2 M processes

Article

Economic Dispatch of Combined Heat and Power Plant Units
within Energy Network Integrated with Wind Power Plant

Paramjeet Kaur !, Krishna Teerth Chaturvedi ! and Mohan Lal Kolhe ?*

check for
updates

Citation: Kaur, P,; Chaturvedi, K.T.;
Kolhe, M.L. Economic Dispatch of
Combined Heat and Power Plant
Units within Energy Network
Integrated with Wind Power Plant.
Processes 2023, 11,1232. https://
doi.org/10.3390/pr11041232

Academic Editor: Enrique

Rosales-Asensio

Received: 5 March 2023
Revised: 2 April 2023
Accepted: 11 April 2023
Published: 16 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Electrical & Electronics Engineering, University Institute of Technology, Rajiv Gandhi
Proudyogiki Vishwavidyalaya, Bhopal 462033, MP, India

Faculty of Engineering and Science, University of Agder, P.O. Box 422, NO 4604 Kristiansand, Norway
Correspondence: mohan.l.kolhe@uia.no

Abstract: Cogeneration, also known as a combined heat and power (CHP) system, produces both
power and heat simultaneously. It reduces the operating costs and emissions by utilising waste heat
from steam turbines and contributes to incapacitating the intermittency of renewable energy. The
CHP-economic dispatch (CHP-ED) is needed to overcome the load dynamics as well as renewable
intermittency. In this work, a CHP system connected with a wind power plant is considered for
analysing the CHPED within a typical power system area. This study examines, the CHPED with and
without a wind integrated energy network. The main objective of this work is to minimise the total
operating cost, while meeting the generators’ constraints and prioritising the wind power output. The
feasible operating region, valve point loading impact, and prohibited working regions of the CHP
plants are taken while finding a CHPED solution with an integrated wind turbine. To find a CHPED
solution, an optimisation algorithm was applied and the algorithm was based on selecting the best
and worst scenarios. A typical 48-unit structure was used for validating the considered technique’s
success for CHPED with /without a wind power plant. In our investigation, we found that operational
costs were significantly reduced with a wind energy system. The presented methodology will be
useful for the CHPED process of the decentralised CHP units for promoting further integration of the
wind turbines and other distributed clean energy resources.

Keywords: combined heat and power (CHP) system; CHP economic dispatch (CHPED); wind energy
system; CHPED process; CHP process management

1. Introduction

Power generation from conventional thermal power plants has become less attractive
in recent years. It decreases the productivity of a traditional power plant and increases the
pollutant gases in the environment [1]. Due to the increasing demand for electricity con-
sumption, cogeneration plants are becoming more popular. A cogeneration, i.e., combined
heat and power (CHP), system increases the overall combined efficiency up to 90% and
reduces the emissions by 13-18% [2]. The CHP units are more economical for operating
in a power system, because they contribute in electrical and thermal energy at the same
time [3]; and can facilitate the integration of intermittent renewable energy sources due to
their capability of fast power dispatching as well as for primary frequency control. The
economic dispatch (ED) operation is critical in optimising the power flows power system
operation, especially with increasing penetration of renewable resources. The objective of
ED is to reduce the cost of fuel while meeting all the network constraints [4].

The integration of CHP units with traditional ED problems has resulted in a significant
change in the power sector. In terms of economics and environmental impact, cogenera-
tion units are a better alternative in the power sector [5]. The operating performance of
energy network with thermal power plants is very complex. It creates nonlinear and non-
convex behaviours, and generate technical operational challenges with renewable energy
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sources [6]. However, a sinusoidal term is considered with the fuel cost function to address
the valve point loading (VPL) effect of thermal units. It pushes the objective function into a
nonconvex region. For a better understanding, the feasible operating region and network
losses should be considered [7].

Several mathematical and metaheuristic optimisation methods have been introduced
in recent decades. Mathematical optimisation includes Newton’s method [8], Lagrange
relaxation [9], Lagrange relaxation with a surrogate subgradient technique [10], the branch-
and-bound algorithm [11], and so on. The disadvantages of the above methods are that
they are not suitable for nonconvex and nonlinear objective problems.

