
Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Reddy et al. 
Journal of Engineering and Applied Science          (2023) 70:155  
https://doi.org/10.1186/s44147-023-00310-9

Journal of Engineering
and Applied Science

Integrating hydro and wind resources 
for effective congestion management 
in a hybrid electricity market
Ch. Lokeshwar Reddy1*  , K. Rayudu2, M. Sharanya3, Sridhar Patthi4 and J. V. G. Rama Rao5 

Abstract 

Congestion management in deregulated electricity systems threatens system security 
and reliability. Integration of renewable energy sources, unpredictable wind power, 
load demand, and the requirement for quickly deployable reserves make conges-
tion management more difficult. While deciding the dispatch of the generating units, 
many factors have to be considered for the economic, secure, and reliable opera-
tion of the power system. This study presents a congestion management strategy 
that has been developed specifically for hybrid power systems. Within a pool and bilat-
eral power supply market structure, it introduces a generator rescheduling-based con-
gestion management technique. Ensuring safe bilateral transactions between these 
companies is crucial. Renewable sources affect congestion management dynamics, 
according to the research. The optimization issue includes operational limitations 
for scenarios with and without renewable source units. Monte Carlo simulation (MCS) 
was used to sample hourly wind speed from the Weibull PDF wind model. GAMS 
CONOPT solver used the model. General Algebraic Modeling System (GAMS)-MATLAB 
interface imported the model into MATLAB to extract the response. The best combina-
tion of renewable sources is 2 hydro + 1 wind unit as savings of congestion cost are 
$1403.6/h and $1855.18/h in case 1 (3-line congestion) and case 2 (2-line congestion), 
respectively. Results were accomplished by updating the IEEE-24 bus reliability test 
system with hydro and wind generators.

Keywords: Wind turbine unit, Congestion management, IEEE-24 bus system, 
Inequality constraints, Distributed generation

Introduction
The importance of promoting renewable energy sources (RES) has increased signifi-
cantly within the context of the more competitive environment that characterizes the 
market for energy. However, the increased integration of RES has the potential to cause 
frequent network congestion [1–3]. Congestion management is the process of coordi-
nating transaction prioritization in order to efficiently avoid overloading a network. This 
is an essential component in addressing this difficulty. When it comes to the world of 
deregulated electricity systems, the function of congestion management appears as a 
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keystone in the preservation of reliability and security. The power generation companies 
(GENCOs) and distribution companies (DISCOS) will submit bids to the independent 
system operator (ISO) in the context of a market for energy that is structured as a pool. 
The ISO will then make choices on the generation for the following day. After that, activ-
ities take place, which include generation and consumption, and they are all coordinated 
at a price that is agreed upon for the planned clearance [4–6]. Adjusting schedules for 
both producers and consumers is one of the strategic approaches that can be used to 
manage the congestion that transmission lines are experiencing.

This modification is essential, especially in a bilateral power market where the guaran-
tee of transaction security in the midst of congestion management is crucial. This adap-
tion is pivotal. The ISO, which orchestrates efforts to reduce congestion and supports 
flawless coordination, including dispatch, within the dynamic landscape of a hybrid mar-
ket, plays a crucial role in this process. This function places the ISO at the center of the 
action and makes it an essential component [7–10]. However, it is of the utmost impor-
tance to acknowledge the fact that RES provides the best possible solution for satisfying 
the need for energy while preserving the integrity of the environment.

The production of electricity through hydro and wind power stands out as the option 
that is friendlier to the environment while also being more cost-effective. It is important 
to note that India’s wind power production is constantly expanding, while hydro power 
generation ranks as the country’s second-largest source of energy. Both hydro and wind 
power plants have minimal running costs and the ability to quickly become operational 
[11–14]. Because of their one-of-a-kind combination, they are well-suited to meet peak 
as well as emergency power needs. When considering a power system that incorporates 
hydro, wind, and thermal units, it is necessary to investigate the management of conges-
tion. Unlike the scheduling of thermal units, which is determined entirely by the prices 
at which the market is clearing, the scheduling of hydro and wind units takes on the spe-
cific function of price suckers.

In [15], typical congestion management approaches emphasize optimization tools’ 
importance. Evolution strategy and pool dispatch plan are discussed, along with current 
advances and methodologies in Germany, Europe, and the USA. Innovative methods can 
involve treating load and water input as random variables. The paper encourages power 
system engineers, students, professors, researchers, and utility engineers to explore 
congestion management and solve problems faster and smarter. A new zonal conges-
tion management (CM) model using power tracing and power transfer distribution fac-
tors (PTDF) is presented in this research [9]. A congestion index (CI) creates an efficient 
congestion zone by assigning coefficients to network components. Optimization using 
unit rescheduling and load shedding eliminates congestion. It reduced line congestion 
on the IEEE 39-bus New England system, demonstrating real-time applications and scal-
ability to different network sizes and situations.

