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1. INTRODUCTION

`Economic hydro-thermal load dispatch' is an
optimization problem of electrical power genera-
tion systems where both hydro-power and thermal-
power units are used to meet power demand.
Proper scheduling of power generation is necessary
with optimal combination of hydro and thermal
power units to satisfy a given load. Fossil fuel be-
coming costlier day by day, it is high time to use
renewable energy sources like �owing water or wind
for cheaper generation of power. Operating cost of
hydro-power units is signi�cantly low compared to
the that of the thermal-power units. On the other
hand, availability of water, which is the source of
hydro-power, is likely to su�er seasonal variation (wa-
ter level depletion during summer time). Therefore,
a hybrid system like hydro-thermal is a realistic so-
lution that can keep the generation level steady irre-
spective of geo-climatic conditions.

A hydro-thermal system is, however, technically
more complex in comparison to an all-thermal sys-
tem owing to additional water-related constraints; to
name a few are the time coupling e�ect of the �ow
of water in a prede�ned time interval that a�ects the
discharge capability at a later period of time, the cas-

caded nature of the hydraulic network, the physical
limitations on the reservoir storage and turbine �ow
rate and the varying hourly reservoir in�ows.

This paper focuses on how economic hydro-
thermal load dispatch approach can be applied to
minimize the thermal operating cost, balancing the
hydro-power generation in tandem with managing the
di�erent constraints of water during a given period of
operation. The authors highlight the comparison be-
tween thermal and hydro-thermal economic dispatch
problems. Typical case study of thermal and hydro-
thermal systems with a total of four, �ve and six num-
ber generating units, is done in a simulated environ-
ment to show the e�cacy of real-time power genera-
tion in a hybrid mode.

In the simplest form, the cost function of `economic
load dispatch (ELD)' problem is represented by a
smooth quadratic equation, which is continuous and
di�erentiable in nature [1]. Several classical methods,
e.g., Newton's method, gradient method, dynamic
programming (DP) method [2] have been widely used
to solve hydro-thermal scheduling problems. Among
these methods, DP appears to be the most popular
one. However, one major disadvantage of the classi-
cal methods is the drastic increase of computational
requirements and dimensional constraints with in-
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creasing system size and operational time. Stochastic
search algorithms such as Differential Evolution (DE)
[3], Modified Differential Evolution [4], Genetic Algo-
rithm (GA) [5], Moth-Flame Optimization (MFO) [6]
and Artificial Bee Colony (ABC) with the BAT al-
gorithm (ABC-BAT) [7] have been successfully used
lately to solve thermal and hydro-thermal schedul-
ing problem, though each method has shown its de-
ficiency in terms of either premature convergence or
stagnation.

After studying and experimenting with several hy-
brid algorithms previously applied by the present au-
thors and other researchers in economic load dispatch
of thermal power generation systems, the authors
have finally selected the Moth Flame Optimization-
Bat Algorithm (MFO-BA) and applied a customized
version of it for optimal scheduling of a hydro-
thermal system. In this application, fixed-head hy-
dro plants are considered whose water discharge
rate curves are formed as quadratic functions of the
hydro-generations; thermal units are considered with
smooth fuel cost function (no valve point loading ef-
fect) and the scheduling period is divided into four
numbers of subintervals, each having a particular load
demand.

The primary motivation behind conducting this
study is the fact that not many experiments concern-
ing ELD of hydro-thermal power system using hybrid
soft computing approach are documented in the liter-
ature compared to that done for thermal power sys-
tem. In real world scenario, where natural resources
like fossil fuel is scarce and water availability varies
with geo-climatic conditions, dynamic switching be-
tween thermal and hydro-thermal systems is neces-
sary at different times of the year (even at different
times of the day). Hence, different combinations of
thermal and hydro units need to be checked for op-
timum scheduling, which has been taken up in this
study. Synergistic integration of two of the most
modern soft computing methods namely, MFO and
BA has been done and subsequently applied in a rel-
atively simple hydro-thermal system in expectation
of exciting results. It is found that the individual
soft computing methods, in hybrid mode, do not be-
have in conflicting manner but rather behave compli-
mentary to one another and thus produce very good
results in terms of load scheduling and generation
cost and time as expected. The hybrid method suc-
cessfully mitigates many of the challenges of classical
optimization techniques and stochastic search algo-
rithms.

The proposed MFO-BA method is validated by ap-
plying it to three test cases with involvement of total
four, five and six number generating units, each hav-
ing different combinations of hydro and thermal units
as listed below.

Test Case 1: 4-unit system without transmission
loss

i) 4-unit thermal power system
ii) 3-unit thermal with 1-unit hydro-

power system (combined)

Test Case 2: 5-unit system with transmission loss
i) 5-unit thermal power system
ii) 3-unit thermal with 2-unit hydro-

power system (combined)

Test Case 3: 6-unit system with transmission loss
i) 6-unit thermal power system
ii) 4-unit thermal with 2-unit hydro-

power system (combined)
iii) 3-unit thermal with 3-unit hydro-

power system (combined)

The Rest of this paper is organized as follows. In
Section 2 the basic ELD problem formulation is dis-
cussed along with various linear and non-linear con-
straints. Section 3 briefly highlights the basic fea-
tures of Moth Flame Optimization (MFO) and Bat
Algorithm (BA). This section also describes the cus-
tomized hybrid algorithm MFO-BA applied in the
present study. In Section 4, the results of simulation
experiments for three different test cases (including
seven sub-test cases) are presented in details with
data tables and graphs and finally the comparison
of results for different power demand conditions is
put up. The overall result analysis is discussed in
Section 5. The paper is concluded in Section 6 with
the achievement, limitation and future scope of the
present study.

