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Abstract: The Daily Operation Scheduling (DOS) gets new challenges while a large-scale of renewable
energy is inserted into the power system. In addition to the operation, the power variability of these
sources also causes a problem in the hourly pricing, represented here by Locational Marginal Pricing
(LMP). Therefore, new applications, such as energy shifting, offer greater efficiency to the system,
minimizing the negative effects caused by wind power curtailment (WPC). This paper shows the
LMP formation in the DOS of the hydro-thermal-wind-photovoltaic power system with a battery
energy storage system and the reduction of WPC. Here, the wind and photovoltaic power plants
are designed to be dispatched, not mandatory, to be able to cut the generation, and the insertion
of Distributed Generation is considered. Moreover, to solve the DOS problem, the interior-point
method is used. Additionally, the DC optimal power flow, used to represent the DOS in addition to
the representation of the electric grid, is modeled with an iterative approach. The analysis is made in
an IEEE 24-bus system with data from Brazil. Lastly, the results of simulations are presented and
discussed, demonstrating the effectiveness of the optimization to reduce the WPC, the total operation
cost, and to provide the LMP curve.

Keywords: battery energy storage systems; hydro-thermal-wind-photovoltaic power system; linear
programming; Locational Marginal Pricing; wind power curtailment

1. Introduction

A power system operation with a large scale of renewable and intermittent sources
may face new obstacles due to the dynamic performance of these sources during the day [1].
Some of these challenges, such as wind power curtailment (WPC), can be overcome by
energy storage systems. In this regard, the pricing of hydro-thermal-wind-photovoltaic
(HTWP) power systems and the introduction of a battery energy storage system (BESS) in
the Daily Operation Scheduling (DOS) should be adopted and analyzed.

As seen in [2,3], for instance, a large scale of wind power generation is being integrated
into the electricity grid in Brazil, and some problems may appear. One of them is the WPC,
which cut off part of the available wind power generation. This problem occurs when
there is congestion in the transmission grid or when the wind power exceeds the difference
between the load demand and the minimum generation needed to maintain the stability of
the system.

Other situations can cause the reduction of wind power generation in power systems
with a significant number of wind farms. In addition to that, this paper explores the effect
of Distributed Generation (DG) on the load demand curve and the ramp rate of the thermal
power generation.

To reduce such a problem and improve power grid operation, the works of [4–7] apply
BESS as an option. In this paper, the main application of BESS is to provide an energy
time-shift in DOS.
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With several sources in a complex power system, the DOS aims to establish a daily
generation of each source to attend the load demand optimally and safely for each hour
of the day, always for the next day. Furthermore, for the Brazilian national independent
system operator, the DOS is a short-term problem with a horizon of up to 2 weeks, with
hourly discretization. In this case, more details about the power system are provided, such
as, for example, the constraints related to the generating machines and the electric grid,
allowing greater reproducibility of the operation by the agents. Plus, the DOS problem can
be represented by the DC optimal power flow (DCOPF) problem to explore properties of
the real problem, as seen in [8].

This work is justified as a result of progressive energy market deregulation in some
countries with a significant number of wind power plants (WPPs) in HTWP systems and
continental-size, like Brazil. In this scenario, it is expected that the energy pricing policy
is the main target, as seen in [9–12]. Then, an economic signal that should be applied to
the day-ahead electricity market is the Locational Marginal Pricing (LMP). This signal is
determined by the iteration between the source and the load demand, to get the supply of
the cheapest energy source, considering losses and congestion of the transmission grid.

However, for HTWP systems, wind and photovoltaic electricity generation are rarely
assessed for economic reasons or as a decision variable for the DCOPF problem, as seen
in [13–18]. Therefore, this work considers the pricing in the DOS of HTWP systems
with the wind and photovoltaic power generation as being variables of the problem and
they are modeled with zero-cost. In addition to that, an analysis of the BESS effect to
reduce the total operation cost and the WPC is proposed. Plus, the modeling of the DOS
problem allows a partial supply of WPP (with power curtailment) due to the safe operation
requirements [19–21].

The DCOPF, which represents the DOS problem, is solved using the predictor–
corrector primal-dual Interior Point Method (IPM). To consider the loss of the system,
a modified method, based on [22–25], is used to calculate the LMP. The test system is a
modified version of the IEEE 24-bus that may represent Brazil.

In Brazil, the Energy Research Company forecasts that the average load demand will
grow 3.2% per year until 2030, as seen in [26]. In this country, several generation ventures
are being built to assist load demand, mainly wind farms. According to [27], the installed
wind power generation capacity has increased from 25 MW in 2005 to 15.762 GW in 2020.

In this scenario, the northeast subsystem stands out with more than 85% of the wind
power generation capacity, with the states of Bahia and Rio Grande do Norte contributing
the most to this type of generation. Furthermore, since 2018 there has been a record of
the entire subsystem being served by wind power energy and still being able to export a
certain amount of energy [27].

