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Probabilistic Production Cost Simulation and 
Reliability Evaluation of Power System 

Including Renewable Generators 
Jintaek Lim, Student member, IEEE, Jinhwan Jang, Jaeseok Choi, Senior Member, IEEE,     

Kyeonghee Cho, and Junmin Cha Member, IEEE 

This paper proposes a method for reliability evaluation of 
power system including WTGs and SCGs. The use of 
convolution integral in order to construct the Effective Load 
Duration Curve (ELDC) considering the multi-state model of 
the WTG and SCG for probabilistic reliability evaluation and 
production simulation is presented in the paper. It is possible 
not only to evaluate of reliability of power system but also to 
calculate CO2 reduced by WTGs and SCGs using the 
proposed method. The reliability and economic credits 
meaning the reliability and economics contributed impacts of 
the renewable generators are described in this paper. 

  
Abstract--Renewable energy resources such as wind, wave, 

solar, micro hydro, tidal and biomass among others are 
becoming more important because of increasingly restricted 
environmental constraints. In order to evaluate the credits of 
economics and reliability of renewable generators, probabilistic 
reliability and production cost simulation methodology are very 
important. This paper presents a method suited for the purpose 
and presents details of a reliability evaluation study on a power 
system with wind turbine generators. Test results indicate the 
viability of the method. 
 

Index Terms-- Wind turbine generator, solar cell generator, 
reliability, production cost simulation, CO2 

Results from the case study indicate the usefulness of the 
method for reliability evaluation on power systems with 
WTGs and SCGs.  I.  INTRODUCTION 

HE utilization of renewable resources has been receiving 
considerable attention in recent years [1],[2]. This is due 

to the fact that these non-conventional energy units are 
environmental friendly and use sustainable energy. Wind 
energy and solar radiation in particular have been fast growing 
and is recognized as the most successful energy source of all 
available sources. As a result of available high capacities of 
wind turbine and solar cell generators, the generation costs are 
becoming competitive. A challenging task relates to their 
modeling. In order to evaluate the credits of economics and 
reliability of renewable energy generators, probabilistic 
reliability and production cost simulation methodology are 
important. The reliability and economics contributed impact of 
the renewable generators may be described as credit.  The 
two-state model for reliability evaluation, however, is not 
suitable for modeling wind turbine generators(WTGs) and 
solar cell generators(SCGs) because wind speed and solar 
radiation do not maintain a specified stable level. As a result, 
more complicated model is necessary and a multi-state model 
should be used[3].  

T II.  POWER OUTPUT MODEL AND OUTAGE CAPACITY TABLE OF 
WTG  AND SCG 

A.  Power-Wind speed Model of  WTG 
The theoretical power generated by a WTG is expressed as 

(1). 
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2
P C Vpρ= A

                               (1) 
where,  
P: power [W] 
Cp: power coefficient 
ρ: air density (1.225 kg/m3) 
V: wind velocity (m/sec) 
A: swept area of rotor disc (m2) 

 
Fig. 1 presents the typical relationship between the power 

output of a WTG and wind speed [2]-[5]. 
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Fig. 1.  Power output model of wind turbine generator 
 
where , 
Vci: the cut-in speed [m/sec]. 
VR: the rated speed [m/sec]. 
Vco: the cut-out speed [m/sec]. 
PR: the rated power [MW].  
 

B.  Outage Capacity pdf of WTG 

Fig. 2.  Outage capacity pdf from the wind speed model combined the WTG 
power output model 
 

C.  Power-SR Model of SCG 
Equation (1) is the general mathematical expression for the 

power curve of SCG [16]-[18]. The generated power Pbi(Gbi) 
corresponding to a given solar radiation Gbi for band i (i=1,…, 
Nb) can be obtained using (2) with Nb being the  total number 
of bands.   
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where,  
Pbi: Solar radiation-to-energy conversion function for solar 

radiation band i of the SCG [MW]  
Gbi: Forecasted solar radiation at band i [W/m2]  
Gstd : Solar radiation in the standard environment set 

usually as 1,000 [W/m2]  
Rc: A certain radiation point set usually as 150 [W/m2]  
Psn: Equivalent rated capacity of the SCG [MW] The operation state model of the WTG is necessary for 

reliability evaluation of power system including the WTG. 
The epistemic uncertainty of the WTG’s operation model 
results mainly from uncertainties associated with the supply of 
the wind speed rather than the forced outage uncertainty 
(aleatory) of the generator unlike the case with the convention 
generators [5]. Wind speed model is presented usually as 
Weibull pdf.  