2. ELD PROBLEM FORMULATION

Hydro-thermal scheduling problem with NH num-
ber of hydro units and NT number of thermal units
over M time intervals is described under 2.1 through
2.3:

2.1 Model for Thermal Generation:

The problem here is to minimize the fuel cost func-
tion. The total fuel cost function F for thermal power
plant, is expressed as a quadratic function as shown
in Eq. (1).

F =
∑M

m=1

∑NT

i=1
tm
[
aTi

+ bTi
PTim

+ cTi
P 2
Tim

]
(1)

where aTi
, bTi

and cTi
denotes cost coefficients of the

ith thermal unit. PTim
is the actual power output of

the ith thermal unit during subinterval m subject to
the following constraints.
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� Power Balance Constraints:

∑NT

i=1
PTm

− PDm
− PLm

= 0 m ∈M (2)

where PTm is actual power output of the ith thermal
unit during subinterval m. PDm

is the load demand
during subinterval m and PLm is power loss during
subinterval m.

PLm =

NH+NT∑
l=1

NH+NT∑
r=1

PlmBlrPrm m ∈M (3)

PLm
is the transmission loss during subinterval m.

Blr is the set of loss coefficients.

� Generation Limits:

Pmin
Ti
≤ PTim

≤ Pmax
Ti

i ∈ NT ,m ∈M (4)

where Pmax
Ti

and Pmin
Ti

are respectively the upper and

lower limits of generation of the ith thermal unit.

2.2 Model For Hydro Generation:

In hydro-power generation model, fuel cost is
not related to power generation. As per Glimn-
Kirchmayer model [8,9], input or output characteris-
tics of a hydro-power generating unit are formulated
by the rate of water discharge, which is expressed in
terms of effective (reservoir’s) water head and active
power output in Eq. (5).

Qj(t) = ηψ(hj)φ(PHj(t)) (5)

where Qj(t) is the rate of water discharge for the jth

reservoir at time t, PHj(t) is the hydro-power gener-
ated by the jth unit at time t.

ψ , φ are independent functions, and η is the constant
of proportionality.

For a fixed-head reservoir, where the effective head is
considered constant, the function ψ(hj) is constant,
and hence, Eq. (5) becomes:

Qj(t) = η(hj)φ(PHj(t)) (6)

For the scheduling period, the quantity of water ac-
cessible by each hydro-power unit is bound by a par-
ticular quantity Vj :∫ T

0

Qj(t)dt = Vj (7)

The objective function Fj is characterized by Eq. (8)
and is subject to several constraints, the description
of which follows in Section 2.2.1.

Fj
(
PHjm

)
= ajP

2
Hjm

+ bjPHjm + cj (8)

PHjm is the actual power output of jth hydro-
power unit during subinterval m.

2.2.1 Constraints

� Load Balance Equation:

The total power generated must meet the total
load demand including the transmission loss PL(t) be-
yond the scheduling period PD(t). This is expressed
by the equality constraint i.e., Eq. (9)

∑NH

j=1
PHjm

− PDm
− PLm

= 0 m ∈M (9)

where PHjm is actual power output of the jth hydro
unit during subinterval m.

� Generation limits:

Pmin
Hj
≤ PHjm

≤ Pmax
Hj

j ∈ NH ,m ∈M (10)

Here Pmin
Hj

and Pmax
Hj

are respectively the lower and

upper generation limits of jth hydro unit.

� Water availability:

[∑M
m=1 tm(aHj

P 2
Hjm

+ bHj
PHm

+ cHj
)
]
−WHj

= 0 j ∈ NH
(11)

Here aHj , bHj and cHj are the coefficients for water

discharge rate function of the jth hydro unit. WHj

is the predetermined volume of water availability for
power generation by the jth hydro unit during the
scheduling period.

2.3 Model For Hydro-Thermal Generation:

The combined objective function is given by Eq. (12).

FHT =

Mm∑
k=1

NHT∑
i=1

nmFi(PHTi
) (12)

� Capacity Limits:

The maximum and minimum powers of the ther-
mal and hydro units are represented as boundary con-
straints given by inequality (13) & (14).

Pmin
Ti ≤ PTi(t) ≤ Pmax

Ti (t) (13)

Pmin
Hj
≤ PHj

(t) ≤ Pmax
Hj

(t) (14)

where, Pmin
Ti = minimum power generation for the ith

thermal unit

Pmax
Ti = maximum power generation for the ith ther-

mal unit

Pmin
Hj

= minimum power generation for the jth hydro
unit
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Pmax
Hj

= maximum power generation for the jth hydro
unit

� Transmission Losses:

The transmission power loss is expressed by the
Kron’s B-coefficients loss formula i.e., Eq. (15).

PL(t) =

MH+NT∑
i=1

MH+NT∑
j=1

Pi(t)BijPj(t) +

Ng∑
i=1

Bi0Pi(t) +B00

(15)

where Pi(t) can be either the power generation of
hydro units or thermal units, and Bij values are the
B-loss coefficients.

� Load Balance Equation:∑NT

i=1
PTm

+
∑NH

j=1
PHjm

− PDm
− PLm

= 0 (16)

Here, PTim is the actual power output of ith hydro
unit during subinterval m.

PHjm
is actual power output of the jth hydro unit

during subinterval m.

PDm is the load demand during subinterval m and
PLm

is the transmission loss during subinterval m.

� Water Availability Limits:

Nm∑
m=1

nmQjm = Vj (17)

where Qjm is the rate of water discharge of the jth hy-
dro plant at the time interval m. A typical equation
of the discharge rate Qjm is Eq. (18).

Qjk = αjP
2
Hjk

+ βjPHjk + γj (18)

where, αj , βj and γj are the coefficients of discharge
rate for the jth hydro unit.