This technique can be used for mid- and long-term research on renewable resource 
allocation, reactive power tracing, and flexible AC transmission (FACTS) modeling in 
zonal CM. Modified bat optimization and its derivatives are used to control congestion 
in [16]. Chaos-embedded Monarch butterfly optimization surpasses others on IEEE-
30 and New England 39-bus systems, reducing overall rescheduling costs for effective 
line overload attenuation. Testing more sophisticated algorithms and studying load 
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reduction and renewable energy integration are future goals. By intentionally increasing 
their income via bids, these units match energy prices to be as near as possible to the 
marginal price of the system [17]. It is thus of the highest significance to make headway 
towards the management of congestion within this varied energy environment [18–20].

In this article, congestion cost is minimized without (thermal units alone) and with 
renewable energy sources (hydro units, wind units, 1 hydro + 2 wind units, and 2 hydro 
+ 1 wind units). Congestion management for bilateral and pool power markets uses 
mix-integer nonlinear programming. Rescheduling generators reduces congestion costs 
in congestion management. Producer-consumer transactions are secured using the GD 
matrix. Thermal and renewable generating units submit proposals to ISO. With and 
without renewable source unit operational limitations were applied to the optimization 
problem. Congestion management, in the context of deregulated electrical networks, is 
the range of measures used to reduce and effectively manage congestion caused by a 
mismatch between energy supply and demand along certain transmission lines. Conges-
tion can result in inadequate utilization of the transmission network and inefficient mar-
ket operations in deregulated systems, where various organizations produce and provide 
electricity.

In order to maintain a stable and cost-effective electricity arrangement, congestion 
management strategies include market-based operations, optimal power flow changes, 
and network reconfiguration are used. By reducing barriers while fostering efficient 
energy flow, it intends to optimize the utilization of existing transmission capacity, pre-
serve grid stability, and support competitive and equitable electricity markets. In con-
gestion management, wind and hydro units rely on wind and water levels. The Weibull 
PDF wind model and Monte Carlo simulation (MCS) technique have produced hourly 
wind speed samples. The optimization issue for congestion management models water 
discharge and scope. Based on line congestion sensitivity, case 1 (3-line congestion) and 
case 2 (2-line congestion) were investigated using a GAMS-MATLAB interface, mixed-
integer nonlinear programming (MINLP) has solved congestion management. This 
unique technique was utilized in the IEEE-24 bus reliability test system, providing real 
results.

The strategy for managing congestion takes a comprehensive approach and utilizes 
Monte Carlo simulation for scenario analysis. After that, the optimization issues con-
nected with congestion management are tackled by using the CONOPT solver that is 
included in the GAMS software. The GAMS-MATLAB interface improves both the 
flexibility and efficiency of the modeling process by providing for a smooth integration 
between the sophisticated modeling capabilities of GAMS and the extensive analysis 
tools that are available in MATLAB.

This allows for more overall flexibility and efficiency in the modeling process. This 
integrated technique offers a thorough investigation of a variety of situations, superior 
decision-making achieved by mathematical modeling, and effective execution of meth-
ods for congestion control in power systems.
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Optimization model of secure bilateral transaction
The hybrid electricity market will smoothly merge a pool and bilateral or multilat-
eral transactions. This architecture supports pool-based and bilateral agreements, 
improving transmission access in the hybrid market context. Power production and 
distribution are arranged via a centralized market (the pool) and direct agreements 
between buyers and sellers (the bilateral contracts) under a framework for managing 
congestion that is part of a market structure that includes both a pool and bilateral 
power supply contracts. The California market model illustrates this mixed configu-
ration. The bilateral and pool models are used in many power market arrangements 
across the world [21–24]. Dispatching and scheduling vary among different models, 
affecting system stability, especially given transmission line limits and imbalances. 
In a bilateral market model, minimizing transaction variances improves system resil-
ience. The objective function is subjected as follows:

Equations (2) and (3) represent balances of real power (Pk) and reactive power (Qk).

Bilateral power generated by thermal generating units in MW (Pgb) and pool power 
generated by thermal generating units in MW (Pgp) produce the demand power (Pd), 
and generation power (Pg) balance equations using the bilateral transaction matrix 
GD for the hybrid market model are represented by Eqs. (4, 5, 6 and 7).

Power flow equations for bilateral power (Pfb) and pool power (Pfbp) are given in 
Eqs. (8) and (9), respectively.
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The total amount of power (Pf) is being represented in Eq. (10).

Distribution factors (DF) can be obtained as discussed in [25]. Every generator gener-
ates power between its generation capacities. Equations (11, 12 and 13) are real power 
limits of thermal, hydro, and wind generators (Pgk min), (Phk min), and (Pwk min), and Eqs. 
(14, 15 and 16) are reactive power limits of thermal, hydro, and wind generators (Qgk 
min), (Qhk min), and (Qwk min), respectively.

The lines angle (δgk min) and voltage restrictions (Vgk min) are represented by Eqs. (17) 
and (18).

The maximum and minimum transaction restrictions (GDkj max) and (GDkj min) for the 
buyer and seller in (19) are represented by bus-k and bus-j, respectively.

The maximum MVA (MVAkj max) limit for the lines in Eq. (20):

Between 1.05 and 0.95p.u are allowed variations in line voltage. The secure bilateral 
transaction matrix has been obtained from the equation given above and used to reduce 
the congestion cost in the optimization problem.

