wind battery hybrid power system (WBHPS), an historical wind turbine data was
acquired to make sure that the defined battery capacity can handle the wind power variation. The
historical wind data acquired for this study was over a period of 1 year. The study investigates the
battery capacity which is required to deliver constant power over different time periods, furthermore is
it economically beneficial to have BESS if we intend to deliver constant power over longer time periods.

In Model-2 the main purpose of the simulation study was to see its impact on wind farm producers
profit based on the planned and forecast-ed wind power production. In this model, the simulation
studies were based on the predicted values of the wind turbine, and the deviation in this prediction,
considering the electricity price, BESS consumption costs, and the working curve of the battery stor-
age. The battery capacity was defined here which is 60 MWh.

The model used in this study controls the BESS using the forecasted value of wind turbine generation
and the power delivered to the grid. The model uses the last measured value of the BESS state of
energy (SOE) as an input and BESS charging /discharging power is considered as an output for each
time step of the scheduling period. The BESS capacity is calculated in Watt-hour (Wh), thus instead
of SOC, the term SOE is used [23]. In addition, Depth of discharge (DoD) is defined as the discharged
energy from 100% SOE i.e., DoD =1 — SOFE [26].

3.1 Battery Capacity:

To mitigate the wind power variation, the battery capacity must be sufficient including the power and
energy ratings of the capacity. To determine the battery capacity, the dispatching strategy for the
wind power should be defined primarily. In [25], several dispatching strategies are investigated and
compared regarding the battery capacity and its ability to cooperate with the TSO. In several dis-
patching strategies the averaged method requires the smallest battery capacity to be able to cooperate
with the TSO.

To calculate the size of the battery, we need the average energy requirement for the battery per day,
which can be calculated from the maximum power surplus/deficit. Let P4(t) is the power difference
which is calculated in (3.1), where the Pg;s(t) = Pioad(t) is the power that is needed to be dispatched,
while Py, (t) is the power generated by Wind Turbine over a time period At.

Pd(t) = Pgen(t) - Pdis(t) (31)
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3. Methodology

Once we have the P;(t) , we can calculate the Ep,. Here, N is depicted as the number of days.

N
Epart(kWh) = maxz P,At (3.2)
i=1
When sizing the BES, we need to take into account the DoD%, DoD of each battery is selected to
ensure the efficiency and longevity of the battery. Days of autonomy are indicated as the number of
days the battery is capable of handling the dispatch without the need to be charge. In standalone
case application, this factor varies from 4 to 6 days though it can maybe be higher then 10 days in
professional applications [24]. The battery capacity can be calculated as:

Eport(kWh)D
E kWh) = ————— .
batt(maw)( w ) DoD% (3 3)
The required battery capacity E.qp in Ah can be calculated as:
Ebatt(maa:) (kWh)
E..,(Ah) = A4
cap(AR) V % 1000 (3:4)

In (3.4), V is the nominal (DC) voltage of the battery, E.qp, is in Ah which is the required battery
capacity. The ratio between the battery capacity E.., to Ah rating of single battery module/cell
gives us the number of battery which is needed to be connected in parallel (IV,). The ratio between
the system voltage and the voltage rating of single battery gives us the number of batteries needed
to be connected in series (Ny) for the formulation of battery bank. There are a lot of optimization
algorithms which can be used to further minimize the size of the battery bank while considering the
battery capacity Ecqp-

3.1.1 Scheduling of BES

For the proposed BES modeling, the battery energy management system operates on the charge/dis-
charge model which is based on the Power surplus/deficit occurring in the Wind Battery Hybrid Power
System (WBHPS). The constraints that are used in the BESS operations are summarized as follows.

1. Power balance Constraint:

Pyen(t) = Po(t) + Puais(t) (3.5)
2. Battery power limitation Constraint:
Pb,min S Pb(t) S Pb,mam (36)
3. Battery SOC Constraint(s):
SOEin, < SOE(t) < SOE 4z (3.7)
where the SOE level is calculate by using this equation:
Py(t)At
SOE(t) = SOE(t — 1) + b<E) (3.8)
b
4. Battery energy limitation Constraint:
Eb,min S Eb<t) S Eb,maw (39)
Case 1: Battery is charging
Eb(t) = Eb(t - 1) + (Ath(t))T]ch (310)
case 2: Battery is discharging
AtPy(t
Ey(t) = By(t — 1) + (n”()) (3.11)
dis
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I Evaluate Py, and Power Dispatch Py; |