3. OPTIMIZATION STRATEGY

3.1 Moth Flame Optimization

In 2015, S. Mirjali [10] introduced bio-inspired al-
gorithm named Moth Flame Optimization (MFO)
based on Moth flocking. At night, moths generally
navigate at a particular angle with respect to the
moon’s location. This nature of the moth inspired
implementation of the MFO algorithm for optimum
solution following the best path of the moth out of its
crosswise movement around the flame. The basis of
the MFO technique is that every moth finds its way
around the flame while in quest of a solution path.
This natural technique becomes most effective in in-
vestigating the search space and updating the current
position. This is formulated by Eq. (19), and the dis-
tance between the moth and flame (d) is calculated
using Eq. (20).

S(Mi, Fj) = die
bn cos(2πn) + Fj (19)

di = |Fj −Mi| (20)

Here, Fj = position of jth flame,
Mi = position of ith moth,
d = the distance between the moth and flame,
b = constant of the shape of a logarithmic spiral,
n = random number between -1 and 1.

The number of flames is renewed iteratively by re-
moving the poor solution made by flame by using
Eq. (20).

F = round

[
Fmax − Ite×

Fmax − Itemax

Itemax

]
(21)

Here, F = Number of flames,
Fmax = maximum number of flames,
Ite = current number of iterations,
Itemax = maximum number of iterations.

3.2 Bat Algorithm

The Bat algorithm was developed by Xin-She Yang
[11] in 2010. This algorithm is one of the population-
based metaheuristic algorithms for global optimiza-
tion. This algorithm evolved inspired by the echolo-
cation behavior of microbats, with varying pulse rates
of emission and loudness. [12][13].

The microbats apply the reflected sound (echo) to
locate their quarry as well as the precise position of
the concerned quarry.

In the algorithm, the optimum solution of the ob-
jective function depends on bat’s position; the fitness
of the objective function, computed from bats’ po-
sition, denotes the generation cost. The bat’s posi-
tion is obtained by frequency and velocity parame-
ters. The formulation of Bat algorithm is expressed
through Eqs. (22-24).

fi = fmin + (fmax − fmin)β (22)

vti = vt−1
i + (xti − x∗)fi (23)

xti = xt−1
i + vti (24)

where f , v and x are frequency, velocity and position
of bat respectively and β is a random number.

The loudness (L) and pulse rate (P ) of bat algorithm
are updated iteratively following Eq. (25) and (26).

Lt+1
i = αLti (25)

P t+1
i = P 0

i [1− e(−γt)] (26)

with the condition that 0 < α < 1 and γ > 0;
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where α and γ are constants, α controls the rate of
convergence of Bat algorithm.

3.3 Hybridization of Moth Flame Optimiza-
tion and Bat Algorithms

Bat algorithm is quite effective in exploiting the
best solution region but it has the disadvantage of be-
ing susceptible to getting stuck at local optima. On
the contrary, the Moth Flame Optimization (MFO)
is a well-built algorithm for good exploration of the
entire search space, thereby having the possibility of
finding better than the best local solutions but at the
same time having limited capability of exploiting the
regions around the local best solutions. The objec-
tive of hybridization of MFO and BA is to exploit
the strengths of both the algorithms and achieve a
good balance of exploration and exploitation in search
mechanism, which is the requirement to find an ex-
cellent optimum solution.

In the hybrid MFO-BAT algorithm, BA is adjusted
into exploitation mode [14] by fine-tuning the weight
of pulse rate and loudness while MFO is tuned into
complete exploration mode by adjusting the value of
the distance between moth and flame.

Hybrid MFO-BA steps based on hydro-
thermal economic load dispatch

Step 1: Define the following:
I. load demand and generators’ power limits

power limits(max and min)
II. the objective function and equality

constraints based on power balance
III. the generators’ power in terms

of moths’ and bats’ positions
IV. the dimensions of searching agents

concerning the number of generating units
V. the population

VI. the frequency (max and min), loudness,
and pulse rate of bats.

Step 2: Initialize the following:
I. frequency and velocity of bats

II. the moths’ position based on the
generators’ limits(max and min)

Step 3: While taking into account the equality con-
straints, compute the power losses and evaluate the
fitness of the objective function using moths’ position

Step 4: Select the global best value
Step 5: Set iteration to 1
Step 6: Update the number of flames using Eq.(21)

Step 7: If the number of iterations is equal to 1,
perform the sorting of moths’ positions and assign
them as sorted population (Fj)

Step 8: If the number of iterations is greater than 1,
perform the sorting of moths’ positions based on the
previous iteration and current iteration and assign
them as sorted population (Fj)

Step 9: Calculate ‘α’,‘t’ and ‘d’ using Eqs. (27),(28)
and (20) respectively

α = (−1 + Ite)×
[
−1

Itemax

]
(27)

t = (α− 1)× rand+ 1 (28)

Compute the distance of the moth with respect to the
corresponding flame using Eq.(20)
Step 10: Update moths’ positions by using Eq.(19)
Step 11: Check the inequality constraints by using
generator power limits for bringing back the moths
that are outside the search space
Step 15: Calculate the power losses and then eval-
uate the objective function by using bats’ positions
while satisfying the equality constraints, Update lo-
cal best values, Update the global best fitness and
global best position
Step 16: Repeat steps 6-15 until the maximum iter-
ation is attained.
Step 17: Display the global best fitness of the objec-
tive function (total generation cost) and global best
position (power generated in each unit)

The flowchart representing pseudo code of the hy-
brid MFO-BA algorithm is depicted in Fig. 1.

4. SIMULATION OUTCOME AND ANAL-
YSIS

The problem formulation and corresponding data
modeling and analysis is done in Matlab platform
using Matlab2016a version using PC processor of
Intel(R) Core(TM) i3-5020U CPU@2.20GHz with
4.00GB RAM. The values of the input parameters
of the algorithm are depicted in Table 1.

Table 1: Settings of the Hybrid MFO-BA parame-
ters.