(9)Pfbp = DF
(

Pgp − Pdp
)

(10)Pf = Pfb + Pfp

(11)Pmin
gk ≤ Pgk ≤ Pmax

gk ; ∀kεG

(12)Pmin
hk ≤ Phk ≤ Pmax

hk ; ∀kεH

(13)Pmin
wk ≤ Pwk ≤ Pmax

wk ; ∀kεw

(14)Qmin
gk ≤ Qgk ≤ Qmax

gk ; ∀kεG

(15)Qmin
hk ≤ Qhk ≤ Qmax

hk ; ∀kεH

(16)Qmin
wk ≤ Qwk ≤ Qmax

wk ; ∀kεw

(17)δmin
gk ≤ δgk ≤ δmax

gk

(18)Vmin
gk ≤ Vgk ≤ Vmax

gk

(19)GDmin
kj ≤ GDkj ≤ GDmax

kj ≤ min
(

Pmax
gk ,Pdj

)

(20)| MVAkj |≤ MVAmax
kj
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Mathematical model for rescheduling of generators during congestion 
management
Congestion management strategies aim to reduce congestion costs in a wind and hydro sys-
tem. This requires resolving operational equalities and inequities among these units and 
securing bilateral interactions. This framework includes up cost bid by thermal, hydro, and 
wind units in $/MW h (Ck

up ΔCgk
up), (Ck

up ΔChk
up), and (Ck

up ΔCwk
up). Similarly, down cost 

bid by thermal, hydro, and wind units in $/MW h (Ck
down ΔCgk

down), (Ck
down ΔChk

down), and 
(Ck

down ΔCwk
down) for all aimed towards congestion cost reduction [16, 26, 27]. The problem 

can represent mathematically below:

The equality constraints

Equation (22) is injected with real power, and Eq. (23) is injected with reactive power at 
each bus.

In order to effectively control congestion, the total increment of generation by thermal, 
hydro, and wind generation unit k in MW (ΔPgk

up), (ΔPhk
up), and (ΔPwk

up). The total dec-
rement of generation by thermal, hydro, and wind generation unit k in MW (ΔPgk

down), 
(ΔPhk

down), and (ΔPwk
down) down generation of vehicles needs to Eq. (24).

During congestion management, in N number of buses, the generator k’s rescheduled 
generation is equivalent to the up and down in generation and the day-ahead schedule in 
Eq. (25).

Both Eqs. (26) and (27) represent the real and reactive powers (Pk, Qk) that are injected, 
respectively (Fig. 1).
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Fig. 1 Flow chart of the proposed methodology

Fig. 2 Hydro units non-conclave piece-wise characteristics curves
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The binary variables uhk and Vhk
I help to design the hydro unit performance modeled by 

using piecewise linear non-concave curves have been shown in Fig. 2 and explained in [28, 
29]. The status of the hydro-generating unit is denoted by variable uhk and during conges-
tion management uhk =1, then the unit is committed. When Vhk

I is 1, the limit of lth block 
is exceeded due to the discharge of the water of the Kth unit. The hydro unit performance is 
neglected while a short-term congestion management solution is the head variations effect.

where rhk
I is the slope of the piecewise linear unit performance curve of the hydro-gen-

erator at the kth bus in block l MW/m3/s. Hydro units ΔPhk
up and ΔPhk

down generation 
are dependent upon Phk

min, and its generating power produced by qhk
I (water discharging 

for l period of the total block) is represented in Eq. (28). Equation (29) can be repre-
sented by all block of periods l on water discharge.

The inequality constraints

Generating units for thermal, hydro, and wind energy are all subject to a variety of ine-
quality limitations. In Eq. (30), Eq. (31), and Eq. (32), the rescheduled minimum actual 
power produced by hydro, wind, and thermal units (Pgk

min), (Phk
min), and (Pwk

min), respec-
tively. The rescheduled maximum actual power produced by hydro, wind, and thermal 
units (Pgk

max), (Phk
max), and (Pwk

max), respectively. These parameters need to stay within 
the allowed limits.

Here, constants G, H, and W are sets of thermal, hydro, and wind generators. The 
minimum reactive power constraints of wind, hydro, and thermal units (Qgk

min), (Qhk
min), 

and (Qwk
min). The rescheduled maximum reactive power constraints of wind, hydro, and 

thermal units (Qgk
max), (Qhk

max), and (Qwk
max). These parameters need to be recognized 

and described in Eq. (33), Eq. (34), and Eq. (35), respectively.

(28)P0
hk +∆P

up
hk −∆Pdown

hk = Pmin
hk uhk +

L
∑

l=1

qIhkr
I
hk ; ∀kεH
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L
∑
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gk +∆P
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(31)Pmin
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up
hk −∆Pdown

hk ≤ ∆Pmax
hk ; ∀kεH

(32)Pmin
wk ≤ P0

wk +∆P
up
wk −∆Pdown
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wk ; ∀kεW

(33)Qmin
gk ≤ Q0
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gk ; ∀kεG

(34)Qmin
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gk ≤ ∆Qmax
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The minimum voltage, angle restrictions (Vk
min), δk

min and maximum voltage, 
angle restrictions (Vk

max), δk
max on the lines are represented by Eq. (36) and Eq. (37), 

respectively.

