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บทคัดยอ 
บทความนี้เปนศึกษาวิธีการประยุกตใชวิธีดีคอนโวลูช่ันในการจัดทําแผนการเดินเครื่องโรงไฟฟาที่มี

พลังงานจํากัด โปรแกรมคอมพิวเตอรรับการไดพัฒนาขึ้นโดยมีการนําความนาจะเปนที่โรงไฟฟาจะหยุด
เดินเครื่องโดยไมไดวางแผนไวมาพิจารณาในการสรางแบบจําลองของกําลังติดตั้งทั้งหมด และวิธีดีคอนโวลูช่ัน
ไดถูกนํามาใชในการจัดทําแผนการเดินเครื่องโรงไฟฟาที่มีพลังงานจํากัดใหเกิดมูลคาน้ําสูงสุด โปรแกรมที่พัฒนา
ไดถูกทดสอบกับระบบไฟฟาของประเทศไทย โดยผลการทดสอบโปรแกรมแสดงใหเห็นวาวิธีดีคอนโวลูช่ัน
สามารถทําใหใชพลังงานที่ถูกระบุไวของโรงไฟฟาที่มีพลังงานจํากัดไดหมดอยางเหมาะสม สงผลใหเกิดตนทุน
การผลิตรวมต่ํากวากรณีที่ไมไดใชวิธีดีคอนโวลูช่ัน วิธีดีคอนโวลูช่ันจึงมีประสิทธิผลในการชวยจัดตาราง
เดินเครื่องโรงไฟฟารายวันในกรณีของโรงไฟฟาที่มีพลังงานจํากัดได  

 

คําสําคัญ: โรงไฟฟาที่มีพลังงานจํากัด การสรางแบบจําลองของกําลังติดตั้ง เสนกราฟภาระชวงเวลาเทียบเคียง  

    คอนโวลูช่ัน ดีคอนโวลูช่ัน 
 

ABSTRACT 
 This paper investigates a practical application of deconvolution technique-based optimal scheduling for 
limited energy units (LEUs). The computer program is developed so that the probabilities of unit outage are 
taken into account by capacity model building, and the deconvolution technique is used to determine the 
optimal scheduling for LEUs. The program has been tested with the simplified Thailand power system.  
The results show that the deconvolution technique-based optimal scheduling for LEUs can dispatch all daily 
energy specified at the optimal condition leading to the lower daily operating cost than that without 
deconvolution calculation. The method can effectively associate the unit commitment problem as a preliminary 
scheduling for LEUs.  
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1. Introduction 
 In a power generation scheduling, the operating costs of the units can be found by loading the units 
under their corresponding equivalent load duration curves (ELDCs) according to the fuel cost and computing 
the energy generated by each unit (Electricity Generating Authority of Thailand, 2008). The algorithm can 
easily be implemented if the energy generated by each unit is not limited and its operating condition is only 
based on its generating capacity and availability, for example, coal-fired, oil fired, gas turbines and nuclear 
units. However, there are units whose energy is constrained by some other factors. Such units are categorized as 
limited energy units (LEUs) or assigned energy (AE) units. In case of hydroelectric plants, this constraint may 
be due to limited reservoir size, run-of-the-river constraint or seasonal rainfall limitation. The cost associated 
with production of this energy is typically very low and it is most advantageous to use all of the available 
energy. In case of a fossil fueled units, the constraint may be due to limited fuel supply or the limits on 
emissions. In case of nuclear, the constraint may be due to insufficient core energy which prevents the unit 
being run on base load. Beside this energy constraint, the LEUs are also limited by its generating capacity and 
availability. 

In Thailand, the electricity supply industry is presently a vertically integrated structure. The Electricity 
Generating Authority of Thailand (EGAT) owns and operates transmission network and most of the 
generations. The Metropolitan Electricity Authority (MEA) and the Provincial Electricity Authority (PEA) own 
and operate geographical distribution systems. Since 1990, the private investment in the generation sector 
through small power producers (SPPs) and independent power producers (IPPs) programs has been successfully 
introduced. Both SPPs and IPPs sell the electricity to EGAT based on the long term power purchase agreements 
(PPAs). EGAT is a single buyer who subsequently sells the electricity to the MEA, PEA and limited number of 
direct consumers. Fig. 1 shows the structure of present Thai power system. As of fiscal year 2008, hydro power 
shares about 12% of total power generation in Thailand. In Thailand, hydro power plants scheduling are strictly 
based on irrigation requirement. The reservoirs discharge volumes are specified by the Royal Irrigation 
Department (RID) on daily basis. Therefore, hydro power plants can be modeled as the ELUs and it is 
productive to develop the tool for optimal scheduling of the hydro generating units. 
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Fig. 1 The structure of present Thai power system 

 
Many techniques have been proposed to determine optimal scheduling of LEUs in power systems. 