Parameter Value Parameter Value
b : constant of the shape 1 to 5 P: Pulse rate 0.001
of a logarithmic spiral
n: Random number [-1,1]. f : Frequency range [+0.32,

-0.34]
L: Loudness 0.9 N: Population size 50

The simulation results obtained for four test cases are
described below:

Test Case 1: 4-Unit System without Transmis-
sion Loss Sub Case 1.1: 4-Unit Thermal Power
System

This experiment has been done with four thermal
power units considering quadratic cost function and
no transmission loss. The generator capacity, oper-
ating limits, and cost coefficients are given in Table
2. The total load demand is PD=500 MW, the load
demands for different sub-intervals are shown in Ta-
ble 3. The simulation result including generator-wise
load dispatch and the best cost of generation are de-
picted in Table 4.
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Fig.1: Flowchart of Hybrid MFO-BA.

Table 2: 4-unit all-thermal system-cost coefficients
and generator limits [15].

Unit aTi bTi cTi Pmin Pmax

($/h) ($/MW h) ($/MW2h) (MW) (MW)
P1 684.74 16.83 0.0021 75 300
P2 585.62 16.95 0.0042 60 250
P3 213 20.74 0.0018 25 80
P4 252 23.6 0.0034 20 60

Table 3: Sub-intervals with load demand.

Sub-interval Duration (Hr) PD(MW)
1 6(12:00am-6:00am) 500
2 6(6:00am-12:00noon) 600
3 6(12:00 noon -6:00pm) 700
4 6(6:00pm-12:00am) 800

Table 4: Simulation result of the 4-unit all-thermal.

Unit Result using
MFO-BA

UT1 264.7977 MW
UT2 190.2023 MW
UT3 25.0000 MW
UT4 20.0000 MW

PD=500 (MW) 500.0000 MW
Best Cost ($/hr) 10708.0099

Sub Case 1.2: 4-unit hydro-thermal system
comprising one hydro unit and three thermal
units

This case study has been done with hydro-thermal
system comprising three thermal units and one hydro
unit. The objective function modeling data (coeffi-
cients etc.) are given in Table 5. The load demands
are shown in Table 3. The total water volume of the
hydro unit is 25,000 m3 and the fuel cost is 1 $/MBtu.
The simulation result including generator-wise load
dispatch and best cost of generation is depicted in
Table 6.

Table 5: 4-unit hydro-thermal system-cost coeffi-
cients and generator limits [1], [16].

System Unit aH bH cH2 PHi,min PHi,max

(acre- (acre- (acre- (MW) (MW)
ft/h) ft/MWh) ft/(MW)2h)

Hydro UH1 0.0000
0.01621 0.1135 10 100

plant 4864
System Unit aTi bTi cTi PTi,min PTi,max

($/h) ($/MW h) ($/MW2 h) (MW) (MW)

Thermal
UT1 0.00156 7.92 561 150 600
UT2 0.00194 7.85 310 100 400

plant
UT3 0.00482 7.97 78 50 200

Table 6: Simulation result of the 4-unit hydro-
thermal system.

Unit Result using
MFO-BA

UH1 10.0000 MW
UT1 196.9458 MW
UT2 97.5448 MW
UT3 195.5094 MW

PD = 500 MW 500.0000 MW
Best Cost ($/hr) 1744.9666

Based on the simulation experiments done for Cases
1.1 and 1.2, the output of 4-unit all-thermal and
hydro-thermal systems are compared in Table 7. The
differences in unit-wise dispatch and total generation
cost of the two systems are graphically illustrated in
Fig. 2 and Fig. 3.

Table 7: Comparison between 4-unit all-thermal
and hydro-thermal systems.

Unit

4-unit hydro-
4-unit thermal
thermal (1-unit hydro and

3-unit thermal)
U1 264.7977 196.9458
U2 190.2023 97.5448
U3 25.0000 195.5094
U4 20.0000 10.0000

Best Cost 10708.0099 1744.9666
($/hr)
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Fig.2: Graphical comparison of unit-wise load of the
4-unit all-thermal and hydro-thermal systems.

Fig.3: Graphical comparison of best generation cost
of the 4-unit all-thermal and hydro-thermal systems.

Test Case 2: 5-Unit System with Transmission
Loss
Sub Case 2.1: 5-Unit All-Thermal System
with Transmission Loss

This experiment has been done with five thermal
units considering quadratic cost function and trans-
mission loss. The generator capacity, operating lim-
its, and cost coefficients are given in Table 8. The to-
tal load demands (PD) are 400 MW and 550 MW. The
B-loss coefficient matrix is shown in Table 9. The sim-
ulation result including best cost of generation (out
of 100 trials) is depicted in Table 10; the convergence
characteristics for 400MW demand is illustrated in
Fig.4.

Table 8: 5-unit all-thermal system-cost coefficients
and generator limits.

Unit
aTi bTi cTi Pimin Pimax

($) ($/MW) ($/MW)2 (MW) (MW)
UT1 0.00375 2.0 0.0 50 250
UT2 0.0175 1.75 0.0 20 160
UT3 0.0625 1.0 0.0 15 100
UT4 0.0834 3.25 0.0 10 70
UT5 0.025 3.0 0.0 10 60

Table 9: B-loss coefficient of a 5-unit all-thermal
system [17].

B =


0.0005 0 0 0 0

0 0.0003 0 0 0
0 0 0.0004 0 0
0 0 0 0.0005 0
0 0 0 0 0.00025



Table 10: Simulation result of the 5-unit all-thermal
system.

Unit Result using Result using
MFO-BA MFO-BA
PD=400MW PD=550MW

Total Power
420.6945 582.8981

Generation(MW)
Transmission

20.6945 32.8981
loss(MW)

Best Cost ($/hr) 1286.448 2155.6484

Fig.4: Convergence characteristics - Test Case 2.1
for PD=400MW.