The minimum and maximum amounts of water that can be discharged (φhk
min, φhk

max) 
by the hydro units are below their maximum amounts, as specified by Eqs. (38–42).

The amount of water that is given to the power producers is the limiting element in the 
capacity of the hydro units while congestion management is being performed. However, 
in order to have a chance of creating energy, the water level for the projected power-
generating units has to be accomplished at least 1 day in advance.

In this instance, a conversion factor denoted by M is used so that  m3/s may be con-
verted into H  m3/h. The Whk value, which refers to the amount of water present, is taken 
from the kth bus and used by the hydro-generating business for rescheduling purposes 
in the management of congestion. In Eq. (44), the maximum MVA limit of crowded 
transmission lines has to be restricted all the way through the flow of electricity.

The strategy that was intended to be used in order to accomplish the goal (the reduc-
tion of the costs associated with congestion) is shown in Fig. 1. In addition to the top 
limitations, the ramp rate limits for each of the producing units are also employed for the 
up and down ramps (ΔPgk

up,ramp, ΔPhk
up,ramp, ΔPwk

up,ramp) and (ΔPgk
down,ramp, ΔPhk

down,ramp, 
ΔPwk

down,ramp). In accordance with Eqs. (45–50), ramp rates of wind, hydro, and thermal 
units were accordingly defined.

(35)Qmin
wk ≤ Q0

wk ≤ ∆Qmax
wk ; ∀kεw

(36)Vmin
k ≤ Vk ≤ Vmax

k

(37)δmin
k ≤ δk ≤ δmax

k

(38)φmin
hk uhk ≤ φhk ≤ φmax

hk

(39)qlhk ≤ qmax,l
hk uhk; ∀l = 1, kεH

(40)qlhk ≤ qmax,l
hk vlhk; ∀l = 1, kεH

(41)qlhk ≤ qmax,l
hk vl−1

hk ; ∀l �= 1, kεH

(42)qlhk ≥ qmax,l
hk vl−1

hk ; ∀l �= 1, kεH

(43)Mφhk ≤ whk; ∀kεH

(44)P2
kj + Q2

kj ≤

(

Smax
kj

)2
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The generation and demand equations of power balance are represented by Eqs. (51) 
and (52) in the hybrid market model. These equations make use of the bilateral transac-
tion GD matrix.

where Pg and Pgp represent the planned power for the day ahead and the rescheduled 
power after congestion management. Hydroelectric generators are essential to the gen-
eration of renewable energy because they generate clean, stable electricity from moving 
water. They are critical in the shift to a more sustainable energy system because of the 
positive effects they have on grid reliability, renewable energy diversification, and car-
bon emission reductions. Table  1 represents the IEEE-24 bus system hydro generator 

(45)0 ≤ ∆P
up
gk ≤ ∆P

up,ramp
gk ; ∀kεG

(46)0 ≤ ∆Pdown
gk ≤ ∆P

down,ramp
gk ; ∀kεG

(47)0 ≤ ∆P
up
gk ≤ ∆P

up,ramp
gk ; ∀kεG

(48)0 ≤ ∆Pdown
hk ≤ ∆P

down,ramp
hk ; ∀kεH

(49)0 ≤ ∆P
up
wk ≤ ∆P

up,ramp
wk ; ∀kεw

(50)0 ≤ ∆Pdown
wk ≤ ∆P

down,ramp
gk ; ∀kεw

(51)Pdb =
∑

k

GDkj

(52)Pgb =
∑

j

GDkj

(53)Pg = Pgb + Pgp

(54)Pd = Pdb + Pdp

(55)GDmin
kj ≤ GDkj ≤ GDmax

kj

Table 1 Hydro generator data for IEEE-24 bus system

Ph
max (MW) Ph

min (MW) Qh
max (MVAR) Qh

min (MVAR) wf  (Hm3/h) φmin  (m3/s) φmax  (m3/s)

500 40 35 −5.0 1.4 10 100

590 81 54 −1.0 2.5 20 200

400 68 68 −50 1.5 10 120
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data and includes vital information regarding hydroelectric generator performance and 
features.

As can be seen in Fig. 2, the piecewise linear non-concave curves that are used to illus-
trate the operational characteristics of hydroelectric units are used in this investigation. 
These curves provide a precise and segmental representation of the performance of the 
hydro units. Additionally, these units capture the nonlinear correlations between water 
flow and power production in a way that is more granular and realistic. A change in 
output or water flow causes a corresponding change in the cost per unit of power gener-
ated, as shown by these graphs. As a result of their complexity, non-concave features can 
provide difficulties in power system optimization and dispatch. In the context of power 
system management, the integration of renewable energy sources such as wind power, 
solar power, and hydropower brings a wide range of issues. These issues are caused by 
intermittency and variability, a mismatch between supply and demand, grid stability, 
reliability, congestion, transmission challenges, energy storage, flexibility, forecasting, 
predictive modeling, market design, and incentives.

