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Abstract--A method for the reliability evaluation of an electric power generation system with a 
photovoltaic system is presented in this paper. An economic analysis of the system in terms of conventional 
fuel savings due to use of the photovoltaic system is also done. The fluctuating nature of the energy 
produced by the photovoltaic generation system has a different effect on the overall system reliability than 
the energy produced by conventional units. Here, conventional and photovoltaic units are combined into 
separate groups. First, the generation system reliability model for each group is created. Then, the model 
of the photovoltaic units is modified hourly to account for the limitations of this system. Then, both 
models are combined hourly to find the loss of load expectation for the hour in question. This is done 
by a discrete state algorithm. A method for assessing the fuel savings with use of a photovoltaic system 
is also described. 

Reliability Power Generation Photovoltaic Probability Fuel savings 

1. I N T R O D U C T I O N  

Generation system planning is one of the most crucial steps in planning an expansion of a modern 
electric utility. Generation system reliability analysis is an essential study for assessing the 
suitability of any expansion plan proposed. The generation system often consists of many different 
types of units that are randomly forced off-line by technical problems during a normal period of 
operation. Since the load on a system and the availability of the generating units (because of 
random forced outages) are probabilistic in nature, probabilistic simulations are used for reliability 
analysis of the power generation system. 

The technique used to determine whether a generation expansion plan satisfies a desired level 
of reliability is defined by a reliability index, loss of load expectation (LOLE). A loss of load will 
occur only when the capability of the generating capacity remaining in service is exceeded by the 
system load level. Loss of load expectation is the probability of the power generating units of a 
system being inadequate to meet the load demand. The reliability of a power generation system 
is estimated by the evaluation of the reliability index. 

For the last few years, the photovoltaic system is being used for electrical power generation from 
solar energy. It differs considerably from conventional power generation technologies in its 
performance and operating characteristics. The fluctuating nature of the energy produced by the 
photovoltaic generation system has a different effect on the overall system reliability than energy 
produced by conventional units. Therefore, it becomes particularly important to evaluate the 
reliability of these plants and assess the effects that they will have on the overall system reliability. 

For reliability calculation, the overall system is divided into two subsystems, containing the 
conventional and photovoltaic units, and a generation system model is built using a recursive 
algorithm [1] for each of these subsystems. Now, for each hour under study, the power output of 
the photovoltaic subsystem is calculated and its generation system model modified to account for 
the effect of the fluctuating energy. After this modification, the generation models are combined 
using the discrete state algorithm [2] to find the loss of load expectation for the hour under study. 
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Fig. 1. Random unit performance record ignoring schedule outage. 

Economic analysis of the system is done in terms of the conventional fuel savings due to use 
of the photovoltaic system. 

2. R E L I A B I L I T Y  C A L C U L A T I O N  M E T H O D  

2. I. Probabilistic generating unit model 

Any generating unit in the system may be randomly forced off-line because of a technical 
problem during a normal period of operation. To account for the random outages or the 
availability of the unit, it is necessary to determine the probability density function that describes 
the probability that a unit will be forced off-line or will be available during its normal period of 
operation. On the basis of historic data, the availability of the generating capacity of a given unit 
may graphically be represented as shown in Fig. 1. 

The long term average of the up-time worked out from Fig. 1, expressed as a fraction of the 
average cycle time, gives the probability that the generating capacity of the unit will be available, 
or the unit availability (denoted by the variable p), and the long term average of the downtime 
as a fraction of the average cycle time gives the probability that the generating capacity of 
the unit will be unavailable, or the unit forced outage rate (FOR), which is denoted by the 
variable q. 

The probability values p and q of a unit are nothing but the probability of the unit being in the 
up-state at any time t and the probability of the unit being in the downstate at any time t, 
respectively [3, 4]. 

