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Abstract: Meeting the generation schedule in a wind farm is a major issue. This work utilized battery
energy storage systems (BESS) integrated wind farms (WF) to supply energy to the power grid at a
pre-determined generation schedule, which was set previously based on the meteorological forecast
and BESS characteristics. This study proposed the integration of two independently controlled BESS
into the WF to balance stochastic power deviations between actual wind power and scheduled power.
By utilizing linear optimization and solving in MATLAB, simulation models of the operations of
BESS-integrated WF have been developed. The technical performance of the BESS-integrated wind
farm on meeting the generation schedule, along with the cost benefits and profit attributed to the
BESS, is therefore measured by a series of indices. The simulation on a practical wind farm, i.e.,
Adama-I WF, Ethiopia shows that even though it depends on the type of state exchanging strategy
adopted, the developed methodology of integrating BESS into the WF is effective and BESS profits
can totally cover the cost. Technical and economic indices that resulted from the integration of two
separate BESSs with independent control were compared with indices that resulted from integrating a
single BESS. Simulation results show that operating the wind farm with two independently controlled
batteries has better performance as compared to operating with a single battery. It also shows that
the discharging and charging state exchanging approaches of the BESS (in the case of two battery
integration), as well as the number of batteries integrated into the wind farm, have significant impacts
on the performance of the WF integrated with BESS.

Keywords: dual battery operation; linear optimization; single-battery operation; state exchanging strategy

1. Introduction
1.1. Motivation and Incitement

Wind energy (WE), as a renewable energy, is plentiful, widely distributed, clean, and
does not release greenhouse gas (GHG) during operation. Currently, it has achieved fast
growth due to the rapid increase of energy demand and accelerating depletion of the
world fossil fuels [1]. Recently, relatively high levels of wind power penetration have been
achieved in some countries. The penetration level of Denmark has reached 48%, followed
by Ireland with 30% and Portugal with 30%, according to the report of the United States
of America Department of Energy [2]. Denmark has an ambitious target of 50% in 2020
of which around 48% wind power generation is achieved whereas the United States has
planned projections of wind power capacity to be as large as 30% of total generation by
2030. WFs, unlike traditional generators, are unable to be deployed flexibly because of
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the unpredictability of wind patterns and, as a result, their intrinsic probabilistic character.
As a result, network administrators must deploy extra operating reserve to deal with
probabilistic wind energy in terms of maintaining the appropriate degree of grid security
and dependability [3]. Furthermore, deploying greater operational reserve would almost
certainly raise operating costs since so many units would be dispatched [4,5]. Meanwhile,
fast advancements in battery storage have offered a potential way to deal with probabilistic
wind energy [6,7].

1.2. Literature Review

In this section, a literature review on the types of storage integrated into the wind farm,
type of control strategy, number of batteries to be integrated, and benefits are discussed.
Various simulation methods and profitability tests can be found in the literature in terms of
both battery energy storage for stand-alone applications and in conjunction with renewable
sources. A review of the relevant studies will be presented below.

In ref. [8], Oudalov et al. carried out the optimum sizing of the lead-acid BESS for
primary frequency control in European markets, describing it as the most useful service
for the storage device user. In ref. [9], Schweer et al. have followed a similar strategy,
where the operation of the hybrid battery storage has been designed to provide frequency
reserve containment. To render the built model linear, a piece-wise approximation has been
utilized. In ref. [10], Korpaas et al. studied the significance of balancing the differences
between the expected and actual output of WE by conducting a three-step simulation: first,
wind production is projected. Second, the bids on the power exchange are scheduled based
on this prediction. Finally, the function of the storage in real-time is simulated to offset the
variance of the generation of WE from the expected one. Using a dynamic programming
algorithm, the model was resolved, and the efficiency of the battery was established as
a significant factor. In addition, results show that the storage capacity depends on the
difference between the spot price and the regulatory power price. Following two primary
methods, energy storage systems with arbitration purposes were simulated. The first is the
setting of price triggers that permit the device to charge or discharge when reached. These
prices can be static, computed from historical time series or dynamically altered using
moving averages during battery operation, as stated In ref. [11]. A second alternative is to
assume a price forecast and optimize the bidding strategy, such as the day-ahead bid, which
maximizes potential revenue with a linear or mixed-integer linear program, as suggested by
Sioshansi et al. [12] and Graves et al. [13]. The projected WE in the next hour were chosen as
an electricity schedule by Teleke et al. In ref. [14]. For that purpose, a traditional feedback-
dependent control technique has been developed for controlling the BESS. It enables the
BESS-associated WF to produce energy according to the scheduled generation. In ref. [15],
an optimal control technique based on open-loop has been developed. The feedback-based
control technique produced better results in meeting the generation timetable as compared
to the open-loop-based control technique, but it led to repeated switching between charging
and discharging states of the BESS, thus shortening the lifetime of the BESS. Li et al. develop
a new operation plan In ref. [16] to complete a full charging period followed by a discharge
cycle in order to increase the lifespan of BESS. This method, however, was very complex and,
as per the actual WF power production, required regular revisions. In Refs. [17,18], Yao et al.
split the BESS into two parts, designated as in-service and stand-by BESS, correspondingly.
Separate control is employed to regulate them. In ref. [19], Yuan et al. utilized BESSs for
balancing power deviations among the WE outputs and scheduled production in order to
reduce the BESS capability requirement. In ref. [20], optimal maintenance planning and
resource allocation for wind farms based on a non-dominated sorting genetic algorithm
are presented. In ref. [21], scheduling of electric vehicle charging to minimize carbon
emissions and wind curtailment is presented. In ref. [22], a novel control strategy for
enhancing microgrid operation connected to photovoltaic generation and energy storage
systems is described. In ref. [23], a techno-economic assessment of energy storage systems
using annualized life cycle cost of storage (LCCOS) and levelized cost of energy (LCOE)
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metrics is performed. A robust energy management and economic analysis of microgrids
considering different battery characteristics is presented In ref. [24]. In ref. [25], optimal
planning and operation of energy storage systems for minimizing the cost of energy losses
and maximizing arbitrage benefits in the presence of wind generation are performed. In
ref. [26], the grey wolf optimizer is utilized for optimal sizing and siting of energy storage
systems in electric distribution networks. The authors of ref. [27] discussed a machine-
intelligence-based forecasting-based technique for penalty cost minimization in hybrid
wind-battery farms. In ref. [28], wind turbine gearbox anomaly detection is performed,
which is based on adaptive threshold and twin support vector machines. In ref. [29],
wake management-based life enhancement of battery energy storage systems is performed
for hybrid wind farms. For hybrid wind farms, ref. [30] employs a fuzzy technique for
order preference based on similarities to the ideal solution (TOPSIS) and a fuzzy complex
proportional assessment (COPRAS) based multi-criteria decision-making approach. In
ref. [31], hybrid machine intelligent support vector regression (SVR) variants are utilized
for wind forecasting and ramp events. In ref. [32], the authors proposed an optimization
technique for battery energy storage with wind turbine generator integration into an
unbalanced radial distribution network. In ref. [33], techno-economic optimization of
battery storage for grid-level energy services using curtailed energy from wind is performed.
In ref. [34], authors presented the utilization of energy storage systems for enhancing the
distributed generation connections and network operations on the Shetland Islands. In
ref. [35], sizing and coordination strategies of battery energy storage systems co-located
with wind farms are presented in relation to the United Kingdom perspective. In ref. [36], a
dynamic analysis of energy storage with renewable and diesel generation using volterra
equations is presented. In ref. [37], an adaptive neuro-fuzzy inference system (ANFIS)
based peak power shaving/curtailment method in microgrids including photovoltaic units
and battery energy storage systems is proposed. In ref. [38], authors presented a joint
market bid methodology for a hydroelectric system and wind parks. In ref. [39], authors
presented the generation schedule tracking of wind farms with battery energy storage
systems. In ref. [40], enhanced emulated inertia control for grid-connected photo-voltaic
systems with hybrid energy storage systems in a weak grid is presented by the authors.