Moreover, there is a positive fact that the wind power seasonality in the northeast
subsystem is complementary to the water profile. In Figure 1, it is possible to observe
this complementarity through the curves of the average affluent natural energy and the
average wind power generation in 2019 [27]. Although photovoltaic generation is not
complementary to either of the two sources mentioned above, its growth has been gaining
prominence in recent years. Solar irradiation in the northeastern region of Brazil does not
have a characteristic variation over the year as the wind power generation, as can be seen
in [28].

This complementarity is a reason that brings security to the energy supply. In addition,
wind power generation is spread across the northeast subsystem, which causes a difference
in wind behavior during the day. Figure 2 shows the average hourly capacity factor curves
of WPPs in the states of Bahia (inland) and Rio Grande do Norte (coast) in 2019, as well as
the daily profile of average load demand curve for the northeast subsystem, in the same
year [27].
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Figure 1. Comparison among average affluent natural energy, average wind power generation, and
average photovoltaic power generation in 2019. Data source: [27].
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Figure 2. Average hourly capacity factor of wind power plants (WPPs) in states of Bahia (inland) and
Rio Grande do Norte (coast), and daily profile of average load demand in the Brazilian northeast
subsystem in 2019. Data source: [27].

The WPC has been strongly discussed in the literature on thermal-based systems. Yet,
for hydro-based systems predominantly, as in Brazilian ones, the power depends on river
inflows and reservoir storage levels. In the driest period, this may cause a risk of energy
deficit, as can be seen in [8,29]. Therefore, in this case, the priority is to use the available
wind or photovoltaic power. Furthermore, the continental dimensions of Brazil and the
fact that the power system is regionally connected make the country even more dependent
on hydrological and wind regimes. This point causes an interdependence among the
subsystems and is necessary to avoid WPC for energy security, economic and strategic
reasons [18].

More specifically, the main contribution of this paper is to present an analysis in which
the wind power generation, modeled as a variable and with the help of BESS, performs an
efficient WPC in the DOS of HTWP systems. Thus, a new contribution is provided, since
the analysis shown here may be an economical solution.

Following, in Section 2 is described the DOS formulation used in HTWP systems with
BESS and the WPC, and it is shown how the losses were included in the DCOPF problem to
calculate the LMP values by an iterative method. The studied cases and results are shown
in Section 3. Finally, in Section 4 are presented discussions and the conclusion of the study,
respectively.
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2. Materials and Methods

The DOS problem aims to minimize the operation costs, and the decision variables are
time-linking. In other words, the modeling used here is assembled so that the solution of
the problem is found considering the variable for the first hour of the day and the last one.
The mathematical formulation of the DOS problem considered here is described below.

Following, the t index represents each hour of the day, and the maximum length is
T = 24. In addition to that, the i index represents each bus of the system, and the Ωi is the
set of buses.

2.1. Hydroelectric Power Plants

The operational limits of Hydroelectric Power Plants (HPPs) depend on the turbine
flow limits and the levels of downstream and upstream, according to [30]. However,
to simplify the problem, hydraulic variables are omitted in this model. This way, the
operational limits of the HPPs are represented by constraints:

PH
i,min ≤ PH

i,t ≤ PH
i,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (1)

where PH
i,t is the HPP dispatch at the bus i in period t; PH

i,min and PH
i,max are the minimum

and maximum operating limits of the HPP at the bus i, respectively.

2.2. Thermoelectric Power Plants Constraints

The operational limits of Thermoelectric Power Plants (TPPs) are represented by
constraints:

PT
i,min ≤ PT

i,t ≤ PT
i,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (2)

where PT
i,t is the TPP dispatch at the bus i in period t; PT

i,min and PT
i,max are the minimum

and maximum operating limits of the TPP at the bus i, respectively.
In addition to that, according to [30], maximum ramp rate constraints for the increase

and decrease of TPP generation are enforced as operative features that couple two con-
secutive periods. Thus, in some cases, it is not possible to admit an abrupt variation in
the power generated in short intervals of time. Mathematically, ramp rate constraints are
modeled by:

− Ri ≤
[

PT
i,t − PT

i,(t−1)

]
≤ Ri ∀i ∈ Ωi, t = 1, 2, · · ·, T, (3)

where Ri is the maximum ramp rate of the TPP at the bus i. In this formulation, we consider
the ramp down and ramp up constraints to be the same value.

2.3. Wind Power Plants Constraints

Wind power generation has a dynamic behavior according to the location where
the wind farms are installed. This variability promotes several studies to represent this
generation as a variable of the model in the DOS problem. For this, it is considered the
hourly wind power forecast is the maximum limit that this variable can achieve [18,31–33].