Evaluate Battery Capacity

Next Iteration

Evaluate Battery SOE(t)
t=t+1
No Yes
Fyen >Pajg
Yes No No Yes
Battery is fully Discharged Battery is Discharged to Battery is Charged with Battery is fully Charged so
and unmet demand is shed meet Power Demand excess Power Excess Power is Spilled
Py(t)=0  Porealt)=Puss(t)- Pyent) Py(t) = Fyen (t) - Pais (t) Py (t) = Fyen (t) - Pais (t) Py(t)=0  Pyult)=Fpent)- Passlt)
Paet(t)= By () SOE (t) = SO, Paet () = Pyen () - Py (t) Pyet (t) = Pyen (1) - Py (1) Piatlt) = Paislt) SO (t)=SOE
Ep(t) = Ep,,,, Ep(t) = Ep(t—1) + (Py(t) / Tass ) Ep(t) = Ep(t—1) + (nen * Py(1)) Ep(t) = Ep,,,

Figure 3.1: Battery Flow Chart

Where, P, is the power exchange to and from the battery during the charge/discharge cycles. It is
positive when charging and negative when discharging. FEj is the battery Size in Wh. A control block
for the energy management of the batteries that take in to account the state of energy of the batteries
in order to avoid the over-charge and over-discharge has been developed. In case when the battery is
fully charge, the excess energy is spilled . Whereas when fully discharged , surplus demand is shed.
The energy management flow chart for the system is shown in figure 3.1 above.

3.2 Wind Power Output Model based on Probability Theory

Based on central limitation theory, since their are large number of wind turbines in a wind farm, and
their distribution in a larger area, it can be assumed that the prediction error of the wind farm’s output
obeys the standard normal deviation, with an average of zero and standard deviation of o, [36], [37].
Research conducted on the prediction of wind power output that the relationship between the output
prediction data[ [38], [39] | and the standard deviation of the wind power output prediction is linear,
the mathematical description for which is:

Tu(t) = kwPyen(t) + ko (3.12)

In (3.12), Pye,, is considered the predicted value of the wind power output, o, is the standard deviation
of the wind power prediction deviation in time slot t and k., ko are the coeflicients of the wind power
output prediction. According to the probability theory and mathematical statistics from [40], the
probability of prediction deviating with in range of +3c is 99.75%. The output of the wind farm in
time period t is :
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Pyen(t) = Pyen(t) + 0w (t) (3.13)

where o, (t) is the wind power output prediction deviation.

3.2.1 Wind - Battery Profit Model

The aim of this model is to see the increase in the economic profit by temporarily shifting the wind
power output using the battery system. The battery system is able to quickly respond to the deviation
in the wind power output, thus reducing the cost associated with this deviation. The wind farm
predicts the output of the following day and implements the output plan for the following day, in
conjunction with the BES to maximize economic profit. The function is expressed mathematically as:

N
Ctotal = Z[Cplan(t> - Cpunish(t)] - CB — o™ (314)

t=1

In (3.14), Ciotar is the total economic profit of the wind and battery system, Cpjqn is the planned
output profit of the wind and battery system, Cpunish is the punishment resulting from the deviation
and failure to deliver power to the grid, ¢ is the daily battery cost life loss due to cycle aging and
c°™ is the daily maintenance and operations costs of the battery.

The wind farm owner provides the output plan of the day based on the wind output prediction, the
electricity price and the battery capacity. The economic profit for the wind-battery system can be
calculated as:

Cplan(t) = Cspot (t)(pgen (t) + Po(t)) At (3.15)

In (3.15), Cpian is the planned economic profit of the whole system, while cgpot(t) is the electricity

price at time t, Py, (t) is the wind power output prediction value at time t and Py(¢) is the power
delivered by the battery at time t.

Wind power can only be predicted in certain limit because of that, in some cases the actual output
power to the grid is not consistent with the predicted power. In this case, the battery storage has to
respond and deliver this unbalanced power. This power deviation can be calculated as:

Pdev(t) = |pgen(t) - Pgen(t) + Pb(t)| (3-16)

In (3.16), Pyey(t) is the deviation of the wind-battery output from the wind prediction output from
time t and Py(t) is the power delivered by the battery to balance the deviation of the wind power
prediction at time t.