Modeling of wind turbine generation pattern and cost function
The wind speed at the site is the most important factor in the generation of power by 
wind turbines and time-series model [30], data mining algorithm [31], and clustering 
approach [32]. Many other methods also model wind behavior. In this wind model, we 
used Weibull PDF for the variation of wind speed (v) and wind speed related to its char-
acteristic function. The output of a wind turbine as follows:

where i is the shape and c is the scale factor of the Weibull PDF, σ  is the means m/s, and 
µ is the standard deviation m/s of weed speed, and hourly mean wind speed data for the 
month of May over the first 12 years (2015–2022) [33]. Monte Carlo simulation (MCS) is 
used for obtaining hourly samples of wind speed. The wind turbine-generated power is 
determined by its speed-power curve as follows:

The Pw
k ,r is rated power, and Pw

k  are generated power of wind turbine install in bus-k, 
and vcout is the cut-out speed, vcin is the cut-in speed, and vcrated is the rated speed of the 
wind turbine. Each wind turbine (turbine 1, turbine 2) has obtained the speed-power 

(56)PDFw(v) =

(

i

c

)

(v

c

)(i−1)

exp

[

−

(v

c

)i
]

(57)i =

(

σ

µ

)−1.086

(58)c =
µ

Γ

(

1
i + 1

)

(59)Pw
k =

{

0
v−vcin

vcrated−vcin
Pw
k ,r

Pw
k ,r

, ifv ≤ vcinorv ≥ vcout
, ifvcin ≤ v ≤ vcrated

, else
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curve. The characteristics of the wind turbine can be drawn as depicted in Fig. 3. The 
technical characteristics of the wind turbine are observed in Table 2. In this, the aver-
age values of active power production for each wind turbine (turbine1 and turbine2) 

Fig. 3 Wind turbine characteristics

Table 2 Technical characteristics of wind turbine

Features Turbine 1 Turbine 2

 Rated power (MW) Pw
k ,r 3 2

Cut-in speed (m/s) vc
in

3 3

Rated speed (m/s)  Vrated 15 15

Cut-out speed (m/s) Vcout 25 25

Fig. 4 Wind turbine 1 electricity generation pattern for 24 h
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are assessed, as shown in Figs. 4 and 5, respectively. This can be seen in the diagrams. 
It is made up of a wind farm that generates the appropriate amount of electricity and 
has a total of one hundred wind turbines in each wind farm. Congestion manage-
ment makes use of Monte Carlo analysis because of its versatility in simulating a wide 
variety of stochastic events. Weibull probability density function (PDF) wind models 
are used in this method to take into account the inherent variability and uncertainty 
of wind power output. This model accurately represents the distribution of possible 
wind speeds, allowing for their inclusion in Monte Carlo simulations. Together, these 
factors allow for a more accurate assessment of congestion situations, taking into 
account the inherent variability of renewable energy sources. Congestion manage-
ment strategies in power networks, particularly in the presence of fluctuating renew-
able energy, may be made more realistic and successful by the use of Monte Carlo 
with a Weibull PDF wind model.

The average value of the power production is 325.5 MW, with wind plant 1 active 
power, and wind plant 2 active power each contributing 217.7 MW. The bid cost func-
tion of the wind turbine considered is:

where P (CWT) is the cost function of WT-based DG and  PWT is the generated power 
in MW. The aWT, bWT, cWT is the cost coefficient of a wind turbine in $, $/MWh, and 
$/MWh2. For wind turbine 1, the cost function parameters are (aWT = 4.46$, bWT 
=17.83 $/MWh, cWT= 0.0027 $/MWh2), and for wind turbine 2, the cost function 
parameters are (aWT = 4.45$, bWT =17.54 $/MWh, cWT= 0.0028 $/MWh2). The data is 
available in [34].

(60)P(CWT ) = aWT + bWTPWT + cWTP
2
WT

Fig. 5 Wind turbine 2 electricity generation pattern for 24 h
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Results and discussion
The issue of congestion management has been addressed thanks to the simulation stud-
ies that were carried out on the IEEE-24 bus system. The IEEE 24 bus test system has 
been adjusted to accommodate the changes made to the hydroelectric and wind power 
facilities. Rescheduling the operation of generators is one of the essential components of 
the congestion management method. In the event that congestion arises, the operating 
schedules of the generators are changed to ease transmission bottlenecks. This approach 
reduces the impact of system restrictions while optimizing the flow of electricity. To 
maximize output, MINLP is used to deliberately reschedule power plants. Sensitivity 
analysis can be used to identify crucial generators, allowing for more strategic bid place-
ment. This dynamic approach ensures the electrical system is running at peak perfor-
mance, cutting down on congestion, and increasing economic efficiency in the allocation 
of grid resources. The rescheduling of generation with and without renewable sources, 
taking into consideration various combinations of renewable sources, is described here 
with the purpose of minimizing the cost of congestion. The instances that have been 
considered include those with no renewable source (only existing thermal plants), with 
wind plants, with hydro plants, with two hydro plants and one wind plant, and with two 
wind plants and one hydro plant. In the IEEE-24 system, each of the eleven generators 
is linked to one of the buses (1, 2, 7–8, 13–18, 21–22, and 23). The buses numbered 8, 
13, and 18 now have renewable source units attached, while buses numbered 1, 2, 7, 16, 
21, 22, and 23 have thermal generating units. Two multi-line congestion cases have been 
considered:

 (i) Case 1 (3-line congestion), with and without renewable sources.
 (ii) Case 2 (2-line congestion), congestion with and without renewable sources.