In addition, the operational limits, represented by the predicted wind power for each
hour of the day, allow a partial or total WPC. This modeling may be considered in a regional
context, as seen in [34–36]. Thus, the geographic diversification of WPP can smooth out
the fluctuations in wind power generation, making it more predictable. Finally, the wind
power variables and your limits can be represented by:

0 ≤ PW
i,t ≤ PW

i,t,exp ∀i ∈ Ωi, t = 1, 2, · · ·, T, (4)

where PW
i,t and PW

i,t,exp are the wind power generation and the expected production at the
bus i in period t, respectively.
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2.4. Photovoltaic Power Plants Constraints

The power generation of a photovoltaic power plant (PPP) also has a dynamic behavior
according to the location where the solar farms are installed. Therefore, here, it is considered
the hourly solar power forecast as the maximum limit that this variable can achieve [37].
The photovoltaic power variables and the limits can be represented by:

0 ≤ PP
i,t ≤ PP

i,t,exp ∀i ∈ Ωi, t = 1, 2, · · ·, T, (5)

where PP
i,t and PP

i,t,exp are the photovoltaic power generation and the expected production
at the bus i in period t, respectively.

2.5. Battery Energy Storage Systems Constraints

As it was previously mentioned, the use of BESS can be an alternative to reduce the
WPC. Therefore, when there is surplus wind power energy, the amount of energy that
would be cut, now it can be stored. For this, the BESS acts as load demand, when there is
an excess of wind power generation, and provide power injection, alternatively.

The stored energy helps to reduce peaks and valleys of the load demand curve. Thus,
the BESS discharge energy quickly in some situations: when the hourly price is higher than
when the energy had been stored; when the system requires additional power to meet the
load demand; and when it is necessary to relieve the transmission system.

The characteristics of BESS were modeled here, such as proposed in [33,38–40]. The
energy capacity of BESS is generally defined according to the type of technology used to
conserve the energy, and the constraints are represented by:

Ei,min ≤ Ei,t ≤ Ei,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (6)

where Ei,t is the energy stored at the bus i in period t; Ei,min and Ei, max are the minimum
and maximum storage capacities at the bus i, respectively. The energy stored available is:

Ei,(t+1) = (1− γi)Ei,t −
(

PD
i,t /ηi − PC

i,tηi

)
· ∆t ∀i ∈ Ωi, t = 1, 2, · · ·, T, ∆t = 1 h, (7)

where γi is the BESS self-discharge rate at the bus i; ηi is the BESS efficiency at the bus i;
PD

i,t and PC
i,t are the BESS discharging and charging at the bus i in period t, respectively.

Furthermore, the term State of Charge (SOC) defines, in percentage, the level of energy
stored in BESS. The constraints of these variables are defined by:

Si,t = Ei,t/Ei,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (8)

where Si,t is the SOC at the bus i in period t, and its limits, that increase the useful life of
BESS, are defined by:

Si,min ≤ Si,t ≤ Si,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (9)

where Si,min and Si,max are the minimum and maximum SOC of BESS at the bus i, re-
spectively. This way, relating (8) and (9), it is possible to obtain new limits for stored
energy through:

Si,minEi,max ≤ Ei,t ≤ Si,maxEi,max ∀i ∈ Ωi, t = 1, 2, · · ·, T. (10)

Finally, as can be seen in [40], the charging and discharging power variables can be
related to the variable PS

i,t , described by:

PS
i,t = PD

i,t − PC
i,t ∀i ∈ Ωi, t = 1, 2, · · ·, T. (11)
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This is allowed since PD∗
i,t and PC∗

i,t are solutions of DCOPF problem, and:

PC∗
i,t PD∗

i,t = 0 ∀i ∈ Ωi, t = 1, 2, · · ·, T. (12)

Therefore, it is possible to represent charging and discharging limits separately in two
variables, respectively, by:

0 ≤ PC
i,t ≤ PC

i,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (13)

and
0 ≤ PD

i,t ≤ PD
i,max ∀i ∈ Ωi, t = 1, 2, · · ·, T, (14)

where PC
i,max and PD

i,max are the BESS charging and discharging limits at the bus i, respectively.

2.6. Energy Balance Constraint

The energy balance constraint is responsible for supplying the load demand and
guaranteeing the use of all energy generated. This constraint is defined by:

∑
i∈Ωi

(
PH

i,t + PT
i,t + PW

i,t + PS
i,t

)
= ∑

i∈Ωi

Di,t, t = 1, 2, · · ·, T, (15)

and
∑

i∈Ωi

Di,t = ∑
i∈Ωi

Di,t,exp − Gt, t = 1, 2, · · ·, T, (16)

where Di,t and Di,t,exp are the net and expected load demands at the bus i in period t,
respectively; Gt is the DG in period t.

The DG is modeled here as a reduction in expected system load demand in a certain
period. Thus, it is a generation that cannot be controlled by the power system, but we can
use it with an expected daily curve.

2.7. Transmission Limits Constraints

The transmission system has constraints related to the system security that influence
the operating decisions. In this work, the DC power flow is modeled using the Power
Transfer Distribution Factors (PTDF) matrix [41], and it is represented by:

PTDFk,i = ∆Fk/∆Pi ∀i ∈ Ωi, t = 1, 2, · · ·, T, (17)

where PTDFk,i is the element of the PTDF matrix; ∆Fk is the power flow variation at the
k transmission line due the injected or extracted power ∆Pi at the bus i; Ωk is the set of
transmission lines.