However, due to the limitation of the battery capacity, it is difficult to balance all the deviation form
the wind power prediction, because of this unbalanced power wind farms can’t deliver the committed
power the grid, making it difficult for the central control of the market. Thus making it necessary to
punish the wind farm owner. which is expressed as:

Cpumsh = W * Cspot (t)Pdev (t)At (3.17)

In (3.17), w is the penalty co-efficient of output deviation, Cpynisn is cost punishment for deviation
and cgpor(t) is the on grid price at time t.
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3. Methodology

3.2.2 Cost of Battery life loss and Maintenance:

Since the operating environment of the battery is complex and undergoes a series of irregular charg-
ing and discharging processes, which results in loss of available battery capacity and is non-linearly
linked to many factors depending on the chemistry [41], [42].Battery cycle aging can increase due to
high operating temperature,high C-rates, operation in very low /high storage voltages and frequent cy-
cling with high DOD. while calendar aging is more severe at high SoC levels and high temperatures [43].

The model presented in [44], [26] is used to model the dependency of cycle aging on collective through-
put:

N
q=BieP Y " Py(t)At (3.18)

t=1

In (3.18), g represents the battery capacity loss in %, while By and By are pre-exponential and
exponential factors which can be obtained from empirical fitting of experimental data. I, is the
average daily C-rate, which is entered as a parameter, thus (3.18) becomes linear. The Battery cost
used in (3.14) is calculate as:

B CB’OQ

T 100% —

(3.19)

In (3.19), n is the end of life retained capacity percentage of the battery and CP:0 is the installation
cost of the Battery.

3.3 Study Approach:

In this paper, both models follow the rule-based control method for charging/discharging the battery.
The system consists of 8 wind turbines and BESS connected to the grid. The wind turbine data used in
this study is collected from project Robergsfjillet, which is located in Dalarna County east of Torsby,
Sweden [31], the specifications of the wind turbine are listed in the table 3.1. Tesla Power-pack is
considered in the study for BES [35]. The approach adopted in the simulation studies and the demon-
stration of the BES dispatch depicted in the flow diagram is shown in Fig.3.1.

Table 3.1: Wind Turbine Specifications[[33],[34]]

S.Number Specification Value S.Number Specification Value

1 Rated Power 2000kW /2200kW 5 Blade Length 44m

2 Cut-in Speed 4dm/s 6 Frequency 50/60 Hz
3 Cut-out Speed | 25m/s 7 Blade Length 44m

4 i(r)tor Diame- 90m 8 Swept Area 6362m?

Nord Pool market price [32] data was used in this study, while 7., = 0.83, n4;s = 0.85 and %DoD = 0.8
are considered the same for both models. In Model-2 the maximum charging and discharging power
of the battery system is 10 MW, while the capacity constraint is 0 «~~ 60 MWh. The Li-ion cycle aging
parameters used were taken from [44], where B; = 0.0013 and By = 0.3534, while for parameter I, in
(3.18), which is considered Model-2, the daily average C-rate is considered 0.5 for charging/ discharging
of the battery. The BES installation cost is considered 3300 SEK/kWh ($398), while the maintenance
cost is considered 0.036 SEK/kWh.
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3. Methodology

During the simulation studies wind turbine generation, electricity price data was used from 2018 to
run the BES scheduling simulations, where At = 1 Hour. Originally the data collected from the wind
turbine site was for every second for one year. The initial and end levels of SOE at each simulation
period are set to be 50%. Moreover, SOE is limited to 10-90% in this study.
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4

Results And Discussion

4.1 Simulation results:

The simulation studies conducted on Model-1, few cases are considered to see how much constant power
the wind farm owner can deliver under different time periods with BESS and wind turbine together.

The time periods considered for Model-1 case studies are 1 Day, 1 Week, 1 Month, 6 Months, and 1
Year. Moreover, the battery SOE is limited between 10-90 %.

e Casel:

As Shown in Fig 4.1 of simulation, we commit the WBHPS to supply constant power to the grid
over a period of one day. Wind turbines generated 253.54 MWh energy and average power at
time At was 10.56 MW, during this period, excess energy spilled during this period is 29 MWh,
while no excess energy was shed during this period. Power delivered to the grid/TSO was 9.4
MW to ensure that WBHPS can deliver constant power committed. The BES size calculated to

deliver this power was 35 MWh and maximum power BES can deliver at time At is 19 MW /h,
battery was charge till Ep, . = 31 MWh and discharged till E, ., = 3.5 MWh.