1.3. Research Gap

By reviewing different research papers, it is concluded that different researchers
utilize the BESS system with various available control techniques, such as fuzzy systems,
the ANFIS method, and support vector mechanisms. All these methods are complex as
training and formulation of the various rules are required. As compared to the above-
discussed techniques, the proposed work develops the different operating strategies with
linear optimization, which has less complexity and provides better results. Further, the
proposed work is implemented on the practical system (Adama I), so it can provide the
critical recommendations on the practical implementation of the proposed technology.
Furthermore, the economic aspects attributed to the BESS, such as advantages, expenses,
and income, which are not covered by the discussed literature, are incorporated in this
work because batteries are so costly. Therefore, it is of great importance to consider the
economic characteristics of the BESS.

1.4. Contribution of the Manuscript

This paper utilized BESSs integrated into WFs for smoothing WE fluctuation and meet-
ing the desired generation schedules. The major contributions to this work are as follows:

• This work determined the characteristics of a storage system that have the greatest
effect on its ability to mitigate fluctuations. For that purpose, the authors assessed
BESS’s coordination with the load flexibility. Furthermore, single-battery operation
was compared to two-battery operation.
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• This research analyzed the impact of battery size and charging/discharging strategy
on system economy and reliability. Furthermore, they assessed the economic value of
the BESS option.

• A dual battery operation with two state exchanging strategies, i.e., simultaneous and
asynchronous state exchanging strategies, is proposed. Moreover, the effects of state-
exchanging strategies on the performance of BESS-integrated WFs were investigated.

• The proposed work is implemented on the practical ADAMA I wind farm, Ethiopia,
based on the real data obtained from the system.

• The proposed work can provide critical recommendations and in-depth knowledge
for the practical implementation of the proposed technology in a real-world system.

1.5. Organization of the Manuscript

The manuscript is organized as follows: Section two discussed the methodology of the
proposed work. Different concepts utilized in this work are discussed in the methodology
section. Section three discussed the results under various operating conditions. Section
four discussed the conclusion of the manuscript.

2. Methodology

The methodology of the thesis report shows the technical approach of the study. The
study was conducted according to the lines of the flowchart presented in Figure 1. A
detailed literature review was initially conducted on Lithium-ion (Li-ion) batteries, their
technical characteristics, and forms based on their chemistry and applications. The most
interesting type of BESS, i.e., Li-ion battery, is selected after a thorough study and then
selected to be modeled.
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Figure 1. Flow chart of the methodology.

The next step was collecting wind speed forecast data from the Windfinder app
(WINDFINDER app version 4. Available online: https://www.windfinder.com/about/
history-press.htm (accessed on 14 November 2021)) (3.23.1, Windfinder, Boltenhagener,
Germany) within 3 h of the actual wind power generation. It is possible to make a forecast
even one day in advance. However, if the forecasted span increases, forecasting errors
will also increase, which affects the performance of wind farms. Then the actual wind
power record for the corresponding time span was taken from the wind farm. Linear
optimization or mathematical control techniques are then built to perform the battery’s
operations and measure the possible revenue for different battery sizes. Microsoft Excel
2013 (2013, Microsoft, Albuquerque, NM, USA) and MATLAB 2019 (2019, MathWorks,
Natick, MA, USA) are used for designing and solving these models. The revenue sources,

https://www.windfinder.com/about/history-press.htm
https://www.windfinder.com/about/history-press.htm
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number of cycles, and battery size are computed after computing the function of the battery
for the service. An economic evaluation is carried out using these data, along with BESS
investment costs and certain technological characteristics such as cycle life as inputs. The
economic evaluation is then accompanied by a technical review aimed at providing some
insight into the most important parameters affecting BESS profitability and break-even
costs for non-profitable services.

2.1. Wind Energy Development in Ethiopia

Large-scale wind turbines are incorporated into the Ethiopian Energy Grid [4]. This
will lead to an increase in the penetration of wind energy into the grid, and this increase
will have a huge effect on the reliability of the power system unless some kind of flexibility
is added. Nowadays, energy storage systems are quite comfortable being integrated with
wind farms to add extra flexibility to the wind farm.

Presently, four large scale wind farms are connected to the Ethiopian gird. These are
Adama-I (with installed capacity 51 MW), Adama-II (with installed capacity 153 MW),
Ashegoda (with installed capacity 120 MW) and Ayisha-I (with installed capacity 120 MW).
The Ethiopian electric power is continuously working to achieve the target. In addition to
the above discussed four wind farms, the fifth wind farm, Ayisha-II, with installed capacity
120 MW is also under construction.

With the use of technology witnessing rapid growth in recent years, wind energy
is considered one of the most promising renewable energy resources [5]. As a result, by
2020, Ethiopia aims to increase its wind power capacity to 5200 MW. As a result, wind
penetration in the Ethiopian Electric Power (EEP) will soon increase, which means that
many problems such as optimal generation scheduling, low and high voltage ride-through
capabilities enhancement, power quality issues will be faced by the grid due to the fact that
power from the wind cannot be controlled; it is a non-dispatchable resource.

Like other generation units, WFs directly decide their short-term generation schedules
in future hours and send them to the dispatch center. The dispatch center determines the
power balance between supply and demand based on this time schedule [6].