Mixed-integer nonlinear programming (MINLP) emerges as a potent tool for con-
gestion management in power systems when applied to 3-line and 2-line congestion 
situations using the GAMS-MATLAB interface. The combination of GAMS (general 
algebraic modeling system) with MATLAB allows for a streamlined and effective method 
of solution development. The MINLP framework provides a holistic description of 

Fig. 6 During congestion management secure bilateral transaction pattern
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power system dynamics by accommodating the simultaneous analysis of discrete choice 
variables (integers) and non-linear interactions. This modeling strategy accounts for the 
complexities of congestion management in situations with three or two congested trans-
mission lines.

Congestion is reduced by developing and solving the minimal integrated network loss 
problem (MINLP), which involves rescheduling generating units and modifying power 
flows. Thus, a comprehensive and practical approach to congestion management is 
made possible by the GAMS-MATLAB interface in conjunction with MINLP, provid-
ing a flexible solution for a wide range of power system situations. It has been assumed 
that the congested lines have a line rating that is lower than the base case power flows. 
Along with thermal units, water and wind units have been taken into consideration in a 
modified version of the IEEE 24 bus test system. The resulting transaction matrix from 
the general ledger is shown in Fig. 6. The derived safe bilateral transaction matrix was 
put to use at a period when congestion management proved problematic. The unpredict-
able nature of renewable energy sources makes traffic control more difficult. Conges-
tion is unexpected and may occur as a result of fluctuations in wind and solar power. In 
order to effectively manage congestion in the context of the ever-changing integration of 
renewable energy sources, this paper incorporates advanced forecasting, grid flexibility, 
and adaptive scheduling techniques.

Case 1: 3‑line congestion

In this specific case, congestion management dynamics the three lines in question (14–
16, 6–10, and 15–16) have been regarded as being lines that are experiencing congestion. 
The base power flow online (14–16) was 332.84 MVA, while the base power flow online 
(6–10) was 124.15 MVA, and the base power flow online (15–16) was 226.33 MVA. 
When taking into consideration these three lines, the line flow restrictions are dropped 
as follows: from 500 to 300 MVA, 175 to 100 MVA, and 500 to 150 MVA, respectively.

Table 3 presents the day-ahead projection  (Pg) and the new generation schedule  (Pgn), 
as well as the fluctuation in power (up and down) that occurs during congestion manage-
ment, respectively, for situations with and without the presence of renewable sources. 
Figure  7 presents the updated generation schedule, which compares the case when 
renewable sources are used to the case where they are not. It is possible to see that the 
placement of a congested line is what determines the up-and-down generation change of 
generators. When there is congestion online (6–10), rescheduling by the units (2 and 7) 
is cost-effective. However, the line (6–10) was jammed up to the point where the units 
(2 and 7) did not engage in congestion management. Since the renewable source units 
will not be involved in congestion management, the cost of congestion management will 
be very high. The cost of congestion management without the renewable source unit is 
5119.02 dollars per hour.

The cost of congestion management with a wind turbine unit, hydro unit, 1 hydro + 2 
wind unit, and 2 hydro + 1 wind unit, respectively, is 4542.42 dollars per hour, 4252.89 
dollars per hour, 4155.80 dollars per hour, and 3715.42 dollars per hour when renewable 
sources are included. Figure 8 shows the cost of the project. It has been shown that the 
use of renewable sources brings about a decrease in the costs associated with congestion 
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and the use of 2 hydro and 1 wind unit in the system results in the greatest reduction in 
these costs. Therefore, renewable source units do have an influence on the total cost and 
can be employed in an economically viable manner in the issue of congestion control.

Congestion management for case 1 (3-line congestion) is depicted in Figs. 9, 10, 11, 12, 
and 13, displaying the power demand and generation (pool and bilateral) as well as the 
up and down power by without and with renewable sources (with wind units, with hydro 
units, with 1 hydro + 2 wind units, and with 2 hydro + 1 wind units).

Fig. 7 Generators rescheduling for case 1 (3-line congestion) congestion management without and with a 
renewable source

Fig. 8 Case 1 (3-line congestion) congestion management cost of with and without renewable resource
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Fig. 9 Bilateral and pool power generation in case 1 (3-line congestion) without renewable source

Fig. 10 Bilateral and pool power generation in case 1 (3-line congestion) with wind unit

Fig. 11 Bilateral and pool power in case 1 (3-line congestion) with hydro units
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In Fig. 14, we see the difference between the up and down generation with and without 
a renewable source during case 1 (3-line congestion) in congestion management. The 
congestion cost is reduced since renewable energy sources lower both the peak and the 
base loads.

