
1

Abstract—This paper explains why the reliability assessment 

of energy limited systems requires more detailed models for 

primary generating resources availability, internal and external 

generating dispatch and customer demand than the ones 

commonly used for large power systems and presents a 

methodology based on the full sequential Montecarlo simulation 

technique with AC power flow for their long term reliability 

assessment which can properly include these detailed models. By 

means of a real example, it is shown how the simplified modeling 

traditionally used for large power systems leads to pessimistic 

predictions if it is applied to an energy limited system and also 

that it cannot predict all the load point adequacy problems.

Index Terms--Interconnected power system, power system 

reliability, power system simulation. 

I.  INTRODUCTION

OWER systems with uncertainty on the availability of 

primary generating resources are called “energy limited 

systems” [1]. This situation arises when: 

There is no thermal generation or installed thermal 

capacity has a low participation. 

Hydraulic generation has not large reservoirs. 

An important portion of installed generating capacity 

operates with non-storable energy resources such as sun or 

wind.

Thus, energy limited systems depend on the support of 

other systems to cover their demand. However, in many cases, 

this support has also uncertainty due to: 

Transport restraints between the supporting systems and 

the supported one due to random failures that affects the 

availability of transmission equipment or poor operative 

conditions such as overloads, low voltage regulation, etc. 

Energy limitation in the supporting systems. 

Energy limited systems with uncertainty on the support 

given by other systems are very common in many developing 

countries due to the lack of resources for investment in new 

generation and transmission facilities. 
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The uncertainty on the availability of primary energy 

resources for internal generating plants and on the external 

support makes the study of these systems a special problem 

where the simplifications commonly used for large power 

systems do not apply.

Using the power system that serves the city of Pereira in   

Colombia as example, this paper explains how to model 

primary generating resources availability, internal and external 

generating dispatch and customer demand of energy limited 

systems and presents a methodology based on the full 

sequential Montecarlo simulation technique with AC power 

flow for their long term reliability assessment. 

II.  SYSTEM DESCRIPTION

The system under study is shown in Fig. 1. It serves 

approximately 115,000 customers with a forecasted demand of 

103 MW for year 2006.

Fig. 1.  Composite power system of Pereira 

There are two interconnecting points (IP) to neighboring 

systems. The support of these systems is always required 

because the installed capacity is lower than the maximum 

demand.

All generating plants are run of the river type and they all 

are fed by Otún River.
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III.  MODELING

A.  Generation Dispatch 
    1)  Internal generation 

The dispatch of any generating unit depends on two 

independent aspects:

Unit availability 

Primary energy resources availability. 

In the case of fossil-fueled generation or hydraulic 

generation with large reservoirs it can be assumed for the long 

term totally certainty on the availability of the primary 

generating resources, i. e. the generating dispatch can be 

performed considering all required generating resources are 

always available. Thus, only the availability of the units is 

modeled, for example, by means of capacity outage tables [6], 

[11]. However, for wind, sun or hydraulic generation without 

large reservoirs, it is necessary to model both aspects unit 

availability and the variables which represent the availability 

of primary energy resources.

For the system under study, the river flow q is modeled by 

means of a Gaussian distribution with parameters =11.6213

m3/s (mean) and  = 6.0370 m3/s (deviation). This model was 

built using records of average monthly river flow in a period 

of 19 years [14]. The available water flow to generate qG in 

m3/s is the river flow q minus an environmental restraint qER
(1.5 m3/s). For Libaré Plant, also applies a restraint qAQ (2.6 

m3/s), the water flow for the city aqueduct. Thus: 

(1)G ER AQq q q q

The available active power to dispatch in kW is given by: 

916.3* (2)

0.5 1.855 (3) 

736.372 * (4)

0.5 6.79 (5)
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Equations (2), (4) refer to each generating unit. Constraints 

(3), (5) refer to minimum and maximum unit flow intake.

Generator capability curves are used for reactive dispatch. 

    2)  External generation 
Neighboring systems can supply at any time the difference 

between system demand and available internal generation. 

However, how this required power PR is imported by the IP’s 

is unknown because the power quantities available at each IP 

depend on the following random aspects: 

Generation dispatch: In the Colombian Energy Market, 

generating units greater than 20 MW are hourly dispatched 

in ascending order of bid price [1]. This determines the 

location inside the supporting systems of dispatched 

generation and the quantity of power that can be 

effectively dispatched to each IP of the supported system. 