The forced outage capacity probability density function of the unit is depicted in Fig. 2. 
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Fig. 2. Forced outage capacity probability density function. 
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2.2. Capacity outage probability table 

The generation model required in the loss of load approach is known as a capacity 
outage probability table. It is a simple array of capacity levels and the associated probabilities of 
existence. The units are combined using basic probability concepts, and the capacity outage 
probability table is obtained. From the individual probability table, we prepare the cumulative 
probability table. The cumulative probability is the probability of finding a quantity of capacity 
outage equal to or greater than the indicated amount. This approach is extended to a simple, 
but powerful, recursive technique in which units are added sequentially to produce the final 
model. 

The cumulative probability value decreases as the outage capacity increases. The table is 
generally truncated by omitting all capacity outages for which the cumulative probability is less 
than a specified amount, which is taken as 10 -s. This also results in a saving in computer time as 
the table is truncated progressively with each unit addition. The capacity outage probabilities are 
calculated directly as cumulative values by the recursive algorithm and, therefore, no error need 
result from the truncation process. 

2.3. Loss of  load indices 

The generation system model made by the recursive algorithm is convolved with an appropriate 
load model to produce a system risk index. The load model used here is one in which each hour 
is represented by its hourly peak load. So, individual hourly load values are used. The system 
capacity outage probability table is combined with the system load characteristic to give an 
expected risk of loss of load. 

A "loss of load" will occur only when the capability of the generating capacity remaining in 
service is exceeded by the system load level. 

LOLE = ~ Pi(Ci-  Li) 
i = l  

where 

Ci = available capacity on hour i 
Li = forecast peak load on hour i 

P~(Ci - Li) = probability of loss of load on hour i. This value is obtained directly from the capacity 
outage cumulative probability table 

n = No. of hours. 

Any capacity outage less than the reserve will not contribute to the system LOLE. If the hourly 
peak load variation model is used, the value of LOLE is in hours. 

2.4. Reliability evaluation of power generation systems including photovoltaic system 

The electric power generation system is divided into two subsystems: 

(i) A subsystem containing all the conventional units 
(ii) Another subsystem containing the photovoltaic units. 

For each subsystem, a generation system model is developed using the recursive algorithm. In 
starting, the photovoltaic units are treated in a conventional manner and the full rated capacities 
for each state of the photovoltaic units are used. 

Each of the generation system models are described by two m-dimensional vectors 
such that: 

6",.-- ith element of C vector 
= one of the possible discrete capacity states 

Pi = ith element of P vector 
= P (C >>. Ci) 
-- probability 

m --number of 
of capacity on outage being equal to or greater than Ci 
generation states. 
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Now, the vector containing the hourly output of the photovoltaic unit subsystem is created such 
that: 

POPVk = power output of the photovoltaic system during the kth hour of the period under study. 

The effect of the fluctuating energy is included by modifying the generation system model of the 
photovoltaic unit subsystem. This is achieved by creating an m-dimensional vector MPVk such that: 

MPVk.i = ith element of MPVk 
= CPVi" POPVk/PRPV 

where 

CPV~ = ith element of CPV 
CPV = generation capacity vector of the generation system model of the photovoltaic subsystem 

PRPV = rated power of photovoltaic subsystem. 

Now, the LOLE for the hour in question is calculated by combining the generation system 
models of both subsystems. For the purpose of combining these generation system models, each 
subsystem is treated as a multistate unit. A discrete state method is used to combine the subsystems 
to find the probability of loss of load. 

In the present study, two subsystems are assumed to constitute the power system: a subsystem 
of conventional units and a photovoltaic units subsystem. 

It should be noted that two generation system models are created only once. Then, depending 
on the energy output level, the capacity vector of the photovoltaic subsystem model is modified 
hourly before the two models are combined. The major portion of the computation time is 
consumed in the combination of this modified model for each hour. An implicit assumption in this 
model is that the failure rates of the photovoltaic units are independent of their power output level. 

