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Abstract—In this paper a solution technique based on artificial bee
colony algorithm (ABC) has been implemented to solve hydrothermal
scheduling (HTS) problem for energy economic and pollutant
emission mitigation by allocating the optimal real power outputs for
thermal and hydro electric generators. The HTS is formulated as a
bi-objective framework so as to optimize both objectives such as
energy cost and emission release simultaneously subjected to verity
of complex equality and inequality constraints and normalized price
penalty factor is exercised to obtained trade-off between these
objectives. Meanwhile, equality constraints are handled efficiently.
The performance of the proposed approach is illustrated on multi-
chain interconnected hydrothermal power system with due
consideration of water transport delay between connected reservoirs
and transmission loss of system load. The results obtained from the
proposed technique are compared with the other technique. The
results demonstrate that the ABC algorithm is feasible and efficient
for solving HTS problem, further it is confirmed using standard
statistical test using SPSS software.
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1. INTRODUCTION

India is the one of the fourth largest economy and has a fast
growing energy market in the world, where the main sources
of generating electricity are hydro and coal based thermal
power plants. According to twenty second issues of energy
statistics 2015, the electricity generation in the country from
utilities and non-utilities altogether during 2013-14 were
72.39% from thermal, 11.43% from hydro, 2.90% from
nuclear and 13.28% from non-utilities. It shows that the
thermal power plant will inevitably dominance impact on
environmental effects due to the emission of nitrogen oxides
(NOx), sulfur oxides (SOx), greenhouse gases and airborne
inorganic particles such as fly ash and soot. These emissions
are considered to be partially responsible for global warming,
acid rain, smog, and ozone depletion. Therefore, the ministry
of environment and forests, India has enacted certain

directives under sections 3 and 5 of the environment
(protection) act of 1986 via the Gazette notification no. GSR
763 (E) dated 14 September 1999 to meet the requirements of
the increasing demand for power with minimal environmental
impacts for sustainable development [1-2]. It has been
recognized that the energy utilization efficiency improvement
and environmental impact assessment are an essential step to
achieve sustainable development of a country.

With its rapid economic upgrowth, the rising energy
consumption as well as environmental pollution has been
impelling the researchers to derive a strategic balance among
economic  development, energy  consumption  and
environmental sustainability. Recently, the principle of natural
selection dependent, evolutionary computation based
optimization techniques such as differential evaluation (DE)
[3], multi-objective differential evaluation (MO-DE) [4],
particle swarm optimization (PSO) [5], are widely employed
to attain optimal hydrothermal scheduling intent for obtaining
minimum emission release and energy efficient operation
subjected to physical and operational constraints of both hydro
and thermal power plants. Followed, interactive fuzzy
satisfying method based on evolutionary programming
technique [6], hybrid multi-objective cultural algorithm [7],
self-organizing hierarchical particle swarm optimization
technique with time-varying acceleration coefficients
(SOHPSO_TVAC) [8], simulated annealing based multi-
objective cultural differential evolution (SA-MOCDE) [9],
improved gravitational search algorithm (IGSA) [10],
dynamically controlled particle swarm optimization (DC-PSO)
[11] and hybrid chemical reaction optimization (HCRO) [12].

It is well noticed that the bi-objective is handled using price
penalty factor approach and the procedure observed may be
yield approximate price penalty factor, whereas the pareto-
optimal front is obtained from the archives of the randomly
generated parent vector and the trial vector generated by
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evolutionary search over the individuals of the population in
case multiobjective framework.

In this paper combined energy economic and pollutant
emission (CEEPE) is formulated as bi-objective optimization
problem subjected to several equality, inequality constrains
and the effect of valve point loading are also included in the
problem formulation. Then a modified price penalty factor is
introduced to convert bi-objective into single objective, where
linear interpolation method is used to normalize the
approximate value of price penalty factor with respect to the
load demand of that interval. Further, modified constraint
handling mechanism is employed to ensure global optimal
solution. Aiming at above interpretation, artificial bee colony
(ABC) algorithm has in mind to employ in this work [13, 14].
Thus, it has been exercised and optimal scheduling was
obtained with minimum pollutant emission and energy
efficiency utilization improvement. Moreover, a standard
statistical test [15] is exercised to discriminate the
effectiveness the proposed ABC algorithm while minimizing
pollutant emission and energy cost on hydrothermal power
system.

