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Abstract—Since environmental requirements have penetrated the power system, its operation needs to 
consider the fossil burning together with reducing running charges of the fuel consumption.Technically, 
atmospheric emissions should be controlled economically at thermal power plants for 24 hours associated 
with a dynamic economic dispatch (DED). Thunderstorm algorithm (TA) is used to solve the DED 
problem considered an over rate emission coefficient applied to IEEE-62 bus system as a tested model. 
Moreover, this work also uses technical and environmental requirements of the operation. Simulation 
results show that TA can be used to obtain the optimal solution. The computational speed is performed in 
a smooth characteristic while searching the solution of the DED, which is carried out in hourly results. 
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I. INTRODUCTION 

In general, power system operations are imposed in generation sections; transmission sections; distribution 
sections; and load sections, for conveying energy from generating sites to usage areas under a certain condition. 
Technically, these systems are operated using various strategies to exist generating units and to control power 
delivery processes. In addition, these processes are also operated to produce energy within a suitable power 
sharing for each power plant. In detail, the operation is conducted to technical and environmental constraints 
while distributing power outputs to load centres. Focused on these limitations, the environmental requirement is 
included in the operation especially at thermal power plants for reducing pollutants [1]-[4]. Moreover, pollutants 
are measured in an emission standard for decreasing and controlling various gaseous materials in air, such as 
CO; CO2; SOx; and NOx[4]-[9]. In particular, technical limitations are also used to put desired power outputs in 
a scheduled permitted portion at generating units and power transfers at the lines in order to control and monitor 
the operation. In fact, the existed power system spends a certain budget for the energy production and 
infrastructure maintenance associated with generation sections; transmission sections; distribution sections. 
Financially, power plants take a role for this contribution spent in the fuel procurement at the all period time 
operation. Recently, it becomes one of the most important problems in the power system operation to reduce the 
technical cost through unit commitments. By considering this condition, the cost optimization is a significant 
case to obtain the best schedule and to meet the load demand under operational limitations belonged to equality 
and inequality constraints for the 24 hours operation [1]-[5], [8], [10]-[15]. 

To treat the whole operation for 24 hours, the power system operation becomes complex problems managed 
using economical cost strategies to provide electric energy and to match operational limitations. These strategies 
are used to select a better decision considered the minimum total operating cost as an economic load dispatch 
(ELD). Many studies have been reported concerned in the optimal operating cost based on the ELD[1], [7]-[8], 
[11]-[12], [14], [16]-[19]. Nowadays, the economic operation becomes more dynamic and interested issues to 
assess hourly performances related to demand changes under various themes; constraints; and requirements. In 
particular, it needs to plan economically based on complexity problems considered numerous limitations with 
the environmental penetration [5]-[7], [13], [20]-[23]. Practically, the load demand is growth from present hour 
to next hour during the operation. It will give an impact to power plants for producing energy at the whole 
operation. Regarding this behaviour, it becomes a crucial case to decide generation sites based on the balance of 
users and producers. By considering the power balance, the ELD is expanded to dynamic problems for 24 hours 
as a dynamic economic dispatch (DED) which is oriented to decrease the operating cost and pollutant 
production at the same time [20]-[23]. Many previous works have been focused on the DED solved using 
intelligent computation methods. These methods are frequently used to bring out the problems. It has shifted the 
classical method implementations, for instance, robust heuristic method; artificial immune system; neural 
network; particle swarm optimization; and harvest season artificial bee colony algorithm [20], [22]-[26]. 
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Mathematically, the ELD is developed using a fuel consumption function to present generating unit processes 
while producing power outputs under technical constraints. This function is continued to adopt pollutant 
productions at thermal power units at the same duration as the impact of the environmental requirement to 
decline emissions in the air [7]-[9], [14]-[15]. In detail, this function uses a penalty factor to convert the 
emission production into a financial function and a weighting factor to take a portion of contributions on the 
ELD. Furthermore, this function is also modified to become a DED problem considered demand changes and 
hourly limits of productions. To carry out the objective function of the DED, in this paper, a new penalty factor 
approach is explored to cover the emission production and the fuel consumption. This paper also discusses 
thunderstorm algorithm (TA) as a new evolutionary algorithm to solve the DED problem. 