 
Fig. 3 presents the typical relationship between the power 

output of a SCG and solar radiation(SR) [16-18]. 
 

The outage capacity probability density function(pdf) of the 
WTG can be obtained by combining the WTG’s power output 
model and the wind speed pdf model as shown in Fig. 2. This 
yields a multi-state model because the wind speed is 
distributed widely. The probabilities of identical power are 
cumulated. Therefore, the state number is different from the 
wind speed band number.  In this paper, the reliability indices 
for systems including WTGs are evaluated using the multi-
state model for the WTGs and the two-state model for the 
conventional generators.   
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Fig. 3 Power model of the SCG 
 

D.  Outage Capacity pdf of SCG 
The operation state model of the SCG is necessary for 

reliability evaluation of power system including the SCG as 
like as WTG.  
The outage capacity pdf of the SCG can be obtained by 

combining the SCG’s power output model and the solar 
radiation pdf model as shown in Fig. 4. This yields a multi-
state model because the solar radiations are distributed widely. 
The probabilities of identical power are cumulated. The 
situation is occurred over Gstd as shown in Fig. 4. Therefore, 
the state number is different from the solar radiation band 
number.   
In this paper, the reliability indices for systems including 

SCG are evaluated using the multi-state model for the SCGs 
and the two-state model for the conventional generators. 
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Fig. 4 Outage capacity pdf from the solar radiation model combined the SCG 

power output model 
 

E.  Rounding Method of Outage Capacity pdf of 
WTG and SCG 

 
The use of the original multi-state model in reliability 

evaluation, makes it difficult to perform practical studies as it 
is computationally expensive due to step size-related reasons 
[6]. A simplification of the model is therefore needed for 
reasonable computational requirements. In this paper, a 
simplification of the original multi-state model is proposed 
using linear rounding which shares the ratio of probability 
linearly. The rounding method is presented graphically in Fig. 
5 and mathematically described by (3) and (4). 

 
 

 
Fig. 5.  Illustration of the proposed rounding method 
 

III.  RELIABILITY EVALUATION AND PRODUCTION COST 
SIMULATION OF POWER SYSTEMS INCLUDING WTG  AND SCG 
 

Probabilistic reliability indices have been used extensively 
for generation expansion planning. The indices can be 
calculated by using the Effective Load Duration Curve (ELDC 
referred to in the following as Φ), (5) as given in [6].  
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where, 
⊗ : The convolution integral operator 
Φ0: Original inverted load duration curve (ILDC) 
x: Random variable of Φ  
NS: The total number of states 
foi: The outage capacity pdf of generator i 
qij: Forced outage rate (FOR) of generator i at state j 
Cij: Outage capacity of generator i at state j 
 

The basic reliability evaluation indices, namely the Loss of 
Load Expectation (LOLE), the Expected Energy Not Supplied 
(EENS), the Energy Index of Reliability (EIR) and 
probabilistic production energy(Ei), production cost(PCi), 
capacity factor(CFi) and total CO2 emissions, TCO2, are 
described using the effective load duration curve, Φ(x) by (6)- 
(12).  
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where,    
Lp : Peak load [MW]  
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ICi : Installed capacity of generator i [MW] 
ED : Total demand energy [MWh] 

where, NG : The total generator number  
∆P = Pk+1-Pk [MW] ΦNG : The final effective load duration curve 
k: State number of the simplified multi-state model 

iξ : CO2 emission coefficient of the i-th unit [Ton/MWh]  
i:  State number of the original multi-state model 
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IV.  FLOW CHARTS  
 
The step-by-step process for reliability evaluation of power 

systems including WTGs and SCG are shown in Fig. 6 and 
Fig.7 respectively.  

A.  Flow Chart for WTG 
 

 
Fig. 6.  A flow chart describing the proposed method 
 
 

B.  Flow Chart for SCG 
 

 
Fig. 7 The flow chart of the proposed method 

 

V.  CASE STUDIES 

A.  Case Study I- WTG 
 
The Jeju Island power system in Korea as shown in Fig. 8 

is used to demonstrate the usefulness of the proposed method. 
In Jeju Island, three wind farms(WF) are constructed at three 
different locations where are Halim (JCN), Sungsan (SSN) 
and Hangwon (HWN).   
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Fig. 8  Jeju power system in Korea 

 
TABLE I 

THE GENERATORS DATA OF JEJU ISLAND POWER SYSTEM 

Name Type Capacity
[MW] Num.