In addition to that, the PTDF matrix contains the participation of power injection
factors in the composition of the flows in the system transmission lines. This matrix can be
defined by:

PTDF = Y ·A
(

AT · Y ·A
)−1

, (18)

where Y is the primitive admittance matrix and A is the reduced system incidence matrix.
Therefore, the inequality constraints that define the capacity of the transmission system are:

− Fk,max ≤ ∑
i∈Ωi

[
PTDFk,i

(
PH

i,t + PT
i,t + PW

i,t + PS
i,t − Di,t

)]
≤ Fk,max

∀k ∈ Ωk, t = 1, 2, · · ·, T, (19)

where Fk,max is the capacity of the transmission line k.
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2.8. Objective Function

The objective of the DOS problem is to minimize the total operating cost related to
the fuel cost from scheduled TPP. However, it is necessary to define a priority order when
the system is faced with the possibility to choose the energy provided from other sources.
For HPP and BESS, the energy is considered with a null unitary cost. Therefore, a priority
factor ε that the IPM will choose the WPP or the PPP as a priority source is proposed here.
This technique was created to avoid the WPC and based on the environmental value of
the water.

The priority factor ε is a value that does not interfere in the IPM to find the best
solution. Then, the objective function of the problem may be represented by:

min Z =
T

∑
t=1

{
∑

i∈Ωi

[
ciPT

i,t + ε
(

PW
i,t + PP

i,t

)]}
, (20)

where ci is the cost of fossil-fuel generator i, and it is adopted ε = −10-5 R$/MWh.

2.9. DCOPF with Losses and the LMP

In this subsection, the calculations of the system losses and the LMP for DCOPF are
described. It can be done with an iterative method, but, different from what is described
in [22–25], this work considers the dimension of the problem to achieve the solution.

To simplify the development of the method, the ramp rate and energy storage con-
straints are disregarded. In addition to that, the active power injection at the bus i in period
t is represented by the new variable PG

i,t defined by:

PG
i,t = PH

i,t + PT
i,t + PW

i,t + PP
i,t + PS

i,t ∀i ∈ Ωi, t = 1, 2, · · ·, T. (21)

Thus, (15) and (19) can be rewritten, respectively, as:

∑
i∈Ωi

PG
i,t = ∑

i∈Ωi

Di,t, t = 1, 2, · · ·, T, (22)

and
− Fk,max ≤ ∑

i∈Ωi

[
PTDFk,i

(
PG

i,t − Di,t

)]
≤ Fk,max ∀k ∈ Ωk, t = 1, 2, · · ·, T. (23)

Lastly, the active power injection limits are defined by the constraints:

PG
i,min ≤ PG

i,t ≤ PG
i,max ∀i ∈ Ωi, t = 1, 2, · · ·, T. (24)

2.9.1. System Losses Evaluation

Most DCOPF studies ignore electrical losses. In these cases, the energy price and the
congestion price follow a linear model with a null loss price. However, system losses need
to be considered in LMP.

To represent the system losses, the components Marginal Loss Factor (MLF) and
Marginal Delivery Factor (MDF) are used, which are defined, respectively, by:

MLFi,t = ∆PL
t /∆PG

i,t ∀i ∈ Ωi, t = 1, 2, · · ·, T, (25)

and
MDFi,t = 1−MLFi,t ∀i ∈ Ωi, t = 1, 2, · · ·, T, (26)

where PL
t is the total system losses that can be represented by:

PL
t = ∑

k∈Ωk

[
Rk(Fk,t)

2
]
, t = 1, 2, · · ·, T, (27)

where Rk is the resistance of transmission line k.
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Thus, we can represent the power flow through the PTDF matrix and obtain a new
equation for the MLF:

MLFi,t = 2

[
∑

k∈Ωk

(PTDFk,iRkFk,t)

]
∀i ∈ Ωi, t = 1, 2, · · ·, T. (28)

In this case, the MLF can be positive or negative. When positive, it means that the
increase of the power injection at bus can increase the system losses. When negative, the
increased injection on the bus can reduce system losses.

It has been observed in [22] that the MDF may double losses. Furthermore, in the
same work it is proved that, in this model, an offset should be the estimated total system
losses. Therefore, (22) can be rewritten by:

∑
i∈Ωi

(
MDFi,tPG

i,t

)
= ∑

i∈Ωi

(MDFi,tDi,t)− PL
t,est, t = 1, 2, · · ·, T, (29)

where PL
t,est is the offset or total system losses.

As shown in (28), the MLF values depend on the power flow in the transmission
lines. To overcome this obstacle, the DCOPF problem is solved firstly without considering
the MLF (MLFi,t=0, MDFi,t=1 and PL,est

t =0). Therefore, with the solution found, the MLF
values can be estimated and the DCOPF problem is solved again. This iterative process is
repeated until the convergence stop criteria is reached. This entire process can be seen in
the flowchart shown in Figure 3.