Sub Case 2.2: 5-Unit Hydro-Thermal Sys-
tem comprising 2 Hydro Units and 3 Thermal
Units

This case study has been done with a hydro-
thermal system comprising three thermal units and
two hydro units. The objective function modeling
data (coefficients etc.) are given in Table 11. The
B-Loss coefficients are shown in Table 12. The total
water volume of the hydro units is 25,000 m3, and
the fuel cost is 1 $/MBtu. The simulation result in-
cluding generator-wise load dispatch and best cost of
generation (out of 50 trials) along with transmission
loss for load demands of 400 MW and 500 MW are
depicted in Table 13 and further illustrated in Fig.5
and Fig.6. The convergence characteristics for load
demand 550MW is illustrated in Fig.7.

Based on the simulation experiments done for
Cases 2.1 and 2.2 the output of the 5-unit all-thermal
and 5-unit hydro-thermal systems are compared in
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Table 11: 5-unit hydro-thermal system-cost coeffi-
cients and generator limits [17] and [18].

System Unit aH bH cH2 PHi,min PHi,max

(acre- (acre- (acre- (MW) (MW)
ft/h) ft/MWh) ft/(MW)2h)

Hydro UH1 1.423 0.187 0.00001829 12 126
plant UH2 1.714 0.198 0.0000203 20 180
System Unit aTi bTi cTi PTi,min PTi,max

($/h) ($/MW h) ($/MW2 h) (MW) (MW)

Thermal
UT3 561 7.92 0.001562 150 600
UT4 310 7.85 0.00194 100 400

plant
UT5 78 7.97 0.00482 50 200

Table 12: B-Loss co-efficient of 5-unit hydro-
thermal systems [17], [18].

B =0.001*


0.0212 0.0085 0.0069 0.0002 0.0002
0.0085 0.0188 −0.0062 0.0051 0.0002
0.0069 −0.0062 0.4817 −0.1333 −0.1604
0.0002 0.0051 −0.1333 0.2180 −0.0251
0.0002 0.0002 −0.1604 −0.0251 0.1406



Table 14. It reflects the economic advantage gained
by replacing two thermal units with two hydro units.
The comparison of transmission loss for both the
cases against the given two power demands of 400
MW and 550 MW is shown in Table 15. Fig.5 and
Fig.6 graphically illustrates the result of Table 14.

Table 13: Simulation result for the 5-unit hydro-
thermal system for PD=400 and 550MW.

Table 14: Cost comparison between 5-unit all-
thermal and hydro-thermal systems.

Power 5-Unit 5-Unit Hydro-
Demand Thermal Thermal
(PD)MW (2-unit Hydro and

3-unit Thermal)
400 1286.448 509.8376
500 2155.6484 753.5225

Table 15: Comparison of transmission loss for the
5-unit all-thermal and hydro-thermal systems.

Power 5-Unit 5-Unit Hydro-Thermal
Demand Thermal (2-unit Hydro and 3-unit
(PD)MW Thermal)
400 20.6945 18.9349
500 32.8981 26.6986

Fig.5: Graphical comparison of unit-wise load, to-
tal loss, and best cost for the 5-unit all-thermal and
hydro-thermal systems.

Fig.6: Graphical comparison of best generation cost
for the 5-unit all-thermal and hydro-thermal systems.

Fig.7: Convergence characteristics - Test Case 2.1
for PD=550MW.

Test Case 3: 6-Unit System with Transmission
Loss

Sub Case 3.1: 6-Unit All-Thermal System
with Transmission Loss

This experiment has been done with six thermal
units considering quadratic cost function and trans-
mission loss. The generator capacity, operating lim-
its, and cost coefficients are given in Table 16. The
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load demands for the four different sub-intervals are
shown in Table 17. The B-loss coefficients are given
in Table 18. The simulation result including best cost
of generation (out of 100 trials) for four different sub-
intervals with load demands of 570 MW, 600 MW,
700 MW, and 800 MW are depicted in Table 19.

Table 16: 6-unit thermal system - cost coefficients
and generator limits [19].

Unit
ai bi ci Pimin Pimax

($) ($/MW) ($/MW)2 (MW) (MW)
UT1 249 7 0.0070 100 500
UT2 200 10 0.0095 50 200
UT3 220 8.5 0.0090 80 300
UT4 200 11 0.0090 50 150
UT5 220 10.5 0.0080 50 200
UT6 120 12 0.0075 50 120

Table 17: Hour-wise load demand.

Sub-
Duration (hr) PD (MW)

interval
1 6 (12:00 am - 6:00 am) 570
2 6 (6:00 am - 12:00 noon) 600
3 6 (12:00 noon - 6:00 pm) 700
4 6 (6:00 pm - 12:00 am) 800

Table 18: B-Loss coefficient for a 6-unit thermal
system [15].

B =


0.000140 0.000017 0.000015 0.000019 0.000026 0.000022
0.000017 0.000060 0.000013 0.000016 0.000016 0.000020
0.000015 0.000013 0.000065 0.000017 0.000024 0.000019
0.000019 0.000016 0.000017 0.000071 0.000030 0.000025
0.000026 0.000015 0.000024 0.000030 0.000069 0.000032
0.000022 0.000020 0.000019 0.000025 0.000032 0.000085



Table 19: Simulation result of the 6-unit all-thermal
system with transmission loss.