Transmission availability: Unplanned outages (failures, 

vandalism, accidents, etc.) that affects transmission 

equipment and poor operational conditions (overloads, low 

voltage regulation, etc.) limit the quantity of power that 

can be effectively transported to each IP of the supported 

system.

The amount of power imported by each IP has important 

effect on the electrical performance of the supported system.

The model of external generation dispatch considers that PR
can be supplied by any IP with equal probability. Thus, if U is 

a random number uniformly distributed, then: 

1 * (6)IP RP P U

IP2 supplies the required external power not imported by 

IP1.

B.  Demand 
Load point active and reactive hourly curves for two typical 

days (ordinary & holiday) are used to properly include 

demand variation by hour and type of day, power factor 

variation and demand diversity. Other types of days should be 

defined if other aspects, for example seasons, have important 

effect on demand.

Demand curves are obtained from previous years demand 

records. Steps are: 

1. Load point hourly demand (active, reactive) on a given 

typical day (ordinary, holiday) is the average of records for 

that hour in all similar days in a previous year.

2. System hourly demand curves (active, reactive) on a given 

typical day (ordinary, holiday) are obtained adding the 

corresponding curves of all load points. Thus, system 

maximum active demand for a previous year is obtained. 

3. Load point demand curves obtained in step 1 are expressed 

in per unit of system maximum active demand simply 

dividing their hourly values by system maximum active 

demand obtained in step 2. 

The per unit demand curves of each load point are used for 

any future year of study simply multiplying their values by the 

forecasted system maximum active demand for that year.

C.  Component Modeling for Load Flow 
Classical modeling of power system components for load 

flow studies is used i. e, positive sequence impedances and 

admittances.

D.  Component Modeling for Reliability Assessment 
Montecarlo simulation can include multi-state component 

reliability models defined by means of any kind of probability 

distribution, not only the exponential one as in other methods. 

For the system under study, all system components are 

modeled by means of the classical two-state probability model 

which considers a component has only two states: “available” 

and “unavailable” (“up” and “down”).

The transitions between these operative states are defined 

by means of the probability distributions of time to outage 

(tto) and time to restoration (ttr).

The component reliability models for the system under 

study are shown in Table I. These distributions were obtained 

using records of planned and unplanned outages and their 

corresponding restorations in a period of approximately five 

years (Jul 1998-Jun 2003) [5], [14].
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TABLE I

PROBABILITY DISTRIBUTIONS FOR COMPONENT MODELING

It is important to observe that none of the component 

models in Table I is defined by means of the exponential 

distribution. All these models include terminal equipment.

The civil/hydraulic facilities of Belmonte plant are modeled 

as an independent component (BF) because an outage on it 

implies a common mode outage on both units. 

IV.  PROCEDURE OF THE SIMULATION

The system performance in a future year of interest is 

observed artificially by means of the Montecarlo simulation. 

The study is performed for several scenarios defined by 

system topology, expansion/upgrading, forecasted demand, 

component loss criteria (n-1, n-2), etc. As the load model is 

hourly, this kind of simulation is “full sequential” [3]. 

As it is shown in Fig. 2, a simulation consists of N 

iterations or artificial observations of one year of system 

operation under the conditions specified by a given scenario.

Within iterations, the sequence of component outages and 

restorations is generated. The x’s in Fig. 2, indicate the periods 

of system operation with loss of components. 

Fig. 2.  Simulation procedure 

The system electrical performance is assessed by means of 

AC load flow only during the x’s. If there are abnormal 

operative conditions such as component overloads or voltage 

out of limits, some remedial actions are taken:

Load shedding 

Adjust reactive compensation

Other corrective actions can also be implemented in 

accordance to the system under study.

The flow chart in Fig. 3 presents in detail the procedure 

within iterations [2], [3], [14]. 

There will be a “failure” on a load point if [1]:

It is isolated, or 

Load curtailment is applied, or 

There are voltage violations (0.95 Vp.u. 1.05).

For a load point  k the samples of output variables such as 

number of failures nfk, down time tdk and power no served 

PNSk allow the calculation of reliability indexes; for example: 

Expected Failure Frequency 

1

/ (7)
N

k fki
i

n N

Expected Unavailability 

1

/ (8)
N

k dki
i

U t N

Expected Load Not Served (Load Curtailed) 

1

/ (9)
N

k ki
i

EPNS PNS N

Two stopping rules are used for the simulation: A fixed 

number of iterations and the coefficient of variation [2], [10] 

of the load point indexes. 

The samples of the output variables can also be fitted to 

probability distributions and so the probabilistic models of the 

reliability indexes are obtained. 