Fig. 12 Bilateral and pool power in case 1 (3-line congestion) congestion with 1 hydro + 2 wind units

Fig. 13 Bilateral and pool power in case 1 (3-line congestion) with 2 hydro + 1 wind units

Fig. 14 Generation units up and down without and with renewable sources at case 1 (3-line congestion) of 
congestion management
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The voltage profile at many buses was shown in Fig. 15 during case 1 congestion man-
agement with and without renewable source units. The voltage profile is measured to be 
within acceptable parameters during congestion control.

Case 2: two‑line congestion management

In the case 2 analysis, the 15–16 and 14–16 lines are the ones that are judged to be 
crowded lines. The base power flows on line (15–16) were 226.33 MVA, while the 
base power flows on line (14–16) were 332.84 MVA. The maximum flow rates allowed 
on the lines have been reduced from 500 to 150 MVA and 300MVA, respectively. The 

Fig. 15 Voltage profile with and without renewable source units in case 1 (3-line congestion) of congestion 
management

Table 4 Generation schedule with and without renewable energy source unit participation per unit

*represents the number of Hydro units

Gen 2L congestion line 
(15–16) and (14–16) 
without renewable 
resource

2L congestion line 
(15–16) and (14–16) 
with wind units

2L congestion 
line (15–16) and 
(14–16) with 
hydro units

2L congestion 
line (15–16) and 
(14–16) with 1 
hydro + 2 wind 
units

2L congestion 
line (15–16) and 
(14–16) with 2 
hydro + 1 wind 
units

Pg Pgn �Pug �Pdg Pgn �Pug �Pdg Pgn �Pug �Pdg Pgn �Pug �Pdg Pgn �Pug �Pdg

1 1.52 1.52 - - 1.52 - - 1.52 1.52 1.52

2 1.52 1.90 0.38 - 1.52 - 1.52 1.52 1.52

7 1.5 2.09 0.59 - 1.5 - - 1.5 1.5 1.5

8* 2.4 2.4 - - 2.513 0.343 - 2.47 .073 2.4 2.4

13* 2.36 2.36 - 3.65 0.40 - 3.16 .80 3.75 0.50 3.34 0.099

15 4.5 3.7 - 0.80 3.7 - 0.80 3.7 .80 3.7 0.80 3.7 0.80

16 1.5 1.55 0.05 - 1.55 0.05 - 1.55 .05 1.55 0.05 1.55 0.05

18* 3.5 3.5 - - 2.85 - 0.40 3.5 2.85 0.39 2.7 0.80

21 3.0 2.2 - 0.80 2.74 - 0.2595 2.75 .2415 2.75 0.24 2.91 0.085

22 3.1 2.86 - 0.23 3.0 - 0.10 2.41 .6824 3.0 0.10 3.0 0.10

23 3.5 4.3 0.80 - 3.85 0.35 - 4.3 .80 3.84 0.342 4.25 0.75
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issue with congestion management has been resolved thanks to the implementation 
of based rescheduling. Both the day-head Pg and the new generation schedules Pgn 
may be derived both with and without the use of renewable sources. Different types of 
integrated and non-integrated renewable sources are used in wind units, hydro units, 
1 hydro + 2 wind units, and 2 hydro +1 wind units, respectively, while working with 
renewable sources such as wind and hydro. Table 4 displays the up-down generation 
as well as the rescheduling of generators as a result of congestion management. It has 
come to our attention that (8, 13, 16, and 23) units are giving reduced bid prices and 
that their generation has been postponed up to their ramp limitations. The final bid 
pricing for the remaining generators is determined through adjustment.

The rescheduling of generation without renewable sources and with renewable 
sources (with wind units, with hydro units, with 1 hydro + 2 wind units and 2 hydro + 
1 wind units) is depicted in Fig. 16 for the purpose of managing 2-line congestion and 
minimizing the cost of congestion. In case 2 (2-line congestion), it was observed that 

Fig. 16 Generators rescheduling for case 2 (2-line congestion) congestion management without and with 
renewable sources

Fig. 17 Case 2 (2-line congestion) congestion management cost of with and without renewable resources
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Fig. 18 Bilateral and pool power in case (2-line congestion) with wind unit

Fig. 19 Bilateral and pool power in case 2 (2-line congestion) with hydro unit

Fig. 20 Bilateral and pool power in case (2-line congestion) with 1 hydro + 2 wind units
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Fig. 21 Bilateral and pool power in case (2-line congestion) with 2 hydro + 1 wind units

Fig. 22 Generation up and down without and with a renewable source at case 2 (2-line congestion) of 
congestion management

Fig. 23 Voltage profile with and without renewable source units in case 2 (2-line congestion) congestion 
management
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the congestion management cost without and with renewable source is $5119.02/h 
without using a renewable source, $4108.32/r with wind units, $3974.27/h with hydro 
units, $3630.72/h with 1 hydro + 2 wind units, and $3263.84/h with 2 hydro + 1 wind 
units. These results can be seen in Fig. 17. It has been discovered that case 2 (2-line 
congestion) has a minimum congestion cost of 3263.84 dollars per hour while using 
2 hydro and 1 wind unit. The comparison of the cost of managing congestion without 
renewable sources and with them reveals that we can save $1010.7 per hour with a 
wind unit, $1144.75 per hour with a hydro unit, $1488.3 per hour with one hydro unit 
and two wind units, and $1855.18 per hour with two hydro units and one hydro unit.