However, unlike other generation units, because of the variability of the wind velocity
and therefore the inherent stochastic design, WFs cannot generate flexibly. This means
that when the wind unexpectedly picks up in this area, in a matter of hours, wind power
generation will go from nearly 0 to 51 MW, as the installed capacity of the ADAMA-I
wind farm is 51 MW. Since both power generation and consumption take place at the same
moment, any balanced power system must be able to align power consumption with power
generation, which means that in this case, it is difficult to reduce or increase up to 51 MW of
generation somewhere else (usually hydro units) on the system in a short time. Therefore,
to ensure the necessary degree of protection and reliability, it needs extra flexibility from
the power system [7].

2.2. Existing System Description

Adama-I wind farm, Ethiopia, has 34 turbines with a combined capacity of 51 MW. The
turbines are arranged in three groups and submit their generated power to the substation
through a step-up transformer and switch gear. Then this power is directly injected into the
grid through a step-up transformer (33/132 kV). The power schedule and actual generated
power are shown in Figure 2 below. As shown in Figure 2, the actual power always
fluctuates around the forecasted value. As explained in the literature, it is this unpredictable
and fluctuating nature of actual power that causes a power mismatch between generation
and demand. So, the wind farm should add some flexibility to its generation system so that
actual power will match the pre-determined schedule. To do this, three possible options
were mentioned in the literature, namely: gas generators, curtailment, and energy storage
systems. As discussed in the previous section, BESS was found to be the best match to fill
the missing element of wind farms, i.e., flexibility.
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Figure 2. Output and schedule of the wind farm on a particular day.

2.3. Utilized System Model
2.3.1. Model of BESS Integrated Wind Farm

In this section, the model that was developed in this study will be described. A
simplified model of the system is employed to establish the optimal operating strategy for
wind power in combination with battery storage. Figure 3 below shows a scheme of the
underlying system: Wind turbines and battery storage systems are connected to each other
and to the grid through a common bus bar. As shown in Figure 3, the BESS is classified into
two sections, namely, BESS I and BESS II, and it is integrated with the help of a DC/AC
power converter.

PW+BESS = PW + Pb (1)

where, PW represent the output the WF, Pb is the charging/discharging power of the BESS,
PW+BESS is the output of the BESS associated WF. Pb is defined as Pb = Pb1 + Pb2.
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The reference directions of electric power flow are shown by the arrows. If the BESS is
discharged, the value of Pb is positive, while it is charged then Pb is negative.

The addition of the BESS improves the capacity of the WF to control power, thus
allowing operators to control the BESS charging and discharge power to offset probabilistic
power deviations between the power output and the scheduled power. In turn, this
will allow the BESS-associated WF to produce energy to some extent following the pre-
determined generation schedules. The BESS-associated WF is utilized to comply with the
generation schedules up to this stage.

2.3.2. BESS Control Scheme

Figure 3 shows the role of BESS in compensating for the wind farm’s irregularly
varying power generation. The two batteries are linked to the WF’s output and net power
is injected into the device. Thus, the goal of the controller is to achieve the objective of
equating the net power supplied to the grid (PW+BESS) with predetermined schedule (PS)
over a given time period. Taking PS, PW and state of charge (SOC) as input, and keeping
the constraints in mind, the controller compares the PW with reference PS and makes the
decisions of which battery will charge or discharge at a time and what amount of power to
be charged or discharged in each battery in order to supply the grid as per schedule.

2.3.3. Objective Function

Optimization aims at maximizing profit and minimizing the difference between sched-
uled and injected energy by managing the overall power output of the system. This output
management includes direct output of the wind turbines to the grid as well as charging the
battery with WE and discharging it into the grid. The objective function and constraints,
along with parameters and decision variables, are as follows.

The objective function is derived from the optimization statement above and is formu-
lated in the following equations [36,39].

Min = w1(PW+BESS)T − w2 × Pdiv,i ∗ T (2)

where,
Pdiv,i = |Ps,i − Pw+BESS,i| (3)

where, Pdiv,i represents difference between scheduled power and output power of the
BESS-integrated WF, Min is the BESS associated WF’s income, w1 represents tariff of the
existing system while w2 represents the tariff when the BESS-integrated WF is fined due to
the power deviations, and T represents duration in hours.

This work reduced the power deviation from the schedule so the grid would get as
per schedule and to maximize the benefit as much as possible.

2.3.4. Constraints

Constraints are used to maintain the maximum physically possible power flow. The
work of BESS-associated WF is constrained to the following conditions:

Battery Capacity

Initially assume that at dispatching Interval (DIi), active power generated from
WF(PW,i) is greater than the preferred schedule provided to dispatch center (Ps,i), i.e.,
the power deviation between PW,i and Ps,i, is greater than zero. In order to ensure that the
BESS-integrated WF produces power at the preferred schedule for energy production, the
excess power that is supposed to be in the charging state must charge BESS I, otherwise,
this part of the energy should be reduced. Equation (4) can be used in this case to calculate
the maximum permissible charging power given by BESS I at DIi [36,39].

PmcI,i = −max
{

0.5Pr,chEc, [0.5(Smax − SI,i−1)Ec]/[Tηch]
}

(4)
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The capacity of BESS I is 0.5× Ec, where, Ec is the capacity BESS, Smax is the maximum
allowable value of battery SOC, S1,i−1 is SOC of BESS I at DIi, Pr,ch is the rated charging
power of the BESS with unit capacity, ηch is used to roughly represent the internal losses in
batteries and converters, at charged condition.

Assume PW,i, is lesser than the Ps,i. For compensating the deficiency of power, BESS
II, should be discharged; if not, the BESS associated WF will not generate the equal value
of power as required meeting the schedule of generation. Equation (5) will specify the
maximum permissible discharge power given by BESS II at DIi [36,39].

PmdII,i = max
{

0.5Pr,disEc, [0.5(SI I,i−1 − Smin)ηdisEc]/T
}

(5)

where, ηdis represents discharging efficacy of BESS, Pr,dis is rated discharging power of the
BESS with unit capacity, SI I,i−1 is SOC of BESS II at DIi, and Smin is minimum allowable
value of battery state-of-charge.

Battery’s State of Charge

The state of charge of the battery should be within the minimum and maximum SOC
limits of the battery.

Smin < SOC < Smax (6)

Profit of WF

Even though it is not decided by the controller, the profit of WF should be considered
a constraint since it prevents us from using the large battery capacity.

2.3.5. Determination of Short-Term Generation Schedules

The WF is assumed to take a short-term wind speed prediction from the Windfinder
app, which offers wind forecasts for over 45,000 places all over the world, 3 h to 7 days
ahead. Here 3 h is the time frame for which the wind forecasting is performed using the
Windfinder app.

In a deregulated power structure, if WFs are unable to comply with the generation
schedules submitted, the ISO will penalize them according to the power differences between
the generation schedules submitted and the actual production schedule [36]. However,
Ethiopian electric power is a state monopoly, i.e., all generation, transmission, and distribu-
tion systems are owned by the state. Hence, the wind farm will not be penalized even if
there is a power deviation from the submitted schedule. However, the power deviation
will cause a mismatch between the load and generation, which will reduce distribution
system reliability and maximize customer dissatisfaction [39].