However, metaheuristic techniques overcome the aforementioned problem and are
able to handle both single- and multiobjective problems. The single-objective function
consists of minimising operational costs. In [12], the author(s) suggested an IGA-MU by
adjusting the penalty value to obtain a small population size. In contrast, in [13], a modified
genetic algorithm with a penalty function method was used to resolve the CHPED problem.
A self-adaptive genetic algorithm was introduced in [14], based on selection and crossover
phenomena with good convergence characteristics. In [15], the hybrid combination of
genetic harmony searching was proposed to resolve the CHPED issue. In [16], the authors
suggested the binary value technique, which removes the nonconvexity of the CHPED
issue. However, the VPL and POZs of power units were not taken into consideration in
the articles [12-16] and CHPED with the plant’s constraints with the integration of a wind
power plant was not sufficiently analysed in the literature.

In [17], the hybridisation of DE (differential evolution)-SQP (sequential quadratic
programming) was applied to minimise the fuel price and pollutants, while taking the
ramp rate limits into consideration. The algorithm gave effective results. Similarly, in [18],
a novel self-adaptive learning technique was used to explain CHP-ED optimisation, where
VPL, the ramp rate limit, and the reserve constraint were considered. An demand incentive
based technique was adopted to minimise the fuel price and carbon emissions [19]. In [20],
the authors suggested the CSA to solve the CHP-ED issue and it is easy to implement due
to less design parameters. In [21], the Lagrangian alternative technique was applied to
replace the nonconvex region by a convex operating zone by using the Big M theory.

In [22], PSO with a time varying acceleration coefficient (TVAC-PSO) optimisation
procedure was applied. The dynamic alteration of the coefficient generated the optimal
search space and removed early convergence. In contrast, the oppositional teacher-learner-
based (OTLBO) method improved the CHPED solution’s accuracy and demonstrated fast
convergence in [23]. In [24], the authors recommended a crisscross optimisation algorithm
using horizontal and vertical crossover to solve CHPED effectively. Meanwhile, in [25], a
genetic algorithm with real coding (RCGA) method was applied to the standard system
using advanced alteration to explain CHPED, including VPL and power losses.

The intermittent behaviour of the thermal units due to POZs, creates some practical
operational challenges in the system. The authors have proposed the oppositional group
searching method to explain CHPED problem considering POZs and VPL [26]. Another
proposed method for addressing the CHPED challenge is the heat exchange algorithm,
which consists of diffusion, condensation, and radiation [27]. To overcome the CHPED
problem with large barriers, a biogeography based PSO was developed, which employs a
migrant agent to ensure the desired particle orientation [28].

Several authors have proposed a multi-objective function which consists of minimising
fuel costs and emissions. In [29], a PSO with time-varying coefficients (TVAC-PSO) was
proposed to solve CHP economic/emission dispatching including losses. In [30], the author
proposed different metaheuristic algorithms to resolve the CHPED problem consisting of
VPL and transmission losses. To increase the solution’s accuracy, other multi-objective
solvers with different weighting factors were used. The NSGA-II algorithm was applied
in [31] to solve the CHPED problem.

Each of the above-mentioned activities can become more cost-effective when de-
centralised forms of clean energies (e.g., a wind power plant) are combined with CHP
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structures. In this article, a wind energy system is integrated with the CHPED framework.
Combining a CHP with a wind energy system is the most efficient mode to transition to a
zero-carbon future, while also reducing the operating fuel costs. The most challenging as-
pect of incorporating wind power into the CHPED is the unpredictability of wind speed [32].
Large-scale wind energy integration needs power system operational adaptability to man-
age the supply and demand imbalances. The CHP system can effectively contribute in
managing the variability of wind energy resources and contributes in operational flexibility
within power system due to its fast power-dispatching capability [33].

Several research studies have been carried out in the field of basic economic dis-
patch problems with renewable sources. For example, in [34], the author developed a
decomposition-based differential evolution (DE) technique for electric/thermal allocation
using stochastic wind, photovoltaic, and hydroelectric power. The researcher proposed
a new EED combined with wind energy to begin investigating the carbon tax [35]. The
overall objective of developing such an alternative is to reduce the operational fuel cost and
to promote the penetration of renewables. The DE technique could be used to evaluate the
optimal power flow (OPF) based on decentralised energy resources [36]. Probability density
features are frequently used to forecast renewable energy outcomes. Many sustainable eco-
nomic load dispatch discussions take place to ensure low costs and carbon emissions [37,38].
In [39], the author(s) proposed the PSO to resolve a combined economic/emission schedul-
ing issue involving various power generation modules and photovoltaics.