START

Define:
MLFi,t=0 ;
MDFi,t=1 ;

Pt
L,est=0 .

Update:
MLFi,t ;
MDFi,t ;

Pt
L,est .

DCOPFConvergerd?STOP Yes

No

DCOPF

Figure 3. DC optimal power flow (DCOPF) iterative method considering system losses.

This method converges when:∣∣∣PG
i,t,m − PG

i,t,(m−1)

∣∣∣ ≤ nζ ∀i ∈ Ωi, t = 1, 2, · · ·, T, ζ ∼= 10−3, (30)

or ∣∣∣Zm − Z(m−1)

∣∣∣ ≤ nζ ∀i ∈ Ωi, t = 1, 2, · · ·, T, ζ ∼= 10−3, (31)

where m is the iteration of the method and n is the the number of power system buses.

2.9.2. LMP Evaluation

After obtaining the DCOPF solution, the LMP can be calculated for any system bus
from the Lagrange function Lt:

LMPk,i = ∆Lt/∆Di,t ∀i ∈ Ωi, t = 1, 2, · · ·, T, (32)
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and

Lt = ∑
∀i∈Ωi

[
ciPT

i,t + ε
(

PW
i,t + PP

i,t

)]
− λt

[
MDFi,t

(
PG

i,t − Di,t

)
+ PL

t,est

]
− ∑
∀k∈Ωk

{
πk,t,min

[
PTDFk,i

(
Di,t − PG

i,t

)
+ Fk,max

]}
− ∑
∀k∈Ωk

{
πk,t,max

[
PTDFk,i

(
PG

i,t − Di,t

)
− Fk,max

]}
, t = 1, 2, · · ·, T, (33)

where λt is the Lagrange multiplier related to the energy balance restriction; πk,t,min is the
Lagrange multiplier related to the lower limit constraint; πk,t,max is the Lagrange multiplier
related to the upper limit constraint.

Therefore, the LMP is calculated by:

LMPi,t = λt MDFi,t − ∑
k∈Ωk

(πk,t,minPTDFk,i) + ∑
k∈Ωk

(πk,t,maxPTDFk,i)

∀i ∈ Ωi, t = 1, 2, · · ·, T. (34)

2.9.3. Fictitious Nodal Demand for System Losses

In (23), the power flow assumes a network without electrical losses, and the energy
balance constraint, in (29), requires that the total generation be greater than the total load
demand due to system losses. This leads to a mismatch effect, in a way that all losses
appear in bus reference, as proven in [22]. Thus, it is necessary to represent the losses in
the transmission lines.

To solve this problem, we implemented the Fictitious Nodal Demand (FND) concept
to represent the electrical losses of the transmission lines connected to a bus. Hence, the
FND is responsible for distributing system losses for each line of the network, aside from
mitigating the mismatch effect. In this case, the losses of the transmission line are divided
into two halves at respective buses. Thus, each half represents an increase in load demand
at that bus. Finally, FND can be represented by:

FNDi,t = ∑
k∈Ωj

(
0, 5RkF2

k,t

)
∀i ∈ Ωi, t = 1, 2, · · ·, T, (35)

where Ωj is the set of transmission lines connected to bus i.
Now, the power flow will also be limited by the FND:

− Fk,max ≤ ∑
i∈Ωi

[
PTDFk,i

(
PG

i,t − Di,t − FNDi,t

)]
≤ Fk,max ∀k ∈ Ωk, t = 1, 2, · · ·, T. (36)

Additionally, some steps in the iterative process, shown in Figure 3, are modified to
integrate the FND: the second step, that initializes the marginal loss variables, should now
consider FNDi,t = 0, and the step of updating these variables should now evaluate FNDi,t.

Considering the DOS problem presented here, the next step is to verify solutions of
operation and pricing.

3. Results and Discussion

The study is performed using a system based on the IEEE 24-bus power system [42]. In
addition to that, the problem was solved by predictor-corrector primal-dual IPM designed
in MATLAB R2018a on a desktop with an Intel Core i7-4790 and 32GB RAM.

3.1. Study System

The pricing and DOS of HTWP systems are performed on an hourly basis. There-
fore, the modified IEEE 24-bus power system was adjusted to better adapt to the actual



Energies 2021, 14, 1441 10 of 22

conditions of Brazil’s northeast subsystem. This modification includes the data of the mix
generation and decreased transmission lines capacity. Consequently, the modified system
has two HPPs, two TPPs, five WPPs, one PPP, 34 transmission lines, and 17 load demand
buses, and its diagram is shown in Figure 4.

1 2

3

4 5

6

7 8

9 10

11 1224

13

23

20

14
15

1617

18 21 22

19

HPP TPP WPP PPP LoadBESS

Figure 4. Diagram of modified IEEE 24-bus power system.