Power Generation (Wind Turbine)
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Figure 4.1: Power Commitment(1 day)
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e Case 2:

In Fig 4.2 of simulation, we commit the WBHPS to supply constant power to the grid over a
period of 1 week. Wind turbines generated 1.061 GWh energy and average Power at time At was
6.32 MW over a period of 1 week. No excess energy was shed during this period, while excess
energy spilled during this period was 272 MWh. Power delivered to the grid/TSO was 4.32 MW
to ensure that WBHPS can deliver the constant power committed. The BES size calculated to
deliver this power was 249 MWh, moreover battery was charge till £, = 224 MWh while
discharged Fy, . = 24.9 MWh.
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Figure 4.2: Power Commitment(1 Week)
e Case 3:

In Fig 4.3 of simulation, we commit the WBHPS to supply power to the grid over a period of 1
month. Average power generated by wind turbine at time At was 4.47 MW, while total energy
generated over this period was 2.898 GWh. Excess energy spilled during this period was 1.2
GWHh, while no excess energy was shed during this period. Power delivered to the grid/TSO
was 1.97 MW to ensure that WBHPS can deliver constant power committed. The BES size

calculated for this period was 374 MWh, moreover battery was charge till E, . = 336 MWh
while discharged till Ej = 37.4 MWh.
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Figure 4.3: Power Commitment(1 Month)
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e« Case 4:

In Fig 4.4 of simulation, we commit the WBHPS to supply power to the grid over a period of 6
month. Average power generated by wind turbine at time At was 3.97 MW, while total energy
generated over this period was 14.194 GWh. Excess energy spilled during this period was 7.26
GWHh, while no excess energy was shed during this period. Power delivered to the grid/TSO was
1.66 MW. The BES size calculated during this period was 382 MWh, moreover, the battery was

charge till Ej

max

= 345 MWh and discharged till £, ,, = 38.3 MWh.
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4. Results And Discussion

When we doubled the size of BES as shown in Fig 4.5 to see its impact on the power delivery
commitment. By increasing the size of BES, excess energy spilled during this period was reduced
to 3 GWh and power delivered to the grid/TSO was increased to 2.63 MW. BES size calculated
for this period was 708 MWh, moreover, the battery was charge till F, = 637 MWh, while
discharged till E, . = 70.76 MWh.
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Figure 4.5: Power Commitment(6 Month "BES size doubled")
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e« Case 5:

In Fig 4.6 of simulation, we commit the WBHPS to supply power to the grid over a period of
1 year. Average power generated by wind turbine at time At was 4.8 MW, while total energy
generated over this period was 37.319 GWh. Excess energy spilled during this period was 26.34
GWHh, while no excess energy was shed during this period. Power delivered to the grid/TSO was
1.24 MW. The BES size calculated during this period was 396 MWh, moreover, the battery was
= 356 MWh and discharged till Ej

charge till

max

20 T

min

= 29.5 MWh.
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Figure 4.6: Power Commitment( 1 year )
**Slope seen in the figure is because of missing data from July 2018



4. Results And Discussion

In Fig 4.7 by doubling the BES size, power delivered to the grid/TSO was increased to 2.07
MW, while the excess energy spilled during this period was reduced to 19.02 GWh. The BES

size calculated was 741 MWh, moreover, the battery was charged till Ej, . = 667 MWh and
discharged till By, = 74 MWh.
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Figure 4.7: Power Commitment( 1 year "BES size doubled" )
**Slope seen in the figure is because of missing data from July 2018

When the size of BES increase by 4 times as shown in Fig 4.8 to see its impact on power de-
livery commitment. By increasing the size of BES, excess energy spilled during this period was
reduced to 7.992 GWh and power delivered to the grid/TSO was increased to 3.29 MW. BES

size calculated was 1.336 GWh, moreover, the battery was charged till . = 1.203 GWh while
discharged till Ej, ., = 134 MWh.
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In simulation study conducted in Model-2; the simulation was run for one day to see its economic
profit for the wind farm without the BESS working mode and with the wind-battery working mode.
The punishment coefficient w is applied to reduce the deviation between the planned and the forecast-
ed output of the wind turbine. In case of any output deviation, the system should provide or store
energy capacity, greater the output deviation is, the greater the energy which is needed or stored. The
punishment coefficient is always greater then 1, while, it is considered as 1.25 in this paper, and the
load is considered constant. The BESS capacity was considered as 60 MWh to run this simulation
example.