II. OVER RATE EMISSION COEFFICIENT 

In principles, the DED covers multiple operations considered hourly demand changes and sustainable power 
units online the system with available combinations for 24 hours. This problem is concerned in the power 
changes corresponded to ramp limits for allowing generation sites in permitted power changes while producing 
power outputs for the all period time operations under technical constraints [4], [20]-[22], [24], [27]. These 
limitations are also used to maintain mechanical effects in the rotor system during producing power outputs. By 
considering ramp limits, generating units are operated in allowed ranges of power changes to keep the life of the 
rotor [20], [22]. In this case, the DED cannot be solved as a single function and it is executed by considering 
several limitations, such as an equality power; power flows; losses; power limits; voltages; power transfers; 
ramp limits; and so on. Mathematically, in these works, the functions are studied as follows: 
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Where t is period intervals of time (t=1, 2, 3, …, T), T is a total time operation, FCt
total is total fuel cost of 

generating units ($/hr) at the tth of time, Pi
t is output power of ithgenerating unit during time interval t (MW), ng 

is total number of generating units, ai, bi, ci are fuel cost coefficients of ith generating unit, EMt
total is total 

emission of generating units (kg/hr) at the tth of time, αi, βi, iare emission coefficients of ith generating unit, 
t

total is DED ($/hr) at the tth of time, the ht is a penalty factor at the tth of time, w is a compromised factor, PDt is 
power load demand during interval t, PLt is transmission loss during time interval t,PGp

tandQGp
tare power 

injection of load flow at bus p during time interval t, PDp
tandQDp

tare load demand of load flow at bus p during 
time interval t, Vp

tand Vq
tare voltage at bus p and q during time interval t,Pi

min is minimum output power of the 
ith generating unit, Pi

max is maximum output power of the ith generating unit, Qi
max and Qi

minare maximum and 
minimum reactive power of ithgenerating unit, Qi

t is reactive power output of ith generating unit during time 
interval t (Mvar), Vp

max and Vp
minare maximum and minimum voltage at bus p, Spq

t is power transfer between 
bus p and q during time interval t (Mvar), Spq

max is limit of power transfer between bus p and q, UDi is up ramp 
limit of ithgenerating unit and DRi is down ramp limit of ithgenerating unit.  

In addition, to present a dynamic problem, a penalty factor is one of the important variables for including the 
emission. This factor transfers the pollutant discharge into a financial compensation as an operating cost 
consequent for the emission at the thermal power plant. For a couple of years, a previous penalty factor 
approach has been used to define an environmental involvement in the total cost of fuel consumptions at 
generating units. This factor corresponds to maximum capacities of generating units online the power system 
while producing power outputs to serve the power demand and it refers to the ascending order technique [6], 
[14], [28]. In this section, a new penalty factor approach is explored as a dominant penalty factor (DPF) which is 
assumed that dominations of pollutant discharges come from larger emissions of generating units exceeded the 
allowed emission [4]. To show larger contributors, an over rate emission coefficient (OREC) is discussed in 
accordance to the produced emission. For each hourly process, it is performed using following expressions:  
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Where ORECz
t  is the over rate emission coefficient at the tth hour of the zth iteration; TPEzs

t  is the total 
produced emission at the tth hour of the sth generating unit of the zth iteration (kg/h); TAEzs

t  is the total allowed 
emission at the tth hour of the sth generating unit of the zth iteration (kg/h); gu is the number of generating units at 
the tth hour of the zth iteration; nGz

t  is the number of generating units at the tth hour of the zth iteration exceeded 
the allowed emission; t is period intervals of time (t=1, 2, 3, …, T), T is a total time operation; hz

t  is a penalty 
factor set at the tth hour of the zth iteration ($/kg); hGzs

t  is the individual penalty factor at the tth hour of the sth 
generating unit exceeded the allowed emission of the zth iteration step ($/kg); dhz

t  is the dominant penalty factor 
at the tth hour of the zth iteration ($/kg); and rhz

t  is the selected hGzsat the tth hour of the zth iteration for the 
highest TPEzs. 

III. THUNDERSTORM ALGORITHM 

Many entities and mechanisms in nature have been adopted as an inspiration for presenting hierarchies and 
procedures while developing intelligent computations. Presently, natural behaviors and mechanisms become 
more attracting topics as previous works with numerous discussions for searching suitable models and 
understanding the natural phenomenon [1], [4]-[6], [9]-[10], [12], [14], [17]-[19]. In this section, thunderstorm 
mechanisms are adopted as an inspiration to construct TA presented in several stages and procedures. These 
mechanisms are mimicking the natural phenomena influenced by cloud conditions and potential factors for 
developing the striking line and streaming path [29]-[33]. The searching mechanism of TA for selecting 
solutions is conducted to striking processes and channelling avalanches for releasing the charge population. 
Moreover, TA also consists of various deployed distances associated with a hazardous factor (hf) for controlling 
positions of striking targets. 