A comparison between the power installed capacity of the original IEEE 24-bus and
the modified one, with the respective sources, can be seen in Table 1. Furthermore, to
match the total installed power capacity of the modified IEEE 24-bus power system with
the original, the difference was distributed equally among the sources, as seen in Table 2.

Table 1. Installed power capacity of the original and modified IEEE 24-bus system. Data source: [27,42].

Bus Installed Power Capacity of the
Original IEEE 24-Bus System (MW)

Installed Power Capacity of the
Modified IEEE 24-Bus System (MW)

1 192 (TPP) 188 (WPP)
2 192 (TPP) 167 (WPP)
7 300 (TPP) 257 (WPP)

13 591 (TPP) 462 (HPP)
15 215(TPP) 200 (WPP)
16 155 (TPP) 145 (PPP)
18 400 (TPP) 381 (TPP)
21 400 (TPP) 365 (TPP)
22 300 (TPP) 291 (WPP)
23 660 (TPP) 794.2 (HPP)
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Table 2. Final installed power capacity of the modified IEEE 24-bus.

Bus Installed Power Capacity of the
Modified IEEE 24-Bus System (MW) Location (Brazilian State)

1 203.5 (WPP) Piauí
2 182.5 (WPP) Ceará
7 272.5 (WPP) Bahia
13 477.5 (HPP) Bahia
15 215.5 (WPP) Rio Grande do Norte
16 160.5 (PPP) Bahia
18 396.5 (TPP) Pernambuco
21 380.5 (TPP) Ceará
22 306.5 (WPP) Bahia
23 809.7 (HPP) Bahia

The characteristics of the TPPs and the HPPs are based on real plants of the Brazilian
power system [27], and they are reported in Table 3.

Table 3. Characteristics of the Thermoelectric Power Plant (TPP) and the Hydroelectric Power Plant
(HPP). Data source: [27].

Bus Source Pi,min (MW) Pi,max (MW) Ri (MW) ci (R$/MWh)

13 HPP 115.5 477.5 362 0
18 TPP 95 396.5 95 300
21 TPP 91 380.5 91 174.84
23 HPP 198.5 809.7 611.2 0

The data of the WPPs and PPPs are also based on real plants of the Brazilian northeast
subsystem [27], and the wind farms are geographically distributed by The States to promote
complementarity of the source. The wind and photovoltaic power generation values used
to define PW

i,exp and PP
i,exp, respectively, are based on the average generation curves of the

Brazilian system from August (highest annual average) of 2019, which can be seen in Figure 5.
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Figure 5. Wind and photovoltaic power generation values. Data source: [27].
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The load demand curve is shown in Figure 6, and it is obtained from historical data
of the Brazilian Northeast subsystem from 21 August 2019 (highest average daily load
demand). Therefore, it is possible to normalize the values and then multiply by 2900 MW
to adapt with the modified IEEE 24-bus power system. However, for each hour, the load
demand is distributed in percentages as the load bus in the power system.
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Figure 6. Load demand curve along the day with and without Distributed Generation (DG). Data
source: [26,27].

To verify the effect of DG on the system in the coming years, a curve, based on data
from photovoltaic generation in the northeast subsystem [26,27], was also normalized and
multiplied by a factor that decreases 20% of the load demand curve from 6:00 a.m. to
6:00 p.m. This effect, caused by DG, is also shown in Figure 6.

Regarding transmission lines, this modified IEEE 24-bus power system has changed
in the capacity of transmission, in which they are reduced by 15% from original values.

The following two cases are considered: in the first case, BESS was not used in the
modified IEEE 24-bus power system; in the second case, BESS was connected to the bus
that featured the WPC to observe the effect on results found in the first case.

3.2. DOS and Reduction of WPC

In Case 1, bus 7 of the modified IEEE 24-bus system presents the WPC, as can be seen
in Figure 7. Ten out of 24 h there is a reduction in the production, totaling 78.44 MW at
the end of the day. The highest curtailment period is from 6 a.m. to 9 a.m., when the net
load demand, previously mentioned, is the lowest, and the wind and photovoltaic power
generation are above their average (Table 4).

The WPC is found because transmission line 11, which connects buses 7 and 8, is
congested, as can be seen in Figure 8 with the power flow solution. Then, in this case, it is
necessary to reduce the power supply by the WWP of bus 7 not to exceed the safety limit
of the transmission line. Thereby, the solution found by IPM is to use the cheapest source
that will not compromise the problem constraints and will be able to supply the necessary
load demand.
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Figure 7. Wind power generation and wind power curtailment (WPC) of bus 7 in Case 1.

Table 4. Summary of wind and photovoltaic power generation values. Data source: [27].