2. PROBLEM FORMULATION

The mathematical formulation of hydrothermal scheduling is
described as follows:

2.1 Energy Economic Objective (EEO)

The energy economic objective in hydrothermal scheduling
concern is to minimize the fuel cost of N thermal power
plants over a scheduling period T, while making use of the
availability of hydro-resources as much as possible. The effect
of valve-point loading is considered by adding a sinusoidal
function to the quadratic cost function. Therefore, the EEO is
defined as:

T N,
Minimize F:ZZ[% +bPy +CPS +

s
=1 i=1

e, sin {fsi (PST‘" -Py )}

|

. Dg .C, are coefficients

of the fuel cost curve of i thermal unit and e, ,f, Valve
point effect coefficient of i"" thermal unit.

2.2 Pollutant Emission Objective (PEO)

Where, F is total generation costin $, a

The pollutant emission objective can be described as the
attempt to minimize the total emission amount of all the
thermal units in the hydrothermal system during the entire
operation period, which can be formulated as:
Minimize

TN

E= ZZ[asi +Bsipsi‘t +‘Ysips;-i’n +‘r‘lsi exp(ssipsi,t):| (2)
t=1 i=1

Where, E is total amount of emission release in Ib and

O+ B+ Vi 1 M+ O are emission curve coefficients of ith
thermal plant.

2.3 Constraints

2.3.1 Power balance constraints

Let, N,is number of hydro units, P, Generation of i

thermal unit in t" sub interval, Py, Generation of j" hydro
unit in t" sub interval, P,, Total power demand in the t"

interval, P_, Total network loss in the t" interval

It is mathematically expressed as:

N Ny

ZPsi,l + thj‘l - PD,t - PL,t =0 (3)

i-1 =1

The transmission loss may be calculated by using B-loss
coefficient matrix directly [7]. As the generated hydro power
of any hydro plant in each time period is a function of water

discharge rate (th‘t) of j™ reservoir at time t and reservoir
storage volume (V,;,) of j™ reservoir at time t, which can be
described by as follow:

Phj,t = Cljvhzj,t + CZjQﬁj‘t + C3jvhj,tth,t
+CyVyi + CQui +Cy;

.t

(4)

Where, C;.C,,C;,C,;,Cy,Cy;  are
coefficients of j™ hydro unit.

power  generation

2.3.2 Initial and final reservoir storage constraints

The equality constraint is mathematically expressed as
follows:

VL (DI =\ ()M ()T = V4 (0) )
2.3.3 Hydraulic continuity constraint
The continuity equation neglecting spillage is given by

V, (i t+1) =V, (i.t) + 1, (5. t) - Q, (irt)

+iiQh(m,t—t)

m=1t=1
Where, 1, is natural inflow of j"" hydro reservoir at time t, R,

is number of upstream plants and © Water transport time
delay to immediate downstream plant in hours

(6)

2.3.4 Power generation constraints
The inequality constraints are mathematically expressed as
follows:

min max
Psi < Psi‘l < Psi

i=1,2,..N, (7

Where, P{", P{™are minimum and maximum generation
limit of i" thermal unit.

P <Py, <PI j=12..N, (8)
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Where, Pr:}"” P are minimum and maximum generation limit
of | hydro unit.

2.3.5 The water discharge constraint

The plant discharge limit must lie in between its maximum (
min

Qi) and minimum ( Q") operating limits, as given by
thjin Sth,t Sthjax j:1127""Nh (9)
2.3.6 Reservoir water storage constraints

The water storage capacity of j"" reservoir at each hour must be
within its minimum (V") and maximum (V™) limits as
given below:

Vi <V, < Vi

i < i=12..N, (10)
3. AN OVERVIEW OF ARTIFICIAL BEE COLONY

ALGORITHM

The artificial bee colony algorithm (ABC) was first proposed
by Karaboga for optimizing numerical problems [13, 14].
Basically, ABC algorithm consists of four phases:
initialization, employed bees, onlooker bees and scout bees
steps.