Earlier, wind based CHPED problem has not been addressed significantly considering
the CHP unit constraints [34-39]. Therefore, this article proposes use of an optimisation
algorithm for CHPED, with and without wind power plant integrated in energy net-
work. The operational constraints of a CHP unit with the prioritisation of wind energy
are used in the algorithm for finding the wind-based CHPED (W-CHPED). The other
optimisation techniques, previously discussed, are difficult to apply due to the considered
constraints/operating variables. The proper tuning of these variables creates complications
during programming, so a very simple metaphor-less Rao-3 algorithm is proposed to
handle the constrained CHPED/W-CHPED issue. This is based on best- and worst-case
scenarios. A random communication occurs between the particles and it only needs two
design variables i.e., population size and number of iterations. In this work or more ac-
curate analysis, VPL, the POZs of power plants, and the feasible operating regions (FOR)
of CHP units are taken into consideration. To handle all the constraints, the external
penalty technique is applied. A typical 48-unit test case power system network is used to
authenticate the success of the planned procedure. The outcomes demonstrate that when
a wind energy system is integrated with a CHPED structure, the operational fuel cost is
significantly reduced.

The rest of the paper is structured as follows: The mathematical design of the wind-
based CHPED system is provided in Section 2. The suggested Rao-3 algorithm is given in
Section 3. Section 4 compares the results of the considered 48-unit test case system. Finally,
in Section 5, the obtained results and findings are concluded.

2. Mathematical Modelling of Wind-CHPED

The cost functions of various units are included in the statistical model of the wind-
based CHPED issue.

2.1. Thermal Power Plant Costing

The power unit’s fuel analytical function is represented via a quadratic polynomial
and given by Equation (1) [40,41].

Nr Nr ,
Y Gi(Ph) = ). [a;P[" + ;P + ¢;]($/h) 1)
i=1 i=1
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In Equation (1), for an i thermal power plant, C;(PT) is the fuel cost, Pl is the power
output, N is the number of thermal power plant units, and a;, b;andc; are the cost constants.

Due to valve point loading impacts, the optimisation function converts into a noncon-
vex zone. It causes ripples in the heat rate characteristics. A rectified sine wave component
is inserted to the cost function for realistic modelling [40,41]. Equation (2) represents a
mathematical concept for a cost function with valve point loading.

Nt Nt )
Y Gi(PT) = Y [P + 0BT + i+ lessin{ fi(P["" = P ) }[](8/) @)
i=1 i=1

In Equation (2) for the i th unit, e; and fi are cost constants, and PiTmm is the minimum power.

2.2. Cogeneration Unit Costing

The analytical cost function for the cogeneration unit is given in Equation (3) [42—44].

Nc Nc
]; Cj(P]- ,hj) = 21 [a;P; + 0Py +cj+dihy +ejhy + fiPrhy]($/h) €)

In Equation (3), the jth cogeneration unit’s cost function is Cj (P]-C, hjC ) . ay, bj, G, dj, &j, fj
are constants. P¢ (MW) and hjC (MWth) are the active power and heat generation, re-
spectively. The number of cogeneration units is N¢, The possible operating area (FOR)
of the CHP unit is shown in Figure 1 [2,5], i.e., ABCDA. It is known as the heat-power

characteristic, where the CHP unit can only operate in its specific FOR.

P (Mw)}
Al
B
FOR
D [
C
H (MWth)

Figure 1. Possible operating area of CHP unit.

2.3. Heat Unit Costing
The analytical cost function expression for the heat unit is explained by Equation (4) [42—44].

Ny Ny
Y Ce(hf!) = Y ahfl” + bl +e(3/h) @
k=1 k=1

In Equation (4), k™ is the heat-only units and Cy (hE) is the cost of it. aj, byandcy are
cost constants. The number of heat units is Ny.
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2.4. Wind Power Plant Unit Cost Function
The Weibull probability distribution function (pdf) for wind speed v m/s is given in
Equation (5), where, k is a shape factor and x is a scale factor [35,37].

0

(kil) v
fo(v) = (k/x) * (;) * e*(?)kfor 0<v<oo ®)
Pw is the power generated by the wind turbine and a function of the wind speed v,

given by Equation (6) [35,37].

0 forv < vy, and v > v,
Pu(0) = pur{ {2} for v <v <o 6)
Puwt forv, <v<u,

In Equation (6), the cut-in, rated and cut-out wind speeds of the turbine are vi, vy,
Vout, Tespectively, and the rated output power is p,,.

The wind turbine cost function includes the direct cost Cyu(pwsn), reserve cost
Crwn(Pwsn — Pwavn), and penalty cost Cpw,u (Pwaon — Pwsn) of the n'" wind turbine.

The n'" wind unit’s direct cost is given by Equation (7) [37].