The essence of the meeting generation plan for the BESS-integrated WF is to use the
BESS to reduce power deviations between actual and scheduled generated power. The
predicted charging energy (Ech) at DI is expressed by the following equation [36,39].

Ech =
∫ 1

Ps
f (x)(x− Ps)Tdx (7)

where, Ps is submitted power generation schedule, x is the stochastic variable that denotes
per unit value of wind power in the versatile distribution. Further, f (x) represented the
probabilistic density function (PDF) of the variable nature of the wind energy, while F(x)
represented the cumulative distribution function (CDF) which is given as [36,39]:

f (x) = αβ exp[−α(x− γ)]/{1 + exp[−α(x− γ)]}β+1

F(x) = {1 + exp[−α(x− γ)]}−β (8)

where, α, β, γ are the shape parameters of the variable wind energy distribution function.
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Similarly, the estimated discharge energy at DI is determined by the following equa-
tion [36,39],

Edis =
∫ Ps

0
f (x)(Ps − x )Tdx (9)

Here T is generally selected as 15 min.
A parameter of battery efficiency can calculate the ratio between discharging and

charging capacity. Equation (10) presented the preferred schedule of energy production
of the BESS associated WF (g(Ps)) for achieving an equilibrium amid discharging and
charging [36,39].

g(Ps) = Edis − ηBESSEch = 0 (10)

where, ηBESS is the parameter of the battery efficiency.

2.3.6. BESS Operation Strategies

Figure 2 presents the optimal schedule of energy production for 48 h. As seen on
the power curve, the actual wind energy generation often deviates arbitrarily from the
scheduled generation. Equation (11) will measure the power deviation (∆Pi) among the
actual (PW,i) and scheduled generation (Ps,i) at DIi [36,39].

∆Pi = PW,i − Ps,i (11)

If the BESS is regulated as a whole, spontaneous wind power fluctuations can lead
to regular adjustments between the states of charge and discharge and can therefore
significantly shorten the BESS’s life. The BESS is divided into two sections of equal ability
to extend the battery life. Both the sections are separately managed to balance the deviations,
as shown in Figure 2 [36,39]. Two diverse state exchange strategies, called simultaneous
and asynchronous state exchange strategies, are proposed to handle those two batteries, as
seen in Figures 4 and 5, respectively.
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In Figure 4, BESS-I is presumed to arrive at DIi in its completely discharged condition,
i.e., the state of charge of this portion achieves its lowest permissible value (SOCmin). If
BESS is not overcharged, it must immediately switch from discharging to charging mode.
However, BESS II has not achieved its fully charged status at this time, i.e., its SOC is
still below the maximum allowed amount, so it will continue charging until it reaches
the maximum limit. If BESS II is not exchanged at the same time from the charge to the
discharge state, two sections of the BESS are in charge condition in some subsequent DIs, i.e.,
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from DIi to DIj, as shown in Figure 4. Possible power deficiencies cannot be compensated
for during these DIs as both sections of the BESS are in charge condition and can reduce
output on the desired schedule. As shown in Figure 4, the BESS state strategy for exchange
and the asynchronous state exchange strategy is identified.
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On the other hand, in the same case, if BESS II is exchanged from the state of charge to
the state of discharge in accordance with BESS I, irrespective of the BESS II SOC (whether or
not it is fully charged), the two sections of BESS are constantly at any time in reverse states.
Because of this, both positive and negative deviations can be minimized to some extent
by the BESS charging and discharging power. Thus, the quality of meeting the generation
timetable can be significantly increased. Unfortunately, due to an incomplete discharge
mechanism and consequently increasing BESS operational costs, simultaneous state ex-
change strategies cannot completely use BESS II (in this case). The BESS state exchange
policy, shown in Figure 5, is referred to as the simultaneous technique for state exchange.

As illustrated in Figure 5, BESS II is the one that passively changes its condition to
keep pace with the exchange of state with BESS I. Further, based on the random power
deviations, the BESS changes its condition passively from BESS II to BESS I. As a result, in
this state exchange strategy, the number of charge and discharge cycles of both parts within
a specified time frame would be significantly enhanced.

Charging/Discharging Power Determination

BESS (simultaneous or asynchronous) state exchange strategies, as mentioned above,
can affect BESS I and BESS II charging and discharge states. Thus, when different strategies
are implemented, the BESS charging and discharging power differ.

A. The simultaneous state exchanging strategy

When the simultaneous state exchange strategy is implemented, BESS I and BESS II
remain in opposite states. So, if BESS I is assumed to be the charging phase at DIi, BESS II
going to be in discharging phase at the same time instant. At DIi, PW,i, is greater than the
Ps,i, then [36,39],

PbI,i =

{
−∆Pi | ∆Pi |≤| PmcI,i |
PmcI,i | ∆Pi |>| PmcI,i |

(12)

It is evident from Equation (12) that if the deviation in power is greater as compared to
the maximum permissible charging power given by BESS I, and BESS I cannot completely
absorb surplus wind energy, in this case, in order to maintain the dedicated power schedule
rigidly, a part of WE must be decreased. The reduced wind power can thus be defined by
Equation (13) [36,39].

Pwc,i =

{
0 | ∆Pi |≤ | PmcI,i |

∆Pi − PmcI,i | ∆Pi |>| PmcI,i |
(13)
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The BESS II charging power is placed to zero even though excess wind energy cannot
be completely stored by BESS I. Otherwise the BESS II life would be shortened. Equation (13)
will convey the supplied energy of the BESS-associated WF at this DIi [36,39].

PW+BESS,i = PW,i + PbI,i + PbI I,i − Pwc,i (14)

where, PW,i is real wind power at DIi, PbI,i and PbI I,i are the charging/discharging powers
of BESS I and BESS II at DIi, Pwc,i is the curtailed wind power at DIi.

On the other hand, assumed the value of PW,i is as compared to the Ps,i, therefore,
∆Pi is negative at this DI. In order to fill this deficiency between the two, BESS II, which
is expected to be in a state of discharge, should be discharged. Then, Equation (15) will
determine the discharge power of BESS II at DIi [36,39].

PbI I,i =

{
−∆Pi | ∆Pi |≤| PmdII,i |
PmdII,i | ∆Pi |>| PmdII,i |

(15)

If the power deviation is fewer as compared to the highest permissible discharge
power supplied by BESS II, its discharge power can fully supply for the deficit. On the
other hand, the WF’s power output (the combined battery and wind power) would be
lower than the optimal generation schedule if the power deviation is greater, meaning
that there will be a lack of power on the distribution side. Therefore, at this DI, BESS I’s
discharge power is put to zero, although BESS II is unable to fully compensate for the
power deviation. Otherwise, the BESS I Life Circle would be shortened. Assuming that the
energies of discharge and charge are positive and negative respectively, the power injected
by the WF can be determined by Equation (16) at this DIi [36,39].