Bloom (J. A. Bloom, 1981) proposed an iterative decomposition type framework where reservoir utilization 
decisions were made by linear programming master problem and associated marginal costs and benefits were 
evaluated by a subproblem. The algorithms required multiple solution of subproblem to find the optimal usage 
of reservoirs. Some heuristic and artificial based optimization techniques have also been applied to solve the 
optimal hydro-thermal scheduling (A. Rudolf and R. Bayrleithner, 1999:  1460-1468, N. J. Redondo and A. J. 
Conejo, 1999:  89-95, Chaa-An Li, et. al., 1998:  1051-1056, Xaiomin Bai and S. M. Shahidehpour, 1996, 968-
974) Hydro-thermal, scheduling by tabu search and decomposition. However, the probabilities of the unit 
outages are not included in the problem formulations. To incorporate the probabilities of the unit outages into 
optimal hydro generating units scheduling, the algorithm to optimize the reservoir utilization by probability 
production costing has been proposed by Malik and Cory (A. S. Malik and B. J. Cory, 1996: 546-552). 
Nevertheless, the framework for applying the technique to practical problem has not been fully developed due 
to its intensive mathematical computation. 
 In this paper, the program for computing the capacity model building and deconvolution for large 
generation systems is developed. The deconvolution technique is applied to determine an optimal daily 
scheduling of hydro power plant. The hydro generating units are model as LEUs. The energy specified of each 
hydro unit is compared with the calculated expected energy served (EES) to determine an optimal scheduling 
condition. The method is compared to the daily scheduling without deconvolution process. 
 

2. Problem Formulation for Optimal Scheduling of Energy Limited Units 
2.1 A Recursive Algorithm for Capacity Model Building 
With merit order operation, if generating units were completely reliable and thus always available when 

called upon to generate, the areas occupied by each unit under the original load duration curve (LDC) would be 
sufficient to determine unit specific generated energy. However, generating units are unanticipatedly forced out 
of service resulting in increased calls for generation on units higher in the merit order.  
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The increased demand for generation by a specific unit resulting from the forced outage rates (FOR) of 
all previously loaded units is accounted by modifying the LDC to reflect these forced outages.  This is 
accomplished by computing the equivalent load on a particular unit which is the sum of customer demand and 
forced outage of previously loaded generators. The cumulative probability distribution, or ELDC, gives the total 
probability that customer load plus the capacity on forced outage equals or exceeds a given value X when the 
generating system through the ith unit out of NG total units is being considered. 

Each time a unit is loaded, its forced outages have to be added to the current ELDC to derive the new 
ELDC which reflect the demand seen by the next unit in the merit order. This addition depends on the 
probability distribution characterizing the forced outages the unit. After the outages of all available units have 
been added to the customer load, the EENS may be obtained as an area under the resulting ELDC, thus 
providing a measure of system reliability.  The height of the same curve at the capacity point of the system is 
the loss of load probability (LOLP), that is, the expected proportion of time that customer demand may exceed 
available generating capacity. 

By a recursive algorithm for capacity model building [8], the cumulative probability of a particular 
capacity outage state of X MW or the equivalent load duration curve, after a unit generating at PGi MW and 
force outage rate FORi is considered, is given by, 

),( )()1()( 11 Giiiiii PXELDCFORXELDCFORXELDC −⋅+⋅−= −−                 (1) 
where, 

GiP  = the real power generation of unit i (MW),  
)( XELDCi  = the equivalent load duration curve when the unit i is considered, 

)( XELDC NG  = the equivalent load duration curve when all units are considered, 
)()(0 XLDCXELDC =  = the original system load duration curve, 

iFOR = the FOR of generator i, and 
ST = the step size used in the calculation (MW). 

Appendix A illustrates the probability table of the recursive algorithm for capacity model building. To 
generalize the algorithm, the step size (ST) used in this paper is one MW. Fig. 2 shows the ELDC after taken 
into account the units FOR. 
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Fig. 2 ELDC obtained by a recursive algorithm for capacity model building 

   
2.2 Deconvolution Process 
Deconvolution is the reverse process of convolution. From (1), to find the previous ELDC, with the 

outage of unit i removed from the ELDC, the outage of unit i can be deconvolved by rearranging (1) as follows, 

)(
1

 )(
1

1)( 11 Gii
i

i
i

i
i PXELDC

FOR
FORXELDC

FOR
XELDC −⋅

−
+⋅

−
= −−

,                      (2) 
Similarly on the ELDC, the outage effect of unit j, which was loaded previously and not necessarily 

adjacent to unit i can be removed by the following (3). The new ELDC ( /ELDC ) after the effect of unit j, can 
be computed as, 

)(
1

 )(
1

1)( '
11

'
1 Gji

i

i
i

i
i PXELDC

FOR
FOR

XELDC
FOR

XELDC −⋅
−

+⋅
−

= −−−

.                        (3) 
 