Cw,n(Pws,n) = 8n * Pwsn (7)

In Equation (7) for the nth unit, gy, is the direct cost constant and ps is the planned
wind power.

As the wind speed is a variable, the power output from the wind turbine is highly
random. In this scenario, if the real power output of the wind turbine is small, as compared
to the planned wind power, then a reserve or overestimation price is experienced. On the
other hand, due to the extra quantity of wind power production, the real power exceeds
the planned wind power and a penalty or underestimation price is observed. For the n'
wind turbine, the reserve cost is given by Equation (8) [37].

Crw,n(Pws,n - Pwuv,n) = krw,n(Pws,n - Pwuv,n) ®)
= krw,n fopws'n (Pwsn — Pwn) f w(Pw,n)dpw,n

In Equation (8), for the nt" wind turbine, the reserve cost constant is k;; and the real
power offered is puwav,n-
For the n'" wind turbine, the penalty is given by Equation (9) [37].

pr,n(Pwav,n - pws,n) = kpw,n(pwav,n — pws,n) (9)
= kpuwn [ (s — Puwsn) fuo(Proyn) AP

In Equation (9), for the n'" wind turbine, the penalty cost constant is kpw,, and the
rated output power is pur, .
A block diagram representation of the wind-based CHPED is shown in Figure 2.
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Block |

Wind Power Unit

A 4

Power-only Units

(i=1-26) | Combined Heat and Power Units ( j = 1-12) | | Heat-only Units (k= 1-10) |
[
| Power Load Heat Load
4700 MW 2500 MWth
[
v

Wind based CHPED Formulation

y

| , l

Objective Function : Subject to Constraints :
Minimisation of Power & Heat Balance Constraint Handling
Operating Cost C Capacity Limit of Power Unit, CHP Unit & Heat Unit
Satisfy FOR of CHP unit

l Block Il
Rao 3 Optimisation Algorithm Block 11
Block IV

A

Calculate Minimum Cost of Generation C

Is Minimum Cost & Constrained
Satisfied ? Block V

Optimum Dispatch

Figure 2. Block diagram of wind-based CHPED system.

2.5. Objective Function

The purpose of the CHPED is minimising the operational price and delivering the
best heat and power generation values while trying to meet all constraints. To evaluate real
aspects, the wind-based CHPED involves the VPL effect as well as the POZs of the power
unit, the FOR of the cogeneration unit, and the wind power ambiguity. In addition, the
wind-based CHPED gives the optimal value of the wind power output. Here, two cases are
presented. In the first step, the objective function is modelled without a wind power unit,
and in the second step, the objective function is expressed with a wind power unit. The
mathematical equations of the CHPED and wind-energy-based CHPED are given below.

Case I: CHPED.

Nr Nc Ny
MinC =Y C(PT)+ Y Ci(PE,nE) + Y Cu(Pl) (3/h) (10)
i=1 =1 k=1
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Case II: Wind-based CHPED.

, Nt T, R c o) N H
MinC =y G(P)+ ¥ C]-(Pj i ) + L G(B7)
i=1 =1 k=1
Nyt
+ Z] [Cw,n(Pws,n) + Crw,n(pws,n - Pwav,n)+cpw,n(pzvuv,n - Pws,n)] ($/h)
n=

(11)

In Equation (11), the total operating cost is C and the number of the wind turbine
is Nwt'

The following constraints should be satisfied for the formulation of the wind-CHPED
problem.

2.6. Constraints

The equality and inequality constraints to solve the CHPED issue are explained below.

2.6.1. Balancing of Power Generation

The complete generation of power through power, cogeneration, and wind turbine
units should match the total power demand shown in Equation (12) [40,41].

Nr NC c Nut
L+ Y PP+ ) pasn = Fa (12)
i=1 j=1 n=1

In Equation (12), the power demand is P;.

2.6.2. Balancing of Heat Generation

The complete heat generated by the combined cycle and heat units must be equal to
the total heat demand, expressed by Equation (13) [43].

Ne Ny
Y hS+ Y b =hy (13)
=1 k=1

In Equation (13), the heat outputs are h]-c and h{! for the j" CHP unit and k** heat unit,

respectively. The heat demand is k.

2.6.3. Capacity Limits of Power Unit
The power unit’s capacity limit is described by Equation (14) [40,41].

PiTmin < PiT < PiTmaX/_i =1,...,Nr (14)

In Equation (14), for the ith power unit, the minimum and maximum bound of power
is PiTW(MW) and PZ.TW'\'(MW), respectively.