Unit PD=570 PD=600 PD=700 PD=800
(MW) (MW) (MW) (MW)

UT1 234.1446 248.0652 277.8699 306.3008
UT2 59.2125 71.9067 99.1646 116.4223
UT3 140.3194 144.4958 176.7691 190.1809
UT4 50.0002 50.0030 50.0000 65.4806
UT5 50.9026 51.6636 67.6280 99.0386
UT6 50.0000 50.0541 50.0000 50.0001

Generation
584.5793 616.1885 721.4316 827.4232

(MW)
P Loss(MW) 14.5793 16.1881 21.4316 27.4232
Best

6973.5903 7316.3214 8501.3319 9740.8917
Cost ($/hr)

Sub Case 3.2: 6-Unit Hydro-Thermal Sys-
tem Comprising 2 Hydro Units and 4 Thermal
Units

This case study has been done with a hydro-
thermal system comprising four thermal units and
two hydro units. The generator capacity, operating
limits, and cost coefficients are given in Table 20.
The load demands for four different sub-intervals are

shown in Table 17. The B-Loss coefficients are given
in Table 21. The total water volume of the hydro
plant is 25,000 m3, and the fuel cost is 1 $/MBtu.
The simulation result including best cost of genera-
tion (out of 50 trials) along with transmission loss
for the four different subintervals with load demands
of 570 MW, 600 MW, 700 MW, and 800 MW are
depicted in Table 22. The convergence characteris-
tics for 800 MW load demand has been illustrated in
Fig.8.

Table 20: 6-unit hydro-thermal system - cost coef-
ficients and generator limits [20].

Table 21: B-Loss coefficients for a 6-unit hydro-
thermal system [1].

B =


0.0005 0 0 0 0 0

0 0.00003 0 0 0 0
0 0 0.00004 0 0 0
0 0 0 0.00004 0 0
0 0 0 0 0.00002 0
0 0 0 0 0 0.000025



Table 22: Simulation result for the 6-unit hydro-
thermal system for PD=570MW, 600MW, 700MW,
800MW.

Unit PD=570 PD=600 PD=700 PD=800
(MW) (MW) (MW) (MW)

UH1 20.0250 32.2412 73.5965 114.5328
UH2 0 5.8964 28.4599 76.2578
UT3 125.0000 125.0000 125.0000 125.0000
UT4 175.0000 175.0000 175.0000 175.0000
UT5 195.1774 201.7293 237.4962 240.1351
UT6 61.1370 67.1206 70.0818 81.7486

Generation
576.3394 606.9875 709.6344 812.6744

(MW)
P Loss(MW) 6.3394 6.9875 9.6344 12.6744
Best

3046.3709 3325.5551 4314.8638 5405.5833
Cost ($/hr)
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Fig.8: Convergence characteristics- Test Case3.2,
PD=800MW.

Sub Case 3.3: 6-Unit Hydro-Thermal Sys-
tem Comprising 3 Hydro Units and 3 Thermal
Units

This case study has been done with a hydro-
thermal system comprising four thermal units and
two hydro units. The generator capacity, operating
limits, and cost coefficients are given in Table 23. The
load demands in four different sub-intervals are shown
in Table 17. The B- Loss coefficients are given in Ta-
ble 21. The total water volume of the hydro plant is
25,000 m3, and the fuel cost is 1 $/MBtu. The sim-
ulation result including generator-wise load dispatch
and best cost of generation (out of 50 trials) along
with transmission loss for four different subintervals
with load demands of 570 MW, 600 MW, 700 MW,
and 800 MW are depicted in Table 24.

Table 23: 6-unit hydro-thermal system - cost coef-
ficients and generator limits [1], [18].

Based on the simulation experiments done for Case
3.1 (all-thermal), 3.2 (2 hydro + 4 thermal), and 3.3
(3 hydro + 3 thermal) the results have been com-
pared in Table 25 and 26, which reflects the eco-
nomic advantage gained in introducing one or more
hydro units along with thermal units. The compar-
ison of generation costs is shown in Table 25. Table

Table 24: Simulation result for the 6-unit hydro-
thermal system for PD= 570MW, 600MW, 700MW,
800MW.

26 gives the comparison of transmission loss for the
three cases against the given four power demands.
Fig.9 and Fig.10 graphically illustrates the result of
Table 25 and Table 26 respectively. The convergence
characteristics of the hydro-thermal system for 800
MW load demands is illustrated in Fig.11.

Table 25: Cost comparisons between 6-unit all ther-
mal and hydro-thermal systems.

Power 6-unit 6-unit 6-unit
Demand(PD) Thermal Hydro- Hydro-

MW Generation thermal thermal
(2-unit (3-unit
Hydro and Hydro and
4-unit 3-unit
Thermal) Thermal)

570 6973.5903 3046.3709 2825.1230
600 7316.3214 3325.5551 2886.6250
700 8501.3319 4314.8638 3452.4480
800 9740.8917 5405.5833 5318.9300

Table 26: Comparison of transmission loss between
6-unit all-thermal and hydro-thermal systems.

Power 6-unit 6-unit 6-unit
Demand(PD) Thermal Hydro- Hydro-

MW Generation thermal thermal
(2-unit (3-unit
Hydro and Hydro and
4-unit 3-unit
Thermal) Thermal)

570 14.5793 6.3394 5.0353
600 16.1881 6.9875 6.5751
700 21.4316 9.6344 8.3133
800 27.4232 12.6744 11.9970

5. RESULT ANALYSIS

Going through the simulation results using cus-
tomized MFO-BA in Section 4, we find distinct
improvements in generation cost for all the cases.
Firstly, in test case 1 (i.e., 4-unit system), the intro-
duction of one unit of hydro-power system along with



232 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.18, NO.2 April 2024

Fig.9: Graphical cost comparison between 6-unit all-
thermal and hydro-thermal systems.

Fig.10: Graphical loss comparisons between 6-unit
all-thermal and hydro-thermal systems.