Bus Minimum (MW) Maximum (MW) Average (MW)

1 212.29 303.5 267.36
2 104.82 183.02 149.39
7 185.12 270.36 238.17
15 108.77 216.3 168.03
16 0 161.47 58.09
22 227.28 306.66 280.46
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Figure 8. Power flow at transmission line 11 in Case 1.
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As can be seen in Figure 9, the source responsible to supply the load demand due
to the WPC is the HPP from bus 23, since it is the only one among the conventional ones
that have a dynamic performance in the first 13 h of the day. This same source manages
to generate its total capacity in the second half of the day. This is explained by the fact
that the same source is cheaper than TPPs, and the other HPP, on bus 18, has already had
its maximum power generation all day long. According to the second half of the day in
Figure 5, the renewable sources tend to have a lower generation average than the first half.
For this reason, the TPPs must leave their minimum value and start to operate with higher
values, respecting the ramp rate constraints. Therefore, the TPP from bus 21 can reach
generation values close to its maximum (Figure 9). However, the TPP from bus 18, which
is more expensive, can reach higher values than its minimum, but only in five moments of
the day.
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Figure 9. Hydro and thermal power generation values in Case 1.

As the WPC occurs on the WPP located at bus 7, this location is chosen to place the
BESS in Case 2. Furthermore, to be able to store an amount of energy equivalent to the
WPC, it was decided to use higher storage capacity systems, which have already been
implemented. Therefore, the BESS used has a Lithium Nickel Manganese Cobalt Oxides
(Li-NMC) technology, and the parameters selected for this system can be seen in Table 5.

Table 5. Parameters of battery energy storage system (BESS) at bus 7 in Case 2. Data source: [43].

Parameter Ei,max PC
i,max PD

i,max γi ηi Si,min Si,max

Value 150 MWh 50 MW 50 MW 2% 95% 10% 90%

In Case 2, the WPC at bus 7 disappears, and the BESS performance for this to occur
can be seen in Figure 10. In this study, it was considered that the initial state of storage is
the minimum value. Consequently, the battery charges until 5:00 p.m., and it is at this time
that the power supplied by PPP from bus 16 loses strength (Figure 5), the WPP at bus 7 is
still close to its minimum value (also seen in Figure 5), and the load demand comes close to
its peak value (Figure 6). From this time forth, BESS begins to discharge the stored power
energy during the day until 8:00 p.m. Finally, without stored energy and with WPPs with
values above the average (Table 4), the solution found by IPM is to store energy again up
to 37% of BESS capacity and discharge it to the minimum value until the end of the day.
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Figure 10. Behavior of BESS at bus 7 in Case 2.

It can also be seen in Figure 11 that the power flow in Case 2 decays when BESS needs
to store energy again at 8:00 p.m. In addition to that, unlike the result of Case 1 (Figure 8),
the transmission line capacity is only reached at two times of the day, which leaves this
part of the system looser.
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Figure 11. Power flow at transmission line 11 in Case 2.

Observing the power generation in Case 2 (Figure 12), there is a small increase in the
power supplied by the HPPs. On average, bus 13 presented a reduction of 0.05 MWh, and
bus 23 an increase of 3.67 MWh, as seen in Table 6. As for TPPs, they had a reduction in
the energy generated. This fact can be explained since the objective of the problem is to
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minimize the operating cost of the sources. Therefore, BESS performs successfully in its
function of storing cheaper energy and using it at times when the supply was previously
made by the most expensive sources. Then, still observing Figure 12 and Table 6, there
was a reduction, on average, in the power generation of TPPs, where bus 18 showed a
reduction of 3.96 MWh, and bus 21 a reduction of 2.05 MWh.
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Figure 12. Hydro and thermal power generation values in Case 2.

Table 6. Variation of the hydro and thermal power generation between Case 1 and Case 2, on average.

Bus 13 18 21 23

Variation (MWh) −0.05 +3.67 −3.96 −2.05

In summary, even though the power generation of intermittent sources is present
throughout the analyzed period, in a specific bus there was a waste of power that could
be generated, causing an impact on the system operation. We noticed that the inclusion
of BESS, with the appropriate characteristics, managed to solve this problem by reducing
WPC. Although there is no significant change in the generation of conventional power
sources, the decrease found in the results causes a reduction in operating costs, as will be
seen below.

3.3. Operating Cost

For most of the day, the operating cost in Case 2 is close to Case 1, as can be seen
in Figure 13. However, during 7 h of the day, there is a reduction, and just in one hour,
there is an increase. Analyzing the moments when the operating cost reduction occurs,
the greatest variation is observed from 5:00 p.m. to 7:00 p.m. This can be explained since
BESS discharges all the energy stored up to that moment during this interval. This causes a
reduction in the generation of TPPs.

Continuing analyzing Figure 13 once more, 8:00 p.m. is the moment when there is an
increase in the operating cost. The solution found requires that energy is stored up to 37%
of the BESS capacity (Figure 10). Wind power solves this problem, and it is necessary to use
the cheapest TPP (at bus 21) to supply the load demand. It can be observed that at this same
time there is a drop in the power flow in the transmission line 11 from Case 2 (Figure 11),
which indicates that the energy stored in BESS comes primarily from WPP on the same bus.