2.6.4. Capacity Limits of CHP Units
The cogeneration unit’s capacity limit is expressed by Equations (15) and (16) [44].

PjC,min (h]C) < p]C < PjC,mux (h]c),] =1,...,N¢ (15)

nEmin (€Y < € < WEm(P€);j =1, Ne (16)

In Equations (15) and (16), for the j* cogeneration unit, P/.C’mi” (h]C) MW and ch/m”x (h]C)
MW are the minimum and maximum limits of power generation, respectively, and for the
j" CHP unit, h](.:'mi” (P]C) MWth and h](-:'m“x (P].C) MWth are the minimum and maximum
heat production, respectively.
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2.6.5. Capacity Limits of Heat Units
The heat unit’s capacity limit is expressed by Equation (17) [44].

hlzj,min < h,{{ < hlfj,mﬂx :k=1,...,Ny (17)

In Equation (17), for the k* heat unit, hf’min MWth is the lowest bound and hf’m“x
MWth is the highest bound of heat generation.

2.6.6. Constraint of Prohibited Operating Zones (POZs)

The input-output curve of a device becomes discontinuous due to difficulties in
machinery or its parts, such as pumps or boilers, in practical generating units [40,41]. The
POZs of a power unit are conveyed by Equation (18).

PI"" < PT < PL
1 — 1 — 1,
< Pl-TH < PiT;i' wherem = 2,3, ........... Z. (18)
Tu’ T Tmax
P <P <P

pr!

im—1

In Equation (18), Pl-,Tni and Pi,TnL; are the lowest and highest boundaries of the m" POZ
of the i*" power unit, and Z ; is the number of POZs.

2.7. Constraint Handling Technique

In this study, the external penalty factor was imposed to handle all constraints.
After various trials, the best suitable penalty value was chosen. Assume a function
x=(x1, X, ... ,Xy), which is nonlinear and contains n design variables. The modified
objective function is given as follows:

min c(xq1,%2, ... ,Xy)
gi(xy,x2,...,xN) =0; wherei=1,2,...,ne

hj(xl,xz,...,xN) <0; wherej=1,2,...,nie

where ne is the equality constraint and nie is the inequality constraint.

Suppose an infeasible value is x1; then, g; (x1) is not equal to zero for the equality
constraint and /; (x7) is greater than zero for the inequality constraint. For handling this
situation, an appropriate value of penalty was imposed. After several trials, a suitable
value of R was finalised. The restructured objective function is expressed by Equation (19).

f(x) =minc(xy, xp, ..., Xn) + R(Z?ilgiz(x) —O—Z;?iflmux(O, hj(x)z) (19)

3. Rao-3 Optimisation Algorithm

The Rao-3 optimisation technique is an algorithm-specific and parameter-less method
to explain constrained and unconstrained optimisation difficulties in a straightforward
manner. It has only two control variables, i.e., the size of the population and the maximum
number of iterations. The best and worst candidates are selected during the iteration. The
Rao-3 algorithm has random interfacing among the candidates [45]. The process flow
diagram is given in Figure 3. The algorithm’s steps are outlined below:
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o Input the CHPED design parameters of power units, CHP
units, heat units and wind turbine
o Set electrical power and heat demand
o Set the population size and termination criteria
i
Identify best and worst outcomes of power and heat production
in given population

]

Modify the results on the basis of best and worst solution and
random communication between particles based on Eq. (20)

l

Yes Is value of total operating cost No
corresponding to X'jk,i is better than that
Xj,k,i in Eq. (20)

Accept and replace Keep the previous
the previous value of value of total
total operating cost operating cost
| T
No o o o Yes
Is the termination criteria satisfied?

Report the minimum operating cost and
optimum values of power and heat generation

Figure 3. Flow chart of Rao-3 algorithm.

Step 1. Model the fitness function: Model an exact fitness function F(X) for the total
operating cost of the CHPED. The nature of the function is minimising.

Step 2. Initialise the input variables: Initialise the problem design variables for all
generating units. Set the demand in terms of power and heat. Define the size of the search
space as n, the control variables as m, and the maximum termination counts.

Step 3. Choose the required outcomes: Find F(X) pest and F(X)worst, which are the lowest
and highest values of the fitness function during the iterative process. Recognise the best
and worst values among X;x ; of F(X). During the ith iteration, X;x,i is the value of the jth
control parameter for the k™ candidate.

Step 4. Adjust the results: Adjust the result based on the lowest and highest values
of F(X) and the random communication among them. in the Rao-3 algorithm based on
Equation (20).