3.1 Initialization Phase

The initialization process is depicted as follows:

i. Initial population size of SP (twice the number of food
sources)

ii. D-dimensional solution vector Xx,.

iii. Maximum number of cycle Cax

iv. Limit for abandonment of food sources

In this step, SP numbers of food source are placed randomly
on D-dimensional problem space by:

Xy =X+ 1an[0,1](x7 = xyr) (11)

Where, X, is k" individual in I"" dimension and X}\" , X7 are
lower and upper ranges of k™ food source in dimension I. The
search mechanisms of the ABC metaheuristic are explained in
detail in the following:

3.2 Employed Bees Phase

In this phase a new food source have been chosen by means of
visual information in the neighbourhood of the one in her
memory and evaluates its nectar amount. In order to produce a
new candidate food position, vy, from the old one (xy,) in
memory, the employed artificial bees update the new food
sources by following expression.

Vk,l:Xk,l+¢k,l(xk,l_xm,l); k=m:meSP;leD (12)

Where, D is uniform random number between [-1, 1]
3.3 Onlooker Bees Phase

An onlooker prefers a food source area depending on the
nectar information distributed by the employed bees on the
dance area. The determination of the new food source is
carried out by the bees based on the comparison process of
food source positions visually and the selection probability of
food source i, p; is calculated by the following expression:

fit
P =% :
D fit,,
m=1

3.4 Scout Bees Phase

(13)

If onlookers and employed can’t improve the location of a
food source through a predetermined number of cycles, then
that food source is assumed to be abandoned by using the
control parameter, “limit”. In this case, scout bees try to find a
new food source in replacement of the abandoned food source.
A new food source location is determined by the Eq. (11).

4. IMPLEMENTATION OF ABC ALGORITHM FOR
CEEPE PROBLEM

This section focuses on triumph implementation of ABC
algorithm for optimizing short-term hydrothermal scheduling
problem in details.

initial

4.1 Initialization of decision variables and

population
The initialization procedure is summarized as follows:

Step 1: The decision variables of j™ hydro plant discharge and
the generation of i thermal unit are randomly generated
within the feasible ranges to the constraint (9) and constraint
(7) respectively, over the entire scheduling horizon.

Step 2: Then, the initial population x° is created with length
T*(Ny+N;) and given by

X =[ Q- Qb QU - QNP o Pir o PIE P | (14)

4.2 Water balance constraint handling

Step 1: Choose a time interval “d” at random as the dependent
interval.

Step 2: In order to satisfy the constraint (6) the water
discharge rate of the j™ hydro plant in the dependent interval
“d” is computed using the hydraulic continuity equation as:

th(d):VT:}egin _Vhej"d _Z;th(t)+§lhj(t) (15)

+iiQh(m,t—r)

m=1t=1
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Step 3: This process is repeated until the dependent hydro
discharge Q,; (d) does not violate its bound constraints (9).

Using the computed hydro discharges, the volumes at different
intervals are determined and hydro plant generations are
calculated according to hydro plant generation characteristics

Eq. (5).

4.3 Load balance constraint handling

The load balance constraint is handled by adjusting the power
generation of thermal units. The procedures are [16]:

Step 1: Choose a dependent thermal unit “Ngy”. Its
dependent generation (i.e., Ps (d, t) is computed by
solving Eq. (16) using a standard algebraic method.

depsz(d,t)+[2‘N5§’43d,P(l,t)—1]P5(d,t)
(N5+Nh)71(N5+N“)71 (16)
{2 ipi

1=1

(N5 +Np)-1

+ Y ByP(Lt)-

(N +Np)-1

> P(Lt)+B, +PD(t)J=O;t eT

Step 2: The positive root is chosen as output of the N™
thermal generation to satisfy the equality constraint Eq. (3).