 
Fig. 1. Hierarchy processes of thunderstorm algorithm for each phase 

In principle, the sequencing computation of TA is given in several mechanisms as pseudo-codes in terms of 
Cloud phase, Streamer phases, and Avalanche Phase [13], [34]. Cloud Phase covers for the creation of the 
clouds, evaluation of the clouds, and the defining pilot leader. Streamer Phase is used to select the prior streamer, 
generate striking directions, evaluate the striking path, and define the streaming track. Avalanche Phase is 
applied to evaluate the channels, replace the streamer, and keep the channel.  

In detail, these mechanisms are illustrated in Fig. 1. Mathematically, TA is designed as follow: 

Cloud charge: Qୱ୨
୫ ൌ ሺ1 ൅ k. cሻ. Q୫୧ୢ୨

୫ , 
 (16)  
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where Qsj is the current charge, k is the random number with [-1 and 1], c is the random within [1 and h], Qmidj is 
the middle charges, s is the streaming flow, j  (1, 2, .., a), a is the number of variables, m is the cloud size, Dsjis 
the striking charge’s position, Qsdep is the deployed distance, n is the striking direction of the hth, h is the 
hazardous factor, b is the random within (1-a). 

IV. PROCEDURES AND TESTED MODEL 

In these works, a standard model is adopted as a sample system conducted to the previous studies using 
IEEE’s models. TheIEEE-62 bus system is selected for demonstrating TA to solve the DED problem considered 
various constraints. In detail, this system is structured using62 buses; 89 lines; and 32 load buses as illustrated in 
Fig. 2 as reported in [13], [34]. Furthermore, TA will be run in several programs covered the main program; 
evaluate the program; cloud charge program; streamer program; avalanche program; and dead track program. 
These programs will be integrated with its parameters in terms of 1 of the avalanche; 50 of the cloud charge; 
100 of the streaming flows; and 4 of the hazardous factor. In addition, sequencing steps of TA are given in Fig. 
3 with integrating phases to search the optimal solution. Respectively, coefficients and limits of generating units 
are given in Table I covered for the fuel consumption; emission; maximum and minimum powers including 
ramp limits. For the whole operation, hourly loads are modelled as listed in Table II. 

TABLE I.  Coefficients and Limits of Generators 

Gen 
FuelCoefficient Emission Coefficient Power limits 

a b c    Pmin Pmax Qmin Qmax DRi URi 

G1 0.0070 6.80 95 0.018 -1.81 24.30 50 300 0 450 65 102 

G2 0.0055 4.00 30 0.033 -2.50 27.02 50 450 0 500 65 153 

G3 0.0055 4.00 45 0.033 -2.50 27.02 50 450 -50 500 65 153 

G4 0.0025 0.85 10 0.014 -1.30 22.07 0 100 0 150 25 34 

G5 0.0060 4.60 20 0.018 -1.81 24.30 50 300 -50 300 65 102 

G6 0.0055 4.00 90 0.033 -2.50 27.02 50 450 -50 500 65 153 

G7 0.0065 4.70 42 0.013 -1.36 23.04 50 200 -50 250 65 68 

G8 0.0075 5.00 46 0.036 -3.00 29.03 50 500 -100 600 65 170 

G9 0.0085 6.00 55 0.040 -3.20 27.05 0 600 -100 550 75 204 

G10 0.0020 0.50 58 0.014 -1.30 22.07 0 100 0 150 25 34 

G11 0.00450 1.60 65 0.014 -1.25 23.01 50 150 -50 200 65 51 

G12 0.00250 0.85 78 0.012 -1.27 21.09 0 50 0 75 25 17 

G13 0.00500 1.80 75 0.018 -1.81 24.30 50 300 -50 300 65 102 

G14 0.00450 1.60 85 0.014 -1.20 23.06 0 150 -50 200 75 51 

G15 0.00650 4.70 80 0.036 -3.00 29.00 0 500 -50 550 75 170 

G16 0.00450 1.40 90 0.014 -1.25 23.01 50 150 -50 200 65 51 

G17 0.00250 0.85 10 0.014 -1.30 22.07 0 100 0 150 25 34 

G18 0.00450 1.60 25 0.018 -1.81 24.30 50 300 -50 400 65 102 

G19 0.00800 5.50 90 0.040 -3.00 27.01 100 600 -100 600 130 204 

a: $/MWh2, b: $/MWh, : kg/MWh2, : kg/MWh, P:MW, Q: MVar, DR& UR: MW 
 

ISSN (Print)    : 2319-8613 
ISSN (Online) : 0975-4024 A.N. Afandi et al. / International Journal of Engineering and Technology (IJET)

