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Available transfer capability is an index to measure the security and
economic viability of an interconnected system. However, to accurately
determine this index, other associated parameters need to be accurately
evaluated. One of these parameters is the capacity benefit margin (CBM).
For efficient power generation reliability and sustainability, a certain amount
of supply capacity is commonly reserved by utilities, which in most cases
remain unused, to reduce the effect of generation outage. To minimize this
unused reserve, utilities usually reserve a predetermined amount of tie-line
capacity between interconnected areas to have access to external supply. This
tie-line reserved for this purpose is termed as capacity benefit margin
(CBM). In this paper a technique for computing CBM is used, the sensitivity
of CBM support from other areas to the increase in load in one of the areas is
investigated, and conclusively, demand side management is proposed to
improve the quantification of CBM. The contribution of this work is the
assessment of the CBMs support from other areas during a critical condition,
using the flexibility of DSM technique. The modified 24-bus IEEE reliability
test system is employed for the verification of the approach.
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1. INTRODUCTION

Overestimation of available transfer capability (ATC) can lead to system instability which could
result to cascading collapse [1-4] and underestimation of ATC value capable of causing underutilization of
the power system resources which can subsequently lead to loss of capital as a result of ineffective marketing
operations [5]. For example, the major blackout in the North-eastern United States and Ontario in August
2003 was a result of an overestimation of ATC [4, 6]. Therefore, the consequence of under/over-estimation
of ATC has enormous adverse effects on the utility. Essentially, ATC is a measure of the transfer capability
remaining in the physical transmission network over and above already committed uses, for future
commercial activity [7]. The value of ATC is obtained by considering various parameters relating to power
transfer capabilities: total transfer capability (TTC), transmission reliability margin (TRM) and capacity
benefit margin (CBM). TTC is the summation of all the parameters (ATC+TRM+EXxisting transmission
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commitment+CBM), TRM is the network margin reserved for system uncertainties while the CBM indicates
the transfer capability margin reserved for accidental generation outages [7, 8].

In order to maintain electricity supply reliability and sustainability, power utilities usually keep
some reserve capacity in case of an emergency power supply shortage due to generation outage or/and an
unexpected increase in power demand. Because this reserve capacity commonly remains unused, the reserve
capacities of interconnected areas can be reduced without degradation in generation reliability. This can be
achieved by providing margin in the interconnected tie-lines for the purpose of power interchange between
areas in an event of power shortage in any of the connected areas. This margin is termed as capacity benefit
margin (CBM). It is determined either by deterministic or probabilistic approaches [9]. Accurate evaluation
of CBM value is essential for available transfer capability (ATC) determination. Over/under-estimation of
CBM value can leads to inaccuracy of ATC results, which can respectively lead to ineffective utilization of
transmission system facilities and sudden generation deficiency in case of unexpected generator outages
[4, 10]. The CBMs of the interconnected areas are usually evaluated by using the reliability index, loss of
load expectation (LOLE). The LOLE is evaluated using the cumulative probability of the least capacity
outage that can result in loss of load due to insufficient generation for a given hourly peak load.

The LOLE is the average number of days or hours in a given period (usually one year) in which
there is a loss of load i.e. the daily peak load or hourly load is expected to exceed the available generating
capacity [11]. The value of LOLE authorized by the Mid-Atlantic Area Council (MAAC) is presently set at 1
day per 10 years (assumed to be 2.4 hours/year) as stipulated in the MAAC Reliability Principles and
Standards [12]. If the LOLE index of an area in an interconnected system is higher than the specified value
(2.4 hours/year), the area needs to improve its generation reliability by importing power from external areas
to meet the generation reliability requirement. However, if the area LOLE is less than the specified value, the
area is rich in generation capacity and it has the ability to export power to support other areas facing
power deficiency.