Xigi = Xjki + 11 (X]',hest,i =X worsti ) +712,1,i(|Xjki or Xjpil — (Xj1i0rXjxi)) — (20)

In Equation (20), during the it" iteration, Xj pest,i and X worst; are the best and worst
values for the variable j. The modified value of X;;; is X]{,k’i and two random numbers are
taken, i.e., 11 ;; and r; ;; between 0 and 1.

In Equation (20), information is exchanged between the candidates k and 1 and it is
given by the term “X;; or X;,;”. Finalise X; s ;, if the fitness of candidate k is better than
candidate I; otherwise, finalise X; ;.

Step 5. Finalise the optimum results: Check if the modified value X]/',k,i is better than Xj ;. ;;
then, take the modified value in place of the previous value corresponding to the fitness
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function; otherwise, preserve the previous value. Quote the optimum values of the CHPED
problem. Repeat the same process until the termination criteria have been satisfied. The
methodology is based on the single-objective framework, but in future, it can be extended
to multi-objective CHPED formulation.

4. Results and Discussion

This test arrangement comprises 48 units. The number of power units is 26, of
cogeneration units is 12, and of heat units is 10. The results are generated with/without the
POZs of the power unit. The unit test statistics are taken from ref. [46]. The units of power
and heat are represented in MW and MWth, respectively. To demonstrate the economic
aspects of wind power generation, a wind energy system with a capacity of 75 MW is used
to resolve the CHPED issue. The shape factor is 2, scale factor is 9, and wind speed is 9 m
per second. The actual power available, Pyay n, at a given wind speed is 46.4953 MW.The
shape factor is 2 and the scale factor is 9 [35,37]. The power demand is 4700 MW and the
heat demand is 2500 MWth.

Assume the size of the population is 50 and the maximum iterative count is 1000. Due
to the stochastic algorithm’s arbitrary outcomes, the actual measures receive approximately
50 distinct trials. To prove the success of the planned optimisation technique [45], for the
CHPED issue, the outcomes were compared with other literature sources. For a more accu-
rate explanation, the test system was classified into two cases, which are explained below.

Case I: Here, only the VPL impact was taken. This test system also considered the
renewable energy source to mean a wind turbine. The optimum values of power and
heat with or without wind turbine is displayed in Table 1. Numerical examinations of
the maximum, minimum, and mean costs are displayed in Table 2. It was found that
the minimum cost generated by the proposed algorithm was 116,080.6742 ($/h) and it
was less compared to another algorithm, GSA [47]. The insertion of a wind turbine with
a CHP unit showed more economically beneficial results. It reduced the cost as well
as environmental hazards. The minimum cost obtained was 115,665.9278 ($/h) after
considering a wind turbine system. The optimal power sharing, Pw, obtained from the
wind turbine is 62.7620 MW. Ca is the minimum calculated cost and Cd is the deviated
cost between the calculated cost and the cost attained using the suggested method. It was
seen that after the integration of the renewable energy source, the system became more
economically beneficial. The minimum cost curve of the planned procedure is revealed
in Figure 4.

(S
@

I I
— Without wind power plant
— With wind power plant ||

—
3
I

Minimum cost ($/h)
p— p— — —
W IS n =N

1

p—
(5]

|
0 100 200 300 400 500 600 700 800 900 1000
No of iterations

—
—

Figure 4. Minimum cost curve considering VPL effect.
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Table 1. Optimal distribution of power-heat production considering VPL effect.