DOI: 10.21817/ijet/2017/v9i6/170906018 Vol 9 No 6 Dec 2017-Jan 2018 4383



 
Fig. 2.IEEE 62-bus system                           Fig. 3. Sequencing computations of TA 

TABLE II.Hourly load demands 

Morning Load Day Load Night Load 

Hour MW MVar Hour MW MVar Hour MW MVar 
01.00 1,701.7 741.3 09.00 2,456.0 1,079.0 17.00 2,446.2 1,074.8 

02.00 1,828.1 796.8 10.00 2,716.9 1,236.3 18.00 2,722.0 1,107.8 

03.00 2,165.0 943.5 11.00 2,892.0 1,269.3 19.00 2,871.6 1,173.1 

04.00 2,221.2 968.1 12.00 2,746.7 1,206.1 20.00 2,751.6 1,208.2 

05.00 2,466.2 1,074.8 13.00 2,671.6 1,173.1 21.00 2,581.7 1,133.8 

06.00 2,221.2 968.1 14.00 2,201.2 968.1 22.00 2,243.3 986.3 

07.00 2,316.0 1,009.5 15.00 2,371.1 1,041.8 23.00 1,906.4 839.6 

08.00 2,371.1 1,041.8 16.00 2,406.2 1,055.8 24.00 1,505.5 805.2 

By considering the DED’s function and TA’s parameters, the tested system is executed using10% of the loss 
limit, 0.5 of the weighting factor, and 0.85 kg/hMW of the emission standard. These studies are also conditioned 
by other constraints to search the suitable solution within  5% of voltage violations, 95% of the power transfer 
capability, and banded on upper and lower power outputs with the ramp allocations. 

V. RESULTS AND DISCUSSIONS 

As mentioned before, these studies are used to solve the DED problem considered various loads and it is also 
used to evaluate the implementation of TA on the DED problem constrained by various limitations. In addition, 
these works are also used to demonstrate role of the OREC in the DED. In this section, TA is given in several 
performances for presenting its ability while solving the DED problem considered all constraints and parameters. 
All designed programs have been executed in an integrated sequencing order to obtain optimal solutions within 
100 streaming flows for 24 hours. In detail, results are presented respectively in several indicators for 
illustrating the computation while searching the optimal solutions.  
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Fig. 4.The 1st Cloud’s charges            Fig. 5. The 2nd Cloud’s charges 

 
Fig. 6.The 3rd Cloud’s charges                                                           Fig. 7. The 4th Cloud’s charges 

 
 
Fig. 8.Speeds of the odd computation                                           Fig. 9.Speeds of the even computation 
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Fig.10. Obtained hourly optimal streaming                    Fig. 11. Progressing dynamic factors and ORECs 

 

 
 
Fig. 12.Hourly power productions                                          Fig. 13.Hourly produced power balance  

 

 
 
Fig. 14.Number of over emission contributors for each step           Fig. 15. Number of dominant pollutant producers for each hour 

 
By considering 4 of the hazardous factor, TA has generated multiple striking directions at the streamer phase 

at all period time operations. Focused on solution candidates, four sets of the cloud are depicted in Fig. 4 to Fig. 
7 for the possibility combination of 19 generating units as the population sets. These charges are provided in 50 
pairs of suitable unit commitments for partial individual clouds. Moreover, Fig. 8 and Fig. 9 show 
characteristics of each computation while searching the optimal solution for each step. From these 
characteristics, it can be known that the processes are run in quick and smooth steps for 100 streaming flows. 
The optimal point for each step is provided in Fig. 10 for the solution shortly. This performance illustrates that 
hourly computation has an own obtained iteration for the optimal solution.  

In particular, these works are addressed to find out unit commitments of 19 power stations for serving 
numerous demands as listed in Table II. By considering this hourly load, the power balance is given in Fig. 13. 
This performance is developed using 19 generating units throughout the optimal solution of the DED problem 
for covering loads and losses as listed in Table III. In detail, the own power production of the committed power 
producers is presented in Fig. 12. This result illustrates the combination for supporting the power system 
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operation within 24 hours to meet each load demand. As the impact of these productions existed power plants 
also produce pollutants discharges in air. 