Fig.11: Convergence characteristics- Test Case 3.3,
PD=800 MW.

three unit of thermal power system (hydro to thermal
ratio 1:3) reduces the 500 MW power generation cost
by 6.14 times (1744 $/hr vis-à-vis 10708 $/hr), which
is a considerable advantage given the operational fea-
sibility of a hydro-power system. Secondly, in test
case 2 (i.e., 5-unit system), when two units of hydro
power system replaces two units of thermal power sys-
tem making hydro to thermal unit ratio 2:3 i.e., 1:1.5,
the generation cost reduces by factors of 2.49 (510
$/hr vis-à-vis 1268 $/hr) and 2.86 (754 $/hr vis-à-vis
2155 $/hr) for 400 MW and 550 MW power genera-
tion respectively. At the same time transmission loss
also reduces, though not significantly. Thirdly, in test
case 3 (i.e., 6-unit system), if equal number (three
each) of hydro and thermal units are used instead of
all six thermal units thereby making hydro to ther-
mal ratio 1:1, then the generation cost reduces by a
factor of 1.83 (on an average) vis-à-vis cost reduc-
tion by a factor of 1.80(on an average) when hydro
to thermal ratio is 1:2. The average is taken over
the variation of cost with variation of power demand
from 570 MW to 800 MW throughout 24 hours of a
day. Besides generation cost, transmission loss is also
reduced by 2.16 and 2.29 for 1:1 and 1:2 ratio respec-
tively. It is thus observed that for higher number of
units lesser economy is achieved in power generation
cost but more economy is achieved in transmission
loss if hydro units replace thermal units and MFO-
BA technique is applied for economic load dispatch.

It appears from the convergence characteristics
graphs that MFO-BA reaches optimum value much
earlier than MFO or BA when applied separately.
In some of the test cases the convergence curve of
MFO-BA is highly steep implying sharp fall in ob-
jective function value with iterations. Moreover, in
most cases, the stable optimum value i.e., the min-
imum value obtained by applying MFO-BA is less
than that found by applying MFO or BA separately.
Hence, from the run-time efficiency graph, MFO-BA
emerges as a better algorithm in comparison to MFO
and BA individually, although in few test cases BA
shows better result against particular load demands.

6. CONCLUSION AND FUTURE SCOPE

The main aim of this study was to find the most
economical and effective combination of hydro and
thermal units as a trade-off between uncertainties of
geo-climatic conditions (availability of water used as
a resource for hydro-power generation with its char-
acteristic constraints) and the ever-increasing cost of
fossil fuel (used as a resource for thermal power gen-
eration). In this study three test systems and seven
test cases were taken up in a simulation bed for apply-
ing a relatively new hybrid soft computing technique
that is never used before in hydro-thermal economic
load dispatch.

As expected, the hydro-thermal system proved to
be more economical and effective over equivalent ther-
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mal system; it produces quite significant reduction in
generation cost and transmission loss (in some test
cases). The performance of the hybrid optimization
algorithm MFO-BA has been compared with MFO
and BA separately; the hybrid emerged more effec-
tive in terms of quick convergence (in less number
of iterations) and yield of minimum generation cost.
The combined power of MFO and BA in exploitation
and exploration of search space accounted for the im-
proved performance of the hybrid.

Besides the two-fold gain of the study in terms of
effectiveness of MFO-BA in hydro-thermal load dis-
patch and economy of hydro-thermal systems over
all-thermal systems, the other potential advantage of
hydro-thermal system is economic emission as hydro
power is cleaner and more environment-friendly. This
remains a scope for future study.

Moreover, the study can be extended for medium-
scale and high-scale hydro-thermal systems where dif-
ferent constraints of hydro-unit may be considered;
such constraints may include cascaded nature of the
hydraulic network, the varying hourly reservoir in-
flows, and different physical limitations on the reser-
voir storage. The loss coefficients also need to be
determined for large-scale power generation systems.

Though by assuming fixed head hydro units the
present study avoids complexities in ELD modeling,
its novelty lies in the fact that no such indicative
study has been done so far for hydro-thermal load
dispatch problem using hybrid soft computing tech-
niques. It may go a long way in finding even bet-
ter solutions of nonlinear non-convex hydro-thermal
load dispatch problem with dynamic switching be-
tween hydro and thermal units as per varying load
demand at different hours of the day. That may well
be one of the viable future options of power genera-
tion in a country like India.

AUTHOR CONTRIBUTIONS

DS and AM performed the literature survey and
based on analysis of different hybrid metaheuris-
tic components finally selected the hybrid MFO-BA
approach for the present application duly consider-
ing the characteristic constraints of hydro-thermal
systems. Both the authors revisited the work in
view of the reviewer’s comments and added necessary
changes, graphs, etc.; DS developed the MATLAB
coding of the hybrid MFO-BA, executed trials by al-
tering the parameters of the programs and reported
the results; DS and SM analyzed and interpreted the
results and critically reviewed the economic advan-
tage gained in introducing one or more hydro units
along with thermal units.

References

[1] D.P. Kothari and J.S. Dhillon, Power System
Optimization, 2nd ed., Prentice-Hall of India
PHI Learning Private Limited, New Delhi, 2012.

[2] A. J. Wood and B.F. Wollenberg, Power Gen-
eration, Operation and Control, John Wiley and
Sons, pp. 592. 1996.

[3] L. Jebaraj, C. Venkatesan, and I. Soubache,
“Application of differential evolution algorithm
in static and dynamic economic or emission dis-
patch problem: A review,” Renewable and Sus-
tainable Energy Reviews, vol. 77, no. 1, pp.1206-
1220, 2017.

[4] L. Lakshminarasimman and S. Subramanian,
“Short-term scheduling of hydrothermal power
system with cascaded reservoirs by using mod-
ified differential evolution,” IEE Generation,
Transmission and Distribution, vol. 153, no. 6,
pp.693-700, 2006.

[5] L. Mellouk, M. Boulmalf and A. Aaroud, “Ge-
netic algorithm to solve demand side manage-
ment and economic dispatch problem,” Proceed-
ings of 9th International Conference on Ambi-
ent Systems, Networks and Technologies, Pro-
cedia Computer Science, vol. 130, pp. 611–618,
2018.