PW+BESS,i = PW,i + PbI,i + PbI I,i (16)

In this work, ηch and ηdis are considered to be constant and equal. The following
equation shows the relation between ηch and ηdis in terms of ηBESS [36,39].

ηBESS = ηch × ηdis (17)

Figure 6 shows the algorithm of the controller to determine the battery to be used at a
time with the required charged and discharged amount of energy.

The flowchart in Figure 6 shows how the charging and discharging decisions are made.
The following two logics are used for this purpose:

1. At the start, it compares Es (scheduled energy) with E_ac (actual generated energy). If
Es is the same as actual energy, then there will be no charging and discharging.

2. If Es and E_ac are not the same, it will go to check whether Es is greater or less than
E_ac. If Es is greater than E_ac, then some energy will be needed from the batteries.
So, it will first check the battery to see if it is ready to discharge.

After selecting the battery, it will determine the amount of energy required from
the battery.

B. The state exchanging strategy for asynchronous operation

In asynchronous operation, both the BESS I and II will be in a similar state of charge
or discharge over the same period of time. In this strategy, two parts of the BESS might
be at the same charging or discharging state during the same periods of time. In these
periods, the determination of charging/discharging power of the BESS will be different
from simultaneous state exchanging strategy. In other periods during which two parts
of the BESS are in opposite states, the charging/discharging power of the BESS can be
determined according to the methodology proposed previously.

At DIi, the wind power is assumed to exceed the appropriate power schedule, i.e.,
at this DI, the power deviation ∆Pi is positive. At this stage, in order to reduce wind
power declines, the excess will be retained in the battery energy storage system. When two
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sections of the battery energy storage system are in the discharge condition, they can’t be
moved into the charging mode to save the excess WE until they are completely discharged.
There will otherwise be a shortened life span of the battery. Under this condition, the whole
surplus must be reduced and minimized. It can be expressed using Equation (18) in order
to enable the WF to fulfill the preferred generation plan [36,39].

Pwc,i = Pw,i − Ps,i = ∆Pi (18)

On the other side, if section BESS I and BESS II are paid, they both have the capacity
for storing the excess WE. Equation (4) could be the maximum permissible charging power
provided by them. The value of S1,i−1 is presumed to be greater as compared to S2,i−1, i.e.,
BESS I is near than BESS II to its maximum charging condition.
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Figure 6. Control algorithm of simultaneous state exchanging strategy.
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Therefore, the priority of BESS I is to save the excess power in order that it can enter a
completely charged condition as quickly as possible and move directly from the present
condition of charge to the position of discharge. The WF would therefore have the capacity
to match potential energy shortages. If this surplus energy is greater than the capacity
of BESS I, i.e., BESS I has not fully absorbed the surplus wind energy, the surplus energy
will be retained in BESS II. If the excess WE is too high to be fully stored by both battery
energy storage sections, it is appropriate to minimize the remaining wind energy. In this
case, the power of charging and reduced WP at DIi can be expressed by the following
equations [36,39]:

PbI,i =

{
−∆Pi |∆Pi| ≤| PmcI,i |
PmcI,i | ∆Pi |>| PmcI,i |

(19)

PbI I,i =


0 | ∆Pi | ≤ |PmcI,i |

−∆Pi − PmcI,i |PmcI,i |< |∆Pi | ≤ |PmcI,i + PmcII,i |
PmcII,i | ∆Pi |> |PmcI,i + PmcII,i |

(20)

Pwc,i =

{
0 |∆Pi| ≤ |PmcI,i + PmcII,i |

∆Pi + PmcI,i + PmcII,i | ∆Pi |> |PmcI,i + PmcII,i |
(21)

If the WF is unable to produce sufficient energy to comply with the prescribed genera-
tion plan, then BESS stored energy should compensate for the power deficiency. There are
three potential choices for state BESSs at that time.

• If the batteries are in the opposite states, i.e., one is in a charging state and the other is in
a discharging state, the BESS that is in a discharging state will fill the power deficiency.

• If both the sections of the battery energy storage system are in charging conditions,
they will not fill the necessary gap. In such a situation, the WF is unable to produce
the amount of electricity to meet the schedule, and the supplied power represents real
wind power.

• If both the sections of the battery energy storage system are in discharging conditions,
the contained energy in them can discharge to minimize or even fully cover the
power deficiencies. At this point, Equation (5) can be used to express the maximum
permissible discharge power given by them.

As mentioned in the charging case, the discharge priority for the two sections of the
BESS depends on the state of the charge. For ease of definition, it is presumed that BESS I
is nearer to its full discharge condition than its counterpart. Therefore, the aim of BESS I
is to discharge the saved energy in such a way that it enters into a completely discharged
condition very rapidly. Then, if it reaches its fully discharged condition, once surplus is
required to be stored, it will change from its present discharging condition to a charging
condition. If the required power difference is not fully filled by the BESS I, the BESS II will
also discharge to meet the scheduled generation. If the deficit is too high to be adequately
covered by the battery energy storage system, WF operators will be out of power at this DI.
In this case, Equations (22) and (23) can be used to express the discharge power of both
the battery sections and Equation (15) can be used to obtain the injection power of the
BESS-integrated WF [36,39].

PbI,i =

{
−∆Pi |∆Pi| ≤ | PmdI,i |
PmdI,i | ∆Pi |>| PmdI,i |

(22)

PbI I,i =


0 | ∆Pi | ≤

∣∣PmdI,i
∣∣

−∆Pi − PmdI,i
∣∣pmdI,i

∣∣< | ∆Pi | ≤ |PmdI,i + PmdII,i
∣∣

PmdII,i | ∆Pi |>
∣∣PmdI,i + PmdII,i

∣∣ (23)

Generally, scheduled energy can be obtained by a combination of the wind turbine
output and the batteries; i.e., if the actual output is greater than the schedule, excess energy
will be stored in the batteries, and if it is deficient, energy will be discharged from the
batteries. The algorithm of the controller to determine the battery to be used at a time and
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the amount of energy required to charge and discharge the battery is shown in Figure 7.
This shows the control algorithm of the asynchronous state exchanging strategy [36,39].
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2.3.7. Techno-Economic Analysis

The embedded BESS can massively boost the value of index probabilities of meeting
generating schedule (PMGS) of the BESS-integrated WFs while decreasing the correspond-
ing expected injected energy deviations (EIED) [36,39].
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For a certain duration, the PMGS and EIED can be computed as follows:

MPMGS = Pr {PW+BESS,i = Ps,i} i = 1, 2, . . . , n (24)

MEIED =
1
n

n

∑
i=1

(Ps,i − PW+BESS,i) (25)

where, Pr is defined as the probability of the selected event.
Further, the operation benefits of the WF, integrated with BESS (OBB), are comprised

of two aspects and can be defined as follows:

MOBB =
n

∑
i=1

Min,i −
n

∑
i=1

Min−wind,i (26)

where, Min−wind,i is the revenue of the WF at DIi and Min,i is the revenue of the BESS-
integrated WF.