TABLE III.  Hourly operational results of optimal solutions 

Hour 
Power (MW) Loss Emission (kg) Operating 

Cost ($/h) Load Gen MW % Product Standard Discharge 
01.00 1,701.7 1,863.9 162.2 8.7 1,947.5 1,584.3 174.5 8,013.7 
02.00 1,828.1 1,988.7 160.6 8.1 2,233.5 1,690.4 83.0 8,330.5 
03.00 2,165.0 2,368.8 203.8 8.6 5,767.4 2,013.5 1,423.1 11,097.6 
04.00 2,221.2 2,393.9 172.7 7.2 6,169.9 2,034.8 1,554.7 11,359.7 
05.00 2,466.2 2,698.9 232.7 8.6 9,429.8 2,294.1 2,967.7 14,351.4 
06.00 2,221.2 2,392.1 170.9 7.1 5,552.4 2,033.3 1,483.4 11,886.8 
07.00 2,316.0 2,530.6 214.6 8.5 5,998.9 2,151.0 1,656.8 12,631.1 
08.00 2,371.1 2,598.5 227.4 8.8 8,033.4 2,208.7 2,192.9 12,644.8 
09.00 2,456.0 2,664.0 208.0 7.8 7,772.4 2,264.4 2,175.7 13,468.1 
10.00 2,716.9 2,947.4 230.5 7.8 13,198.9 2,505.3 4,702.0 17,189.8 
11.00 2,892.0 3,160.7 268.7 8.5 15,094.8 2,686.6 5,724.1 19,598.5 
12.00 2,746.7 3,004.9 258.2 8.6 13,949.8 2,554.2 5,331.7 18,445.1 
13.00 2,671.6 2,877.2 205.6 7.1 12,186.2 2,445.6 4,043.8 15,897.5 
14.00 2,201.2 2,405.1 203.9 8.5 5,046.4 2,044.3 935.8 11,302.7 
15.00 2,371.1 2,556.3 185.2 7.2 6,844.3 2,172.9 1,884.4 12,757.0 
16.00 2,406.2 2,631.3 225.1 8.6 9,457.9 2,236.6 2,926.9 13,529.1 
17.00 2,446.2 2,663.2 217.0 8.1 8,814.8 2,263.7 2,681.9 14,161.3 
18.00 2,722.0 2,971.1 249.1 8.4 16,910.6 2,525.4 6,318.2 18,049.6 
19.00 2,871.6 3,140.0 268.4 8.5 19,372.6 2,669.0 7,548.4 20,610.6 
20.00 2,751.6 2,951.5 199.9 6.8 13,314.0 2,508.8 4,644.9 16,985.7 
21.00 2,581.7 2,856.7 275.0 9.6 10,186.7 2,428.2 3,533.1 16,632.4 
22.00 2,243.3 2,455.1 211.8 8.6 5,650.7 2,086.8 1,041.1 11,057.6 
23.00 1,906.4 2,092.9 186.5 8.9 2,791.7 1,779.0 168.3 8,921.8 
24.00 1,505.5 1,634.9 129.4 7.9 944.7 1,389.7 4.5 7,031.1 
Total 56,780.5 61,847.7 5,067.2 206,669.3 52,570.6 65,200.9 325,953.5 

By considering pollutant discharges, Fig. 14 shows produced pollutants exceeded the standard for each step. 
According to Fig. 14, the contributor of the OREC comes from different portions in the power unit commitment. 
For this process, the involvement in the DED is presented in Fig. 15 depicted for 24 hours related to the 
hazardous factor. In detail, its production is listed in Table III for the emission within 24 hours included powers 
and operating costs. From this table, it is known that a day operation produces totally the power output around 
61,847.7 MW to serve 56,780.5 MW of the total load. This power is also absorbed by the lines while 
transmitting energy to users around 5,067.2 MW, even it is still under 10% as required for the loss. For 24 
hours, this operation spent the load in 325,953.5 $ for the fuel consumption and the emission compensation of 
65,200.9 kg. In addition, power plants discharge the total emission in 206,669.3 kg which is limited by 52,570.6 
kg. 

VI. CONCLUSIONS 

This paper presents an application of Over Rate Emission Coefficient (OREC) and Thunderstorm Algorithm 
(TA) to the optimal solution of the dynamic economic dispatch (DED) problem using IEEE-62 bus system as 
the tested model. The DED is constrained by operational limitations and an emission standard for 24 hours. 
Obtained results show that power outputs are produced hourly in various portions as same as emission 
discharges or financial usages. Based on the results, TA obtained the optimal solution in different speeds and 
iterations for the DED. The OREC and emissions product have been also contributed in different number of 
participants for each hour and step. From these works, an application on a real large system is devoted to the 
future studies. 
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