For more than a decade, various techniques have been proposed to evaluate CBM [9, 13-19]. The
simple technique used to calculate the CBM for interconnected areas is established by using trial and error
[9], by predefining 5% of the maximum transfer capability [20] or using an assumption of taking CBM as
zero [21, 22]. Sun et al. [15] proposed an exponential analytic model (EAM) to evaluate multi-area
generation reliability and sequential quadratic programming (SQP) is applied to find the CBM value
considering the loss of load probability (LOLP) criterion. Monte Carlo simulation (MCS) and differential
evolution (DE) is employed in [16] to determine the reliability index (LOLE) and CBM respectively. Othman
et al. [13] employed evolutionary programming (EP) and the cumulative probability of generation outage to
determine CBM and LOLE respectively. Particle swarm optimization (PSO) is used in [17, 18] to optimize
the three different objectives formulated for the evaluation of the CBM, the cumulative probability method is
also employed to evaluate LOLE. The first objective is to minimize the total LOLE of the interconnected
areas, the second objective is to minimize the deviation of the LOLE of the supporting areas from their base
case value and the third objective is to minimize the CBM of the interconnected areas. This is to provide
multiple options for the market participants to select from the various options based on their first priority.
The effect of wind power generation is incorporated in [18]. A Pareto-based evolutionary programming
method was employed in [14] to determine the CBM of the interconnected areas simultaneously. However,
most of these previous works use the LOLE criterion for the CBM evaluation, the LOLE is evaluated by
using the area peak load demand and the reserve capacity. The system peak demand usually occurs within a
few weeks in a year, therefore the long period of off-peak demand is not efficiently accounted for in the
LOLE evaluation. Therefore, the reliability of the areas can be improved by using demand side management
(DSM) activity to peak-shaved the load demand during the on-peak period and valley filled with the DSM
resources during the off-peak period.

In this paper, a probabilistic approach is used to compute LOLE of each area for reliability
assessment and a conventional method of computing interarea tie-line CBM is employed, the sensitivity of
other areas’ supply reliability to the change in load of one area is investigated, and finally DSM is proposed
to improve interarea generation reliability and tie-line CBM. The modified 24 bus IEEE reliability test
system is employed for the verification of the approach.

2. RESEARCH METHOD
In this section, LOLE computation using probabilities of capacity outages [23], CBM evaluation
procedures, the sensitivity of reliability index to power exchange and DSM techniques, are discussed.
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2.1. Probabilities of capacity outages

The capacity outage probabilities are commonly employed to compute LOLE. Capacity outage
probabilities of systems with identical generating units can be simply calculated by employing binomial
distribution [23]. However, it is impractical to use binomial distribution for practical systems because
practical systems contain non-identical generating units. Hence, the equivalent assisting unit technique is
employed to compute the probabilities of the capacity outages of various units. This method is robust and
uses a repetitive approach in which the units are sequentially added to give the complete representation of the
probability of capacity outage [23]. The individual unit capacity outage probability can be obtained using (1).

n!

PI(CS) =

sl(n-s)! ueAr (1)
where, P;(C,): Capacity outage probability of the individual unit at state s, s: number of state for the capacity

outage, n: the total number of states, A: system availability, U: system unavailability or forced outage
rate (FOR).

2.2. Computation of the lole and cbm evaluation

LOLE shows the expected risk of loss of load for a particular period under study, it indicates system
supply reliability and it is employed for the determination of CBM required for each area in an
interconnected system. It can be calculated using (2), which is the summation of all the capacity outage
probability that result in a capacity deficiency for a given forecasted demand at hour h.

LOLE = 3%, P,(C, < Dy) (h/yT) )

where, Ni: the total number of hours considered, h: hours, C;: available capacity at hour h, D,,: forecasted

demand at hour h, P,(C, < Dy): the probability of outage at the moment in which there is a risk of loss of

load. The procedure for CBM evaluation is as follows;

a. Following the determination of the available generation of all the interconnected areas and the peak
demand of each area, the base case LOLE is computed. Any area with LOLE above the specified value
(2.4 hr/year) indicates that in an event of generation outage, that particular area will experience loss of
load. Therefore it needs an additional external generation from other interconnected areas whose LOLE
are below the specified value. The areas with LOLE less than 2.4 hr/year are generation rich areas in
which in an event of generation outage they will be able to serve their local loads and in addition support
other areas. In this work, the area with LOLE above 2.4 hr/year is termed as deficient area while the area
with LOLE below 2.4 hr/year is termed as generation-rich area.

b. Improve the generation capacity of the deficient area until its LOLE is less than 2.4 hr/year by importing
power from other areas in incremental steps in inverse proportion to their LOLE, i.e. more power will be
exported from the area with lowest LOLE. After the improvement, the LOLE of every area is recalculated
if any area has LOLE above 2.4 hr/year, then its generation capacity is improved by importing power to
the area to bring down the LOLE to the specified value.