Figures  18, 19, 20, and 21 show the (pool and bilateral) power demand and gen-
eration along with up-down power by with renewable sources (with wind units, with 
hydro units, with 1 hydro + 2 wind units, and with 2 hydro + 1 wind units) units par-
ticipating in congestion management for case 2 (2-line congestion). The generation 
up and down of case 2 (2-line congestion) in congestion management without and 
with renewable sources have been shown in Fig. 22. During congestion management 
without and with renewable source units in case 2 (2-line congestion), the voltage 
profile at various buses has been shown in Fig. 23. It is observed that the voltage pro-
file is not improved but it is in under the limit.

Comparison of case 1 and case 2 without and with renewable source for congestion 

management

In Fig. 24, the cost comparison without and with renewable sources for case 1 (3-line 
congestion) and case 2 (2-line congestion) is shown. It is observed that in case 2 (2-line 
congestion), congestion cost is lower as compared to case 1 (3-line congestion) at with 
and without renewable sources. Without renewable sources, the congestion manage-
ment cost is $5119.02/h in both case 1 (3-line congestion) and case 2 (2-line congestion). 
With renewable sources, the costs are $4542.42/h and $4108.32/h in case 1 (3-line con-
gestion) and case 2 (2-line congestion) at with wind units, $4252.89/h and $3974.27/h in 
case 1 (3-line congestion) and case 2 (2-line congestion) at with hydro units, $4155.8/h 

Fig. 24 Case 1 (3-line congestion) and case 2 (2-line congestion) congestion management cost of with and 
without renewable resources
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and $3630.72/h in case 1 (3-line congestion) and case 2 (2-line congestion) at with 1 
hydro + 2 wind units, and $3715.42/h and $3263.84/h in case 1 (3-line congestion) and 
case 2 (2-line congestion) at with 2 hydro + 1 wind units. With 2 hydro + 1 wind units 
for both cases (case 1 (3-line congestion) and case 2 (2-line congestion)), congestion 
costs are observed to lower.

The difference in cost between managing congestion without renewable sources and 
doing so with them is shown in Fig. 25. It is possible to draw the conclusion that in con-
trast to case 1 (which involves three lines of congestion) and case 2 (which involves two 
lines of congestion), the amount of money saved by using 2 hydro and 1 wind units is 
greater. When case 2 (2-line congestion) is contrasted with case 1 (3-line congestion), 
the total amount of money saved on congestion charges is larger in case 2 (2-line con-
gestion) in all renewable combination units (with wind units, with hydro units, with 1 
hydro + 2 wind units, and with 2 hydro + 1 wind units). This is the case regardless of 
whether the congestion is caused by wind, hydro, or a mix of the two. The use of wind 
units resulted in a cost savings of $576.6 per hour for managing three-line congestion in 
case 1 and $1010.7 per hour for managing two-line congestion in case 2. The term con-
gestion cost savings refers to the reduction or avoidance of expenditures incurred due to 
grid congestion. These savings can be realized through the implementation of efficient 
congestion management solutions.

When using hydro units, the cost of congestion management may be reduced by $866.13 
per hour in case 1 (3-line congestion) and by $1144.75 per hour in case 2 (2-line conges-
tion). When 1 hydro and 2 wind units are used, the cost of congestion management may be 
reduced by $963.22 per hour in case 1 (3-line congestion) and by $1488.3 per hour in case 
2 (2-line congestion). The most cost-effective combination of renewable energy sources is 
two hydro and one wind unit, which results in a savings of $1403.6 per hour in case 1 with 
three lines of congestion and $1855.18 per hour in case 2 with two lines of congestion. As a 
consequence of having major renewable energy sources, they have a considerable influence 
on the management of congestion. These sources are going to have a major proportion of 
the future energy markets, and they are going to play a crucial role in preventing conges-
tion and helping the ISO/TSO manage the network more effectively.

Fig. 25 Saving of congestion management cost with case 1 (3-line congestion) and case 2 (2-line 
congestion)
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Conclusions
This article discussed managing congestion using generator rescheduling and renewable 
energy sources. A piece-wise linear characteristics curve adds hydro unit performance. 
Renewable energy reduces congestion management costs. Combinations of hydro, wind, 
and conventional generating units yielded results. Two hydro + 1 wind units reduce con-
gestion costs more in case 1 (3-line congestion) and case 2 (2-line congestion). Case 2 
(2-line congestion) saved more congestion cost than case 1 (3-line congestion) for conges-
tion management. In case 1 (3-line congestion) and case 2 (2-line congestion), integrating 
2 hydro + 1 wind units minimizes transmission line congestion cost. Due to their cheap 
operating costs, hydro and wind units help reduce congestion costs. Hydro and wind units 
may significantly impact the future power market due to their cheap operating costs and 
fast start-up times. The ISO manages congestion with renewable sources incorporated 
into the system by judging their participation and making the power market economically 
more efficient during network congestion. This research will assist the ISO in deciding 
how to integrate hydro and wind units into thermal generation-dominated systems.
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