Table 4.1: Economic benefits of wind farm with different levels of forecast.

K K Wind Farm Economic Profit | Wind-BES System Economic
bt ° (SEK) Profit (SEK)

0.1 0.01 44,618 58,556

0.2 0.02 37,225 56,029

0.3 0.03 29,778 53,679

0.4 0.04 22,331 51,329

0.5 0.05 14.883 48,980

The predicted economic profit for the wind farm producers with BES and without BES is shown in
table 4.1. When the wind prediction coefficient K, and K,, are considered 0.01 and 0.1, the profit
margin for the wind-battery system is 23% greater as compared to wind farm working alone. Similarly,
when the wind prediction error K, and K,, are 0.02 and 0.2, the profit margin between wind-battery
and wind farm alone is increased by 33%. When the wind prediction error K, and K, are 0.05 and
0.5, the profit margin is increased by 68% as compared to wind farm working alone. As shown in table
4.1, the profit margin for the wind farm producers continue to decline, when the forecast error increases.

Table 4.2: Economic benefits of wind farm with different values of Penalty co-efficient.

w Wind Farm Economic Profit (SEK) g]l;}%BES System Economic Profit
0.50 49,236 63,721
0.75 47,697 62,000
1.00 46,158 60,278
1.25 44,618 58,556
1.50 43,079 96,835
1.75 41,540 55,113
2.00 40,000 53,391

In table 4.2, the profit generated for wind farm producers from different values of penalty coefficient
for the wind farm with the BESS working mode and the wind farm without the BESS working mode,
and K, and K, are 0.1 and 0.01. when the penalty coefficient of deviation w is 0.5, the profit margin
for the wind producers 22.7% for the wind- battery system as compared to the wind farm alone. When
the penalty coefficient w is increased to 1.00, the profit margin increases to 24%. Similarly, when the
penalty coefficient w is increased to 2.00 , the profit margin increases to 25%. As shown in table,
with the increase in penalty coeflicient, even though the profits for the wind farm producers continue
decline, the profit margin for the wind-battery system continues to increase as compared to wind farm
alone.
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4.2 Simulation Discussion:

In Model-1, After evaluating different scenarios under the battery dispatch model there are few things
to be considered:

« BESS Size:

while looking at the results from all these case it becomes evident that BESS size is directly
related to the average power delivered over a period of time because of the excess power spilled.
In case 1, the 11% of excess power was spilled in case 2 25%, case 3 41%. In case of case 4,
initially, excess power spilled out of total power generated was 51%, but by doubling the size of
BES extra power spilled was reduced to 21% and power delivered the grid was increased 58%. In
case b,initially 70% of the power generated by wind turbines was being spilled, by doubling the
BES size power spillage was reduced to 50% and the power delivered to the grid was increased
67%. Similarly, by increasing the BES size by 4 times, power spillage was reduced to 21% and
constant power delivery was almost doubled.

Though in all the cases studied power delivered to the grid could be increase by increasing the
BES size one important factor which needs to be considered is the stochastic nature of the wind
as well as it is evident in case 3 if we look in Fig 4.3 power generation was high in the first half
while it was quite low in the second half which resulted in the power delivery to be lowest in this
case.

¢ Trade-off:
There is a trade-off between the battery capacity and the power spillage which was considered
as well if we want to store all the power produced by the wind turbine, the battery capacity for
the system will be too big. Consequently, it will increase the battery investment for the wind
farm owner and it is not economically beneficial.

e SOE Limits:
In all these case the SOE was limited between 10% - 90% which resulted in more power to be
spilled, we could be less strict with SOE limits to conserve more power in to the battery. While
considering the optimal SOE limits we need to consider the degradation cost of the battery. If
the revenue generated can compensate the degradation cost larger SOE limits could be used.