4

Fig. 3.  Procedure within iterations 

V.  EXAMPLE

Two cases are presented to illustrate the differences in 

results when using the detailed modeling of proposed 

methodology and those obtained when the simplified 

modeling commonly used for large power systems is applied 

to an energy limited system. See Table II.

TABLE II

CASES OF STUDY

  The scenario under study in both cases is year 2006 with 

a forecasted system maximum active demand of 103 MW, the 

same topology shown in Fig. 1 and 1n  loss of component 

criteria.

Tables III to VII show the results obtained with 1000 

iterations. All per unit power values correspond to a 100 MVA 

base. The difference between results for a given reliability 

index I is calculated as: 

2 1 1% (( ) / ) *100% (10)CASE CASE CASEI I I

As the reliability indexes are calculated for a future year or 

in the long-term, they are also called “adequacy indexes” and 

they all correspond to expected values.

TABLE III

RESULTS FOR FAILURE FREQUENCY [FAILURES/YEAR]

TABLE IV

RESULTS FOR VOLTAGE VIOLATIONS [EVENTS/YEAR]
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TABLE V

RESULTS FOR FAILURE DURATION [DAYS/YEAR]

TABLE VI

RESULTS FOR CURTAILED ACTIVE LOAD [MW/YEAR]

TABLE VII

RESULTS FOR CURTAILED REACTIVE LOAD [MVAR/YEAR]

VI.  CONCLUSIONS

1. The sequential Montecarlo simulation is a powerful 

method for the reliability assessment of energy limited 

systems because it can easily include detailed models for 

primary generating resources availability, internal/external 

generating dispatch and customer demand. Additionally, 

operative actions such as load shedding, re-dispatch, 

reactive management and planning tools like optimization 

can also be incorporated.

2. The Montecarlo method allows the use of any kind of 

probability distribution for the modeling of the times to 

outage and times to restoration of the components, not only 

the exponential distribution as in other methods. Thus, 

with this method, aged components, which have increasing 

failure rate, and restoration times, which are generally 

normal o lognormal distributed, can be properly modeled.

3.  A simplified modeling of primary generating resources 

availability, internal/external generating dispatch and 

customer demand leads to pessimistic predictions, i. e. 

higher expected values of the reliability indexes, if it is 

applied to the reliability assessment of an energy limited 

system. Also, it cannot predict the adequacy problems of 

all load points.

4. Reliability assessments of energy limited systems with 

detailed modeling are more realistic because the high 

correlation between modeling and reality. Then, the risk of 

using their results in the decision making process will be 

lower.

5. If planners of energy limited systems want to exploit 

current systems to their maximum capacity and extend the 

use of system components beyond their useful life, a 

detailed modeling is required because the results obtained 

using a simplified one are more severe and could indicate 

the need of system upgrading or expansion that are really 

not necessary for the year under study or that can be 

postponed some years.
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VIII.  APPENDIX A – LOAD SHEDDING METHODOLOGY

Load shedding is not a simple problem due to non linearity 

nature of load flow. This problem has two parts: determination 

of best load points for load shedding and determination of the 

amount of load to be curtailed at these points.

A comprehensive solution for this problem requires the 

application of optimization techniques. An approximated 

approach was applied for software development which 

consists in the use of the ac power transfer distribution factors 

(PTDF) described in [4]. Steps are: 

1. From a performed load flow, form the full Jacobian matrix 

[J] to include all the system buses except the slack bus and 

find its inverse [J]-1.

2. For a load point k assume a negative change in demand of 

S = 1 MVA. 

3. Determine P and Q using the power factor pf:

* (11)

* (12)

P S pf
Q S pf

4. Compute the change in voltage angles and magnitudes: 

1[ ] (13)
P

J
V Q

5. Update the system voltages and compute for each 

transmission line i the change in transported active power 

Pti and transmitted reactive power Qti.

6. Compute for each transmission line i the ac PTDF: 

/ (14)ik tiPTDF S S

7. Repeat steps 2 to 5 for all load points.   

Finally, for every transmission line there is a set of PTDF, 

one for each load point. For a given transmission line, the load 

points which produce higher PTDF magnitudes are the more 

convenient for load shedding.
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IX.  APPENDIX B - PROBABILITY DENSITY FUNCTIONS

Gaussian

2 21 ( ) / 2
f(x) = * (15)

2

xe

Weibull

-1
f(x) = (x )* (16)xe

Lognormal

2 21 (ln( ) ) / 2
f(x) = * (17)

x 2

xe
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