Further, operation costs of the BESS (OCB) are defined as

MOCB =
B1 + B2

2Btotal
Minvest ∗ Ec (27)

where, B1, B2 are the numbers of charge/discharge cycles BESS I/II, Btotal is the number of
charge-discharge cycles the BESS and Minvest is the cost of the BESS with unit capacity.

At last, operational profits of the BESS MOPB is given as:

MOPB = MOBB −MOCB (28)

The energy curtailed units (ECUs) can also be defined as follows:

ECU =
n

∑
i=1

(Pw,i − Ps,i − Pch,i)T (29)

where, Pch,i represents the charged power.

2.3.8. Optimization Process of the BESS Operation

The charging and discharging energy of the BESS are proportional to its SOC in the
previous DI, implying that the BESS procedure is of a sequential nature. In this paper, linear
programming optimization is used to simulate BESS operations in order to calculate the
economic indices PMGS, EIED, ECU, OBB, OCB, and OPB. The detailed simulation stages
are summed up below [36,39].

Stage 1: Set the BESS’s initial charging and discharging states and SOC values.
Stage 2: Compute the probability distribution’s shape parameters based on short-term

forecast values of the current DI.
Stage 3: At DI, i generate probability-distributed wind power at random by using the

following equation:

Pw,i = GwindF−1(c) = Gwind[γ−
1
α

ln
(

c−
1
β − 1

)
] (30)

where, Gwind represents the WF’s installed capacity, c uniformly distributed random number
[0, 1] and F−1(.) is inverse function of cumulative distribution function (CDF).

Stage 4: Assess the BESS charging/discharging energy as well as the wind energy
curtailed for power generation in order to meet the expected production timeframes.
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Stage 5: Determine the SOC of the BESS at the current DI using the following equations.

SI,i =


SI,i−1 − (ηchPbI,i)/(0.5Ec) PbI,i < 0

SI,i−1 PbI,i = 0
SI,i−1 − (PbI,iT)/(0.5ηdisEc) PbI,i > 0

(31)

SI I,i =


SI I,i−1 − (ηchPbI I,i)/(0.5Ec) PbI I,i < 0

SI I,i−1 PbI I,i = 0
SI I,i−1 − (PbI I,iT)/(0.5ηdisEc) PbI I,i > 0

(32)

Stage 6: If some portion of the BESS achieves its maximum charging/discharging
status, it must be replaced immediately.

Stage 7: Let i = i + 1 and steps 1–6 should be repeated till the intended research time
range is completely covered. Following that, the indices PMGS, EIED, ECU, OBB, OCB,
and OPB with regard to the current trial may be obtained.

Stage 8: Procedures 1–7 should be repeated until the coefficient of variation is less
than the tolerance error.

2.3.9. Battery Selection

Lithium-ion batteries (Li-ion) are used in this work due to their compatibility as
compared to other types of BESS technologies when it is integrated into the wind power
farm. High efficiency (85–95%), high energy capacity, better response times and a long
life span at 100% depth of discharge (DOD) up to 10,000 cycles are some of its remarkable
features [7].

Unlike battery type selection, the size of the battery was determined based on a series
of simulations. So, in order to determine the size of the battery, the performance of the
wind farm was tested with various battery capacities in all cases of operating strategies
(single, simultaneous, and asynchronous). In all cases, technical indices (PMGS, EIED, and
ECU) appeared to improve with an increase in battery capacity. Contrarily, the profit of a
battery integrated wind farm showed an increment with an increase in battery capacity for
small battery sizes in the simultaneous state exchanging strategy, and it showed a negative
increment for other cases as described in the result section. So, the BESS capacity with
maximum profit was chosen.

2.3.10. Economic Structure

The country’s entire power grid is owned and operated by two large categories of
Ethiopian electricity corporations: Ethiopian Electric Power (EEP) and Ethiopian Electric
Utility (EEU) [6]. As both are state-owned, one is responsible for generation and transmis-
sion, while the other is responsible for distribution, i.e., the sale of the power produced.
So, the energy generated by the wind farm is assumed to be sold by EEU. It is assumed
that the power generated by each generating unit is distributed among the demand sectors
according to its percentage of demand composition. An internal demand composition of
EEU’s distribution system as per the 2017 report and the average electricity price according
to a newly enhanced tariff is shown in Table 1 [41].

Table 1. An internal demand composition and average price.

Demand Sector Composition (%) Average Price ETB/kWh

Domestic 38 1.880

Commercial 24 2.1240

Industrial 36 1.531

Street 2 2.1240
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So, it is assumed that the power generated by the wind farm is distributed to each
demand sector according to its percentage, and the income for EEU due to the wind farm’s
energy is assumed to be the income of the wind farm.

Based on Table 1, the economic attributes of EEU due to the BESS-integrated wind
farm, i.e., OBB, OCB, and OPB, can be calculated using the following equations.

OBB = Pw−BESS × (0.38× 1.88 + 0.24× 2.124 + 0.36× 1.531 + 0.02× 2.124) (33)

3. Results and Discussion
3.1. Technical Performances of WF Integrated with Different BESS Capacities

The battery energy storage system (BESS) is developed along with the wind farm. With
the increase in BESS capacity, the technical performance of the BESS integrated WF to meet
the generation schedule improves. This improvement is irrespective of the state exchange
strategy and number of batteries, as shown in Figures 8–10. The values of the indexes EIED
and ECU decrease as BESS capacity increases. On the other hand, the PMGS index value
increases monotonically as the capacity of the battery energy storage system increases.

Figures 8–10 show the impact of the state exchange strategy on deciding the WF’s
technical efficiency. In an asynchronous strategy, during certain DIs, both sections of the
BESS can be in the same charging and discharging condition. If both portions are in good
charging condition, the deficiencies will not be compensated. As a consequence, WF cannot
monitor the preferred power schedules. In comparison, if both sections are in discharging
condition, the discharge power accessible will be subsequently improved, and technical
efficiency will be enhanced when reaching the required generation schedules, but there is
no room for surplus energy that will increase the ECU index.
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These two opposite factors affect the technical efficiency of BESS in achieving the
required generation schedules. Therefore, the simultaneous strategy will provide better
technical output on most BESS capacity values in order to meet the necessary scheduled pro-
duction, as shown in Figures 8–10. In other words, the simultaneous strategy will provide
the greater PMGS index and the lesser EIED and ECU index for most BESS capability values.