¢ Revenue:
In Model-1, the main focus of the study was on balancing services as a revenue stream. As
seen from the results, a lot of excess power was spilled due to BES size and that excess power
can be sold in the intra-day market and real-time balancing services as a second source of revenue.

o Battery Cost:
As seen from table 4.3, initially the constant power delivered to over longer periods of time was
too small and a lot of excess power was spilled due to smaller battery capacity. To increase the
power dispatched to the grid the the battery capacity was increased, by increasing the battery
capacity by 4 times in case of 1 year, the power dispatched to the grid was only doubled. which
is not an economically beneficial and not beneficial for the investors as well.

In Model-2, analysis conducted on predicted economic profit with the wind turbine alone and the
wind-battery working mode based on the forecast error. In table 4.1, even though the profit margin
for the wind farm producer continues to decline in both the wind farm alone and with wind-battery
working mode, but the profit percentage is clearly increased via use of the battery system. The greater
the forecast error is, the greater is the profit that can be generated using the wind-battery system.
Which indicates that the battery can play an important role in decreasing the forecast error.
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4. Results And Discussion

Table 4.3: BESS Capacity Installation Cost.

Cases Power Delivered (MW) Excess Energy Spilled(MWh) | Battery Installation Cost(SEK)
BESS 2*BESS | 4*BESS | BESS 2*BESS | 4*BESS | BESS 2*BESS 4*BESS

1 Day 9.4 0 0 29 0 0 0.12mil | O 0

1 Week 4.32 0 0 272 0 0 0.74 mil | 0 0

1 Month 1.97 0 0 1,200 0 0 1.23mil | 0 0

6 Months | 1.66 2.63 0 7,260 3,000 0 1.26 mil | 2.34 mil | 0

1 Year 1.24 2.07 3.29 26,340 19,020 7,992 1.31 mil | 2.46 mil 4.41 mil

Similarly, in table 4.2, even though the profit margins continue to decline, when the penalty co-efficient
increases, the profit for the wind-battery system increases as compared to wind farm working alone.

When the penalty co-efficient w increases, by reducing the output deviation the wind-battery system

can increase the profit. Penalty co-efficient has an impact on the profit margins of the wind producers,
so it is necessary that the operators set a reasonable penalty co-efficient.
should not be either too high or too low, to prevent wind farm producers to be too optimistic or
cautious when they are reporting their output plans. Penalty co-efficient set for this study is 1.25.

The penalty co-efficient
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Conclusion

This article represent two different models which uses BES as a resource. In Model-1, BES is used
with the wind farm to deliver constant power to the grid for different time periods. The conclusion
obtained from the study performed at Model-1 shows:

If we intend to deliver constant power over a longer time periods i.e: 6 month, 1 year, it will
require an enormously large battery capacity which is an unrealistic approach. It is realistic to
have a BESS capacity for 1 day or at most to 3 days, so we can assure the power we can deliver
the power we promised to the grid/TSO. For that purpose the BESS capacity of 100 MWh is
good enough.

when we look at longer periods a lot of power produced by the wind turbines was spilled because
of small BES size and constant power delivered to the grid was not so much either. By increasing
the size of BES the system was able to store a lot more energy and the power delivered to the
grid was increased as well.

Even when, the system was able to deliver more power if we look into case 5, where by doubling
the BES size Power delivered was increased by 67% and by increasing it 4 times the power de-
livered to the grid was almost doubled. It is not an economically beneficial solutions because the
profit margin doesn’t increases as much as the cost.

Instead of increasing the BES size the excess power spilled can be sold in intra-day market real-
time balancing market as a second source of revenue. Excess power can also be used for ancillary
services or frequency regulation purposes.

Based on the analysis conducted on Model-2, it can be concluded that, by having battery system with
the wind farm, it can have a significant influence on the wind farm’s economic profit. Based of the
forecast error of wind power, and the ability of the battery system to adjust based on forecast error
deviation, an analysis of the economic profit due to HESS was investigated. The conclusion obtained
from the study performed on Model-2 from WBHPS ( 16 MW WF, 60 MWh Battery) shows:
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e The forecast error in the wind power output decreases the economic profit of the wind farm. As

the forecast error increases, the economic benefit of the WBHPS decreases from 58,556 SEK to
48,980 SEK.

e The battery system reduced the negative effect of the forecast error and enhances the economic

profit of the wind farms (WFs). As the forecast error increases, the economic benefit of the
WBHPS increased by 68% as compared to the wind farm working alone.
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