2.3. Sensitivity of lole of areas to a change in power in one area

In an interconnected system, where power interchange is used to alleviate the supply shortage
among areas, a change in power in one of the areas influences the LOLE of other areas and vice versa [15].
Therefore, the application of DSM in one area can influence the supply reliability of other areas.

2.4. Demand side management
The DSM technique is an efficient method which incorporates the economic benefit with system
reliability [24]. The use of DSM resources will improve reliability and mitigate network congestion [25]. In
this work, the basics of DSM techniques which are peak clipping and valley filling are employed to enhance
the generation reliability thereby improving the LOLE. The step involved in DSM application is as follows;
a. The peak load (usually within one week to three weeks) from the chronological load
curve is extracted.
b. The extracted peak load is converted to the load duration curve (LDC) for the probabilistic simulation of
DSM as the generating unit [26].
c. The peak clipping action gives a pre-specified percentage of the peak load i.e. the original peak load from
the chronological load curve has been reduced by a certain percentage to give the
pre-specified value.
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d. The pre-specified value will be used to replace the original peak load in the chronological load curve
within the period in which it was extracted resulting in a modified chronological load curve having a
reduced peak load.

e. The modified three weeks load model will be incorporated back to the one year chronological
load model.

f. The new peak load in the whole system (one year) will now be used for the computation of LOLE.

g. During the off-peak period, the same amount of energy is refilled back into the system load but at a
different period of time.

In the modified chronological load model (MCLM), the peak load is restricted to a pre-specified.

The peak clipping and valley filling can be modelled using (3) [27], where Py is pre-specified peak load of the

system which was obtained by the activities of the DSM.

B ), tert
Ly(t) = {LM(t) +K t €Y = (ty,t3) o

= Lo 2

where, Ly, (t) is the original load model, Ly, (t) is the MCLM, 1 is the off-peak period during which the
clipped energy is refilled, t4, t, represents the interval during which the energy is refilled, T is the set of on-

peak hours during which the energy is reduced, K is the energy refilled at each hour of 1, b is the fraction of
the clipped that is recovered during off-peak hours, it actually depends on the customer demand in the off-

peak hours, h is the number of off-peak hours in 1 [25, 27]. Finally, the MCLM will be used in the LOLE
computation, and this will subsequently enhance both the system reliability and the economic operation in an
interconnected power system.

3. DETAILS OF THE TEST SYSTEM

Modified three areas IEEE 24-bus RTS data [9] is employed for the implementation of the proposed
method. The complete data for the system can be found in [28, 29]. The details of the three areas are
highlighted in Table 1. Four units (1x400 MW, 3x155 MW) were added to Area 1 (Al) which make the
generation to increase from 1170 MW to 2035 MW, one unit (1x197 MW) was added to Area 2 (A2)
resulting in generation in A2 to increase from 1551 MW to 1748 MW and one unit (1x100 MW) was also
added to Area 3 (A3) which increases its generation from 684 MW to 784 MW. Their margin increases from
45 MW to 910 MW, 410 MW to 607 MW and 100 MW to 200 MW respectively as shown in Table 1. The
three area system is as shown in Figure 1.
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Figure 1. Modified IEEE 24-bus system
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Table 1. Details of the IEEE 24-bus three area RTS
Modified Initial

Area Bus Initial Generation Generation Load (MW) Margin Mo.d'fmd
(MW) (MW) (MW) Margin (MW)
1 M T8 IS 1170 2035 1125 45 910
5,6,8,9,10,11, 12,
13,20, 22, 23 1551 1748 1141 410 607
3 1,2,3,47,24 684 784 584 100 200

4. RESULTS AND DISCUSSIONS

At the base case, after the modification of system generation, the total generation of Al is 2035
MW, A2 is 1748 MW and A3 is 784 MW as shown in Table 1, and their respective LOLEs are 4.776
hours/year, 0.6375 hours/year and 0.6913 hours/year as shown in Table 2. It can be seen that the LOLE of Al
is above 2.4 hours/year, and the LOLE of A2 and A3 are below 2.4 hours/year. This indicates that Al is a
deficient area and it requires external power generation to meet the generation reliability requirement in case
of generator outage, whereas A2 and A3 have the reserve capacity to support Al. Therefore, A2 and A3 need
to transfer power to Al in order to compensate for the deficiency. The two generation-rich areas improve the
generation capacity of Al by exporting power to Al until its LOLE is lower than 2.4 hours/year as shown in
Table 3. Consequently, the CBM of A2 and A3 become -88 MW and -33 MW respectively. Hence, the
combine supports from the two supporting areas results in 121 MW value of CBM for Al, as the required
CBM to compensate for its deficiency. The generation capacity of all areas are therefore updated to 2156
MW, 1660 MW and 751 MW for A1, A2 and A3 respectively. The negative sign of the CBM in A2 and A3
shows that power is injected into an external area.