2.5. Discrete state algorithm 

Suppose that we have two generation system models represented by the vectors CC, PC and CPV, 
PPV such that: 

CC = capacity vector of conventional subsystem 
PC = probability vector of conventional subsystem 

CPV = capacity vector of photovoltaic subsystem 
PPV = probability vector of photovoltaic subsystem. 

The combination of these multistate units results in states with capacities given by the equation: 

C O = CC, + CPV2 

where i and j refer to the states in the first and second subsystems, respectively, and C~ represents 
an element in the two-dimensional array C, which constitutes all possible capacity states of the 
combined system. 

To find the boundary state that defines a loss of load and compute the probability, the discrete 
state algorithm, described in Appendix II, is used. 

For a given value of j, the boundary of the capacity deficiency state can be found by varying 
i until C U is found to be equal or greater than the difference of the total output capacity of all the 
units of the two subsystems and the load for the hour in question. Now, 

LOLE,j = PCbj (PPVj - PPVj+I ) 

where 

bj = valuc of i defining the boundary state for the given values of j 
LOLEkj = loss of load cxpectancy computed for a value of i for the kth hour of study. 

Now, thc loss of load cxpcctancy for the hour is computed by: 

npv 

LOLEk = ~ LOLEkj 
j=l 
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where 

LOLEk = loss of  load expectation for the kth hour of study 
npv = number of  states in photovoltaic subsystem. 

After computing the hourly value of LOLE for all the hours under study, the index for the entire 
period is computed by: 

nhs 

LOLE = ~ LOLEk 
k = l  

where 

LOLE = loss of load expectation for period under study 
nhs = total hours under study. 

3. FUEL SAVINGS A S S E S S M E N T  

When we replace the conventional units with photovoltaic units, the fuel which would have been 
used for power generation will be saved due to the use of  the photovoltaic system. 

where 

1 (Z= X~Yi'3600)tons Quantity of  fuel saved in total number of hours T = ~ ~ 

X = power in MW which is replaced by photovoltaic units 
~/= efficiency of  conventional generation unit 
Yi = percentage of full rated capacity which is generated by photovoltaic unit for a particular 

hour 
LCV = lower calorific value of  fuel used at the input of conventional unit; kJ/kg. 

C (~jX'Yi.3600)Rs. Cost of fuel saved = ~ i r/ 

where 

C = cost of fuel in Rs./ton. 

4. CASE STUDY 

A synthetic system with a total capacity of  176 MW was used for this case study. It consists of 
the units shown below in Table 1. 

The study was conducted by replacing the 12 MW conventional units, one after one, by 
photovoltaic units, giving three different penetration cases. The penetration percentage (PENET) 
indicates the percentage of  the system generation capacity that is substituted by the photovoltaic 
units. 1 MW units (FOR = 0.09) were used for the photovoltaic electric power plants. 

The study finds the reliability indices, fuel saved in terms of  both quantity and money and the 
energy generated by the photovoltaic units for four different months. The results obtained are 
presented below in Table 2. 

Table 1. Data for the system used in the case study 
Unit Total 
capacity No. of capacity Forced outage 
(MW) units (MW) rate (FOR) 

50 2 100 0.05 
20 2 40 0.08 
12 3 36 0.08 

ECM 36/3~D 
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Table 2(a). LOLE and fuel saved for four different months 

PENET Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. 

(%) LOLE (h) Fuel saved (tons) 

6.8 66.52 11.26 18.46 64.65 739.6 630.1 639.2 681 
13.6 81.80 24.74 36.88 76.16 1479.0 1260.0 1279.0 1362 
20.5 110.56 45.59 63.28 109.03 2219.0 1890.0 1919.0 2043 

Table 2(b). Fuel saved and energy generated for four different months 

PENET Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. 