In fact, at the same dispatch interval, both batteries are in the same state, which
does not always reduce WF’s technical efficiency. If, at the same dispatch interval, both
sections of the battery energy storage system are in discharge states where more energy
is required from the BESS, the available discharge power of these DIs is subsequently
increased. The power deficit that cannot be met by one battery will therefore be balanced
by both, which implies that the technological efficiency of these DIs tends to be increased.
From Figures 8–10, it is clear that after 12 MW the value of performance indices are more or
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less constant for further capacity addition of the battery energy storage system. Therefore,
12 MW is selected.

3.2. Economic Analysis

The cost of batteries is currently very high, so the economic feasibility is very important.
In different state exchange strategies, the values of the OBB, OCB, and OPB indices are
illustrated in Tables 2–4, respectively. Table 5 shows that the benefits derived from the
equation-based BESS increase with the rise in battery capacity irrespective of which state
exchange strategy is used. It can be shown that if a simultaneous state exchange strategy
is implemented, the wind farm’s OBB is stronger than the asynchronous state exchange
strategy or single battery activity.

However, the cost of operation of the BESS increased significantly with increasing
size when a single battery operation was adopted rather than a two-battery operation
(simultaneous or asynchronous state exchanging strategy). The main reason for this cost
difference between those operating strategies is the total number of batteries used per year.

Table 2. Operation benefit of BESS integrated wind farm (in Ethiopian birr (ETB)) with various BESS
capacities in different operating strategies.

Size (MW) Simultaneous Operation Asynchronous Operation Single Battery

1 7,989,898 5,005,956 7,675,799.2

2 13,997,046 9,030,352 13,525,897

3 18,728,165 12,485,443 18,178,491

4 22,438,462 15,174,918 21,888,788

5 25,304,617 17,903,654 24,774,574

6 27,464,049 19,964,930 26,992,900

7 29,132,701 21,535,426 28,700,814

8 30,389,098 23,047,029 30,035,736

9 31,351,026 24,008,958 31,017,296

10 32,077,381 25,245,723 31,743,650

12 32,960,785 26,659,170 32,646,686

Table 3. The number of charge/discharge cycles for each battery under different operating strategy.

Size
(MW)

Simultaneous Operation Asynchronous Operation Single Battery

No. Cycles (B1) No. Cycles (B2) No. Cycles (B1) No. Cycles (B2) No. Cycles

1 10,656 10,182 11,380 4945 28,860

2 11,076 10,254 11,529 4931 28,904

3 10,909 10,283 11,380 5052 28,917

4 10,637 10,298 11,331 5095 28,969

5 10,223 10,379 10,967 5491 28,988

6 9773 10,505 10,915 5525 29,007

7 9739 10,266 10,525 5900 29,030

8 9493 10,313 10,267 6165 29,050

9 9228 10,434 10,221 6223 29,075

10 9106 10,464 10,008 6394 29,066

12 8997 10,423 9677 6703 29,088
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Table 4. Operation profit of BESS integrated WF (OPB) with various battery capacities in (ETB).

Size MW Simultaneous Operation Asynchronous Operation Single Battery

1 2,289,898 −694,044 −874,201

2 2,597,046 −2,369,648 −3,574,103

3 1,628,165 −4,614,557 −7,471,509

4 −361,538 −7,625,082 −1.2 × 107

5 −3,195,383 −1.1 × 107 −1.8 × 107

6 −6,735,951 −1.4 × 107 −2.4 × 107

7 −1.1 × 107 −1.8 × 107 −3.1 × 107

8 −1.5 × 107 −2.3 × 107 −3.8 × 107

9 −2 × 107 −2.7 × 107 −4.6 × 107

10 −2.5 × 107 −3.2 × 107 −5.4 × 107

12 −3.5 × 107 −4.2 × 107 −7 × 107

Table 5. Operation profits (OPB) and probabilities of meeting the generation schedule.

Size (MW) Profit (ETB) PMGS (%)

1 2,289,898 63.33

2 2,597,046 70.88

3 1,628,165 76.81

4 −361,538 81.39

5 −3,195,383 85.26

6 −6,735,951 88.24

7 −1.1 × 107 90.64

8 −1.5 × 107 92.54

9 −2 × 107 94.12

10 −2.5 × 107 95.29

12 −3.5 × 107 96.82

As explained in the literature, for the selected time frame, the number of charging and
discharging cycles the BESSs have undergone has a direct effect on the BESS’s operating
costs as it defines the number of batteries used. Based on the fact that the approximate
life cycle of lithium-ion batteries is charge/discharge cycles, three batteries’ lives were
totally consumed within the studied time horizon if a single battery operation was adopted,
whereas two batteries were sufficient if an asynchronous or simultaneous state exchanging
strategy was adopted. So, integrating a single battery into the wind farm was found to
be costlier than integrating two batteries, regardless of its state exchanging strategy. It
can be seen from Table 4 that the BESS charge-discharge periods were smaller when the
asynchronous state exchange strategy was implemented. Therefore, for the study period,
two batteries were more than enough. The explanation for this limited number of cycles
is that, unlike the simultaneous state exchange strategy and single battery service, the
asynchronous strategy will guarantee that the BESS’s total charge-discharge cycles are
changed from charging to discharging condition if only it is fully charged, and if it is
completed, it will change from discharging to charging condition. Table 3 presents the
number of charge and discharge cycles for each battery under different operating strategies.

Table 3 shows the dramatic impact of the state exchange strategy on the economic
characteristics of WF. Battery energy storage system operating profit is practically benefits
minus costs, so large variations in costs can lead to substantial discrepancies between
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the OPB index values between operating strategies, as seen in Table 4. Specifically, the
OPB index in the simultaneous state exchange strategy for battery capacity of 1, 2, and
3 MW is remarkably better than others that are larger than zero. However, the OPB of the
BESS–integrated wind farm is negative in both single battery operation and two-battery
operation under the asynchronous state exchanging strategy.

So, from Table 4, it can be seen that the wind farm will experience an economic loss
if the asynchronous operation strategy of two batteries is adopted or a single battery is
integrated. Table 4 also shows that the OPB index shows an increasing trend for simultane-
ous state exchange strategies when the BESS capacity increases from 1 to 2 MW and then
shows a decrease from 2 to 3 MW. That is, when 2 MW of BESS capacity is available and
the maximum value is 2,597,046 ETB, the OPB index reaches its maximum value and the
probability of meeting the generation schedule is 70.88 percent, whereas when capacity
exceeds 3 MW, the BESS integrated OPB is negative.

Table 5 illustrates the profit and the corresponding probabilities of meeting the desired
generation schedule with different battery capacities when a simultaneous state exchanging
strategy is adopted.