[6] S. Hazra and P. K. Roy, “Optimal Dispatch
using Moth-Flame Optimization for Hydro-
Thermal-Wind Scheduling Problem,” Interna-
tional Transactions on Electrical Energy Sys-
tems, vol. 30, no. 8, pp.1-24, 2020.

[7] S.Ghosh, M.Kaur, S.Bhullar and V. Karar “Hy-
brid ABC-BAT for Solving Short-Term Hy-
drothermal Scheduling Problems,” Energies, vol.
12, no. 3, pp.1-15, 2019.

[8] M. E. El-Hawary and D. H. Tsang, “The Hy-
drothermal Optimal Load Flow, A Practical For-
mulation and Solution Techniques Using New-
ton’s Approach,” IEEE Transactions on Power
Systems, vol. 1, no 3, pp. 157-166, 1986.

[9] M. E. El-Hawary, and K.M. Ravindranath, “Op-
timal operation of variable head hydro-thermal
systems using the Glimn-Kirchmayer model and
the Newton-Raphson method,” Electric Power
Systems Research, vol. 14, no 1, pp. 11-22, 1988.

[10] S. Mirjalili, Moth-Flame Optimization Algo-
rithm : A Novel Nature-inspired Heuristic
Paradigm,” Knowledge-Based Systems, vol. 89,
pp. 228-249, 2015.

[11] X. S. Yang, Engineering Optimization: An In-
troduction with Metaheuristic Applications, John
Wiley and Sons, New Jersey, 2010.

[12] Y. A. Gherbi, H. Bouzeboudja and F. Lakdja
“Economic Dispatch Problem using Bat Algo-
rithm,” Leonardo Journal of Sciences, vol. 1,
no. 24, pp. 75-84, 2014.



234 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.18, NO.2 April 2024

[13] P. Richardson, Bats. Natural History Museum,
London, 2008.

[14] X-S. Yang, Nature-Inspired Optimization Algo-
rithms, Elsevier Insights , First. Ed. London,
2014.

[15] M. Sudhakaran, P. A. . -. D. . -. V. Raj and T.
G. Palanivelu, “Application of Particle Swarm
Optimization for Economic Load Dispatch Prob-
lems,” 2007 International Conference on Intel-
ligent Systems Applications to Power Systems,
Kaohsiung, Taiwan, pp. 1-7, 2007.

[16] T. Jayabarathi, S. Chalasani, Z A Shaik and
N. D. Kodali, “Hybrid Differential Evolution
and Particle Swarm Optimization Based Solu-
tions to Short Term Hydro Thermal Scheduling,”
WSEAS Transactions on power systems, vol. 2,
no.11, pp. 245-254, 2007.

[17] S. Khanmohammadi, M. Amiri, and M.T.
Haque, “A new three-stage method for solv-
ing unit commitment problem,” Energy, vol. 35,
no.7, pp. 3072 – 3080, 2010.

[18] I. A. Farhat and M. E. El-Hawary, “Short-
term hydro-thermal scheduling using an im-
proved bacterial foraging algorithm,” Proceed-
ings of IEEE Electrical Power & Energy Con-
ference (EPEC), Canada, pp. 1–6, 2009.

[19] D. Santra, K.Sarker, A.Mukherjee and
A.Mondal, “Hybrid PSO-ACO technique
to solve multi-constraint economic load dispatch
problems for 6-generator system,” International
Journal of Computers and Applications, vol. 38,
no. 2-3, pp. 96-115, 2016.

[20] T. T. Nguyen, D. N. Vo and A. V. Truong,
“Cuckoo search algorithm for short-term hy-
drothermal scheduling,” Applied Energy, vol.
132, no.1, pp. 276–287, 2014.

Dipankar Santra received his Bache-
lor’s in Electrical Engineering from Ja-
davpur University in 2002 and MTech
in Electrical Engineering (Electrical
Power) from the University of Calcutta,
West Bengal, India in 2009. He has done
his PhD at Jadavpur University in 2021.
Currently, he is Associate Professor of
Electrical Engineering at RCC Institute
of Information Technology, Kolkata, In-
dia. His areas of interest are power sys-

tem, economic load dispatch and soft computing applications
to different power system problems and electrical machines.

Anirban Mukherjee did his Bach-
elors in Civil Engineering in 1994
from Jadavpur-University, Kolkata and
PhD from Indian Institute of Engineer-
ing, Science and Technology (IIEST),
Shibpur. He is currently a Professor
in the Department of Information Tech-
nology at RCC Institute of Information
Technology, Kolkata, India where he has
24 years of experience in teaching engi-
neering and management subjects and

more than 14 years of experience in academic administration
including accreditation of academic programs. His research
interests include Computer Graphics, Computational Intelli-
gence, Optimization and Digital Pedagogy. He has co-authored
2 UG engineering (CSE) textbooks and 18 books on Distance
Learning Programs of BBA/MBA/BCA/MCA courses of dif-
ferent Universities across India. Besides authoring several pa-
pers/chapters published in journals, books and conferences he
is the co-editor of 8 edited books published by international
publishers. He is a life member of the Computer Society of In-
dia and Fellow of Institution of Engineers (India) and Science
Association of Bengal (SAB).

Subrata Mondal has joined as an
Assistant Professor of Power Engineer-
ing Department, Jadavpur University in
2016. He completed his BE in Mechan-
ical Engineering from Jadavpur Univer-
sity in 2004. He completed his MTech in
Mechanical Engineering from IIT Kan-
pur in 2007 and completed his PhD
(Engg.) from the School of Laser Sci-
ence and Engineering from Jadavpur
University in 2013. Having some indus-

trial experience, he is in teaching and research for twelve years.
He has published 25 national and international journal papers
He has reviewed 18 international journal papers. His research
area includes soft computing techniques, laser machining, ther-
mal energy, solar energy etc.