Rao-3 Optimisation Algorithm

Optimum Points/Algorithm

Without Wind Power Plant With Wind Power Plant
P1 448.9016 538.5576
P2 150.5174 235.499
P3 299.1002 299.2794
P4 111.9267 159.2979
P5 109.9999 109.3577
P6 61.7496 109.4513
P7 160.9235 110.0024
P8 60.0000 60.3871
P9 159.9627 159.7271
P10 115.0031 40.0000
P11 78.4031 78.4161
P12 90.4963 55.0000
P13 94.9297 55.0010
P14 361.9246 551.3106
P15 223.8261 300.2331
P16 360.0000 299.1706
P17 159.7575 109.7134
P18 60.1047 109.8406
P19 160.0031 109.1617
P20 160.9213 159.9191
P21 164.7013 109.2717
P22 159.7283 109.2472
P23 78.5423 40.0000
P24 40.0000 40.0021
P25 91.1438 55.0000
P26 93.8026 55.0000
P27 93.9081 81.0000
P28 40.0312 40.0000
P29 92.1826 81.0000
P30 50.3218 40.0010
P31 11.001 10.0000
P32 35.0000 35.0000
P33 86.1734 81.1064
P34 41.9321 45.2648
P35 100.0316 81.0000
P36 48.1031 40.0191
P37 10.0000 10.0000
P38 35.0000 35.0000
H27 125.9296 105.8131
H28 76.8746 74.9929
H29 110.4213 105.9921
H30 84.0013 75.0000
H31 40.0000 40.0000
H32 19.9999 19.9999
H33 107.9086 104.9929
H34 80.0301 75.0000
H35 115.9063 104.8899
H36 84.0301 76.9999
H37 39.9999 40.0000
H38 19.0301 20.0000
H39 470.9036 506.1681
H40 60.0000 60.0000
H41 60.0000 60.0000
H42 120.0000 120.0000

H43 119.9998 120.0000
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Table 1. Cont.
Rao-3 Optimisation Algorithm
Optimum Points/Algorithm
Without Wind Power Plant With Wind Power Plant
H44 405.1475 430.1987
H45 60.0000 59.9999
H46 59.9926 60.0000
H47 120.0000 119.9999
H48 119.9286 119.9999
Pw - 62.7620
Pd 4700.0543 4699.998
Hd 2500.1039 2500.0472

Table 2. Statistical analysis considering only VPL.

Rao-3 Optimisation Algorithm

Cost/Algorithm OGSO [26] TVAC-PSO [22] GSA [47] Without Wind With Wind Power
Power Plant Plant
Minimum cost ($/h) 116,403.3311 117,824.8956 117,266.6810 116,080.6742 115,665.9278
Max cost ($/h) 116,423.9803 - - 116,807.0083 116,298.9705
Mean cost ($/h) 116,412.6214 - - 116,459.5012 116,028.7724
Ca ($/h) - - - 116,080.6201 115,665.8650
Cd ($/h) - - - 0.0541 0.0628

Minimum cost ($/h)
o o o o o — [ [
[ S N7 - NS - R

i
—

Case II: Here both VPL impacts and POZ are taken into consideration. Table 3 dis-
plays the optimum distribution of power/heat production with/without a wind turbine.
The numerical measurements of minimum, maximum, and mean cost are displayed in
Table 4. It was found that the minimum operational price from the proposed method is
116,986.2277 ($/h), which is less compared to GSO [48]. When a wind energy unit is taken
with a cogeneration unit, the cost is reduced significantly. The minimum cost calculated
with a wind energy system is 115,841.3764 ($/h). The economic impact of considering a
renewable energy system is visible, and the optimal power sharing, Pw, obtained from the
wind turbine is 49.9921 MW. Ca is the minimum calculated price and Cd is the deviated
cost between the calculated cost and the cost attained with the proposed algorithm. The
minimum cost convergence curve of the proposed technique is revealed in Figure 5.

x 10

\ \
— Without wind power plant
— With wind power plant |

—

100 200 300

400 500 600

No of iterations

700 800 900 1000

Figure 5. Minimum cost curve considering VPL effect and POZs.
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Table 3. Optimal allocation of power and heat generation considering VPL effect and POZs.

Rao-3 optimisation Algorithm

Optimum Points/Algorithm

Without Wind Power Plant With Wind Power Plant
P1 179.9998 538.0023
P2 359.6587 224.1854
P3 149.9965 298.6296
P4 60.0000 60.3146
P5 60.0000 109.9267
P6 160.0128 111.1143
P7 159.0098 159.2184
P8 177.2365 156.2358
P9 114.9548 109.1301
P10 111.0125 40.0013
P11 115.2487 40.0000
P12 94.2485 55.0116
P13 55.0000 55.0000
P14 628.9987 628.9006
P15 359.9965 151.8136
P16 299.6507 299.1876
P17 121.8057 174.1376
P18 110.8311 160.8615
P19 60.0000 110.0172
P20 86.0972 109.1392
P21 159.6231 109.8406
P22 60.0000 109.1403
P23 119.9991 114.0926
P24 40.0000 40.0000
P25 108.2158 55.0096
P26 92.8015 55.0000
P27 94.5184 81.734
P28 44.1719 40.0361
P29 94.4329 81.0015
P30 44.0106 40.0013
P31 10.0018 10.0000
P32 45.2846 35.5172
P33 98.2765 81.0340
P34 47.2480 40.0176
P35 87.1258 81.6112
P36 44.2851 40.1372
P37 10.8425 10.0000
P38 35.4597 35.0073
H27 114.9581 104.7216
H28 81.2501 74.0134
H29 104.4857 104.1387
H30 78.5420 75.0000
H31 40.0745 40.0057
H32 24.5480 20.0001
H33 104.2471 104.6872
H34 82.0024 75.1372
H35 109.8548 104.0019
H36 89.9021 75.2476
H37 40.0000 40.0012
H38 20.5049 19.2939
H39 449.1954 506.1939
H40 59.9964 59.5296
H41 60.0000 60.0000
H42 120.0000 119.9296