Figures 11–13 show the probabilities of the WF for meeting the scheduled generation,
the total amount of energy saved from being curtailed, and the total amount of energy not
delivered at different sizes of BESS over the year after 35,040 dispatch intervals, which
represent time duration for which WF supplies the demands. To show the effectiveness of
BESS clearly, the power curve of delivered power under different circumstances (single bat-
tery, simultaneous, and asynchronous) is presented in Figures 12 and 13. The performance
of the wind farm under each operating condition is summarized in Tables 6 and 7. Since it
is difficult to draw the power curve of the whole year, a typical 48-h simulation was chosen
and simulated with a battery size of 2 and 3 MW. On both battery sizes, the power curve of
simultaneous operation was found to be closer to the schedule than the others.
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Table 6. Performance indices of BESS-integrated wind farm with 2 MW battery.

Operation Strategy PMGS (%) EIED (MW) ECU (MW)

No battery 44.27 107.28 73.62

Single battery 63.02 54.23 63.66

Synchronous 58.85 61.05 73.15

Simultaneous 65.1 50.42 56.12

Table 7. The performance indices of BESS-integrated wind farm with 3 MW of battery.

Operation Strategy PMGS (%) EIED (MW) ECU (MW)

No battery 44.27 107.28 73.62

Single battery 70.83 79.69 49.99

Asynchronous 64.06 49.85 61.95

Simultaneous 73.96 36.21 38.71

As shown in the Table 6, the probability of the WF meeting the generation schedule
is 44.27%. This is achieved by curtailing the surplus power when the actual wind power
exceeds the predetermined schedule. However, in the presence of BESS, the curtailment
option is taken only when the batteries are fully charged or when the surplus energy is
beyond the charging rate of the BESS.

From the simulation of 48 h (192 dispatch intervals), in a simultaneous state exchanging
strategy, the probability of meeting the generation schedule with 2 and 3 MW of battery is
65.1 and 73.96%, respectively. On other days, the PMGS of the wind farm with both battery
sizes may be more than 80, 90, or even lower than 60%. This shows that the accuracy of
the forecast also affects the performance of the BESS integrated wind farm. Inaccurate
forecasts will reduce the probability of the wind farm meeting the desired generation
schedule, whereas accurate forecasts will maximize the PMGS. The greater the number
of dispatch intervals considered, the better or more accurate the result will be in terms
of the performance of the BESS integrated wind farm. Taking this into consideration,
35,040 dispatch intervals were considered in the simulation and PMGS of 70.88 and 76.81%
was obtained for 2 and 3 MW batteries, respectively.

Here, a single battery operation and an asynchronous state exchanging strategy are not
discussed because of their negative economic performance. As discussed in the above sec-
tions, even though the maximum profit was achieved with a 2 MW battery, the performance
is much better when a 3 MW battery is used, and its profit is not the worst. Table 8 shows
the input parameters of the two 2 MW batteries and the two 3 MW batteries. Figure 13
shows the power injected by the BESS integrated wind farm during those 48 h with 3 and
2 MW batteries. It is clear that the BESS-integrated wind farm output catches the schedule
better with 3 than with 2 MW.

Table 8. Input parameters of two 2 MW batteries and the two 3 MW batteries.

Parameters Values of 2 MW Batteries Values of 3 MW Batteries

η 0.9 0.9

SOCmin 10% 10%

SOCmax 90% 90%

Pmax 2 MW 3 MW

c_rate 0.25 0.25

price($) 130/kWh 130/kWh

Life cycle 10,000 cycles 10,000 cycles
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3.3. Achievements

This work proposed the battery energy storage system technology for a practical wind
farm. For that purpose, the integration of two independently controlled BESS into the
WF is performed to balance stochastic power deviations between actual wind power and
scheduled power. This will provide the most adequate performance indices (PMGS, EIED,
and ECU) for the selected wind farm system. The simultaneous operation of the battery
energy storage system provides better results as compared to the other operation cases
of the selected system, i.e., without the BESS, a single battery energy storage system, and
asynchronous operation of the BESS. Further, these performance indexes are computed
under two different battery capacity structures, such as 2 and 3 MW battery systems. This
analysis provided information about the capacity of the battery energy storage system
that will be most suitable for the selected WF. This research work provided a reference
document for the Ethiopian electric power system to improve the system’s performance by
incorporating the battery energy storage system into a synchronous mode of operation.

4. Conclusions

A methodology to incorporate BESS into WFs has been developed to allow the WFs
associated with battery energy storage systems to meet, to some degree, the required
generation schedules. A number of indices, such as PMGS, EIED, ECU, OCB, OPB, and
OBB, are determined to assess the technical and cost-effective performance of the required
generation schedules. A case study on a real WF, i.e., ADAMA-I wind farm, Ethiopia,
was performed to check the feasibility of the proposed technique. The theoretical support
for the design of a BESS-integrated WF can be provided by the research in this paper. In
this work, a dual battery operation with two different BESS state-exchanging strategies
is used, known as the “simultaneous state exchanging strategy” and the “asynchronous
state exchanging strategy”. In this dual battery operation, the impacts of state exchanging
strategy on the performance of BESS-integrated WFs are studied. It was found that the
economic and technical performance of a wind farm was better when a simultaneous state-
exchanging strategy was implemented. This shows the adopted state exchanging strategy,
as well as the number of batteries integrated into the wind farm, have a direct impact on
technical performance (PMGS, EIED, and ECU) and economic aspects (OBB, OCB, and
OPB) of the wind farm. The case study proves that the operation benefits attributed to the
BESS can completely cover the operation costs of the BESS in the assumed power market
mechanism only when a simultaneous state exchanging strategy is adopted. Future work
will include the effect of wind power fluctuation on grid voltage, frequency, and reactive
power. Furthermore, the effect of a greater depth of discharge on battery life loss may also
be incorporated. Additionally, different combinations of the ESS systems can be utilized to
enhance the stability of the system.
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Abbreviations

BESS Battery energy storage systems
CDF Cumulative distribution function
COPRAS Complex proportional assessment
DC/AC Direct current/Alternate current
DI Dispatching Interval
DOD Depth of discharge
ECU Energy curtailed unit
EEP Ethiopian Electric Power
EEU Ethiopian Electric Utility
EIED Expected injected energy deviations
ETB Ethiopian Birr
GHG Green House Gas
ISO Independent system operator
LCCOS Life cycle cost of storage
LCOE Levelized cost of energy
Li-ion Lithium ion
OBB Operation benefits of the WF, integrated with BESS
OCB Operation costs of the BESS
OPB Operational profits of the BESS
PMGS Value of index probabilities of meeting generating schedule
SOC State of charge
SVR Support vector regression
TOPSIS Technique for order preference based on similarities to the ideal solution
WE Wind energy
WF Wind farms
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