2.3 Expected Energy Served and Not Served 
The expected energy served by generator i is calculated by, 

∫
−

−⋅⋅−=
i

i

IC

IC
iii dXXELDCTFORES

1

)()1( 1

,                              (4) 
and the total daily operating cost is, 

∑∑
==

⋅==
NG

i
ii

NG

i
i ESPFCFCETC

11 ,                                            (5) 
The expected energy not served is calculated by, 

∫⋅=
θ

NGIC
NG dXXELDCTEENS )(

,                                            (6) 
where 
ESi = the expected energy served by generator i (MWh), 
T = total period under consideration (24 h), 
ICi-1 = the sum of capacity when the generating system through the i-1th unit is being considered with merit 
order operation (MW), 
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ICi = = the sum of capacity when the generating system through the ith unit is being considered with merit order 
operation (MW), 
FCi = Daily fuel cost of generator i (THB), 
PFCi = Per unit fuel cost of generator i (THB/MWh). 
EENS = the expected energy not served (MWh) 
ICNG = total installed capacity (MW) 

0)( == XELDCNG
Xθ

= the equivalent system peak load (MW). 
 

Does the EESj match the specified
energy of the jth ELU ?

Read Input Data; daily load curve, thermal power
generating units, and ELUs
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Have all ELUs been convolved ?

 j = j+1

Compute ELDC/ by deconvolving the jth ELU

STOP

YES

NO

YES

NO

 
Fig. 3 Computational procedure 

 
The computation of ESi and EENS is illustrated in Fig. 2. The deconvolution of each LEU is preceded 

until its EENS matches its daily energy assigned. The computational procedure is shown in Fig. 3. 
 

3. Simulation Results 
 The test data are arbitrarily chosen from historical data of Thailand power system. The data are 
simplified and unavailable data are chosen from standard values. There are 95 power generating units, including 
hydro plants taken into account in the simulation. SPP power plants are dispatched based on the power purchase 
agreements which are not based on its prices. They are modeled in the load curve based on the power purchase 
agreement to operate at full capacity from 08.00 a.m. to 08.00 p.m. on weekdays and at 65% of the full capacity 
from 8.00 p.m. to 8.00 a.m. on weekdays, and whole Saturday and Sunday. IPP and EGAT power plants are 
operated according to the merit order. The typical daily load curve of Thailand from EGAT is shown in Fig. 4. 
It is the load curve of peak day in fiscal year 2001 (23 April 2001). The load curve used for simulation is 
obtained from the peak load in last 6 years of 2008 with the peak of 21,235 MW. 
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Fig. 4 Daily load curve of Thailand 

 
Table 1 The summary results 

Item Case 1 Case 2 

System Peak Excluding SPPs (MW) 
EENS (MWh) 

LOLP 
LOLH (h) 

Total ES by hydro units (MWh) 
ETC (MTHB) 

2123.52 
301.97 

6.15x10-6 
1.48x10-4 

14647 
386.42 

2123.52 
0.023 

6.12x10-10 
1.47x10-8 

14647 
386.36 

 
There are two case studies which are;  
• Case 1: Hydro power plants are modeled in the load curve by using the equivalent MW from the 

historical water discharge data without using deconvolution techniques and 
• Case 2: Hydro power plants are convolved and deconvolved using the deconvolution technique.   
The ELDC with and without deconvolutions are shown in Fig. 5 and 6, respectively. Table 1 shows the 

simulation results including LOLP, LOLH, EENS, ETC, and the total ES of hydro generating units of Case 1 
and Case 2. In Fig. 5., the hydro power plants are modeled in the load curve and installed capacity excluding the 
hydro power plants and SPP is shown. In Fig.6., the hydro power plants are  loading in to the ELDC using 
deconvolution technique and the installed capacity including hydro power plant but excluding SPP is shown. 

In this simulation, the LOLP of scheduling with deconvolution is shown to be lower than that of 
scheduling without deconvolution leading to the lower LOLH and EENS. The optimal condition for hydro 
generating units scheduling is to operate them in between 1798.35 MW to 2140.77 MW of the load curve as 
shown in Fig.6. With the same EES of hydro generating units, the ETC of the optimal scheduling of using 
deconvolution is slightly lower than that without deconvolution. Despite the small daily saving of the Thai 
system, the total annual savings in THB could be substantial. This implies that deconvolution can efficiently 
utilize the specified energy of hydro generating units.  
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Fig. 5 the results from capacity model building without deconvolution (Case 1) 
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Fig. 6 The result from deconvolution for optimal scheduling of hydro generating units (Case 2) 

 

4. Conclusion 
 The deconvolution technique base optimal scheduling of LEUs in power system has been investigated. 
The method can efficiently determine the optimal scheduling of hydro generating units. The developed program 
is potentially applicable for preliminary scheduling of LEUs before solving the unit commitment problem.  
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