α 
[Gcal/
MW2h] 

β 
[Gcal/ 
MWh] 

γ 
[Gcal 
/hr] 

Fuel cost
[$/Gcal]

 CO2 
emission

[Ton/MWh]
FOR

1 HWN WTG 50 1 - - - - - - 
2 SSN WTG 30 1 - - - - - - 
3 HLM WTG 20 1 - - - - - - 

4* HVDC DC 75/ 
150* 2 0.004 1.512 45.207 43.300 0.65 0.010/

0.028*
5 NMJ3 T/P 100 2 0.004 1.512 45.207 43.300 0.65 0.012
6 JJU1 T/P 10 1 0.062 2.100 5.971 43.599 0.96 0.015
7 JJU2 T/P 75 2 0.003 1.832 30.231 43.599 0.70 0.012
8 HLM1 G/T 35 2 0.004 2.401 20.320 77.909 0.95 0.013
9 HLM1 S/T 35 1 0.004 2.401 20.320 77.909 0.95 0.013

10 JJU3 D/P 40 1 0.025 0.364 28.484 43.599 0.59 0.018
11 NMJ1 D/P 10 4 0.006 1.999 1.360 43.300 0.62 0.018

Total 945 18 - - - - -  
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Fig. 9  Pattern of hourly peak load variation curve in the case 

 
The data of Jeju island power system and actual CO2 

emission data in 2008 year were used as input data as shown 
in Table I. The system load duration curve in 2008 year of 
Jeju Island was used as shown in Fig. 9 and the peak load is 
681MW. The data related to the three wind farms are given in 
Table II. Table III shows the results of case studies to compare 
with reliability indices, production cost and CO2 emission of 
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power system after adding WTG. It is assumed that CO2 
emission cost is 24$/Ton referred EU emission trading market 
price[7]. The total reduced cost, not only production cost but 
also environment cost, is 30.16M$/year by adding WTG. 
Table IV and V show the production energy, capacity factor, 
production cost and CO2 emission of each generator in detail. 

 
TABLE Ⅱ 

THE DATA OF EACH WF 
WF Name HLM-WF SSN-WF HWN-WF 

WTG capacity 20MW 30MW 50MW 
Cut-in speed(Vci) 5m/sec 5m/sec 5m/sec 
Rated speed(VR) 14m/sec 15m/sec 16m/sec 

Cut-out speed(Vco) 25m/sec 25m/sec 25m/sec 
Wind speed range 0~35 0~40 0~45 
Mean wind speed 6.4 7.6 8.5 
Standard deviation 9 10 11 

 
TABLE Ⅲ 

RESULTS OF CASE STUDIES 

 without WTG with WTG difference
SRR [%] 24.08 38.77 14.69

EENS [MWh/year] 83.92 44.52 39.4 
LOLE [hours/year] 2.25 1.26 0.99 

Total production cost [M$/year] 426.91 400.75 26.16
Total CO2 Emission [103Ton/year] 2,727.88 2,561.31 166.57
Total CO2 Emission Cost [M$/Ton] 65.47 61.47 4 

 
 

TABLE Ⅳ 
PRODUCTION ENERGY AND CAPACITY FACTOR OF EACH GENERATORS 

Without WTG With WTG 
Num. of 

Gen. 
Production 

energy 
[GWh/year] 

Capacity factor 
[%] 

Production 
energy 

[GWh/year] 
Capacity factor 

[%] 

1 - - 133.97 30.59 
2 - - 73.52 27.98 
3 - - 38.87 22.19 
4 2,541.20 96.70 2,540.80 96.68 
5 1,424.80 81.33 1,245.40 71.08 
6 29.41 33.57 20.32 23.20 
7 161.77 12.31 108.05 8.22 
8 7.26 1.18 4.47 0.73 
9 1.17 0.38 0.70 0.23 
10 0.60 0.17 0.30 0.09 
11 0.16 0.05 0.09 0.03 

Total 4,530.93  4,530.98  
 

TABLE Ⅴ 
PRODUCTION COST AND CO2 EMISSION OF EACH GENERATORS 

Without WTG With WTG 
Num. of 

Gen. 
Production 

cost 
[M$/year] 

CO2 Emission 
[103TON/year] 

Production 
cost 

[M$/year] 
CO2 Emission 
[103TON/year] 

1 - - - - 
2 - - - - 
3 - - - - 
4 265.38 1,651.79 265.28 1,651.54 
5 139.39 926.15 120.71 809.48 
6 4.20 28.23 2.90 19.51 
7 15.95 113.24 10.65 75.64 
8 1.66 6.90 1.02 4.25 
9 0.27 1.11 0.16 0.66 