H43 120.0000 120.0000
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Table 3. Cont.
Rao-3 optimisation Algorithm
Optimum Points/Algorithm
Without Wind Power Plant With Wind Power Plant
H44 440.9541 438.1092
H45 60.0000 59.9929
H46 59.9984 60.0000
H47 119.5486 120.0000
H48 119.9046 120.0000
Pw - 49.9921
Pd 4700.0558 4700.0001
Hd 2499.967 2500.004

Table 4. Statistical analysis considering VPL and POZs.

Rao-3 Optimisation Algorithm

Cost/Algorithm MPSO [49] GSO [48]
Without Wind Power Plant With Wind Power Plant
Minimum cost ($/h) 117,132.4379 117,098.4186 116,986.2277 115,841.3764
Maximum cost ($/h) - - 117,868.8103 116,173.7265
Mean cost ($/h) - - 117,440.9501 116,035.8226
Ca ($/h) - - 116,985.9734 115,841.2456
Cd ($/h) - - 0.2543 0.1308

5. Conclusions

In the present work, Rao-3 algorithm was applied to resolve the constrained CHPED
problem with and without a wind power plant integrated in a typical power system area
considering a CHP unit. Most of the metaheuristic algorithm was difficult to handle due
to various algorithm-specific parameters. The Rao-3 algorithm can overcome this issue
due to less design parameters. To enhance the potential benefits of a basic CHP unit, a
wind energy source was inserted. The optimised results of power and heat were calculated
considering the VPL effect, the POZs of the power unit, and the FOR of the cogeneration
unit. An exterior penalty method was applied to handle the constraints.

The main findings of the article are as follows:

= It was observed that after the integration of a wind energy resource, the minimum
operating cost decreased significantly.

s When considering only the VPL effect, the minimum cost observed from the proposed
algorithm was 116,080.6742 (USD/h) and 115,665.9278 (USD/h) in the case of without
and with the wind energy plant, respectively.

s When considering both the VPL effect and POZs, the minimum cost observed from
the proposed algorithm was 116986.2277 (USD/h) and 115841.3764 (USD/h) in the
case of without and with the wind energy plant.

s The proposed Rao-3 algorithm was found to be suitable to resolve the large-scale
CHPED issue, especially with the integration of a wind power plant and considering
the operational constraints of the CHP unit.

It was found that the recommended algorithm gave more optimised outcomes for CH-
PED. The presented work can be further extended by considering the additional limitations
of a power unit, such as the ramp rate limit, spinning reserve constraints, etc. Additionally,
other renewable energy sources can be added in the power system area for reducing the
operational cost and emissions from the thermal power units and finding a solution for
managing the intermittency using the dispatchable power capacity of the CHP unit.



Processes 2023, 11, 1232 15 0f 17

Author Contributions: PK.: conceptualisation, methodology, software, validation, formal analysis,
writing original draft. K.T.C.: conceptualisation, investigation, validation, methodology, software,
supervision. M.L.K.: conceptualisation, investigation, visualisation, methodology, co-supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not required.
Informed Consent Statement: Not required.

Data Availability Statement: The data supporting the results of this study are presented within the
manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
CHP Combined heat and power
W-CHPED  Wind-based CHPED
EED Economic emission dispatch
IGA-MU Improved genetic algorithm with multiplier updating
HS Harmony search
VPL Valve point loading
POZs Prohibited operating zones
ED Economic dispatch
DE Differential evolution
SQP Sequential quadratic programming
CSA Cuckoo search algorithm
TVAC-PSO Time-varying-acceleration-coefficient-based particle swarm
OTLBO Oppositional-teaching-learning-based
RCGA Real-coded genetic algorithm
NSGA-II Nondominated sorting genetic algorithm-II
POZ Prohibited operating zones
pdf Weibull probability density function
FOR Feasible operating region
GSA Gravitational search algorithm
GSO Group search optimisation
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