Energies 2021, 14, 1441 17 of 22

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period (h)

0

20

40

60

80

100

120

140

O
pe

ra
ti

ng
 c

os
t 

(1
0³

R
$)

2.
30

10
.0

0 14
.0

0
8.

30

4.
73

2.
34 3.
29

7.
81

Case 1
Case 2
Reduction
Increase

Figure 13. Operating costs in Case 1 and Case 2.

The reduction in the operating cost can also be seen through the analysis of the total
value at the end of the day, which is reported in Table 7. It is possible to observe that the
total operating cost was reduced by R$ 37,145.20 due to the use of BESS.

Table 7. Operating cost variation between Case 1 and Case 2.

Case 1 Case 2 Variation (R$)

R$1,400,237.52 R$1,363,092.32 −37,145.20

3.4. LMP

The LMP can be obtained for each of the buses in the system. However, due to the
high number of buses, it was decided to represent this signal price through its average
value. Therefore, the curves to be presented are the average LMP.

Analyzing the average LMP, it is possible to interpret the displacement of the energy
stored during the day to reduce the pricing. In the first sixteen hours, the performance
of the average LMP in Case 1 and Case 2 is equal to zero, as can be seen in Figure 14.
The interpretation for this is that the system still offers a zero-cost dispatch distribution
higher than the demand required at these times.

Analyzing the period from 4:00 p.m. to 11:00 p.m., in Figure 14, it is possible to
understand the interference of charging and discharging of BESS in the average LMP.
The energy that was previously wasted in Case 1, and now is stored by BESS in Case 2,
is dispatched to reduce the five highest price points. In addition, it is observed that at
8:00 p.m. and 11:00 p.m. there was an increase in the average LMP value. However, this
addition from one case to the other does not compromise the reduction of prices in the
daily analysis.



Energies 2021, 14, 1441 18 of 22

69
.8

7
2.

63
71

.9
1

95
.0

4
6.

68

12
4.

46

16
.5

6

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period (h)

0

50

100

150

200

250

300

350

A
ve

ra
ge

 L
M

P
 (

R
$/

M
W

h)

Reduction Increase Case 1 Case 2

Figure 14. Average Locational Marginal Pricing (LMP) in Case 1 and Case 2.

In the individual analysis of the LMP curves per bus, in Case 2, a negative value
appears at 11:00 p.m. on bus 20, as shown in Figure 15. In this case, the energy previously
dispatched from BESS makes TPP from bus 21 generates less energy power by TPP from
bus 21, which is limited by its ramp rate constraint. To supply the demand at this time,
an increase in the HPP from bus 23 was necessary, which caused the congestion of the
transmission line 33 connecting buses 20 to 23 (Figure 16). The constraint at this time was
significant making the cost paid for congestion and losses higher than the energy portion
of the LMP.
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Figure 15. LMP in Case 1 and Case 2 at bus 20.
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Figure 16. Power flow at transmission line 33 in Case 2.

The negative LMP for bus 20 (Figure 16) is the impact factor on the marginal cost
of daily operation. Economically measured by technical aspects of plant operation and
transmission line constraints, the negative value is an incentive sign for the consumption
specifically at this bus. Hence, there is a financial benefit when the negative LMP occurs.

4. Conclusions

This paper considered the DOS in an HTWP power system with a high intake of wind
power energy, which can be wasted due to the existing constraints in the optimization
problem. WPP was modeled as a priority over other sources since its operating cost is
equal to zero and promotes less environmental impact. In addition, WPPs may also control
the power dispatch.

To reduce the WPC, it was proposed to use BESS on the same bus that the problem
arises. In addition to being able to store the wasted energy, the storage system also promotes
the benefit of relieving overloaded transmission lines. For this, it was observed that BESS
fulfilled the role of shifting energy over time, as expected. Thus, the energy was stored
during the period when there was less demand to be dispatched in moments of great load
requests from the system.

The results for the modified IEEE 24-bus system showed that WPC can impact the
operating costs. This is explained as other sources with a considerable cost must operate as
a replacement for WPPs to supply the energy demand. It was observed that the use of BESS
could promote a 2.65% reduction in operating costs in the analyzed case. As the analyzed
system is a genuine reduction of the Brazilian power electric system, larger systems can
generate even greater reductions.

In addition to reducing WPC and operating cost, the BESS used also impacted the
average LMP, which signal prices were reduced to higher value times. This caused the
appearance of a negative signal part in part of the system due to an overload in one of the
transmission lines, indicating how susceptible the system can be.

We conclude that the modeling of WPP as a variable of the problem in cases in which
there is a great intake of wind can promote better analysis of the WPC. This makes it
possible to use storage energy systems to assist the elimination of WPC and other problems,
such as the reduction of operating costs and daily signal prices.
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We suggest for future work a further investigation of other energy storage technologies,
the use of stochastic models for forecasting variables, and a study about the sensitivity of
the signal prices with the presence of BESS in the power system. These additional analyses
can promote an improvement in the results found here and open new study paths.
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IPM Interior Point Method
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