4.4 Inequality constraints handling

If any element of the new generated solution is outside the
feasible boundaries, then the following procedure will be
implemented to modify the value of infeasible elements to
satisfy the constraints (7-9):

m_in If < mi!1
Que =1 . Qs Qg;x;je Ny ;teT (17)
' Qi if Qy > QR
Pmin If P Pmin
Poo=i TS e (N, N, )iteT (18)
' P it P > By

4.5 Handling of Multiple Objectives

The bi-objective optimization problem can be transformed into
a single objective optimization problem by employing price
penalty factors. As per the defined [17]:

=

Then the normalized price penalty factor h, for a particular
load demand Pp (MW) is computed using linear interpolation
method. Now, the objectives detailed in Egs. (1) and (2) can
be combined by introducing h; and energy economic and
pollutant emission (CEEPE) objective function of HTS
problem can be defined as,

hmax =

(19)

NS

Minimize 3> F;, (P, )+, *E, (P, )

=1 i=1

(20)

5. SIMULATION AND RESULTS

The test system considered to conduct this experiment
composed by a cascaded four hydro plants where connected in
series, parallel and three thermal plants [6]. The total
scheduling period is 24 h with an hour interval for each
scheduling period and the power loss coefficients are taken
from the reference [7]. The control parameters of the ABC
algorithm have been adopted as that of Karaboga’s technical
report [18] for the present test systems. The developed
algorithm has been implemented using MATLAB software
package and the programs are executed on an Intel (R) Core
(TM) i5-4210C CPU, 1.70GHz, 4-GB RAM computer. The
obtained result of test system is compared with the previous
methods to validate the solution quality.

5.1 Combined Energy Economic and Pollutant Emission
Scheduling (CEEPES)

Here the conflicting objectives are combined using the Eq.
(20) and have optimized both energy cost (EC) at $
42809.8738 and pollutant emission release (PER) at
16402.3726 (Ib simultaneously. In this event, the optimal
hourly water discharge rate corresponding to minimum energy
cost and acceptable pollutant emission release obtained by
ABC is shown in Fig. 1. Consequently, hourly optimal hydro
plant generation scheduling and thermal generation scheduling
have been shown in Figures 2 and 3 respectively.

30— —o—Qn —— Qh2 —=— Qh3 —— Q]
[y ]

= n N
Ul o ol

Water Discharge 16'm®

[
o

5

1 5 “13 17 21 24
Scheduling period in Hr
Fig. 1: Hourly optimal water discharge obtained by

ABC for CEEPES

350 —®@— Hydro 1l —%— Hydro 2 —%— Hydro 3 —#— Hydro 4
[]
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- m / =
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Power generation in MW

1 é 1‘1 1‘6 2‘1 24
Time period in Hour

Fig. 2: Hourly optimal hydro plant generation

obtained by ABC for CEEPES
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5.2 Competency with other method Table 1: Comparison of optimal values concerning ABC with
) ) other methods
The best solution was obtained for CEEPES case have been

compared in the Table 1, As seen from the result, all the Methods EC ($) PER (Ib)
algorithms try to minimize energy cost in the desired values | DE[3] 4491351 19614.88
and pollutant emission release in to acceptable value. MODE[4] 49677.15 22615.31
However, the proposed ABC outperforms other contestant |PSO [5] 43334.38 18117.09
algorithm reported in the literature in view point of pollutant |SOHPSO_TVAC [12] 43045.33 17002.94
emission reduction and it is able to schedule the hydrothermal | SA-MOCDE [14] 43165.12 17464.35
system with compromised minimum energy cost and [IGSA[15] 43299.75 17868.69
agreeable emission release in CEEPES case. Likewise, the |DCPSO[16] 42118.58 16526.95
proficiency of proposed ABC method is compared pictorially HCRO[17] 42801.64 17623.01
in Fig. 4, in the Fig. thirty compromised non-inferior solutions ABC 42809.87 16402.37
obtained by ABC, SA_MOCDE and IGAS were distributed in "
Fhe o_peratlona_l space. It_|s clearly seen in the Fig. 4 th_at non- e ‘ e SAMOCOE
inferior solutions obtained by ABC has good diversity ! ——x—— I1GSA
distribution and dominate those obtained by other three Y Y ABC
approaches. Furthermore, it reveals that ABC is better to % *
optimize both two objectives and efficient in solving SHTS s |y ® %
problem. % 1851 \ o. *Xx
£ b He
3504‘ —#®— Thermall —®— Thermal2 —¥— Thermal3 g v .~‘ * Hoxy
Y ‘2 1.751 '\ Kk *k
I\ ‘g A4 ° kKK KKK
s‘ N X et n
. Vv L 2o Y ° °
L W
E 1.65 vVvv
g Mas
£ S
3 1.55 : : :
(2 4.2 4.3 4.4 4.5 4.55
% Fuel Cost in $ ¥ 10°
= Fig. 4: Distribution of the non-inferior solutions of
ABC and solutions of other methods