(%) Fuel saved (million Rs.) Energy generated (kJ x 109) 

6.8 2.7 2.3 2.3 2.5 7.89 6.73 6.83 7.29 
13.6 5.3 4.5 4.6 4.9 15.80 13.50 13.70 14.50 
20.5 8.0 6.8 6.9 7.4 23.70 20.20 20.50 21.80 

5. C O N C L U S I O N  

A method for the reliability evaluation of a power generation system including a photovoltaic 
system, using the loss of load approach, is described in this paper. A generation system model is 
created for each subsystem using a recursive algorithm. Then, the model of the photovoltaic 
subsystem is modified hourly to conclude the effect of the fluctuating nature of the output of 
photovoltaic system energy, and then, the LOLE is calculated by combining both models with the 
help of the discrete state algorithm. A method for calculating the energy generated by the 
photovoltaic system for the total time duration under study is used, and by this, the generated 
energy, the fuel saved and its cost are calculated. 

A sample power system consisting of two subsystems, one containing the conventional and the 
other containing the photovoltaic system, is used here to study the method and the results obtained 
are presented. 
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A P P E N D I X  I 

Recursive Algorithm 

This is used for building the capacity model of the generating system for the two state units. The cumulative probability 
of a particular capacity outage state of X MW, after the ith unit of capacity C~ MW and forced outage rate U~ are added, 
is given by 

P ( X )  = (1 - u , ) e ' ( x )  + u , P ' ( X  - c ,)  

where P'(X)  and P (X) denote the cumulative probabilities of the capacity outage state of X MW before and after the 
ith unit is used. 

The above expression is initialized by setting 

and 

P ' (X)  = 1.0 for X ~<0 

P ' (X)  = 0.0 otherwise. 

P ' (X  - C~) = outage capacity (X - C~) probability before the ith unit is added. 

LOLE= ~ P ( C < L i )  
i = 1  
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where 

C = available capacity 
L = forecast peak load. 
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A P P E N D I X  I I  

The discrete state algorithm is presented as follows: 
(1) Initialize by setting 

LOLE k = 0.0 

where 
LOLE k = loss of load expectation for kth hour of study. 

(2) j = 1 
(3) C T  = CC,c + CPVno v. 
where 

CT = total capacity 
nc = number of states in conventional subsystem 

npv = number of states in photovoltaic subsystem 
CC~ = total capacity in conventional subsystem 

COV,pv = total capacity in photovoltaic subsystem. 

(4) i =  1. 
(5) C,j = CC~ + CPVj. 

If C o is equal to or more than (CT-load) for the hour, go to (8). 
(6) i = i  + l. 

If i is less than or equal to nc, go to (5). 
(7) If i is more than nc, go to (10). 
(8) b = i 
where 

b = boundary state defining the loss of load. 

(9) LOLE k = LOLE, + PCb(PPV j -  PPVj+,). 
(10) j = j + l .  

I f j  is less than or equal to npv, go to (4). 

A P P E N D I X  I I I  

Photovoltaic units of 1 MW capacity with FOR = 0.09 were used in this paper. These units were modelled by a two state 
model, and the power output of these units was calculated using the following equations: 

W = / / y t "  A • n t i l t  • n w "//pc 

ny t = Fro[1 -- B (Tcelt- 28)]ny 

Tee, = 0.032H, i, + T~ 

/ / t i l t  = nhor izonta l"  R 

where 

W = power output at plant 
ny  t = module efficiency at ambient temperature for the particular hour 
A = surface area of total modules 
n w = wiring efficiency 
npc = efficiency of power conditioning system 

Ht~t = radiation on the tilted surface 
Hhorizo,t,~ = radiation on the horizontal surface 

R = factor to correct horizontal incident radiation to that on a tilted surface 
n~ = standard efficiency of module 

F m = matching factor 
B = temperature coefficient for the change in module efficiency 

T~. = temperature of cell 
T,~ = ambient temperature. 

These equations are for a fixed tilt plant. For optimum power generation in a whole year, the tilt is taken as the latitude 
o f  the place. 