10 0.04 0.35 0.02 0.18 
11 0.02 0.10 0.01 0.05 

Total 469.27 2,984.94 441.38 2,813.23 
 

B.  Case Study II- SCG 
The second case study of SCG, the Jeju Island power 

system in Korea as shown in Fig. 8 is used to demonstrate the 
usefulness of the proposed method. In stead of three wind 
farms, three solar farms(SF) are assumed at three different 
locations where are Halim (HLM), Sungsan (SSN) and 
Hangwon (HWN). The data related to the three solar farms are 
given in Table VI. Fig. 10 shows probabilistic distribution 
function of solar radiation used for the three solar farms. 

Table VII shows the results of case studies to compare with 
reliability indices, production cost and capacity factor of 
power system after adding SCG. Fig. 11 shows the variation 
of CF and peak SR of SCG weekly. Fig. 12 shows the 
variation of CF and mean SR of SCG weekly. Fig. 13 shows 
the Capacity Credit of SCG.  

 
 

TABLE VI 
THE DATA OF EACH SF 

(*: Please see Eq.(2) and Fig.3) 

 

 
Fig. 10 Probabilistic distribution function of solar radiation at Jeju (1998~ 

2007) 
 

TABLE VII 
PRODUCTION ENERGY AND CAPACITY FACTOR OF EACH GENERATORS 

Without WTG With WTG 
Num. of 

Gen. 
Production 

energy 
[GWh/year]

Capacity factor 
[%] 

Production 
energy 

[GWh/year]

Capacity factor 
[%] 

1 - - 63.731 14.55 
2 - - 38.238 14.55 
3 - - 25.492 14.55 
4 2541.2 96.7 2541.2 96.7 
5 1424.8 81.33 1335.5 76.23 
6 29.411 33.57 24.267 27.7 
7 161.77 12.31 131.02 9.97 
8 7.2602 1.18 5.6183 0.92 

SF Name HLM-SF SSN-SF HWN-SF 

SCG capacity 20MW 30MW 50MW 

Gstd* 1,000W/m2 1,000W/m2 1,000W/m2 

Rc* 150W/m2 150W/m2 150W/m2 
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9 1.1725 0.38 0.89939 0.29 
10 0.59742 0.17 0.41471 0.12 
11 0.16235 0.05 0.11576 0.03 

Total     
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Fig. 11 The variation of CF and peak SR of SCG weekly  
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Fig. 12 The variation of CF and mean SR of SCG weekly 
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Fig. 13 CAPACITY CREDIT OF SCG 

 
The capacity credit of the SCG is evaluated as following.  

 
 
 

 

VI.  CONCLUSIONS 
This paper reports on a reliability evaluation study on a 

power system containing WTG and SCG. This paper is 
focused on the development of a methodology and simulation 
tools for evaluating the contribution of WTGs and SCGs to 
the reliability and economic efficiency of power systems 
under the Markov assumption, that the transition rate between 
any two states is independent of prior history. The 
contributions of this paper may be summarized as follows.   

 It shows how to the outage capacity pdf can be 
constructed using the multi-state models of WTG by 
combining the wind speed pdf model and the WTG 
power output model and also SCG by combining the 
Solar radiation pdf model and the SCG power output 
model. The multi-state models express the wind speed 
variance and solar radiation more accurately than the 
two-state model.  

 It proposes a simplified multi-state model using 
rounding method for more efficient computation.   

 It utilizes the ELDC (Effective Load Duration Curve) 
method using convolution integral for reliability 
evaluation to handle the multi-state model.   

 The proposed approach can be assist in determining a 
quantitative contribution of WTG and SCG to power 
systems reliability and economic efficiency. It 
provides a useful tool for WTG and SCG planning 
and operation analysis. 

 
 The one of important reasons that renewable energy has 

been receiving considerable attention is to reduce 
environmental pollution as alternative energy. Especially, it 
contributes to reduce emission of CO2 and it is useful to 
calculate the reduction of CO2 by adding WTG and SCG. The 
various results can be obtained using proposed approach in 
this paper such as capacity factor, production cost and CO2 
emission of each generator in detail. It is expected that 
proposed method can evaluate the various effects on power 
system by adding WTG and SCG. And it can be helpful to 
install WTG and SCG to power system successfully. It will be 
extended to a model coordinated with energy storage 
system(ESS) in future. 
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