Table 2: Descriptive statistics for compromised

I I I I
1 6 11 16 21

Time period in Hour values over schedule horizon
Energy Cost in $ Pollutant
Fig. 3: Hourly optimal thermal plant generation Ra Emission (Io) | .
obtained by ABC for CEEPES Methods Mea | Std. | Std nk Mea | Std. | Std nk
n Dev | Err n Dev | Erro
Moreover, it is noticed that there is no significant savings in or r
g g DE[3] 1871, | 400, |836| 8 | |817.|478.|976] 8

energy cost as compared with DCPSO [16] and HCRO [17] 20 | 69 | 3 29 | 15 | 0
but there is praiseworthy pollutant emission reduction 124.58 MODE[4] 20691393, 1802 6 942 1508

(Ib) and 1220.64 (Ib) respectively. If these two methods have 88 | 23 | 7 30 | 68 1333' °

tried to reduce the pollutant emission further the PSO [5] 1805. | 432. 1883 | 9 754. | 449. | 917 | 7

corresponding energy cost will be certainly greater than what 60 | 66 | 2 88 | 26 | O

the ABC algorithm has obtained. SOHPSO_T [1793.|393.(80.3| 7 708.|386.| 789 | 6
L. . VAC [12] 56 | 53 | 3 46 | 98 | 9

5.3 Descriptive statistics SA-MOCDE | 1798. | 287. |585| 2 | |727.]302. [61.7| 3

A descriptive statistical test was carried out using SPSS [14] 5 | 09 68 1 36 | 2

software with optimized value of compromised energy cost IGSA[L5] 1?%4' zgg ' 586'9 3 7;; ' Zgg ' 6%2 2

and pollutant emission over schedule horizon and the DCPSO[16] | 1754, | 345. [705| 4 688. 1327 [ 668 | 2

experimental results were presented in Tables 2. 94 | 41 | 1 62 | 63 | 8
HCRO[17] [1783.]348.[71.0| 5 ||734.|340.[69.4] 5

40 03 | 4 29 | 22 5
ABC 1783.| 280. |57.1| 1 683.]288.|589| 1

74 10 | 8 43 | 84 6
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Furthermore, the ranking of each optimization was tabulated
according to standard deviation to help provide a clear picture
of the consensus reached by the optimization technique. As
ABC algorithm have the lowest standard deviation, it is
ranked first. Additionally, the smallest standard error suggests
that most sample means are similar to the population mean
and so the sample is likely to be an accurate reflection of the
population.

6. CONCLUSION

Energy economic and environmentally conscious operation of
hydrothermal power system offers tough challenges, hence the
HTS problem is formulated as bi-objective framework and
normalized price penalty approach has been applied to convert
this into single objective optimization problem. Then an
artificial bee colony algorithm was employed and optimum
generation schedule have been obtained in order to meet the
energy demand while considering CEEPE scheduling
simultaneously. Moreover, complicated hydraulic and electric
system constraints were handled effectively which means that
the available water resources have been fully utilized in order
to minimize energy cost of thermal plant consequently
pollutant emission reduces considerable amount. The
comparison of numerical results and trade-off curve shows
that the algorithm provides a competitive performance in
distribution of true front. Further, statistical analysis has
confirmed the performance of ABC algorithm as it holds first
rank among listed literature while CEEPE scheduling.
Therefore, it can be concluded that ABC has the potential to
produce highly optimal hydrothermal schedule in more
efficient manner without premature convergence, offers not
only considerable savings in energy cost but also huge
reduction in pollutant emission release
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