Table 2. The results of LOLEs of all areas for the Table 3. The LOLE and CBM results by updating the

base case generation capacity of the areas
Area  Gen (MW) Load (MW) LOLE (hours/year) Area Gen (MW) CBM LOLE (hours/year)
1 2035 1125 4.7760 1 2156 121 2.3972
2 1748 1141 0.6375 2 1660 -86 1.3943
3 784 584 0.6913 3 751 -35 1.3569

4.1. Sensitivity of the increase in load in area 2 to change in lole and cbm of all areas

It can be seen from Figure 2 that a successive increase in load in A2, leads to decrease in capacity
support from the area from 86 MW to 60 MW after which its LOLE value is violated, while the support from
A3 keep increasing from 35 MW to 57 MW after which its LOLE is violated, hence there is continuous
degradation in the supply reliability in all the areas until it reaches a point where the LOLE in A2 is violated
(LOLE>2.4 hour/year) as can be seen in Figure 3. Further increase in load in A2 leads to the violation of
LOLE in all the areas. The increase in load from 1211 MW to 1221 MW, causes 4 MW decrease in the
contribution to Al, this 4 MW could not be met by two areas (A2 and A3) and 100 MW is not enough for
generation reliability in Al and therefore the LOLE of areas are violated. In this critical condition, it is
unrealistic to build another generating unit to support the deficiency because of the huge financial
implications involved. If the situation required 50% of the peak load, it is reasonable to build more
generating units, however, only 4 MW capacity is required to support the inadequacy. The most economical
way to solve the problem is by employing the activities of DSM in A2. A2 is used as a case study because it
contains renewable energy (hydro units) which is usually not fully utilized [26].
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Figure 3. Effect of increase in load in area 2 on the LOLE of all areas

4.2. The results of demand side management implementation

In this work, the DSM activities are performed in A2. The renewable energy units are employed to
peak-clipped the peak loads above the specified value of 1142.5 MW. The last three weeks of the year is
selected for the DSM implementation and a total of 14835 MWh energy is clipped during the on-peak hours
and the same amount of energy is filled during the off-peak hours. The specified value is 93.6% of the peak
demand (1221 MW) in A2, therefore, the peak demand within the three weeks is 93.6% of the peak demand.
However, the LOLE computation will scan through the whole year and pick up the most peak load in the
system which is 94.2% in week 49 [28], and this is equivalent to 1150.182 MW. The result of the DSM
actions on the chronological load model for the three weeks (504 hours) is depicted in Figure 4. The
influence of the DSM actions can be seen from Figure 5 and 6, the system load has improved the interarea
CBM and the LOLE of every area. The LOLEs of A2 and A3 are remarkably reduced, and the CBM
contribution from A2 has doubled (from 42 MW to 84 MW). As described in section 4.1, the continuous
increase in A2 demand results in reliability and CBM degradation such that the LOLE of all areas have been
violated. However, due to the peak clipping action of the DSM, the LOLE and CBM of all areas
are improved.
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5. CONCLUSION

This paper has presented a systematic approach to evaluating the influence of DSM resources on
interarea CBM and LOLE as indices for generation reliability. The sensitivity of CBM and LOLE to load
increase in A2 was investigated and the continuous increase in load in A2 results in LOLE and CBM
degradation in all areas. The DSM resources are used to improve the generation reliability in a critical
situation at which the CBM from A2 and A3 can no longer support Al. The contribution of this work is the
assessment of the CBMs support from A2 and A3 at a critical condition, using the flexibility of DSM
technique. This technique is beneficial economically to the utilities in strengthening the generation reliability,
it improves the reserve capacity during on-peak periods. It also contributes to congestion management, as the
heavy load in some part of the network can be reduced using load clipping actions of DSM, thereby lessen
the stress on the system components. The algorithm for the proposed method is developed in MATLAB
R2018a and Microsoft Excel 2013. IEEE 24-bus RTS is employed for the verification of the proposed
technique. The results indicate that DSM activities, specifically peak clipping, have a remarkable
contribution to CBM and LOLE improvement.
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